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Resumo

A valorização de subprodutos agroindustriais e a busca de fontes alternativas de

proteínas para a produção de peptídeos são de grande importância. Este trabalho

propõe o desenvolvimento de um processo capaz de obter frações ricas em peptídeos

bioativos a partir do subproduto da fabricação de cerveja denominado “levedura residual

cervejeira”. A motivação deste tema de pesquisa baseia-se na crescente demanda pela

reutilização de subprodutos agroindustriais e na produção de peptídeos bioativos usando

tecnologias limpas e eficientes. A levedura residual cervejeira foi coletada após a

maturação da cerveja e submetida a métodos de rompimento da parede celular. A

autólise, a ruptura com esferas de vidro e a hidrólise enzimática usando Brauzyn® foram

comparadas, e a hidrólise enzimática apresentou maior recuperação de proteínas e maior

atividade antioxidante. Um processo para promover simultaneamente a ruptura da

parede celular e a produção de peptídeos foi proposto usando um plano de misturas

empregando Brauzyn®, Protamex™ e Alcalase™ (pH 7,0, 50 °C, 2000 U g-1 por 2 h),

reduzindo o número de etapas necessárias para processamento de levedura residual

cervejeira. As características dos hidrolisados proteicos foram moduladas pela proporção

de enzimas utilizada, alterando a quantidade de resíduos hidrofóbicos liberados, o grau

de hidrólise, as propriedades antioxidantes, ao grau de escurecimento e o rendimento de

sólidos e peptídeos. A separação por membranas do hidrolisado proteico de composição

complexa foi estudada primeiramente utilizando membranas poliméricas de celulose

regenerada e poliétersulfona e então com membranas cerâmicas. Observou-se uma

menor suscetibilidade à incrustação em superfícies hidrofílicas e para valores de pH da

alimentação mais altos. Os resultados confirmaram que os principais compostos do



hidrolisado de proteína de levedura residual cervejeira responsáveis pela incrustação são

peptídeos, que se adsorvem facilmente à superfície da membrana. O fracionamento em

várias etapas usando membranas cerâmicas de 50 a 1 kg mol-1 de massa molecular de

corte foi capaz de separar peptídeos bioativos dos açúcares totais e dos ácidos

ribonucleicos. Os peptídeos de levedura cervejeira apresentaram atividade antioxidante

por diferentes mecanismos, atividade antidiabética (inibição da α-glucosidase e

α-amilase) e atividade anti-Alzheimer (inibição da acetilcolinesterase). O processamento

sequencial de levedura residual cervejeira usando hidrólise enzimática e tecnologia de

separação por membranas foi capaz de recuperar peptídeos com múltiplas atividades

biológicas, de um resíduo subutilizado, proveniente da fabricação de cerveja. As frações

produzidas representam uma alternativa como ingredientes ricos em peptídeos para

aplicação nas indústrias alimentícia e farmacêutica.

Palavras-chave: Hidrólise enzimática; hidrolisados de levedura; ultrafiltração;

fracionamento de peptídeos; peptídeos bioativos; Saccharomyces sp.; peptídeos de

levedura; biomassa.



Abstract

The valorisation of agro-industrial by-products and the search for alternative sources of

protein to produce peptides are of great importance. This work proposes the

development of a process enabling the production of fractions rich in bioactive peptides

from the by-product from brewing called “spent brewer’s yeast”. The motivation of this

subject of research is based on the increasing demand to reuse agro-industrial

by-products such as spent yeasts and on the production bioactive peptides using clean

and efficient technologies. Spent brewer’s yeast slurry was collected after maturation

and was submitted to cell wall disruption methods. Autolysis, glass bead milling and

enzymatic hydrolysis using Brauzyn® were compared, and enzymatic hydrolysis

presented a higher protein recovery and improved antioxidant activity. A simultaneous

cell wall disruption and peptide production was proposed using a mixture design

employing Brauzyn®, Protamex™ and Alcalase™ (pH 7.0, 50 °C, 2000 U g-1 for 2 h),

being able to reduce steps during the processing of spent brewer’s yeast. Protein

hydrolysates characteristics varied with the proportion of enzymes used, changing the

extent of the release of hydrophobic residues, the degree of hydrolysis, antioxidant

properties, browning extent and yield of solids and peptides. Membrane separation of

the complex protein hydrolysate was studied firstly using polymeric membranes of

regenerated cellulose and polyethersulfone and then in ceramic ones. A smaller

susceptibility to fouling was observed for more hydrophilic surfaces, and at higher feed

pH values. Results confirmed that the main foulants during ultrafiltration of spent

brewer’s yeast protein hydrolysate are peptides that adsorb easily onto the membrane

surface. Fractionation using ceramic membranes of 50-1 kg mol-1 of molecular weight



cut-off was able to separate multi-active peptides from total sugars and ribonucleic

acids. Spent brewer’s yeast peptides presented antioxidant activity by different

mechanisms, in vitro anti-diabetic activity (inhibition of α-glucosidase and α-amylase)

and anti-Alzheimer activity (inhibition of acetylcholinesterase). Sequential processing of

spent brewer’s yeast using enzymatic and membrane separation technologies was able to

recover peptides with multiple bio-activities from an underused by-product from

brewing. Fractions produced represent an alternative as peptide-rich ingredients in the

food and pharmaceutical industries.

Keywords: Enzymatic proteolysis; yeast hydrolysates; ultrafiltration; peptide

fractionation; bioactive peptides; Saccharomyces sp.; yeast peptides; biomass.



Resumé

La valorisation des sous-produits agro-industriels et la recherche de sources alternatives

de protéines pour la production de peptides sont d’une grande importance. Ce travail

propose le développement d’un procédé capable d’obtenir des fractions riches en

peptides bioactifs à partir du sous-produit de brasserie appelé «levure résiduelle de

bière». Ces travaux de recherche sont motivés par la nécessité de valorisation des

sous-produits agro-industriels et la demande croissante de peptides bioactifs produits

par des technologies vertes et efficaces. La suspension de levure résiduelle de bière a été

recueillie après maturation puis soumise à différents traitements de rupture de la paroi

cellulaire. L’autolyse, le broyage par billes de verre et l’hydrolyse enzymatique utilisant

Brauzyn® ont été comparés, et l’hydrolyse enzymatique a permis une récupération plus

importante des protéines avec une activité antioxydante plus élevée. Une rupture de la

paroi cellulaire simultanée à la production de peptides a été proposée grâce à un plan de

mélanges en utilisant Brauzyn®, Protamex™ et Alcalase™ (pH 7,0, 50 °C, 2000 U g-1

pendant 2 h). Cette procédure a permis de réduire le nombre d’étapes requises pour le

traitement des levures résiduelles de bière. Il a été montré que les caractéristiques des

hydrolysats obtenus (la quantité de résidus hydrophobes libérés, le degré d’hydrolyse, les

propriétés antioxydantes, l’évolution du brunissement et le rendement en solides) sont

fonction de la proportion en enzymes utilisées. Le fractionnement par techniques

membranaires de l’hydrolysat protéique a d’abord été étudié en utilisant des membranes

polymères en cellulose régénérée et en polyéthersulfone, et ensuite avec des membranes

céramiques. Les phénomènes de colmatage sont moins importants lorsque les surfaces

sont hydrophiles et lorsque la valeur du pH de l’alimentation est élevée. Les résultats



ont confirmé que les principaux éléments colmatants de l’hydrolysat de protéines de

levure résiduelle de bière sont les peptides qui s’absorbent facilement à la surface des

membranes. Le fractionnement en cascade avec des membranes céramiques de 50 à 1 kg

mol-1 de seuil de coupure a permis de séparer des peptides multi-bioactifs des sucres

totaux et des acides ribonucléiques. Les peptides de levure résiduelle de bière ont

présenté des activités antioxydantes impliquant différents mécanismes d’action, une

activité anti-diabétique (inhibition de l’α-glucosidase et de l’α-amylase) et une activité

anti-Alzheimer (inhibition de l’acétylcholinestérase). Le traitement séquentiel de la

levure résiduelle de bière couplant des technologies d’hydrolyse enzymatique et les

techniques de séparation par membranes a permis de récupérer des peptides ayant de

multiples bio-activités à partir d’un résidu sous-utilisé du brassage. Les fractions

produites représentent une alternative en tant qu’ingrédients riches en peptides pour des

applications en industries alimentaires et pharmaceutiques.

Mots-clés: Hydrolyse enzymatique ; hydrolysats de levure ; ultrafiltration ;

fractionnement de peptides ; peptides bio-actifs ; Saccharomyces sp. ; peptides de levure

; biomasse.
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Chapter 1

Synthèse des travaux

La prise en compte croissante de tous les aspects d’une économie durable et le souci

d’améliorer la gestion des ressources naturelles ont orienté l’attention des chercheurs et

des industriels vers la valorisation des sous-produits et résidus agro-industriels. Chaque

année, d’énormes quantités de résidus organiques sont générées par les industries

alimentaires et agro-industrielles. Habituellement, ces sous ou coproduits ont une valeur

commerciale faible voire nulle et peuvent parfois représenter un coût pour l’industrie qui

doit les éliminer correctement.

Afin d’améliorer la gestion de ces déchets, les scientifiques ont été amenés à

développer des stratégies pour réutiliser et ajouter de la valeur à ces sous-produits qui

peuvent notamment représenter de nouvelles sources de protéines d’origine non animales

(NAYAK et al., 2019). Parmi ces déchets potentiels, la levure de bière résiduelle est un

sous-produit peu coûteux, largement disponible et riche en nutriments qui devrait être

considérée comme une matière première prometteuse à exploiter (PINTO et al., 2015;

FERREIRA et al., 2010).

En effet, l’industrie brassicole est l’une des principales industries des boissons au

monde, produisant en permanence de nombreux sous-produits agro-industriels dont la

levure résiduelle de bière qui est produite à raison de 1,7 à 2,3 g par litre de bière

fabriqué (KUMAR et al., 2016; PINTO et al., 2015; FERREIRA et al., 2010).

Actuellement, son utilisation principale reste limitée à l’alimentation animale alors que

ce sous-produit est disponible toute l’année et présente une valeur nutritive élevée

(VIEIRA et al., 2016; MUSSATTO, 2009). Recueillie sous forme de suspension humide

(85-97%), la levure de bière résiduelle est un résidu riche en matière organique, avec une
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forte demande chimique en oxygène (DCO) (1308 mg g-1). Plus de la moitié de sa

composition (en matière sèche) correspond à des protéines, mais on trouve aussi des

polysaccharides et de plus petites quantités d’acides ribonucléiques (ARN), de cendres,

de fibres et de lipides (MATHIAS et al., 2015; MUSSATTO, 2009).

La production d’extraits de levures implique généralement en première étape, la

rupture des cellules de levure pour libérer le contenu intra cellulaire. Cela est réalisé

généralement par autolyse, par broyage avec des billes de verre et, plus récemment, par

hydrolyse enzymatique. Si l’objectif est l’obtention de peptides à partir de levure, une

seconde étape d’hydrolyse enzymatique est réalisée. Quelle que soit la stratégie

d’extraction et de traitement mise en œuvre, les extraits de levure et les hydrolysats de

protéines obtenus contiennent, outre des fractions de protéines et de peptides de tailles

et de propriétés physicochimiques (charge, hydrophobicité) différentes, d’autres

composés dont la présence peut être problématique.

En effet, l’un des principaux défis liés à l’utilisation de matières premières telles que

les levures de bière résiduelles est la teneur élevée en ARN des produits obtenus. Or

chez l’homme, l’ARN est métabolisé en acide urique et peut conduire à la formation de

calculs rénaux ou à l’apparition de symptômes de la goutte (ABOU-ZEID et al., 1995). Les

molécules d’ARN sont généralement extraites en même temps que les protéines (HALÁSZ

et al., 1991) et il est nécessaire de prévoir en aval de l’extraction, des étapes de séparation

et purification plus ou moins complexes (NAZIR et al., 2019; AMORIM et al., 2016).

Les fractions de protéines et les peptides d’intérêt obtenues doivent présenter un

niveau de pureté minimum pour permettre leur utilisation en tant qu’ingrédients ou

nutraceutiques (LAMMI et al., 2019; PHONGTHAI et al., 2018). La qualité du produit

final dépend de la capacité de la technologie de séparation mise en œuvre, à discriminer

les petites différences existantes entre les composés du mélange et ainsi parfaire la

séparation (POULIOT et al., 1999). De plus, un autre élément clé de la transformation

des sous-produits agro-industriels est le coût des opérations qui doit être minimisé pour

assurer la rentabilité du procédé (EMIN et al., 2018). Les techniques de séparation

membranaire dont l’ultrafiltration ont été utilisées avec succès pour le fractionnement

des molécules de haute valeur ajoutée (molécules bioactives) (BUKUSOGLU et al.,

2020). Elles sont économiquement rentables, elles permettent une séparation efficace
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avec des rendements élevés et la mise à l’échelle tout comme le nettoyage des

équipements sont simples (ROSLAN et al., 2018; XU et al., 2018; SAXENA et al., 2009).

Bien que la valorisation de la levure de bière résiduelle présente des intérêts

économiques, environnementaux et technologiques, (développement d’ingrédients

innovants pour les industries alimentaires, biotechnologiques et pharmaceutiques,

élimination et réduction des déchets permettant la promotion d’une économie durable et

la diminution de l’impact environnemental de la production de bière), seules quelques

études ont été publiées sur le sujet. Peu d’informations sont disponibles concernant

l’hydrolyse enzymatique et le fractionnement membranaire des levures et des

sous-produits de levure. Cette thèse vise à étudier et développer un procédé de

valorisation de la levure de bière à l’aide de deux technologies efficaces et performantes :

l’hydrolyse enzymatique et les techniques de séparation membranaire.

Le présent mémoire est divisé en 10 chapitres dont cette présentation synthétique en

français constitue le premier chapitre. Le chapitre 2 présente le contexte et la

problématique abordée par la thèse, ses objectifs ainsi que la structure de la thèse. Les

chapitres 3 à 8 correspondent à des articles de synthèse ou de résultats publiés ou

soumis à des revues scientifiques de rang A dans le domaine de l’ingénierie alimentaire et

des procédés. Le chapitre 3 est la reproduction d’un article de synthèse rédigé sur

invitation et publié par le «World Journal of Microbiology and Biotechnology» de

Springer Nature. Il présente l’importance de la levure de bière résiduelle, ses

caractéristiques, ainsi que plusieurs stratégies de transformation visant à augmenter la

VA de ce sous-produit de brassage et les applications actuelles et innovantes des

produits obtenus. Le chapitre 4 explore les concepts fondamentaux de la technologie de

séparation membranaire appliquée à la récupération des peptides des sous-produits

agro-industriels et les particularités de la séparation des hydrolysats de protéines de

levure. Cet article a été soumis à la revue «Membranes» de Multidisciplinary Digital

Publishing Institute (MDPI).

Le chapitre 5 est consacré à l’étude de la rupture de la paroi cellulaire de la levure

résiduelle de bière, et compare les performances de méthodes conventionnelles avec

l’hydrolyse enzymatique à l’aide d’une préparation enzymatique commerciale appelée

Brauzyn®. C’est la reproduction d’un article publié dans la revue Elsevier «Process

Biochemistry», en 2019. Les conditions de traitement de l’hydrolyse enzymatique ont
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été étudiées à l’aide d’un plan d’expériences, qui a mis en évidence que la rupture

enzymatique avec Brauzyn® est possible à des concentrations en solides élevées, sans

dilution du sous-produit, à pH 5,5 et 60 °C. Par rapport aux méthodes conventionnelles

(autolyse et broyage avec des billes de verre), la rupture enzymatique des cellules à

l’aide de Brauzyn® a été plus efficace en termes de rendement et elle permet de

conserver l’activité antioxydante de l’extrait de levure obtenu. La production de

peptides à partir de l’extrait de levure a été évaluée par protéolyse séquentielle, elle a

permis d’améliorer les propriétés antioxydantes des hydrolysats et d’augmenter la

récupération des solides, en particulier lorsque l’enzyme Alcalase™ était utilisée. Des

essais ont été réalisés avec plusieurs types de levures de bières et des différences ont été

mises en évidence. La paroi cellulaire des levures réutilisées pendant le brassage

(repitching) sont plus réfractaires à la rupture de que celles des levures qui n’ont pas été

réutilisées. Des changements dans le degré d’hydrolyse, la libération de solides, le degré

de brunissement des échantillons et les propriétés antioxydantes ont également été

observés pour les différentes enzymes utilisées.

Le couplage des étapes de rupture cellulaire et d’hydrolyse des protéines a été étudié

et les résultats, rapportés dans le chapitre 6, ont été aussi publiés dans la revue «Process

Biochemistry» d’Elsevier, en 2020. Cette stratégie de réduction des étapes de

transformation de la levure résiduelle de bière en peptides a été conduite à l’aide d’un

plan de mélanges en utilisant les préparations enzymatiques commerciales Brauzyn®,

Protamex™ et Alcalase™ (pH 7,0, 50 °C, 2000 U g-1 pendant 2 h). Il a été montré que

les caractéristiques des hydrolysats obtenus (la quantité de résidus hydrophobes libérés,

le degré d’hydrolyse, les propriétés antioxydantes, l’évolution du brunissement et le

rendement en solides et en peptides) variaient selon la proportion d’enzymes utilisées.

Le fractionnement de l’hydrolysat de protéines de levure résiduelle de bière a été étudié,

à l’échelle laboratoire, dans une cellule de filtration équipée de membranes polymère de

cellulose régénérée et de polyethersulfone.

L’étude des mécanismes de colmatage est rapportée dans le chapitre 7, qui a fait l’objet

d’un article soumis à la revue «Separation and Purification Technology» d’Elsevier, en

2020. Il a été observé que la rétention des peptides est plus élevée avec la membrane de

polyethersulfone à pH 5. A pH 8, l’adsorption des composés protéiques est plus faible

et ce, quelle que soit le type de membrane utilisé. Il a été confirmé que les propriétés
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morphologiques et physico-chimiques telles que l’hydrophilie et la rugosité des membranes

polymères jouent un rôle important dans leur sensibilité au colmatage.

Une étude de fractionnement en cascade à l’aide de membranes céramiques et

l’évaluation des propriétés multi-bioactives par rapport à la syndrome métabolique des

différentes fractions récupérées ont été réalisées et les résultats obtenus sont présentés

dans le chapitre 8, soumis également pour publication à «Separation and Purification

Technology» d’Elsevier, en 2020. Les filtrations successives sur des membranes de seuil

de coupure allant de 50 à 1 kg mol-1 ont permis d’améliorer la pureté des fractions de

peptides à la fois par rapport à la quantité de sucres totaux ou d’ARN. Il a été possible

d’obtenir des fractions enrichies en peptides présentant des caractéristiques différentes

tant en termes de distributions de poids moléculaires, de propriétés antioxydantes, de

capacité d’inhibition des enzymes impliquées dans la digestion des glucides (α-amylase

et α-glucosidase) et d’une enzyme impliquée dans le développement de la maladie

d’Alzheimer (acétylcholinestérase).

Les chapitres 9 et 10 correspondent à la discussion générale, reprenant les résultats

de tous les chapitres précédents et aux conclusions/perspectives de ce travail consacré au

traitement de la levure résiduelle de bière.

Les résultats et des connaissances présentés dans ce mémoire indiquent que les

processus séquentiels basés sur l’hydrolyse enzymatique et la séparation membranaire

sont capables de produire des fractions riches en peptides à partir de levure résiduelle de

bière et donc ce sous-produit peut être considéré comme une source alternative de

protéines pour la production de peptides. Le procédé développé peut être applicable

pour la réutilisation et la transformation d’autres déchets de biomasse ou à base de

levure de composition complexe.

L’annexe A résume brièvement toutes les activités annexes effectuées pendant le

doctorat. L’annexe B est la reproduction d’une publication publiée au journal d’Elsevier

«Food Research International», en 2020 qui concerne des travaux réalisés en parallèle

des travaux de thèse. Il s’agit d’une étude dédiée au traitement et à l’application des

débris de cellules de levure de bière (qui sont générés lors de la production d’hydrolysats

de protéines) comme matériau de paroi innovant pour la micro encapsulation. Enfin, les

annexes suivantes concernent les autorisations de réimpression pour les articles publiés.
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Chapter 2

Introduction and objectives

2.1 Introduction

A worldwide concern with the proper management of natural resources and the

increasing consideration of all aspects of a sustainable economy has turned the attention

to the handling of agro-industrial by-products and residues. Every year, huge amounts

of organic residues are generated by the food and agro-industrial industries. Habitually,

these materials have a low or no commercial value and sometimes can even represent a

cost to the industry to be correctly handled and disposed. This scenario has driven

scientists to develop strategies to reuse and add-value to these by-products (NAYAK

et al., 2019).

The brewing industry is one of the main beverage industries in the world, continuously

producing abundant agro-industrial sub and by-products. The spent brewer’s yeast is the

second most representative by-product from brewing, produced in the ratio of 1.7 to 2.3 g

per litre of beer produced (FERREIRA et al., 2010; KUMAR et al., 2016; PINTO et al.,

2015). Currently, its main application is still limited to animal feed even though this

by-product is available throughout the year and presents high nutritional value (VIEIRA

et al., 2016; MUSSATTO, 2009). Collected from the brewing industry as a moist slurry

(85-97%), it is a organic-matter-rich residue, with a high chemical oxygen demand (COD)

(1308 mg g-1). More than half of its composition (in dry matter) corresponds to proteins,

followed by polysaccharides and smaller amounts of ribonucleic acids (RNA), ash, fibres

and lipids are found (MATHIAS et al., 2015; MUSSATTO, 2009).
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The production of extracts from yeasts commonly involve a first step responsible for

the disruption of the yeast cells, releasing all compounds. This is typically done through

autolysis, glass bead milling, and more recently, by enzymatic hydrolysis. If the intent

is to obtain peptides from yeast, a second processing step to promote protein hydrolysis

is envisaged, also done by enzymatic hydrolysis. Independently of the extraction and

processing strategy, yeast extracts and protein hydrolysates consist of mixtures of several

compounds. Protein fractions and peptides of different sizes and minor differences on

their physicochemical properties (charge, hydrophobicity) are generated. Furthermore,

one of the main challenges involving the use of yeast-based raw materials besides its very

complex composition is the high RNA content, which in humans are metabolised into

uric acid and may progress to kidney stones or gout (ABOU-ZEID et al., 1995). RNA

molecules are usually extracted with proteins, and the decrease of RNA content of yeast

protein hydrolysates is often left to the separation step (HALÁSZ et al., 1991). For all

those reasons, complex downstream processing follows yeast extraction (NAZIR et al.,

2019; AMORIM et al., 2016).

The quality of the end-product is dependent on a separation technology that is able

to discriminate the small differences between the mixture components (POULIOT et al.,

1999). Moreover, an efficient and low cost protein separation is a key component on agro-

industrial by-products processing (EMIN et al., 2018). Membrane technology has been

successfully used for the fractionation of high value molecules because it is cost-effective,

enables high product yields, high separation efficiency, simple scale-up and equipment

cleaning (ROSLAN et al., 2018; XU et al., 2018; SAXENA et al., 2009). Protein fractions

and peptides of interest need to be separated from the other components of a protein

hydrolysate and should achieve a minimum purity level that allows its application as an

ingredients or nutraceutical (LAMMI et al., 2019; PHONGTHAI et al., 2018). Membrane

separation technologies can be considered a solution; ultrafiltration for example, allow the

recovery of enriched bioactive fractions after fractionation (BUKUSOGLU et al., 2020).

Many approaches are available to further process potential agroindustrial by-products

into value-added products, but great interest on new protein and peptide sources from

non-animal origin have been reported (NAYAK et al., 2019). Spent brewer’s yeast is

a low-cost, widely available and poorly reused by-product of nutrient-rich composition

that should be considered as a promising raw material to be exploited (PINTO et al.,
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2015; FERREIRA et al., 2010). Valorisation of SBY is of economical, environmental and

technological interests, with many possible innovative applications in food, biotechnology

and pharmaceutical industries. This would reduce waste disposal, help to promote a

sustainable economy and decrease the environmental impact of beer production.

Despite the potential of this by-product, only a few studies are available about the

processing technologies able to turn spent brewer’s yeast into value-added products and

ingredients. Even less information is available concerning enzymatic hydrolysis and

membrane fractionation of both yeast materials and yeast by-products. In the

extraction sphere, information such as enzyme choice, hydrolysis conditions,

particularities involving yeast materials composition during hydrolysis, how to produce

protein hydrolysates in a more efficient way and the development of processes adapted

to different yeasts, lack in the literature. On the membrane separation domain, very

limited information is available on process design, process strategy, factors influencing

the separation and on strategies to separate proteins from complex food hydrolysates.

This thesis aimed to address all of these gaps, with the focus on the production of

bioactive peptides from the spent brewer’s yeast by-product.

In this context, this thesis aimed to develop a process and investigate the valorisation

of spent brewer’s yeast through the recovery of peptides using two very efficient and

performing technologies: enzymatic hydrolysis and membrane separation.

2.2 Objectives

2.2.1 Main objectives

The objective of this work was to add-value to spent brewer’s yeast by-product, focused

on the production of value-added products rich in protein compounds. The potential

of the spent brewer’s yeast as a novel source of peptides was explored using enzymatic

hydrolysis and membrane separation technology.

2.2.2 Specific objectives

• Study the rupture of spent brewer’s yeast cells and verify the potential of enzymatic

hydrolysis to promote cells disruption;
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• Develop an enzymatic method to produce peptides from spent brewer’s yeast by-

product;

• Study the fractionation of spent brewer’s yeast protein hydrolysate using membrane

separation technology;

– Study the concentration and fractionation of spent brewer’s yeast protein

hydrolysate in laboratory-scale module using polymeric membranes of ultra

and nanofiltration, regarding retention of compounds and fouling;

– Study the multi-stage fractionation of spent brewer’s yeast protein hydrolysate

in a pseudo tangential laboratory-scale module using ceramic membranes of

ultra and nanofiltration for the production of bioactive peptide fractions;

• Study the full valorisation of spent brewer’s yeast material, including polysaccharide-

rich yeast cell debris, obtained during protein hydrolysate production;

2.3 Thesis structure

This PhD thesis is divided in 10 chapters. Chapter 1 includes a synthesis of the thesis

in French. Chapter 2 presents the contextualisation and problematic approached by the

thesis, its objectives and the presentation of thesis structure.

Chapters 3 to 8 correspond to review or full length articles published or submitted to

respected scientific journals on food and processing engineering.

State-of-the-art and review articles on spent brewer’s yeast processing and

membrane separation technology are presented in Chapter 3 and 4, respectively.

Chapter 3 presents the importance of spent brewer’s yeast, its characteristics, several

processing strategies to add-value to this brewing by-product and current and innovative

applications of the products obtained. This article was an invited review published by

Springer’s “World Journal of Microbiology and Biotechnology”. Chapter 4 explores the

fundamental concepts involving membrane separation technology applied to the recovery

of peptides from agro-industrial by-products and the particularities involving the

separation of yeast protein hydrolysates. This review paper was submitted to

Multidisciplinary Digital Publishing Institute (MDPI) journal “Membranes”.
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Chapter 5 presents a study about the rupture of the spent yeast cell wall, that

compared conventional methods to enzymatic hydrolysis using commercial enzymes,

published in Elsevier’s journal “Process Biochemistry”, in 2019.

Simultaneous spent brewer’s yeast cell disruption and peptide production using

enzymatic hydrolysis with the production of an antioxidant protein hydrolysate is the

subject of the article published in Elsevier’s journal “Process Biochemistry”, in 2020, as

presented in Chapter 6.

The separation of spent brewer’s yeast protein hydrolysate using commercial polymeric

membranes and corresponding fouling underlying mechanisms were explored in Chapter 7,

that presents an article submitted to Elsevier’s “Separation and Purification Technology”,

in 2020.

A study including spent brewer’s yeast peptides fractionation using ceramic

membranes and the evaluation of their multi-bioactive properties against the metabolic

syndrome were presented in Chapter 8, submitted to Elsevier’s “Separation and

Purification Technology”, in 2020.

Chapters 9 and 10 correspond to the general discussion including results from all

previous chapters and conclusions/perspectives on spent brewer’s yeast processing,

respectively.

Appendix A include a brief report of all performed activities during the PhD.

A full valorisation of spent brewer’s yeast material was envisaged during this thesis

project, and a processing strategy to apply spent brewer’s yeast cell debris (which are

generated during protein hydrolysate production) as an innovative carrier material for

microencapsulation is presented in Appendix B. This study was published by Elsevier’s

Journal “Food Research International”, 2020.

Annexes present reprinting permissions for published articles.
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Abstract
Development of new strategies to add-value to agro-industrial by-products are of environmental and economical importance. 
Innovative and low-cost sources of protein and bioactive peptides have been explored worldwide. Spent brewer’s yeast (SBY) 
is the second most relevant by-product from the brewing industry, and despite its nutritional (about 50% protein, dry weight) 
and technological potential, it is still underused or needs to be disposed of. SBY cells need to be disrupted to release intra-
cellular and cell wall proteins. This procedure has been performed using autolysis, glass bead milling, enzymatic hydrolysis 
and ultrasound processing. Enzymatic treatment is usually performed without prior purification and is a challenging process, 
which involves multiple factors, but has been successfully used as a strategy to add value to agro-industrial by-products. Scope 
and approach: in this review, we particularly focused on enzymatic hydrolysis as a strategy to promote SBY valorisation, 
illustrating the state-of-the-art processes used to produce protein extracts from this material as well as exploring fundamental 
concepts related to the particularities of yeast cell disruption and protein hydrolysis. Furthermore, innovative applications 
of value-added yeast by-products in food, biotechnological and pharmaceutical industries are presented and discussed. Key 
findings and conclusions: the discovery of valuable compounds found in spent yeasts as well as the development of new 
processing methodologies have been widening the possibilities of reuse and transformation of SBY as an ingredient and 
innovative matrix. Once released, yeast proteins and peptides may be applied as an innovative non-animal protein source or 
a functional and bioactive ingredient.

Keywords Alternative sources of protein · Autolysis · Beer by-products · Enzymatic hydrolysis · Saccharomyces sp. · Yeast 
peptides

Beer by‑products into perspective: general 
aspects

Beer is one of the most consumed beverages in the world, 
with a global production of approximately 1.9 billion hL 
in 2018. The world’s beer market is growing slowly (about 
1.4% in 2018), mostly represented by an increase in con-
sumption reported in China. China, Europe and America 
play an important role in both production and consumption 
of beer. Brazil is one of the world’s largest beer producers 
and consumers, representing the third world’s largest beer 

market (Ziener and McNally 2019). According to the World 
Health Organization (2014), in 2010, beer represented 60% 
of Brazil’s alcohol consumption.

Beer is a beverage consisting essentially of barley malt, 
water, hops and yeasts. Barley might be partially replaced 
with unmalted cereals such as corn, rice, wheat, oats or sor-
ghum, called adjuncts. This procedure is adopted because 
of either economic reasons (as in the case of corn) or the 
intention to produce beers with distinctive organoleptic char-
acteristics (such as wheat, necessary in Weiss-type beers) 
(Ambrosi et al. 2014; Mussatto 2009).

Briefly, the brewing process is made up of 10 steps. Fig-
ure 1 shows a general scheme of the brewing process and 
the steps in which the main by-products are formed (Mus-
satto 2009). During milling, malt is ground to make its par-
ticles accessible to water. Next, mashing and lautering are 
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performed when water is heated (78 ◦C), activating endog-
enous malt enzymes. These enzymes start the process of 
hydrolysis, particularly that of complex carbohydrates. Grain 
husks form a natural filtration bed that promotes the separa-
tion of wort from solids. Finally, to complete the extraction 
of sugars, the grains are washed with hot water (78 ◦ C) until 
the filtrate has about 2% solid concentration, resulting in the 
brewer’s wort. At this stage, the solid by-product brewers’ 
spent grain (BSG) is generated, and it is the largest amount 
of waste generated from beer processing (140–200 g L−1). 
Then, the boiling step begins; the wort is boiled for a period 
of approximately 90 min and the hops are added. During this 
step, the wort is concentrated and sterilized, the enzymes 
are inactivated, the hop compounds are extracted and some 
proteins coagulate. In the whirlpool stage, some aggre-
gated proteins, hops and other solids are separated. In this 
phase, residual hops (hot trub) are formed in a ratio of 1 to 
4 g L−1. The wort is then cooled down to prevent oxidation 
when fermentation conditions are reached and yeasts are 
added, which initiates the fermentation process. Sugars are 

converted to ethyl alcohol and carbon dioxide and several 
other secondary compounds are produced. This step usually 
takes 3 to 15 days to be completed, depending on beer type. 
Some of the yeasts and other particles settle at the bottom 
of the fermentation tank or float to the surface, forming the 
second largest residue produced, the spent brewer’s yeast 
(SBY) in the ratio of 1.7 to 2.3 g L−1 (Ferreira et al. 2010; 
Kumar and Chandrasekaran 2016; Pinto et al. 2015). Finally, 
the “green” beer goes on to maturation. This step occurs at 
low temperatures, allowing flavour development and insolu-
bilisation/deposition of proteins and polyphenols. Turbidity 
precursors are separated from the raw beer, which is then fil-
tered, pasteurized and bottled (Mathias et al. 2015; Ambrosi 
et al. 2014; Huang et al. 2012).

Among the three by-products, BSG is the most abundant 
side stream from the brewing industry. Most of the spent 
grain generated is reused either as animal feed, compost, 
fertiliser or sent to landfills. This by-product is rich in poly-
saccharides, is considered as a source of fermentable sugars, 
and contains a higher amount of proteins than many similar 

Fig. 1  Schematic representation of beer processing and main by-products generated. Adapted from Mussatto (2009)
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agro-industrial residues. Therefore, it is a potential ingredi-
ent for protein production (Ravindran et al. 2019; Qin et al. 
2018). Indeed, a number of studies have investigated more 
efficient protein recovery methods from BSG and a num-
ber of applications have been reported, such as value-added 
protein-rich and carbohydrates-rich ingredients (Qin et al. 
2018). Recently, the vermicomposting of BSG by Eisenia 
fetida was studied in order to convert this residue into a soil 
conditioner (Budroni et al. 2020; Saba et al. 2019). On the 
other hand, SBY and hot trub are still mostly underutilized 
or discarded because there are limited processes available 
that can handle their higher complexity and particularities. 
There is an unexplored potential to find new applications 
to them, which could reduce the disposal amount of such 
by-products, thus decreasing their environmental impact. 
Transforming them into value-added ingredients depends on 
the development of insightful, sustainable and economically-
viable processing technologies that take into account their 
characteristics and constraints.

Although recycling of brewing yeasts in a new fermenta-
tion cycle (in a process known as “repitching”) is a com-
mon practice, the number of reuses is limited to maintain 
beverage quality. Excessive repitching can result in negative 
effects on fermentation performance and on sensorial profile, 
accumulation of haze-causing substances and undesirable 
secondary fermentation compounds. The number of times 
a specific culture can be repitched depends on the brewing 
fitness of the yeast population: their physiological state and 

fermentation performance in the previously defined brewing 
conditions. Measurement of yeast viability before fermen-
tation can be checked to determine if further repitching is 
advised (Kalayu 2019). Even when repitching practices are 
performed, a great amount of SBY (a low-value brewing 
by-product with high organic load) is produced.

SBY is a low-cost, poorly reused by-product of nutrient-
rich composition available in large amounts that could be 
used in more noble applications. This would reduce waste 
disposal, help to promote a sustainable economy and 
decrease the environmental impact of beer production. Thus, 
the aim of this review is to present the up-to-date applica-
tions for SBY and the related processing technologies that 
could turn SBY into value-added products and ingredients.

Potential of spent yeast as an alternative 
source of protein

Nutritional composition

SBY slurry is a moist (85–97%), organic-matter-rich 
residue, with a high chemical oxygen demand (COD, 
1308 mg g−1) (Mathias et al. 2015). The final pH value 
of SBY is approximately 5.9 i.e., it is higher than the pH 
value of beer (between 4.2 and 4.5) (Mathias et al. 2015). 
Table 1 shows the ranges of macronutrients of both non-
treated SBY (collected from the brewing industry) and yeast 

Table 1  Macronutrient composition in non-treated and yeast extracts of spent brewer’s yeast (SBY) produced by mechanical rupture [ultrasound 
(US) and glass bead milling], autolysis and enzymatic hydrolysis

All composition data are expressed in dry weight (d.w.). Because protein content is determined using various analytical techniques and calcula-
tions, we presented only protein nitrogen data (considering original conversion factors) and the corresponding total nitrogen content. The use of 
yeast extract as a growth medium or a flavouring ingredient needs a precise differentiation between free and bound amino acids; thus, free amino 
content was included. References: AMarson et al. (2020), Marson et al. (2019), Bertolo et al. (2019), Pinto et al. (2015), Mathias et al. (2015), 
Vieira et al. (2013), Kanauchi et al. (2005), and Caballero-Córdoba and Sgarbieri (2000); BJacob et al. (2019c), Bertolo et al. (2019), Vieira et al. 
(2016b), Vieira et al. (2016a), Pancrazio et al. (2016), Vieira et al. (2013), Caballero-Córdoba and Sgarbieri (2000), Caballero-Córdoba et al. 
(1997) and Pacheco et al. (1997); CBertolo et al. (2019), Jacob et al. (2019c), Vieira et al. (2013) and Tangüler and Erten (2008); DMarson et al. 
(2020), Marson et al. (2019), Podpora et al. (2016), Amorim et al. (2016a) and Chae et al. (2001)
nd not determined

Macronutrients (g 100 g−1, d.w.) SBY slurry/biomass 
non-treatedA

SBY obtained by mechanical rupture 
(US and glass beads)B

SBY autolysateC SBY enzy-
matic hydro-
lysateD

Total nitrogen 7.3–10.5 7.0–14.2 3.1–6.8 1.5–12.0
 Protein nitrogen 41–49 43–78 18–45 9.3–69.0
 Free amino nitrogen 0.2–0.4 2.6–16.5 3.8–45.1 28- -35
 Ribonucleic acids 1.9–7.5 2.2–7.5 4.0–8.0 5.6

Total sugars 22–54 8.3–51.7 12.3–48.0 3.0–48
Fibers 6.6–36.2 3.1–12.2 nd nd
 Insoluble fibers < 2.6 0.5–2.6 nd nd
 Soluble fibers < 9.6 2.7–9.6 nd nd

Lipids < 3.9 0.02–6.5 0.5–1.3 0.2–1.0
Ashes 1.7–8.5 0.2–14.0 13 3.0–22.0
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extracts, obtained after processing. SBY is rich in carbohy-
drates and proteins (40–50% dry weight, each) with lower 
amounts of ash, fibers, ribonucleic acids (RNAs) and lipids 
(Mathias et al. 2015; Mussatto 2009; Caballero-Córdoba 
and Sgarbieri 2000). After processing, protein, ash and free 
amino nitrogen contents are usually increased.

Tables 2 and 3, respectively, show the amino acid pro-
file and the detailed content of vitamins and minerals of 
the yeast extracts. Spent yeast from brewing processes is 
reported as an excellent source of proteins with high biologi-
cal value proteins with a well-balanced amino acids profile 
that meets Food and Agriculture Organization of the United 
Nations (FAO) and World Health Organization (WHO) rec-
ommendations (Jacob et al. 2019a). In SBY, acidic aminoac-
ids (glutamic acid and aspartic acid) and the essential amino 
acids leucine and lysine are the most abundant, while sulfur-
containing amino acids, such as methionine and cysteine, are 
the least (Jung et al. 2012, 2011; Lee et al. 2009; Pacheco 
et al. 1997; Halász and Lásztity 1991b). Amino acid com-
position may vary greatly with processing (Table 2). Spent 
yeasts contain significant amounts of tyramine, a deriva-
tive of tyrosine metabolism (Jach et al. 2015). With a high 

mineral content (up to 8.5%, d.w.), SBY contains relevant 
amounts of zinc and selenium with magnesium, potassium 
and phosphorus being the most abundant. Complex B vita-
mins are also present in important quantities (Huige 2006; 
Lewis and Young 2001). Less than 4% of yeast composition 
consists of lipids. Saturated fatty acids account for more than 
half of the lipidic composition of SBY, followed by mono-
unsaturated and then polyunsaturated fatty acids (Caballero-
Córdoba et al. 1997).

Chemical and nutritional composition of SBY is affected 
by its biodiversity: strain, operating conditions (of fermenta-
tion and the overall beer processing), how many times the 

Table 2  Amino acid profile 
of spent brewer’s yeast (SBY) 
extracts

References: Podpora et  al. 
(2016), Amorim et  al. (2016a), 
Chae et  al. (2001), Caballero-
Córdoba and Sgarbieri (2000), 
Caballero-Córdoba et al. (1997) 
and Pacheco et al. (1997)

Amino acids 
[g (100 gprotein)−1 , 
d.w.]

SBY extract

Alanine 4.2–26.6
Arginine 0.3–11.3
Aspartic acid 4.1–11.6
Cysteine 0.3–0.7
Glutamic acid 0.6–15
Asparagine 4.9–12
Glutamine 7.7–18.0
Glycine 2.9–4.9
Histidine 1.3–7.3
Isoleucine 2.8–5.6
Leucine 4.1–8.8
Lysine 4.1–8.8
Methionine 0.9–2.5
Phenylalanine 2.5–5.3
Proline 2.8–4.5
Serine 2.8–6.1
Threonine 0.2–6.2
Tyrosine 0.4–4.7
Valine 0.7–6.2
Triptophan 0.7–1.4

Table 3  Micronutrient compositions of spent brewer’s yeast (SBY) 
extracts: mineral and vitamin content ranges

References: Jacob et al. (2019c), Vieira et al. (2016b), Amorim et al. 
(2016a) and Caballero-Córdoba et al. (1997)

Micronutrients [mg (100 g)−1, d.w.] SBY extract

Minerals
 Phosphorus (P) 1.0–3214
 Potassium (K) 0.7–9148
 Calcium (Ca) 0.4–27.1
 Magnesium (Mg) 0.2–696
 Sodium (Na) 0.5–1228
 Iron (Fe) 0.1–12.0
 Manganese (Mn) 0.6–15.9
 Aluminium (Al) 0.5–1.0
 Chromium (Cr) 0.01–9.6
 Cobalt (Co) 0.03–0.07
 Molybdenum (Mo) < 0.003

 Zinc (Zn) 4.6–22.6
 Copper (Cu) 0.4–7.8
 Selenium (Se) 0.03–24.2
 Lead (Pb) 9.7
 Nickel (Ni) 7.2
 Lithium (Li) 5.9
 Vanadium (V) 0.6
 Cadmium (Cd) 0.3
 Silicon (Si) 90–118
 Boron (B) 0.5–0.6
 Barium (Ba) 0.3
 Strontium (Sr) 1.0–1.1

Vitamins
 Thiamine (B1) 5.2–7.1
 Riboflavin (B2) 1.2–2.4
 Nicotinic acid (B3) 68–104
 Panthothenic acid (B5) 15.7–20.3
 Pyridoxine (B6) 3.1–55.1
 Biotin (B7) 114–139
 Folic acid (B9) 1.4–5.0
 Cobalamin (B12) 0.12–0.33
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yeast is reutilized (repitching), when it is collected and how 
the yeast extract is produced. The main yeast strains used for 
beer production are Saccharomyces cerevisiae and Saccha-
romyces pastorianus, but several non-Saccharomyces strains 
are also available. Recently, Jacob et al. (2019b) reported 
that the composition of yeast extracts was affected by dif-
ferent yeast strains (S. cerevisiae, S. pastorianus, Saccharo-
mycodes ludwigii, Saccharomycopsis fibuligera, Brettano-
myces bruxellensis and Torulaspora delbrueckii) for beers 
produced under the same conditions . Antioxidant proper-
ties were also dependent on which spent yeast was used in 
the brewing process. The influence of yeast strain on other 
biological or functional properties was not reported. Other 
recent studies assessed the effect of repitching, yeast strain 
and rupturing/extraction methods on final product composi-
tion (Marson et al. 2019; Mathias et al. 2015; Vieira et al. 
2013). Therefore, the manufacturing industry needs to be 
robust enough to be able to take into account all these vari-
ations that are inherent in the brewing process (Jacob et al. 
2019b; Marson et al. 2019).

Spent yeasts from alcohol distilleries (S. cerevisiae) can 
also be a potential by-product to process since they are also 
produced in large quantities in Brazil and in other ethanol-
producing countries. They have a very similar overall com-
position but with higher RNA, ash and lipid contents. Those 
differences are due to the strain and fermentation conditions 
in use, which are different from those of brewing (Steckel-
berg et al. 2013; Yamada et al. 2010).

Challenges facing yeast‑products processing

Saccharomyces cerevisiae extracts, including SBY, are con-
sidered safe (generally recognized as safe, GRAS; Jung et al. 
2010; Chae et al. 2001). However, toxicity of yeast extracts 
and products depends on the method of protein extraction 
and processing. Some evidence of liver toxicity has been 
found for an yeast protein concentrate prepared with sodium 
perchlorate (Caballero-Córdoba and Sgarbieri 2000). On the 
other hand, yeast hydrolysate obtained from cultivated S. 
cerevisiae IFO 2346 cells hydrolysed with bromelain was 
investigated as a supplement for rats, but it showed no evi-
dence of toxicity. Previous research has been conducted on 
both acute (single oral dose of 5000 mg kg−1 ) and suba-
cute (dose of 1000 mg kg−1 day−1 , for 14 days) toxicity of 
yeast hydrolysate samples with molecular weight fractions 
of 10–30 kg mol−1 (Jung et al. 2010). Vieira et al. (2016c) 
also reported no cytotoxic effects of SBY autolysates 
after exposure in Caco-2 cells, in a concentration range of 
0.5–3.0 mgpeptides mL−1 . Chronic toxicity studies are still 
needed to evaluate further effects.

Some studies on the virulence of S. cerevisiae reported 
that, in high-risk immuno-compromised or critically ill 
patients (in intensive care, with intravascular catheters and in 

previous antibiotic therapy), some strains have the ability to 
translocate across the gastrointestinal mucosa and progress 
to an infection (Enache-Angoulvant and Hennequin 2005). 
Although invasive Saccharomyces sp. infections remain rare, 
workers that handle viable yeast cells (winemakers, bakers, 
pharmaceutical industry workers, researchers, etc.) should 
follow proper hygiene practices (Posteraro et al. 2018). In 
processed yeast products, after cell disruption or degrada-
tion, cells are not viable anymore, and the risk of opportun-
istic infection does not exist.

The inclusion of yeast in food products is usually limited 
by the high amount of nucleic acids (7–12% dry weight) 
present, mainly ribonucleic acid, which in humans is metab-
olized to uric acid and may progress to kidney stones or 
gout (Rajendran 2012; Huige 2006; Caballero-Córdoba and 
Sgarbieri 2000; Halász and Lásztity 1991b). The total con-
tent of nucleic acids in yeast products should be reduced to a 
final concentration of 1–3% (dry weight) before they can be 
used without the risk of increasing uric acid levels in blood 
and tissues in humans (Abou-Zeid et al. 1995). Nucleic acid 
content is higher when protein content and yeast growth rate 
are higher (Mathias et al. 2015; Vieira et al. 2013). In this 
context, processing is of great importance. After process-
ing, nucleic acid content can be reduced by the action of 
enzymes, precipitation or formation of complexes with other 
molecules (Halász and Lásztity 1991b). Also, after hydroly-
sis by RNAses, RNA can be converted into flavouring mol-
ecules (Ferreira et al. 2010; Tangüler and Erten 2008; Huige 
2006; Halász and Lásztity 1991b). Other processes, such as 
fractionation and purification by membranes or chromatog-
raphy techniques, can promote the reduction and separation 
of nucleic acids from the protein-rich fraction (Marson et al. 
2020).

Processing of SBY

SBY is essentially constituted of yeast cells. It is a perishable 
by-product that requires proper hygiene standards and prac-
tices during brewing, as well as handling and storage prior 
to yeast extract production. Contamination of spent yeasts by 
bacteria or other microorganisms has been reported (Barrette 
et al. 1999). The first step in yeast processing is to stabilize 
the material (Marson et al. 2020). Thermal treatments are 
the most commonly used, even though they might cause up 
to 58% losses in vitamin B2 content and 23% losses in vita-
min B1 content, depending on heating conditions (Varga 
and Maráz 2002).

In addition to high nucleic acid content, which limits the 
use of yeast as food, yeast cells may also have low digest-
ibility and a bitter taste when not processed. The thick cell 
walls of yeasts are resistant to digestive enzymes (Vilela 
et al. 2000). Such cell walls give yeast physical protection 
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and elasticity, allowing SBY cells to maintain their shape. 
The cell wall consists predominantly of polysaccharides 
(85%, dry weight) and proteins (5 to 15%, dry weight) (Har-
rison 2011; Halász and Lásztity 1991b). Mannoproteins are 
glycosylated proteins found in the yeast cell wall, being 
responsible for the permeability and porosity of the cell, 
while �-glucans and chitin promote its mechanical rigid-
ity (Paramera et al. 2014). Although glucose and mannose 
are the major components of the polysaccharide fraction, 
N-acetyl glucosamine is also found in small amounts (Halász 
and Lásztity 1991b). Thus, cell disruption is essential for the 
extraction of intracellular components and the proteins of the 
cell wall itself (Middelberg 1995).

Because spent yeasts from brewing have a bitter aroma 
when commercially produced as an extract or ingredient in 
foods, they can be subjected to a pretreatment called “debit-
tering” to remove unwanted resins and tannins (In et al. 
2005; Nand 1987) such as humulones and isohumulones 
(Shotipruk et al. 2005). These compounds, originally present 
in hops, are adsorbed on the yeast cell wall surface during 
fermentation and are responsible for the intense bitter taste 
of SBY products (Shotipruk et al. 2005; Nand 1987). The 
“debittering” process can be performed through successive 
washes with basic solutions, solvents or using adsorbents 
(In et al. 2005; Reed and Nagodawithana 1991; Nand 1987). 
The production of yeast extracts needs to overcome three 
major obstacles, namely yeast cell wall strength, which pre-
vents yeast compounds from being released and transformed, 
as well as the high nucleic acid content and the bitter aroma 
of yeasts, all of which limit their application as ingredients. 
Spent yeast processing needs to handle those particular 
characteristics of yeast while creating a final ingredient that 
presents suitable technological, nutritional, functional, bio-
active and sensorial properties. The next sections present 
processing technologies developed to disrupt the yeast cell 
wall and to produce yeast protein hydrolysates. The release 
of yeast compounds results in a complex pool of molecules 
of interest that need to be separated from the other com-
pounds to ensure their specific application purpose.

Disruption of the yeast cell wall by physical 
and chemical methods

Disruption of the cell wall can occur through physical, 
chemical and enzymatic methods. Depending on the method 
of choice, there is a considerable impact on amino acid com-
position and yeast extract quality (Jacob et al. 2019a; Mar-
son et al. 2019).

In physical processes, the destruction of the wall structure 
is carried out in a non-specific manner, involving, for exam-
ple, agitation with glass beads, cavitation by high pressure 
or ultrasound and thermolysis (Jacob et al. 2019a; Liu et al. 
2016, 2013; Harrison 2011; Middelberg 1995). Because of 

the amount of friction that is created during these processes, 
energy is greatly spent to keep the product temperature 
from rising (Asenjo and Dunnill 1981). The most common 
method involves glass bead agitation, sometimes referred 
to as milling. It allows to maintain the characteristics of the 
yeast intracellular components (including enzymes) stable if 
the temperature is kept low. Also, the process can be scaled 
up (Halász and Lásztity 1991a). The ultrasound technique, 
despite its effectiveness, still requires a large amount of 
energy, usually for a long period of time, which leads to the 
formation of high temperature outbursts. Molecules of inter-
est might be deteriorated as a result of the formation of free 
radicals and other unsought chemical changes (Yusaf and 
Al-Juboori 2014; Bzducha-Wróbel et al. 2014).

Chemical disruption is performed using bases, acids, sur-
factants, detergents and solvents (Suwanapong et al. 2013; 
Harrison 2011; Middelberg 1995). Chemical methods act by 
permeabilizing chemical compounds from outside the cell 
wall, which allows intracellular products to pass through 
it. These methods can have great complexity during opera-
tion, limited potential for scaling up, low efficiency and low 
economic viability. In addition, chemical treatments can 
degrade compounds with biological properties and even 
introduce contaminants into the system, resulting in diffi-
culties and the need for further processing steps (Liu et al. 
2016).

