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Resumo 

 

Ao longo dos anos, a biologia sintética cresceu com o uso de leveduras geneticamente 

modificadas para produção de ingredientes sustentáveis. À semelhança da indústria 

cervejeira, é gerada uma quantidade considerável de levedura excendentária, que possui um 

valor nutricional notável como fonte proteica alternativa.  

Considerando o aumento da população global e o consequente aumento da procura de 

proteína, a presente tese visa valorizar os péptidos de leveduras geneticamente modificadas, 

produzindo extratos ricos em péptidos quer da sua extração direta, quer a partir dos resíduos 

de extração de β-glucanas e mananas (componentes da parede celular das leveduras) numa 

abordagem de economia circular para a indústria nutracêutica. 

Relativamente à extração de péptidos diretamente da levedura, foram usadas 

metodologias escaláveis e sustentáveis como a homogeneização a alta pressão, sonicação, 

hidrólise enzimática e autólise. Os extratos de leveduras geneticamente modificadas 

mostraram excelentes perfis nutricionais, semelhantes aos das estirpes não-modificadas. A 

autólise destacou-se como uma abordagem promissora, embora outras métricas de 

sustentabilidade ainda precisem ser estudadas para a implementação industrial desse 

processo. 

Para aprofundar as propriedades biológicas dos péptidos do autolisado, testaram-se dois 

métodos de purificação: ultrafiltração e cromatografia por exclusão de tamanho. As frações 

resultantes exibiram diversos teores de proteína, distribuições de pesos moleculares e 

sequências de péptidos, apresentando uma elevada capacidade de inibição da enzima 

conversora da angiotensina, atividade antioxidante, e uma maior inibição da 3-hidroxi-3-

metilglutaril-coenzima A (HMG-CoA) redutase do que o autolisado original, sugerindo a 

importância da purificação para produzir suplementos alimentares com efeito 

anticolesterolémico. Até onde sabemos, a inibição da HMG-CoA redutase associada a 

péptidos de levedura é aqui reportada pela primeira vez. Considerando o custo-benefício, a 

ultrafiltração parece ser o método mais adequado para a produção de extratos ricos em 

péptidos destinados ao mercado nutracêutico.  

A ultrafiltração foi também aplicada aos sobrenadantes dos resíduos de extração de β-

glucanas e mananas da levedura, maximizando a abordagem de economia circular para a 

produção de extratos ricos em péptidos. Estes extratos apresentaram um desempenho 
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nutricional e bioativo comparável aos obtidos diretamente da levedura, tornando-os 

excelentes ingredientes para o setor nutracêutico. 

Considerando a composição dos aminoácidos nos extratos peptídicos, identificou-se 

potencial para formar complexos Fe-péptidos com a fração Gpep > 1 kDa (fração peptídica 

com peso molecular maior que 1 kDa proveniente dos resíduos de extração de β-glucanas) 

em condições anóxicas. Do desenho fatorial aplicado mostrou-se que as condições ótimas 

de reação ocorrem a pH 6,0 durante 30 min, sendo a complexação confirmada por análise 

química e estrutural.  

Finalmente, os complexos foram submetidos à simulação in vitro da digestão 

gastrointestinal humana, e sua absorção foi analisada numa linha celular de adenocarcinoma 

do cólon humano, avaliando a absorção de Fe. Os resultados revelaram que os complexos se 

comportaram similarmente aos sais de Fe e bisglicinato de Fe comercial, indicando o seu 

potencial promissor para a suplementação dietética de Fe. Além disso, os péptidos dos 

complexos demonstraram atividade antioxidante, sugerindo a proteção do Fe contra a 

oxidação em diferentes ambientes gastrointestinais. 

Em suma, esta tese promove a valorização de levedura excedentária geneticamente 

modificada, explorando tanto a biomassa diretamente, como os resíduos de extração de 

outros dos seus componentes. Isso resulta na produção de diversos extratos peptídicos que 

podem servir como fonte alternativa de alimento e/ou suplementos para controlo da anemia, 

bem como para outras áreas, tais como a cosmética, ou ingredientes na produção de 

microrganismos por fermentação. 