Disruption of the yeast cell wall by enzymatic 
hydrolysis

Enzymatic processes occur in a predominantly targeted 
way (Middelberg 1995). Yeast autolysis, widely used by 
the industry to produce yeast extract, is classified as an 
enzymatic method, even though it is induced by adding 
chemicals or changing the temperature. Solvents (e.g. 
ethyl acetate) and salts (NaCl) are often added to increase 
efficiency. In autolysis, endogenous yeast enzymes are 
activated and degrade the cell wall from the inside out, 
causing rupture (Middelberg 1995). In a recent study that 
compared three processes in the disruption of SBY cells, 
autolysis was the most effective (98% of nitrogen released 
from the cells) (Jacob et al. 2019a). However, this pro-
cess is not yet deeply understood and poorly controlled 
and the autolytic properties of the strain are decisive and 
can make the autolysis process non-viable (Jacob et al. 
2019a; Marson et al. 2019; Bzducha-Wróbel et al. 2014). 
The addition of exogenous enzymes (mainly proteases) 
is also an option, as it releases components from the wall 
in a more controlled and efficient manner and the pro-
cess can be easily scaled up (Bzducha-Wróbel et al. 2014; 
Halász and Lásztity 1991b; Asenjo and Dunnill 1981). 
Long hours of autolysis often result in losses of important 
components (e.g., antioxidants, polyphenols and vitamins) 
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(Jacob et al. 2019c). Smaller concentrations of glutamic 
acid in autolysates (in comparison to mechanical dis-
ruption methods) have been reported recently. It can be 
hypothesised that glutamic acid takes part in a reaction 
catalysed by the enzyme glutamate decarboxylase, which 
is naturally present in yeast. As a result, a neuroactive 
compound known as �-aminobutyric acid (GABA; Jacob 
et al. 2019a) is produced. In this case, losses in glutamic 
acid are advantageous because GABA can be applied in 
the pharmaceutical industry.

The disruption of yeast cell walls by enzymatic hydrolysis 
can be performed with different objectives involving carbo-
hydrases, RNAses and mainly, proteases. Proteolytic hydrol-
ysis is the most efficient method of solubilising, exposing 
and releasing yeast peptides (Marson et al. 2019; Chae et al. 
2001), and this technology is widely used to improve and 
increase the functional, biological and nutritional properties 
of food proteins in various matrices (Phongthai et al. 2018; 
de Castro and Sato 2014; Yuan et al. 2008).

Enzymatic hydrolysis has been used independently or 
combined with traditional methods such as autolysis and 
mechanical rupture. Amorim et al. (2016a), for example, 
used autolysis, hydrolysis with a Cynara cardunculus extract 
as well as series of ultra and nanofiltration to obtain SBY 
yeast ingredients with different characteristics while Mar-
son et al. (2020) developed a process, using commercial 
enzymes, to disrupt and hydrolyse yeast protein simultane-
ously. Proteolytic hydrolysis may not only disrupt the cell 
wall, causing the release of compounds, but also modify the 
existing proteins. Solubilization and modification of com-
pounds inside and on the cell wall can be performed during 
or after cell wall disintegration.

The characteristics of the peptides released by the enzy-
matic treatment vary with the specificity and type of enzyme 
(Phongthai et al. 2018; de la Hoz et al. 2014), and the effec-
tiveness of hydrolysis depends directly on the composition 
of the matrix to be hydrolysed and on the process variables 
(de Castro and Sato 2015). Optimization and development 
of the protein hydrolysis of yeast and yeast by-products has 
been performed for different purposes and using several 
strategies. Tables 4, 5 and 6 show the treatments and pro-
cessing conditions used in the cell wall rupture, and in the 
release and modification of the biochemical components of 
yeasts. Every hydrolysis process was specially developed: to 
produce yeast extracts for nutritional purposes (Jacob et al. 
2019a, c; Amorim et al. 2016b; Tangüler and Erten 2008); 
to promote the release of flavour-related 5′-nucleotides (Xie 
et al. 2017; Cui et al. 2016; Chae et al. 2001); to release 
peptides with ACE-I activity (Amorim et al. 2019b; Vieira 
et al. 2017a; Mirzaei et al. 2015; Kanauchi et al. 2005), anti-
oxidant activity (Marson et al. 2020, 2019; Podpora et al. 
2016), iron-chelating ability (de la Hoz et al. 2014); or to 
release specific peptide sequences (Jung et al. 2011).  

For SBY, a yield of 5% of peptides with angiotensin-
converting enzyme inhibitory activity (ACE-I) was reported 
after hydrolysis with AlcalaseTM and subsequent purifica-
tion (Kanauchi et al. 2005). In another study, AlcalaseTM , 
Neutrase, ProtamexTM , FlavourzymeTM and ficin were used 
to release a peptide (Cyclo-His-Pro) from SBY. The hydro-
lysate obtained from FlavourzymeTM , an enzyme with exo 
and endoprotease activities, showed the highest recovery 
of the peptide analysed in a previous study (674.0 μg g−1) 
(Jung et al. 2011). Chae et al. (2001) reported the use of 
ProtamexTM and two enzymes with exo and endoprotease 
activities, FlavourzymeTM and Protein FN, to obtain yeast 
extract. The authors found that the dosage of exoprotease 
affected protein recovery, the degree of hydrolysis and sen-
sorial characteristics to a greater extent than the dosage of 
endoprotease. The combined treatment of ProtamexTM and 
FlavourzymeTM resulted in the greatest recovery of solids 
(50%) (Chae et al. 2001). AlcalaseTM and Protex 51FP were 
used to hydrolyse residual yeast from sugarcane processing. 
Using AlcalaseTM resulted in extracts with a higher degree 
of hydrolysis (de la Hoz et al. 2014). As for the hydrolysis of 
cultivated cells of S. cerevisiae, bromelain (Kim et al. 2009, 
2004; Yu et al. 2002) is normally used.

Thus, so far, AlcalaseTM , ProtamexTM and FlavourzymeTM 
were the enzymes that obtained the highest yield and the 
greatest functional or biological activity for SBY during 
hydrolysis, as reported in recently published studies (Marson 
et al. 2020, 2019; de la Hoz et al. 2014; Jung et al. 2011). 
AlcalaseTM is a serine endoprotease, while the last two are 
mixtures of endo and exoproteases. The pH value of action 
of the enzymes usually ranges from 5.0 to 8.0. The adequate 
temperature range of the enzymes is quite wide, with maxi-
mum activity achieved at temperatures of 40–60 ◦ C (Nielsen 
and Olsen 2002). Indeed, these and other enzymes specially 
designed for yeast were tested for the proteolytic hydrolysis 
of SBY, and these tests showed different characteristics for 
them (Marson et al. 2020, 2019). A recent study has reported 
the production of an antioxidant SBY enzymatic hydrolysate 
with an optimised mixture of enzymes using a mixture 
design. It indicated synergistic effects of the simultaneous 
use of  Brauzyn®, ProtamexTM and AlcalaseTM (Marson et al. 
2020). A response surface methodology was used to maxi-
mize the production of ACE-I peptides from SBY using the 
C. cardunculus extract (Amorim et al. 2019b).

After enzymatic treatments are performed, broken yeast 
cells are separated by centrifugation, which results in two 
fractions (Lobo-Alfonso et al. 2010). Often referred to as 
yeast extract, the soluble fraction consists of yeast cell com-
pounds, which can be processed in subsequent steps for the 
purpose of concentration, purification and fractionation, 
depending on the application intended for the ingredient 
(Nagodawithana et al. 2010). A yeast extract usually pre-
sents a reduced content of nucleic acids and polysaccharides, 
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depending on the disruption treatment of choice (Kollar 
et al. 1992; Halász and Lásztity 1991a). The precipitated 
material, which is mostly insoluble in water, has potential 
as a carrier material for microencapsulation and as an emul-
sifying agent, since it is mainly composed of proteins and 
carbohydrates from the yeast cell wall. Mannoproteins and 
�-glucans are extracted from this fraction, through washing 
and precipitation steps, with yields of 4% and 10%, respec-
tively (Melo et al. 2015; Araújo et al. 2014).

Current and potential applications 
of the processed spent yeast from brewing

In-depth knowledge of the rich macro and micronutrient 
composition of SBY, combined with the development of 
application-focused processes, are the key to extend the 
scope of application of this important brewing by-product 
and well as other yeast by-products. The next sections pre-
sent up-to-date foreseen applications of SBY as an innova-
tive ingredient in the food and pharmaceutical industries.

Uses of yeast biomass for human and animal 
nutrition: alternative source of proteins, bioplexes 
and vitamins

Among all possible applications, SBY is commonly used as 
feed for protein supplementation. As studies and technology 
progress, SBY feed supplements are investigated not only for 
their protein and vitamin-rich composition, but also for their 
bioactive effects in animals (Shurson 2018).

A yeast extract from hydrolysed cells of the IFO 2346 
strain of S. cerevisiae was used to enrich pet food and 
showed anti-obesity effects in dogs (Kim et al. 2012). Sup-
plementation of vitamin and mineral premix with brewer’s 
yeast (1% to 5%) in broiler diets reverted negative bone 
effects (diminished tibia ash amounts) in vitamin/mineral 
depleted diets (Sacakli et al. 2013).

Disrupted yeast cells from S. cerevisiae, Candida uti-
lis and Kluyveromyces marxianus have been evaluated as 
sustainable protein sources for fish feed. A previous study 
proposed a sustainable way of cultivating yeast in ligno-
cellulosic non-food biomass from forestry and agricultural 
industries, which resulted in a low-cost product. After cell 
disruption and processing to improve protein digestibility, 
those protein-rich yeast materials were used in aquaculture 
as feed, with various immunological and health benefits 
(Øverland and Skrede 2017).

Proteins from brewing yeasts have high biological qual-
ity, which makes SBY a sustainable alternative source of 
proteins, as well as a non-allergenic option for vegans/veg-
etarians. Because it comes from a by-product, it is also a 
better choice in comparison to higher-cost proteins from 

plants or animals (Bertolo et al. 2019). The digestibility of 
yeast proteins before and after disruption methods has been 
investigated recently and indicated high digestibility when 
processed ( > 95%), comparable to that of textured soy pro-
tein (Bertolo et al. 2019).

Yeast cells are researched as a vehicle to human mineral 
supplementation, in the form of bioplexes. Saccharomyces 
cerevisiae yeast cells have been reported to accumulate and 
readily adsorb minerals (Cr3+ , Se4+ , Mg2+ , Cu2+ , Cd2+ , Zn2+ , 
Mn2+ , Ca2+ , Fe3+ ) in amounts that exceed their physiological 
demand (Błażejak and Duszkiewicz-Reinhard 2004; Stehlik-
Tomas et al. 2004; Park et al. 2003; Varga and Maráz 2002; 
Pacheco et al. 1999). The concentration of these microe-
lements needs to be carefully selected before use to pre-
vent them from being toxic to cells. The content of cations 
adsorbed by cell wall proteins (mainly mannoproteins) is 
proportional to the total surface area of the yeast cell. Cation 
content is also dependent on yeast strain, properties of cell 
morphology, composition and physiological state of yeast 
cells (Błażejak and Duszkiewicz-Reinhard 2004; Varga and 
Maráz 2002). The presence of phosphorylated mannans in 
the cell wall, cell size, thickness of the mannoprotein layer 
and the presence of free carboxyl, hydroxyl, phosphate and 
hydrosulfide groups in the surface proteins influence this 
bioaccumulation phenomena (Błażejak and Duszkiewicz-
Reinhard 2004; Park et al. 2003). For the production of bio-
plexes, Saccharomyces sp. is cultivated in a medium sup-
plemented with the cation of interest, and the enrichment of 
biomass takes place in two steps. Firstly, the adsorption in 
the cell wall occurs rapidly; it is referred to as biosorption. 
The second phase, chemisorption, is energy consuming and 
happens at a lower rate, resulting in the active transport of 
cations from the cell wall to the cytoplasmic membrane and 
then to the cell interior.

Magnesium ions were enriched 3-fold above the physi-
ological demand in Saccharomyces sp. Authors reported 
that the mechanism of cation binding of Mg2+ with yeast 
cells was chemisorption followed by accumulation inside the 
cell, forming bioplexes (Błażejak and Duszkiewicz-Reinhard 
2004). The effect of enrichment of yeast (S. cerevisiae) with 
chromium, selenium and zinc did not influence the content 
and stability of complex B vitamins, but the iron-enriched 
yeast resulted in losses in vitamin B2 (Varga and Maráz 
2002). Varga and Maráz (2002) also found that those four 
microelements were mainly present in yeast as undissolved, 
bound compounds. It is important to emphasize that the 
greater the viability of yeast cells, the higher the degree of 
cation binding (Błażejak and Duszkiewicz-Reinhard 2004).

SBY may present low viability, specially if it has been 
repitched several times, but Ca2+ binding in a SBY protein 
concentrate is possible (Pacheco et al. 1999). Although the 
binding of several cations has still not been evaluated for 
spent yeasts, this may be a potential application, cations 
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may be either readily adsorbed by the cell wall proteins or 
released inside the body. Humans can easily assimilate bio-
plexes (Błażejak and Duszkiewicz-Reinhard 2004). They 
deliver minerals along with the proteins they are bound to, 
and penetrate the intestinal wall. Bioplexes are also less sus-
ceptible to the formation of complexes with compounds such 
as phytic acids, commonly found in plants, which limit body 
absorption. The presence of other compounds of interest 
in yeasts, namely �-glucans, along with their high protein 
content and complex B vitamins, makes them an even more 
appealing vehicle for minerals supplementation.

Yeasts may also produce vitamins when grown in spe-
cific mediums. Saccharomyces sp. was reported to produce 
ergosterol, a precursor of vitamin D2 (ergocalciferol) that 
can be extracted from the lipid fraction of cell walls (Kol-
lar et al. 1992). Genetically engineered S. cerevisiae was 
capable of producing minor amounts of l-ascorbic acid from 
l-galactose (Stahmann 2019).

Yeast extracts: from medium supplementation 
to flavouring compounds

The nutrient-rich composition of yeast extracts may be used 
to boost nutrient supply, thus improving the fermentation 
performance of various microorganisms, including the fer-
mentation of Saccharomyces sp. in beer production (Jacob 
et al. 2019b). An SBY enzymatic hydrolysate produced with 
AlcalaseTM was used as a nitrogen source to enhance the suc-
cinic acid production by Actinobacillus succinogenes (Chen 
et al. 2011).

Yeasts are able to synthesize a myriad of flavour mol-
ecules such as alcohols and terpenoids, used in food fla-
vouring. Naturally, during fermentation, some of those com-
pounds are produced. Yeast flavour depends on a delicate 
balance among peptides, nucleotides (guanosine monophos-
phate and inosine monophosphate), carbohydrates and free 
amino acids. There is great interest in using yeast extracts 
as flavouring agents in foods (Rakowska et al. 2017; Pérez-
Torrado et al. 2015).

When the envisaged application for SBY is the produc-
tion of a flavouring yeast extract, the method chosen for 
disruption and processing of SBY is of great importance. 
The concentration of free amino acids in the extract plays a 
major role in the flavouring potency of the ingredient. Leu-
cine, isoleucine, valine, histidine, proline, cysteine and glu-
tamine greatly influence the aroma of the product. A recent 
study compared the amino acid composition of yeast extracts 
produced by mechanical disruption (by glass beads and 
ultrasound) and autolysis, and the latter resulted in a higher 
release of those target amino acids (Jacob et al. 2019a). 
Enzymatic hydrolysis with proper exogenous enzymes, such 
as RNAses, also promotes the release of 5 ′-nucleotides (Xie 
et al. 2017; Vieira et al. 2013; Chae et al. 2001) and results 

in high quality yeast extracts that are suitable as flavouring 
ingredients.

Yeast proteins as non‑synthetic food emulsifiers 
and functional ingredients

The use of SBY materials as a sustainable and technologi-
cally viable option to synthetic emulsifiers has been inves-
tigated lately. The emulsifying ability of cell wall compo-
nents is often attributed to mannoproteins and �-d-glucans 
that have technological properties acting as water holding, 
thickening, emulsifying and stabilizing agents (Araújo et al. 
2014; Kollar et al. 1992).

Mannoproteins extracted from SBY (Saccharomyces 
uvarum) showed potential as stabilizers and emulsifying 
agents when used in the formulation of mayonnaise (substi-
tuting xanthan gum) with no negative effects on the sensory 
attributes of the product (Araújo et al. 2014). Mannopro-
teins also demonstrated the ability to emulsify and stabilize 
French salad dressings, while improving their nutritional 
composition and sensorial acceptance (Melo et al. 2015). 
Use of inactivated high-pressure homogenized baker’s yeast 
dispersion for low-fat dressings indicated the potential of 
yeast biomass as an alternative emulsifier (Fernandez et al. 
2012).

Gel stabilizing properties of an SBY extract produced by 
mechanical disruption using glass beads were detected in 
cooked hams. The addition of 1% of yeast extract resulted in 
increased hardness, chewiness, sliceability and water-hold-
ing capacity, in addition to the incorporation of amino acids 
and proteins with high biological value, with no sensorial 
differences detected in comparison to controls (Pancrazio 
et al. 2016). The substitution of meat by yeast extract (distill-
ery spent yeast Saccharomyces sp.) up to 1.5% in Frankfurt 
type sausages did not result in any sensorial changes (aroma, 
flavour and texture) (Yamada et al. 2010).

Non-treated and ultrasound-treated SBY cells were 
reported to have emulsifying properties in model emul-
sions, but autolysed samples presented very poor emulsify-
ing properties (Bertolo et al. 2019). Foaming ability and 
stability were also assessed, but lower values were found 
for autolysed samples. The water-holding properties of yeast 
cells worsened after the disruption treatments (autolysis and 
ultrasound), but the ultrasound treatment improved signifi-
cantly the oil-holding capacity of the yeast biomass. The 
solubility of yeast ingredients was studied, and it was found 
that disruption processes and addition of salts can improve 
yeast proteins solubility (Bertolo et al. 2019).

Yeast materials have been also studied as new carrier 
agents for microencapsulation because of their interesting 
composition and functional properties (gel formation, stabi-
lization, emulsification). Cells of S. cerevisiae after chemical 
treatment showed good encapsulation yields of chlorogenic 
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acid, a natural hydrophilic antioxidant (Paramera et al. 2014; 
Shi et al. 2010).

Those results suggest that further research is necessary to 
improve the processing and incorporation of SBY and yeast-
based products as functional additives in the food industry.

Yeast enzymes

Yeasts contain several enzymes with hydrolytic activity. 
Enzymatic extracts of SBY or cultivated S. cerevisiae cells 
were already employed alone (with low or medium protein 
conversion) or in combination with exogenous enzymes to 
produce protein hydrolysates (Vieira and Ferreira 2017; 
Vieira et al. 2017a, b, 2016a; Martínez-Alvarez et al. 2008). 
The SBY protein extract is usually produced by disruption 
of yeast cells using glass beads under refrigerating tempera-
tures to minimize enzyme denaturation and loss of hydro-
lytic capacity. The reported activity of SBY proteases extract 
ranges from 0.2 to 1.0 U mL−1 at pH 6.0, and they have 
already been used to produce hydrolysates from by-products 
of sardine cannery and spent grains from brewing (BSG, 
Vieira and Ferreira 2017; Vieira et al. 2017a, b, 2016a). A 
full characterisation of SBY proteases are still not available, 
but Fukal et al. (1986) reported that SBY proteinases contain 
sulfhydryl and metallo-proteinases with thermostability up 
to 50 ◦ C and activity at pH values as low as 3.

The potential of SBY as a source of invertase (EC 
3.2.1.26) is yet to be evaluated, but S. cerevisiae is a known 
source, and invertase has been extracted from baker’s yeast 
by autolysis and ultrafiltration ( > 20 kDa membranes) with 
an activity higher than 4.0 μkat mgprotein −1 (Pérez-Torrado 
et al. 2015; Kollar et al. 1992).

SBY polyphenols

Yeasts are known to possess the ability to absorb poly-
phenols during fermentation processes or when grown in 
media containing high levels of those compounds (León-
González et al. 2018; Rizzo et al. 2006). Some polyphenols 
from hops (humulones, iso-humulones, lupulones, chalcones 
and flavones) and malt are delivered to the medium during 
brewing and are adsorbed to different extent by yeast cells. 
According to the literature, total polyphenol content in SBY 
ranges from 1.2 to 375 mg of gallic acid equivalents g−1 
(d.w.) (Jacob et al. 2019c; Vieira et al. 2016b; Podpora et al. 
2016). A detailed study on polyphenols profile of SBY 
demonstrated the potential of SBY as a source of bioac-
tive polyphenols such as (+)-catechin, gallic acid, protocat-
echuic acid, p-coumaric acid, ferulic acid, trans-ferulic acid, 
rutin, naringin, quercetin and kaempferol (León-González 
et al. 2018; Vieira et al. 2016b). Bryant and Cohen (2015) 
measured hop acid profiles of spent yeast and reported that 
the concentration of hop acids in spent yeasts was much 

higher than in respective beers. Hop acids in spent yeasts 
were mainly represented by �-acids (humulones) and �-acids 
(lupulones). Five-fold higher total hop acid content in craft 
SBY samples in comparison to multinational SBY samples 
were detected. This result is probably related to the fact that 
craft beer formulations typically employs higher levels of 
hops than those used in multinational industries. Although 
the mechanisms underlying yeast adsorption of hop acids is 
still not elucidated, authors have hypothesised that hop acids 
were probably located in the cell wall or cell membrane and 
were mostly associated with dead yeast cells (Bryant and 
Cohen 2015).

‑Aminobutyric acid (GABA) and kynurenic acid 
production

�-Aminobutyric acid (GABA) is a neuroactive non-protein 
amino acid that is reported to have bioactive activities (Diana 
et al. 2014). This compound is involved in the metabolic 
Krebs cycle in plants, and in vertebrates, it is an important 
inhibitory neurotransmitter that reduces neuronal excitability 
throughout the nervous system. Changes in GABA concen-
trations in the brain and in GABA synthesis pathways are 
related to many mental and psychiatric disorders (Hunting-
ton’s disease, Parkinson’s disease, senile dementia, seizures, 
Alzheimer’s disease, stiff person syndrome and schizophre-
nia). Effects against hypertension, kidney diseases, diabetes 
and cancers were also reported (Diana et al. 2014). GABA 
may be synthesized from l-glutamic acid or its salts via the 
glutamic acid decarboxylase enzyme (GAD; EC 4.1.1.15) 
with vitamin B6 (pyridoxal phosphate) as a cofactor. It is 
found in plants, animals, microorganisms and foods, and 
it is even synthesized by the gut microbiota (Yılmaz and 
Gökmen 2020). The discovery of new high-GABA produc-
ing strains for high performance biotechnological production 
is of great interest. Recent studies have been investigating 
new microorganisms and biotechnological processes that are 
able to produce GABA (Diana et al. 2014). During autolysis 
of SBY, GABA may be produced because GAD as well as 
great amounts of glutamic acid and vitamin B6 naturally 
occur in SBY (Table 2) (Masuda et al. 2008). Jacob et al. 
(2019b) found 2-fold higher concentrations of GABA by S. 
cerevisiae (TUM 68) with the addition of glucose and mono-
sodium glutamate by autolysis (pH 6.0, 37 ◦ C for 72 h), but 
further studies are still needed to confirm the feasibility of 
the commercial use of this technology. The concentration 
of GABA in the yeast extract was 10 mg g−1 (d.w.) (Jacob 
et al. 2019a). In tea, one of the most important food sources 
of GABA, the concentration ranges from 50 to 2000 μg g−1 
(d.w.).

The essential amino acid tryptophan is mainly metabo-
lised through the kynurenine pathway. Some changes in this 
pathway, ultimately resulting in imbalances in tryptophan 

Chapter 3. Review 1: Spent brewer’s yeast 38



 World Journal of Microbiology and Biotechnology           (2020) 36:95 

1 3

   95  Page 14 of 22

and kynurenines, is related to the pathogenesis of some 
disfunctions, such as Alzheimer’s disease, Huntington’s 
disease, dementia complex, acquired immune deficiency 
syndrome and schizophrenia (Chen and Guillemin 2009). 
For instance, quinolinic acid, a derivative from the kynure-
nine pathway, is an important factor of Alzheimer’s disease 
neuronal damage pathogenesis (Guillemin and Brew 2002). 
The neurotoxicity caused by quinolinic acid can be lim-
ited by kynurenic acid, its antagonist (Chen and Guillemin 
2009). Kynurenic acid is also an inhibitor of the � -7 nico-
tinic acetylcholine receptor and an antioxidant compound. 
Antagonists or agonists of nicotinic acetylcholine receptors 
are considered a therapeutic strategy to Alzheimer’s dis-
ease, because the interactions between those receptors and 
amyloid beta peptides are changed (Lombardo and Maskos 
2015). So far, the content of tryptophan derivatives, among 
them kynurenic acid, has been determined in fermented 
foods and plants. Kynurenic acid was detected in fermented 
products (cheese, yoghurt, beer, wine) as well as in cacao 
powder, which presents the highest content, about 4500 μ
g kg−1 (d.w.) (Yılmaz and Gökmen 2018). The synthesis 
of kynurenine and kynurenic acid by S. cerevisiae and S. 
pastorianus was confirmed during beer fermentation, sum-
ming up 0.02–0.05 μg g−1 (d.w.) or 17–52 μg L−1 (Yılmaz 
and Gökmen 2020, 2019). Their presence in SBY was still 
neither investigated nor reported, but it is a possibility. The 
discovery of those neuroactive tryptophan derivatives is still 
very recent and their production/detection in spent yeasts 
from brewing has still not been investigated.

Bioactive peptides

Some peptides in food that can exert functions in addition 
to their basic nutritional benefits are defined as bioactive 
peptides. Although they usually present biological properties 
to a lesser extent than synthetic drugs, they are less likely 
to accumulate in the body and have side effects (Li-Chan 
2015). Several studies have been published reporting ben-
eficial effects to the organism of protein hydrolysates and 
peptides from spent grains (BSG), SBY, barley and non-
processed S. cerevisiae. There are studies reporting anti-
oxidant activity (McCarthy et al. 2013), anti-inflammatory 
effects (Connolly et al. 2015, 2014; McCarthy et al. 2013) 
and effects against type II diabetes and hypertension (Con-
nolly et al. 2014) of BSG hydrolysates. Evidence has also 
been reported for antimicrobial, antioxidant, and antihyper-
tensive activities and effects of barley grain protein fractions 
on diabetes ( �-amylase inhibitory activity) (McClean et al. 
2014; Ortiz-Martinez et al. 2014; Xia et al. 2012; Alu’datt 
et al. 2012).

Tables 7 and 8 show the up-to-date biological activities 
discovered in yeast hydrolysates detected by in vitro and 
in vivo tests. The investigation of biological properties of 

yeast hydrolysates is recent, with the majority of articles 
published in the last 10 years. The most studied yeast mate-
rial as a bioactive source of peptides is cultivated non-resid-
ual yeast. Protein hydrolysates from S. cerevisiae showed 
beneficial effects on indicators of stress. Near to control 
levels of epinephrine and norepinephrine were found for 
rats after the ingestion of yeast extract for 8 days prior to a 
48 h stress period (Kim et al. 2003). This yeast extract was 
reported to present immunomodular effects, by activating 
macrophage and interleukin-6 production (1.9-fold when 
given to rats at 2 g/kg/day). Rats bone marrow cells signifi-
cantly proliferated 2.1-fold more than the control group (Yu 
et al. 2002). Cultivated yeast protein hydrolysates also were 
reported to decrease fat accumulation in rats. The alteration 
of the activity of enzymes involved in lipid regulation was 
evaluated. Rats fed with a high-fat diet supplemented with 
0.5–1% yeast extract have shown decreased body weight 
gain, serum triglycerides and low-density lipoprotein choles-
terol concentrations. Also, the yeast supplementation seemed 
to inhibit the activity of both hepatic glucose-6-phosphate 
dehydrogenase and malic enzymes (Jung et al. 2012; Kim 
et al. 2004). In another study, the anti-obesity activity of 
yeast hydrolysates was investigated through changes in the 
expression of neuropeptides Y and cocaine and ampheta-
mine-regulated transcript, compared with a control group. 
Authors reported that the ingestion of yeast decreased body 
weight gain, and increased the expression of the mRNA of 
cocaine and amphetamine-regulated transcript, a neuropep-
tide with regulatory functions on feed intake and energy 
balance (Park et al. 2013). The anti-obesity effect of yeast 
hydrolysate consumption was confirmed in beagle dogs, for 
which a significant weight reduction was observed (Kim 
et al. 2012). 

Weight reduction and decreased abdominal fat accumu-
lation as a result of consumption of yeast hydrolysate were 
reported in a human study (Jung et al. 2014). Residual yeast 
peptides from sugarcane processing were able to bind iron 
(de la Hoz et al. 2014). The consumption of a S. cerevisiae-
based fermentate in a randomised, double-blind and placebo-
controlled trial reduced the incidence of cold and flu-like 
symptoms in a healthy population, regardless of vaccina-
tion history (Moyad et al. 2010). SBY protein hydrolysates 
showed blood pressure lowering effects (ACE-I, Amorim 
et al. 2019a; Vieira et al. 2017a; Kanauchi et al. 2005), anti-
ulcer and antiproliferative activity (Amorim et al. 2016b), 
antioxidant activity (Marson et al. 2020, 2019; Jung et al. 
2011) and effects against type II diabetes (Jung et al. 2011). 
The expression of biological activities in SBY are probably 
represented not only by peptides, but also by vitamins, phe-
nolic components and enzymes (Jacob et al. 2019b).

Several studies have investigated the hydrolysis of puri-
fied matrices and their activity. It is extremely important 
to consider the use of complex matrices as a substrate for 
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hydrolysis, and evaluate the potential for production of bio-
active peptides from commercially relevant food by-products 
(Li-Chan 2015; Ortiz-Chao and Jauregi 2007), such as SBY 
(Marson et al. 2020; Xie et al. 2017; Mirzaei et al. 2015). 
Several studies have suggested that the biological activity 
of protein fractions depends on the sequence of peptides 
and their hydrophobicity (Phongthai et al. 2018), and the 
antioxidant activity is correlated with some other activi-
ties, such as antihypertensive activity (Zhang 2016; Garcia-
Mora et al. 2015; Esteve et al. 2015; Ortiz-Chao and Jau-
regi 2007). Because of the usually complex composition of 
SBY extracts, fractionation and purification are necessary 
to separate compounds of interest (such as peptides) from 
the mixture. The peptides with the highest reported activi-
ties are often those with a molecular weight smaller than 
10 kg mol−1; therefore, fractionation using chromatography 
or membrane technology is a very common practice in the 
production of peptides (Tables 7, 8).

SBY peptides with ACE-I activity and molecular weight 
smaller than 3 kg mol−1 maintained their activity following 
in vitro gastrointestinal digestion. More studies are needed 
to further investigate the effects of SBY on human health, 
but the potential of SBY-based products in medicine and 
heath is encouraging.

Conclusions and perspectives

Spent yeasts from brewing are a nutritional rich by-prod-
uct with a lot of potential to be processed into value-added 
ingredients and products for the food and pharmaceuti-
cal industries. Several technologies to transform SBY are 
already available and should be developed considering the 
intended use of SBY for maximum yield and performance. 
Valorisation of SBY is of economical, environmental and 
technological interests, and the products developed using 
this material are already showing promising results. Yeast 
processing perspectives involve application-focused process 
development considering yeast variability, pilot and indus-
trial scaling up needs, investigation of susceptibility to gas-
trointestinal digestion and bioaccessibility of SBY peptides 
and other compounds in humans, further characterisation 
of molecules extracted/synthesised by SBY and economi-
cal studies.
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Abstract: Spent brewer’s yeast (Saccharomyces sp.), the second most generated by-product from the1

brewing industry, contains bioactive and nutritional compounds with high added-value such as2

proteins (40-50%), polysaccharides, fibres and vitamins. Molecules of interest from agroindustrial3

by-products need to be extracted, separated, concentrated, and/or purified so that a minimum4

purity level is achieved, allowing its application. Enzymatic hydrolysis has been successfully used5

in the production of peptides and protein hydrolysates, releasing compounds at the expense of6

efficient downstream processes. Membrane technology is an important tool for the recovery of7

thermolabile and sensitive compounds from complex mixtures, with low energy consumption and8

high specificity. The integration of membrane techniques that promote the separation through9

sieving and charge-based mechanisms are of great interest to improve the purity of the recovered10

fractions. This review is specifically addressed to the application of membrane technologies for the11

recovery of peptides from yeast protein hydrolysates. Fundamental concepts and practical aspects12

relative to protein separation of agro-industrial protein hydrolysates by membranes will be described.13

Challenges and perspectives involving the recovery of peptides from yeast protein hydrolysates will14

be presented and thoroughly discussed.15

Keywords: Saccharomyces sp.; protein hydrolysis; membrane separation technology; ultrafiltration;16

membrane-peptide interactions17

1. Introduction18

Membrane separation technologies have been successfully applied and can be considered19

as an integral part of the downstream processing of agroindustrial, food, pharmaceutical and20

biotechnological products. These industries annually produce huge amounts of by-products that not21

only have high chemical and oxygen demand but also require proper handling and disposal. For these22

reasons, these by-products represent a serious economical and environmental concern worldwide. In23

an attempt to address these issues and to promote a more sustainable economy, processing technologies24

are being developed to foster the reuse and recovery of potential high value-added compounds from25

those streams [1,2].26

Separation processes for the treatment of bio-based by-products demand productive, efficient27

and sufficiently robust technologies to account for the intrinsic variability and sometimes fluctuating28
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availability of some by-products throughout the year. The treatment of agroindustrial by-products29

involves an elaborate approach because those materials have a complex composition and a high organic30

load, thus requiring specific extraction prior to separation [3]. Membrane processing technologies31

usually offer high throughput associated with very good product purity, thereby allowing an efficient32

wastewater treatment approach (to produce recycling water) as well as recovery of several valuable33

by-product components [2,4,5]. With these technologies, one can combine productivity with separation34

efficiency and reduce the number of processing steps. Different objectives can be achieved, such as35

clarification, fractionation, purification and concentration [6,7].36

The brewing industry produces several tons of spent brewer’s yeast (SBY) per year. As with37

other bio-based by-products, this residue has a high oxygen demand that needs to be managed38

properly [8]. The potential for re-utilisation and transformation of this material has been addressed39

by several authors in an attempt to reduce the environmental impact of beer production and to40

promote the valorisation of a nutrient-rich by-product. SBY consists of yeast cells collected after41

fermentation/maturation of beer and is quite rich in proteins (40-50%, d.w.), carbohydrates, vitamins,42

minerals and other compounds of interest for the food and pharmaceutical industries, such as43

β-D-glucans, 5’nucleotides, complex B vitamins and bioactive peptides [9–11].44

The release of peptides from SBY requires steps such as chemical or mechanical cell wall rupture45

and proteolytic hydrolysis to ensure cell wall disruption and transformation of proteins into peptides46

[12]. The resulting yeast extract contains several macro and micronutrients that need to be properly47

separated before they can be applied as new ingredients. Thus, aiming at a more purified product,48

with a higher protein content and fewer contaminants, the hydrolysate needs to be treated. Separation49

and fractionation of yeast proteins can be carried out by chromatographic methods [13,14], which have50

high selectivity but very high operating costs; moreover, they are not simple to scale up [15].51

Sometimes, membrane separation processes are used before enzymatic hydrolysis with the52

objective of performing hydrolysis of specific fractions. Amorim et al. [16] ultrafiltered (10 kg mol-1) an53

SBY autolysate before enzymatic hydrolysis with a C. carduculus extract. After hydrolysis, a 3 kg mol-154

ultrafiltration step and reverse osmosis were carried out. Versatile and continuous separation and55

hydrolysis can be performed simultaneously in enzymatic membrane reactors. This procedure has56

been used for production of protein hydrolysates from fish, milk and other products [17,18]. Despite57

these applications, major use of membrane technologies is still in the downstream stages of separation58

of protein hydrolysates from complex matrices [16,19]. Membrane separation technology has been59

used to fractionate and concentrate protein hydrolysates of by-products with biological and functional60

properties [15,20–22], including SBY peptides [9,16,23].61

Properties of peptides and proteins depend on their sequence and structure. Thus, their62

separation from mixtures of complex composition must be carried out by mild methods (low63

temperatures and pH value close to neutrality) with high selectivity, in order to maintain the64

structural and physicochemical characteristics of molecules, as ensured by many membrane separation65

technologies [24–26]. Separation performance is determined by membrane selectivity and permeate66

flux, which are dependent on operating conditions (temperature, pressure, process configuration,67

module characteristics, cleaning procedure), membrane properties (membrane material and structure,68

membrane pore size) and feed characteristics (pH, concentration, composition and physicochemical69

characteristics of feed components) [27,28]. The intended purpose of separation is also an important70

aspect of process design [2].71

This review is a state-of-the-art of membrane processes applied to fractionation of protein72

hydrolysates from agro-industrial by-products, mainly from spent yeasts. The following section73

focus on the current strategies, challenges and solutions for the application of this technology to the74

downstream processing of protein hydrolysates. Then, the use of charge-based membrane separation75

techniques is presented. Finally, particularities involving the separation of SBY protein hydrolysates is76

discussed by taking into account engineering, technical and practical aspects of membrane processes.77
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2. Processing of Protein By-Products Using Pressure-Driven Membrane Operations78

Figure 1 shows a schematic flow of potential unit operations involved in the transformation79

of agroindustrial and biotechnological by-products into value-added protein-rich ingredients. The80

transformation of by-products from biotechnological, food and agroindustrial processing begins with81

stabilisation of the material. This step is usually performed by thermal treatments that are able82

to inactivate endogenous enzymes that may alter the characteristics of the by-products until they83

are processed. Another important consideration is that the processing of by-products may not be84

performed in the same plant where the material is produced. For this reason, pre-treatments may be85

envisaged to ensure the microbiological safety of the material until further processing. Unit operations86

such as milling, drying, thermal treatments and conventional filtration can be used for this purpose [1].87

The next step is to properly release proteins from the original structure of the material. The88

extraction step is usually essential for transformation of by-products because of their complex89

composition and the usually low initial availability of the compounds of interest. Protein extraction90

from food and biotechnological matrices is achieved by chemical extraction methods, ultrasound91

technology and, most often, enzymatic treatments. Extraction has been successfully applied for92

the recovery of value-added components from by-products at the expense of complex and efficient93

separation [1]. Following extraction, a complex pool of protein fractions and peptides is obtained in94

addition to many other original compounds of the material, such as polysaccharides, fibres, minerals,95

vitamins, nucleic acids, etc. The resulting extract usually needs to be treated to ensure higher96

performance in the next downstream processing stages. Several technologies are used for this purpose,97

namely centrifugation, protein precipitation, conventional filtration or use of adsorbents (activated98

carbon, diatomaceous earth) and MF membranes [3,4]. MF is largely employed to reduce microbial99

count and macromolecules such as non-hydrolysed proteins, lipids, fibres and other aggregates, while100

retaining suspended colloidal particles produced during fermentation and processing [29]. MF also101

contributes to the clarification of solutions prior to fractionation steps.102

The recovery of compounds of interest will require one or more fractionation steps, usually103

achieved using UF, followed by purification or concentration steps, per requirement of the targeted104

ingredient, as shown in Figure 2. UF is the main pressure-driven process used in the processing105

of proteinaceous solutions because UF MWCOs fit the size range of proteins and their fractions106

[4,30]. Downstream processing of protein hydrolysates by a properly designed UF cascade and107

recycling loops is able to refine several bioactive peptide fractions at once, possibly improving their108

functional/biological activity by increasing peptide purity [3,29].109

The first step of protein and peptide fractionation involves the use of higher MWCO UF110

membranes (500-50 kg mol-1), intended to reject intact/non-extracted proteins, fibres, polysaccharides111

and other macromolecules that were not removed in previous steps. One or more fractionation112

steps can be performed in this MWCO range. High molecular weight peptides with emulsifying113

and stabilising activities may be recovered in the first retentate fractions, as shown in Figure 2. The114

last permeate from the fractionation cascade at 500-50 kg mol-1 goes on for further fractionation (UF115

membranes of MWCO of 50-1 kg mol-1, in order to recover bioactive peptides, which are ingredients116

rich in peptides or amino acids [3] (Figure 2).117

Fractions of interest (permeate or retentate) from the fractionation cascade may be purified118

(decrease impurity concentration) and peptides can be even isolated, either due to application119

requirements (for example for pharmaceutical industry use) or for analytical purposes. Depending120

on the peptide mixture properties, peptides are isolated thanks to techniques based mainly on121

sieving (size-exclusion chromatography, low MWCO UF, NF), charge-based techniques (pH-induced122

precipitation, electrodialysis, ion-exchange chromatography - as discussed in section 3), techniques that123

detect differences in hydrophobic interactions (solvent precipitation, reversed-phase chromatography)124

or even affinity and special attribute molecular methods (affinity chromatography, immunoaffinity).125

While chromatographic methods are mainly used for analytical purposes, the NF membrane technique126
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Figure 1. Strategy of processing of agroindustrial, food and biotechnological protein-rich by-products
into value-added ingredients
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Figure 2. Ultrafiltration (UF) fractionation cascades for the recovery of several protein and
peptides-based ingredients, using 500-1 kg mol-1 molecular weight cut-off membranes

is one of the industrial processes most frequently used to purify low molecular weight peptides,127

employing membranes in the range of 100-1000 g mol-1 [3,4].128

The concentration step of the resulting streams is not mandatory but, depending on the129

end-application of the ingredients, it is a recommended procedure. The use of bioactive peptides130

or other isolated protein fractions is sometimes not practicable in small concentrations. Thermal or131

chemical processes such as dehydration, rotary or vacuum evaporation and chemical precipitation132

might be used but they are employed less and less because most bioactive peptides are thermolabile133

and may be denatured while losing activity in the presence of chemicals and solvents. Instead, NF,134

reverse osmosis and spray-drying are preferred technologies because they consume a smaller amount135

of chemicals and energy [3,29]. Spray-drying may be successfully used to protect bioactive peptides136

and extend their shelf-life when appropriate process parameters are employed and the characteristics137

of each matrix are taken into account [29,31,32].138

In sum, the design of an efficient fractionation process for peptide mixtures issued from enzymatic139

hydrolysis requires knowledge of: (1) target peptide or protein fraction properties (amino acid sequence,140

mass ratio, isoelectric point, hydrophobicity, bioactive properties), (2) rigorous characterisation of feed141

composition and sensitivity of feed components to processing conditions and (3) presence of main142

contaminants that may need to be separated from the target protein fractions [3].143

2.1. Membrane Fractionation of Protein Hydrolysates: Challenges, Limitations, Advantages and Solutions144

Membrane separation processes offer several advantages; for example, low energy requirements145

in comparison to conventional concentration processes, high selectivity, wide range of applications,146

modular design, simplicity in continuous operation, integration and scaling up [2,4,25]. In the147

context of protein hydrolysate separation, membrane processes are able to maintain protein stability148

throughout the process, and a high resolution separation is possible at ambient/low temperatures.149
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They do not require the use of solvents and other chemicals [2,30]. Indeed, several biotechnological150

and pharmaceutical applications count on those advantages to obtain high-resolution fractions [4,5].151

Membrane and process operations to conduct bio-separations may involve high costs, specially152

for establishing the installed membrane area (e.g., the price of new membranes and their modules).153

However, the value added to the recovered product is usually more significant. An increase of 8-10%154

in sales of membranes and modules for food processing and water treatment applications may lead to155

a gradual decrease of membrane technology costs [1,2].156

Main limitations of the separation of protein-rich products by membranes are fouling and limited157

selectivity. Proteins are easy foulants because they have a complex molecular structure and multiple158

charged groups that readily interact with the membrane surface, water and ions, with the later159

affecting their real size and solubility [3,33]. Fouling control strategies are indispensable to maintain160

acceptable flux levels and ensure microbiologically safe membrane operations, minimising the growth161

of microorganisms and the formation of bio-films [2].162

Several solutions are being investigated to improve mass transfer and limit fouling formation.163

Hydrodynamic management strategies include the use of different modules that ensure operation at164

turbulent regimes. Intelligent membrane cleaning methods are becoming more efficient with deeper165

knowledge of foulant complexity and composition. Operations such as back flushing and pulsing,166

and use of non-conventional technologies (pulsed electric fields and ultrasound) have been reported167

to improve cleaning and even mass transport in UF [1]. The application of electric fields with NaCl168

was able to completely clean a zirconium dioxide/titanium dioxide UF membrane of 15 kg mol-1169

MWCO fouled with whey model solutions [34]. Ultrasound technology has been used to enhance170

permeate flux, showing 10-20% enhancement for 1 MHz (whey UF at a transmembrane pressure171

smaller than 1.5 bar and 0.28 m s-1 cross-flow velocity). For ultrasound frequencies of 20-40 MHz,172

large bubbles result in the formation of shock-waves, and at ranges of 100-1000 MHz, although smaller173

bubbles are formed, high temperature foci can be an issue. The mechanisms involved in flux enhancing174

and the cleaning effects of ultrasound are yet not clear (higher turbulence vs sonication effects) [35].175

The development of new engineered membrane materials is also a prominent field in membrane176

technology. Surface modification is aimed at improving membrane resistance to protein adsorption177

and to increase permeation of hydrophobic membranes. The increase of surface hydrophilicity can178

effectively minimise protein adsorption, improve membrane permeability and prevent membrane179

fouling [2,5].180

The understanding of critical flux and fouling phenomena can be used as a strategy to maintain181

high selectivity and mass throughput of UF and NF operations. Working within the limits of the182

pressure control region (low pressures, low volumetric reduction factors and feed concentrations) can183

reduce fouling and increase separation performance. After a determined concentration of solutes on184

the membrane surface (the mass transfer controlled region), higher productivity can only be achieved if185

there is an increase in the mass transfer coefficient [3,5,36]. The detailed investigation of mass transfer186

and thorough description of fouling mechanisms through theoretical and modelling studies have187

provided fundamental insights that are imperative to further improvements in membrane performance.188

Indeed, the investigation of fouling mechanisms and the development of flux prediction models189

through simulation and computer-based techniques are of great interest. So far, no model is universally190

applicable or satisfactory, but as simulation evolves, phenomena description and understanding, as191

well as technology maturity, also evolve. Recently, there has been a multi-objective optimisation192

of design and operational conditions to maximise product yield and purity for fractionation of fish193

by-product protein hydrolysates using UF and NF. The proposed modelling strategy included the194

implications of economical and environmental aspects in the optimisation of technical objectives, such195

as high purity and product yield [37]. Thus, efficient solutions to reduce fouling and increase selectivity196

and productivity of membrane processes are being developed [30,38].197
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3. Peptide Separation and Purification by Charge198

The separation of peptides and protein fractions depend on their charge and interactions. In199

this context, charge-based membrane separations can be used as a next separation step after UF200

or as another separation strategy, depending on the envisaged separation outcome. Charge-based201

membrane separations depend on the conductivity of feed streams, which are usually low (food202

and biotechnology). These processes also have higher energy requirements than conventional203

membrane processes, and heat may be produced, depending on the technique, which could result in204

the degradation of molecules. Despite those limitations, charge-based membrane separation processes205

are aligned with the researchers’ efforts to improve peptide refining and can replace chromatography,206

which is mostly used for analytical purposes [29]. Several simultaneous size and charge-based207

separation techniques are available, including high-performance tangential flow filtration (HPTFF),208

electrophoretic membrane contactor processes, membrane chromatography, electrically enhanced209

membrane filtration (EMF), UF using charged membranes, electro-ultrafiltration using pulsed fields,210

electrodialysis and electrodialysis using UF membranes (EDUF) [1,3,4]. Among them, one of the most211

promising techniques recently used for peptide separation is electrodialysis.212

Electrodialysis is a membrane technology that employs ion-exchange membranes. Separation in213

electrodialysis processes is based on an electrical potential driving force. Species mobility depends214

not only on their electrophoretic mobility but also on sieving effects (as is the case of EDUF). The215

extent of mass flow depends on the electrophoretic mobility of peptides, on the presence of other216

charged components in the feed, and on the solution’s pH. Because each species migrates at a specific217

rate, depending on the configuration previously selected, several outlet streams can be obtained218

simultaneously, and each of them is enriched in a specific peptide or species [4,39]. When porous219

membranes are employed in EDUF, they act as electrophoretic membrane contactors, in which220

separation occurs while taking into account charge and molecular weight peptide differences. This221

technology has been reported as a very selective one, capable of separating targeted peptides from222

complex mixtures [40]. Several studies explored the use of EDUF in the separation of bioactive peptides223

and other charged molecules of interest from complex mixtures and residues from sea food by-products224

[41,42].225

The simultaneous separation of anionic and cationic peptides from a herring milt hydrolysate by226

EDUF using UF membranes of 50 and 20 kg mol-1 MWCO was reported [41]. Peptide migration rates227

through the first membrane were 44 and 20 fold higher for anionic and cationic peptides, respectively,228

in comparison to the second membrane. EDUF at pH 7.0 allowed the separation of peptides with229

positively charged arginine and lysine in the cationic recovery compartments and peptides with230

negatively charged asparagine and glutamine in the anionic recovery fractions. Durand et al. [41]231

found that the anionic fraction obtained after the 50 kg mol-1 MWCO membrane had the highest232

antioxidant activity whereas anti-inflammatory activities were higher in the cationic fractions collected233

after the first and second membranes. EDUF using 20 kg mol-1 MWCO UF membranes enabled234

the separation of arginine-containing peptides in a defatted flaxseed protein hydrolysate, enhancing235

hypotension effects in vivo of fractions, since these effects have been associated with the presence of236

arginine in active peptides [43]. EDUF has recently been considered for large scale peptide production237

in substitution to several chromatographic operations. EDUF was exploited as a tool to ease the238

isolation of antihypertensive peptides from a protein hydrolysate of rapeseed protein isolate. An239

anionic peptide fraction with 44% negatively-charged amino acids and a cationic peptide fraction with240

28% positively-charged amino acids were recovered after 6 h of operation in an with EDUF process that241

employed 20 kg mol-1 MWCO membranes. At a feed concentration of 1.7 mg of peptides per mL, the242

system could operate for 18 h without any indication of membrane fouling [44]. The sustainable aspect243

of EDUF was explored in the valorisation of the bovine cruor, i.e., the red cells fraction of the blood244

by-product from slaughterhouse processing. A positively charged antimicrobial peptide, obtained245

from hemoglobin, was enriched 24 fold using a 10 kg mol-1 MWCO membrane [40]. Associated costs246

of producing peptides from EDUF technologies was reported to range from 0.3 to 0.5 Canadian dollars247
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per gram of peptides for an effective filtration area of 10 m2 [43]. These results indicate a great potential248

of this technology in the field of recovery of peptides from by-products. Higher migration rates and249

production at larger scale are some of the perspectives of EDUF. However, these perspectives face250

three major challenges: understanding the underlying mechanisms of transport in complex matrices,251

finding ways to enhance peptide migration while keeping quality and reducing the high costs of this252

technology.253

4. Membrane Fractionation and Purification of Yeast Protein Hydrolysates: Recovery of Bioactive254

Peptides255

4.1. Challenges Involving Yeast-Products Separation by Membranes256

Figure 3 shows how some membrane technologies can be used in the recovery of protein-rich257

fractions and peptides from yeast protein hydrolysates and which components are involved during258

processing. Cultivated and spent yeast protein hydrolysates are very complex matrices after disruption259

and enzymatic hydrolysis. Pre-treatments are usually capable of removing most of the high molecular260

weight compounds that may disturb protein and peptide fractionation performance, such as cell debris,261

non-hydrolysed proteins and other non-protein components (section 2), which are reported to hinder262

the resolution of analytical techniques, if they are not removed [9].263

Figure 3. Use of membrane separation technology in the recovery of protein-rich ingredients and
bioactive peptides from yeast protein hydrolysates and the main compounds recovered in fractions.

MF: microfiltration; UF: ultrafiltration; (n): number of ultrafiltration fractionation steps; NF: nanofiltration; RO: reverse osmosis.

Feed composition is one of the important factors to be considered in the design of an efficient264

separation process. Table 1 shows the composition of macronutrients of SBY protein hydrolysates265

produced via enzymatic processes. Proteins constitute the main compound present, followed by266

polysaccharides. Smaller amounts of ashes, lipids, minerals and vitamins are also found. Ribonucleic267
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acids are an important component of yeast products because they can limit product consumption268

if they are found in high amounts in the end-product (>3%, d.w.). In humans, nucleic acids are269

metabolised to uric acid, which can be involved in conditions such as kidney stones formation or gout270

[45].271

Table 1. Macronutrients composition in spent brewer’s yeast protein hydrolysates produce using
enzymatic hydrolysis.

Macronutrients (g 100 g-1, d.w.) SBY enzymatic hydrolysateA

Total nitrogen 1.5-12.0
Protein nitrogen 9.3-69.0
Free amino nitrogen 28-35
Ribonucleic acids 5.6

Total sugars 3.0-48
Lipids 0.2-1.0
Ashes 3.0-22.0

All composition data are expressed in dry weight (d.w.). Because protein content is determined using various analytical techniques and
calculations, we presented only protein nitrogen data (considering original conversion factors) and the corresponding total nitrogen content.
References: A[9,12,16,46,47].

During peptide fractionation, the main reported foulants are protein fragments (which, depending272

on the conditions, may form aggregates or complexes with ribonucleic acids (RNA) or polysaccharides),273

fibres such as β-glucans and other polysaccharides complexes [16,45,48]. The recovery of β-glucans274

might take place before peptide fractionation, because of the difference of molecular weight range of275

those molecules. UF conditions using 100 kg mol-1 MWCO membranes were optimised to recover276

high molecular weight β-glucans from oat mill waste [49]. This strategy was still not reported for SBY277

or other spent yeasts (from sugarcane and distilleries) but membrane technologies (MF and 10-100 kg278

mol-1 UF MWCO membranes) have been successfully employed in the recovery of β-glucans from279

cereals, algae and mushrooms [50,51].280

The pI of yeast proteins is around 4-5 [45], but there are no studies to date on the effect of pH in281

the separation of spent yeast hydrolysates. Salt content in protein hydrolysates is not often determined282

because the concentrations are usually not high compared to the other components. On the other hand,283

in yeast hydrolysates salt content may be relevant depending on hydrolysate processing conditions,284

because during autolysis salts can be added to increase the extent of cell rupture [45,52]. If there is a285

high concentration of salts, which affect the ionic strength of the medium, it can probably alter mass286

transport properties during membrane operations. Those particular composition details are necessary287

to develop an adequate separation strategy capable of fractionating proteins from SBY.288

The use of yeast as a food ingredient can be limited by its high content of RNA, which is often289

extracted with protein molecules by conventional methods [45]. Processing strategies to promote the290

decrease of RNA content in yeast products are usually limited to the extraction step. Chemical methods291

are used to precipitate ribonucleic acids, but important amounts of proteins are precipitated as well.292

Differences in RNA and protein structure and their charge suggest that the separation of RNA from293

protein fractions in spent brewer yeast protein hydrolysates could be performed by using membrane294

separation technologies. Recently, diluted torula yeast (mixture of heterogeneous RNA) solutions295

have been separated in polyethersulfone and regenerated cellulose UF membranes. Experiments were296

made in amicon cells of 4.1 cm2 of effective filtration area, at room temperature and low pressure (0.06297

to 0.90 bar). Adsorption of RNA in regenerated cellulose membranes was significant but this effect298

was minimal in polyethersulfone. In polyethersulfone membranes of 300 kg mol-1 MWCO, 95% of299

RNA was permeated, while 50 and 100 kg mol-1 MWCO membranes were able to reject most of the300

RNA at low flux [53]. In another study, Manzano et al. [54] evaluated synthesised RNA transmission301

in polyethersulfone UF membranes of 50, 100 and 300 kg mol-1 MWCO. RNA structure (hairpin or302

linear, with an equivalent number of nucleotides) affected the extent of transmission. This finding303
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was attributed to the effective size of the molecule, which depends on the molecule structure. RNA304

transmission at pH 7.5 was enhanced upon the addition of NaCl (100 mM), which is believed to affect305

molecule size and alter the ionic strength of the medium, causing electrostatic repulsion between the306

negatively-charged polyethersulfone membrane and negatively-charged RNA. Additional studies are307

required to explain RNA transmission mechanisms and to explore RNA separation in more complex308

matrices, such as in yeast extracts and protein hydrolysates of SBY.309

In sum, there are various challenges involving membrane separation of yeast-based by-products310

such as SBY. The complex composition suggests that the choice and conditions of the membrane311

separation process should consider precise separation objectives. Several streams may be produced312

for the recovery of target compounds, and the maximum valorisation of these streams needs to occur313

whenever possible. The development of sustainable processes that take into account all the fractions314

generated and all spheres of the process is extremely important to maintain the environmental and315

economic viability of the technology, especially when the transformation of by-products is envisaged.316

The selection of the pre-treatment process, membrane, module, feed conditions (pH, concentration,317

ionic strength) and operational conditions is decisive to achieve maximum membrane performance318

during the filtration of spent yeasts protein hydrolysates.319

4.2. Strategy of Fractionation of SBY and Yeast Protein Hydrolysates320

Tables 2 and 3 show the state-of-the-art of fractionation and concentration of protein hydrolysates321

from cultivated Saccharomyces sp. cells, spent yeasts from distilleries, sugar cane processing and322

brewing (SBY), and the respective discussion is presented in the following paragraphs.323

The concentration of SBY proteins and polysaccharides was carried out with MF and UF324

polyethersulfone membranes (0.2 µm and 5 kg mol-1 MWCO) and yield of about 95% for both proteins325

and polysaccharides was obtained. The influence of yeast extract concentration, feed pH and operating326

pressure on the yield of polysaccharides and protein nitrogen was investigated using response surface327

methodology (Box-Behnken design). Optimised separation conditions were determined at the centre of328

the study ranges: 2.7% (m/m) feed concentration at pH 5.0 and 0.97 bar of operating pressure, but the329

study did not explain why these conditions were the optimal ones concerning mass transfer and SBY330

characteristics [48]. In several studies of the another research group, UF membranes of 30 kg mol-1 and331

10 kg mol-1 MWCO were used to fractionate a protein hydrolysate from cultivated S. cerevisiae before332

the freeze-dried yeast extracts were used in in vitro and in vivo determinations of anti-obesogenic and333

anti-stress activities of yeast peptides [55–61].334

With the intent of creating innovative ingredients rich in polysaccharide and protein from SBY,335

series of ultra and nanofiltrations before and after hydrolysis (10 and 3 kg mol-1 MWCO) were336

performed in a pilot system, resulting in four fractions. Proteins were mainly present in the higher337

molecular weight fractions while polysaccharides were mostly represented by simple sugars released338

by the autolysis process, in smaller molecular weight fractions. Minerals were fractionated as well:339

sodium concentration in the most concentrated fraction differed from 4 to 24 fold to others. Free amino340

acid profile also was changed by UF, thus indicating that the fractionation process can be developed to341

refine specific free amino acids. SBY amino acids such as glutamine, glutamic acid, arginine, alanine,342

tyrosine and valine were enriched in permeates of 3 kg mol-1 MWCO membranes. Maximum total free343

amino acid content was concentrated by 55 fold [16].344
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Table 2. Fractionation of yeast (Saccharomyces sp.) protein hydrolysates: membrane technology and chromatography in the production of bioactive peptides

Yeast Fractionation/Concentration Peptide analytical
techniques Purpose References

Sugarcane spent
yeast (S. cerevisiae)

Fractionation: UF cartridges (5 kg mol-1 MWCO)
and FPLC with IMAC-Fe(III) resin

chromatography. Concentration by freeze-drying.
- Iron-chelating peptides [62]

Cultivated yeast (S.
cerevisiae)

Fractionation: UF cartridges (10 and 30 kg mol-1

MWCO). Concentration by freeze-drying.
-

Peptides with
anti-obesogenic and
anti-stress properties

[55–61,63]

Cultivated yeast (S.
cerevisiae)

Fractionation: UF (10, 5 and 3 kg mol-1 MWCO)
and RP-HPLC (C18 column). Concentration:

freeze-drying.

MS
(MALDI-TOF-TOF)

for peptide
sequencing

Peptides with
antioxidant activity [64]

Cultivated yeast (S.
cerevisiae)

Fractionation: Dialysis (6-8 kg mol-1 MWCO) and
RP-SPE cartridges (C18). Concentration:

vacuum-evaporation.

RP-HPLC (C18
column)

Glyco-peptide with
anti-inflammatory

activity
[65]

Cultivated yeast (S.
cerevisiae K-7)

Fractionation: labscale UF (5 kg mol-1 MWCO);
SEC (Sephadex G-25) and RP-HPLC (C18 column).

Concentration: freeze-drying

LC-MS (peptide
sequencing) Anti-angiogenic peptides [66]

UF: ultrafiltration; MWCO: molecular weight cut-off; FPLC: Fast Protein Liquid Chromatography; IMAC: Immobilised metal affinity chromatography; RP: reversed-phase; HPLC: high-performance liquid
chromatography; SPE: solid phase extraction; SEC: size-exclusion chromatography; MS: mass spectrometry; MALDI: Matrix-assisted laser desorption/ionisation; TOF: Time-of-Flight; LC: liquid chromatography;
ACE-I: inhibitory activity of the angiotensin-converting enzyme.
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Table 3. Fractionation of protein hydrolysates from spent yeasts from brewing: membrane technology and chromatography in the obtention of bioactive peptides

Yeast Fractionation/Concentration Peptide analytical
techniques Purpose References

SBY

Fractionation: adsorbing column (Amberlite
XAD-2 resin), SEC (Sephadex G-25), RP-HPLC
(C30 column). Purification: gel filtration phase

HPLC (Diol column)

LC/MS/MS (amino
acid sequencing)

Peptides with ACE-I
activity

Kanauchi et al.
[13]

SBY
Fractionation: UF (10 kg mol-1 MWCO).

Concentration: acid precipitation, activated carbon
adsorption.

HPLC (peptide
profile)

Antioxidant and
anti-diabetic peptides Jung et al. [23]

SBY
Fractionation: UF module of effective permeation

area of 7.4 m2 (10 and 3 kg mol-1 MWCO).
Concentration: Reverse osmosis and freeze-drying.

RP-HPLC (C18
column); MS

(MALDI-TOF-TOF
for amino acid

sequencing)

Nutritional ingredient
rich in protein and
polysaccharides1;

peptides with
antioxidant and ACE-I

properties2

Amorim et al.
[16]1; Amorim

et al. [67]2

SBY (S. pastorianus) Fractionation: NF in amicon cell (3 kg mol-1

MWCO). Concentration: freeze-drying.

SEC (Superdex 200
and Superdex

peptide 10/300GL)

Peptides with ACE-I
activity

Amorim et al.
[10]

SBY
Fractionation: MF and UF in hollow fibres with
effective permeation area of 0.05 m2 (0.2 µm and

10 kg mol-1 MWCO).
- Polysaccharide and

protein-rich fractions
Huang et al.

[48]

SBY (S. pastorianus
Fractionation: UF in flat sheet module of effective
permeation area of 0.0016 m2 (30 and 10 kg mol-1

MWCO).

Electrophoresis
(SDS-PAGE) Antioxidant peptides Marson et al.

[9]

SBY: spent brewer’s yeast; MF: microfiltration; UF: ultrafiltration; NF: nanofiltration; MWCO: molecular weight cut-off; RP: reversed-phase; HPLC: high-performance liquid chromatography; SEC: size-exclusion
chromatography; MS: mass spectrometry; MALDI: Matrix-assisted laser desorption/ionisation; TOF: Time-of-Flight; LC: liquid chromatography; ACE-I: inhibitory activity of the angiotensin-converting enzyme;
SDS-PAGE: sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
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Notably, UF (MWCO of 30-3 kg mol-1) is one of the main fractionation tools applied for the345

separation of yeast protein hydrolysates. The application of membrane technology for those products346

was reported in different scales (from the use of UF cartridges and amicon cells to pilot-scale347

systems with a highly effective permeation area). Chromatographic techniques based on sieving348

(Size-Exclusion Chromatography - SEC) and based on hydrophobicity of peptides (Reversed-Phase349

High-Performance Liquid Chromatography - RP-HPLC) are also very common to promote the350

fractionation of yeast protein hydrolysate for analytical purposes. A protein hydrolysate of cultivated351

Saccharomyces cerevisiae cell produced by using trypsin was fractionated by capillary reversed-phase352

liquid chromatography (RPLC) [14]. Jung et al. [23] studied several processes to concentrate SBY353

hydrolysates (acid precipitation, activated carbon, UF and a combination of these) and reported a354

better performance with UF (10 kg mol-1 MWCO), allowing for a 20-fold concentration of a specific355

peptide (Cyclo-His-Pro) in comparison to its initial concentration. As shown in Tables 2 and 3,356

concentration of yeast hydrolysates is mainly performed by freeze-drying, but NF, RO - as well as357

conventional techniques (vacuum evaporation and precipitation) - have also been reported.358

To summarise, the use of UF and NF in the fractionation and concentration of peptides and359

other components of yeast is increasing. In most studies, membrane technology is used simply as360

a tool, and the separation process is not explored in terms of process parameters. Mass transfer,361

fouling and concentration polarisation phenomena, effect of feed characteristics (composition, pH,362

ionic strength, concentration) and interactions between the membrane material and SBY hydrolysate363

still have not been reported. The study of the phenomena and the factors that influence the application364

of this technology to obtain peptides from SBY and other yeasts is important to ensure an efficient365

and cost-effective separation. Operational costs are a very relevant concern in the processing of366

by-products and waste streams with spent yeasts [1,8]. Further studies focused on the comprehension367

of fouling phenomena and mass transfer mechanisms are still needed to improve and extend the scope368

of membrane technology to the production of peptides from cultivated and spent yeasts.369

5. Conclusions370

The consistent application of membrane separation technologies on the recovery of value-added371

compounds such as bioactive peptides from agroindustrial and biotechnological by-products372

depends on the development of integrated processes adapted to the specificities of those materials.373

High-resolution fractions can be obtained if a well designed strategy is chosen - from by-product374

extraction to downstream processing and product engineering.375

Peptide and protein fractionation should take into account the associated effects of feed, membrane376

and processing parameters so that maximum membrane performance is achieved and an economically377

viable recovery of peptides is possible. Integration of sieving and charge-based membrane techniques378

as well as the elucidation of underlying mechanisms of separation may improve the throughput of the379

technology, which is much required in bio-separations.380

Several possibilities involve the recovery of value-added compounds from cultivated and spent381

yeasts. The production of fractions with high peptide content but with low content of RNA,382

polysaccharides and fibres poses a great challenge. The recovery of various fractions enriched383

in different high-added value components such as β-glucans, peptides for different applications,384

oligosaccharides, minerals and amino acids is possible for multiple fractionation processes and may385

increase the economical viability of yeast by-product processing.386
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UF Ultrafiltration
NF Nanofiltration
RO Reverse osmosis
MW Molecular weight
MWCO Molecular weight cut-off
HPTFF High-performance tangential flow filtration
EMF Electrically enhanced membrane filtration
EDUF Electrodialysis using ultrafiltration membranes
RNA Ribonucleic acids
FPLC Fast Protein Liquid Chromatography
IMAC Immobilised metal affinity chromatography
RP Reversed-phase
HPLC High-performance liquid chromatography
SPE Solid phase extraction
SEC Size-exclusion chromatography
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MALDI Matrix-assisted laser desorption/ionisation
TOF Time-of-Flight
LC Liquid chromatography
ACE-I Inhibitory activity of the angiotensin-converting enzyme
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A R T I C L E I N F O
Keywords:Food waste recoveryFood proteolysisYeast cell wallAntioxidant peptidesSaccharomyces pastorianusAutolysis

A B S T R A C T
The spent brewer's yeast (SBY) is a promising raw material due to its high content of proteins, but cells must bedisrupted to release yeast compounds. Our work aimed to study the rupturing of SBY cell wall comparingconventional methods (autolysis and mechanical rupture) with enzymatic hydrolysis using proteolytic enzymes(Brauzyn®, Alcalase™, Protamex™ and Flavourzyme™). The susceptibility to rupture of different SBY by-products(repitched and non-repitched) and the effect of sequential enzymatic hydrolysis after rupture were also in-vestigated. The hydrolysate produced at pH 5.5, 100% substrate concentration, 10% enzyme/substrate ratio and60 °C resulted in maximized yield and enhanced antioxidant properties. Yeast compounds were more efficientlyreleased after enzymatic hydrolysis, resulting in increases of 50% in crude protein, 83% in protein recovery and63% in antioxidant properties. Repitched yeast took 3.5 longer to achieve the same degree of hydrolysis of non-repitched SBY. Sequential hydrolysis using Brauzyn® and Alcalase™ resulted in maximum solid recovery andantioxidant properties. An effective approach for the recovery of proteins and peptides of SBY while reducingenvironmental impact of beer production was presented. Additionally, we demonstrated that a process to reuseSBY must contemplate yeasts differences and their susceptibility to breakdown to be successfully implemented.

1. Introduction
Agricultural and food industries generate relevant amounts of or-ganic residues as a result of raw materials processing [1]. The biggerpercentage (26%) of food wastes comes from the drink industry [2].Beer is one of the most consumed beverages in the world, with a pro-duction of 191 million kL in 2016 [3]. As a consequence, the brewingindustry continuously produce abundant agro-industrial residues, suchas brewer spent grain, spent yeast and hot trub [4,5]. Despite the in-creasing importance that has been given to the sustainable use andmanagement of natural resources, these sub and by-products are ha-bitually underutilized, displaying low or no commercial value. Correcthandling and disposal of those waste materials can be expensive, re-presenting a considerable cost to the industry [1].The spent brewer's yeast (SBY) is the second major by-product of thebrewing industry [6]. Currently, SBY main application is still limited to

animal feed [7] even though this by-product is available throughout theyear and presents high nutritional value, notably a high protein content– around 50% [6–8]. Thus, it may be considered as a promising rawmaterial to be exploited. Many approaches are available to furtherprocess potential agroindustrial by-products into value-added products,but great interest on new protein and peptide sources from non-animalorigin have been reported [1,9–12].Protein and peptide-enriched ingredients can be successfully ob-tained through enzymatic hydrolysis of agroindustrial waste [13].Protein hydrolysates from brewery by-products, mainly from brewerspent grain, have been studied for their functional and biologicalproperties. Extensive studies on the choice of enzyme and processconditions to obtain brewer spent grain hydrolysates and protein iso-lates with specific characteristics were reported, investigating heatstability, emulsification and foaming properties, in vitro antioxidant andanti-inflammatory activities, as well as cell culture effects following in
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vitro digestion [14–17]. On the other hand, protein hydrolysates fromspent yeast are still underexploited [8,18], probably related to SBYcomplex composition and high nucleic acids content [8,19]. Yeastprotein hydrolysates from pure Saccharomyces cerevisiae and Kluyver-omyces marxianus cells were reported to present antioxidant and anti-hypertensive activities [20,21]. Recently both of these activities werefound in a SBY protein hydrolysate produced with an aqueous extract ofCynara cardunculus [22,23].The SBY is mainly composed by exhausted yeast cells, which areprotected by a thick and rigid cell wall. Yeast biomass in the breweryindustry is often reused up to 6 times, in a process called serial re-pitching, that results in changes in the physico-chemical compositionand other characteristics of yeasts [5,24]. Yeast cells must be rupturedprior to processing, in order to assure the release of cell wall, as well asintracellular compounds [25,26]. The aim of this procedure is to in-crease the availability of chemical compounds in the next processingsteps. For instance, if the interest is to produce a protein hydrolysate,after rupture, proteins can be readily accessed by enzymes. The ruptureof the yeast cell wall is also interesting from a nutritional point of view.Although yeasts are rich protein sources, soluble fiber and minerals, innon-treated whole cells nutrients are less digestible [27]. Compared tospent yeasts from distilleries, for example, SBY presents better nutri-tional properties such as increased protein digestibility and growth-promoting capacity, both determined in vivo. The effect of rupturing thecell walls can greatly improve this scenario [27].Yeast cell rupture had been studied mainly using autolysis andmechanical rupture processes [18,28–30]. Autolysis is induced bytemperature at specific pH conditions and cell breakdown is achievedfrom within, by active endogenous enzymes [31]. The autolytic processis still not fully understood, poorly controlled and it depends on theautolytic properties of yeast strains, which may turn the process non-viable [32,33]. Mechanical rupture usually employs glass beads in highvelocity, promoting cell rupture by friction [19,24,26].Enzymatic hydrolysis using exogenous enzymes can also be used foryeast cell rupture, while offering higher process specificity than that ofconventional processes [13]. Appropriate selection of process condi-tions and control of the progress of hydrolysis may result in hydro-lysates of superior sensorial quality and improved functional and bio-logical properties [8,33,34]. The use of commercial enzyme pools topromote the enzymatic production of bioactive peptides from complexfeedstock mixtures are a prospective alternative to provide ingredientswith increased bioactivity at reduced cost [35]. The release of mole-cules and nutrients from SBY has been successfully done through en-zymatic hydrolysis [13,36,37], but studies focus mainly on increasedyield of protein and the maximization of its recovery with limited or noinformation about the quality of the hydrolysate such as functional andbiological properties.Food wastes are characterized by their complex and variable com-position, high moisture content, biological instability and organicloading. The successful production of bio-products from food wastesrelies on the extensive study of their composition, selection of adequateprocessing parameters and an optimization that accounts for both thevariability of the input waste material and process configuration [1].Technologies that promote the reuse of such relevant agro-industrialby-products should be developed from both economic and environ-mental standpoints [7]. In this context, we developed an approach totransform SBY into a value-added product rich in proteins and peptidesusing enzymatic hydrolysis. For this, an investigation of the efficiencyof various yeast cell wall rupture strategies was proposed. We parti-cularly targeted the application of one commercial enzyme (Brauzyn®)to break the cell wall and release cell components. An experimentaldesign assessed the effects of pH, substrate concentration, enzyme/substrate (E:S) ratio and temperature on the release of solids and pro-tein, color changes and antioxidant properties. Also, a validation of theenzymatic process was proposed testing different suppliers and re-pitched yeast residues. Finally, ruptured yeast material was further

hydrolyzed with proteases in an attempt to enhance its antioxidantproperties.
2. Material and methods
2.1. Reagents

Folin Ciocalteau phenol reagent, 2,4,6-tripyridyl-s-triazine (TPTZ),bovine serum albumine (BSA) (electrophoretic grade), 2,2-diphenyl-1-picryl-hydrazyl (DPPH) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (TROLOX) were purchased from Sigma-Aldrich.Absolute ethanol, iron III chloride hexahydrate, trichloroacetic acid(TCA), sodium carbonate, L-tyrosine, casein and all other reagents wereof analytical grade.
2.2. Enzymes

Four proteases were used in this study: Brauzyn® 100 L (Prozyn,Brazil), Alcalase™ 2.4 L FG (Novozymes, Denmark), Protamex™(Novozymes, Denmark) and Flavourzyme™ 1000 L (Novozymes,Denmark). Protease activity was checked using casein as substrate,following Sigma's non-specific protease assay [38] at 37 °C and pH 7.5.Results were reported in terms of enzymatic units (as defined by themethod) per mg of pure enzyme with a maximum standard deviation of15%. Protease activity of Alcalase (3002 U) was higher than the mea-sured activity of Protamex (571 U), Brauzyn (171 U) and Flavourzyme(98 U) by 5, 17 and 31 times, respectively.
2.3. SBY samples

SBY (Saccharomyces pastorianus) from Lager Pilsner beer production(safLager W-34/70, Fermentis, France) was supplied by Haus Bier (SãoJosé dos Campos, Brazil) without repitching and was denominated asSBYL. For the validation of the rupture method, two more SBY rawmaterials (S. pastorianus) from Lager Pilsner beer production (Diamond,Lallemand, Canada) were also supplied by Haus Bier (São José dosCampos, Brazil), with serial repitching of 5 times and without re-pitching and were denominated as SBYD-R and SBYD-N, respectively.All yeasts were collected after 11 days of beer maturation and keptfrozen in polypropylene bottles until further processing.
2.4. Experimental procedure

The study was divided in three parts, as shown in Fig. 1. Firstly,process conditions by enzymatic hydrolysis using Brauzyn® were de-termined, in a screening factorial plan. Then, one chosen condition forhydrolysis with Brauzyn® was compared with the two most commonconventional methods used for yeast cell wall rupture: autolysis andmechanical rupture by glass beads. The extent of cell yeast compoundsreleased by each of the methods was measured in terms of protein andtotal solids yield after centrifugation and an evaluation of antioxidantproperties in the ruptured materials was made.In a second step, the best method of cell wall rupturing was vali-dated for the waste material of repitched cells (SBYR) against non-re-pitched (SBYN) cells of the same yeast strain and beer production.Comparison of non-repitched yeasts of different suppliers was alsodone.Finally, aiming at the production of a protein hydrolysate with en-hanced antioxidant properties, sequential hydrolysis was done in theruptured material (ERM) using three other proteases in addition ofBrauzyn®. In this step, the effect of centrifuging the ruptured materialbefore the second step hydrolysis was investigated.
2.4.1. Determination of hydrolysis conditions with Brauzyn® using anstatistical designCell wall hydrolysis was performed using Brauzyn® 100 L, which is a
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commercial plant protease preparation designated for the rupturing ofyeast cell walls. This study was done in SBYL non-repitched spent cells.The determination of variables that exert relevant impact on the processof hydrolysis is of great value when there is interest in the properties ofa hydrolysate [39]. Thus, a screening statistical design was chosen toestablish the process conditions for the production of a SBY hydrolysatewith antioxidant properties and maximum protein and solids yield. Afractional factorial design of 4 factors was set up to study the hydrolysisconditions of the yeast cell wall rupture. All experiments were per-formed accordingly to the experimental design presented in Table 1,which displays the coded and real levels for each one the variables. Insum, 11 runs were carried out, with 3 replicates at the center point forcurvature effect verification. Alias relations for the chosen factorialdesign were: A=BCD; B=ACD; C=ABD; D=ABC; AB=CD;AC=BD; AD=BC, meaning that all two-way interactions are con-founded with each other and main interactions are confounded withthree-way ones. The four independent variables used in this study werepH (x1), substrate concentration (%, v/v) (x2), E:S ratio (%, m/m) (x3)and temperature (°C) (x4). Enzyme dosage was determined on a yeastcrude protein content (CP) basis and dilution was calculated as sub-strate/water ratio (m/m). Dependent variables were total solids (TS),soluble solids (SS), protein recovery (PR), crude protein content in su-pernatant fraction (CP in SF), degree of hydrolysis, DPPH radicalscavenging activity, iron reducing ability of the samples (FRAP

activity), Browning Index (BI), L* color parameter and overall changein color (ΔE). Experiments were performed randomly in order to limitany possible biases that may arise. Under one selected condition (ex-periment 7), the validity of the experimental design was confirmed.All enzymatic treatments were performed on a 50mL jacketedbeaker coupled with a controlled water bath and automatic titrator (T-50, Mettler Toledo, Switzerland) for pH control. Solutions were mag-netically stirred at 700 rpm. Hydrolysis time was defined for eachcondition after evaluating the kinetics of hydrolysis and stopped whenthe base consumption vs. time curve was flat (Section 2.5.2). Inactiva-tion was done at 90 °C for 30min as suggested by the enzyme supplier.One control for each condition was prepared as described by the fac-torial design but without the addition of enzyme.
2.4.2. Selection of yeast cell wall rupturing methodThe enzymatically ruptured material (ERM), in one condition de-termined in Section 2.4.1 that resulted in the best yield of proteins andphysico-chemical properties, was selected and compared to autolysisand mechanical rupture by glass beads. Comparison among methodswas also done in SBYL non-repitched spent cells.Rupture by autolysis was induced by temperature (50 °C) at pH 6 for24 h under magnetic stirring of 700 rpm. Process was stopped byheating at 80 °C for 30min and the suspension was immediately cooleddown (ice bath) [30].Glass beads of different sizes (2.64, 2.96 and 3.86mm in diameter)in the ratio of 1:2 (beads:suspension) were used in the mechanicalrupture test, performed at 4 °C with 10 high speed intermittent vortexhomogenizations of 1min [24]. Control experiments followed the sameprocedure but did not contain glass beads.Ruptured materials obtained from the three methodologies werecentrifuged after the treatments (Allegra 25R, Beckman Coulter, UnitedStates) at 15,300×g for 30min at 4 °C resulting in the hydrolysate(supernatant fraction – SF) and in non-soluble cell debris (precipitatefraction).
2.4.3. Validation of yeast cell wall rupture method for repitched yeastThe effect of serial repitching of spent yeast on the degree of hy-drolysis with Brauzyn® was studied using SBYD-R and SBYD-N, at thesame hydrolysis conditions defined by the factorial plan, as describedpreviously, using an automatic titrator (Section 2.4.1).
2.4.4. Production of SBY protein hydrolysate through sequential hydrolysisRuptured material obtained from treatment with Brauzyn® (ERM),with a degree of hydrolysis of 25%, was further independently hydro-lyzed with proteases after and before centrifugation (Alcalase™,Protamex™ and Flavourzyme™) using the same equipments of the first

Fig. 1. Schematic representation of the study design: rupture of the yeast cell wall and production of a protein hydrolysate from spent brewer's yeast (SBY) bysequential protein hydrolysis.
Table 1Coded and uncoded () levels of the factors (x) in the fractional factorial design24−1 used to access the process of enzymatic rupture of spent brewer's yeast(SBY) cell wall: evaluation of the pH, substrate concentration, enzyme andsubstrate mass ratio and temperature.
Runs pH [substrate]a E:Sb T (°C)x1 x2 x3 x4
1 −1 (5.5) −1 (50%) −1 (0.5%) −1 (60 °C)2 1 (7.5) −1 (50%) −1 (0.5%) 1 (80 °C)3 −1 (5.5) 1 (100%) −1 (0.5%) 1 (80 °C)4 1 (7.5) 1 (100%) −1 (0.5%) −1 (60 °C)5 −1 (5.5) −1 (50%) 1 (10%) 1 (80 °C)6 1 (7.5) −1 (50%) 1 (10%) −1 (60 °C)7 −1 (5.5) 1 (100%) 1 (10%) −1 (60 °C)8 1 (7.5) 1 (100%) 1 (10%) 1 (80 °C)9 0 (6.5) 0 (75%) 0 (5.25%) 0 (70 °C)10 0 (6.5) 0 (75%) 0 (5.25%) 0 (70 °C)11 0 (6.5) 0 (75%) 0 (5.25%) 0 (70 °C)
a Substrate concentration expressed in %, v/v, considering a dilution indistilled water.b Enzyme/substrate (E:S) ratio expressed in %, m/m, taking into accountcrude protein content in the matrix.
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step hydrolysis (Section 2.4.1). All hydrolysis went on for 40 min at pHvalue of 7.5 and 50 °C respecting their reported optimum range [40],and 0.5% enzyme dosage which was also determined on a CP contentbasis. Controls were prepared without the addition of enzyme. After-wards, the obtained protein hydrolysate was centrifuged as previouslydescribed (Section 2.4.2), resulting in the SBY protein hydrolysate and aprecipitate fraction.
2.5. Analytical procedure
2.5.1. Physico-chemical compositionTotal solid content (TS) (%, m/m) was determined gravimetricallyat 105 °C for 12 h using an incubator (C-HT 515, Fanem, Brazil) andsoluble solids (SS) (°BRIX) were determined in a refractometer (N-1alpha, Atago, Japan) [41]. Ash was determined [41] as well as totalsugars [42]. The density of the non-treated material was determinedusing a pycnometer with a thermometer, after a calibration with ultrapure water. Crude protein content (CP) was measured by the Dumasmethod [43] in an element analyser CHNS-O (Flash 2000, ThermoFisher Scientific, Netherlands) considering a nitrogen conversion factorof 5.5 for spent yeasts [44,45] in a dry weight basis. Protein content ofsupernatant and precipitate of hydrolysates was determined in order tocalculate the protein recovery (PR) (Eq. (1)), which is a measure of howmuch protein is migrating from the precipitate to the supernatant afterthe treatment. Furthermore, the extent of rupture was monitored bycomparing the content of CP, TS and SS of the supernatant fraction aftereach treatment compared to the supernatant fraction of the controls[30,46].
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where MPS is the mass of protein in the supernatant fraction (g), MP isthe total mass of protein in the matrix (g), xS is the CP in the super-natant fraction (gprotein/gsupernatant), xP is the CP in the precipitatefraction (gprotein/gprecipitate), MS is the mass of supernatant after cen-trifugation (g) and MP is the mass of precipitate after centrifugation (g).
2.5.2. Degree of hydrolysisThe progress of all hydrolysis experiments was evaluated throughthe measurement of the degree of hydrolysis by the pH-STAT technique[47] in an automatic titrator (T-50, Mettler Toledo, Switzerland). Usingthis method, all hydrolysis occurs at constant pH and temperature(water bath MA126/BD, Marconi, Brazil) and the amount of baseconsumed to keep the pH constant is correlated with the amount ofcleaved peptide bonds from which the degree of hydrolysis is calculated(%), when compared to the total number of bonds. The sum of milli-moles of individual amino acids per gram of protein (htotal) consideredwas 7.5meq g−1, calculated with amino acid composition data fromSBY [48].
2.5.3. Browning Index and overall change in colorColor of experiment's supernatants was measured in an UV-Visspectrophotometer in reflectance mode with D65 illuminant (modelUltraScan, Hunterlab, United States). Results were expressed as theBrowning Index (BI) which was calculated using the color parameters ofthe CIELab scale, where L* represents the luminosity (L=0 corre-sponds to the darkest black and L=100 to the brightest white), a*represents the green (−)/red (+) colors and b* the blue (−)/yellow(+) colors. This index is a measurement of brown color developmentfor non-enzymatic reactions, such as that caused by the MaillardReaction [49–51], and is calculated by Eqs. (2) and (3).
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The difference between two colors was calculated to study themagnitude of color changes between the hydrolysates and the non-treated yeast sample. Overall change in color (ΔE) was defined aspresented in Eq. (4), according to the first formula for the Euclideandistance between two points in the CIE – L*a*b* space [52]. Experi-mental data indicates that an unexperienced observer can notice a colordifference when the ΔE value is bigger than 2 [52].
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2 1
2 (4)When included in the factorial design, color parameters weretransformed in reduction percentage in relation to the controls for theL* parameter and percentage of increase for the ΔE, in order to checkthe evolution of color after the treatment, against the control.

2.5.4. Antioxidant propertiesAntioxidant properties of the samples were determined by two dif-ferent antioxidant methodologies: FRAP and DPPH, at a standardizedprotein content and pH 7.5. The ferric reducing ability of plasma (FRAPassay) was performed as described by Benzie and Strain [53] and thechanges proposed by Rufino et al. [54]. The 1,1-diphenyl-1-picrylhy-drazyl radical-scavenging capacity assay (DPPH) [55] was determinedusing ethanol as solvent and 4 h reaction time in the dark (determinedafter testing the yeast samples). Standard curves of TROLOX wereprepared for each one of the methods and results were expressed asTROLOX equivalents, in μmolTE g−1.
2.6. Statistical analysis

All experiments were studied in duplicate and all analysis wereperformed at least in triplicate. Results were expressed as average va-lues ± standard deviation and were submitted to analysis of variance(ANOVA) one and two way and comparison of means by Tukey HSDtest. ANOVA assumptions were checked through analysis of the re-sidues, data distribution (Ryan-Joiner's and Shapiro Wilk's tests) andhomogeneity of variances (Bartlett's and Levene's tests). Correlationsbetween data were determined by Pearson test followed by pairedStudent test. Differences were considered significant at a level of 5% forall statistical analysis.Data from the experimental design were expressed in percentage ofvariation of hydrolysates in comparison to controls for all responses.Multiple regression analysis considered the confidence level of 5%.ANOVA and multiple regression assumptions were checked as describedpreviously. If considered significant, a regression model was assumed todescribe relationships between response (Y) and experimental factors(x1, x2, x3 and x4) (Table 1) as presented in Eq. (5).
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where xi are coded independent variables, i take the value from 1 to thenumber of factors (n), which is 4, β0 is the constant or intercept term, βirepresents the linear coefficient of main factors. Interactions betweenfactors where not considered because of the resolution (IV) of thechosen factorial plan.
3. Results and discussion
3.1. Influence of enzymatic hydrolysis conditions in the performance ofrupture
3.1.1. Solids and protein yieldTS in samples was higher than in the controls (not enzymaticallytreated) by 37% in average, for all runs. SS increased from 12% to100% in comparison to the controls and CP content from 27% to 64%.PR increased from 32% to 100% after the hydrolysis. A rise in TS and
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PR in all hydrolysates was evident after comparison with the controls.As expected, a strong correlation between TS in the hydrolysates and SSwas found (Pearson coefficient of 0.96; p=0.004), indicating thatmore material was becoming soluble after the hydrolysis treatment.Inverse correlations were found between PR and total and solublesolids in the controls (Pearson coefficients of −0.85 and −0.91, re-spectively, p=0.000 for both). It may indicate that the higher the totalsolids content in the supernatant fraction of controls, the smaller thePR. It is an expected behavior because if the solids content in the su-pernatant is already high, there would be less material available tomigrate from the precipitate to the supernatant fraction. This is not truefor the hydrolysates because the enzymes can release proteins that werenot initially available, further validating the release of these compo-nents after the enzymatic treatment. Those results indicate that theenzymatic hydrolysis step was able to promote the rupture of the cellwall and the release of cellular compounds when compared to the non-hydrolyzed control samples, as observed in other papers [13,45].Table 2 shows the regression coefficients for all the modelled re-sponses. These values indicate the influence of each factor on a re-sponse. SS were greatly affected by all factors studied and the regres-sion model was able to explain 98.6% of total variation (Table 2).Higher enzyme/substrate ratio and temperature as well as smaller pHvalue and substrate concentration resulted in a higher increase of SS incomparison to the respective controls. The same trends observed forpH, E:S and temperature were found by the regression model for theincrease in CP after the hydrolysis treatment (with a curvature coeffi-cient of 6.1), which also presented a high correlation coefficient of99.2%. In Fig. 2 plots of observed versus predicted values for SS (a) andCP in SF (b) confirmed their prediction capability. TS and PR were notinfluenced by the hydrolysis conditions in the range evaluated and thusdata could not be modelled for these responses.Overall, dependent variables related to the yield of solids and

proteins in the hydrolysates, such as SS and CP in SF, were maximizedwhen a higher E:S ratio and temperature were used along with low pHvalues and low substrate concentrations. A higher E:S ratio probablyincreased the rate of the reaction between enzyme and substrate withinthe evaluated E:S levels of the experimental plan because more enzymeis available for the same amount of substrate, and then more proteincan be hydrolyzed. Brauzyn® is a vegetable protease preparation foryeast cell hydrolysis which presents both endo and exoactivities and isnot specific, being able to break a wide range of proteins. The positiveeffect of low substrate concentration on yield is in agreement with theE:S effect, because with lower substrate concentrations, the enzymescan more efficiently access the proteins to promote their hydrolysis[56]. Higher temperatures and low pH values were also able to increasethe yield, probably because Brauzyn® is active at high temperatures,having its optimum temperature ranging from 65 and 80 °C and actingat acidic pH values (from 3.5) [57].Finally, the hydrolysate produced at pH 5.5, 50% of substrate di-lution, 10% E:S ratio and 80 °C resulted in the highest solid and proteinyield. At this condition, increases of 2.5, 2 and 1.6 fold were detectedfor the content of TS, SS and CP, respectively, compared to the control.
3.1.2. Degree of hydrolysisThe hydrolysis process was ceased once the base consumption hasreached an equilibrium, verified continuously throughout the hydro-lysis, using the pH-STAT technique (Section 2.5.2). Kinetics of hydro-lysis for the central points of the experimental design are displayed inFig. 3, where the plateau of base consumption is demonstrated.As shown for SS and CP contents, which measured the yield of re-leased compounds, the degree of hydrolysis was maximized for higherE:S and temperature and smaller pH values and substrate concentra-tions. Similar results were obtained for other protein hydrolysates[34,58]. This further confirms that those factors influenced the rate of

Table 2Regression coefficients for the prediction of evaluated dependent variables of experimental design for the study of yeast cell wall rupture: soluble solids (SS), crudeprotein content in supernatant fraction (CP in SF), degree of hydrolysis (DH), 1,1-diphenyl-1-picrylhydrazyl radical-scavenging scavenging activity (DPPH), ferricreducing capacity (FRAP), Browning Index (BI), L* color parameter (L*) and overall change in color (ΔE).
Regression coefficients SS CP in SF DH DPPH FRAP BI L*a ΔEb
Curvature NS 6.1 −21.2 18.2 NS NS 36.3 63.8Mean/interaction (β0) 34.5 43.4 27.6 6.3 74.5 21.1 26.8 48.1pH (linear) (β1) −9.6 −3.8 −17.3 NS NS 19.9 1.7 NS[substrate] (linear) (β2) −10.7 NS −10.5 NS NS NS 5.8 NSE:S (linear) (β3) 18.0 9.3 13.3 38.0 45.3 NS 30.6 38.1Temperature (linear) (β4) 8.7 5.6 10.5 −13.3 −27.6 NS −8.1 NS

Enzyme/substrate (E:S) ratio expressed in %, m/m, taking into account crude protein content in the matrix. NS: non-significant effects. Interaction effects (βij) werenot added in this table because they are confounded by each other. Most important factor for each dependent variable is highlighted in bold.a The L* parameter represents the reduction percentage in relation to the controls.b The ΔE is expressed as the increased percentage in relation to the controls.

Fig. 2. Prediction of fitted line plots between experimental and predicted values for the rupture of the yeast cell wall by enzymatic hydrolysis regarding (a) SolubleSolids (SS) and (b) Crude protein content in supernatant (CP in SF).
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enzymatic reaction, releasing more peptides. The more important effectwas pH, followed by E:S, substrate concentration and temperature asindicated in Table 2, considering a curvature coefficient of −21.2. Thismodel was able to explain 99.7% of the variance of data.Higher degree of hydrolysis was also achieved for the hydrolysatewhich presented the higher solids and protein yield, as expected. Forthis run, the degree of hydrolysis increased by 100% in comparison tocontrol. For the other hydrolysates, the degree of hydrolysis varied from4% to 24%.
3.1.3. Antioxidant propertiesFerric reducing ability of samples (FRAP assay) (R2= 0.938) andthe capacity to scavenge the DPPH radical (DPPH assay) (curvaturecoefficient of 18.2 and R2= 0.974) were enhanced when E:S ratio washigher and for lower hydrolysis temperatures, as presented in Table 2.Antioxidant activity was affected by higher E:S ratios, as did the solidand protein yield and degree of hydrolysis results. Similar results werefound for shrimp waste protein hydrolysate using Alcalase™ [58,59],and were explained by the higher peptide concentration and higher DHin the extract obtained at higher E:S conditions. In this study, proteinconcentration of the experiments was standardized before antioxidantcapacity measurements. This means that the increased antioxidant ca-pacity is not due to a difference in peptide concentration, but to theirphysico-chemical properties that apparently change their antioxidantproperties.Antioxidant properties of SBY hydrolysates were negatively affectedby high temperatures within the evaluated range. Rafi et al. [60] re-ported higher antioxidant activity of Alcalase™-produced lead tree seedhydrolysate with higher temperatures up to a limit (58 °C) after which itdecreased. The higher temperature – higher antioxidant activity effectwas explained by the higher yield obtained in that condition, and thusthe rise in the antioxidant activity was, again, explained by the greaterpeptide concentration in the extracts. The negative effect of the tem-perature factor on the antioxidant properties was evidenced for bothmethodologies (DPPH and FRAP), strongly suggesting that temperaturemay degrade antioxidant compounds.DPPH scavenging activity has decreased or did not change for theexperiments with 0.5% of E:S ratio (runs 1–4, Fig. 4a) and valuesranged from 16.2 to 35.4 μmolTE g−1 in the hydrolysates. FRAP activitywas higher for all samples compared to the respective controls, andranged from 5 to 12 μmolTE g−1 (Fig. 4b). The hydrolysate that pre-sented higher antioxidant properties considering the two methodolo-gies was the one produced at pH 5.5, 100% of substrate dilution, 10%E:S ratio and 60 °C.Hydrolyzed proteins from numerous sources have been found topossess antioxidant properties [58,61]. Specifically, SBY extract hasshown scavenging activity by DPPH and ABTS radicals as well as ferricreducing activity (FRAP) [18,20,37]. Our results were higher than those

obtained for debittered and mechanically disrupted S. pastorianus SBYby approximately 1.2 and 11 fold for FRAP and DPPH activities, re-spectively [18].A weak positive correlation between DPPH and FRAP antioxidantvalues was found (Pearson coefficient of 0.67, p=0.000). As observedin Fig. 4, hydrolysates presented a similar trend of antioxidant capacityfor both methods, with the greatest difference between control andhydrolysate being 177% and 60%, for FRAP and DPPH assays, respec-tively. This effect may be explained by the hydrolysate greater ironreducing power than ability to capture the DPPH organic radical. An-tioxidants may act by multiple mechanisms and respond differently tooxidants, specially in reaction systems of complex composition [62].The FRAP assay reflects the ability to maintain a redox status in themedium, based upon the ferric ion. The reaction mechanism is entirelydue to electron transfer. DPPH radicals are mainly neutralized by directreduction via electron transfer but radical quenching via hydrogenatom transfer may contribute to the measured antioxidant result [62].Moreover, steric accessibility is a major determinant in the DPPH assayreaction, smaller molecules having higher apparent antioxidant capa-cities. These results confirm that the yeast hydrolysates present anti-oxidant capacity by electron transfer. The differences observed betweenboth methods are probably caused by the size of peptides, that after therupture stage, are not sufficiently small to neutralize the DPPH radical.Interference of molecules of distinct nature with reducing ability, suchas polyphenols and sugars, may also contribute to the greater FRAPvalues [8].
3.1.4. Color changesThree color parameters were studied in the enzymatically rupturedmaterials. The L* parameter was influenced by all 4 factors, with a moreimportant effect caused by E:S and temperature (curvature term 36.3,R2= 99.9%). Table 2 shows that a higher E:S, substrate concentrationand pH result in a higher reduction of L* in comparison to the controlsand that a higher temperature results in a smaller reduction. Thegreater the reduction in the L* color parameter, the darker becomes thesample.The ΔE results (Table 2) indicate that a higher concentration ofenzyme in the reactional volume caused a higher change in color(curvature term 63.8, R2= 77.6%), what is in agreement with thedarkening of the samples shown by the change in the L* parameter.More amino acids are released because of the higher degree of hydro-lysis and higher solid and protein yield that are achieved in this con-dition, and thus more substrate is available for the Maillard reaction,causing a higher change in color.The formation of compounds responsible for the brown color, de-tected by the BI, and by the darkening of the samples (L* reduction)may be an indicative of the presence of Maillard Reaction Products(MRPs) in the samples [51,63]. When the pH is alkaline, the tempera-ture is higher or there is more substrate, samples are darker because theMaillard reaction is favored [64]. Indeed, in their basic form, the re-activity of free amines is enhanced [51]. BI values in the hydrolysatesincreased in all controls, in comparison with the non-treated samplesand small changes were observed among the hydrolysates consideringthe different hydrolysis process conditions. Brown color developmenthappened mainly due to heating (in the controls) indicating that it wasnot greatly affected by the enzymatic hydrolysis. Even though, whenthe material was hydrolyzed, a higher shift in color was observed (ΔEdata).In sum, color parameters were affected by the hydrolysis conditions,specially by the E:S ratio. More enzyme resulted in darker samples.Although the investigation of color changes in protein hydrolysates isbarely reported, similar trends were found in MRPs of a fish proteinhydrolysate with added ribose. Yang et al. [65] discovered that highsubstrate concentration and pH remarkably increased the BI for thismaterial.

Fig. 3. Kinetics of hydrolysis with Brauzyn® for the central points of the frac-tional factorial plan (runs 9, 10 and 11): volume consumed of base (mL) versustime of hydrolysis (s).
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3.1.5. Choice of hydrolysis conditionsThe aim of a fractional design is to determine the most influentfactors on specific characteristics of the hydrolysate. Among the eval-uated hydrolysis conditions, the most relevant effects were the pH ofthe solution and the amount of enzyme added, represented as theproportion of enzyme per amount of substrate, the E:S ratio. Based onthe observed results and the discussion above, the most adequate hy-drolysis parameters were chosen to proceed with the comparison ofrupture methods. Thus, the hydrolysate produced at pH 5.5, no sub-strate dilution, 10% of E:S ratio and 60 °C was chosen. This hydrolysateresulted in excellent protein and solids yield along with the higherantioxidant capacity, measured by both methodologies. pH and tem-perature chosen were in accordance with suggested conditions by theenzyme manufacturer [57]. Based on the experimental design done todetermine the influence of hydrolysis conditions on the properties ofthe SBY ruptured material, as well as previous study results (data notshown), it was defined that the substrate would not be diluted prior toenzymatic rupture. Indeed, recent studies have shown that yeast cellsmay be more susceptible to deform and rupture under enzymatictreatments in high solid concentrations [66,67].
3.2. Comparison of cell rupture methods

Non-diluted SBYL yeast slurry, with 12% of solids (Table 4) wasruptured by autolysis, mechanical rupture using glass beads and hy-drolysis on the conditions determined previously (Section 3.1.5). Rup-tured materials were compared regarding protein and solids yield andantioxidant properties of the samples. Results for total solids in super-natant (TS in SF), soluble solids (SS), crude protein in the supernatantfraction (CP in SF) and protein recovery (PR) are presented is Fig. 5 forall methods.From a 12.0 ± 0.2% TS and 41.2 ± 0.2% CP yeast slurry, a15.6 ± 0.1% TS and 36.2 ± 0.1% CP autolysate was obtained (mea-surements before centrifugation). Following autolysis, a rise of 30% inTS was observed, indicating the evaporation of water during this heattreatment (50 °C for 24 h). On the other hand, a 12% decrease of crudeprotein content in yeast slurry was found. After autolysis, proteincontent may be lower due to protein degradation and reaction withother compounds although solid content may rise, caused by a con-centration effect [68]. Extracts obtained by autolysis at the same con-ditions used in this work were reported to have less than 18% of proteinreferred to w/w dry yeast cell [24]. In relation to non-treated yeast,autolysis promoted an increase of about 22% of TS in SF, 20% of SS(Fig. 5a), 10% of CP in SF, 11% of PR (Fig. 5b) and a 20% decrease ofCP in precipitate. A considerable increase in the amount of TS releasedinto liquid yeast extract after autolysis was also reported [30]. Althoughthese results suggest the release of intracellular compounds by this

treatment, a decrease of 26% and 37% in antioxidant properties byFRAP and DPPH, respectively, was found when compared to the non-treated yeast (Table 3). SBY contains vacuole proteases such as serine,aspartyl and metalloproteases which may become active at pH 6. In-deed, these proteases from ruptured yeast extracts can be used to obtainhydrolysates [7,8].No differences on supernatants between control and samples ob-tained by mechanical rupture method were found in relation to CP, TSand antioxidant properties by FRAP and DPPH. A slight increase in SScompared to the control was found (Fig. 5a) and also some decrease ofTS in precipitate. In another work, more than 95% of the repitched S.pastorianus cell walls were ruptured by a mechanical process with0.6 mm glass beads following the same procedure used in this paper,but only solubility of protein was evaluated and experiments were donewith 5 times smaller glass beads [24]. Same results were achieved fordebittered SBY (Saccharomyces sp.) using 0.6–1mm diameter glassbeads, in a mill at 2400 rpm [48]. A high recovery of lipids was re-ported for 120min of mechanical cell rupture using 3.3mm of diameterglass beads and the proportion of 0.5 g of Candida sp. biomass in 10mLof water and 5 g of glass beads. In that same work, cell rupture effi-ciency was very low in 5min treatment [69]. Yeast composition, speciesand type, stage of fermentation/maturation at which it is removed, thenumber of times that it is reused as well as brewery constituents andprocess conditions might influence greatly the cell's susceptibility torupture [5]. Furthermore, the apparatus and the size of the recipientwhere the mechanical rupture takes place may also influence the results[26,70].Hydrolysis of SBYL by Brauzyn® at pH 5.5, 60 °C, no dilution and10% E:S ratio (m/m) (ERM) resulted in an increase in supernatant of40% in TS, 38% in SS (Fig. 5a), 50% in CP content, 83% in PR (Fig. 5b)and 62% and 64% in antioxidant properties by FRAP and DPPH(Table 3). As expected, a decrease of 25% and 9% in CP and TS inprecipitate were found to be caused by the migration of this compo-nents from the precipitate to the supernatant fraction. Although thisenzyme was never used for rupturing yeast cell wall, the hydrolysateobtained in these process conditions showed the greatest results interms of yield and quality when compared to the conventional methodsof yeast cell rupture. These results strongly suggest that enzymatichydrolysis with Brauzyn® promoted the release of intracellular contentand caused cell wall breakdown. Autolysis and enzymatic hydrolysiswith Alcalase™ have been used to release SBY cell components andresults also evinced that the enzymatic hydrolysis was more effective[36]. When yeasts are hydrolyzed, enzymes cleave the bonds of theyeast cell wall compounds resulting in their fragmentation and solubi-lization. The cell wall debris, mainly composed of carbohydrates, isinsoluble and becomes suspended, being recovered in the precipitatefraction [37] (Section 3.3).