 

Palavras-chave Saccharomyces cerevisiae, autólise, ultrafiltração, complexos Fe-

péptidos, biodisponilibidade do Fe 
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Abstract 

 

Over the years, synthetic biology has grown through the use of engineered yeasts for 

sustainable ingredients production. Similar to the brewing industry, a considerable amount 

of spent yeast has been generated, which holds a significant nutritional value as an alternative 

protein source. 

Considering the increase of global population and the consequent rise in protein demand, 

this thesis aims to valorise peptides from engineered yeast by producing peptide-rich 

extracts. These extracts are derived either directly from yeast or from the waste residues of 

β-glucan and mannan extractions (yeast cell wall components), following a circular economy 

approach to be applied to nutraceutical industry. 

For the direct extraction of peptides from yeast, scalable and sustainable methodologies 

such as high-pressure homogenization, sonication, enzymatic hydrolysis, and autolysis were 

employed. Engineered yeast extracts exhibited excellent nutritional profiles, similar to wild-

type. Autolysis emerged as a promising approach, although additional sustainability metrics 

need to be studied for the industrial implementation of this process. 

To further explore the biological properties of autolysate peptides, two purification 

methods were applied: ultrafiltration and size exclusion chromatography. The resulting 

fractions displayed diverse protein content, molecular weight distributions and peptide 

sequences, demonstrating high angiotensin-converting enzyme inhibition capacity, 

antioxidant activity, and greater inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A 

(HMG-CoA) reductase than the original autolysate. This suggests the importance of 

purification in producing a cholesterol-reducing dietary supplement with these properties. 

To best of our knowledge, this thesis reports the first demonstration of yeast peptide-

associated HMG-CoA reductase inhibition. Considering cost-effectiveness, ultrafiltration 

appears to be the most suitable method for producing peptide-rich extracts for the 

nutraceutical market. 

Ultrafiltration was also applied to the supernatants of β-glucan and mannan extraction 

residues, maximizing the circular economy approach for peptide-rich extract production. 

These extracts exhibited similar nutritional and bioactive performance to those directly 

obtained from yeast, making them excellent ingredients for the nutraceutical sector.  

Considering the amino acid composition within the peptide extracts, the production of 

Fe-peptide complexes was studied and the complexes produced with Gpep > 1 kDa fraction 
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(peptide fraction with molecular weight higher than 1 kDa derived from β-glucan extraction 

residues) under anoxic conditions were identified as the most adequate. From the applied 

factorial design, the reaction conditions were optimized (pH 6.0 for 30 min), and 

complexation was confirmed through chemical and structural analysis. 

Finally, the complexes were subjected to an in vitro simulation of human gastrointestinal 

tract, and Fe absorption was analysed using a human colon adenocarcinoma cell line. The 

results revealed that the complexes behaved similarly to Fe salts and commercial Fe 

bisglycinate, indicating their promising potential for dietary Fe supplementation. 

Additionally, the peptides from the complexes demonstrated antioxidant activity, suggesting 

protection of Fe against oxidation in different gastrointestinal environments. 

In summary, this thesis promotes the valorisation of spent engineered yeast, exploring 

the production of peptides extracts directly from biomass or from residues arising from other 

components extraction. Indeed, this production can represent an alternative food source 

and/or dietary supplements for managing anaemia, as well as providing peptide extracts for 

several other areas such as cosmetics or ingredients for microorganisms’ fermentation. 

 

 

  

 

Keywords Saccharomyces cerevisiae, autolysis, ultrafiltration, Fe-peptide complexes, Fe 

bioavailability 
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1.1. Framework* 

 

Nowadays the world is facing the growing need to develop new strategies to 

provide resources, due to the global population growth and socio-demographic changes 

(Hayes, 2018). Regarding the global necessity for food, protein demand was estimated to 

be approximately 202 million tonnes when the world population was 7.3 billion (in 2017). 

Estimations using a population growth of 2.3 billion and similar protein consumption 

levels, resulted in an expected increase in protein demand for the next years in the range 

of 30% to 40% (Henchion et al., 2017).  

To answer this problem, several competitive, sustainable and economically viable 

production processes have emerged in the last years, exploring different food sources 

(plants, animals, and microorganisms), in order to minimize planet resource depletion and 

environmental impact (Food and Agriculture Organization of the United Nations, 2018). 