Fig. 4. Antioxidant capacity changes for the different hydrolysis conditions using Brauzyn® for the enzymatic rupture of the yeast cell wall: DPPH radical scavengingactivity (DPPH) (a) and ferric reducing ability of samples (FRAP) (b) of hydrolysates and respective controls for all runs of the fractional factorial design.
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As already discussed, Maillard reaction may play a role during heattreatments. The greater the BI value, greater the amount of advancedMRPs [71]. On the two treatments involving temperature, 50 °C forautolysis and 60 °C for hydrolysis, it can be observed in Table 3 that BIwas from 2 to 3 times higher than it was in the non-treated material.These results suggest that MRPs may have been produced during au-tolysis and hydrolysis. Indeed, there are carbohydrates and a largeamount of proteins for the reaction to happen. As hydrolysis progresses,more proteins become available and the reaction may happen withgreater intensity [51,63].
3.3. Physico-chemical characteristics of SBYL and ruptured material

SBYL raw material (S. pastorianus) with a density of1.089 ± 0.002 gmL−1 presented a high content of CP and total sugars(Table 4) which is in accordance with centesimal composition of spentyeasts outlined by other authors. SBYL CP content was within the re-ported range (35.2% to 49.4%) [5,24,45]. Both higher (8.6%) andsmaller (5.9%) ash contents were reported and total carbohydratesranged from 21.5% to 45.6% [4,5,45]. Those perceived changes areprobably related to intrinsic characteristics of yeast and brewing con-ditions [5].Comparing the composition of the original material (SBYF) againstits supernatant fraction (SBYL SF), it can be observed that CP is mostlypresent on the supernatant (Table 4). There is a loss of 14% in totalsugars of the SF comparing to the non-centrifuged material. Yeast cellwall contains only approximately 8% protein and is mainly composed

of carbohydrates such as oligosaccharides, beta glucans, and chitin[72]. The cell wall fraction is mostly insoluble; therefore, it stays sus-pended in the yeast protein solution and probably the majority of it is inthe precipitate fraction [37].A decrease of total sugars and a rise of ashes on yeast extract's SFwas also reported [8]. After enzymatic rupture, ERM soluble fractionshowed a rise of 33% in TS, 23% in CP, 25% in total sugars while theash content decreased 23%. This behavior is expected because after cellrupture, intracellular and cell wall components are released and be-come more soluble, causing a rise in the amount of those macro-nutrients in the SF.The antioxidant capacity of ERM and the non-treated material wascharacterized by the two methodologies: DPPH and FRAP. All anti-oxidant capacities measured at pH 7.5 increased 1.2 times in the ERMin comparison with the non-treated spent yeast.
3.4. Validation of yeast cell wall rupture method for repitched yeast

Many different yeast strains and cultivars are available for beerproduction, because each one may result in a different flavor profile.They are chosen considering brewing conditions, beer style and thedesired characteristics of the end-product. Apart from the differentcharacteristics of the various strains and cultivars, brewing yeast phy-sico-chemical characteristics may be changed after they are repitched(with a complement of fresh yeast or not) [27]. Successive reuse of cellsin repeated cycles of fermentation along with high alcohol concentra-tion contributes to changes in cell wall and nutritional composition of

Fig. 5. Comparison of solids and protein yield among rupture methods (non-treated, autolysates, mechanically ruptured samples using glass beads (GB) of 2.64; 2.96and 3.86 mm of diameter and enzymatically ruptured material (ERM) using Brauzyn®): total solids content in the supernatant fraction (TS in SF) and soluble solids(SS) (a) and crude protein content in the supernatant fraction (CP in SF) and protein recovery (PR) (b).
Table 3Antioxidant properties by ferric reducing ability (FRAP) and DPPH radicalscavenging and Browning Index (BI) values for spent brewer's yeast Lager Pilsenresidue (SBYL) non-treated, ruptured by autolysis, mechanical rupture withglass beads (GB) and hydrolysis with Brauzyn® (ERM).
Treatment FRAP DPPH BI
Non-treated 9.7 ± 0.4b 28.1 ± 1.7c 65.8 ± 1.5dAutolysis 7.4 ± 0.4c 17.7 ± 0.7e 141.0 ± 3.6cGB 2.64 9.7 ± 0.3b 29.2 ± 0.6c 8.9 ± 1.5bGB 2.96 10.2 ± 1.1b 28.4 ± 0.8c 9.7 ± 1.3bGB 3.86 10.7 ± 0.7b 28.2 ± 0.7c 8.8 ± 1.3bERM 12.6 ± 0.7a 35.2 ± 0.6a 186.0 ± 12.9a

Different letters in the same column indicate statistically significant differences(p < 0.05) among treatments. FRAP: antioxidant properties by ferric reducingability of plasma (μmolTE g−1); DPPH: antioxidant properties by 1,1-diphenyl-1-picrylhydrazyl radical-scavenging capacity assay (μmolTE g−1); BI: BrowningIndex (%). GB 2.64, GB 2.96 and GB 3.86: mechanical rupture treatment using2.64, 2.96 and 3.96mm diameter glass beads, respectively.

Table 4Proximal composition and antioxidant capacity of spent brewer's yeast samples:non-treated (SBYL), supernatant fraction (SF) of non-treated yeast and super-natant fraction of ruptured material by hydrolysis (ERM).
SBYL SBYL SF ERM SF

Physicochemical propertiesTS (%) 12.0 ± 0.2 6.1 ± 0.6a 8.1 ± 0.4bCP (%) 41.2 ± 0.2 44.0 ± 0.1a 54.3 ± 0.1bTotal sugars (%) 37.8 ± 0.3 32.6 ± 0.6a 40.9 ± 2.6bAshes (%) 4.9 ± 0.2 11.5 ± 0.1a 8.9 ± 0.0b
Antioxidant propertiesDPPH* N/A 28.1 ± 1.7a 34.9 ± 0.5bFRAP* N/A 9.9 ± 0.4a 12.6 ± 0.7b

SBYL: Lager Pilsner SBY; ERM: ruptured material by hydrolysis with Brauzyn®;TS: total solids; SF: supernatant fraction.* Antioxidant properties by 1,1-diphenyl-1-picrylhydrazyl radical-scaven-ging capacity (DPPH) and ferric reducing ability of samples (FRAP) inμmolTE g−1. N/A, not applicable.
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residual yeasts [19,73]. Repitched yeasts are even more exhausted interms of its cell components accompanied by a thickening of the cellwall as they are recycled over and over. The response of different yeastcells to rupture and to proteolytic treatments may differ greatly ac-cording to their characteristics (strain, cultivar, if they are recycled ornot) [27] and thus, the interest of studying different yeast types, whichwas not reported up to date.In this context, a method for SBY rupture must be suitable to avariety of residues available in the brewing industry. For that reason,after the choice of a method for rupturing SBY, we proposed to evaluatethe susceptibility to hydrolysis of different spent yeasts. First, two non-repitched yeasts of the same strain, but from different suppliers (SBYLand SBYD-N) were compared. Then, the effect of repitching on yeastsfrom the same supplier (SBYD-R and SBYD-N) was carried out.Differences on the degree of hydrolysis of samples after hydrolysis withBrauzyn® were verified.When comparing non-repitched yeast (S. pastorianus) from differentsuppliers (Fermentis and Lallemand), SBYL samples resulted in 18.5%higher DH than SBYD-N samples, hydrolyzed by Brauzyn®. It seems thatSBY (S. pastorianus) material from Fermentis was more easily rupturedthan the one from Lallemand, both used at the same brewing condi-tions.The effect of serial repitching of S. pastorianus from Lallemand(SBYD-R and SBYD-N) showed that non-repitched yeast samples weremore easily hydrolyzed than the repitched ones, probably because ofthe thickening of the cell wall caused by yeast reuse. At the same hy-drolysis conditions (pH, temperature, E:S and substrate concentration),SBYD-N samples took 3.5 times longer to achieve the same DH. After asequential hydrolysis step using Alcalase™, a hydrolysate with the sameDH attained with Brauzyn® in the case of non-repitched cells, could beachieved (data not shown). If the interest of SBY reuse is to obtain foodprotein hydrolysates, the sequential step of specific proteolysis usingother enzymes seems to be enough to efficiently promote cell lysis andpeptide production, following the Brauzyn® treatment. In sum, theseresults indicate that changes in the hydrolysis process should be done inorder to adapt the process to different yeasts, so that proper release ofcell components could be attained.
3.5. Sequential enzymatic hydrolysis

Because enzymatic hydrolysis was the selected method for SBY wallrupture, the ruptured material obtained through enzymatic hydrolysiswith Brauzyn® (ERM) was used as substrate (supernatant fraction ornon-centrifuged) for the sequential hydrolysis study with Alcalase™,Protamex™ and Flavourzyme™. We aimed to check if antioxidantproperties were improved by a sequential hydrolysis step.TS in SF increased in average 10% in relation to control for bothsupernatants and non-centrifuged matrices. Hydrolysis with Protamex™using non-centrifuged ERM was the only enzymatic treatment that re-sulted in a rise in SS. CP in SF on all further hydrolyzed samples waskept constant in comparison to the control (ERM). These results suggestthat a second step of hydrolysis does not considerably increase the yieldof solids and proteins, in comparison with the ruptured material (ERM)obtained by hydrolysis with Brauzyn®.A degree of hydrolysis approximately 2 times higher was found fornon-centrifuged samples in comparison with supernatants for all en-zymes (Fig. 6a). This may be attributed to the fact that non-treatedsamples contained more substrate available for the hydrolysis. Degreeof hydrolysis of samples after second hydrolysis ranged from 31% to52%, the highest value being achieved for the hydrolysate producedwith Alcalase™. Alcalase™ is a serine endoprotease from Bacillus liche-niformis [74]. Protamex™, also from Bacillus sp. origin, is a peptidasecomplex and has been reported to have both endo and exoproteaseactivities, as does Flavourzyme™, a fungal complex from Aspergillusoryzae [75–77]. As previously stated, Brauzyn® is a protease from ve-getal origin and presents both endo and exoactivities, as does

Protamex™ and Flavourzyme™ [57]. Among the three enzymes chosenfor the sequential hydrolysis step, only Alcalase™ presented just en-doprotease activity and maybe this difference in enzymatic actioncontributed to the higher degree of hydrolysis achieved with this en-zyme in comparison to the others (Fig. 6a).A small decrease in antioxidant properties by the FRAP method wasfound for all hydrolysis on ERM supernatants (Fig. 6b). On the otherhand, when non-centrifuged material was hydrolyzed, a rise in FRAPwas found, specially for Flavourzyme and Alcalase™, which also pre-sented the highest degree of hydrolysis, resulting in a rise of 45% and51% in antioxidant capacity related to control. Indeed, a positive cor-relation between these two parameters was found for hydrolysatesobtained from non-centrifuged ERM (Pearson coefficient of 0.95,p=0.02). In barley glutelin, beans and silkworm (Bombyx mori L.)pupa protein hydrolysates, antioxidant capacity was also higher forhydrolysates produced by Alcalase™ [59,78,79]. Alcalase seems toproduce antioxidant peptides because of its broad specificity and pre-ferential breakdown of hydrophobic amino acids [80]. Great variationin the antioxidant capacity of protein hydrolysates is often reported,because it depends on hydrolysis conditions, substrate, enzyme speci-ficity and degree of hydrolysis [78]. In general, methods that measurethe antioxidant properties of food solutions and extracts are not specificfor a particular group of compounds, instead, they give a value thatexpresses the antioxidant capacity of all the components in the extract[81]. Although peptide-rich extract results end-up varying greatly withthe matrix composition, chosen radical system or mechanism used, datacan be correlated to another biological properties and hydrophobicityof peptides [35,79].Finally, the evolution of the BI parameters in this sequential hy-drolysis step was investigated. Highest BI values were found for hy-drolysates produced from non-centrifuged ERM, the one from Alcalase™presenting the highest degree of browning (254 ± 20%), 2 times su-perior than the BI of the control, the ERM (128 ± 13%). A positivecorrelation between the degree of hydrolysis and BI (Pearson coefficientof 0.82, p=0.01) suggested that the more cleaved the proteins, moreimportant was the darkening of the hydrolysates. Because of its en-doprotease characteristic, Alcalase™ is able to produce very little pro-tein fragments [40], which may be readily used in the Maillard reac-tion, causing the color change displayed by the BI.
4. Conclusions

The experimental design that evaluated the process conditions forthe enzymatic rupture of yeast cell wall using Brauzyn® indicated apositive influence of higher E:S ratio and smaller pH on the solids andprotein yield. High temperature values resulted in the reduction of theantioxidant properties of the hydrolysate. Once compared to cell rup-ture methods, enzymatic hydrolysis promoted a more efficient releaseof solids and protein and cell wall breakdown than both autolysis andmechanical rupture, resulting in the ruptured material with the highestantioxidant capacity.Repitched yeast was more resistant to enzymatic rupture than non-repitched ones, as expected. Differences among yeast suppliers for thesame strain and beer type were also found. These results suggest thatthe effective disruption of the yeast cell wall is dependent on the yeastsupplier, beer type, and if the yeast is reused.The protein hydrolysate obtained by sequential hydrolysis usingBrauzyn® and Alcalase™ resulted in the material with the highest anti-oxidant properties and total solids content. Probably, for repitched SBY,the sequential step would not only serve to cleave the released proteinsand transform them into peptides, but also to finish disrupting the cellwall, increasing the release of yeast compounds.This study proposed an approach for the recovery of an importantby-product of the brewing industry, reducing the environmental impactof its disposal. SBY protein hydrolysates constitute a valuable source ofprotein and peptides, that may find use in the food industry as a
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peptide-rich ingredient with antioxidant properties.
List of abbreviations
SBY spent brewer’s yeastTROLOX 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acidSBYL spent brewer's yeast (Saccharomyces pastorianus) from LagerPilsner beer production without repitching (yeast supplier:Fermentis)SBYD-N spent brewer's yeast (Saccharomyces pastorianus) from LagerPilsner beer production without repitching (yeast supplier:Lallemand)SBYD-R spent brewer's yeast (Saccharomyces pastorianus) from LagerPilsner beer production repitched 5 times (yeast supplier:Fermentis)ERM ruptured yeast material, obtained by enzymatic hydrolysiswith Brauzyn®SF supernatant fractionTS total solidsSS soluble solidsCP crude protein contentPR protein recoveryMPS protein mass in the hydrolysate's supernatantMP protein mass in the original substratexS protein content in the hydrolysate's supernatantxP protein content in the hydrolysate's precipitateMS hydrolysate's supernatant massMP hydrolysate's precipitate massE:S enzyme:substrate ratioDH degree of hydrolysisBI Browning IndexΔE overall change in colorFRAP antioxidant properties measured by the ferric reducingability of plasma assayDPPH antioxidant properties measured by the 1,1-diphenyl-1-pi-crylhydrazyl radical-scavenging capacity assay
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A B S T R A C T

The spent brewer yeast (SBY) is a by-product with great potential for the production of peptides. Protein hy-
drolysates of SBY with improved physicochemical and antioxidant properties were produced by a system con-
taining mixtures of proteases (Alcalase™, Brauzyn® and Protamex™). The amount of solids and crude proteins
recovered from the raw material after the protein hydrolysis was, in average, 57% and 70% (w/w), respectively.
Hydrolysis resulted in intermediate degrees of hydrolysis (15%), promoting the release of hydrophobic residues
(8% higher related to the control) with antioxidant properties. The presence of all three enzymes influenced the
degree of hydrolysis but the darkening and browning of the hydrolysates were mainly affected by Protamex™.
Most of the hydrolyzed proteins presented a molecular weight (MW) of 35 kg mol-1, as confirmed after mem-
brane separation and electrophoresis. The membrane fractionation step using 30 kg moL-1 membranes effec-
tively produced peptide-enriched fractions of 30-35 kg moL-1. In addition, it was possible to correlate the degree
of hydrolysis, solids release, color parameters L*, Browning Index and antioxidant properties by FRAP and DPPH
in function of the hydrolysis conditions, showing the potential use of SBY protein hydrolysates as a source of
peptides in value-added functional foods.

1. Introduction

About 400 thousand tons of spent brewer's yeast (SBY) are produced
each year by the brewing industry [1]. A good source of protein, SBY is
still currently used as inexpensive animal feed or has to be disposed as
biological waste [2–4]. On account of the increasing concern about the
sustainable use and management of natural resources as well as higher
transportation costs and severe waste disposal regulations, alternative
uses for SBY and other agro-industrial by-products are being studied
[5,6]. In addition to its economical relevance, this by-product is a va-
luable source of nutrients and is recognized as safe [4]. SBY presents a
high protein content (45%-60%), carbohydrates (35%-15%) as well as
vitamins (complex B), minerals, dietary fibers and RNA [2,7,8]. It is a
source of high-quality proteins, with amounts of all essential amino
acids that meet or exceed FAO (Food and Agriculture Organization of

the United Nations) amino acids ingestion recommendations [9,2].
During beer production, yeasts are imposed to stressful conditions (high
alcohol concentration and successive reuse of cells), turning the cell
wall into a resistant structure which must be ruptured in order to re-
lease the yeast compounds [10,11]. Enzymatic hydrolysis can effi-
ciently break down the cells while releasing bioactive peptides [11–13].
Indeed, our research group reported recently a more efficient release of
compounds following the disruption of the yeast cell wall by enzymatic
hydrolysis in comparison to conventional methods such as autolysis and
mechanical rupture using glass beads [6].

Peptides are molecules of 2 to 50 amino acids, whereas a larger
chain of more than 50 generally is referred to as a protein [14]. Once
released from the parent protein, peptides contribute to physico-che-
mical, biological and organoleptic properties of foods due to the action
of enzymes during food processing or gastrointestinal digestion
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[15,16]. Bioactive peptides may be generated from protein-rich mate-
rials under controlled enzymatic conditions with commercial enzymes
[15], potentially resulting in reduced alergenicity, improved solubility
and digestibility and functionality [2,17]. The characteristics and
properties of the released peptides hinge on the processing conditions
as well as on the specificity of the chosen enzymes for that purpose
[7,16,3]. Biological activity effects of protein hydrolysates have been
reported to depend on their peptide sequence, size and hydrophobicity
[18]. Yeast hydrolysates have been reported to have antioxidant
properties [3] and to have a high proportion of hydrophobic and basic
residues [7], which are an indicative of antihypertensive and anti-
oxidant properties, which can also be correlated with other biological
effects [19,20].

Protein hydrolysates obtained from by-products consist of a com-
plex mixture of peptides with different molecular weights (MW) and
amino acids composition, among other biomolecules. Separation steps
are required in order to obtain more purified fractions with the desired
characteristics for particular applications [13,16]. Membrane separa-
tion technologies have been successfully employed in the fractionation
and concentration of protein hydrolysates from food industry by-pro-
ducts, mostly from meat and plants [18,4].

The motivation for using yeast as a source of peptides is based on
the enormous availability of this raw material, the environmental
concern involving its disposal as well as its high biological protein
quality and composition [11,7]. Moreover, even though recent papers
have reported that yeast is considered as a potential source of bioactive
peptides [19], studies have not proposed the optimization of hydrolysis
neither evaluated the choice of enzyme on the qualitative properties of
the hydrolysates. We propose a mixture design to access the effects of
enzyme combinations on the production of spent brewer's yeast hy-
drolysates and to evaluate their properties. Mixture design is a

statistical optimization tool where different proportions of some com-
ponent are accessed for individual, antagonist or synergistic effects on
the chosen responses. Using the prediction models and mixture contour
plots, the most adequate mixtures of the studied component can be
determined, using a limited number of assays [21,22]. Based on this
context, the objective of our study was to optimize the enzymatic hy-
drolysis by a mixture design, aiming the recovery of SBY hydrolysate
fractions enriched in antioxidant and hydrophobic peptides. First, the
enzyme choice and their proportions were optimized considering SBY
protein hydrolysate characteristics and then, SBY peptide-enriched
fractions obtained by membrane fractionation were characterized by
electrophoresis.

2. Material and Methods

2.1. Reagents

Azocasein, bovine serum albumine (electrophoretic grade), 6-hy-
droxy-2,5,7,8-tetra- methylchroman-2-carboxylic acid (TROLOX), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), iron III chloride hexahydrate, iron II
sulfate heptahydrate, trichloroacetic acid (TCA), 2,4,6-tris(2-pyridyl)-s-
triazine (TPTZ), Tris(hydroxymethyl)aminomethane, Tris-HCl, glycine,
Sodium dodecyl sulfate (SDS), Dithiothreitol (DTT), fluorescein and
2,2’-azobis (2-methylpropio-namidine) dihydrochloride (AAPH) were
purchased from Sigma-Aldrich (Steinheim, Germany). Acrylamide/Bis-
acrylamide (30% solution), N, N, N’, N’-Tetra-methylethylenediamine,
and ammonium persufate were obtained from Biorad (Hercules, United
States). Other reagents were of analytical grade.

Fig. 1. Schematic diagram of the experimental procedure for the production of fractionated spent brewer's yeast hydrolysate (SBYH) using enzymatic hydrolysis and
ultrafiltration (UF) membranes of 30 and 10 kg mol−1 molecular weight cut-off.
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2.2. Enzymes

Three commercial proteases were used in this study: Brauzyn® 100 L
(Prozyn, Brazil), which is a vegetable protease specific for yeast cell
wall hydrolysis, Protamex™ (Novozymes, Denmark) and Alcalase™ 2.4 L
FG (Novozymes, Denmark). Protease activity was checked using azo-
casein as substrate [23], following modifications [21], at pH 7.0 and
50°C. Protease activity results were reported in U, where one unit of
enzymatic activity was defined as the amount of enzyme required to
increase the absorbance at 428 nm by 0.01 under the assay conditions
[21].

2.3. Production of spent brewer's yeast hydrolysate

SBY (Saccharomyces pastorianus) from Lager Pilsen beer production
(Diamond Lager, Lallemand, Canada) was collected after 11 days of
beer maturation at Haus Bier Brewery (São José dos Campos, Brazil),
without any repitching. The pH value of the collected material was 6.1± 0.1. SBY was kept at 2°C until it was homogenized and pre-treated
(section 2.3.1). The experimental procedure for the production of the
spent brewer's yeast hydrolysate (SBYH) is described in Figure 1.

2.3.1. SBY pre-treatment
SBY was submitted to a heat pre-treatment which consisted in

heating yeast slurry in a stainless steel batch reactor at 70 ± 0.2°C, with
mechanical stirring of 1000 rpm for an hour, followed by an ice bath
[24].

2.3.2. Protein hydrolysis procedure
Yeast slurry following the heat treatment consisted of 12.3 ± 0.1%

of total solids and 40.8 ± 0.1% of crude protein. The pH value of the
non-diluted SBY was adjusted using 2 M NaOH to reach pH 7.0. The
suspension was incubated for 10 minutes at hydrolysis temperature
(50°C). Then, the reaction was initiated by the addition of enzymes in
the proportions (enzyme:substrate ratio, U gprotein-1) determined for
each experiment by the mixture design (section 2.3.3), as presented in
Table 1, to give a final enzyme:substrate ratio of 2000 U gprotein-1.
Temperature and pH of hydrolysis were determined considering the
ranges of action of the enzymes so they could act simultaneously. All
hydrolysis experiments were performed in 100 mL jacketed beakers
under agitation (500 rpm) for 2 h. The pH control was done by an
automatic titrator (T50, Mettler Toledo, Switzerland) and the tem-
perature control was assured by a water bath (MA126/BD, Marconi,
Brazil). Controls were prepared for each experiment, following the
same conditions but no enzymes were added. After 2 h of hydrolysis,
enzymes were inactivated by heating (95°C for 15 min). Reaction
mixture was centrifuged at 15,300 × g for 30 min at 4°C (Allegra 25R,
Beckman Coulter, United States). The cell debris were separated from
the hydrolysate by centrifugation, resulting in the precipitate fraction
(PF) and the supernatant, the spent brewer's yeast protein hydrolysate
(SBYH). The pH value of samples was verified, corrected if necessary
(pH 7.0) and they were kept at -20°C until further analysis.

2.3.3. Statistical mixture design
Optimization of SBY protein hydrolysis was performed using a three

component augmented simplex centroid mixture design to investigate
the presence of synergistic or antagonist effects of a blend of proteases:
Alcalase™ (x1), Brauzyn® (x2) and Protamex™ (x3); to obtain hydrolysates
with maximum antioxidant activity. Six levels of each component were
studied, namely: 0, 1/6, 1/3, 1/2, 2/3 and 1 (Table 1). The responses of
the mixture design were expressed in terms of difference of the hy-
drolysate to the respective control. Finally, the experimental values
where compared to the predicted ones in order to validate the models
using the conditions of run 7 (Table 1) resulting in non-significant
differences (p<0.05).

In a mixture design, the components of a mixture are not just levels Ta
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of factors, but the proportions of the mixture such that the sum of them
is 1 ( ≤ ≤x0 1i ). Regression models (quadratic or special cubic) present
the dependence of each response on the proportions of Alcalase™ (x1),
Brauzyn® (x2) and Protamex™ (x3), within a probability higher than
95%. Equation (1) presents the special cubic model and the quadratic
model (without the third term), where Y is the predicted response, xi, xj
and xl are coded independent variables, i takes the value from 1 to the
number of components of the system (k), which is 3, βi is the regression
coefficient for each linear effect term, βij represents the binary and βijl
the ternary interaction effect terms and ϵ is the error term. For a final
adjusted model, non-significant interactions were disregarded.∑ ∑ ∑ ∑ ∑ ∑= + + += < < <Y β x β x x β x x x ϵ

i

k

i i
i j

k

i j
i j l

k

i j l
1

ij ijl
(1)

2.4. Membrane fractionation of SBYH

UF experiments were performed after the conditioning and com-
pacting of the membranes, in a jacketed stainless steel dead-end cell
(effective permeation area of 0.0016 m2). Briefly, SBYH (12 gprotein L-1)
at pH 8.0 was ultrafiltered in 30 kg mol-1 molecular weight cut-off
(MWCO) membrane and then the permeate was further fractionated in
a 10 kg mol-1 MWCO membrane (Figure 1). All experiments were
performed in a magnetically stirred cell (600 rpm), at 50°C and 5.0 ±
0.2 bar.

2.5. Proximate composition

Total solid's content (%, m/m) was determined gravimetrically at
105°C for 12 h using an incubator (C-HT 515, Fanem, Brazil) and so-
luble solids (grams of dissolved soluble solids per grams of wet sample)
were determined by a refractometer (N-1 alpha, ATAGO, Japan) [25] at
25°C. Ashes and fibers were determined [25] as well as total sugars [26]
and total titratable acidity [25]. RNA was extracted [27] and de-
termined based on the calculation presented by [28]. Crude protein
content was determined by the Dumas method [29] in an element
analyser CHNS-O (Flash 2000, ThermoScientific, USA). A nitrogen
conversion factor of 5.5 was considered because of the high content of
non-proteic nitrogen in yeast [7]. Protein recovery (PR) was calculated
using Equation (2), where MPS is the mass of protein in the supernatant
fraction (g), MP is the total mass of protein in the matrix (g), xS is the
CP in the supernatant fraction (gprotein/gsupernatant), xP is the CP in the
precipitate fraction (gprotein/gprecipitate), MS is the mass of supernatant
(g) and MP is the mass of precipitate, both after centrifugation (g).= = + ×x M

x M x M
PR(%) MP

MP
·

· ·
100S S S

S S P P (2)

2.6. Determination of the degree of hydrolysis

Progress of all hydrolysis experiments was evaluated measuring the
degree of hydrolysis (DH) by the pH-STAT technique [30] in an auto-
matic titrator (T-50, Mettler Toledo, Switzerland). Using this method,
all hydrolysis occurs at constant pH and temperature, which is cor-
rected continuously during the experiment by the addition of 1 M
NaOH (1.10 to 4.65 mL). The amount of base used is correlated to the
amount of peptide bonds cleaved by the enzymatic treatment. The DH
was calculated following the equation (3), considering B (mL), which is
the volume of base consumed, NB, the normality of the base, α, the
degree of dissociation of the α-amino groups related with the pK of the
amino groups at pH 7 and 50°C, Mprotein (g), the amount of protein in the
reaction mixture and htotal, which corresponds to the sum of millimoles
of individual amino acids per gram of protein and was calculated as 7.5
meq g-1 [31].

= ×× × ×B N
α M h

DH(%) 100B

protein total (3)

2.7. Hydrophobicity measurements

Protein hydrophobicity of SBYHs was measured via surface tension
measurements, considering the approach presented by [32]. Multiple
measurements via camera were made of a sample's drop of 6 μL in
contact with air for 2000 s in a tensiometer (Teclis, Tracker, France), on
pendant drop mode. Six replicates were performed for each sample at
25°C and pH 7.0. Results were expressed as mN m-1.

2.8. Determination of antioxidant properties

Antioxidant properties of SBYHs were determined by three in vitro
methodologies. Sample's ability to capture an organic radical (DPPH),
to reduce iron (FRAP) and to capture the peroxyl radical (ORAC) were
investigated. The 1,1-diphenyl-1-picrylhydrazyl radical-scavenging ca-
pacity assay (DPPH) was determined as described by [33] but using
ethanol PA as the solvent and 4h reaction time in the dark (determined
after testing of the yeast samples). The Ferric Reducing Ability of
Plasma assay (FRAP) was performed as described by [34] with mod-
ifications [35]. The Oxygen Radical Absorbance Capacity Assay (ORAC)
was determined [36] using a BioTek Synergy HT Microplate Reader
(Winooski, USA) coupled to the data software program Gen5™ 2.0.
Protein concentration and pH (7.0 ± 0.1) in samples were standardized
before the antioxidant measurements so that antioxidant differences
were not due to different peptide concentration or pH, but due to its
biochemical characteristics [20]. TROLOX, a water-soluble analogue of
tocopherol, was used as standard in all determinations. Results were
expressed as TROLOX equivalents, in μmolTE g-1.

2.9. Color

Color changes in samples SBYHs were measured in an UV-Vis
spectrophotometer in reflectance mode using D65 illuminant (model
UltraScan, Hunterlab, United States). Results were expressed con-
sidering the CIELab scale where L* represents the luminosity (L = 0
corresponds to the darkest black and L = 100 to the brightest white), a*
represents the green (-)/red (+) colors and b* the blue (-)/yellow (+)
colors. The Browning Index (BI) was calculated using Equations (4) and
(5) [37,38]. It measures the shift towards a more brown color, used to
describe non-enzymatic color development, such as those caused by the
Maillard Reaction [39,38].= ++ −x a L

L a b
* (1.75· *)

(5.65· *) * (3.01· *) (4)= − ×xBI 0.31
0.17

100 (5)

2.9.1. Particle size
Estimation of particle size and particle size distribution in the yeast

materials without previous dilution were determined by the angular
variation in the intensity of scattered light, as a laser beam passes
through the sample (Mastersizer 2000, Malvern Instruments Ltd., UK),
with water as dispersant. Mean diameter of particles was expressed as
the volume weighted mean, D[4.3] and the span.

2.9.2. Gel electrophoresis
Samples (3 mL) were resuspended in 1 mL 10% TCA in acetone with

20 mM DTT (2:1, v/v). Proteins were precipitated for at least 45 min at
-20°C, and centrifuged (10,000 × g for 20 min at 4°C), recovered by
precipitation, and washed four times with 70% cold ethanol. Protein
pellets were air-dried, solubilized and sonicated for 5 min in 200 μL 40
mM DTT, 1 mM EDTA, 1 mM PMSF, 10 mM Tris-HCl pH 8.0 buffer.
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Protein concentration was determined [40] and 260 μg of protein
samples were purified (2-D Clean-Up kit, GE Healthcare) and stored at
-20°C. SDS-PAGE was performed using a 12% polyacrilamide gel in
resolving buffer (Tris-HCl (pH 8.8, 1.5 M), SDS (0.4%)) and a 5%
polyacrilamide gel in stacking buffer (Tris-HCl (pH 6.8, 0.5 M), SDS
(0.4%)). Samples (30 and 60 μg of protein) were prepared with
Laemmli buffer and gel was run at 200 V for 4 h in buffer (pH 8.4, 192
mM glycine, 25 mM Tris-HCl and 0.1% SDS) in an Hoefer system (GE
Healthcare).

2.10. Statistical analysis

All experiments were done in duplicate and analysis at least in tri-
plicate. Results were expressed as average values ± standard deviation
and were submitted to analysis of variance (ANOVA) and comparison of
means by Tukey HSD test. Differences were considered significant at a
level of 5% (p< 0.05). ANOVA assumptions were checked through
analysis of the residues and data distribution through Ryan Joiner's,
Multiple Comparisons and Levene's tests. Correlations were determined
by Pearson test followed by paired Student t test. Mixture design
ANOVA, regression models, plots and contourplots were generated
using Statistica® 10 software (Statsoft Inc., USA).

3. Results and Discussion

3.1. Characterization and effect of pre-treatment on proximate composition
and physico-chemical properties of SBY

Physico-chemical and proximate composition data of non-treated
spent brewer's yeast (SBY) and pre-treated spent brewer's yeast (SBYPT)
are presented in Table 2. SBY raw material collected from Lager Pilsen
beer production consists mainly of protein (41%) and total sugars
(43%) with lesser amounts of ash (7%), fiber (7%) and nucleic acids
(2%) (Table 2) which is in general agreement with previously published
results for spent yeasts [41,8,2,24,42,31,43–45].

Spent yeast collected after the fermentation of beer is a slurry that
can expand when heated. This effect was reported to be caused by the
release of carbon dioxide by still-active cells before the enzymatic
treatment [46]. This blown-up effect is adverse in enzymatic hydrolysis
processes, since added enzymes could be trapped in the foam. Unable to
access proteins in the solution, the efficiency of the enzymes is de-
creased. A thermal pre-treatment of the raw material was proposed in

order to decrease foaming, evaporate the excess of alcohol in the re-
sidue, inactivate autolytic endogenous enzymes, standardize the ma-
terial and finally, to potentially increase protein exposure for the sub-
sequent hydrolysis procedure.

Heat treated samples presented 30% higher total solids content, a
concentration effect due to evaporation, but very similar overall prox-
imate composition as the non-treated SBY (Table 2). The lower ti-
tratable acids content is probably related to the higher pH. Average
particle's size diameter of the pre-treated material was 59.6 ± 5.3 μm,
40% higher than the non-treated SBY, probably caused by the ag-
gregation of components after heating. The particle size distribution,
measured by the span, was the same before and after the pre-treatment
(13.5 ± 0.9). This indicates a degree of polidispersion of the particles’
size, explained by the high degree of complexity of the composition of
the material.

Heat treatment of raw materials preceding the production of protein
hydrolysates has been reported with the intent of denaturing proteins
and unfolding polypeptide chains to ease enzyme's access to cleavage
sites [24,18]. Indeed, [18] reported an increased yield of total solids of
13% for some fractions of soy protein hydrolysates with antioxidant
capacity followed by heating at temperature conditions higher than the
average denaturing temperature of proteins in the matrix.

3.2. Effect of proteases on the production and characteristics of spent
brewer's yeast hydrolysates

Agroindustrial by-products may contain a wide variety of biological
compounds which can interact with each other during processing, and
changes may happen due to simple heating. Because of these effects, for
each run proposed by the mixture design, a control without added
enzyme was prepared. The existence and the extent of the enzyme in-
teractions on the yield and biochemical characteristics of SBY hydro-
lysates were studied by the mixture design considering the differences
caused by the enzymatic treatments in comparison with non-hydro-
lyzed controls. Apart that, in all experiments, the enzymatic activity per
g of protein in the samples was kept constant (2000 U gprotein-1), so that
the amount of enzyme added on each experiment was adjusted con-
sidering their enzymatic activity. The protease activity of Alcalase™
(595 ± 25 U mL-1) was 8 times higher than that of Protamex™ (79.0 ±
3.8 U mL-1) and 29 times higher than that of Brauzyn® (20.5 ± 1.4 U mL-
1).

3.2.1. Protein and solids yield
The yield of protein and solids of hydrolyzed and control samples is

presented in Figure 2. Hydrolysis resulted in increase of protein re-
covery (PR), ranging from 24% (non-treated) to 42% (hydrolysate) and
a 21% higher concentration of crude protein in the supernatant fraction
of SBY when compared to an average control sample, as shown in
Figure 2a. Hydrolysates presented 35% and 22% higher levels of total
and soluble solids, respectively (Figure 2b). A decrease in total solids
and crude protein in the precipitate fraction after hydrolysis of 7% and
9% was also found, supporting that the enzymatic treatment promoted
the release of proteins and peptides, resulting in the solubilization of
SBY proteins. Other authors have associated the recovery of solid and
proteins with the release of proteins [2]. Although hydrolysates were
very different from the non-hydrolyzed SBY, no effect of the mixture of
enzymes was found, except for the reduction of total solids content in
the precipitate fraction between each hydrolysate and its control. As
presented Figure 3a, a higher reduction in the total solids in the pre-
cipitate fraction is observed in the hydrolysates produced by a mixture
of enzymes, with a strong synergistic effect between Alcalase™ and
Brauzyn®, indicating that more protein is migrating to the soluble
fraction when these enzymes are used. A high percentage of variance
was explained by the model (Table 3) suggesting a good fit. In Table 1
the absolute values of total solids in the precipitate fraction for each
experiment as well as the average for the control is also shown.

Table 2
Proximate composition data of non-treated spent brewer's yeast (SBY), pre-
treated spent brewer's yeast (SBYPT), supernatant fraction of the substrate
(SBYs) and spent brewer's yeast protein hydrolysate (SBYHs)

Analyses SBY SBYPT SBYs SBYHs

Total solids (%) 12.7 ± 0.1a 16.5 ± 0.1b 5.32 ± 0.07A 6.79 ± 0.08B

Crude protein (%) 40.7 ± 0.1a 41.0 ± 0.2a 41.45 ± 0.04A 53.15 ± 0.01B

RNA (%) 1.9 ± 0.1a 1.7 ± 0.1a 4.36 ± 0.09A 5.59 ± 0.13B

Total sugars (%) 43.5 ± 2.4a 40.3 ± 4.0a 43.68 ± 6.56A 31.37 ± 1.00B

Ash (%) 7.0 ± 0.1a 6.5 ± 0.1b 13.04 ± 0.56A 10.51 ± 0.24B

Fiber (%) 6.6 ± 0.1a 5.6 ± 0.5b nd 1.02 ± 0.04
Lipids* (%) < 1 <5 nd nd

pH 6.06 ± 0.01a 6.24 ± 0.09b 6.33 ± 0.01A 7.06 ± 0.01B

Titratable acids 8.2 ± 0.1a 6.9 ± 0.2b 17.28 ± 0.64A 8.21 ± 0.08B

Total solids results were expressed in wet basis and titratable acids in grams of
citric acid per gram of dry matter. All other proximate composition data is in
dry basis.
* Determined by difference from total composition (proteins, total sugars,

RNA, fiber and ash). Nd: amount was not determined because it was bellow
methodology detection range; N/A: not applicable. Different letters in the same
line indicate statistical difference (p< 0.05); small letters comparing non-
treated (SBY) and pre-treated SBY (SBYPT) and capital letters comparing the
supernatant fractions before (SBYs) and after the protein hydrolysis (SBYHs).
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3.2.2. Degree of hydrolysis
Constant hydrolysis conditions were employed in order to compare

the efficacy of the enzymes in the production of SBY hydrolysate.
Degree of hydrolysis ranged from 8.3% to 33.0% for the different en-
zyme proportions (Table 1), indicating that different mixtures of the
enzymes resulted in hydrolysates of different degrees of hydrolysis for
the same enzymatic activity. Maximum degree of hydrolysis was
achieved with equal amounts of Protamex™ and Brauzyn®. On the other
hand, the use of Alcalase™ and Brauzyn® either alone or combined,
resulted in the hydrolysates with smaller degree of hydrolysis, not ex-
ceeding 10%. Indeed, observing the results (Table 1) and the mixture
contour plot for the degree of hydrolysis (Figure 3b), it becomes evident
that when Protamex™ and Brauzyn® were used together, up to 75%
higher values of degree of hydrolysis were achieved. The quadratic
model was able to explain 81% of the variance of the data. The sy-
nergistic effect of Protamex™ and Brauzyn® to spent brewer's yeast
protein cleavage is probably related to the specificity of those enzymes.
For instance, Protamex™ is a protease complex from Bacillus licheni-
formis and Bacillus amyloliquefaciens. It may be classified as both serine
and metalloendopeptidase but is reported to have exopeptidase activity
[47]. This enzyme has been reported to be used for the hydrolysis of
spent yeast, either alone or in combination with Flavourzyme™ [3,2].
Brauzyn® is a vegetable protease preparation designed for yeast cell
wall hydrolysis [48] but until now, its use in brewer yeast has not yet
been reported. Its main component is papain, a cysteine protease from
Carica papaya. Papain has broad specificity with a preference for ami-
noacids containing a bulky non-polar side chain and exhibits en-
dopeptidase, amidase and esterase activities [49]. Brauzyn® is reported
by the manufacturer to possess both endo and exopeptidase activities.
Finally, Alcalase™ is produced by bacterial fermentation using a se-
lected strain of Bacillus licheniformis, and its main enzyme component is
Subtilisin Carlsberg. It is a serine protease (according to the nature of its
catalytic site) and it acts as an endopeptidase (selectivity they exhibit
for a peptide bond in a particular position in the polypeptide chain)
[47]. This enzyme is highly efficient and much described in literature
for the enzymatic treatment of different matrices. Hydrolysates were
produced using this enzyme for spent brewer's yeast [3,11], spent yeast
from sugar industry [46,7] and baker's yeast, in sequence with other
enzymes [50].

These results indicate that different types of enzymes allowed
maximizing the degree of hydrolysis that could not be achieved by
Alcalase™ and Brauzyn® alone. In Table 1 it is possible to observe that
when those two enzymes are used either separately (runs 1 and 2) or
together (run 4), the maximum degree of hydrolysis achieved is 11%.

When they are combined with Protamex™, an enzyme with a exo-
peptidase activity, degrees of hydrolysis of at least 14% are achieved. It
has been reported that when an exoprotease is used in combination
with endoprotease, higher degree of hydrolysis hydrolysates may be
obtained resulting in small non-bitter peptides [2,3]. The degree of
hydrolysis of Alcalase™ and Brauzyn® alone (runs 1 and 2) were lower
than the one with only Protamex™ (run 3). Similar results were recently
reported for flaxseed hydrolysates, when an exoprotease (Fla-
vourzyme™) resulted in higher degree of hydrolysis values in compar-
ison with papain, but the effect of their combinations was not evaluated
[51]. They explained the poorer performance of papain in achieving
higher degree of hydrolysis due to the high specificity of this enzyme in
comparison to the others. In this work, the protein hydrolysis of SBY
using enzymes with predominantly endopeptidase activity (Brauzyn®
and Alcalase™) was more efficient once combined with Protamex™. This
reinforces the importance of studying enzyme combinations in the
production and modulation of peptides properties.

3.2.3. Hydrophobicity
Enzymatic hydrolysis greatly affected the hydrophobicity of the

hydrolysates, expressed by the surface tension values (Figure 4). The
hydrophobicity of proteins plays a key role in the biological activities
and technological properties of proteins (solubility, and aggregation
tendency) which are of interest in the pharmaceutical and food in-
dustries [32,12]. The correlation between surface tension and hydro-
phobicity denotes that the decrease in the surface tension is accom-
panied by an increase in the relative hydrophobicity of proteins, which
is an indicative of the level of non-polar amino acids in the sample [32].
The determination of the surface tension by a tensiometer is a physical,
non-invasive and accurate measure that does not depend on the affinity
of proteins with dyes [32]. The bigger the decrease in surface tension,
higher is the hydrophobic character of the peptides. The hidrophobicity
of the peptides increased from 4% to 16% after the enzymatic hydro-
lysis when compared to the control samples, as shown in Figure 4.

In this work, the hydrolysate which presented the highest rise in
hydrophobicity was the one produced only with Alcalase™ (run 1)
followed by run number 5, produced with equal amounts of Alcalase™
and Protamex™. Alcalase™ is known to produce more bitter and hy-
drophobic peptides from various matrices when compared with en-
zymes with exoprotease activity such as Flavourzyme™ and Protamex™
[52,53,3]. This effect may be linked to the tendency of this enzyme to
hydrolyze hydrophobic amino acid residues [54]. Indeed, bitterness
development in food hydrolysates is thought to be related to the pre-
sence of hydrophobic amino acid residues, usually kept inside of a

Fig. 2. Overall variation of (a) protein recovery (%), crude protein content (%), (b) total solids (%, in wet basis) and soluble solids (%, in wet basis) for hydrolysates
and controls.
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Fig. 3. Mixture contour plots for reduction in total solids in the precipitate fraction (a), degree of hydrolysis (b), variation in the antioxidant activity measured by
FRAP (c) and DPPH (d) between hydrolysates and non-hydrolyzed control, color parameter L* (e) and Browning Index (f).
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macromolecule structure, such as high MW peptides or intact food
proteins. However, following a hydrolysis treatment, more hydrophobic
oligopeptides may be exposed [52]. For the current study, no correla-
tion between hydrophobicity and degree of hydrolysis of the hydro-
lysates was found. The exposure of these non-polar residues depends on
the structure of protein and peptides, on the interactions involving
other components of the mixture, and positive correlations between
those two parameters are not always found [53].

3.2.4. Color change in the hydrolysates
As presented in Table 2, both SBY and SBYPT are rich in proteins and

total carbohydrates, which can be involved in the Maillard reaction and
even become more available as an enzymatic treatment takes place.
Thermal-induced reactions like the Maillard reaction are implicated in
the formation of flavor molecules as peptides and amino acids are re-
leased during an enzymatic process, possibly resulting in antioxidant
components [55]. Recently, [55] discovered that peptides or other low
MW compounds may be ionically linked to bigger melanoidins structure
and finally contribute to antioxidant activity in high MW melanoidins.
Similarly, antioxidant properties of soybean meal hydrolysates could be
enhanced by Maillard reaction [39].

Color parameters L* and Browning Index were influenced by the
mixture of enzymes employed in the proteolysis of SBY (Table 1). A
quadratic and special cubic model, respectively, were able to explain a
high percentage of the data (Table 3). A darker coloured hydrolysate,
expressed by a more pronounced L* reduction, was produced by Pro-
tamex™ alone or in combination with the other enzymes (runs 3, and 5
to 9) (Table 1). Alcalase™ seemed to result in clearer hydrolysates when
used alone (Figure 3e. L* was also negatively correlated with protein
recovery (Pearson coefficient = 72.4; =p 0.000) indicating that a
darker colored hydrolysate was obtained for the samples with higher
protein recovery in the supernatant. This may be related to the higher
content of amino acids available for the Maillard Reaction, reflected
into the darkening of the samples [38]. Following the same trend, hy-
drolysates exhibited a more pronounced brown color when Protamex™
was used alone or in combination with Brauzyn® or when Alcalase™ in
the proportion of at least 1/2, as presented in Figure 3f and Table 1. The
equal combination of Brauzyn® and Alcalase™ also resulted in a higher
Browning Index (Figure 3f). These data may suggest that the amount of
darker compounds, probably Maillard reaction products, was affected
by the mixture of enzymes chosen for the SBYH production and could
be successfully predicted through those models. The presence of Pro-
tamex™ seemed to play a role in the color development of the hydro-
lysates as it influenced the degree of hydrolysis.

3.2.5. Antioxidant properties of the hydrolysates
Antioxidant properties of the hydrolysates varied greatly among

runs and were differently affected by the mixture of enzymes (Table 1).
Model summary and analysis of variance results for the antioxidant
activities measured by FRAP and DPPH compared to control are shown
in Table 3. Linear and quadratic terms showed a significant effect in
FRAP and DPPH (p< 0.05) with a cubic term significant for DPPH
(p< 0.05). The combined use of Alcalase™ and Protamex™ increased
the DPPH in comparison to control (Figure 3d). Whether for FRAP, the
interaction between Brauzyn® and Protamex™ was the one which re-
sulted in an increase in FRAP values (Figure 3c). The interaction be-
tween the three enzymes was specially very important for the en-
hancement of DPPH antioxidant properties of SBYH. Higher coefficient
of regression (R2) as well as a valid analysis of variance indicated that
the models were appropriate (Table 3).

The antioxidant activity measured by FRAP did not change in
comparison to the non-hydrolysed control for most of the hydrolysates.
An increase of 15% and 36% in FRAP antioxidant activity was found
only for runs 6 and 10, indicating a positive interaction of Brauzyn® and
Protamex™, as shown in Figure 3d. The ability to scavenge the DPPH
radical was strongly affected by the use of mixtures of the three en-
zymes (Table 3).

Among the hydrolysates, those produced with equal proportions of
the enzymes (run 7) and that with 67% of Brauzyn®, 16% of Protamex™
and 16% of Alcalase™ (run 9) exhibited the highest DPPH values when
compared to control (Table 1). The hydrolysates produced only with
Alcalase™ (run 1) or Protamex™ (run 3), exhibited the lowest DPPH
antioxidant capacity, decreased by 22% and 28% in comparison to the
control, respectively (Table 1). An association between hydrophobic
peptides and their DPPH free radical scavenging activity was previously

Table 3
Analysis of variance (ANOVA) for all dependent variables of the mixture design:
models, regression coefficients, probability values and coded reduced models

Source of
variation

Sum of
squares

Degrees
of

freedom

Mean of
squares

Fcalculated /
Ftabulated

R2 p-value

Reduction in total solids in the precipitate fraction
Regression 107.01 5 21.40 21.74 /

6.00
0.96 < 0.005

Residual 3.94 4 0.98
Total 110.95 9
Special cubic model: Y = 5.7x1 + 10.2x2 + 3.7x3 + 20.1x x1 2 - 16.7x x2 3 + 81.0x x x1 2 3
Degree of hydrolysis
Regression 344.90 3 114.97 8.31 / 4.10 0.81 <0.01
Residual 83.00 6 13.83
Total 427.90 9 47.54
Quadratic model: Y = 10.8x1 + 7.9x2 + 14.4x3 + 69.9x x2 3
L* parameter
Regression 7.74 4 1.94 10.79 /

4.77
0.90 <0.01

Residual 0.90 5 0.18
Total 8.64 9 0.96
Quadratic model: Y = 7.3x1 + 5.2x2 + 4.5x3 - 7.8x x1 2 - 5.3x x1 3
Browning Index
Regression 23402 4 5851 9.85 / 4.77 0.89 <0.01
Residual 2968 5 594
Total 26370 9
Special cubic model: Y = 112.8x1 + 144.0x2 + 277.4x3 + 475.7x x1 2 - 2428.6x x x1 2 3
FRAP
Regression 154.08 3 51.36 4.25 / 4.10 0.68 <0.05
Residual 72.53 6 12.09
Total 226.61 9 25.18
Quadratic model: Y = 1.4x1 + 6.3x2 + 4.2x3 + 40.1x x2 3
DPPH
Regression 2185.13 5 437.03 20.64 /

6.00
0.96 <0.01

Residual 84.70 4 21.17
Total 2269.83 9 252.20
Special cubic model: Y = - 21.2x1 + 10.6x2 - 27.9x3 + 59.0x x1 2 + 144.7x x1 3 +

70.4x x x1 2 3

Fig. 4. Surface tension values for each run of the mixture design against the
non-hydrolyzed sample. Different letters indicate statistical difference
(p<0.05).
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reported but it could have been influenced by the different protein
concentration in the hydrolysates [12]. In this work no correlations
between hydrophobicity and antioxidant capacity were found. Even
though, we have shown that both the degree of hydrolysis and hydro-
phobicity were greatly affected by the specificity of the enzymes pre-
sent in the mixture (2000 U gprotein-1 for all runs) through mechanisms
not yet elucidated. The ability of samples to inhibit the peroxyl radical
was measured by ORAC and was greater for the hydrolysates produced
by Alcalase™ and Brauzyn® (Table 1), but a model could not be fitted.
ORAC values were negatively correlated with the degree of hydrolysis
(Pearson coefficient = 0.626; =p 0.000value ), indicating that a SBY of a
higher degree of hydrolysis may result in lower ORAC values. Thus, the
observed changes in hydrophobicity, degree of hydrolysis as well as in
the antioxidant capacity are probably dependent on enzyme-peptide
bond specificity [21].

All samples were tested on the same protein concentration so that
differences were due to the characteristics of proteins and not because
of concentration effects [20]. Correlation data between all three anti-
oxidant methodologies was not significant since they have very dif-
ferent mechanisms, as previously reported for other matrices [21].
Antioxidant activity in protein hydrolysates may depend on the type,
and structure of the peptides, their amino acid composition, the spe-
cificity of the proteases used [3,21] and on the composition of the by-
product [41]. The effect of SBYH to reduce iron was positively corre-
lated with total solids (Pearson coefficient = 0.855; =p 0.034value ) and
soluble solids content (Pearson coefficient = 0.813; =p 0.000value ) in
the hydrolysates. These results, along with the high FRAP values of the
control sample, give evidence that the FRAP antioxidant activity may
be also due to the presence of other components of the SBY composi-
tion, apart from proteins. Indeed, Saccharomyces sp. can adsorb phe-
nolic compounds from the medium, possibly changing its antioxidant
properties [56]. A noticeable high antioxidant activity was recently
related to the high levels of soluble residues of polyphenolic compounds
remaining after sieving, derived from the hops and barley, used in the
brewing process [41]. A part of the observed antioxidant properties of
SBYH might be due to other components than proteins such as Maillard
reaction products (section 3.2.4) or phenolics. Nevertheless, all SBYH
possessed antioxidant properties measured by FRAP, DPPH and ORAC
assays that were influenced by the mixture of enzymes. This result is an
indicative of the contribution of peptides to the observed in vitro anti-
oxidant activity, suggesting that different peptides are produced by
each of the mixture of the enzymes.

In order to determine the accuracy of the fitted models obtained for
the responses discussed in this work, experimental data for run 7 were
found within a 90% confidence level of the predicted range, thereby
confirming the validity of the models for the evaluated responses.

3.3. Characterization of the hydrolysate

The results of the mixture design indicate that the choice of enzymes
and their proportions greatly influence the physico-chemical and anti-
oxidant activities of the obtained SBY hydrolysates. Depending on the
interest of the SBY hydrolysate, different enzyme combinations must be
chosen using the proposed models (section 3.2), taking into account the
desired characteristics that are more relevant for a specific application.
For instance, the degree of hydrolysis can be maximized by an equal
mixture of and Brauzyn® and Protamex™ (run 6). This hydrolysate also
presented a high hydrophobicity and brown color development and
average antioxidant properties. If the intent is to maximize the anti-
oxidant capacity of the hydrolysate, the runs 4, 7, 9 and 10 could be
chosen. In this work we aimed to generate hydrophobic peptides with
potential biological activities, and in this case, maximum antioxidant
activity, hydrophobicity and yield were prioritized. For this reason, we
chose to proceed to the membrane fractionation and characterization of
the hydrolysate produced with equal amounts of the three enzymes (run
7). In that condition, a high DPPH antioxidant activity hydrolysate with

an average hydrophobicity, maximum protein and solids recovery, a
degree of hydrolysis of 14%, and low brown color development, was
obtained.

The proximate composition of this hydrolysate (SBYHs) was com-
pared to the supernatant fraction of non-treated spent brewer's yeast,
after centrifugation (SBYs) (Table 2). The levels of total solids, crude
protein and RNA were higher in the hydrolysate (SBYHs) when com-
pared to the non-treated material (SBYs) by 22% respectively. After cell
rupture and chemical treatment, [44] also reported an increase in RNA
content in spent yeast from an ethanol distillery. Total sugars and ash
content decreased by 28% and 19% after hydrolysis. Complex sugars
are an important part of the yeast wall composition, representing more
than 50% of the dry weight [42]. During the enzymatic treatment,
proteins are cleaved, yeast wall and intracellular compounds are re-
leased. After centrifugation, polysaccharides may not be soluble and
stay onto the precipitate fraction while proteins tend to migrate to the
supernatant fraction (data not shown). No previous literature reports
seem to exist on the surface tension of SBY supernatant fraction (40.7 ±
0.6 mN m-1), but the hydrolysis seemed to decrease it considerably
(34.1 ± 0.1 mN m-1), indicating a rise in the hidrophobicity of the
material (Section 3.2.3).

The titratable acidity of the supernatant fraction of the non-treated
material (SBYS) was about two fold higher than both the non-cen-
trifuged samples (non-treated and pre-treated) and the protein hydro-
lysate. These difference could be explained by the centrifugation step
and the effect of hydrolysis on this parameter. From one side, the dif-
ference between the supernatant (SBYS) and the non-centrifuged (SBY
and SBYPT) samples was probably due to an effect of acidic compounds
concentration on the soluble fraction. When separated from the other
components of the yeast, there may be a concentration of the acids
present in addition to eliminating a potential buffering effect of the
particles present in the precipitate. From the other side, the difference
between the supernatant (SBYS) and the supernatant's hydrolysate
(SBYHS) samples is probably due to the release of intracellular com-
pounds that may exert buffering effects. After the yeast cell lysis due to
hydrolysis, for instance, it may occur the release of intracellular ma-
terials with higher pH leading to a reduction of the observed titratable
acidity [8].

The amount of solids and crude proteins recovered from the raw
material after the protein hydrolysis was, in average, 57% and 70% (w/
w), respectively. [2] reported similar solids percentage recovery but
23% smaller protein yield for its best enzymatic treatment of SBY
(Saccharomyces sp.) using Protamex™ and Flavourzyme™. The solids
and protein mass yield of SBY hydrolysate may change with the char-
acteristics of collected raw material as well as particularities of pro-
cessing equipment and handling. The material evaluated in this work
was slightly concentrated (4% difference in humidity) after the heat
treatment and after centrifugation, the mass yield of spent brewer's
yeast hydrolysate varied from 64% to 76%.

3.4. Peptide fractionation and characterization

The electrophoresis results of the supernatant fraction of SBY (1)
(non-hydrolyzed); SBY protein hydrolysate (2); and fractionated hy-
drolyzed fractions of the protein hydrolysate in 30 and 10 kg mol-1

MWCO membranes (3, 4, 5) are presented in Figure 5. Roughly eight
main stained bands were visible in the SBY non-hydrolyzed super-
natant, with molecules of MWs ranging from 20 to 50 kg mol-1. Non-
hydrolyzed yeast had to be centrifuged and further purified in order to
remove yeast cell debris, complex carbohydrates and other non-protein
materials. During this process, some higher MW proteins may have
been lost. Even though, when comparing SBY supernatant before and
after hydrolysis (samples 1 and 2), we confirm that the enzymatic
treatment effectively cleaved SBY proteins, presented by the partial or
complete disapearance of higher MW molecules (35-50 kg mol-1), ob-
served in the non-hydrolyzed SBY samples, and the appearance of new
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bands of smaller MW (smaller than 20 kg mol-1). Two main bands in the
hydrolysate were observed, one blurry around 30 kg mol-1 and another
around 25 kg mol-1.

The fraction retained by the 30 kg mol-1 MWCO membrane (sample
3) showed a concentration of the protein fractions around that size,
when compared to the non-fractionated protein hydrolysate. In the
second fractionation step, using 10 kg mol-1 MWCO membrane, bands
are resolved more clearly, probably because samples 4 and 5 were more
pure, being possible to see a larger range of protein fractions and
peptides (Figure 5). Molecules of higher size are still detected in frac-
tionated samples, indicating that higher MW molecules go through the
30 kg mol-1 MWCO membrane. On the other hand, the faint bands
present in the 10 kg mol-1 MWCO permeate indicate that these mole-
cules are mostly retained in the second fractionation step. Indeed, in
samples 4 and 5, we were able to effectively resolve the bands se-
paration (Figure 5a), suggesting that the fractionation step successfully
removed most of the protein fractions higher than 30 kg mol-1 bands,
previously observed in the non-fractionated samples in higher con-
centration.

4. Conclusions

This study seems to be the first to investigate the influence of a
mixture of proteases using a mixture plan on the production of hy-
drophobic and antioxidant protein hydrolysates of SBY. This work de-
monstrated that the enzyme choice modulated the degree of hydrolysis,
the release of solids, the darkening and browning of samples, the ferric
reducing ability and DPPH scavenging capacity of the hydrolysates.
Depending on the considered product outcome, a different mixture of
enzymes should be selected. The presence of the enzyme Protamex™
combined with Brauzyn® seemed to maximize the degree of hydrolysis
and FRAP values. Protamex™ alone or in high proportions resulted in
the darker, more brown hydrolysates but equal proportions of the three
enzymes resulted in maximum DPPH scavenging activity. A two-step

fractionation was able to separate the SBY peptides, resulting in a
concentrated fraction of about 30 kg mol-1 peptides and another with
peptides smaller than 35 kg mol-1. Studies are in progress to investigate
the applications of SBY peptides including further separation, char-
acterization as well as a thorough investigation of their bioactivities
and technological properties.

Abbreviations

SBY: spent brewer's yeast; SBYH: spent brewer's yeast hydrolysate;
SBYPT: pre-treated spent brewer's yeast; SBYS: supernatant fraction of
non-treated spent brewer's yeast; SBYHS: supernatant fraction of hy-
drolyzed spent brewer's yeast; RNA: ribonucleic acid; TROLOX: 6-hy-
droxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; SF: supernatant
fraction; PF: precipitate fraction; MWCO: molecular weight cut-off; UF:
ultrafiltration; TS: total solids; SS: soluble solids; CP: crude protein
content; PR: protein recovery; E:S: enzyme:substrate ratio; DH: degree
of hydrolysis; BI: Browning Index; EΔ : overall change in color; FRAP:
antioxidant properties measured by the Ferric Reducing Ability of
Plasma assay; DPPH: antioxidant properties measured by the 1,1-di-
phenyl-1-picrylhydrazyl radical-scavenging capacity assay; ORAC: an-
tioxidant properties measured by the oxygen radical absorbance capa-
city assay; D[4.3]: volume weighted mean; SDS-PAGE: sodium dodecyl
sulfate polyacrylamide gel electrophoresis; MW: molecular weight;
Tukey HSD: Tukey's Honest Significant Difference test; ANOVA: ana-
lysis of variance.
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Abstract

Spent brewer’s yeast is a major by-product from the brewing industry. Because of its

availability and high protein content, this by-product has been considered as an interesting

source of bioactive peptides. The aim of our work was to investigate membrane perfor-

mance (flux, selectivity) and fouling involved in ultrafiltration (UF) of spent brewer’s yeast

protein hydrolysate. UF experiments were carried out with regenerated cellulose (RC) and

polyethersulfone (PES) membranes of 30 kDa molecular weight cut-off at different pH val-

ues (5 and 8). The PES membrane at pH 5 was able to retain 48% of total solids and 78%

of peptides, i.e., the highest retention among all conditions tested. Ribonucleic acids were

mainly found in the permeate (about 60%), being separated from the peptide rich fraction

with the RC membrane at pH 8. The protein hydrolysate at pH 8 showed less susceptibil-

ity to the adsorption of proteins onto the membrane surface in static conditions as well as

smaller resistance to mass transfer. The smaller permeate flux decline was obtained for the
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RC membrane at pH 8 (18.6 ± 2.7 kg m-2 h-1). In the PES membrane, there were smaller

changes in roughness, membrane hydrophobicity and wettability after static adsorption and

UF. Similarities in the zeta potential of membranes and feed solution suggest that foulants

aggregate in the surface of membranes by weak physical adsorption. Peptides were confirmed

by FT-IR analysis as the main foulants in the UF of spent brewer’s yeast protein hydrolysate

in both membrane materials. The present results showed that UF of spent brewer’s yeast

hydrolysate should be carried out using hydrophilic membranes at pH 8 to prevent fouling

and decrease its effects on membrane performance. The material and pH of spent brewer’s

yeast feed solution influenced the susceptibility to fouling and ultrafiltration performance,

and thus, these parameters should be closely defined according to the intended objective of

the separation.

Keywords: Hydrophobicity, Yeast ribonucleic acids, Membrane-protein interactions, Brewing

by-products, Membrane wettability

1. Introduction1

Increasing interest in the sustainable use and management of natural resources has driven2

scientists to search for technologies to transform industrial by-products into value-added3

products [1]. Several food industry residues, which are typically underused or inappropriately4

Abbreviations: SBY: spent brewer’s yeast; UF: ultrafiltration; MWCO: molecular weight cut-off; RC: regenerated
cellulose; PES: polyethersulfone; pI: isoelectric point; WRD: water flux reduction; RPD: reduction of the mean pore
diameter; UH030: flat sheet membrane of a molecular weight cut-of of 30 kDa, made of polyethersulfone; UC030: flat
sheet membrane of a molecular weight cut-of of 30 kDa, made of regenerated cellulose; AFM: atomic force microscopy;
FT-IR: Fourier-transform infrared spectroscopy; RNA: ribonucleic acids.
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disposed of, can potentially become high-quality ingredients after processing.5

The brewing industry continuously produces abundant agroindustrial by-products, e.g.,6

brewer’s spent grain, spent brewer’s yeast (SBY) and hot trub. The second major by-7

product from the brewing industry is SBY, which has great potential as a source of protein8

and bioactive peptides (50% consists of protein, d.w.) [2, 3, 4]. Processing of spent yeasts9

usually involves yeast cell disruption and protein hydrolysis. Extraction methods, such10

as autolysis, glass bead milling and enzymatic hydrolysis, are often successfully employed11

at the expense of complex downstream processing [5, 6]. Size of hydrolysed proteins is12

an important factor in producing bioactive peptides. For this reason, hydrolysates must13

often be fractionated to provide ingredients whose required functionality and bioactivity are14

enhanced in a more purified form [7, 8]. Protein hydrolysates consist of mixtures of protein15

fractions and peptides of several sizes, with minor differences in terms of physicochemical16

properties (charge, hydrophobicity). Therefore, they require a separation technology that is17

able to discriminate them [9]. Efficient and low-cost protein separation is of great interest18

to the pharmaceutical, biotechnological and food processing industries [10].19

Fractionation and purification of proteins and peptides can be achieved through column20

chromatography, which presents high selectivity and also high costs for scale up [11]. Mem-21

brane technology has been used lately for fractionation of high value molecules because it is22

cost-effective and enables high product yields, high separation efficiency, simple scale-up and23

equipment cleaning [12, 13, 14]. One of the main challenges facing yeast extract separation24

lies in the complex composition of such extracts and high ribonucleic acids (RNA) content.25

3
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In humans, RNA are metabolised to uric acid, which can then progress to gout or kidney26

stones, and thus should be separated from the yeast final ingredient [15]. RNA molecules27

are usually extracted with proteins, and the objective to decrease of RNA content of yeast28

protein hydrolysates is often left to the separation step [15]. Only a few studies so far have29

exploited the separation of SBY hydrolysates by membrane technologies. Some have focused30

on the production of polysaccharide-rich and protein-rich fractions [6, 16], while others have31

focused on the separation of peptide-rich fractions [4].32

Membrane fouling is a critical aspect of membrane separation technology. Many efforts33

have been made in order to study this phenomenon and overcome fouling-induced perfor-34

mance losses [13, 17]. The pH value of feed and protein concentration, along with membrane35

material and operating variables, greatly affect fouling and separation efficiency. For this36

reason, they need to be studied further for complex matrices [18, 19], such as SBY. Studies37

need to be conducted on both membrane performance (water and hydrolysate fluxes) and38

fouling resistance (membrane surface analysis, hydrophilicity and membrane-material inter-39

actions), to ensure the suitability and economic viability of ultrafiltration (UF) for a specific40

application [13, 20].41

To date, there are no studies about fouling and mass transfer concerning membrane42

separation of yeast protein hydrolysates. Recent interest in the recovery of peptides and43

several other compounds from SBY extracts and hydrolysates has created an important44

demand for efficient downstream processing, adapted to the specificities of this complex45

by-product. In this research, we have investigated the UF of SBY protein hydrolysates46

4
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using food-grade commercial flat sheet membranes with the intent of studying mass transfer47

phenomena and fouling. The impact of feed composition, pH and membrane material on48

UF performance and fouling was evaluated, by exploring membrane-feed interactions and49

the existing relations between fractions and membrane characteristics.50

2. Material and Methods51

2.1. Materials52

2.1.1. Reagents53

Sodium hydroxyde, hydrochloric acid, RNA from S. cerevisiae yeast and trichloroacetic54

acid were purchased from Sigma-Aldrich (Steinheim, Germany) and all other reagents were of55

analytical grade. Proteases used in this study were: Brauzyn® 100 L (Prozyn, Brazil), which56

is a vegetable protease specific for yeast cell wall hydrolysis, Protamex™, from Bacillus sp.57

(Novozymes, Denmark) and Alcalase™ 2.4 L FG, from Bacillus licheniformis (Novozymes,58

Denmark).59

2.1.2. Spent brewer’s yeast (SBY) hydrolysate60

SBY from Lager Pilsen beer production (Saccharomyces pastorianus, Diamond, Lalle-61

mand, Canada) collected after 11 days of beer maturation without repitching (Haus Bier62

Brewery, São José dos Campos, Brazil) was used for the production of the protein hy-63

drolysate. The procedure developed in a previous study of our research group was followed,64

using the same proportion of three enzymes (Brauzyn®, Protamex™ and Alcalase™) [4].65

The SBY hydrolysate consisted of 6.8% dry matter, 53% (d.w.) crude protein, 5.6% (d.w.)66

RNA, 31% (d.w.) total sugars, 1% (d.w.) fibre and 11% (d.w.) ash. Hydrolysate yield from67

5
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non-treated SBY was 64-76% (m/m) [4].68

2.1.3. Membranes69

The membrane experiments used commercial flat sheet membranes with a molecular70

weight cut-off (MWCO) of 30 kDa, made of polyethersulfone (PES) (UH030) and regener-71

ated cellulose (RC) (UC030) from Mycrodyn-Nadir (Germany) were used in the membrane72

experiments (Table 1).73

Membrane UH030 UC030

MWCOa (kDa) 30 30

Materiala PES RC

Maximum temperaturea (°C) 95 55

Maximum pH rangea 0 - 14 1 - 11

Initial water fluxb (kg m-2 h-1) 419 ± 107 1007 ± 206

Table 1: Characteristics of UF membranes made of regenerated cellulose (RC) and polyethersulfone (PES) of 30 kDa
MWCO.

MWCO: molecular weight cut-off; aManufacturer data. bInitial water flux measured in the conditions evaluated in this

work (5.0 ± 0.2 bar of transmembrane pressure, 600 rpm and 50 °C) in a stirred dead-end module for flat sheet membranes.

2.2. Static adsorption tests74

2.2.1. Experimental procedure75

Figure 1 shows the experimental strategy and a detailed schema of static adsorption76

procedure in UF membranes. Membranes were conditioned prior to adsorption experiments.77

Firstly, the membranes were fully soaked in distilled water at room temperature (20-25 °C)78

for 12 h in glass plates. Then, they were placed in the UF system, which was filled with79

distilled water, and pressure was gradually increased up to 5 bar. This procedure ensures no80

changes occur in membrane hydraulic resistance throughout the process [21]. Then, initial81

water flux (J0) was determined at 5.0 ± 0.2 bar of transmembrane pressure, 600 rpm and82
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50 °C (Table 1).83

Static adsorption tests were performed as described by Chabeaud et al. (2009) [22], with84

some modifications. Briefly, conditioned membranes were soaked in an SBY hydrolysate85

solution diluted to 30 gprotein L-1 for 12 h at 2 °C. Membranes were rinsed with distilled86

water and water flux after adsorption (JA) was measured in operating conditions (5 ± 0.287

bar of transmembrane pressure, 600 rpm and 50 °C). Membranes were kept in a desiccator88

at room temperature until surface analyses.89

Figure 1: Experimental strategy to evaluate membrane performance during ultrafiltration of spent brewer’s yeast
(SBY) hydrolysate at static and hydrodynamic conditions.

2.2.2. Water flux reduction and reduction of mean pore diameter90

Adsorption results were evaluated in terms of water flux reduction (WRD) and reduction91

of the mean pore diameter (RPD). Both parameters quantify the extent of adsorption and92

are complementary [22]. While the WRD is the percentage difference in pure water flux of93

7
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the membrane before (J0) and after static contact with the hydrolysate followed by water94

rinsing (Ja)) (Equation 1) [23], reduction in pore radius in RPD occurs by adsorption of95

hydrolysate particles on the pore walls (Equation 2) [24].96

WRD (%) = 1 − Ja
J0

(1)

RPD (%) = 1 −
(
Ja
J0

)
0.25 (2)

2.3. Fractionation of SBY hydrolysate97

2.3.1. Experimental procedure98

All membranes were conditioned prior to the experiments and initial water flux was99

determined as described in section 2.2.1 (initial water flux data available in Table 1). UF100

experiments were performed in a 200 mL capacity jacketed stainless steel dead-end cell101

(effective permeation area of 0.0016 m2), pressurised with gaseous nitrogen. The cell was102

stirred at 600 rpm (Magnetic stirrer IKA RH Basic, Germany) using a magnetic bar of103

25 mm. UF was performed until a volumetric concentration factor of 4 (ratio of initial104

feed volume to final retentate volume). Figure 2 show a schematic representation of the105

UF system, in dead-end mode. The jacketed membrane module was connected to a water106

bath (MA126/BD, Marconi, Brazil) to control the temperature of the system during UF.107

Before each experiment, the feed was kept in the cell for temperature conditioning for 10108

min. Operating conditions were based on those established by Chabeaud et al. (2009) [22]109

(feed concentration of SBY hydrolysate: 1% dry matter and 12 gpeptide L-1, 5.0 ± 0.2 bar110

8
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of transmembrane pressure and 50 °C) in order to efficiently assess the influence of material111

and pH on separation performance. SBY hydrolysate dynamic viscosity at 50 °C was 0.0008112

Pa s. Feed pH (initially at pH 7) was adjusted with NaOH 1 mol L-1 or HCl 1 mol L-1
113

solutions to pH 5 or 8. A sanitisation procedure was carried out after membrane rinsing114

and hydrolysate filtration at 3.0 ± 0.2 bar for 30 min with a chlorinated alkaline solution115

(25 ppm, pH 10.5), to prevent not only bio-film formation on the membranes, but also116

microbiological development until further analyses [19]. Permeate flux was measured using117

an in-line balance (Shimadzu UX4200H, Japan).118

Figure 2: UF laboratory unit system (a) and dead-end membrane separation module and its components

2.3.2. Permeate flux and retention119

At an instant t, permeate mass flux was calculated according to Equation 3, where Jp is120

the massic flux of the permeate (kg m-2 h-1); mp is permeate mass (kg); ∆t is the period of121

time (h) (1 min) and Ap is the effective permeation area (m2).122

9
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Jp =
∆mp

∆t Ap

(3)

Retention coefficients (RC) of total solids and peptides were calculated by Equation 4,123

as the ratio of the concentrations of solute in the permeate (Cp) and in the feed (Cf ).124

RC (%) =

(
1 −

(
Cp

Cf

))
× 100 (4)

2.3.3. Membrane hydraulic resistances125

Mass transfer resistances were evaluated using the resistance-in-series model. Resistances126

were conceptually separated into intrinsic membrane resistance and the resistances relative127

to the fluid layers (concentration polarisation in the boundary layer and fouling) [25, 26].128

Darcy’s model is presented in Equation 5, where R represents the membrane hydraulic129

resistance (m2 kg-1), ∆P is the transmembrane pressure (Pa), µ is the dynamic viscosity130

(Pa s) and J is the permeate flux (kg m-2 h-1).131

J =
∆P

µ R
(5)

The intrinsic membrane resistance is calculated while considering the water dynamic132

viscosity in the experimental conditions (µw) and the initial water flux (J0), as shown in133

Equation 6. Similarly, total membrane resistance considers the hydrolysate dynamic viscos-134

ity in the same conditions (µhyd) and the permeate flux of the hydrolysate (Jhyd) (Equation135

7).136

10
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RM =
∆P

µw J0

(6)

RT =
∆P

µhyd Jhyd
(7)

The permeate flux of water after rinsing (Jw′) was measured after hydrolysate UF and137

simple water rinsing of the membrane. The same membrane was sanitised using the pro-138

cedure described in section 2.3.1, and the water permeate flux after sanitisation (Jw′′) was139

measured as well. Both fluxes were used for calculation of the regeneration rate (section140

2.3.4). Water fluxes measured before and after SBY hydrolysate filtration were used to cal-141

culate the resistances relative to fouling, which are shown in a schematic form in Figure 1.142

RI accounts for the residual part of total resistance that is not eliminated by water rinsing,143

which represents irreversible fouling (Equation 8) and Rpl represents the part of RT (includ-144

ing what is adsorbed) that can be eliminated by rinsing the sample with water (Equation145

9).146

RI =
∆P

µw Jw′
−RM (8)

Rpl = RT −RM −RI (9)
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2.3.4. Membrane regeneration rates147

Water flux data at different stages of separation were determined in order to assess mem-148

brane behaviour in water, and enabled the calculation of membrane regeneration [27, 17],149

after water rinsing (RRr) (Equation 10) and after the sanitising procedure (RRs) (Equation150

11).151

RRr =
Jw′

J0

× 100 (10)

RRs =
Jw′′

J0

× 100 (11)

2.4. Physico-chemical analyses152

Dry matter (%, m/m) in the feed, permeate and retentate fractions was determined153

gravimetrically at 105 °C for 12 h using an incubator (C-HT 515, Fanem, Brazil) [28].154

Dissolved solids in samples (g 100 gsolution
-1) were quantified by a refractometer (N-1 alpha,155

ATAGO, Japan), at 22 ± 2 °C [28]. Peptide concentration (g Lsolution
-1) was measured156

by far-UV absorbance at 205 nm (2800, Unico, United States) using quartz cuvettes [29].157

Ribonucleic acid content (RNA) was determined in dried samples using trichloroacetic acid158

hydrolysis (1 mL of acid per 15 mg of dried sample) followed by absorbance determination. A159

standard curve using RNA from S. cerevisiae at 260 nm was used, and results were expressed160

in g Lsolution
-1 [30, 31, 32].161
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2.5. Membrane surface characterisation162

Pristine and treated membranes (after adsorption and fractionation processes) were main-163

tained for at least 24 h in a desiccator before analysis. All membranes were characterised164

to establish some of their morphological, physico-chemical properties and susceptibility to165

fouling.166

2.5.1. Surface roughness167

Surface topology analysis of the membranes was performed in an atomic force microscope168

(Alto Probe CP, Park Scientific Instruments, Korea). Three-dimensional images of 10 × 10169

µm in the same sample area, and three different regions of each membrane were analysed,170

in non-contact mode. Average surface roughness (Ra), root mean square roughness (RMS)171

and surface area (SA) were calculated using the software Gwyddion 2.53 (Czech Metrology172

Institute, Czech Republic). RMS and Ra results were expressed in nm.173

2.5.2. Surface hydrophilicity174

Surface hydrophilicity was determined by calculating membrane and liquid interfacial free175

energy, based on contact angle and roughness data. Contact angle (θ) of membrane samples176

was determined using the sessile drop method in a tensiometer (Teclis, Tracker, France). A177

water drop of 2 µL was deposited on the surface of each sample by a motor-driven micro178

syringe. All results were performed at 20 ± 3 °C after 30 s of contact between droplet179

and membrane surface. Six replicates were determined for each sample. Membrane-liquid180

interfacial free energy (-∆GML) was calculated using a modified Young-Dupré equation as181

described previously [33] (Equation 12). The effect of membrane surface roughness (de-182

13
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termined in section 2.5.1) on contact angle measurement was accounted for through the183

roughness area parameter (RAP = 1 + SAD), which is equal to one plus the ratio of the184

actual membrane superficial area (SA) to its geometric area [34]. The greater the actual185

membrane surface area (roughness taken into account), the stronger the membrane-feed in-186

teractions are likely to be [35]. Equation 12 also considers the water contact angle value187

(θwater) and the surface tension of water (γwater, which is 72.8 mN m-1 at 20 °C). A larger188

value of -∆GML suggests a more wettable surface [36].189

− ∆GML (%) = γwater (1 +
cos θ

RAP
) (12)

2.5.3. Functional groups on the surface of membranes190

Investigation of functional groups and molecular structures on the surface of membranes,191

before and after UF, was performed using Fourier-transform infrared spectroscopy (FT-IR) in192

attenuated total reflectance mode (ATR, ory model PRO450-S) in an infrared spectrometer193

(JASCO Model FT/IR-6100 type A, Japan). For data acquisition, a zinc selenide crystal194

(ZnSe) was used (incidence angle of 45°), from 4000 to 500 cm-1, with a 4 cm-1 resolution and195

2 mm/sec of scanning speed, generating about 1800 data points per sample. Each sample196

was analysed in triplicate.197

2.5.4. Zeta potential of membranes198

The zeta potential (ζm) of the membranes was determined by an electrokinetic analyser199

(SurPass, Anton Paar GmbH, Austria) at pH values ranging from 2 to 9, in order to inves-200

tigate the extent of the interaction between membrane and feed solution and its effect on201
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fouling. A 2 g L-1 NaOH solution was used to induce the shift in pH during measurement;202

the electrolyte solution employed was KCl (1 mmol L-1).203

2.6. Characterisation of SBY fractions204

2.6.1. Zeta potential of suspensions205

Electrophoretic mobility of molecules in the SBY hydrolysate was determined by Laser206

Doppler Velocimetry (LDV), using a Zetasizer NanoZS dynamic light scattering instrument207

(Malvern Instruments, United Kingdom). Zeta potential (ζs) was calculated by the Henry’s208

equation considering the Smoluchowski approximation (f(ka) = 1.5), as presented in Equa-209

tion 13, where EM is electrophoretic mobility (m2 s-1 mV-1), η is viscosity (kg m-1 s-1), ε is210

the dielectric constant (kg m mV-2 s-2) and f(ka) is Henry’s function (dimensionless) [37].211

Six replicates were carried out for each sample without any dilution at 25 °C after 30 s of212

temperature conditioning, at the sample’s pH (5 or 8). Disposable folded capillary cells213

made of polystyrene latex (model DTS1070, Malvern Instruments, United Kingdom) were214

used. Conductivity of samples ranged from 1.8 to 3.7 mS cm-1.215

ζ (mV ) =
EM 3 η

2 ε f(ka)
(13)

2.6.2. Surface tension216

Protein hydrophobicity was measured via surface tension (the more hydrophobic the217

protein, the greater the depression in surface tension) [38]. Surface tension was measured218

optically; several photographs were taken of a 6 µL drop of sample in contact with air for219

2000 s, using a camera in a tensiometer (Teclis, Tracker, France), in pendant drop mode.220
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The temperature of the samples (25 ± 1 °C) was kept constant during the analysis (TE-2005,221

Tecnal, Brazil). Six replicates were determined for each sample, and results were expressed222

as mN m-1.223

2.7. Statistical analysis224

Experiments were performed in duplicate and all analyses were determined at least in225

triplicate. Results were expressed as average values ± standard deviation and were submitted226

to one-way and two-way analysis of variance (ANOVA), followed by the comparison of means227

by Tukey’s HSD test. ANOVA assumptions were checked through analysis of the residuals,228

data distribution (Ryan-Joiner’s and Shapiro Wilk’s tests) and homogeneity of variances229

(Bartlett’s and Levene’s tests). Differences were considered significant at a level of 5% for230

all statistical analyses. Correlations between variables were determined by Pearson’s test231

followed by paired Student’s t test.232

3. Results and Discussion233

3.1. UF performance in the separation of the SBY protein hydrolysate234

3.1.1. Permeate flux and hydraulic resistances235

Initial water flux data is shown in Table 1. Water flux of the membranes varied greatly236

for the two study materials. RC membrane presented an initial water flux 2.4 times higher237

than that of PES in the conditions evaluated in this research (5 ± 0.2 bar of transmem-238

brane pressure, 600 rpm and 50 °C). Several factors related to the characteristics of the239

material (composition, morphology, hydrophilicity, roughness) affect water flux in polymeric240

membranes. In the literature, higher water permeation of the RC membrane in comparison241
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to the PES membrane is often attributed to a higher hydrophobicity of this material [35].242

Morphology may also play an important role in initial water flux. Indeed, membranes of the243

same material (PES) were reported to have very different initial water flux values, probably244

because of morphological differences between membranes from different suppliers [39].245

Figure 3 shows the influence of membrane material on the UF separation of SBY hy-246

drolysate at pH 5 and 8 in the PES and RC membranes. Small differences were seen247

between both materials. Figure 3b shows higher flux values achieved at pH 8 and confirms248

that no significant differences between membrane materials were found in this condition.249

The change of feed pH value from 5 to 8, for the RC membrane, resulted in an increase in250

permeate flux by 39%. Among the tested conditions, the smallest flux was found at pH 5251

when using the UH030 membrane (13.6 ± 0.4 kg m-2 h-1), while the highest flux (18.6 ± 2.7252

kg m-2 h-1) was found for the UC030 with a feed pH value of 8.253

There was a rapid decrease in permeate flux with increased concentration at the beginning254

of filtration for all membranes (Figure 3a). This finding suggests the setup of concentration255

polarisation and fouling. A gel layer formed probably by yeast hydrolysate proteins is256

formed on the surface of both RC and PES membranes, creating a resistance to transport.257

Once these phenomena are established, permeate flux changes very little with increasing258

concentration (Figure 3b), suggesting an external deposition, which confirms that a layer is259

formed on the surface of the membrane. This type of fouling prevents internal pore clogging.260

These features are very interesting for industrial use, because higher concentration factors261

can be used with very little risk of a complete clogging of the membrane [40].262
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(a) (b)

Figure 3: Permeate flux at pH 5 and 8 for polyethersulfone (UH030) and regenerated cellulose (UC030) membrane
during the UF of SBY hydrolysate in the beginning of filtration (a) and in the end (b)

The coefficient of variation of mass balances (Feed = Retentate + Permeate) was smaller than 15%.

Table 2 shows regeneration rates after rinsing and sanitisation using chlorinated alka-263

line solution for all membranes tested. The sanitisation procedure involving a very mild264

treatment with chlorinated water in small alkali concentration, adapted to food industry265

requirements, was able to recover more than 68% of the initial water flux in the RC mem-266

brane. However, for PES, recovery was smaller (<41%). Thus, the sanitisation procedure267

was not able to regenerate either membrane, indicating that chemical cleaning was required.268

Chemical cleaning of fouled membranes is a common practice in the UF separation of food269

materials [19]. The use of concentrated alkaline solutions (1 to 10 g L-1) for regenera-270

tion of PES membranes after UF of fish hydrolysates was very effective (more than 95%)271

[27, 22]. However, contact with concentrated chemicals can damage the membrane structure272

and chemical composition, possibly causing deterioration of membrane integrity [19]. For273

this reason, recent studies prefer to evaluate membrane anti-fouling ability through water274

washing efficiency [13].275
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Membrane RRr RRs

UH030 pH 5 16 ± 1c 35 ± 6d

UH030 pH 8 30 ± 1a 41 ± 2c

UC030 pH 5 22 ± 3b 68 ± 4b

UC030 pH 8 34 ± 9a 95 ± 10a

Table 2: Regeneration rates after rinsing (RRr) and after sanitisation procedure (RRs) of membranes of MWCO of
30 kDa made of polyethersulfone (UH030) and regenerated cellulose (UC030) in the UF of SBY hydrolysate at pH
5 or 8.

Different letters in the same column indicate significant differences (5% level) in regeneration rates.

Figure 4 shows that total resistance as well as the distribution of resistance types for each276

membrane material varied with the pH of the feed solution. Intrinsic membrane resistance277

of the PES and RC membranes was of the same order of magnitude, and was slightly278

higher (58%) for PES. This parameter is complex and mainly dependent on membranes279

structure (pore size, distribution, tortuosity, porosity). From feed pH 5 to pH 8, total and280

irreversible resistance values decreased about 20% and 50%, on average, for both membranes,281

indicating an influence of pH on hydraulic resistances and probably on fouling formation as282

well. The Rpl resistance was not different for each pH in the PES membrane, but in the RC283

membrane, Rpl was 20% smaller when feed pH was 8. In sum, the RC membrane and the284

SBY hydrolysate at pH 8 presented the smallest overall resistance to flux.285

3.1.2. Fractions characteristics286

Table 3 shows the concentrations and retention coefficients for PES and RC membranes287

at pH 5 and 8. The retention coefficients ranged from 22% to 48% for dry matter and from288

22% to 57% for dissolved solids. Maximum retention was achieved when using the PES289

membrane at pH 5, resulting in the retention of 48% of total solids and 57% of dissolved290

solids. At this pH, this membrane was able to retain 78% of total protein, compared to about291
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Figure 4: Total hydraulic resistance of the membranes studied and its components (b): RM , the intrinsic hydraulic
resistance of the membrane, Rpl, the resistance related to the polarised layer and RI , the part of resistance not
recovered after water rinsing.

60% for the RC membrane, at any pH value. For the RC membrane, retention of peptides292

was 50% at most and, for this membrane, pH had a very small effect on the retention of all293

components.294

The concentration of RNA after UF in a RC membrane with a MWCO of 30 kDa is295

shown in Table 3. RNA concentration is higher in the permeate than in the retentate.296

Mass balance confirms this finding, indicating that most of RNA mass (60%) is found in297

the permeate. Previous treatments used in the production of the protein hydrolysate (heat298

treatment, enzymatic hydrolysis and centrifugation) [4] may be responsible either for holding299

up higher molecular weight RNA or by promoting the hydrolysis of RNA molecules into small300

nucleic acid residues, which then are transmitted to the permeate fraction when ultrafiltered301

in 30 kDa MWCO membrane. The decrease of RNA content in yeast-based products is one302

of the main challenges facing the application of these products, and it is usually achieved303

by using chemical methods that require several precipitation steps to separate nucleic acids304
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from proteins. Some recent studies evaluated the retention of heterogeneous mixtures of305

RNA from yeast using membrane technology, but there is no investigation, to date, about306

the separation of RNA from hydrolysates or complex matrices (containing components other307

than RNA) was carried out [15, 41]. Previous studies have reported that most intact RNA308

was rejected by using PES and RC membranes with MWCO of 50 and 100 kDa. Manzano et309

al. (2017) [41] investigated RNA transmission of pure Torula yeast solution using PES and310

RC membranes of 300, 100 and 50 kDa at pH 7.5; they reported an important effect of RNA311

adsorption on RC membranes that did not occur with PES membranes. For this reason,312

we evaluated the transmission of RNA naturally present in SBY in the RC membrane at313

pH 8. At this pH, the solubility of nucleic acids is maximised [15]. However, as discussed314

previously, the RNA from the SBY protein hydrolysate was not retained by the membrane315

because it had been either hydrolysed or retained in previous extract preparation steps (such316

as during centrifugation).317
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Surface tension data was used as an indirect measure of hydrophobicity of peptides318

present in the protein hydrolysate [38]. Surface tension values of SBY hydrolysate at pH319

5 and 8 were 42 and 47 mN m-1, respectively. There were small changes in the surface320

tension of the fractions, with values ranging from 41 to 50 mN m-1 (Figure 5a). Retentate321

fractions presented higher hydrophobicity (5 to 8% smaller surface tension values) than both322

the feed and the permeate fractions, but this effect did not seem to depend either on pH323

or on membrane material. The relation between surface tension and peptide content of the324

samples was confirmed by inverse correlations between these two parameters, and this result325

was found for all membrane materials and pH conditions (Pearson coefficient = 0.82-0.99;326

p < 0.02). A higher concentration of peptides in the fractions resulted in a more important327

depression in surface tension, suggesting that hydrophobic peptides were concentrated during328

the UF experiments. At pH 5, this correlation was stronger (Pearson coefficient = 0.97-0.99;329

p < 0.02) than at pH 8 (Pearson coefficient = 0.82-0.89; p < 0.02). This result can be330

explained by the higher retention of peptides that is achieved in this condition.331

(a) (b)

Figure 5: Surface tension (a) and zeta-potential of membrane fractions (ζs) (b) submitted to ultrafiltration in
polyethersulfone (UH030) and regenerated cellulose (UC030) membranes with molecular weight cut-off (MWCO) of
30 kDa at different feed pH values.
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The zeta potential of suspended particles and macromolecules is a measure of net charge332

of ions in the boundary of the dispersive layer of particles. The magnitude of this parameter is333

related to the degree of electrostatic repulsion or attraction among particles of a suspension.334

Figure 5b shows the zeta potential of suspended particles (ζs) in fractionated samples by335

the PES and RC membranes. UF with the PES or RC membranes, for the same pH value,336

did not affect the separation of charged groups. On the other hand, the feed pH used in337

the UF of SBY influenced the zeta potential of the fractions. At pH 5, the zeta potential338

of the permeate fractions for both the PES and RC membranes was decreased, whereas339

there were no differences between fractions at pH 8. This also could be due to the higher340

retention of compounds detected at pH 5 for the PES membrane. Positive correlations341

between dry matter and dissolved solids contents and zeta potential were found at pH 5,342

regardless of membrane material (Pearson coefficientdry matter = 0.80-0.90; p < 0.03; Pearson343

coefficientdissolved solids = 0.93-0.98; p < 0.04). When more solids were present in the fractions,344

a higher zeta potential magnitude was found for this condition. At higher pH, the net charge345

surrounding the suspended particles of SBY is also higher. This is a common phenomenon,346

explained by the effect of pH of the media on the net charge of protein molecules and thus347

their respective solubility. Ionisable amino acid residues of proteins, notably those exposed348

on the surface of proteins, are affected by pH. At the isoelectric point of most amino acids, the349

net charge of the protein is zero, while at higher and lower pH values the net charge becomes350

more negative or positive, respectively. This happens because of the gain or loss of protons351

by these residues (H+) that changes electrostatic interactions among the proteins themselves352
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and between the proteins and the solvent [42, 43]. It should be noted that the zeta potential353

of complex solutions is a quantification of the net charge considering the contribution of354

all charged compounds present in the matrix. Protein solubility and interactions in food355

systems such as SBY are very complex because of the presence of several ions. Moreover,356

SBY hydrolysates usually contain minerals that could alter the ionic strength of the medium,357

also affecting the interactions and net charge of proteins or other charged molecules [43].358

3.2. Membrane characteristics and susceptibility to fouling359

The characteristics of the surface of pristine membranes are presented in Table 4. The360

hydrophobic characteristic of the PES material (63°) in comparison to RC (21°) is confirmed361

by the contact angle values. RC membranes are more hidrophilic and wettable than PES362

membranes (much smaller contact angle and higher -∆GML). Differences in pristine mem-363

brane roughness were not detected. PES membranes are more hydrophobic because they364

contain hydrophobic aromatic groups whereas the RC material presents mostly hydroxyl365

groups, which gives the material hydrophilic characteristics [44, 19]. Also, surface hydra-366

tion plays a relevant role in enhancing anti-fouling properties (represented by -∆GML). An367

effective physical and thermodynamic barrier is formed when the membrane surface has368

great surface hydration ability, resulting in a tightly bound water layer (preventing protein369

penetration and adsorption, both responsible for promoting fouling and loss of membrane370

performance in terms of flux) [17].371

The hydrophobic nature of PES in comparison with RC exacerbates the susceptibility372

of proteins to fouling as a result of membrane-foulant hydrophobic interactions [13]. Be-373

25

Chapter 7. Article 3: Membrane fouling in polymeric membranes 118



cause of these interactions, both intrinsic and irreversible resistances are higher for the PES374

membrane in comparison to the RC. The latter membrane presented very small irreversible375

resistance and higher permeate fluxes. In the literature, it has been reported that mem-376

brane chemical composition, surface properties and hydrophilicity affect membrane fouling377

in different extents [45, 13, 17, 22]. Cellulose membranes with enhanced hydrophilicity are378

reported to show better mitigation of fouling caused by proteins and microorganisms when379

compared to polyvinylidene fluoride and PES membranes [45]. PES membranes were found380

to be less permeable to protein hydrolysates (in comparison to those made of polysulphone381

and other materials) because of their stronger hydrophobic nature [22].382

In the present research, adsorption tests were conducted to provide further insights into383

the fouling mechanisms involved. Figure 6 shows the extent of adsorption of the PES mem-384

brane at pH 5 and 8. Neither water flux reduction (WRD) nor reduction of the mean pore385

diameter (RPD) occurred for the RC membrane treated with SBY hydrolysate at both pH386

values, which indicates that this material has a very low tendency for protein adsorption.387

The most important static hydrolysate adsorption was found for the UH030 membrane com-388

bined with feed pH value of 5, condition for which the retention of solids and peptides was389

maximum and the regeneration rates after rinsing and sanitisation were smaller. Similar390

results were reported in the literature: there was higher adsorption at a pH close to the391

isoelectric point (pI, around 5.0) of bovine serum albumin and γ-globulin on RC and PES392

membranes with a MWCO of 30 kDa was found [44].393

Table 4 shows the evolution of roughness and contact angles after UF experiments. There394
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Figure 6: Extent of static adsorption on polyethersulfone (UH030) membranes of MWCO of 30 kDa at pH 5 and 8:
water flux reduction (WRD) and reduction of the mean pore diameter (RPD).

UC030 membrane at pH 5 and 8 did not show any adsorption effects in the evaluated conditions (30 gprotein L-1 for 12 h
at 2 °C).

was a decrease in roughness after 12 h static adsorption, for all conditions. When the395

hydrolysate solution was at pH 5, the decrease in RMS and Ra was even more important396

(38% for RC and 35% for PES). When UF was carried out, the roughness of the membranes397

did not change, possibly because of hydrodynamic effects of fluid velocity in the stirred398

dead-end cell, which removed weakly adsorbed proteins on the surface. Following the same399

trend, contact angle after 12 h static adsorption increased (>30%) for all membranes tested400

(Table 4), suggesting an accumulation of hydrophobic components on the surface of the401

membranes. The contact angles after sanitisation, compared to the corresponding pristine402

membranes, indicated an increased hydrophobicity in RC membranes, whereas no differences403

were found in PES membranes. At feed pH 8, a contact angle 24% smaller was found for404

the RC membranes. The same tendency is seen in the membrane-liquid interfacial free405

energy (-∆GML) values, an indicator of membrane wettability that considers both surface406

hydrophobicity and roughness aspects of membranes, shown in Figure 7a. RC membranes407

have shown a smaller hydrophilicity after SBY UF and sanitisation in comparison to pristine408
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membranes or after adsorption. These data indicate that fouling caused more pronounced409

changes in the roughness and surface hydrophilicity of RC membranes with MWCO of 30 kDa410

compared to PES. More hydrophilic RC membranes may establish more strong interactions411

(ionic and hydrogen bond) with foulants, resulting in the adhesion of molecules on the surface412

of the RC membrane. Although this effect affects contact angle values (more responsive), it413

did not significantly change the flux of permeate.414

(a) (b)

Figure 7: Membrane-liquid interfacial free energy (-∆GML) of polyethersulfone (UH030) and regenerated cellulose
(UC030) membranes with molecular weight cut-off of 30 kDa at pH 5 and 8 (a) and ζ-potential of membrane (ζm)
UH030 before and after hydrolysate and sanitisation (b).

In the context of membrane separation processes, the zeta potential is associated with415

the prediction of how the suspension may interact with the surface of the membranes, and416

with the actual possibility of formation of films or agglomerates [46]. Table 4 shows the417

zeta potential of pristine membranes (ζm) used in the study. The RC membrane presented418

a zeta potential value of higher magnitude. For a higher pH value (8), the surface charge419

of the membranes increased, as did the zeta potential of the feed (ζs). At a pH 5, the zeta420

potential of the feed was -11.1 ± 0.7 mV and at pH 8, -15.6 ± 1.1 mV. While the ζs had a421

modest increase in magnitude with increased pH in fractions, ζm increased 2 and 4 fold in the422
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Fractions pH 5 pH 8 pH5 pH8

PES RC

-∆GML [%]

Pristine 10 ± 1A 10 ± 1A 14 ± 1B 14 ± 1B

ζm [mV]

Pristine -4 ± 1A -15 ± 2A -18 ± 1B -29 ± 2B

RMS [nm]

Pristine 106 ± 40a 106 ± 40a 89 ± 30a 89 ± 30a

After adsorption 69 ± 13b 95 ± 23b 55 ± 12b 62 ± 14b

After UF and sanitisation 86 ± 18a 137 ± 47a 119 ± 43a 143 ± 37a

After UF nd nd nd 129 ± 13a

Ra [nm]

Pristine 79 ± 27a 79 ± 27a 71 ± 26a 71 ± 26a

After adsorption 54 ± 10b 68 ± 8b 43 ± 9b 46 ± 15b

After UF and sanitisation 67 ± 18a 113 ± 43a 97 ± 41a 116 ± 33a

After UF nd nd nd 104 ± 16a

Contact angle (θ) [°])
Pristine 63 ± 4b 63 ± 4b 21 ± 1b 21 ± 1c

After adsorption 77 ± 4a 85 ± 2a 69 ± 5a 68 ± 4a

After UF and sanitisation 61 ± 2b 64 ± 3b 78 ± 7c 59 ± 5b

After UF nd nd nd 23 ± 1c

Table 4: Surface characteristics of pristine membranes made of polyethersulfone (PES) and regenerated cellulose (RC)
of 30 kDa molecular weight cut-off at pH 5 and 8: membrane-liquid interfacial free energy (-∆GML), zeta-potential
of the membranes surface ζm, evolution of roughness (represented by RMS and Ra), and contact angle (θ), at pH 5
and 8.

Different lowercase superscript letters in the same column indicate significant differences between pristine, after adsorption,

after UF and sanitisation and, when applicable, after UF membranes (5% level); Different uppercase superscript letters

in the same row indicate significant differences (5% level). Roughness values expressed by root mean square roughness

(RMS) and average surface roughness (Ra). nd: not determined.