Among those processes, fermentation technologies are able to produce a multiplicity of 

ingredients through the use of engineering or non-modified yeasts, using renewably 

sourced carbon from plants (Meadows et al., 2016; Nandy & Srivastava, 2018; Parapouli 

et al., 2020). However, similarly to what happens in brewing industry (Marson, de Castro, 

Belleville, et al., 2020), these large-scale fermentation processes generate significant 

amounts of spent yeast, expressing their treatment an additional and high cost for 

companies. Nevertheless, due to their nutritional value, namely the high protein content, 

bioactive ingredients, low cost and safety, spent yeast by-products have been investigated, 

primarily in dietary supplement market (Marson, de Castro, Belleville, et al., 2020; 

Mirzaei et al., 2021). Starting from this point, a deeper study on the production of peptide-

rich products from spent yeast of fermentation processes, as well as their potential 

applications, may contribute to exploit new alternatives of food resources and health 

promoting dietary supplements. 

  

 
* Oliveira, A. S., Ferreira, C., Pereira, J. O., Pintado, M. E., & Carvalho, A. P. (2022). Valorisation of 

protein-rich extracts from spent brewer’s yeast (Saccharomyces cerevisiae): an overview. Biomass 

Conversion and Biorefinery, 1-23. https://doi.org/10.1007/s13399-022-02636-5. Ana P. Carvalho hereby 

authorizes the PhD student Ana Sofia Oliveira from CBQF/ESBUCP to include the following publication 

in her doctoral thesis entitled “Development of peptide-rich extracts from yeast by-products for 

nutraceutical applications” as a result of her activity: Valorisation of protein-rich extracts from spent 

brewer’s yeast (Saccharomyces cerevisiae): an overview: Oliveira, A. S., Ferreira, C., Pereira, J. O., 

Pintado, M. E., & Carvalho, A. P.. 
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1.2. Literature review *† 

 

1.2.1. Microorganisms: an emerging source of protein and peptides 

 

Given the increase of worldwide protein demand, alternatives to non-animal protein 

have been widely emerged, with vegetal sources already representing 59% of global 

protein supply (141 453 675 ton), such as legumes, pseudocereals, seeds, almonds and 

nuts (Food Agricultural Organization of the United Nations, 2019; Sá et al., 2020).  

However, other environmentally friendly choices, as edible insects and 

microorganisms, have also become important natural protein matrices since they have a 

high nutritional value, vitamins and minerals (Akhtar & Isman, 2018; Ritala et al., 2017). 

Indeed, microbial protein may represent more than 30% of crude protein in 

microorganism’s biomass (microalgae, yeast and other fungi, and bacteria), being 

generally referred as “single cell protein” (SCP). High growth rates, the ability of some 

microorganisms to use single substrates, such as carbon dioxide or methane, the wide 

variety of microorganisms and the independence from seasonal factors when grown in 

bioreactors, make the extraction of microbial protein a potentially high efficient and 

sustainable scalable process (Nasseri et al., 2011; Ritala et al., 2017).  

From the current microorganisms used for SCP production, yeast and fungi continue 

to dominate the traditional agri-food market with well-established processing methods 

(Ritala et al., 2017). In fact, the microbial protein products in market contain more than 

30% of protein content, being higher than 65% for bacteria, 40-55% for yeasts, 35-55% 

for fungi and 30-40% from microalgal (Kuhad et al., 1997), providing a healthy balance 

of essential amino acids (EAA) and vitamins from B-complex group as well (Jones et al., 

2020; Ritala et al., 2017).  

 
* Oliveira, A. S., Ferreira, C., Pereira, J. O., Pintado, M. E., & Carvalho, A. P. (2022). Valorisation of 

protein-rich extracts from spent brewer’s yeast (Saccharomyces cerevisiae): an overview. Biomass 

Conversion and Biorefinery, 1-23. https://doi.org/10.1007/s13399-022-02636-5. Ana P. Carvalho hereby 

authorizes the PhD student Ana Sofia Oliveira from CBQF/ESBUCP to include the following publication 

in her doctoral thesis entitled “Development of peptide-rich extracts from yeast by-products for 

nutraceutical applications” as a result of her activity: Valorisation of protein-rich extracts from spent 

brewer’s yeast (Saccharomyces cerevisiae): an overview: Oliveira, A. S., Ferreira, C., Pereira, J. O., 