RC and PES membranes, respectively. The extent of interactions between SBY hydrolysate423

compounds and membrane surface seems to depend on feed pH. Figure 7b shows the zeta424

potential of the PES membrane surface before and after UF. After UF, at a feed pH 8,425

the charge of the membrane surface is very similar to that of the pristine membrane. The426

zeta potential of membranes after UF gets more negative at feed pH 5, which could indicate427
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the deposition of feed materials onto the surface. The same trend was observed for the RC428

membrane to a smaller extent: the RC membrane, after UF at pH 5 and sanitisation, showed429

an increase in zeta potential magnitude by 17% compared to 94% in PES. The membranes430

also became even more negative after static conditions in comparison to hydrodynamic UF431

(data not shown). This finding agrees with the data on roughness and contact angle data,432

which showed higher variations after static adsorption tests. Increased magnitude of the433

zeta potential of membranes following UF was reported to be due to increased fouling [35].434

Proteins adhere to the surface of membranes leading to the formation of gel layers, that435

increase the resistance to mass transport. Indeed, these results suggest that proteins were436

adsorbed on the surface of the membrane by a physical adsorption mechanism rather than437

by a chemical one. Electrostatic interactions were not as important because both ζm and438

ζs were negative and had similar absolute values. Interactions between RNA molecules and439

membranes when feed pH was 8 were also small probably because of the negative charge of440

RNA at this pH value [41]. Previous studies using various pH values reported that protein441

binding capacity was strongly dependent on both the solution pH and membrane charge [14].442

Protein fouling is modulated by membrane-foulant and foulant-foulant interactions, which443

are changed by the pH of the media [47]. In fact, higher zeta potential values of fractions444

at pH 8 indicate higher repulsive electrostatic interactions of SBY components, which could445

minimise fouling.446

Changes in the main functional groups on the surface of the membranes after UF and447

adsorption were investigated using FT-IR analysis. Figures 8a and 8b respectively show448
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the FT-IR spectra of pristine membranes, after adsorption and after UF experiments and449

sanitisation at pH 5 and 8, for both PES and RC membranes. Figure 8a shows that the450

band located between 1200 cm-1 and 1275 cm-1, attributed to the vibration of the aromatic451

ether bond (C-O-C), is the most characteristic band of the polyethersulfone material. C=C452

stretching bands in aromatic rings are seen at 1485 cm-1, which are present in the PES453

structure but not in the RC membranes. The two bands at about 2920 and 2870 cm-1, that454

correspond to the vibration of C-H bonds in -CH3 and -CH2, and that of 1485 cm-1, assigned455

to C-C bond stretching, are related to PES chemical structure as well as other carbon456

containing materials [48]. Other absorption bands of PES are superposed with protein and457

peptide functional groups [49].458

Bands in the 1000-1235 cm-1 region, corresponding to the C-O single bond stretching459

modes, are reported in cellulose membranes; they are usually the highest peak, which is460

characteristic of the saccharide structure [50, 49, 51, 52] (Figure 8b). The band at about461

895 cm-1 indicates the existence of β-glycosidic groups, present in the cellulose structure462

[51, 52]. The bands seen in the 3100-3500 cm-1 range, because of the O-H stretching of463

hydroxyl groups, only seen in cellulose [51]. The H-O-H bending, characterised by the 1640464

cm-1 peak, is usually related to bound water [49, 51].465

Membranes after UF and sanitisation or adsorption showed very similar FT-IR spectra466

to the one of the respective pristine membrane with slightly shifted or new absorption bands.467

Decreases in peak heights at characteristic membrane material bands are an indication of468

masking of the original membrane surface, suggesting the deposition of compounds [35]. An469
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important decrease in RC characteristic peaks in the 900-1200 cm-1, range indicated the470

deposition of organic compounds onto the surface of the membranes (bands around 900 cm-1
471

and 1053 cm-1 are related to the C-O stretching and C-H vibration) [52]. Similarly, the ob-472

served decrease of the PES characteristic peaks intensity was attributed to the accumulation473

of molecules onto the surface of the membranes. The decrease of materials’ characteristic474

peaks was slightly higher after adsorption than after UF and sanitisation. This result agrees475

with the regeneration rates and resistance calculations discussed in the previous sections,476

i.e., sanitisation was able to partially regenerate the membranes, decreasing fouling on the477

surface of the membranes.478

The presence of protein/peptide molecules in the FT-IR spectra involve multiple peaks,479

such as the amide I band, due to C=O vibration, close to 1656 cm-1, and the amide II480

band, due to vibration of C-N and N-H, close to 1577 and 1535 cm-1 [53, 54]. Peaks at the481

3300-3600 cm-1 range, due to the NH2 stretch of the amine group, are overlapped by the482

O-H stretching vibration [51]. The peak around 3000 cm-1 is also characteristic of amides.483

The characteristic bands of aromatic secondary amines and sulphones are found at 1320 and484

1150 cm-1. In the PES membrane, the presence of proteins as foulants can be observed in the485

higher peak in the 1535 cm-1 region. The same result was found in the RC membrane, which486

showed an increase in the 1577 cm-1 peak after treatments. To confirm these assumptions,487

one RC membrane was analysed directly after filtration of the SBY hydrolysate, and its488

spectra is shown in Figure 8b. For this membrane that was neither rinsed nor sanitised, the489

characteristic peaks of amides at 1656 and 1640 cm-1 were clearly higher than the ones seen490
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(a)

(b)

Figure 8: FT-IR spectra of pristine, after static adsorption, ultrafiltration and sanitisation in membranes with
molecular weight cut-off of 30 kDa, made of polyethersulfone (a) and regenerated cellulose (b).
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in pristine membranes.491

The presence of other compounds, such as saccharides and polysaccharides, with char-492

acteristic peaks at around 3400 cm-1 (O-H stretching) and 1050 cm-1 (C-O stretching), is493

overlapped by peaks that correspond to membrane materials, as well as absorption bands at494

around 1160 cm-1 (stretching of the C–O–bridge) and 1024 cm-1 (skeletal vibration involving495

the C–O stretch), which are characteristic of the saccharide structure [51, 48]. Although the496

characteristic peak of the β-glycosidic groups was reduced, this band can also be present in497

the membranes after processing if β-glucans are deposited on the surface of the membranes498

[55].499

Bands corresponding to RNA were also superposed with molecules containing phosphate500

groups, such as proteins and phospholipids, as well as of C-O stretching (bands around 1240501

cm-1) [48]. The band at 1120 cm-1 is also characteristic of RNA levels but is superposed502

with saccharides and cellulose bands (1000-1235 cm-1).503

In a recent study, the intensification or enlargement of the 1485 cm-1 peak was closely504

related to the accumulation of phenolic compounds on a membrane surface [56]. In the PES505

membrane, this peak was found to be less intense, suggesting the deposition of compounds506

on the membrane surface. Phenolic compounds could be present in the hydrolysate and507

could form complexes with peptides, which may have masked the peak.508

In conclusion, FT-IR analysis has confirmed that several compounds (peptides, polysac-509

charides, RNA and phenolics) of the SBY are involved in the fouling of PES and RC mem-510

branes. The decrease of the characteristic peaks of the materials after adsorption are in511
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agreement with the results for membranes surfaces (roughness, contact angle) and the role512

of sanitisation in the partial regeneration of flux.513

4. Conclusions514

This study investigated the fouling of spent yeast protein hydrolysate in polymeric mem-515

branes. Regenerated cellulose membranes and SBY hydrolysate at pH 8 showed low protein516

adsorption in a static condition and higher permeate fluxes, with close retention of solids517

and peptides compared to polyethersulfone membranes under the same conditions. Peptides518

and protein fractions, which are the main compounds in the SBY hydrolysate, seem to be519

primarily responsible for the formation of fouling on the surface of membranes. Our findings520

suggest that protein deposition occurs preferentially by physical adsorption rather than by521

electrostatic interactions. The findings presented in this advances on the comprehension of522

fouling in the treatment of yeast products, contributing to the development of processes for523

the production of fractions rich in peptides from spent brewer’s yeast and other yeast-based524

wastes for the application in food and pharmaceutical industries.525
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aInstitut Européen des Membranes, IEM – UMR 5635, ENSCM, CNRS, Université de Montpellier, CC 047, Place
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Abstract

Antioxidant, anti-diabetic and anti-Alzheimer potential of spent brewer’s yeast peptides fractionated by

membrane separation technology was evaluated in this work. An enzymatic protein hydrolysate from spent

yeasts (Saccharomyces cerevisiae) was fractionated using ultrafiltration in ceramic membranes in the molec-

ular weight cut-off (MWCO) range of 50 to 1 kg mol-1. The separation of protein fractions from ribonucleic

acids (RNA) and total sugars was evaluated in each fractionation step. For the fractionation sequence 15-8-1

kg mol-1 MWCO maximum protein purity in relation to total sugars and RNA was obtained in the retentate

after 15 and 8 kg mol-1 MWCO membranes, with about 34 and 17 g of proteins per g of total sugars and RNA,

respectively. This fraction also showed the highest scavenging activity against the ABTS radical (5770 µmol

TROLOX equivalents (TE) per g of dry weight (d.w.)) and ferric reducing activity (269 µmolTE g-1 d.w.).

All fractions obtained from the 15-8-1 kg mol-1 MWCO fractionation sequence showed inhibitory activity

against α-amylase (IC50 ranging from 0.018-0.058 mgprotein mL-1), with highest inhibitory activity observed

for smaller molecular weight peptides. Some fractions also inhibited α-glucosidase (7-14%) at concentrations

around 0.4 mgprotein mL-1. SBY peptides were also able to inhibit acetylcholinesterase enzyme, involved

in the onset of Alzheimer’s disease, up to 36% at concentrations of protein of 4.8 mg mL-1. Ultrafiltration

(UF) fractionation was able to separate peptides from SBY while separating them from other compounds

and enhancing their bio-activities. This was the first report of the potential multi-function peptides from

SBY against type-II diabetes, oxidant stress and Alzheimer’s disease.

Keywords: Bioactive peptides, Peptide fractionation, Saccharomyces cerevisiae, Acetylcholinesterase

inhibition, Alpha-glucosidase inhibition, Yeast ribonucleic acids separation.
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1. Introduction1

Type II diabetes is a chronic disease associated with alterations in pancreatic insulin secretion and insulin2

action, causing hyperglycemia. One strategy to manage hyperglycemia is the inhibition of enzymes involved3

in the digestion of carbohydrates [1]. In humans, carbohydrate digestion is commanded by pancreatic α-4

amylase and intestinal α-glucosidase. Molecules capable of inhibiting these enzymes to some extent can5

slow down the release of monosaccharides from ingested complex carbohydrates [2, 3]. If a hyperglycemic6

condition persists, accompanied by moderate inflammation, oxidation by reactive species and hypertension7

- all part of the metabolic syndrome - serious effects may be seen in other important body organs, such8

as liver, heart and brain. These effects are associated with an increased risk of the development of several9

diseases including cancer, cardiovascular problems and neurodegenerative disorders, such as Alzheimer [1, 4].10

Alzheimer is a neurodegenerative disease characterised by memory dysfunction. One of the main bio-11

chemical dysfunctions related to the development of Alzheimer’s disease is the reduction of acetylcholine12

levels in the brain. Acetylcholinesterase (AChE) is a protease involved in the synaptic transmission through13

the hydrolysis of a neurotransmitter, acetylcholine [5]. Restoration of acetylcholine levels in the brain is one14

of the strategies to treat Alzheimer’s disease, by the use of specific AChE inhibitors [1].15

Side effects of currently used anti-diabetic and anti-Alzheimer drugs and their high cost have increased16

the interest in the research of new natural inhibitors as nutraceuticals for these purposes [6]. Acarbose and17

metformin are widely employed inhibitors of both α-amylase and α-glucosidase, but can cause flatulence and18

diarrhea [7]. Common inhibitors of AChE (galantamine, donepezil, tancrine and rivastigmine) are also re-19

Abbreviations: SBY: spent brewer’s yeast; UF: ultrafiltration; MW: molecular weight; RNA: ribonucleic acids; MWCO:
molecular weight cut-off; AChE: acetylcholinesterase; T50, T15, T8 and T1: ceramic membranes of 50, 15, 8 and 1 kg mol-1

molecular weight cut-off, respectively; SEC: size-exclusion chromatography; FRAP: ferric reducing antioxidant power; ABTS:
radical scavenging activity against the organic radical 2,2’-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt;
TE: Trolox equivalents; d.w.: dry weight; VCF: volumetric concentration factor; IC50: concentration necessary to cause a 50%
inhibition.

∗Corresponding author
Email address: gabrielavollet@gmail.com (Gabriela Vollet Marson)

1Present Address: Institut Européen des Membranes, IEM – UMR 5635, ENSCM, CNRS, Université de Montpellier, CC
047, Place Bataillon, 34095 Montpellier cedex 5, France.
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ported to have gastrointestinal side effects (such as nausea, vomiting and loss of appetite) and hepatotoxicity20

[5, 8].21

Plant extracts and food protein hydrolysates with α-amylase, α-glucosidase, AChE inhibitory and an-22

tioxidant activities have emerged as an innovative strategy for the prevention and management of metabolic23

syndrome-related diseases [6–9]. The development of peptide inhibitors with multiple bio-activities would24

be of great interest as a strategy to fight the metabolic syndrome [10, 11].25

Spent brewer’s yeast is a widely available, underutilised and protein-rich by-product from the brew-26

ing industry with great potential for the production of multi-functional bioactive peptides. Recent reports27

have found antioxidant and anti-hypertensive peptides from SBY protein hydrolysates [12–14]. SBY pro-28

tein hydrolysate is a complex matrix that contains high amounts of proteins and other components such29

as polysaccharides, ribonucleic acids (RNA), vitamins and minerals [12, 15]. The separation of protein30

fractions and peptides of interest from other components of a protein hydrolysate is a necessary step to31

achieve a minimum purity level that allows its application as a nutraceutical [10]. Membrane separation32

technologies have been employed successfully for this purpose, allowing the recovery of enriched bioactive33

fractions following fractionation [16]. Recent works report the use of ultrafiltration (UF) to recover bioactive34

peptides from several matrices such as milk [17, 18], corn [19], flaxseed [20], soybeans [21], algae [22]. Only35

a few reports are available on the fractionation of antioxidant and anti-hypertensive peptides from SBY36

protein hydrolysates by UF [12, 13, 15], with limited information on the separation of peptides from other37

components such as RNA and polysaccharides in a cascade fractionation [15, 23].38

In this context, the objective of this work was to establish anti-diabetic and anti-Alzheimer potential39

of peptide fractions from spent brewer’s yeast protein hydrolysate obtained by a multi-stage UF process.40

Firstly, the fractionation of SBY protein hydrolysate was studied using two different UF sequences involving41

ceramic membranes. Purity, molecular weight distribution and antioxidant activity of obtained fractions42
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were evaluated. For the first time, the inhibitory ability of SBY fractions against α-amylase, α-glucosidase43

and AChE enzymes was evidenced.44

2. Material and Methods45

2.1. Materials46

2.1.1. Reagents47

Azocasein (A2765), 2,2’-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt, acetylcholine48

iodide, Folin reagent 2 N, p−nitrophenyl-α-d-glucopyranoside, 5-5’-dithiobis(2-nitrobenzoic acid), bovine49

serum albumin, insulin, substance P 1-7, leupeptin, triglycine, glycine, RNA from S. cerevisiae yeast, soluble50

starch, acarbose (certified reference material, PHR1253), galantamine hydrobromide from Lycoris sp. and51

d-(+)-glucose were purchased from Sigma-Aldrich (Steinheim, Germany). Enzymes α-amylase from Bacil-52

lus licheniformis (A4551), α-glucosidase from Saccharomyces cerevisiae (G5003) and acetylcholinesterase53

(AChE) from Electrophorus electricus (electric eel) (C3389) were purchased from Sigma-Aldrich (Steinheim,54

Germany). All other reagents were of analytical grade.55

2.1.2. Spent brewer’s yeast (SBY) hydrolysate56

SBY from Ale beer production (Saccharomyces cerevisiae, SafAle™ HA-18, Fermentis, France) was col-57

lected after 11 days of beer maturation without repitching at Brasserie La Singulière (Sète, France). The58

collected material had about 10% dry weight and a pH value at 20 °C of 4.8 ± 0.1. The production of59

the protein hydrolysate followed the procedure developed by Marson et al. (2020) [12], with modifications.60

Temperature of the heat treatment prior to hydrolysis was adjusted to 85 ± 2 °C for 30 min, to ensure61

the inactivation of remaining glucoamylase used during brewing. A total amount of 2000 U of protease62

gprotein
-1 divided in an equal proportion of enzymes Brauzyn® (Prozyn, Brazil), Protamex™ and Alcalase™63

(Novozymes, Denmark) was used. Proteolytic activity of enzymes was determined using azocasein as sub-64

strate [24, 25] and were, 11,700; 83,300 and 256,500 U mL-1, respectively. SBY protein hydrolysate was65
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produced in a 7 L capacity jacketed glass reactor connected to a recirculating water bath (Haake S30,66

Thermo Fisher Scientific, USA) and an automatic titrator (TitroLine Alpha plus, Schott Instruments, Ger-67

many). Mechanical agitation at 1000 rpm was needed to ensure a well-mixed system. Enzymes inactivation68

was done at 95 ± 1 °C for 20 min. Reaction mixture was centrifuged at 10,000 × g for 15 min at 4 °C (3-69

16KL Sigma, Germany) separating the protein hydrolysate from yeast cell debris. The degree of hydrolysis70

was determined as previously described [26]. A protein hydrolysate with a degree of hydrolysis of 7.5% was71

obtained.72

2.1.3. Ultrafiltration membranes73

Commercial flat ceramic membrane disks of 90 mm of diameter (Inside Disram™, Tami Industries, France)74

of 50, 15, 8 and 1 kg mol-1 molecular weight cut-off (MWCO) were used. Membranes support was made75

of titanium dioxide and membranes were made of both titanium and zirconium dioxide. Membranes were76

autoclavable supporting transmembrane pressures up to 4 bar. Other membrane characteristics are presented77

in Table 1.78

Table 1: Characteristics of flat ceramic membranes used for the fractionation of spent brewer’s yeast protein hydrolysate.

Membrane T50 T15 T8 T1

MWCOa (kg mol-1) 50 15 8 1

pH rangea 0-14 0-14 0-14 2-14

Initial water permeationb (L m-2 h-1 bar-1) 242 ± 2 69 ± 3 46 ± 8 88 ± 6

MWCO: molecular weight cut-off. aManufacturer data. bInitial water permeation determined under the conditions evaluated in

this work (0.5-2.0 ± 0.2 bar of transmembrane pressure, 20 °C, using deionised water) in a pseudo-tangential module for ceramic

disk membranes.

2.2. Fractionation of proteins fractions and peptides79

2.2.1. Experimental procedure80

Two fractionation sequences were carried out using UF membranes, as presented in Figure 1. UF was81

performed in a stainless steel pseudo tangential membrane system (Spirlab®, Tami Industries, France) of82

52.7 cm2 of effective permeation area at controlled temperature, using a recirculating water bath. Pristine83
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membranes were conditioned following the cleaning procedure proposed by the manufacturer, before initial84

water permeation measurement at 20 °C. Cleaning procedure included cleaning with 1.5% (m/v) NaOH85

solution and 1.5% HNO3 (v/v) at 60 °C for 15 min in recirculation mode and 5 min under pressure (up86

to 0.5 bar). Deionised water was used between steps to wash out the cleaning solutions, until the pH of87

permeate and retentate was 7.0. Initial water permeation was conducted at 20 ± 1 °C, at transmembrane88

pressure of 0.5, 1.0, 1.5 and 2.0 bar.89

Figure 1: Experimental scheme of UF sequences and steps used in the fractionation of spent brewer’s yeast protein hydrolysate
using ceramic membranes of 50 (T50), 15 (T15), 8 (T8) and 1 (T1) kg mol-1 molecular weight cut-off, respectively.

UF experiments were performed at 20 ± 1 °C and 2.0 ± 0.2 bar until a volumetric concentration factor90

(VCF = ratio between feed and retentate volume) of 4.0 for the first UF step and 2.5 for the others was91

reached (Figure 1). The feed contained 1% (m/m) of dry weight (d.w.) and 46% (m/m) of protein (d.w.).92

For the first UF step, a new membrane was used, and a mass of 400 g of feed at pH 7.0 was used. For93

the next steps, about 200 g of permeate from the previous UF step was used as feed. The collected mass94

of permeate was registered automatically as a function of time. Permeate volumetric flux was calculated95

at a given instant t, according to Equation 1, where Jp is the volumetric flux of permeate (L m-2 h-1); mp96
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is the permeate mass (kg); ρ is the specific mass of the hydrolysate (kg L-1); t is the time (h) and Ap is97

the effective permeation area (m2). The specific mass of hydrolysate and fractions was determined using a98

pycnometer at 20 ± 1 °C. All fractions were kept frozen at -20 °C until analysis.99

Jp =
mp

ρ t Ap
(1)

2.2.2. Membrane hydraulic resistances100

The flux of water before and after the filtration of the hydrolysate (or the permeate from the previous101

UF step), as well as after membrane cleaning were measured, following the same procedure for initial102

water permeation, at transmembrane pressures of 0.5-2 bar. Permeate fluxes of hydrolysate and water103

were used for the calculation of mass transfer resistances, using the resistance-in-series model. Intrinsic104

membrane resistance (RM ) was calculated using initial water flux (J0), water dynamic viscosity data under105

the experiment conditions applied (µw), as shown in Equation 2. Total resistance (RT ) was calculated106

considering the hydrolysate dynamic viscosity under operation conditions (µhyd = 0.00123 kg m s-1) and107

the permeate flux of the hydrolysate (Jhyd) (Equation 3). Finally, resistances related to the fluid layers108

(concentration polarisation in the boundary layer and fouling) were obtained considering the water flux109

after the hydrolysate and rinsing (Jw’) and their difference to the total resistance, as shown by Equations110

4 and 5. In this last expression, parts of total resistance that are and are not eliminated by water rinsing111

represent, respectively, the reversible Rpl and irreversible fouling RI [27, 28]. In Equations 2, 3, 4 and 5,112

transmembrane pressure (∆P ) is in kg m-1 s-2, dynamic viscosity in kg m s-1 and flux of permeate in m3
113

m-2 s-1.114

RM =
∆P

µw J0
(2)
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RT =
∆P

µhyd Jhyd
(3)

RI =
∆P

µw Jw′
−RM (4)

Rpl = RT −RM −RI (5)

2.2.3. Physicochemical analyses115

Proximal composition of SBY protein hydrolysate was determined using a different protocol than that116

of UF fractions. Prior to the determination of total sugars in the hydrolysate, the protein hydrolysate was117

submitted to a polysaccharide precipitation protocol [29] with modifications. Briefly, to 10 mg of yeast118

hydrolysate, 2 mL of ethanol were added (12 h at 4 °C). Samples were centrifuged (5000 × g for 10 min at119

4 °C), washed with 2 mL of ethanol and left to dry in a bath at 70 °C to remove residual solvent. Pellet was120

then redissolved in 2 mL of deionised water at 60 °C and mixed. Total sugars content of this solution was121

estimated by the Phenol-sulfuric acid assay [30]. Results were expressed in g 100 gd.w.
-1. Protein fractions122

and peptides concentration in the hydrolysate (g 100 g d.w.
-1) was measured by far-UV absorbance at 214123

nm (2800, Unico, United States) [31]. Dry weight and RNA concentration were determined as for fractions.124

For all UF fractions, dry weight (%, m/m) was determined gravimetrically at 105 °C for 12 h using an125

incubator (UE 400, Memmert, Germany), an analytical balance (XT 120A, Precisa, Hong Kong) and a glass126

desiccator [32]. Protein content was determined by the Lowry method (g 100 gd.w.
-1) measuring absorbance127

of the reaction mixture at 750 nm using a bovine serum albumin standard curve for reference (UV-2401 PC,128

software UV Probe (version 2.21), Shimadzu, Japan) [33]. Ribonucleic acid content (RNA) was determined129

spectrophotometrically (260-290 nm) following trichloroacetic acid hydrolysis (75 µL of 70% acid per 1 mL130

of sample) at 90 °C for 30 min. A standard curve using RNA from S. cerevisiae was used at 260 nm, and131
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results were expressed in g (100 gd.w.)
-1 [34–36]. Total reducing sugars were determined in dried samples132

using the Somogyi-Nelson method measuring absorbance at 500 nm [30] after hydrolysis with concentrated133

sulphuric acid and centrifugation at 3800 × g for 5 min at 4 °C [37]. Reducing sugars in samples were134

determined by the DNS method [38]. Results were expressed in g (100 gd.w.)
-1 considering d-(+)-glucose135

standard curves. Conductivity of fractions was determined using a conductivity meter at 21 ± 1 °C (LF136

320, WTW, Xylem Analytics, Germany).137

2.3. Anions determination in the hydrolysate by ion-exchange chromatography138

The content of cations and anions in the spent brewer’s yeast feed before UF was determined by ion-139

exchange chromatography in order to correctly establish ionic strength in size-exclusion chromatography140

experiments. Anion and cation determination was done in a Dionex ICS1000 and ICS900 systems (Ther-141

mofisher Scientific, USA), respectively, composed of an eluent producer, a suppressor system (ADRS-600 for142

anions and CERS 500 for cations) to reduce background eluent conductivity and a conductivity detector.143

Anion and cation separations were carried out using a Dionex AS19 and Dionex CS12A columns (4x250 mm)144

(Thermofisher Scientific, USA), respectively . Elution of anions was done by an aqueous solution containing145

KOH at 10 mM (10 min) followed by a gradient for 20 min until 45 mM and then 10 mM (10 min), in a flow146

rate of 1.0 mL min-1. Cations elution was carried out using a 20 mM methanesulphonic acid solution, in a147

flow rate of 1.0 mL min-1. The amount of sample injected was 25 µL. All samples were filtered in 0.22 µm148

polytetrafluoroethylene (PTFE) syringe filters prior to analysis. Data were collected using the Chromeleon™149

Chromatography Data System (CDS) Software v. 7.2.9.11323 (Thermo Fisher Scientific, USA). Anions and150

cations concentration in yeast samples was calculated using calibration curves relating amount of analyte151

(Cl-1, NO2
-1, NO3

-1, ClO-3, Br-1, SO4
-2, PO4

-3, Na+1, NH4
+1, K+1, Mg+2, Ca+2) and peak area.152
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2.4. Molecular weight distribution of SBY protein fractions and peptides by size-exclusion chromatography153

(SEC)154

Molecular weight distribution of protein fractions and peptides in non-treated and heat-treated SBY as155

well as in the protein hydrolysate and UF fractions was determined using the column Superdex Peptide GL156

10/300 (GE Healthcare, USA) with a fractionation range of 100-7000 g mol-1 in a chromatography system157

(Thermo Fisher Scientific, USA) including a pump system Dionex (ICS1000), a UV detector (Ultimate158

3000) and an auto-sampler (AS40). Size-exclusion chromatography was performed using a 50 mM sodium159

phosphate buffer as eluent (ionic strength of 0.5 M, pH 7.0) at 20 °C, at a constant flow rate of 0.5 mL min-1
160

for 70 min, monitored at 214 nm. The ionic strength of the eluent was selected considering a 12 fold more161

important ionic strength than in the most concentrated sample (40 mM) (section 2.3). Volume of injected162

sample was 25 µL. A calibration curve using peptidic standards (bovine serum albumin, aprotinin, insulin,163

cyanocobalamin, substance P 1-7, leupeptin, triglycine and glycine) was used to determine the molecular164

weight distribution of fractions (log of molecular weight versus retention volume). All samples were filtered165

in 0.22 µm polytetrafluoroethylene (PTFE) syringe filters prior to analysis. Instrument was controlled166

and data were generated by the software Chromeleon™ Chromatography Data System (CDS) v. 7.2.9.11323167

(Thermo Fisher Scientific, USA). Definite integral values were determined by a numerical integration method168

(trapezoid rule) after baseline correction using a developed Python script for this purpose. The retention of169

protein fractions (Rpf ) was calculated using the integrated peaks of feed (Sf ) and permeate (Sp) divided in170

molecular weight (MW) ranges, as presented in Equation 6.171

Rpf (%) = (1 − (
Sp
Sf

)) × 100 (6)

2.5. In vitro assessment of SBY protein fractions and peptides antioxidant activity172

Antioxidant activity of fractions of SBY protein hydrolysate was determined by the Ferric Reducing173

Ability of Plasma (FRAP) and ABTS + organic radical antioxidant assay. Protein concentration and pH174
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of all samples were standardised (0.77 g L-1, at pH 7.0) before antioxidant measurements to detect dif-175

ferent protein fractions and peptides activity and not differences in protein compounds concentration [12].176

TROLOX was used as standard and results were expressed as TROLOX equivalents, in µmolTE gd.w.
-1.177

2.5.1. Ferric Reducing Antioxidant Power (FRAP)178

Antioxidant activity by the Ferric Reducing Ability of Plasma assay (FRAP) was carried out as described179

by Benzie and Strain (1996) [39] with modifications [40]. Briefly, 100 µL of previously diluted samples were180

mixed with 115 µL of water and 1.6 mL of FRAP reagent. The reaction mixture was incubated at 37 °C for181

30 min and the absorbance of samples was read at 595 nm using polystyrene cuvettes.182

2.5.2. ABTS radical scavenging activity (ABTS)183

The scavenging activity of samples towards the organic cation radical 2,2’-azinobis(3-ethylbenzothiazoline-184

6-sulphonic acid) diammonium salt (ABTS +) was performed in pure ethanol [41, 42], with some modifica-185

tions. Briefly, ABTS + radical solution was produced by reacting a 7 mM ABTS stock solution with 2.45186

mM potassium persulphate (final concentration) for 16 h in the dark. ABTS + solution was diluted with187

ethanol to an absorbance of 0.70 ± 0.05 (at 734 nm) and equilibrated at 30 °C. Reaction started with the188

mixture of 20 µL of previously diluted sample in 2 mL of the ABTS + solution. Absorbance at 734 nm was189

determined within 3-6 min after incubation at 30 °C in a dark room, using polystyrene cuvettes.190

2.6. In vitro assessment of SBY protein fractions and peptides anti-diabetic activities191

2.6.1. alpha-amylase inhibitory activity192

Inhibitory activity of α-amylase was performed using a photometric method, with minor modifications193

[43]. Enzyme activity was monitored through the development in the yellow colour of 3,5-dinitrosalicylic194

acid (DNS), that reacts with the released reducing sugars after the enzyme cleaves starch molecules. Firstly,195

500 µL of 1% (m/v) starch solution (in a 20 mM sodium phosphate buffer at pH 6.9, for use at 37.5 °C), 10196

µL of a 1 U mL -1 α-amylase solution and 30 µL of diluted sample (in buffer) were mixed and incubated at197
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37.5 °C ± 0.5 for 10 min. Then, 600 µL of DNS reagent were added and incubated at 100 °C for 15 min.198

Absorbance was monitored after the solution cooled down, at 540 nm. Inhibitory activity was calculated as199

presented in Equation 7, considering proper blanks: Acb is the control blank, produced with buffer instead200

of the sample; Abb is the background blank, with neither sample nor enzyme; As is the sample absorbance201

and Asb is the sample blank, performed with sample but not added enzyme. Acarbose, an anti-diabetic drug202

used to treat type II diabetes, was used as positive control.203

Enzyme inhibition (%) =
[(Acb −Abb) − (As −Asb)]

(Acb −Abb)
× 100 (7)

2.6.2. alpha-glucosidase inhibitory activity204

The ability of SBY protein fractions to inhibit α-glucosidase was determined by a photometric method205

with minor modifications [44]. The extent of α-glucosidase activity was measured at 405 nm after a colourful206

product was formed as p−nitrophenyl-α-d-glucopyranoside (PNP-G) was hydrolysed. After samples dilution207

in a 20 mM sodium phosphate buffer (pH 6.8, for use at 37 °C), 375 µL of diluted sample were added as208

well as the same amount of buffer and a 5 mM PNP-G solution (in buffer) and the reaction mixture was209

incubated at 37 °C for 5 min. Then, 75 µL of a 0.2 U mL-1 enzyme solution (prepared in buffer) were added210

and the mixture was incubated again, at the same temperature for 30 min. The reaction was stopped by211

the addition of 600 µL of a 2 M sodium carbonate solution and the absorbance was measured at 405 nm.212

Results were calculated as presented in Equation 7. Acarbose was also used as positive control.213

2.7. In vitro assessment of SBY protein fractions and peptides anti-Alzheimer activity214

2.7.1. Inhibition of acetylcholinesterase activity215

The inhibition of acetylcholinesterase (AChE) was determined by the Ellman’s method [8], with some216

modifications. As acetylcholine reacts with 5-5’-dithiobis (2-nitrobenzoic acid) (DTNB, Ellman’s reagent),217

a yellow coloured product (412 nm) is formed, indicating the AChE activity. Firstly, 111 µL of a 1.5 mM218
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acetylcholine iodide (prepared in a 100 mM sodium phosphate buffer at pH 7.5 for use at 25 °C), 556 µL of219

0.3 mM DTNB solution (in buffer) and 222 µL of diluted sample (in buffer) were mixed. Then, 222 µL of220

AChE enzyme solution (0.026 U mL-1) were added and the reaction mixture was incubated at 25 °C for 15221

min. The absorbance of samples and respective blanks was monitored at 412 nm. Inhibition was calculated222

as previously presented (Equation 7). Galantamine hydrobromide, a standard inhibitor of AChE, was used223

as positive control.224

2.8. Statistical analysis225

Experiments were performed in triplicate and all analyses were determined at least in triplicate. Results226

were expressed as average values ± standard deviation and were submitted to analysis of variance (ANOVA)227

one and two way, followed by the comparison of means by Tukey HSD test. ANOVA assumptions were228

checked through analysis of the residues, data distribution (Ryan-Joiner’s and Shapiro Wilk’s tests) and229

homogeneity of variances (Bartlett’s and Levene’s tests). Differences were considered significant at a level230

of 5% for all statistical analysis.231

3. Results and Discussion232

3.1. SBY protein hydrolysate composition and molecular weight distribution233

Proximal composition and protein fractions’s molecular weight distribution of the protein hydrolysate234

are presented in Figure 2. SBY hydrolysate consisted of 7% dry weight, about 76% (d.w.) protein (Far-UV235

detection of peptide bonds at 214 nm), 6% (d.w.) RNA, 6% (d.w.) total sugars (Phenol-sulphuric acid236

assay), and 13% of other compounds such as fibre and ashes (d.w.). The molecular weight distribution237

included mostly the presence of protein fractions and peptides of 1-7 kg mol-1. The yield of hydrolysate238

obtained from non-treated SBY was 75 ± 5% (m/m).239

The confirmation of protein hydrolysis is shown in the chromatograms generated by size-exclusion chro-240

matography (SEC) of non-treated material, the spent yeast after the heat treatment and the protein hy-241
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Figure 2: Proximal composition of the spent brewer’s yeast protein hydrolysate and the molecular weight (MW) distribution
of the protein fractions present, in kg mol-1

drolysate, given in Figure 3. In the chromatograms, peaks in the range of higher molecular weight molecules242

(> 7000 g mol-1) are abundantly present in the non-treated and heat-treated yeast materials, but are found243

in much less amounts in the hydrolysate. The yeast protein hydrolysate is rich in protein fractions and244

peptides in the whole range of the column (from 7000 to 1000 g mol-1), confirming that yeast proteins245

were cleaved into peptides. Smaller peptides and amino acids are also present (1000 - 100 g mol-1) in the246

hydrolysate. The estimated ionic strength of the diluted hydrolysate used in UF was 40 mM.247

Figure 3: Size-exclusion chromatographs of non-treated, after heat-treatment and hydrolysed spent brewer’s yeast. Vertical
grey dashed lines represent the molecular weight limits. From the left to the right: MW > 7000 g mol-1, 4000 - 7000 g mol-1,
1000 - 4000 g mol-1, 300 - 1000 g mol-1 and 100 - 300 g mol-1 (t = 36.4 min corresponds to the total column volume and t =
14.2 min corresponds to the void column volume). Absorbance units in mAU.
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3.2. UF fractionation performance in the separation of SBY protein fractions and peptides248

3.2.1. Flux of permeate249

Table 1 shows that initial water permeation data varied greatly among the membranes used. Water250

permeation was 3.5 fold higher for T50 in comparison to T15 membrane. Water permeation through T8251

membrane was 1.5 and 1.9 smaller than T15 and T1 membranes, respectively. This results show that water252

permeation values were smaller as the membranes MWCO decreased, with an exception for T1 membrane,253

for which the water permeability was higher than that of T15 and T8 membranes. This could be related to254

the membrane morphology (i.e. membrane thickness, porosity, etc.) and manufacturer’s production method255

of T1.256

Similar trends were observed when the SBY protein hydrolysate was ultrafiltered (Figure 4). The flux of257

permeate in T50 membrane was 1.8 fold higher (16.0 ± 1.9 L m-2 h-1) than that observed in T15 membrane258

(8.9 ± 1.9 L m-2 h-1) (Figure 4a). The rapid decrease of permeate flux followed by the stabilisation at259

higher VCFs for both membranes suggest that a surface deposition of molecules occurs. The accumulated260

layer plays the role of a secondary membrane that prevents smaller particles and molecules from blocking261

membrane pores. In this fouling mechanism, often reported for the membrane filtration of food and biological262

fluids, there is limited risk of internal clogging and total blockage of the membranes in concentration mode,263

a great feature for industrial processing [45].264

For the second step of fractionation using 8 kg mol-1 MWCO membrane (Figure 4b), very similar per-265

meate fluxes were observed (about 5 L m-2 h-1 for both sequences 50-8 and 15-8). In this step, the flux266

decreased at a slower rate than that observed in the first step, suggesting that an internal pore clogging267

fouling mechanism played a role [45].268

Different permeate fluxes were seen for sequences 1 and 2 in the third fractionation step using 1 kg mol-1269

MWCO membrane (Figure 4c). Whereas for sequence 1 (50-8-1) the permeate flux decreased gradually as270

concentration factor increased (until reaching 9.2 ± 0.5 at VCF 2.5), suggesting that, at least at some extent,271
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an internal pore clogging mechanism took place, for sequence 2 (15-8-1) the flux decreased rapidly and then272

stabilised at a 79% higher value (16.5 ± 0.8), as seen for T50 and T15 membranes. Further information on273

fouling mechanisms taking place during the UF of SBY protein hydrolysate could be obtained evaluating274

hydraulic resistances involved in the separation.275

(a) (b)

(c)

Figure 4: Permeate flux of spent brewer’s yeast hydrolysate at fractionation steps 1 (50 or 15 kg mol-1 molecular weight cut-off,
MWCO) (a), 2 (8 kg mol-1 MWCO) (b) and 3 (1 kg mol-1 MWCO) (c)

3.2.2. Hydraulic resistances of the membranes276

In practice, more than one fouling mechanism act simultaneously during the UF of heterogeneous mix-277

tures [46], such as the SBY protein hydrolysate. In contrast to concentration polarisation, which is an278

inherently reversible phenomena, fouling may cause irreversible losses on membrane permeability. In this279
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work, the part of fouling removed with simple rinsing was defined as ”reversible” (Rpl), whereas the ”irre-280

versible” part (RI) was the one that was not.281

All components of hydraulic resistances of the ceramic membranes used in the study are presented in282

Figure 5. All membranes showed similar distributions of the components of the total resistance to mass283

transport. Intrinsic resistance of membrane T15 was higher than that of T50, in agreement with water and284

hydrolysate flux results, that were 3.5 and 1.8 fold smaller for T15.285

T8 membrane, used in step 2 of both sequences, showed a higher total resistance compared to T50, T15286

and T1. For this membrane, a higher intrinsic resistance was also observed. This result is in agreement287

with water permeation results, where T8 membrane presented the smallest water flux, and thus, a higher288

resistance to permeation. The polarisation layer resistance, referred to as reversible resistance, was also289

higher for T8 membrane compared to the others. For this membrane, the lowest flux values were achieved,290

regardless of fractionation sequence. A very small part of the total resistance was not recovered after291

rinsing. In the third step of fractionation, a smaller total resistance was found for sequence 1, represented by292

a higher reversible resistance. This effect could be related to the different membranes used in the previous293

fractionation steps. Irreversible resistances accounted for less than 10% of total resistance in all membranes,294

indicating that accumulated material onto the surface or in the pores were easily removed by simple water295

rinsing.296

3.2.3. Membrane selectivity: fractions characterisation and mass balances297

Full physicochemical characterisation of fractions of the sequences 50-8-1 and 15-8-1 kg mol-1 MWCO298

membranes as well as the mass of fraction recovered are available in Table 2. Mass balances for all components299

presented an error smaller than 20%. The mass balance distribution of dry weight, RNA, total sugars and300

protein is given for fractions of sequences 1 (50-8-1) and 2 (15-8-1) in Figures 6a and 6b, respectively.301

More than 65% mass of dry weight, RNA, total sugars and protein were present in the retentates of302
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Figure 5: Hydraulic resistances of membranes of 50, 15, 8 and 1 kg mol-1 MWCO in sequences 1 (50-8-1) and 2 (15-8-1). Total
hydraulic resistance divided in the following components: RM , the intrinsic hydraulic resistance of the membrane, Rpl, the
resistance related to the polarised layer and RI , the resistance part not recovered after water rinsing.

first and second steps, regardless of the sequence. The transfer of dry weight was very similar for both303

sequences, specially in the last step (retentate and permeate of the third UF), in which about 25% of dry304

weight mass was found. Interestingly, mass distribution of RNA among fractions was very different between305

fractionation sequences. In sequence 1, a equivalent distribution of RNA was observed for retentates 1 and306

2. This indicates that retentates of membranes T8 presented an important mass of RNA, confirming that307

T50 membrane did not retain RNA molecules. On the contrary, a higher proportion of RNA mass was found308

in the retentate of T15 membrane, leaving a smaller mass to go through the second step. The same trend309

was observed in the mass balance of protein. More protein were found in the retentate of T15 membrane310

compared to that of T50. The distribution of total sugars mass in all fractions was very similar for both311

fractionation sequences.312

Concentrations of protein (Lowry), RNA and total sugars (after hydrolysis, determined by Somogyi-313

Nelson method) in dry weight are given Table 2. Those three components represented 22 to 82% of total314

solids in fractions. The SBY protein hydrolysate contained other compounds that were not quantified, such315

as fibres, ashes, lipids as well as polysaccharides and protein fractions that were not be detected by the316

analytical methods used in this work. Salt content is usually representative in yeast hydrolysates, with317
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(a) (b)

Figure 6: Mass balance of dry weight, protein, RNA and total sugars for UF fractions obtained after the fractionation sequences
1 (50-8-1) (a) and 2 (15-8-1) (b).

about 10 g per 100 g [47]. In the SBY protein hydrolysate fractions after UF, salts were probably present,318

as indicated by ions determination and conductivity data, contributing to the unattributed composition319

percentage.320

Total solids content in fractions were decreased as the fractionation steps were carried out and compounds321

were retained. RNA content also decreased in relation to the dry weight in fractions from step 1 to 3. The322

evolution of concentration of proteins, RNA, total and reducing sugars in the three retentates and the last323

permeate obtained after the two fractionation sequences are given in Figures 7a and 7b (for sequences 50-324

8-1 and 15-8-1, respectively). In both fractionation sequences, fractions of T8 membranes were the ones325

that contained the highest amount of protein compounds (confirmed by the high protein concentration in326

retentates and permeates of the second step). Thus, higher resistance to mass transport of T8 membrane327

could be related to the higher content of protein compounds found in this feed fraction.328

As observed in Table 2, total sugars content in dry weight did not show any specific trend after each329

fractionation step. We also investigated the evolution of reducing sugars content in fractions and found that it330

decreased as fractionation went on, independently of membranes sequence (Figures 7a and 7b). Protein and331

nucleic acids in yeast protein hydrolysates are often found as complexes, bound to sugars. Polysaccharides332
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and sugars can also interact with fibres and minerals [48].333
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(a) (b)

Figure 7: Concentrations of protein (Lowry), RNA, total sugars (after hydrolysis by Somogyi-Nelson) and reducing sugars
(DNS) for UF fractions obtained after the fractionation sequences 1 (50-8-1) (a) and 2 (15-8-1) (b).

For those reasons, specific trends in the transmission of those components is difficult to interpret because334

while some sugars are retained, smaller ones can permeate the membrane, resulting in no specific trends on335

total sugars following fractionation.336

On the other hand, reducing sugars are more reactive and are more susceptible to be associated with337

proteins and nucleic acids. Their interaction with peptides and nucleic acids could have contributed to the338

observed decrease in reducing sugars content as fractionation progressed.339

Protein hydrolysates from agro-industrial by-products commonly consist of a wide range of compounds.340

Peptides-rich fractions should attain a certain separation level from the other components so that their use341

as ingredients or nutraceuticals can be envisaged [10]. Figures 8a and 8b show the evolution of protein purity342

with regard to RNA, total sugars (Somogyi-Nelson) and reducing sugars as fractionation sequences 50-8-1343

and 15-8-1 were carried out. Relative protein purity concerning RNA in the sequence 1 of fractionation344

increased 3.4 fold (comparison between the first retentate and the last permeate). Higher protein purity345

regarding RNA for this sequence was obtained for the permeate obtained after the T1 membrane (22.1346

gprotein/gRNA). In the 15-8-1 fractionation sequence, protein purity with regard to RNA was higher for the347

retentate obtained from the T8 membrane (16.6 gprotein/gRNA) and decreased 30% in comparison to the last348
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recovered permeate. Protein purity of fractions regarding total sugars (Somogyi-Nelson) showed roughly the349

same tendency for both fractionation sequences. Higher purity for sequences 50-8-1 and 15-8-1 was achieved350

for the retentate of T8 for both membranes, around 31-34 gprotein/gtotal sugars. For the first fractionation351

sequence, the purity was also high for the retentate of T1 membrane.352

The decrease in protein purity regarding total sugars, RNA and reducing sugars in the permeate of353

membrane T1 of sequence 2 is related to its smaller relative protein concentrations. Indeed, an increase in354

protein purity after the first and second membranes is observed for all components (RNA, total sugars and355

reducing sugars) regardless of the fractionation sequence also because protein concentration was increased356

from retentate 1 to retentate 2 (Figures 7a and 7b). These results confirm the differences observed in the357

concentrations and mass balances of fractions, where more important differences were observed for the first358

membranes (of 50 or 15 kg mol-1 MWCO). This affected the following UF fractionation stages in relation to359

purity/composition of fractions.360

(a) (b)

Figure 8: Evolution of fractions purity (ratio of protein in comparison to RNA, total and reducing sugars) in the first, second
and third fractionation steps for 50-8-1 (a) and 15-8-1 sequences (b).

3.2.4. Molecular weight distribution of protein fractions and peptides361

Size-exclusion chromatograms of 50-8-1 and 15-8-1 sequences are given in Figures 9a and 9b. It can be362

observed that SBY protein hydrolysate chromatographic profiles were not much changed comparing the two363
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fractionation sequences. The retentate of T8 membrane (retentate 2), for example, have shown very similar364

profiles.365

(a) (b)

Figure 9: Size-exclusion chromatograms of fractions obtained after the fractionation sequences 1 (50-8-1) (a) and 2 (15-8-1)
(b). Vertical grey dashed lines represent the molecular weight limits. From the left to the right: MW > 7000 g mol-1, 4000 -
7000 g mol-1, 1000 - 4000 g mol-1, 300 - 1000 g mol-1 and 100 - 300 g mol-1 (t = 36.4 min corresponding to the total column
volume and t = 14.2 min corresponds to the void column volume). Absorbance units (a.u.) in mAU.

Molecular weight distribution considering the ranges smaller than 1 kg mol-1, between 1 and 7 kg mol-1366

and higher than 7 kg mol-1 for both fractionation sequences is given in Table 3. As seen in the chromatograms,367

very small changes between sequences were detected in the molecular distribution of fractions, but the368

molecular distribution of the hydrolysate was gradually changed with further fractionation. The initial369

hydrolysate contained 59% of peptides equal or smaller than 1 kg mol-1, 30% between 1 and 7 kg mol-1,370

and 11% bigger than 7 kg mol-1. After the first fractionation step using either T50 or T15 membranes, the371

peptides within the MW 6 1 range were smaller, peptides of the middle range were kept constant while372

MW > 7 peptides were increased 1.5-1.7 fold. In the second and third fractionation steps the concentration373

of smaller peptides (1 6 MW) in the recovered fractions increased until almost doubled concentrations were374

achieved while higher molecular weight peptides concentrations went down.375

Retention factors achieved in each fractionation step for both tested sequences (50-8-1 and 15-8-1) are376

presented in Figures 10a, 10b and 10c. A higher retention of peptides of all molecular ranges was achieved377
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Table 3: Molecular weight (MW) distribution (%) of protein fractions and peptide recovered after sequences 50-8-1 and 15-8-1
divided in three regions: smaller than 1 kg mol-1, between 1 and 7 kg mol-1 and higher than 7 kg mol-1.

Protein fractions molecular weight distribution (%)

MW 6 1 1 < MW 6 7 7 < MW

Sequence 50-8-1

Retentate 1 50.0 30.8 19.2

Retentate 2 62.3 29.6 8.1

Retentate 3 79.0 19.0 2.0

Permeate 3 91.7 7.0 1.3

Sequence 15-8-1

Retentate 1 51.0 32.2 16.8

Retentate 2 66.0 28.7 5.3

Retentate 3 80.3 17.1 2.6

Permeate 3 88.7 7.9 3.4

Molecular weight ranges in kg mol-1. Standard deviations smaller than 15%.

for the T15 membrane. This result is in agreement with the lower hydrolysate flux and higher reversible378

resistance found for this membrane in comparison to T50. In the second fractionation step, using T8, the379

retention of peptides was very similar for both membranes. Retention of sequence 15-8-1 seems higher380

because the initial feed solids concentration for this sequence was also higher, as shown in Table 2. Even381

though, peptides with a MW higher than 7 kg mol-1 were 8% and 5% of total distribution in the first and382

second sequences, respectively. This result confirms that the previous membrane T15 was able to retain383

slightly more higher molecular weight peptides. Finally, in the third step, the retention of peptides smaller384

than 7 kg mol-1 was higher than that of sequence 15-8-1 as well as a 11% higher percentage of peptides within385

1-7 kg mol-1 range. This result is related to a higher initial solids concentration in this step feed stream386

than in the 50-8-1 sequence (Table 3). The higher retention of T1 membrane in sequence 1 is in agreement387

with mass balance and concentration results, that showed a higher protein amount for T1 retentate.388

3.3. Effect of fractionation on antioxidant properties of SBY389

Table 4 show antioxidant properties of SBY peptides obtained after 50-8-1 and 15-8-1 fractionation390

sequences measured by FRAP and ABTS methods, which evaluate antioxidant properties by different reac-391
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(a) (b)

(c)

Figure 10: Retention rates versus molar mass of peptide fractions during UF fractionation in steps 1 (a), 2 (b) and 3 (b) using
50, 15, 8 and 1 kg mol-1 MWCO membranes.

Standard deviations smaller than 15%.

tions. The ability of antioxidant compounds to be involved in radical quenching by hydrogen atom transfer392

and electron transfer, by the neutralisation of ABTS + organic radical, was measured by the ABTS radical393

scavenging activity of peptide samples. ABTS antioxidant properties in samples ranged from 1550 to 5770394

µmolTE g-1 (d.w.). Highest ABTS scavenging activity was found for the retentate 2 of fractionation sequence395

15-8-1. For this fraction, 1.2 fold increased activity was found in comparison to the initial hydrolysate. This396

fraction contained approximately 66% of peptides smaller than 1 kg mol-1 and 29% of peptides between 1-7397

kg mol-1 (Table 3), which could be related to the expressed antioxidant activity. Other reports suggest that398

ABTS scavenging activity of peptides decrease with increased molecular weight [49]. In this work, this was399
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not observed, as fractions with more than 80% peptides with a molecular weight smaller than 1 kg mol-1400

exhibited reduced ABTS scavenging properties. These fractions could have concentrated mainly amino acids401

instead of peptides, the latter being more effective ABTS + scavengers. ABTS scavenging ability of a yeast402

hydrolysate fraction obtained after UF (MW < 10 kg mol-1) enriched in the Cyclo-His Pro peptide was403

reported previously, with 50% of inhibition achieved at a hydrolysate concentration of 0.9 mg/mL [23]. A404

non-fractionated S. cerevisiae protein hydrolysate with a degree of hydrolysis of 18.5% showed the highest405

ABTS scavenging activity (4653 ± 50 µmolTE mgprotein
-1). These authors detected higher scavenging activ-406

ities for peptide fractions smaller than 3 kg mol-1, but in autolysed samples of higher degree of hydrolysis407

(about 50%), peptide fractions within 5–10 kg mol-1 molecular weight range showed higher ABTS radical-408

scavenging activity compared to lower molecular weight peptides. The presence of hydrophobic amino acid409

residues such as proline, tyrosine and glycine seemed to have played a role in the expression of antioxidant410

activity [42]. It is important to note that ABTS assay was determined in pure ethanol, that would better411

solubilise hydrophobic peptides than water.412

Ferric reducing ability of SBY peptide samples by direct reduction via electron transfer was measured413

by the FRAP assay. Peptides found in the retentate 2 of sequence 50-8-1 and retentates 1 and 2 of sequence414

15-8-1 acted as stronger reducing agents than the initial hydrolysate (20% to 30% higher values). Higher415

antioxidant properties of retentates 1 and 2 could be related to the higher percentage of peptides in the416

molecular weight range of 1-7 kg mol-1, as discussed in section 3.2.4. In the fractions obtained in the last417

step, the concentration of very small peptides or amino acids (< 1 kg mol-1) could limit their expressed418

antioxidant properties.419

A highly antioxidant initial hydrolysate before fractionation is expected for spent yeast hydrolysates420

because the feed usually contains several compounds with antioxidant properties, such as phenols, polysac-421

charides, Maillard-reaction products among other molecules [50]. As fractionation is carried out, these high422
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molecular weight compounds are retained in the first retentate or on the membrane surface, and the antioxi-423

dant activity can be reduced. Even though, antioxidant activity of retentate 2 of 15-8-1 sequence was 1.2 and424

1.7 fold higher than the initial feed, for FRAP and ABTS methods. Antioxidant properties of non-purified425

S. pastorianus autolysates were reported, with FRAP assay values of 199-383 µmolTE mL-1 of fraction, but426

the observed antioxidant properties were attributed to bioactive peptides as well as to glutathione, vitamins427

and phenolic compounds in their free or bond forms [51]. In crude yeast extracts produced by mechanical428

disruption from SBY, antioxidant activity can be even higher (mean values of antioxidant activity evaluated429

by FRAP were 261 ± 14 mgTE 100 g-1 of fraction) [52]. Antioxidant activities found in this work were430

probably expressed by peptides and not by the other SBY compounds.431

Table 4: Antioxidant properties of the main fractions obtained after UF fractionation measured using ABTS and FRAP
methods (in µmolTE g-1 d.w.).