Pintado, M. E., & Carvalho, A. P.. 
† Oliveira, A. S., Ferreira, C., Pereira, J. O., Pintado, M. E., & Carvalho, A. P. (2022). Spent brewer’s yeast 

(Saccharomyces cerevisiae) as a potential source of bioactive peptides: An overview. International Journal 

of Biological Macromolecules, 208, 1116–1126. https://doi.org/10.1016/j.ijbiomac.2022.03.094  

 

https://doi.org/10.1016/j.ijbiomac.2022.03.094
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Since the 19th century, yeast has been a commonly-used organism in the production 

of biomass for human consumption due to the high acceptability of fermented foods 

(Kuhad et al., 1997; Rudravaram et al., 2009). Apart from its acceptability and 

availability, the ability to grow at low pH (4.5 - 5.5), which reduces the need to work in 

strict aseptic conditions, is pointed as one of yeast advantages compared to other 

microorganisms employed for SCP production (Kuhad et al., 1997). Furthermore, they 

are rarely associated with the occurrence of gastroenteritis, intoxications or other 

infections related with food intake (Fleet, 2007), since they are capable to produce 

antimicrobial compounds, thus inactivating the growth of other microorganisms and 

providing a safe application in food area (Pereira et al., 2021). Currently, cheap wastes, 

such as carbohydrates materials (molasses, vinasse, wood hydrolysates, sulphite liquors, 

starch, lignin–cellulose, etc.), can be used as substrates to supply carbon and nitrogen for 

yeast growth in SCP production (Kurcz et al., 2018).  

Yeast inactivated biomass has been suitable as SCP source at commercial scale 

because of their high nutritional quality. In 2018, many processed products were launched 

using yeast extract as a major ingredient, such as snacks, soups, sauces and seasonings 

(Bombe, 2019). In fact, the expected grow at a compound annual growth rate (CAGR) of 

7.0% of the Global Specialty Yeast Market from 2019 to reach $4.8 billion by 2025, is 

mainly attributed to increasing demand for processed foods which contain specialty yeast 

as a main ingredient (yeast extracts, autolysates and β-glucans) (Bombe, 2019). Low 

production costs, the larger size when compared with other microorganisms (easier to 

harvest) and the ability to grow at acidic pH, are other advantages pointed for the use of 

yeast as a food source. However, poor digestibility can be a constraint for protein 

extraction, because of yeast’s complex and thick cell wall (Nasseri et al., 2011). 

Furthermore, the high nucleic acid content in yeast is still a problem in food industry, 

since their excess in diet has been related with uric acid increase, which can lead to 

diseases like gout (Jaeger et al., 2020). For this reason, the reduction of nucleic acid 

content in yeast products for use in food industry continues to be a challenge since it 

exceeds the limit dose for dietary supplements manufactured with yeast (Rakowska et al., 

2017).  
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1.2.2. Spent yeast valorisation 

 

Yeast market is currently led by Saccharomyces cerevisiae (S. cerevisiae) although 

there are thousands of yeast species (Bombe, 2019; Payen & Thompson, 2019). The 

growing launch of new products in beverage industry using yeast as ingredient is pointed 

as one of the major factors driving the growth of yeast market (Bombe, 2019). S. 

cerevisiae and Saccharomyces pastorianus (S. pastorianus) are the main two species of 

Saccharomyces sensu stricto species complex used for beer production (Stewart, 2016). 

Considering the annual world beer production of 1.82 billion hectolitres in 2020 (J. 

Conway, 2021) and 1.7 to 2.3 g of spent yeast per litre (Marson, de Castro, Belleville, et 

al., 2020), it was estimated the generation of 309,400 to 418,600 tonnes of brewer’s spent 

yeast worldwide. For that reason, together with its recognition as “Generally Recognized 

as Safe” (GRAS) microorganism (Rakowska et al., 2017), spent brewer’s yeast have been 

commercialized for years in yeast extracts but the increase of protein rate in the final 

product is still a challenge (Ritala et al., 2017).  

On the other hand, new genetically modified strains of S. cerevisiae have been created 

by synthetic biology industry in order to produce tailored needs, such as farnesene 

(Meadows et al., 2016), propanol and butanol (Nandy & Srivastava, 2018), among others 

(Parapouli et al., 2020). Indeed, synthetic biology is progressively impacting a variety of 

spaces including biomanufacturing, food, agriculture, materials as well as healthcare 

(Tang et al., 2023), being estimated a CAGR of 19.0% until 2030 (Grand View Research, 

2022). Although the global amount of spent yeast generated by this sector is not currently 

reported, its valorisation might be an integral practice in the circular economy approach 

since it adds value to materials that would otherwise be discarded, relieving pressure from 

virgin natural resources.  

Figure 1 presents a comprehensive overview of the valorisation of spent yeast and 

the production of protein extracts derived from it.  Several extraction processes, including 

physical, chemical and/or enzymatic techniques, can be employed, being followed by 

purification steps when necessary. The characterization of the extracts at different stages 

of the production process is crucial for evaluating their efficiency. Detailed descriptions 

of these procedures will be provided in the following sections. 
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Figure 1. Schematic representation of protein valorisation from spent yeast, applying different extraction processes, 

followed by purification steps and extracts characterization. Adapted from the graphical abstract of Oliveira, 

Ferreira et al. (2022b). 

 

1.2.2.1. Proteins & peptides 

 

Proteins (structural, functional and hormones) are the main constituent of S. 

cerevisiae, representing 45-60% of dry weight (DW) basis, and including EAA in 

amounts similar to those recommended by Food and Agriculture Organization of the 

United Nations (FAO) and World Health Organisation (WHO) (Vieira et al., 2019). They 

are found in the yeast cell wall, plasma membrane and periplasm, as other cellular 

compounds (Figure 2). Other constituents are polysaccharides (25-35%) (mainly 

capsular and cell wall glucans, mannans and chitin), followed by glycoproteins (5 – 10%) 

which correspond to mannoproteins from cell wall and functional enzymes. Small 

amounts of nucleic acids (4-8%), lipids (4-7%) and polyphosphates (1-3%) are also 

present in yeast structure (Feldmann, 2012).  
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Figure 2. Schematic longitudinal section of S. cerevisiae cell and their protein composition (cell structures and 

components are not in scale). 

In cell wall, most proteins are bound to polysaccharides, as mannoproteins. While 

mannoproteins may represent up to 40% of the DW of the cell wall, when isolated, 

proteins per se represent only a small fraction (13%) (Faustino et al., 2021; Klis et al., 

2002). Other cell wall proteins can be linked to the β-1,6-glucan-chitin network as well, 

which provide elasticity and yet rigidity against cell disruption processes (Orlean, 2012; 

J. Wang et al., 2018). The thin semi-permeable lipid bilayer of plasma membrane is also 

formed by proteins in addition to lipids. These proteins play a vital role at controlling the 

permeability of the cell, in cell wall biosynthesis and overall protection. Secreted proteins 

that are unable to permeate the cell wall and the plasma membrane constitute the 

periplasm structure (D. Liu et al., 2016).  

Peptides have been described as characteristic protein fragments that have a positive 

impact on body biological processes and may ultimately lead to health benefits. Indeed, 

they are involved in regulatory activities in humans, affecting particularly the digestive, 

immune, cardiovascular, and nervous systems when taken orally. Diverse food protein 

sources have demonstrated their presence, rising the interest of food market, since the 

gastrointestinal digestion of these food proteins contribute to their active production 

(Chauhan & Kanwar, 2019).  

Spent yeast has been described as one of the recognized sources of bioactive peptides, 

where its proteins can be cleaved and freed from the cell envelope by physical, chemical 



 

41 

 

and enzymatic extraction processes applied, followed by isolation and purification steps, 

producing protein or peptide-rich extracts, depending on the molecules size (D. Liu et al., 

2016). In fact, this production has become a highly relevant topic in last decades research 

due to the increasing interest in bioactive peptides for the nutraceutical and functional 

food markets since raw yeast biomass has a low bioactivity performance (M. Amorim et 

al., 2016; Podpora et al., 2015, 2016). Several biological activities of peptides have been 

reported over the years such as antioxidant (Mirzaei et al., 2019), antimicrobial (Gddoa 

Al‐sahlany et al., 2020), anti-diabetic (Jung et al., 2011), anti-obesity (K. M. Kim et al., 

2004), anticoagulant (Indumathi & Mehta, 2016), angiotensin-converting enzyme (ACE) 

inhibitors (M. Amorim, Marques, et al., 2019) and chelating effects (de la Hoz et al., 

2014). Nowadays, they are also commercialized as food supplements or incorporated in 

some foods (Marson, de Castro, Belleville, et al., 2020; Okolie et al., 2019).  