FRAP ABTS

Sequence 50-8-1

Retentate 1 159 ± 14 2371 ± 8

Retentate 2 288 ± 16 3860 ± 11

Retentate 3 69 ± 9 3958 ± 6

Permeate 3 3 ± 1 2710 ± 35

Sequence 15-8-1

Retentate 1 265 ± 25 2976 ± 22

Retentate 2 269 ± 20 5770 ± 41

Retentate 3 72 ± 9 2121 ± 17

Permeate 3 13 ± 2 1551 ± 27

Overall, for both antioxidant methods, the most antioxidant fraction for the sequence 15-8-1 was the one432

obtained after UF in 8 kg mol-1 MWCO membranes (retentate 2), followed by the retentate of the first step433

(retentate 1), the retentate and permeate from 1 kg mol-1 MWCO membranes, in that order (Table 4). These434

data are independent on protein concentration, because samples were tested at a fixed protein concentration435

(section 2.5). Antioxidant properties results suggest that the molecular weight distribution and the presence436

of intermediate size peptides play a role in the expression of antioxidant activities. Considering the very437
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small differences obtained in the antioxidant properties of the fractions of different fractionation sequences,438

anti-diabetic and anti-Alzheimer properties of fractions from only one sequence were investigated. Sequence439

2 (15-8-1) was selected considering its higher ABTS antioxidant activity and wider peptides molecular weight440

distribution.441

3.4. Anti-diabetic properties of SBY peptides442

α-amylase inhibitory potential of ultrafiltered peptide fractions from SBY is presented in Table 5, as443

the concentration of protein in the SBY extract necessary to cause a 50% inhibition in the enzyme activity444

(IC50). All fractions from UF fractionation presented the ability to inhibit α-amylase in concentrations445

ranging from 0.018-0.058 mgprotein mL-1. The smaller the size of peptides (section 3.2.4), the higher the446

inhibitory activity regarding α-amylase, as a smaller concentration of peptides is required to promote the447

same inhibition (50%). Acarbose is a well established α-amylase and α-glucosidase inhibitor and the IC50448

concentration found in this work was within the range reported in previous works (50-80% inhibition caused449

by 0.06-0.30 mg mL-1 for α-amylase) [6, 53]. The concentration of the most active fraction (permeate 3,450

considering the protein amount in the extract) was 18 fold higher than the required amount of the standard451

acarbose to cause a 50% inhibition in α-amylase. Although permeate 3 is less efficient than a reference452

inhibitor, the concentration is still very small for a non-purified material.453

At higher concentrations, retentates from the first and second steps of the fractionation sequence were454

capable of inhibiting α-glucosidase (Table 5). Although those yeast peptides inhibited α-glucosidase activity455

in a dose-dependent manner, it was up to a maximum inhibition (about 7-14%) for both retentates 3 and456

2. For these reasons, the estimation of the IC50 concentration was not possible for these samples in the457

tested peptide concentrations. Highest inhibition activity (14%) by retentate 2 was achieved at a protein458

concentration of 0.32 mg mL-1 whereas for retentate 1, a 7% inhibition was achieved at around 0.4 mgprotein459

mL-1. For α-glucosidase, fractions from the 1 kg mol-1 MWCO membranes (both retentate 3 and permeate460
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3) did not show inhibition potential at the maximum final protein concentrations tested (0.4 and 0.1 gprotein461

L-1, respectively). Limited inhibition ability of fenugreek and quinoa extracts (about 20%) was also reported462

by other authors for natural inhibitors [54]. Inhibitory activity against α-glucosidase of acarbose was higher463

than any of the SBY peptide fractions. Acarbose is a purified synthetic inhibitor whereas SBY fractions are464

crude mixtures of peptides and other non-protein components, with no prior concentration. Similar acarbose465

IC50 concentration (0.15-0.30 mg mL-1) regarding α-glucosidase inhibition was found in literature [9].466

Table 5: Inhibition ability of peptide fractions from spent brewer’s yeast hydrolysate from ultrafiltration sequence 15-8-1 and
relevant standards for α-amylase, α-glucosidase and acetylcholinesterase (AChE) inhibition.

Sample α-amylase α-glucosidase AChE

IC50 Imax (%) C Imax (%) C

Retentate 1 0.058a 7 0.398 36 4.84

Retentate 2 0.051b 14 0.322 16 3.92

Retentate 3 0.023c n.d.* 5 1.44

Permeate 3 0.018d n.d.# (<1%)+

Acarbose <0.060 0.264 (IC50) -

Galantamine - - 0.001 (IC50)

Standard deviations for IC50 of all samples were smaller than 10%; Different letters in the same column indicate significant

differences (95% level). IC50 is the effective concentration of sample at which the enzyme was inhibited by 50%; IC50 concentrations

for SBY peptide samples are expressed in mgprotein mL-1 and for standards (acarbose and galantamine) in mgstandard mL-1; Imax is

the maximum detected enzyme inhibition. C is the protein concentration of the sample to promote fraction’s maximum inhibition,

in mgprotein mL-1; n.d.*: No inhibitory effects observed at the highest concentration used (0.4 mgprotein mL-1); n.d.#: No inhibitory

effects observed at the highest concentration used (0.1 mgprotein mL-1); (<1%)+: less than 1% inhibitory effects were observed at

the highest concentration used (0.8 mgprotein mL-1).

Limited information is available on anti-diabetic properties of yeast protein hydrolysates as this seems to467

be the first report of inhibitory activities of SBY protein hydrolysate against α-amylase and α-glucosidase.468

Apart from peptides from plants (soy, barley) [11], endophytic fungi [55], silkworm pupae [7], albumin [43]469

and salamander [56], various constituents are reported to possess inhibition potential of α-amylase and470

α-glucosidase, such as polyphenols (flavones, flavone glycosides, triterpenes, alkaloids, tannins) [2]. SBY471

peptide fractions produced in this work showed higher inhibition against α-amylase than several plant472

protein extracts. Gastroduodenal quinoa protein digests showed maximum α-amylase inhibition activity473

(IC50 = 0.19 ± 0.02 mg mL-1) at the end of digestive process [57]. A protein hydrolysate from black beans474
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promoted a 53% inhibition of α-amylase at a hydrolysate concentration of 0.33 mg L-1 [58]. Protein extracts475

from bitter gourd showed a very high ability to inhibit both α-amylase in vitro, with a IC50 of 0.26 mg mL-1
476

[6]. A IC50 concentration of 0.7-1 mg mL-1 for protein extracts of Spirulina platensis was able to promote477

inhibition of α-amylase. In ethanol quinoa extracts containing saponins and phenolics, the highest inhibition478

(25%) of α-amylase was detected at 0.6 mgextract mL-1 [54].479

Protein extracts from Spirulina platensis showed inhibition activity regarding α-glucosidase with about480

10-15% inhibition detected for some extracts at 0.25 mg mL-1 [9], in the same range of values found in this481

work. Brewers’ spent grain protein hydrolysates showed smaller inhibitory activity against α-glucosidase482

(IC50 of 5 mg mL-1) [11] than those found for SBY. On the other hand, protein extracts from bitter gourd483

(IC50 = 0.29 mg mL-1) [6], from Chinese salamander (IC50 = 0.04-0.21 mg mL-1) [56] and peptides from484

dark tea (IC50 = 0.04-1.03 mg mL-1) [59] showed a superior ability to inhibit α-glucosidase enzymes in vitro485

compared to SBY fractions.486

In this work, the required concentration of the same fraction of SBY hydrolysate to promote limited487

inhibition of α-glucosidase were much higher than that required to inhibit α-amylase. Digests from quinoa488

protein with a IC50 of 0.19 ± 0.02 mgprotein mL-1 to inhibit α-amylase, also showed higher IC50 regarding489

α-glucosidase (IC50 = 1.75 ± 0.13 mgprotein mL-1). In another work, extracts from the herb T. terrestris490

and chickpea showed high inhibitory activity against α-amylase and a moderate inhibitory effects against491

α-glucosidase [3]. The role played by α-amylase and α-glucosidase in carbohydrates digestion in human is492

synergistic. The first hydrolyses starch into oligo and disaccharides that are then turned into monosaccharides493

by α-glucosidase. Release of monosaccharides in the blood is dependent of an equilibrium of both activities. If494

the inhibitor contains a very strong activity against α-amylase, disaccharides become available for microbiota495

fermentation in the gut, possibly leading to gastrointestinal problems due to excessive fermentation [3].496

Prospective inhibitors should be able to inhibit the enzymes while maintaining this thin balance. That is497
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why mild inhibitory activities against α-amylase and α-glucosidase might be also of interest. Further studies498

are necessary to analyse the in vivo effect of the SBY peptides on the digestion of carbohydrates.499

The enzymes used to promote protein hydrolysis as well as the amino acids composition, the degree500

of hydrolysis and the size of peptides seem to be related to the expression of anti-diabetic activities by501

the inhibition of α-amylase and α-glucosidase. Enzymes from Bacillus sp. such as tripsin or commercial502

enzyme preparations from this micro-organism such as Alcalase™ and Protamex™ are reported to release503

peptides with high inhibitory activity against α-amylase and α-glucosidase [11, 43, 60, 61]. Peptides from504

SBY were produced with two of those enzymes: Alcalase™ and Protamex™ that may be related to the505

release of peptides with anti-diabetic properties. Indeed, trypsin specificity to cleave bonds next to arginine506

and lysine residues was related to the generation of peptides with the ability to inhibit α-glucosidase [43].507

Several active peptides were reported to contain the basic amino acid arginine and proline but mechanistic508

explanations are still lacking [7, 43]. The presence of some hydrophobic amino acids, particularly proline509

and leucine, in the case of hemp seed protein hydrolysates, contributed to the α-glucosidase inhibition [60].510

The influence of the enzyme used in the protein hydrolysis seems to be more important than the degree of511

hydrolysis as correlations between α-glucosidase inhibition values and degrees of hydrolysis (1.2 to 14.7%) of512

brewer’s spent grain hydrolysates were not found, but important differences between enzymes were reported513

[11]. A recent study on the influence of the degree of hydrolysis on the α-glucosidase inhibition activities of514

Alcalase™-produced hemp seed protein hydrolysates report that excessive hydrolysis (degrees of hydrolysis515

higher than 33%) could limit the generation of inhibitor peptides. Hydrolysates with a degree of hydrolysis516

smaller than 10% also did not show any inhibition activity against α-glucosidase [60]. These results suggest517

that in protein hydrolysates of small degree of hydrolysis, further progression of protein hydrolysis (like518

the one that happens during gastro-intestinal digestion) may result in enhanced α-glucosidase inhibition519

activities. In our work, SBY protein hydrolysate fractions with a degree of hydrolysis of 7.5% were already520
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able to inhibit this enzyme in a small extent. After gastro-intestinal digestion, the inhibition could be even521

higher. On the other hand, a slightly decrease in enzymes inhibitions following in vitro digestion was also522

reported recently, for the herb Tribulus terrestris and chickpea [3].523

The only report of anti-diabetic activity of yeast peptides reported an in vivo effect of the peptide524

Cyclo-His-Pro, in rats. Although the mechanism was not clearly established, authors hypothesised that this525

peptide played a role in the regulation of insulin and leptin sensitivity by the stimulation of zinc metabolism526

[23]. To our best knowledge, this is the first report of both α-amylase and α-glucosidase inhibition activities527

of SBY protein hydrolysate. These fractions may work against diabetes through multiple mechanisms. The528

contribution of specific peptides or a synergistic activity among several peptides or other components, their529

mechanism of action and the confirmation of these effects in vivo remains to be studied.530

3.5. Anti-Alzheimer properties of SBY peptides531

SBY ultrafiltered fractions presented the ability to inhibit AChE. All samples inhibited AChE in a dose-532

dependent manner with the maximum inhibitions achieved showed in Table 5. To achieve the same inhibition533

(15%), smaller amounts of retentate 1 (1.6 mgprotein mL-1) were needed in comparison to retentate 2 (3.6534

mgprotein mL-1). On the other hand, retentates 2 and 3 required the same concentration to achieve a 5%535

inhibition (about 1.5 mgprotein mL-1). These results suggest that the size of peptides are important but536

are not solely responsible for the increased AChE inhibitory activity. All active fractions presented AChE537

inhibitory activity much smaller than the common inhibitor galantamine [5].538

As discussed for the inhibitory activities against α-amylase and α-glucosidase, the properties of peptides539

can greatly influence the activity observed. Malomo and Aluko (2016) [62] reported that higher AChE-540

inhibitory activities were probably related to wider size range peptides and were not correlated to the degree541

of hydrolysis. The authors hypothesised that synergistic effects between various peptides could be responsible542

for the increased activity. Most active hemp seed protein hydrolysates against AChE were rich in positively543
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charged amino acids (40%) as well as in arginine. According to the authors, arginine, a positively-charged544

amino acid, may be able to form a stable complex with a unique anionic site present in the surface of AChE545

protein, hindering the access of substrate to the active site [4, 62].546

Antioxidant activities determined by both FRAP and ABTS methods (section 3.3) were superior for547

retentates 1 and 2 in comparison to the other fractions of sequence 15-8-1. One accepted mechanism of548

inhibition of enzyme catalysed processes such as those involved in α-amylase, α-glucosidase and AChE is by549

proton transfer. ABTS scavenging activity work at least by some extent through a hydrogen atom transfer550

mechanism [4], which is probably related to the enhanced inhibition activity against α-glucosidase and AChE551

for the same fractions. On the other hand, the increased effect against α-amylase of the permeate from the552

1 kg mol-1 molecular weight cut-off membrane was not correlated to antioxidant results.553

Herbal methanol extracts (of Centaurea L. species) at 2 mg mL-1 were able to inhibit AChE (14-25%),554

but water extracts of the same plants did not exhibit any activity against AChE [8]. SBY fractions showed555

higher AChE inhibitory activity than these plant extracts but more powerful peptides against AChE were556

reported as well. Hemp seed protein hydrolysates smaller than 1 kg mol-1 molecular weight were able to557

inhibit AChE in the range of 1-50% for a concentration of 0.010 mg mL-1 [62]. This appears to be the first558

report of the inhibitory activity of SBY protein fractions against AChE activity, and further in vivo studies559

are needed to confirm peptides potential as anti-Alzheimer nutraceuticals.560

4. Conclusions561

Peptide fractions from SBY protein hydrolysate were produced from an agroindustrial by-product of the562

brewing industry. Membrane fractionation was able to separate proteins from other yeast compounds (RNA563

and sugars). Fractions with various molecular weight distribution were successfully obtained and presented564

different abilities to inhibit enzymes involved in the digestion of carbohydrates (α-amylase and α-glucosidase)565

and in the development of the Alzheimer’s disease (AChE), both associated with the metabolic syndrome566
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disorder. The retentate obtained after membrane of 8kg mol-1 of molecular weight cut-off, could be used as567

an interesting option as a multi-bioactive ingredient for it presented the higher protein compounds purity568

regarding RNA and sugars whilst presenting elevated levels of all bio-activities tested. Further research569

should provide the identification of peptides involved in bio-activities expression for a deeper comprehension570

of underlying mechanisms and peptide properties, the investigation of the effect of these peptides following571

gastro-intestinal digestion and the confirmation in vivo of their properties.572
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Chapter 9

General Discussion

The extraction of compounds from agro-industrial by-products has been an important

research subject. The development of processing strategies for the extraction of specific

components from complex matrices with the minimum amount of steps and minimum cost

is currently being investigated for a wide variety of by-products. The search for alternative

sources of protein and peptides fits in this context, being motivated by customer demands

and recent market trends.

The recovery of value-added components from agro-industrial by-products is of

interest from both economic and environmental points of view. The processing strategy

needs to consider process sustainability and carefully define technologies choice.

Enzymatic hydrolysis has currently been employed in the treatment of various

by-products and waste streams from the food industry, allowing the recovery of several

value-added components, such as peptides. Once a hydrolysate is produced, complex

composition and the need to separate molecules which generally have similar sizes and

physico-chemical properties) require efficient downstream technologies. Membrane

separation technology is one of the main separation strategies used in the recovery of

value-added fractions from agro-industrial by-products. It is much employed in the

recovery of bioactive peptides because a high throughput separation in mild temperature

conditions is possible. Energy consumption and general cost involved in this technology

are also usually smaller than those of other very performing separation technologies.

The spent brewer’s yeast is an under-explored material with more than half of its

composition represented by proteins (in dry matter). Several challenges are related to

the processing of spent yeasts from brewing: on one side, the complex composition
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(characterised by a naturally high ribonucleic acids content) and variability of strains

and brewing method, that requires a resilient and versatile process; on the other side,

the thick and resistant yeast cell walls, that need to be disrupted in order to release

yeast components.

This work aimed at associating the advantages of efficient and “green” technologies

such as enzymatic hydrolysis and membrane separation with the need to reuse and

add-value to agro-industrial by-products. The search was directed to the production of

bioactive peptides from this by-product from brewing.

The first step in processing the residual yeast was to rupture the cell wall and release

yeast components. For this, we tested two conventional methods (autolysis and glass

bead milling) with a novel enzymatic process using a commercial enzyme Brauzyn™

(Chapter 5). Hydrolysis conditions using this enzyme were studied. At pH 5.5, 60 °C, no

dilution and a 10% enzyme and substrate ratio, maximum yield and antioxidant activity

of the hydrolysate were obtained. The comparison of enzymatically-produced rupture

with autolysis and glass bead milling suggested that the first promoted a higher release

of protein compounds and a more efficient cell breakdown, while maintaining a higher

antioxidant capacity in the final extract. We also evaluated the susceptibility of different

brewing yeasts and reported that repitched yeasts presented a higher resistance of yeast

cells to disruption. These results confirm that yeast processes should contemplate yeast

differences so that a successful implementation of the technology is possible.

As indicated by the results of Chapter 5, one of the most innovative and efficient way

of solubilising proteins from yeasts is through enzymatic hydrolysis. With the objective

of producing peptides, the use of sequential protein hydrolysis in the ruptured material

were evaluated, and a high solids recovery and improvement in antioxidant properties

were achieved. In order to decrease the number of processing steps, a simultaneous

enzymatic hydrolysis to promote both cell wall disruption and peptide production using

Brauzyn™, Protamex™ and Alcalase™ was proposed (Chapter 6). Enzyme proportions

were changed inside of a mixture design and it how the physicochemical characteristics

of the yeast protein hydrolysate changed when the enzymes proportions did were

evaluated, considering total solids and crude protein content, the release of hydrophobic

residues, the degree of hydrolysis, antioxidant properties and colour of the hydrolysates.

All yeast fractions and products were characterised, considering their proximal
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composition and physico-chemical properties. Antioxidant activity of all yeast

hydrolysate was monitored throughout the processing steps, to evaluate how processing

affected the expression of antioxidant abilities, sometimes associated with other

bioactive effects. Yeast protein hydrolysates presented a varying dry matter (d. m.)

content that was dependent on spent brewer’s yeast collection conditions. A high

content of crude protein (>50%, d. m.) was achieved in most of the produced

hydrolysates. Content of polysaccharide is the second most representative (20-35%, d.

m.) followed by an important ash content (about 10%) and the presence of ribonucleic

acids (3-7%). A recovery of 70% of crude proteins from the raw material was achieved.

Protein hydrolysates with limited degree of hydrolysis were produced (average: 15%).

This work demonstrated that the enzyme choice modulated the degree of hydrolysis, the

release of solids, the darkening and browning of samples, and their antioxidant

properties. Depending on the considered product outcome, a different mixture of

enzymes should be selected. The combination of Protamex™ and Brauzyn™, for

instance, seemed to maximise the degree of hydrolysis and antioxidant activity by the

FRAP assay. Protamex™ alone or in high proportions resulted in the darker, more

brown hydrolysates. Finally, equal proportions of the three enzymes resulted in

maximum DPPH antioxidant activity. These results suggested that different

applications for the spent brewer’s yeast protein hydrolysate should envisage different

enzyme proportions. A single protein hydrolysate was chosen to the membrane

separation study. For this, the hydrolysate using equal proportions of all three enzymes

was chosen. This condition resulted in the maximum protein and solids recovery, limited

colour development, limited degree of hydrolysis, release of hydrophobic residues and the

hydrolysate presented high antioxidant activity by DPPH method. The DPPH method

was prioritised over FRAP because the DPPH antioxidant method works from both

hydrogen atom transfer and electron transfer mechanisms, while the FRAP assay only

evaluates the electron transfer mechanism of the species. Correlations between

antioxidant and bioactive properties suggest that antioxidant protein hydrolysates have

a higher probability of presenting bioactive peptides. The membrane separation of the

peptides from spent yeast ultimately envisaged the concentration of bioactive peptides,

thus, this parameter was one of the most important factors on the choice of protein

hydrolysis conditions.
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The separation of the spent brewer’s yeast protein hydrolysate was first studied in

polymeric membranes of polyethersulphone and regenerated cellulose, the most common

materials used in the food industry. Fouling is one of the main challenges of

pressure-driven membrane processes, and the study was focused on understanding which

were the main mechanisms behind this phenomenon during the ultrafiltration of spent

yeasts hydrolysate (Chapter 7), as no information on this subject, that is essential in

process design of unexploited by-products separation such as spent brewer’s yeast was

available in the literature. The aim of this first work on membranes was to investigate

membrane selectivity and fouling after the dead-end ultrafiltration of spent brewer’s

yeast protein hydrolysate. For this we used regenerated cellulose and polyethersulphone

membranes of 30 kDa of molecular weight cut-off from Microdyn Nadir, in two pH (5

and 8). The evaluation was done considering static and dynamic conditions, and a

detailed characterisation of the membranes was done considering surface properties

(roughness, zeta potential, hydrophilicity), resistance to transport and selectivity.

Higher peptide retention was achieved using polyethersulfone membranes and a feed pH

of 5. The susceptibility to fouling was decreased when more hydrophilic regenerated

cellulose membranes were used. A smaller adsorption of proteins and decreased

resistance to mass transfer were achieved at pH 8. Membrane and fractions

characterisations confirmed that peptides are the main foulant in polymeric membranes

and suggested that foulants aggregate on the surface of membranes by weak physical

adsorption.

Our results have shown that hydrophilic membranes seemed more adapted to the

ultrafiltration of spent brewer’s yeast. However, polymeric membranes have a limited

resistance to cleaning, an important factor to food industrial processing. Because of

this, we chose to continue the study in hydrophilic ceramic membranes, in a

pseudo-tangential module. Membranes from TAMI Industries (France) were used, with

molecular weight cut-off from 50 to 1 kDa, made of titanium oxide. These membranes

are resistant to high temperatures, concentrated acids and bases, are autoclavable and

have long functional life. Thus, in the last part of this work, two fractionation sequences

using ceramic membranes were evaluated in the recovery of peptide-rich fractions with

bioactive properties (Chapter 8). A thorough characterisation of fractions composition

allowed the evaluation of how peptides are separated from the other components of the
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spent brewer’s yeast protein hydrolysate. Protein purity regarding RNA was increased

during fractionation with a maximum purity of protein compounds was 34 g per g of

total sugars and 17 g per g of ribonucleic acids. Peptides fractionation was possible

using membranes in the range of 50-1 kg mol-1 of molecular weight cut-off, confirmed

through size exclusion chromatography. Yeast fractionated peptides have shown

antioxidant activities by determined by two methods: Ferric Reducing Ability of Plasma

(FRAP) and ABTS radical scavenging activity. Data suggested that the molecular

weight distribution and the presence of intermediate size peptides played a role in the

expression of these antioxidant activities. Multi-active fractions against the metabolic

syndrome were obtained, presenting antioxidant properties and inhibition activities

against α-amylase, α-glucosidase and acetylcholinesterase. The contribution of specific

peptides or a synergistic activity among several peptides or other components, their

mechanism of action and the confirmation of these effects in vivo remains to be studied.

Each fraction presented different extents of activity, and each could be used for one

purpose. The retentate obtained after the 15 and 8 kg mol-1 molecular weight cut-off

membranes could be used as an interesting option as a multi-bioactive ingredient. It

presented the higher protein compounds purity regarding RNA and sugars whilst

presenting elevated levels of all bio-activities tested.

The results presented in this work encourage studies and development of strategies to

the valorisation of agro-industrial residues, specially yeast-based by-products as source of

bioactive peptides. The obtained peptides showed characteristics that are in harmony with

the trend of alternative sources of proteins and the movement towards a more sustainable

economy with less residues. The spent yeast fractions produced in this work may be used

as ingredients for applications in the food, biotechnological and pharmaceutical industries.
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Chapter 10

General Conclusions and Perspectives

10.1 Conclusions

Enzymatic hydrolysis was a technically efficient method to promote yeast disruption and

produce peptides from spent brewer’s yeast. The process developed with commercial

enzymes Brauzyn®, Alcalase™ and Protamex™ was effective at high solid concentrations,

without previous dilution of the substrate, at mild conditions (pH 7 and 50 °C). Proportion

of enzymes as well as enzyme choice modulated the degree of hydrolysis, release of solids,

browning degree of samples and antioxidant properties, and should be defined according

to the ingredient intended application.

The production of protein-rich fractions from spent brewer’s yeast protein hydrolysate

was possible through ultra and nanofiltration in both polymeric and ceramic membranes.

In polymeric membranes, fouling can be minimised if hydrophilic membrane materials

are used and at higher pH values. The multi-stage fractionation of spent brewer’s yeast

bioactive peptides was possible using ceramic membranes of molecular weight cut-off

between 50-1 kg mol-1. Peptides with multiple activities against the metabolic syndrome

were found, being able to act as antioxidants or inhibitors of enzymes involved in the

digestion of carbohydrates and in the development of Alzheimer’s disease.

Based on the findings and knowledge presented in this work, it is concluded that

sequential processes based on enzymatic hydrolysis and membrane separation are

capable of producing fractions rich in peptides from spent brewer’s yeast and therefore

this by-product can be considered as an alternative source of protein for the production
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of peptides. The process developed may be applicable for the reuse and transformation

of other biomass or yeast-based wastes of complex composition.

10.2 Perspectives

This work was able to assess a small portion of the potential of spent yeasts as novel

ingredients. Further research in targeted processing technologies with smaller steps and

higher efficiency are required to add even more value to spent brewer’s yeast-based

ingredients. Some points to be explored that could certainly aggregate to this field of

research, are:

• Expand the application of residual yeast processing technology: studies on the

influence of yeast strain, changes in brewing parameters and the development of

more flexible processes that are able to handle these variations; evaluation of the

influence of fermentation processes on the recovery of targeted molecules from

inactivated spent brewer’s yeast, instead of protein hydrolysis; further research in

targeted processing technologies with fewer steps and improved efficiency;

industrial scale adaptation of the technology;

• Optimise separation: optimisation of process conditions for the ultrafiltration of

spent brewer’s yeast hydrolysates focused on flux and yield performance, in pilot

and industrial scales, for different modules and systems; simultaneous extraction and

separation, for instance, using membrane bioreactors; evaluation of the development

of multi-stage fractionation bio-processes able to separate more than one component

of the hydrolysate at the same time, in different fractions, such as β-glucans, GABA,

kynurenic acid, etc;

• Investigate functional and bioactive properties and aspects of product engineering:

further exploration of spent brewer’s yeast peptides technological functionalities

(emulsification capacity, water-holding ability, etc.) and bio-activities, in vitro and

in vivo; investigation of underlying mechanisms of the anti-diabetic, antioxidant

and anti-Alzheimer activities found in this work; identification of the different

spent brewer’s yeast peptides released, by mass spectrometry; toxicity evaluation

of final peptide extracts and all fractions/ingredients with commercial potential
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generated during the process; digestibility/bio-accessibility investigation of the

developed ingredients; sensorial analysis of the obtained fractions and peptides

should be carried out to evaluate the acceptability and application of those

ingredients in food products.
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Report of performed activities and

project progression

Performed activities and research schedule

Gabriela Vollet Marson entered in the Honours Doctorate program in Food Engineering

at School of Food Engineering of UNICAMP and in Process Engineering at GAIA

Doctoral School of Université de Montpellier in a dual-degree agreement in March 2017.

The student was awarded with two FAPESP scholarships for the dual-degree honours

doctorate in March 2017 (grant numbers: 2016/18465-8 and 2018/04067-6). During the

years 2016-2017 the compulsory and elective disciplines were completed at UNICAMP

as well as the first stages of the study. In 2017, the student also participated in the

Teacher Training Internship program (PED - UNICAMP) for the course "Industrial

Projects" in the undergraduate Food Engineering program (60 h). In February 2017, the

student was awarded with the second FAPESP scholarship to continue her research in

the European Institute of Membranes. In July 2018 the student presented her research

progress in qualification required by UNICAMP and was approved. From August 2018

to December 2019, the student performed research activities at Institut Européen des

Membranes. Credits required by the Doctoral School of Université de Montpellier were

completed, including transversal competences such as improved thesis writing, data

analysis and development of communication skills. Two qualifications required by

Université de Montpellier were carried out with a group of three independent researchers
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to access the progress of the project (one in September 2018 and the other in June

2019). In Table A.1, research activities performed during PhD were presented.

Credits completed at UNICAMP (300 h):

• Transport phenomena 1 (Mass transport) - 60 h;
• Transport phenomena 2 (Mass transport, heat and movement) - 60 h;
• Thermodynamics - 45 h;
• Special Topics in Food Science (Bioactive molecules) - 30 h;
• Special Topics in Food Engineering (Production and characterisation of powders) - 30

h;
• Seminars - 30 h;
• Bioactive compounds evaluation in vitro and ex vivo - 45 h;

Credits completed at Université de Montpellier (96 h):

• Management tools - 14 h;
• Write to convince - 14 h;
• How to improve your communication - 14 h;
• Thesis writing and structuring - 20 h;
• Research ethics - 20 h;
• Statistics using R - 14 h;
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Table A.1: Schedule of research activities during the PhD program

Activities 2016 2017 2018 2019 2020 (1S)

State of the art X X X X X
Project preparation X X

Methodology definition X X X
Yeast cell wall rupture X X
Protein hydrolysis X X

Fractionation using polymeric membranes X
Fractionation using ceramic membranes X

Purification using electrodialysis X
Purification and identification of peptides X X

In vitro biological activity tests X
Data analysis X X X X X

Manuscripts redaction X X X X X
Thesis preparation X X
Thesis defence X

"1S": First semester.

Other academic activities

Published papers in Research Journals

Ahmad, S.; Marson, G. V.; Zeb, W.; Rehman, W. U.; Younas, M.; Farrukh, S.;

Rezakazemi, M. (2020) Mass transfer modelling of hollow fiber membrane contactor for

apple juice concentration using osmotic membrane distillation. Separation and

Purification Technology, v. 250, 117209

https://doi.org/10.1016/j.seppur.2020.117209

Pereira, D. T. V.; Marson, G. V.; Barbero, G.; Tarone, A. G.; Cazarin, C.; Hubinger,

M. D.; Martínez, J. (2020) Concentration of bioactive compounds from grape marc using

pressurized liquid extraction followed by integrated membrane processes. Separation and

Purification Technology, v. 250, 117206. https://doi.org/10.1016/j.seppur.2020.

117206

Marson, G. V.; Saturno, R. P.; Comunian, T. A.; Consoli, L.; Machado, M. T. da

C.; Hubinger, M. D. (2020) Maillard conjugates from spent brewer’s yeast by-product

as an innovative encapsulating material. Food Research International, v. 136, 109365.

https://doi.org/10.1016/j.foodres.2020.109365

https://doi.org/10.1016/j.seppur.2020.117209
https://doi.org/10.1016/j.seppur.2020.117206
https://doi.org/10.1016/j.seppur.2020.117206
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Marson, G. V.; Castro, R. J. S. de; Belleville, M-P.; Hubinger, M. D. (2020) Spent

brewer’s yeast as a source of high added value molecules: a systematic review on its

characteristics, processing and potential applications. World Journal of Microbiology and

Biotechnology, v. 36, n. 95, p. 1-22. https://doi.org/10.1007/s11274-020-02866-7

Los, P. R.; Marson, G. V.; Dutcosky, S. D.; Nogueira, A.; Marinho, M. T.; Simões, D.

R. S. (2020) Optimization of beef patties produced with vegetable oils: a mixture design

approach and sensory evaluation. Food Science and Technology, v. 40, suppl. 1, p.

12-20. http://dx.doi.org/10.1590/fst.22518

Marson, G. V.; Castro, R. J. S. de; Machado, M. T. da C.; Zandonadi, F. da S.;

Barros, H. D. de F. Q.; Maróstica Júnior, M. R.; Sussulini, A.; Hubinger, M. D. (2020)

Proteolytic enzymes positively modulated the physicochemical and antioxidant properties

of spent yeast protein hydrolysates. Process Biochemistry, v. 91, p. 34-45. https:

//doi.org/10.1016/j.procbio.2019.11.030

Marson, G. V., Machado, M. T. da C.; Castro, R. J. S. de; Hubinger, M. D. (2019)

Sequential hydrolysis of spent brewer’s yeast improved its physico-chemical characteristics

and antioxidant properties: A strategy to transform waste into added-value biomolecules.

Process Biochemistry, v. 84, p. 91–102. https://doi.org/10.1016/j.procbio.2019.

06.018

Battirola, L. C., Andrade, P. F., Marson, G. V., Hubinger, M. D., Gonçalves, M.

do C. (2017) Cellulose acetate/cellulose nanofiber membranes for whey and fruit juice

microfiltration. Cellulose, v. 24, i. 12, p. 5593–5604. https://doi.org/10.1007/

s10570-017-1510-8

Accepted papers in Research Journals (In press)

Saturno, R. P.*; Vélez-Erazo, E.*; Marson, G. V.; Hubinger, M. D. (2020) Spent

brewer’s yeast proteins and cell debris as innovative emulsifiers and carrier materials

for edible oil microencapsulation. Food Research International. Status at 25/10/2020:

Accepted. Manuscript # FOODRES-D-20-03609R1. *Shared First author

Extended abstracts published in scientific events

Saturno, R. P.; Hubinger, M. D.; Marson, G. V. Brewer’s spent yeast as wall

material for microencapsulation of food compounds (2019) In: Revista dos Trabalhos de

Iniciação Científica da UNICAMP, n. 26, 15 fev.

https://doi.org/10.20396/revpibic2620181175
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Pereira, D. T. V.; Marson, G. V.; Hubinger, M. D.; Martínez, J. Concentration of

anthocyanins from grape marc extract using pressurised liquids and nanofiltration (2018)

In: 18th Euromembrane – Valencià, Spain.

Marson, G. V.; Machado, M. T. da C.; Hubinger, M. D. Influence of feed pH and

membrane material on protein fractionation of brewer’s spent yeast hydrolysate (2018)

In: 18th Euromembrane – Valencià, Spain.

Simple abstracts published in scientific events

Marson, G. V.; Saturno, R. P.; Vélez-Erazo, E. M.; Hubinger, M. D. Spent brewer’s

yeast as a new source of protein: peptides concentrate and yeast cell debris (2020) In: VII

International Conference on Food Proteins and Colloids (CIPCA) – Campinas, Brazil.

Marson, G. V.; Saturno, R. P.; Vélez-Erazo, E. M.; Hubinger, M. D. Production of

concentrated brewer spent yeast protein hydrolysate with a low content of RNA (2019) In:

13th International Congress on Engineering and Food (ICEF13) – Melbourne, Australia.

Marson, G. V.; Saturno, R. P.; Vélez-Erazo, E. M.; Hubinger, M. D. Brewer spent

yeast protein hydrolysate as an emulsifying agent (2019) In: 13th International Congress

on Engineering and Food (ICEF13) – Melbourne, Australia.

Marson, G. V.; Hubinger, M. D.; Belleville, M-P. Valorisation of spent brewer’s yeast

through enzymatic hydrolysis and membrane fractionation (2019) In: Journée des

Doctorants de l’IEM (Institut Européen des Membranes) – Montpellier, France.

Marson, G. V.; Castro, R. J. S. de; Machado, M. T. da C.; Belleville, M-P.; Hubinger,

M. D. Brewer spent yeast susceptibility to protein hydrolysis: effect of serial repitching

and yeast supplier (2019) In: 12th Iberoamerican Congress of Food Engineering (CIBIA)

– Faro, Portugal.

Marson, G. V.; Machado, M. T. da C.; Hubinger, M. D. Effect of protein hydrolysis on

the antioxidant capacity of brewer’s spent yeast (2017) 12o Simpósio Latino-Americano

de Ciência de Alimentos (SLACA) – Campinas, Brazil.

Marson, G. V.; Machado, M. T. da C.; Hubinger, M. D. Lager Pilsen and English

Ale’s brewer spent yeast: an enzymatic cell rupture study (2017) 12o Simpósio Latino-

Americano de Ciência de Alimentos (SLACA) – Campinas, Brazil.

Marson, G. V.; Machado, M. T. da C.; Hubinger, M. D. Performance comparison of

cell wall rupture methods for brewer spent yeast (2017) São Paulo School of Advanced

Sciences (SPSAS) on Reverse Engineering of Processed Food – Campinas, Brazil.
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Presentations in scientific events

Spent brewer’s yeast as a new source of protein: peptides concentrate and yeast cell

debris (2020) In: VII International Conference on Food Proteins and Colloids (CIPCA)

– Campinas, Brazil. Type of presentation: oral.

Production of concentrated brewer spent yeast protein hydrolysate with a low content

of RNA (2019) In: 13th International Congress on Engineering and Food (ICEF13) –

Melbourne, Australia. Type of presentation: oral.

Brewer spent yeast protein hydrolysate as an emulsifying agent (2019) In: 13th

International Congress on Engineering and Food (ICEF13) – Melbourne, Australia.

Type of presentation: oral.

Valorisation of spent brewer’s yeast through enzymatic hydrolysis and membrane

fractionation (2019) In: Journée des Doctorants de l’IEM (Institut Européen des

Membranes) – Montpellier, France. Type of presentation: oral. Best oral presentation

Brewer spent yeast susceptibility to protein hydrolysis: effect of serial repitching and

yeast supplier (2019) In: 12th Iberoamerican Congress of Food Engineering (CIBIA) –

Faro, Portugal. Type of presentation: poster.

Concentration of anthocyanins from grape marc extract using pressurised liquids and

nanofiltration (2018) In: 18th Euromembrane – Valencià, Spain. Type of presentation:

poster.

Influence of feed pH and membrane material on protein fractionation of brewer’s

spent yeast hydrolysate (2018) In: 18th Euromembrane – Valencià, Spain. Type of

presentation: poster.

Effect of protein hydrolysis on the antioxidant capacity of brewer’s spent yeast (2017)

In: 12o Simpósio Latino-Americano de Ciência de Alimentos (SLACA) – Campinas,

Brazil. Type of presentation: poster.

Lager Pilsen and English Ale’s brewer spent yeast: an enzymatic cell rupture study

(2017) In: 12o Simpósio Latino-Americano de Ciência de Alimentos (SLACA) –

Campinas, Brazil. Type of presentation: poster.

Performance comparison of cell wall rupture methods for brewer spent yeast (2017) In:

São Paulo School of Advanced Sciences (SPSAS) on Reverse Engineering of Processed

Food – Campinas, Brazil. Type of presentation: poster.

Other participation in scientific events
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Journée Doctorale Filière APAB (Agro-ressources, processes, food and bioproducts)

from GAIA Doctoral School, 2019.

Mesa Redonda: Tendências em Gastronomia, Ciência e Indústria, 2017.

Peer reviewer at XXV Congresso de Iniciação Científica da UNICAMP, 2017.

First International Workshop Bioactive Compounds: From Food Science to Human

Nutrition, 2016.

Food Toxicology: in particular related to the veterinary drug residues in food, 2016.

Workshop: Concentration, Crystallisation, Spray drying & Rehydration: Effect on

dairy powder quality, 2016.

Teacher Training Internship program (PED - UNICAMP)

Participant with a scholarship (PED C-category), in the course "Industrial Projects"

in the undergraduate Food Engineering program (60 h), under the supervision of Prof.

Miriam Dupas Hubinger, in the first semester of 2017.

Co-orientation in the "Initiation on scientific studies program"

Co-orientation of the project “Protein hydrolysate of spent brewer’s yeast as an

emulsifier and wall material for microencapsulation” carried out by the undergraduate

student Rafaela Polessi Saturno, with a scholarship granted by FAPESP

(#2018/11442-8), during the period from August 2018 to July 2019.

Co-orientation of the project “Brewer’s spent yeast as wall material for

microencapsulation of food compounds” carried out by the undergraduate student

Rafaela Polessi Saturno, with a scholarship granted by UNICAMP (PIBIC), during the

period from August 2017 to July 2018.

Peer-reviewer in Research Journals

Food Research International (Elsevier), since January 2019.

Brazilian Journal of Microbiology (Springer), since May 2020.

Journal of the American Society of Brewing Chemists (Taylor & Francis), since August

2020.

International Journal of Food Science and Technology (John Wiley & Sons), since

September 2020.

Process Biochemistry (Elsevier), since October 2020.
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Food-grade carrier agents

A B S T R A C T

Yeast-based by-products are greatly available, have a rich nutritional composition and functional properties. The
spent brewer’s yeast (SBY) cells after enzymatic hydrolysis may be a sustainable and low-cost alternative as
carrier material for encapsulation processes by spray drying. Our work had as main purpose to characterise the
hydrolysed SBY cell debris after the Maillard reaction and to study their potential as a microencapsulation wall
material. SBY-based Maillard reaction products (MRPs) were used to encapsulate ascorbic acid (AA) by spray
drying. The Maillard Reaction was able to improve the solubility of solids and proteins by 15% and promoted
brown color development (230% higher Browning Index). SBY-based MRPs resulted in particles of a high en-
capsulation yield of AA (101.90 ± 5.5%), a moisture content of about 3.4%, water activity of 0.15, hygro-
scopicity values ranging from 13.8 to 19.3 gH2O/100 g and a glass transition temperature around 71 °C. The
shape and microstructure of the produced particles were confirmed by scanning electron microscopy (MEV),
indicating very similar structure for control and AA encapsulated particles. Fourier Transform Infrared
Spectroscopy (FT-IR) results confirmed the presence of yeast cell debris in the surface of particles. Ascorbic acid
was successfully encapsulated in Maillard conjugates of hydrolyzsd yeast cell debris of Saccharomyces pastorianus
and maltodextrin as confirmed by optical microscopy, differential scanning calorimetry, MEV and FT-IR.

1. Introduction

Great amounts of by-products and residues are produced by the food
industry as a result of raw materials processing. In 2010, about 90
million tons of food waste were produced due only to food manu-
facturing (Ravindran & Jaiswal, 2016). These materials usually have
high moisture content, biological instability and organic load, requiring
an appropriate handling and waste management system that considers
environmental and economical aspects (Nayak & Bhushan, 2019). Some
of those food by-products are underutilised even though they present
great potential to become added-value innovative ingredients for the
food and pharmaceutical industries once adequately processed (Nayak
& Bhushan, 2019; Ravindran & Jaiswal, 2016).

Yeast-based by-products may be an attractive option due to their

great availability, nutritional composition, biocompatibility and en-
vironmental perspective (Ciamponi, Duckham, & Tirelli, 2012;
Paramera, Karathanos, & Konteles, 2014, cha 23; Pérez-Torrado et al.,
2015). The spent brewer yeast (SBY) consists of the spent yeast cells
collected after beer fermentation and is the second most relevant by-
product of the brewing industry (Ferreira, Pinho, Vieira, & Tavarela,
2010; Mathias, Alexandre, Cammarota, Mello, & Sérvulo, 2015), which
is responsible for the generation and management of about 2.3 g of this
waste material per litre of beer produced (Kumar & Chandrasekaran,
2016; Pinto, Coelho, Nunes, ao, & Coimbra, 2015). SBY is rich in car-
bohydrates (about 40% in dry basis) and proteins (about 50% in dry
basis) as well as in vitamins from the B complex and minerals (Mathias
et al., 2015; Mussatto, 2009). Despite presenting a notably high nutri-
tional value and a steady availability throughout the year (Mathias

https://doi.org/10.1016/j.foodres.2020.109365
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Abbreviations: SBY, spent brewer’s yeast; YP, non-treated yeast cells; HP, hydrolysed yeast cells; MRPs, Maillard Reaction Products; RNA, ribonucleic acid; EY,
encapsulation yield; AA, Ascorbic acid; M20, maltodextrin with a dextrose equivalent of 20; YMC, SBY-based Maillard conjugates produced with only hydrolysed
yeast cells; YMC20, SBY-based Maillard conjugates produced with hydrolysed yeast cells and maltodextrin; aw, water activity; ζ -potential, zeta potential; Tg, glass
transition temperature; ΔE, Total Color Difference; BI, Browning Index; BSA, bovine serum albumin; WPI, whey protein isolate

⁎ Corresponding author at: Institut Européen des Membranes, Université de Montpellier, CNRS, ENSCM, UM, CC 047, 2 Place Eugène Bataillon, 34095 Montpellier,
France.

E-mail address: gabrielavollet@gmail.com (G.V. Marson).

Food Research International 136 (2020) 109365

Available online 29 June 2020
0963-9969/ © 2020 Elsevier Ltd. All rights reserved.

T

Appendix B. Article 5: Microencapsulation 194



et al., 2015; Mussatto, 2009; Podpora, Świderski, Sadowska, Rakowska,
& Wasiak-zys, 2016), it is still underutilised as animal feed, with low
commercial value (Shurson, 2018; Vieira, Teixeira, & Ferreira, 2016).
Technological and processing strategies as well as value-added appli-
cations for yeast by-products are being investigated, but the exploration
of SBY is still under development (Amorim, Pinheiro, & Pintado, 2019;
Love, Dalvie, & Love, 2018; Marson et al., 2020; Marson, da Costa
Machado, de Castro, & Hubinger, 2019; Vieira & Ferreira, 2017).

The first step in processing SBY material is to disrupt yeast cell walls
so that cell debris and intracellular compounds may be accessed (Liu,
Zeng, Sun, & Han, 2013). Enzymatic hydrolysis can promote the rup-
ture of the yeast cells, enhance the cell wall porosity, enlarge cell wall
pore size and extract proteins, producing smaller fractions of peptides
(Chae, Joo, & In, 2001; Wei, Thakur, Liu, Zhang, & Wei, 2018; Marson
et al., 2020; Marson, da Costa Machado, de Castro, & Hubinger, 2019;
Wei et al., 2018). After centrifugation, the Saccharomyces sp. cell wall
debris are recovered. The cell wall of Saccharomyces sp. is approxi-
mately 100–200 nm thick and comprises 15–25% of the dry mass of the
cell. It is made of a β-1,3-glucan network crosslinked to β-1,6-glucans, a
mannoprotein layer, and a small amount of chitin (Nelson, Duckham, &
Crothers, 2006; Paramera et al., 2014, chap. 23; Shurson, 2018;
Zechner-Krpan et al., 2010). Glucans represents 50–60% of the dry
weight of yeast cell walls) (Nakhaee Moghadam, Khameneh, & Fazly
Bazzaz, 2019; Shurson, 2018; Zechner-Krpan et al., 2010) and along
with chitin, are responsible for the mechanical rigidity of the cell wall
(Paramera et al., 2014, chap. 23). The porosity and molecular flux
passing through yeast cell walls are controlled by the plasma membrane
and mannoproteins (Paramera et al., 2014, Pham-hoang, Voilley, &
Waché, 23; Pham-hoang et al., 2016). β-glucans are functional in-
gredients successfully employed for microencapsulation and reported to
play a role in the retention capability of yeast as a coating material
(Ahmad, Ashraf, Gani, & Gani, 2018; Sobieralska & Kurek, 2019;
Sultana, Tanaka, Fushimi, & Yoshii, 2018). The hydrophobicity and
composition of the yeast cell walls can be changed by factors such as
growth media and strain, influencing the encapsulation properties of
yeast cells (Pham-hoang et al., 2016). Because of its composition and
unique characteristics, the yeast cell wall is currently being used as a
novel coating for the encapsulation of different materials in the food
industry (Mokhtari, Jafari, Khomeiri, Maghsoudlou, & Ghorbani, 2017).

Microencapsulation is a technique in which a core compound of
interest is surrounded by another material, a carrier, resulting in the
formation of small particles. Spray drying is one of the most used
techniques in the food industry for this purpose (O’Sullivan, Norwood,
O’Mahony, & Kelly, 2019), turning liquids into powders of higher sta-
bility and lower transportation costs (Assadpour & Jafari, 2019). The
encapsulation impacts the stability of the core compound because the
carrier protects them against environmental conditions (light, oxygen,
moisture and heating), undesired biological reactions, masks off-fla-
vours and influences their release in products and in complex biological
systems (Anandharamakrishnan & Ishwarya, 2015; Pham-hoang et al.,
2016; Reineccius, 2001, 2004; Saifullah, Shishir, Ferdowsi, Rahman, &
Vuong, 2019; Timilsena, Akanbi, Khalid, Adhikari, & Barrow, 2019).
The extent of those effects is highly dependent on processing para-
meters and carrier composition (Paramera, Konteles, & Karathanos,
2011). A suitable carrier is selected based on process parameters and
technique, cost, functionality, nutritional characteristics, stability
during storage, and other applicable restraints (Assadpour & Jafari,
2019; Mokhtari, Jafari, et al., 2017; Paramera et al., 2011).

The most commonly employed biopolymers used as carrier agents
for encapsulation are proteins and polysaccharides, namely Arabic
gum, maltodextrin, gelatin, soy and whey proteins. In spray-drying
microencapsulation, maltodextrin is widely used because it is cost-ef-
fective, presents high water solubility, low viscosity and moderate
sweet taste, allowing to attain high solid ratios, advantageous for core
retention (Sultana et al., 2018). Maltodextrin rapidly forms a dense film
around the core, providing an excellent protection for the core material,

specially when combined with proteins, which increase their emulsifi-
cation capacity (Anandharamakrishnan & Ishwarya, 2015).

Great interest surrounds the investigation of new food-grade wall
materials. Agro-industrial by-products may be a compelling alternative,
proposing water-soluble, protein and polysaccharides-rich materials for
biomolecules encapsulation associated with a sustainable approach and
waste management solution. Alternative sources of protein are also
increasingly in demand as substitutes for animal proteins in human
nutrition, and SBY is considered as an option (Love et al., 2018;
Mussatto, 2009).

Yeast materials are reported successfully in the encapsulation of
several hydrophilic and hydrophobic food compounds (Nelson et al.,
2006; Paramera et al., 2011, 2014; Pham-hoang et al., 2016; Shi et al.,
2010; Sultana et al., 2017). The main cell components responsible for
the yeasts’ excellent encapsulating agent properties are cell wall con-
stituents and inner plasma membrane (Paramera et al., 2014, chap. 23).
Yeasts can be used as microcapsules (the core material penetrates the
cells via passive diffusion) in viable or not, entire or plasmolysed yeast
(Paramera et al., 2011; Pham-hoang et al., 2016; Shi et al., 2010). Yeast
cell debris are also suitable carriers for food microencapsulation
(Mokhtari, Jafari, et al., 2017; Paramera et al., 2014, chap. 23). Broken
yeast cell wall material from S. cerevisiae was used in the encapsulation
of probiotic bacteria which are bigger in size (Mokhtari, Jafari, et al.,
2017). The yeast coating impacted positively the resistance of the en-
capsulated probiotic bacteria in triple layered microcapsules with al-
ginate, retarding gastric fluid permeation (Mokhtari, Jafari, et al.,
2017). The yeast cell wall is reported to promote a successful protection
against the oxidation of compounds and some authors stated that the
yeast cell wall may have a better antioxidative ability than isolated
β-glucan (Jaehrig, Rohn, Kroh, Fleischer, & Kurz, 2007; Sultana et al.,
2018). Yeast cell mannans from S. cerevisiae are also reported to have
antioxidant and antimutagenic properties (Križková, Ďuračková,
Šandula, Sasinková, & Krajčovič, 2001; Liu, Huang, & Lv, 2018). In-
deed, there seem to be a tendency to procuce capsules with dual health-
promoting properties, from both the core and coating materials
(Drozińska, Kanclerz, & Kurek, 2019).

The Maillard reaction is defined as the reaction between amino
acids and reducing sugars, eventually forming melanoidins, brown-co-
loured polymers (Mirafzali, Thompson, & Tallua, 2014, chap. 13). The
Maillard reaction can also result in an increased solubility and de-
creased allergic effects, caused mainly by the glycation of carbohy-
drates to proteins (Consoli et al., 2018; Yang et al., 2015). Moreover,
the enhancement of antioxidant properties may occur, and have been
related to the development of advanced Maillard Reaction Products
(MRPs) (Consoli et al., 2018; Li et al., 2013; O’Regan & Mulvihill,
2009). In this context, the Maillard reaction may be seen as an option to
obtain ingredients of improved functional and sensorial properties.
Protein hydrolysates have been studied as substrate for the Maillard
reaction to obtain ingredients of improved functional and sensorial
properties (Hou, Li, Zhao, Zhang, & Li, 2011; Liu, Liu, He, Song, &
Chen, 2015; Wei et al., 2018). Regarding the SBY material, this reaction
was previously reported as a processing step for brewer yeast extract
production as a flavour enhancing step (In, Kim, & Chae, 2005), but was
not employed with the interest of improving functional properties as
the solubility of yeast compounds and development of colour.

In previous works, standard, plasmolysed or milled compressed
baker’s yeast (Saccharomyces cerevisiae) (Mokhtari, Jafari, et al., 2017;
Mokhtari, Khomeiri, Jafari, Maghsoudlou, & Ghorbani, 2017; Paramera
et al., 2011) or spent yeast by-product from β-glucan production
(Saccharomyces cerevisiae) (Sultana et al., 2017; Sultana et al., 2018)
were used for microencapsulation purposes. In Mokhtari, Jafari, et al.
(2017), Mokhtari, Khomeiri, et al. (2017) works, baker’s yeast cells
were used to encapsulate probiotics through coating of alginate cap-
sules. Paramera et al. (2011), Sultana et al. (2017), Sultana et al.
(2018), Shi et al. (2010) encapsulated, respectively, curcumin, flavors
and chlorogenic acid in yeast cells as preformed natural capsules, by
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passive cell transport, and then dried the obtained material. Spray
drying using hydrolysed SBY cell walls was not yet reported. The SBY
proposed in this work is still a different material because it is not an
yeast pure material - which is usually used in microencapsulation stu-
dies - it contains compounds from the beer production process and are
exhausted cells after fermentation, which changes their characteristics
and cell wall composition (Marson et al., 2019; Mathias et al., 2015).
Moreover, in those works the yeast cells were not enzymatically hy-
drolysed - what causes important changes on the physico-chemical
characteristics of the material - and were β-glucan depleted (because of
their previous application). Because of all those particularities and
because of the recently reported importance of β-glucan in the micro-
encapsulation capacity of yeast cells (Ahmad et al. (2018), Ahmad et al.
(2018), Marson, de Castro, et al. (2019)), the evaluation of this material
is of great interest. In this work, we propose the use of Maillard-reacted
SBY cell wall debris as a coating material for ascorbic acid, a model core
material. Ascorbic acid is a widely used ingredient in the food industry
added as a vitamin supplement and antioxidant, but its high reactivity
and low stability to oxygen and metallic ions limits their direct appli-
cation as an ingredient. Acids can also promote undesirable changes in
foods such as colour degradation, undesirable odours, changes in pH
and flavor when incorporated directly (Trindade & Grosso, 2000).

2. Material and methods

2.1. Material

2.1.1. Microencapsulation materials
The carrier material proposed was the enzymatically hydrolysed

yeast cells of SBY (Section 2.2). The raw material (S. pastorianus) from
Lager Pilsen beer production (Diamond Lager, Lallemand, Canada),
collected after 11 days of beer maturation without any repitching at
Haus Bier Brewery (São José dos Campos, Brazil), was homogenised
and kept at 2 °C until processing. Enzymes used were AlcalaseTM 2.4 L
and ProtamexTM, supplied by Novozymes (Denmark), and Brauzyn®
100 L, supplied by Prozyn (Brazil). Maltodextrin with a dextrose
equivalent of 20% (MOR-REX® 1920) was supplied by Ingredion
(Brazil) and L-ascorbic acid (99%), which was used as the core material,
was purchased from Sigma-Aldrich (Steinheim, Germany).

2.1.2. Reagents
Bovine serum albumine (BSA) (electrophoretic grade) was pur-

chased from Sigma-Aldrich (Steinheim, Germany). All other reagents
were of analytical grade.

2.2. Production of spent brewer’s yeast hydrolyzed cells

The schematic representation of all experimental steps taken in this
work to study the hydrolysed yeast cells as carrier materials for ascorbic
acid microencapsulation are presented in Fig. 1. The hydrolysed yeast
cell debris (HP) were produced using the method of Marson, de Castro,
et al. (2019). Briefly, the yeast slurry was heat-treated, at 70.0 ± 0.2 °C,
under 1000 rpm of agitation for an hour, followed by an ice bath. Then
hydrolysis was done at pH 7.0, 50 °C, under agitation, for 2 h. A mix-
ture of enzymes was added (AlcalaseTM, ProtamexTM, Brauzyn®) in an
enzyme:substrate ratio of 666.67 U gprotein−1 each. Enzymes were then
inactivated by heating (95 °C for 15 min). Non-treated raw material and
hydrolysate were centrifuged at 15,300g for 30 min at 4 °C (Allegra
25R, Beckman Coulter, United States), to harvest the yeast cells, which
were kept at - 20 °C in polypropylene bottles until further analysis.

2.3. Characterisation of spent brewer’s yeast material and fractions

Physico-chemical and proximal composition analysis were per-
formed in the non-treated and hydrolysed SBY cell debris. Total solids,
pH value, total titratable acidity, crude protein content, total sugars,

fibres, ash and ribonucleic acids (RNA) content were determined as
described below in Section 2.3.1. Particle’s size distribution (2.3.2),
surface tension (2.3.3) and ζ potential (2.3.4) of the yeast materials
were also determined.

2.3.1. Proximal composition
Sample’s total solids content (%, m/m) was determined gravime-

trically at 105 °C for 12 h using an incubator (C-HT 515, Fanem, Brazil).
Ashes and fibres were determined (AOAC, 2006) as well as total titrable
acidity (AOAC, 2006) considering citric acid as the major acid present
in the samples. Total sugars content was measured according to the
Phenol-Sulphuric Acid Assay (Fournier, 2001) and reducing sugars by
the method of Somogyi-Nelson (Fournier, 2001) using glucose as
standard. Crude protein content was determined by the Dumas method
(Wrolstad et al., 2005) in an element analyser CHNS-O (Flash 2000,
ThermoScientific, USA). A nitrogen conversion factor of 5.5 was con-
sidered because of the high content of non-proteic nitrogen in yeast, as
previously reported by other papers which measured crude protein in
yeast products (Caballero-Córdoba & Sgarbieri, 2000; de la Hoz et al.,
2014; Reed & Nagodawithana, 1991). RNA was extracted according to
the method of Webb (1958), Webb and Levy (1955) and determined
based on the calculation presented by Sceni et al. (2009).

2.3.2. Particle size
Estimation of particle size and particle size distribution in the yeast

materials was determined by the angular variation in the intensity of
scattered light, as a laser beam passes through the sample (Mastersizer
2000, Malvern Instruments Ltd., UK), using water as dispersant. Non-
treated yeast cells (YP) and hydrolysed yeast cell debris (HP) were di-
luted in distilled water to reach a concentration of 3% (m/v, wet basis).
Whole yeast (Y) was not diluted. Mean diameter of particles was ex-
pressed as the volume-weighted mean diameter, D[4.3] (Fan & Zhu,

Fig. 1. Full schematic representation of experimental plan for the production of
hydrolysed yeast cells (HP) from spent brewer’s yeast (Y) and encapsulation of
ascorbic acid (AA) using SBY-based Maillard conjugates and maltodextrin
(YMC20) as a wall material. SBY: spent brewer’s yeast; HP: hydrolysed yeast
cells; M20: Maltodextrin with a dextrose equivalent of 20%; YMC: SBY-based
Maillard conjugates produced with only hydrolysed yeast cells; YMC20: SBY-
based Maillard conjugates produced with hydrolysed yeast cells and mal-
todextrin; AA: ascorbic acid.
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1998), as presented in Eq. 1, where di represents the particles diameter
and n is the amount of particles.

= ∑∑ ==D
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The particle size distribution was measured as the span, which
considers the equivalent volume diameters at 90% (D(0.9)), 10% (D(0.1)),
and 50% (D(0.5)) cumulative volume (Jinapong, Suphantharika, &
Jamnong, 2008), as presented in Eq. 2.= −
Span

D D
D

(0.9) (0.1)

(0.5) (2)

2.3.3. Surface tension
Non-treated (YP) and hydrolysed yeast cell debris (HP) were diluted

prior to analysis to a concentration of 3% (m/v, wet basis). The solution
was left 1 h at 2 °C, the supernatant was collected and the pH adjusted
using NaOH or HCl. Multiple measurements via camera were made of a
sample’s drop of 6 μL in contact with air for 2000 s in a tensiometer
(Teclis, Tracker, France), on pendant drop mode. For the hydrolysed
yeast cell debris (HP) measurements were made for pH values of 5, 6, 7
and 8 and for the other yeast materials, at pH 7. Six replicates were
determined for each sample. Results were expressed as mN m−1.

2.3.4. Zeta potential
The ζ -potential of yeast materials was determined using a Zetasizer

Nano Series (Malvern Instruments, UK) at 25 °C. HP samples were
suspended in water and diluted as described previously (Section 2.3.3)
and and the non-treated yeast (Y) was diluted to 0.1% (m/v, wet basis).
For HP, measurements were made for pH values of 5, 6, 7 and 8 and for
the other yeast materials, at pH 7. The average pI of HP proteins was
determined as the pH where the surface charge density was equal to
zero.

2.4. Preparation of SBY-based Maillard conjugates

2.4.1. Preparation of the yeast suspensions
The influence of the addition of maltodextrin in the production of

hydrolysed yeast Maillard conjugates was evaluated. The control
(without maltodextrin) suspension was prepared mixing the hydrolysed
yeast cells (HP) directly in distilled water at the concentration of 4%
(m/v, wet basis), resulting in yeast cells Maillard conjugates (YMC).
The experimental suspension was produced the same way, with the
addition of maltodextrin in the proportion of 1:5 (protein content in HP:
maltodextrin, m/m), resulting in another yeast cells Maillard con-
jugates with added maltodextrin (YMC20) (Fig. 1).

2.4.2. Maillard reaction
The Maillard reaction in the HP was prepared in wet medium, ac-

cording to the methodology of Augustin, Sanguansri, and Bode (2006),
with the modifications proposed by Consoli et al. (2018). Briefly, the
suspensions were kept under agitation (400 rpm) at 75 °C for 12 h and
after, cooled down in an ice bath. Non-heated control suspensions were
prepared as well.

2.4.3. Evaluation of the extent of the Maillard Reaction
The extent of Maillard reaction was evaluated by the pH measure-

ment before and after the reaction, supernatant mass recovery, soluble
solids content, peptide content in the supernatant fraction and evolu-
tion of colour.

The pH values of the suspensions before and after the Maillard re-
action were determined in triplicate using a two-point calibrated pH
meter (K39-1014B, Kasvi, Brazil). Then, it was adjusted at the iso-
electric pH (pI) (Section 2.3.4) prior to centrifugation at 15,300 × g for
15 min at 4 °C (Allegra 25R, Beckman Coulter, United States). The mass

of recovered supernatant was recorded. Soluble solid content (°BRIX)
was determined at 25 °C in a refractometer (N-1 alpha, ATAGO, Japan).
(AOAC, 2006).

The peptide concentration of the supernatants was measured by Far-
UV (2800, Unico, United States) following the method of Aitken and
Learmonth (2002) with some modifications. Briefly, samples were
carefully diluted 55 fold using a 5 mM phosphate buffer (pH 7) with
50 mM of sodium sulfate and the absorbance at 205 nm was registered.
A standard curve of BSA diluted under the same conditions was pre-
pared (concentration range of 2–25 mgBSA L−1).

Colour of suspensions before and after the Maillard reaction was
measured in an UV–vis spectrophotometer in reflectance mode using
D65 illuminant (model UltraScan, Hunterlab, United States). Results
were expressed as the Total Color Difference (ΔE) and Browning Index
(BI), which were calculated considering the parameters of the CIE -
L*a*b* scale where L* represents the luminosity (L = 0 corresponds to
the darkest black and L = 100 to the brightest white), a* represents the
green (−)/red (+) colours and b* the blue (−)/yellow (+) colours.

The magnitude of colour changes between control and treated
samples were evaluated through the ΔE, using the first formula of the
Euclidean distance between two points in the CIE - L*a*b* space
(Mokrzycki & Tatol, 2011), as presented in Eq. 3.= − + − + −∗ ∗ ∗ ∗ ∗ ∗E L L a a b bΔ [( ) ( ) ( ) ]control sample control sample control sample

2 2 2 1
2

(3)

The BI was calculated using Eqs. 4 and 5. It measures the shift to-
wards a more brown colour, used to describe non-enzymatic color de-
velopment, such as that caused by the MRPs (In et al., 2005; Song,
Yang, Wei, & Ruan, 2016; Yu et al., 2018).

= ++ −∗ ∗∗ ∗ ∗x a L
L a b

(1.75· )
(5.65· ) (3.01· ) (4)

= − ×BI x 0.31
0.17

100 (5)

2.5. Application of SBY-based Maillard conjugates as a wall material

2.5.1. Encapsulation of ascorbic acid
Two suspensions of 4% (m/v) HP and maltodextrin (1:5, protein

content in HP:maltodextrin, m/m) were prepared in 500 mL jacketed
glass beckers and mixed at 10230 rpm for 8 min in a rotor stator (L5M-
A, Silverson, United States). The Maillard reaction took place as pre-
viously described (Section 2.4.2). After the reaction, the pH of the so-
lution was adjusted to 6.0 and AA was added to one of the suspensions
and submitted to the agitation on the rotor stator using the same con-
ditions. Solid content was 29% with a ratio of wall material to ascorbic
acid of 5:1 (m/m). Both formulations were dried in a mini Spray Dryer
(B-290, Büchi, Switzerland), with a double-fluid-type atomizer nozzle
with a diameter of 0.7 mm operated by compressed air. Constantly
stirred feeding solutions were pumped into the drying chamber by a
peristaltic pump. Inlet temperature was determined at 150 °C based on
previous research of the drying of yeast materials (Luna-Solano,
Salgado-Cervantes, Rodríguez-Jimenes, & García-Alvarado, 2005;
Sultana et al., 2017; Sultana et al., 2018; Zechner-Krpan et al., 2010)
and spray-drying of ascorbic acid using other wall materials (Trindade
& Grosso, 2000). Aspiration rate was about 37 m3 h−1, gas flow of 742
L h−1 and feeding rate of the solutions was approximately 6.5 mL
min−1.

Particles were characterised regarding their encapsulation yield
(Section 2.5.2), moisture content, water activity, hygroscopicity (Sec-
tion 2.5.3), glass transition temperature (Section 2.5.4), morphology by
optical microscopy (Section 2.5.5) as well as particles size distribution
(Section 2.3.2, with compressed air as dispersant).

G.V. Marson, et al. Food Research International 136 (2020) 109365

4

Appendix B. Article 5: Microencapsulation 197



2.5.2. Encapsulation yield
Encapsulation yield (EY) was calculated according to Eq. 6, con-

sidering the initial and final concentration of ascorbic acid (AA) present
in the particles.= ×EY

x
x

(%) 100encapsulated

total (6)

where xencapsulated is the concentration of AA quantified in the particles
(mg g−1); xtotal is the concentration of AA quantified in feed before
drying (mg g−1), on dry basis.

The content of AA in the particles was determined using the
methodology of Estevinho, Carlan, Blaga, and Rocha (2016) with
modifications. Briefly, particles were solubilised in deionised water
(58.3 mgparticles L−1) and the absorbance was measured at 260.6 nm in
quartz cuvettes after the samples stood for 10 min. A standard curve of
AA was prepared (concentration range of 0.5–22 mgAA L−1) and results
were expressed as mgAA gparticles−1. Particles produced without AA
were considered as the controls.

2.5.3. Physico-chemical properties of the particles
The moisture content of the particles was determined using a

moisture-determining balance (model Moc63u, Shimadzu, Japan). The
samples were heated until 105.0 °C and remained at that temperature
until the moisture content, which was measured every 30 s, had a
variation coefficient smaller then 0.01%. Water activity (aw) was
measured using Aqualab digital meter (model 3TE series, Decagon,
USA), and hygroscopicity was determined according to the method of
Cai and Corke (2000), with modifications. One gram of particles was
stored in an hermetic container with saturated NaCl solution (relative
humidity of 75%) at 25 °C. Samples were weighed on the first and se-
venth days of conditioning. Hygroscopicity was expressed as g of ab-
sorbed H2O per 100 g of sample.

2.5.4. Glass transition temperature
Glass transition temperature (Tg) and heat flow of the dried hy-

drolysed yeast cells (HP) and of the spray-dried particles (control and
with AA) were determined by differential scanning calorimetry (DSC)
(TA-MDSC-2920, TA Instruments, USA) equipped with a mechanical
refrigeration system (RCS-refrigerated cooling accessory).
Approximately 3 mg of powder were placed into DSC aluminum pans
(20 μL). Samples were heated at 5 °C min−1 from 0 to 150 °C and an
empty pan was used as reference. Equipment calibration was performed
with indium (melting temperature of 156.6 °C). Helium at 25 mL min−1

was used as the purge gas. All data was treated using the software
Universal Analysis 2.6 (TA Instruments, USA).

2.5.5. Morphology of particles by optical and scanning electron microscopy
The particle morphology was analysed using a Carls Zeiss optical

microscope (Axio Scope A1 model, Gottingen, Germany), with an in-
crease of 100 ×, and a scanning electron microscope with X-ray dis-
persed energy detector, model Leo 440i, EDS 6070 (LEO Electron
Microscopy, Cambridge, UK). Metallic coating was applied to the
samples using a sputter coater, model k450 (Emitech, Kent, UK), with a
gold thinkness estimated at 200 Å. Tensions of 5, 10 and 15 kV were
used, an electric current of 50 mA and amplifications from 150 to 6000
times.

2.5.6. Fourier-Transform Infrared Spectroscopy (FT-IR)
Produced particles as well as vitamin C, maltodextrin and dried

yeast cell wall debris were analysed by Fourier Transform Infrared
Spectroscopy (FT-IR) using a spectrophotometer model IRPrestige-21
(Shimadzu, Kyoto, Japan). Data was analysed using the software
IRSolution, version 1.6. Powder samples were mixed to potassium
bromate into a 13 mm pellet in the proportion of 1:100 (sample:KBr).
The spectra were obtained in the range from 4000 to 400 cm−1.

2.6. Statistical analysis

All experiments were studied in duplicate and all analyses were
performed at least in triplicate. Results were expressed as average va-
lues ± standard deviation and were submitted to analysis of variance
(ANOVA) and comparison of means by Tukey HSD test. ANOVA as-
sumptions were checked through analysis of the residues, tests for data
distribution (Ryan Joiner and Shapiro Wilk) and homogeneity of var-
iances (Multiple Comparisons’ and Levene). Differences were con-
sidered significant at a level of 5%. Correlations between data were
determined by Pearson test followed by paired Student test.

3. Results and discussion

3.1. Characterization of spent brewer’s yeast materials

3.1.1. Proximal composition
The proximal analysis of non-centrifuged whole SBY (Y) and its

precipitate fraction (YP) are presented in Table 1. SBY yeast slurry
contains 12.3% of dry matter, which mainly consists of proteins (41%)
and total sugars (44%), with lower amounts of ash (7%), fibers (7%),
RNA (2%) and lipids (0.2%). Results were in agreement with centesimal
data for Saccharomyces sp. whole cells and SBY, which usually present a
total sugar content of 21.5%-42.3% (Borchani et al., 2014; Caballero-
Córdoba & Sgarbieri, 2000; Sceni et al., 2009) and crude protein con-
tent varying from 27.6% to 50.5% (Borchani et al., 2014; Caballero-
Córdoba & Sgarbieri, 2000; Mathias et al., 2015). Nucleic acid content
was smaller than the previously presented levels (from 6.9% to 10%),
but as it is strain-dependent, high variations are expected (Caballero-
Córdoba & Sgarbieri, 2000; Castrillo & Ugalde, 2003, chap. 22; Sceni
et al., 2009). Ash contents are also within the reported range (5.9% for
SBY and 8.5% to S. cerevisiae yeast biomass) (Caballero-Córdoba &
Sgarbieri, 2000; Mathias et al., 2015). Fibres and lipids usually re-
present, respectively, less than 12% and 4% (dry basis) of global
composition in S. cerevisiae yeast biomass (Pacheco, Caballero-Córdoba,
& Sgarbieri, 1997).

It is important to emphasise that SBY chemical composition as well
as its susceptibility to cell wall breakage is reported to vary greatly

Table 1
Proximal composition and physico-chemical data of non-treated spent brewer’s
yeast (SBY), non-treated yeast cells (YP) and hydrolysed yeast cells (HP)

Analysis SBY YP HP

Total solids (%) 12.3 ± 0.1 26.9 ± 0.2a 26.3 ± 0.3b

Crude protein (%) 40.8 ± 0.1 49.6 ± 0.9a 43.0 ± 0.3b

RNA (%) 1.9 ± 0.1 3.0 ± 0.1a 2.0 ± 0.1b

Total sugars (%) 43.5 ± 2.4 30.9 ± 6.8a 37.2 ± 1.0a

Reducing sugars (%) nd nd 9.0 ± 0.2
Ash (%) 7.0 ± 0.1 4.5 ± 0.1a 5.1 ± 0.1b

Fibre (%) 6.6 ± 0.1 11.3 ± 0.3a 18.4 ± 0.6b

Lipids1 (%) 0.21 0.7 0.0
Total titratable acidity (g

100 gcitric acid
−1)

8.2 ± 0.1 3.8 ± 0.1a 2.0 ± 0.1b

Particle size in suspension -
Diameter (μm)

42.8 ± 2.4 86.1 ± 3.8a 57.0 ± 2.7b

Particle size in suspension - Span
(d.u.)

13.2 ± 0.4 10.6 ± 0.9a 20.9 ± 1.1b

Surface tension at pH 7 (mN m−1) nd 40.1 ± 0.3a 40.4 ± 0.1a

Surface charge density at pH 7
(mV)

−8.7 ± 0.3 −19.2 ± 1.3a −13.3 ± 0.6b

Nd: not determined; d.u.: dimensionless units;
Different letters in the same row indicate significant differences among non-
treated yeast cells (YP) and hydrolysed yeast cells obtained after heating pre-
treatment followed by hydrolysis (HP) with a confidence level of 5%. All
proximal composition results were expressed in dry basis.

1 Determined by difference from total composition (crude proteins, total
sugars, ribonucleic acids (RNA), fiber and ash).
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among yeast strains and suppliers, brewing conditions, the number of
times it is reused and also depends on the stage of fermentation/ma-
turation at which it is removed (Mathias et al., 2015).

The precipitate fraction of the non-treated yeast presents a 2.2 times
higher total solids content than the whole yeast slurry. Indeed, fol-
lowing centrifugation, yeast cell wall components such as glucans and
mannans, which are mostly insoluble, are concentrated on the pre-
cipitate (Shurson, 2018). Higher amounts of crude protein, RNA and
fibres were found, by 22%, 58% and 71%, respectively, whereas the
total sugar content and ash content were lower (by 29% and 36%) in
comparison to the whole residual yeast.

The effect of the hydrolysis in the chemical composition of yeast
cells before and after hydrolysis are also presented in Table 1. A 13%
decrease in crude protein content can be observed. The enzymatic hy-
drolysis promotes the breakdown of the peptide bonds of the proteins,
resulting in lower molecular weight peptides (Kunst, 2003, chap. 17).
These molecules become more soluble and are more susceptible to
migrate to the supernatant fraction (Borchani et al., 2014). This solu-
bilisation, therefore, is traduced into a decrease in the protein content
in the precipitate.

The RNA content of hydrolysed precipitate (HP) was 33% lower
than the non-treated precipitate (YP). Proteins are the components to
which, in acid medium, about 80% of the RNA is complexed (Oliveira &
Oliva Neto, 2011). Both the heat treatment and the hydrolysis alter the
structure of the proteins, releasing their amino acids and, consequently,
the nucleic acids, which become more soluble and migrate to the su-
pernatant fraction. Moreover, Sgarbieri, Alvim, Vilela, Baldini, and
Bragagnolo (1999) also reported a decrease in RNA content and protein
in the precipitate fractions of yeast after rupture of the cell wall. A RNA
content of 5.7% was reported for the precipitate fraction of yeast whole
cells but after the autolysis procedure, the content decreased to 1.8%
for the yeast cell debris.

Total sugar content increased 20% in the precipitate fraction after
hydrolysis. As proteins were cleaved and the yeast cell wall was rup-
tured, carbohydrates could also be released, but because they were not
soluble or were complexed to other molecules, they stayed in the pre-
cipitate fraction. The content of reducing sugars in the HP was higher
(9.0%) than the one reported value in SBY slurry (1.3%) (Mathias et al.,
2015). They appeared to be released during hydrolysis and were pre-
sent in the precipitate fraction.

The contents of ash and fibres seemed to be slightly higher in the
precipitate fraction after the hydrolysis step. Yeast cell wall components
such as glucans and chitin may be determined as fibres, further con-
firming that the precipitate fraction was enriched in cell wall compo-
nents (Shurson, 2018).

In sum, HP was considered a potential substrate for the Maillard
reaction due to the high content of proteins and total sugars (Table 1).
The effect of the addition of maltodextrin was investigated in order to
supplement the reducing sugars content and ensure a good rate of re-
action. The effect of the addition of amino acids to improve the Maillard
reaction was previously reported for SBY, but it did not contribute to
the extent of the reaction in comparison to the effect of added sugars
because yeast hydrolysates usually have already enough amino acids
and amino components (In et al., 2005).

3.1.2. Physico-chemical properties
The values obtained for total titratable acidity are shown in Table 1.

Yeast slurry value was smaller than that previously reported for SBY
(32.7%) but this parameter is strongly affected by beer composition and
process conditions (Mathias et al., 2015). After the hydrolysis, total
titratable acidity was reduced by 47%. A hydrolysis treatment releases
fatty acids and amino acids in the medium, and these components are
believed to influence this parameter (Mathias et al., 2015). Indeed, after
centrifugation, these components probably migrated to the supernatant
fraction (Kunst, 2003, chap. 17), resulting in a decrease of total ti-
tratable acidity in the HP.

The mean values of particle diameter and span are presented in
Table 1. The mean diameter of the particles in the precipitate fraction of
non-treated yeast (YP) was 2 times bigger than that of the non-cen-
trifuged yeast (Y). After hydrolysis, the mean particle size was smaller
by 1.5-fold. Although native yeast cells are reported to have a diameter
of approximately 2–5 μm (Paramera et al., 2014, chap. 23), non-treated
S. cerevisiae cell wall was reported to contain particles ranging from 1 to
500 μm (Borchani et al., 2016), 10 times higher than the hydrolysed
yeast cell debris that produced in this study. Despite of size, compounds
larger than yeast cell wall (4–40 μm) were encapsulated recently
(Mokhtari, Khomeiri, et al., 2017). High span values indicate a high
polidispersion of the particles’ size (from 10.6 to 20.9). In other words,
the span suggests a non-uniform size distribution which can be ex-
plained due to the high degree of complexity of the composition of the
material, as presented in Section 3.1.1. All those chemical components
differ in size and structure and are probably interacting with each
other, resulting in a wider size distribution.

The surface tension of the non-treated yeast precipitate (YP) was
kept constant after the hydrolysis (HP) at pH 7 (Table 1). Surface ten-
sion is known to depend on protein conformation as well as on pH value
of surface-active species. Recently, a method to obtain the hydro-
phobicity of proteins via surface tension measurements was proposed,
taking into account the long known inverse correlation between surface
tension and relative hydrophobicity of proteins (Amrhein, Bauer, Galm,
& Hubbuch, 2015). According to this relationship, hydrophobic amino
acids reduce the surface tension while hydrophilic ones increase it
(Amrhein et al., 2015). Proteins with a hydrophobic character play a
key role in the biological and technological properties of proteins (so-
lubility, and aggregation tendency) which are of interest in the phar-
maceutical and food industries and needed for application studies
(Amrhein et al., 2015; Phongthai, D’Amico, Schoenlechner,
Homthawornchoo, & Rawdkuen, 2018; Xia, Bamdad, Gänzle, & Chen,
2012). Because of this, we determined surface tension of yeast hydro-
lysate suspension at different pHs (Fig. 2). Among pH values evaluated,
surface tension was maximum at pH 5. Maximum hidrophobicity of the
proteins in solution was achieved around pH 7, when the surface ten-
sion was smaller.

In food ingredients microencapsulation, various wall materials with
ionic properties are used, such as phospholipids, proteins and poly-
saccharides. These chemical compounds have electric charges at their
surface which play a role in the stability and physico-chemical prop-
erties of encapsulated products (Arpagaus, Collenberg, Rütti,
Assadpour, & Jafari, 2018). In suspensions, the ζ potential evinces the
surface charge density of a dispersed phase (Ye, Georges, & Selomulya,
2018; Wen-qiong, Lan-wei, Xue, & Yi, 2017) and is an indicator of the
stability or ability of aggregation of the dispersed particles (Arpagaus
et al., 2018; Ye et al., 2018). Strongly charged surfaces (ζ >±30 mV)
are usually considered as more stable and may result in minimum

Fig. 2. Surface tension (mN m−1) and surface charge density (mV) of the hy-
drolysed yeast cell (HP) suspensions at pH 5, 6, 7 and 8.
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aggregation due to intense repulsive forces (Arpagaus et al., 2018; Wen-
qiong et al., 2017). For protein-rich solutions, around the pI, the surface
charge is close to zero and aggregation occurs (Ye et al., 2018). The
approximate pI of HP was 3.6 (determined as described in Section
2.3.4). Debittered SBY biomass (Saccharomyces sp.) pI was previously
reported as 4.5 (Pacheco et al., 1997) but it can change with the pro-
teins present in the material and thus with SBY provenance. We eval-
uated the surface charge density and surface tension in the HP samples
in pH values above the pI (Fig. 2).

The zeta potential values (mV) for all yeast samples are presented in
Table 1. Comparing the surface charge density of the non-treated yeast
(YP) with that of HP at pH 7, a decrease in the surface charge density
value was observed. The hydrolysis and heating pre-treatment process
contribute to the degradation of the phospholipid membrane and yeast
cell wall, potentially modifying the physico-chemical characteristics of
the material, such as surface charge density (Pradelles, Vichi,
Alexandre, & Chassagne, 2009).

At highly positive or negative ζ potentials, the suspension is more
likely to be stable (Ye et al., 2018). Yeast hydrolysate (HP) presented
negative ζ potentials for pH values ranging from 5 to 8 (Fig. 2). In Fig. 2
it can be observed that as the pH increased, there was an increase in the
ζ potential of the solutions, which occurs due to the elevation of the
electrostatic repulsion between the proteins as the pH is farther away
from the pI (Arpagaus et al., 2018; Magdassi & Toledano, 1996, chap.
2). In the studied range, highest surface charge density was attained
around pH 8, but at this pH, the surface tension went up, which could
negatively influence the stability of encapsulated products in which
there is a surface-active stabilisation mechanism. Moreover, the chosen
active for the microencapsulation application study using HP was AA,
which is a compound sensible to pH and stable in the pH range of 4 to 6.
Above this range, the ascorbic acid is irreversibly changed to 2,3-di-
ketogulonic acid, which is an inactive form (Eitenmiller, Landen, & Ye,
2007, chap. 5).

3.2. Maillard reaction

3.2.1. Solubilisation of proteins and extent of reaction
The Maillard reaction was used to increase the solubilisation of

yeast cell debris in water. One indication that the reaction effectively
caused an increase in solubility is the mass transfer from the pre-
cipitated material to the supernatant after centrifugation. As the reac-
tion proceeds, the basic amino group is consumed and the media be-
comes more acidic (Mirafzali et al., 2014, chap. 13). The evolution of
soluble peptide content, pH and BI in the samples before and after the
Maillard reaction are shown in Fig. 3.

It was observed that supernatant mass percentage after centrifuga-
tion was not statistically different both for the HP-only dispersions and
those containing HP and M20. Supernatant recovery was, in average
96% (m/m) for all experiments. Even before the Maillard reaction took
place, the supernatant fraction already represented 95% of the re-
covered mass after centrifugation and maybe because of the low solid
concentration of the suspensions, significant differences in solids mi-
gration could not be detected. However, in HP dispersions there was a
increase of 20% in soluble solids content, probably due to solubilisation
of yeast compounds. After the Maillard reaction, soluble solids content
in the dispersions with and without maltodextrin were 0.6 and 2.5°BRIX, respectively.

According to Fig. 3a, it was observed that the Maillard reaction
raised the concentration of peptides in solution in the suspensions with
maltodextrin by 14.3%, in comparison with the control. The Maillard
reaction is indeed reported to cause the solubilisation of components
(Consoli et al., 2018; Oliver, Melton, & Stanley, 2006).

The extent of the Maillard reaction of the yeast hydrolysate solution
was also checked by monitoring the pH, Browning Index and ΔE against
a control sample. The extent of the change in colour was already re-
ported as a measure of the rate of the Maillard reaction. The rate of

brown pigment formation in SBY was found proportional to the square
of amino content, reducing sugar concentration and time of reaction (In
et al., 2005). The values of pH and Browning Index (BI) of the samples
before and after Maillard reaction, containing or not maltodextrin, are
shown in Figs. 3a and b. A reduction of the pH values of 4.5 and 5.4%
and an increase in BI values of 227.6 and 230.3% in the suspensions
without and with added maltodextrin were observed, respectively,
corroborating the development of the Maillard reaction. In addition,
according to the ΔE, the colour variation of the sample containing
maltodextrin was slightly higher (5.5 ± 0.1) than the sample that did
not contain it (5.3 ± 0.1). It may be explained due to a higher amount of
sugars in the suspension containing maltodextrin, allowing the reaction
to occur more intensely (Ames, 1992, chap. 4; Oliver et al., 2006).

3.3. Microencapsulation by spray drying

Considering the protein and polysaccharide-rich composition of the
hydrolysed yeast cell debris, this material was used along with mal-
todextrin after the Maillard reaction as a carrier material for en-
capsulation of ascorbic acid (AA). Vitamin C is the most unstable of
vitamins, very susceptible to degradation when in contact with light,
heating and oxygen (Eitenmiller et al., 2007, chap. 5).

3.3.1. Encapsulation yield
In the microencapsulation of materials by spray drying, a high

product yield and a maximum encapsulation efficiency are intended
(Assadpour & Jafari, 2019). The EY for the ascorbic acid particles was
101.90 ± 5.5%, showing that the use of yeast as a carrier agent ensured
very little loss of the active materials during the process. In spray dried
particles, the encapsulated compound is dispersed in a porous and
hollow matrix, potentially resulting in lower values of retention, which
was not observed in AA particles with yeast hydrolysate debris as car-
rier. Lee, Ahn, Lee, and Kwak (2004) encapsulated ascorbic acid using
polyacylglycerol monostearate by spray drying, obtaining EY values in
the range of 80.7–94.2%. The microencapsulation of ascorbic acid in
gelatin, rice starch and Arabic gum by spray drying resulted in EYs
higher than 98% (Trindade & Grosso, 2000). Carvalho, Oriani, Oliveira,
and Hubinger (2019) studied the characterisation of ascorbic acid en-
capsulated by spray chilling using palm oil and fully hydrogenated
palm oil as carriers and obtained values of encapsulation efficiency in
the range of 82.6%–96.1%. In other research, Hoyos-Leyva, Chavez-
Salazar, Castellanos-Galeano, Bello-Perez, and J (2018) studied the
physical and chemical stability of L-ascorbic acid microencapsulated
into taro starch spherical aggregates by spray drying and obtained total
retention of 99.0 ± 0.40%. The encapsulation of vitamin C by spray
drying using YMC20 as carrier material promoted similar retention of
AA when compared to the results obtained by these authors. However,
our approach presents advantages since we used a material from a agro-
industrial underutilised residue (food-grade material) with high protein
content (nutritive). In addition, the reuse of this material presents a
sustainable approach and waste management solution. In other words,
YMC20 may be considered a better carrier in relation to poly-
acylglycerol monostearate, palm oil and fully hydrogenated palm oil
and taro starch spherical aggregates, as a new sustainable alternative
for encapsulation of bioactive compounds by spray drying.

3.3.2. Moisture, water activity and hygroscopicity of particles
The values of moisture, aw and hygroscopicity of the particles ob-

tained by spray drying are presented in Table 2. Particles containing AA
presented lower values of moisture and water activity. However, higher
values of hygroscopicity when compared with the control particles
(without AA) were found. All these values obtained for the AA particles
using SBY-maltodextrin-based Maillard conjugates as carrier material
resulted in low values of moisture, aw and hygroscopicity, which is
expected for proper handling, storage and application of the powder. In
addition, aw values lower than 0.6 were obtained, suggesting
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microbiological stability of the powder, limiting the microorganisms
development below this value. Moreover, particles with aw values
below 0.2 have lower susceptibility to enzymatic and non-enzymatic
reactions during storage (Belitz, Grosch, & Schieberle, 2009; Comunian
et al., 2013; Croguennec, 2016, Damodaran, Fennema, & Parkin, 5;
Damodaran et al., 2010).

Hygroscopicity of the encapsulated AA powder was slightly higher
than the control. As the amount of carrier agent is smaller, the hi-
groscopicity of the powders tends to get higher (Breternitz, de
Vasconcelos Fidelis, Silva, Eberlin, & Hubinger, 2017). This parameter
is inversely dependent on the components molecular weight as well as
the physico-chemical structure of the material (chains arrangements).
The complex composition of YMC20 may form a fairly open structure
that provides available interaction with water (Botrel, de Barros
Fernandes, Borges, & Yoshida, 2014).

Choi et al. (2019) studied the enhancement of ultrafine Angelica
gigas powder by spray drying encapsulation using maltodextrin as car-
rier material and obtained moisture values in the range of 4.0%-5.5%.
On the other hand, Otálora, Carriazo, Osorio, and Nazareno (2018)
obtained a moisture content of 1.2 ± 0.1% for particles obtained by
spray drying when cactus (Opuntia megacantha) betaxanthins was

encapsulated using a mixture of maltodextrin-cactus cladode mucilage
as carrier. In another recent research, Machado et al. (2018) evaluated
the encapsulation of anthocyanin-rich extract from blackberry residues
by spray drying using polyvinylpyrrolidone as carrier. These authors
obtained moisture values of 5.3 ± 0.1%. These results indicate that
particles obtained with HP result in moisture values lower than parti-
cles with maltodextrin or olyvinylpyrrolidone as carriers, but higher
than when maltodextrin is used as carrier in combination with another
material. However, all these results are appropriate for application
since they are considered low for a powdered product.

The microencapsulation of jabuticaba, jussara and blueberry phe-
nolic extracts blends by spray drying using maltodextrin, gum Arabic
and whey protein concentrate as wall materials resulted in water ac-
tivity and hygroscopicity values in the range of 0.34–0.45% and
9.1–15.5%, respectively (Rocha et al., 2019). Otálora et al. (2018)
obtained a aw value of 0.39 ± 0.01 for cactus betaxanthins particles
with maltodextrin-cactus cladode mucilage as carrier. It seems that
particles with HD as carrier resulted in samples with lower aw and
hygroscopicity values similar to particles with different wall materials
obtained by spray drying.

Matos, Comunian, Thomazini, and Fávaro-Trindade (2017) eval-
uated the effect of feed preparation on the properties and stability of
ascorbic acid microparticles produced by spray chilling using inter-
esterified fat as carrier and obtained values of aw in the range of
0.63–0.97. These high values were already expected since inter-
esterified fat was used as carrier. Rezende, Nogueira, and Narain (2018)
studied the encapsulation of extract obtained from acerola by spray and
freeze drying using Arabic gum and maltodextrin as encapsulating
agents and obtained hygroscopicity values in the range of 9%–12.5%. It
seems that particles with YMC20 as carrier resulted in samples with
lower aw values and hygroscopicity similar to particles with different
wall materials obtained by spray drying.

Fig. 3. Effect of maltodextrin (M20) addition in the hydrolysed yeast cells (HP) suspension after the Maillard Reaction on peptide concentration (a), pH (b) and
Browning Index (c). The presence of symbols (* or #) in the same group of columns indicates statistical difference (p < 0,05) between the control and Maillard
reaction experiments. Different symbols indicate statistical difference (p < 0,05) between groups (HP and HP+M20).

Table 2
Moisture, water activity (aw) and hygroscopicity of control (pure wall material)
and ascorbic acid (AA) particles produced by spray drying with SBY-mal-
todextrin-based Maillard conjugates (YMC20) as a wall material.

Characterisation YMC20 YMC20 + AA

Moisture (%) 3.8 ± 0.1a 3.0 ± 0.1b

aw 0.2 ± 0.0a 0.1 ± 0.0b

Hygroscopicity (gH2O/ 100 gparticles) 13.8 ± 0.4a 19.3 ± 0.4b

Different letters on the same line indicate significant differences between
treatments (p < 0.05).

Fig. 4. Optical microscopy (increase of 100x) of the particles produced: control (only wall material - YMC20) (a) and ascorbic acid encapsulated in YMC20 (b); and
the particle size distribution of those formulations (c).
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3.3.3. DSC and FT-IR study of particles
Spray-dried samples were studied with Differential Scanning

Calorimetry (DSC) and Fourier-Transform Infrared Spectroscopy (FT-
IR) in order to evaluate their changes in structure after spray-drying.
DSC thermograms indicate system changes in terms of exothermic,
endothermic and heat capacity processes as a function of temperature.
The glass transition temperature (Tg), which is an important parameter
for particulate systems such as samples obtained by spray drying, can
also be determined. Particles are either in a glassy or a rubbery state.
Molecular mobility is reduced in the glassy state, improving the ma-
terial stability and properly protecting the encapsulated compounds
(Kasapis, 2005; Kurozawa, Terng, Hubinger, & Park, 2014). Above the
Tg, the particles’ structure are in a physico-chemical state called
“gummy state”. This condition is characterised by a higher mobility
where physico-chemical modifications are more likely to happen, pos-
sibly resulting in agglomeration, crystallisation, loss of volatiles, dar-
kening or oxidation reactions and consequently destabilisation of the
particulate system. Therefore, a Tg as far as possible from room tem-
perature is desirable to ensure stability and quality of the particles
obtained after drying and during storage (Bhandari & Howes, 1999).

DSC thermograms in Fig. 5a show slightly different profiles for

control particles (YMC20) (i), encapsulated ascorbic acid in YMC20 (ii)
and hydrolysed yeast cell debris (HP) (iii) but in all three, an exo-
thermic peak that starts around 60–70 °C can be observed. This peak
may be attributed to the aggregation of yeast proteins or rearranging of
the structure. Thermally induced-transitions are represented by changes
in peaks shape, temperature and area, providing information about the
interactions of a system (Kaletunç, 2009). Differences in composition
may help to explain the observed changes. Only in YMC2 control par-
ticles, an endothermic peak around 45 °C can be seen. Gelatinization of
β-D-glucan is an endothermic process and was reported previously with
an onset temperature of 52 °C (Khan et al., 2016). In protein-rich ma-
terials, endothermic peaks are also usually related to the denaturation
of proteins or melting of solids (Kaletunç, 2009). To the authors best
knowledge, until now, DSC thermograms of disrupted BSY were not
reported. Other authors reported structure changes in whole yeast cells
regarding the phase transition temperature of yeasts phospholipid bi-
layer (endothermic) and destruction of yeast cell (exothermic) at higher
temperatures (160 and 265 °C) (Paramera et al., 2011).

The glass transition temperature of the yeast cell debris, control and
AA particles ranged from 70 to 72 °C. This result agrees with the values
obtained by Schebor, Galvagno, del Pilar Buera, and Chirife (2000),
which determined the glass transition temperature of dried samples of
S. cerevisiae, obtaining values in the range of 64–87 °C, according to the
moisture content of the samples. No statistical difference (p > 0.05)
between values of Tg for particles with and without AA was found. The
Tg obtained for the microparticles with vitamin C (72.3 ± 0.3 °C) was
high compared to the ambient temperature, which, in combination with
the other parameters, assures the stability of the system and of the
encapsulated material. Zhong, Tan, and Langrish (2019) studied the
redness generation via Maillard reaction of whey protein isolate (WPI)
and AA in spray dried powders and observed Tg values around 80 °C
due to the presence of WPI. Particles obtained with YMC20 as carrier
showed Tg values lower than particles with WPI. Both are considered
good for samples obtained by spray drying for future food applications.

FT-IR spectra of wall materials, vitamin C and particles are pre-
sented in Fig. 5b. Wall materials and particles showed peaks in the
range of 3410–3315 and at 2926–2924 cm−1, which are related to O-H
stretching, residual water and C-H stretching (Akbarbaglu et al., 2019).
The spectra obtained for maltodextrin is similar to reported spectra
when this material was used in the study of spray drying encapsulation
on the retention of antioxidant properties and microstructure of flax-
seed protein hydrolysates (Akbarbaglu et al., 2019). According to these
authors, the peaks at 1658, 1413–1238, 1155 and 1022 cm−1 corre-
spond to O-H, CH2, C-O and C-O-H and =CH/=CH2 bonds, respec-
tively. Regarding to yeast cell wall debris, besides the peaks in the
range of 3377–3323 cm−1, peaks at 2924, 1629, 1546 and 1047 cm−1

were observed. Spectra in the range of 3377–3323 cm−1 correspond,
besides O-H stretching and residual water, to NH stretching vibrations
of proteins and peptides and to amide II overtone (Paramera et al.,
2011). Moreover, the changes in the peaks at 1629 and 1546 cm−1

(present in yeast cell wall debris) to 1597–1409 and to
1656–1411 cm−1 (present in YCM20 + AA and YCM20, respectively),
could be related to partial protein degradation associated to yeast cell
wall (Paramera et al., 2011). Peaks from 1151 to 1026 cm−1 are related
to absorptions of mannans and glucans. The spectra of particles
(YMC20 + AA and YMC20) presented characteristics similar to wall
materials, with some peaks shifted, which are related to presence of
vitamin C and formation of compounds during the Maillard reaction.
The FT-IR spectra of AA encapsulated particles is very similar to that of
control particles (just the carrier material), which confirms the presence
of YMC20 in the surface of the particles.

3.3.4. Microstructure and particle size
The micrographs of the particles obtained by optical microscopy are

shown in Fig. 4a and b. The micrographs did not indicate relevant
morphological differences in the samples with and without AA. In other

Fig. 5. DSC thermograms (a) of (i) control particles (YMC20), (ii) encapsulated
ascorbic acid in YMC20 and (iii) hydrolysed yeast cell (HP); and FT-IR spectra
(b) of particles and separated materials (vitamin C, hydrolysed yeast cell debris
(HP) and maltodextrin). From up to bottom of Figure b: ascorbic acid (vitamin
C); yeast cell wall hydrolysed debris (HP); vitamin C encapsulated in SBY-based
Maillard conjugates and maltodextrin (YMC20+AA); control particles
(YMC20); maltodextrin (M20).
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words, the incorporation of vitamin C into the formulation and the use
of HP with maltodextrin as carriers did not seem to influence particle’s
morphology. As confirmed by SEM images of the control and vitamin C
particles (Fig. 6c and d, respectively), the encapsulated vitamin C
particles presented a rounded shape, as expected using this method of
encapsulation (Bastan, Erdogan, Moskalewicz, & Ustel, 2017). A
smooth and shrinkaged surface was observed, with hollows and without
pores. The observed shrinking characteristic is explained by the sudden
evaporation of water that takes place during the atomisation process.
SEM images of the carrier materials show a very random morphology of
maltodextrin (Fig. 6a). Yeast cell debris hydrolysed material (HP)
(Fig. 6b) shows clearly disrupted yeast cells, very different from
rounded-shaped yeast cells non-hydrolysed as previously reported
(Sultana et al., 2017).

The particle size distribution for the formulations is shown in
Fig. 4c. A bimodal behavior for the particles with AA and control was
observed with only a peak with higher intensity. This behavior was
already expected for this type of material since it is not possible to
control the particle size during atomisation. The particles were not
homogeneous, which makes the small particles occupy the space among
larger ones, reducing the volume and favouring their food application.
A wide range of size distribution (24–280 μm) was also obtained for
alginate-calcium microcapsules containing probiotics and a coating of
yeast cell wall material (Mokhtari, Jafari, et al., 2017) although this
higher span could be attributed to the addition of more layers and not
specifically to the addition of the yeast coating.

Average particle size D[4.3] obtained for the particles containing
ascorbic acid and the control (only wall material without AA) were

14.7 ± 0.6 and 11.6 ± 0.7 μm, respectively. The addition of AA resulted
in 21% larger particles. Despite particles’ size being different, the par-
ticles loaded with vitamin C resulted in appropriate average sizes for
application in food products. Although the absolute size detection
threshold and acceptability are matrix specific and depends on particles
surface morphology, diameters below 100 μm are often reported as
acceptable for most applications in foods because at that size there is
little influence on perceived texture (Annan, Borza, & Hansen, 2008;
Lee, Lee, & Donovan, 2014, cha 28; Yan & Zhang, 2014, chap. 12).

The encapsulation of peppermint oil in whole non-viable S. cerevi-
siae and S. boulardi cells, approximately 30 μm diameter particles were
obtained (Nelson et al., 2006). Those spray-dried particles formed ag-
gregates, resulting in 6 times bigger particles than non-treated yeast
cells (approximately 5 μm) (Nelson et al., 2006). Particles with mean
diameters around 7 and 35 μm were obtained in the encapsulation of
flavours using yeast cells by-product from β-glucan production using
mini and pilot-scale spray dryers, respectively (Sultana et al., 2017).
The particles obtained in this paper using yeast cell debris were much
smaller even though some agglomerates bigger than 100 μm were de-
tected (Fig. 4c). The encapsulation of AA using Arabic gum, gelatin and
rice starch by spray drying resulted in particles of a mean diameters of
8 μm and 18–21 μm, respectively. Multimodal distributions were ob-
served, with particles ranging from 0.3 to 90 μm for Arabic gum and to
224 μm for gelatin and rice starch (Trindade & Grosso, 2000). Hoyos-
Leyva et al. (2018) studied the microencapsulation of L-ascorbic acid
into starch spherical aggregates by spray drying and obtained particle
size of 16.4 μm and particle size distribution similar to particles with
HP, maltodextrin and AA, showing that the use of the precipitate

Fig. 6. Scanning electron microscopy of (a) maltodextrin and (b) yeast cell wall debris (HP), control particles (only wall material - YMC20) (c) and ascorbic acid
encapsulated in YMC20 (d). SEM images of carrier materials (a and b) and particles (c and d) were amplified 500 and 6000 times, respectively.
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fraction of spent brewer’s yeast hydrolysate as carrier promoted the
formation of particles with the similar size and distribution when
compared to standard encapsulating agents.

4. Conclusions

Spent yeasts from brewing are an inexpensive raw material and a
good source of proteins and carbohydrates that can be used in the de-
velopment of food ingredients while promoting the valorisation of re-
levant agricultural by-products. Our work demonstrated the potential of
SBY hydrolysed cell debris to generate MRPs and encapsulate com-
pounds of interest. SBY-based Maillard conjugates were able to en-
capsulate ascorbic acid, resulting in particles of high values of EY, low
aw, moisture and hygroscopicity. The effects of yeast cell wall material
in the particle matrix was clearly depicted through SEM and FT-IR
spectroscopy. In average, particles were smaller than 15 μm and the
glass transition temperature was relatively high (72 °C), indicating
product stability. Future studies are committed to evaluate the viability
of encapsulated compounds using yeast cell debris as wall material, the
stability of the particles along storage as well as appraise particles’
nutritional and potential health-promoting characteristics.
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