 

Extraction 

In order to access S. cerevisiae’s protein, the extraction processing starts with cell 

disruption since most proteins are found within the cell. The choice of disruption method 

can significantly impact the yield and quality of the final product, as well as both fixed 

and variable costs on industrial processes (Jacob, Hutzler, et al., 2019; Jamshad & Darby, 

2012). An efficient breakage of cell wall strength-providing components, namely 

mannoproteins and glucans, is necessary to effectively extract protein, since their release 

is determined by the functionality of the plasma membrane and the porosity of the yeast 

cell wall (Bzducha-Wróbel et al., 2014). Depending on the cell disruption method and 

subsequent purification and isolation processing steps, different amounts of proteins, 

peptides and free amino acids are found in the yeast extract product (Jacob, Hutzler, et 

al., 2019).  

A way to classify the protein present in S. cerevisiae is according to their molecular 

weight (MW) since it is a relevant factor on the bioactivity of peptides (usually ranging 

from 3 to 20 amino acids) (M. Amorim, Marques, et al., 2019). Oligopeptides with 2000-

3000 Da of MW usually represent the main group of total protein after yeast autolysis 

process, followed by di-, tri- and tetra-peptides (MW < 600 Da). Although only 2–5% of 

the total protein are oligo-peptides with a MW higher than 3000 Da (Rakowska et al., 

2017), the ratio between di-, tri-, tetra, and oligo-peptides is strongly related with cell wall 

degradation during yeast lysis process (J. Wang et al., 2018). 
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The S. cerevisiae extraction methods for protein release described in literature can be 

classified, according to their main operation mode, in physical methods, either using 

pressure or waves, and chemical or enzymatic methods (autolysis and hydrolysis), 

supported by additional chemical substances or enzymes, respectively (Figure 3).  

 

Figure 3. Classification of protein extraction methods from S. cerevisiae according to operation mode. 

 

However, a combination of methods is also possible and often desirable. These 

treatments present a broad variation in their process conditions, which can be explored 

using the “One Factor At a Time” strategy, where one factor is changed and evaluated 

independently, or applying a factorial design in order to take all factors into account at 

the same time (Contreras et al., 2019). Over the years, many extraction processes have 

been developed attempting to achieve efficient and cost-effective release of proteins from 

their yeast cells. 

 

Physical methods 

Physical methods are described as non-specific and their extraction efficiency is 

highly dependent on the nature of the substrate of interest, the cell or tissue itself, like the 

extent of the cell's fragility (Ekpeni et al., 2015; Gaver & Huyghebaert, 1991). However, 



 

43 

 

there are some relevant scale-up and operation cost differences to be discussed at industry 

level processes.  

Several studies using bead milling, high-pressure homogenization (HPH), 

ultrasonication, supercritical carbon dioxide (SCO2) and pulsed electric field (PEF) have 

been described as physical extraction methods to release S. cerevisiae’s protein (Table 

1). 

In general, the former methods damage the yeast cell envelope with the breaking of 

cell wall due to stress produced by abrasion, pressure (with or without combination of 

temperature) or cavitation. On the other hand, PEF allows a permeabilization of yeast cell 

membrane that can be reversible or irreversible according to the electric parameters used. 

Temperature is not usually employed for protein extraction due to its irreversible effect 

on conformational modifications in protein structure (denaturation). 

 

Driven by pressure 

 

Bead milling 

For decades, bead milling has allowed to achieve high recovery of intracellular 

compounds from yeast in a single-step operation with reasonable temperature control, 

easy to scale-up and low requirements in terms of sophisticated equipment or trained 

personnel (D. Liu et al., 2016; Middelberg, 1995). The various designs of bead mills are 

based on the principle of a cell suspension agitation with glass or zirconium beads 

performed in batch or in a continuous recycling mode where the yeast cell wall damage 

occurs by a mechanical disruption effect (Gaver & Huyghebaert, 1991). Currie, Dunnill 

and Lilly (1972) started to study the protein release from S. cerevisiae and established a 

first-order kinetics for disruption in a high-speed bead mill. Bead size, agitation, 

concentration of cell suspension, temperature, time and bead volume are the most studied 

variables, however, the authors seemed to disagree about the most significant factor to 

obtain the maximum of protein release (Currie et al., 1972; Gaver & Huyghebaert, 1991). 

In another study, Currie, Dunnill and Lilly (1972) concluded that temperature was not a 

determinant factor for protein release, whereas Gaver and Huyghebaert (1991) 

hypothesized the denaturation of certain proteins with temperature increase for a long 

disruption time (more than 7 passes). In fact, Gaver and Huyghebaert (1991) observed 

differences in excretion of two enzymes (glucose-6-phosphate dehydrogenase and 
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invertase) according to the number of disruption passes. This means that the full opening 

of the cell wall may not be a requirement to release cell wall-bounded molecules, such as 

invertase. Concentration of yeast suspension seemed to have no effect on disruption 

efficiency in this study (Gaver & Huyghebaert, 1991). Jacob, Striegel, et al. (2019) 

investigated three industrially applicable cell disruption methods for yeast extracts 

production and they found bead milling (321.56 mg/g), followed by ultrasonication 

(285.40 mg/g), as the method that released the highest protein content in comparison with 

autolysis (52.90 and 102.00 mg/g). Moreover, these extracts presented low degradation 

rates of polyphenols and glutathione, showing their potential in antioxidant and reduction 

properties. On the other hand, the free amino acids amount present in autolysis extracts 

(433.21 mg/g) was higher than the one found in mechanical methods (115.68 and 155.38 

mg/g), raising questions about sub estimation of protein in these extracts, quantified by 

Bradford method. Hedenskog and Mogren (1973) showed that other processes could be 

coupled to bead milling for increased protein in the final extract, namely the selective 

alkaline precipitation of protein. Bead milling is frequently used for the extraction of 

specific cell wall components such as β-glucan (Bzducha-Wróbel et al., 2014).  

 

High-pressure homogenization   

HPH is based on forcing a cell suspension to pass at high pressure (several hundred 

bars) through a narrow gap called a homogenizing nozzle or a high-pressure valve 

(Koubaa et al., 2020). It is currently the most widely accepted disruption cell method by 

the biotechnology and pharmaceutical industries (Bystryak et al., 2015). Cells experience 

multiple actions of cavitation effect and high speed impact, disrupting through their 

interactions with valve and impact ring (D. Liu et al., 2016). Concerning its application 

for yeast protein extraction, Ekpeni et al. (2016) and Balasundaram and Harrison (2008) 

described that pressure plays an important role on protein extraction, since this variable 

induced alteration in yeast pH and viscosity related to the micronisation of the cell debris. 

However, Siddiqi, Titchener-Hooker and Shamlou (1997) observed that cell debris 

particle size distribution and the extent of the protein release were independent of the flow 

rate through the system (scale operation) or the design of HPH valve geometry. Most of 

the cells were disrupted by the end of fifth pass and, above that number, HPH caused a 

further degree of the debris formation (Siddiqi et al., 1997). Balasundaram and Harrison 

(2008) compared two cell disruption techniques where they discovered that HPH (1.7 

mg/mL) allowed a higher protein release than hydrodynamic cavitation (0.1 mg/mL), 
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maintaining a low biomass concentration. In combination with HPH, Liu, Lebovka and 

Vorobiev (2013) coupled an electrical treatment to yeast suspension aiming to maximize 

the protein yield. It must be noticed that, by applying only PEF or high-voltage electrical 

discharges (HVED), a complete rupture of yeast cells was not observed (40 kV/cm, 500 

pulses) (D. Liu, Lebovka, et al., 2013).  

 

Supercritical carbon dioxide 

A different physical method applied to disrupt and extract proteins from S. cerevisiae 

yeast cells is the use of SCO2, which involves the application of SCO2 followed by a 

sudden pressure drop. The expansion of SCO2 within the cells forces cell wall breakage, 

releasing intracellular proteins (H. M. Lin et al., 1991, 1992). While using this technique, 

Lin et al. (1991) observed an efficient cell disruption at 1000 and 5000 psi of SCO2 

injection (15 h or 5 h, respectively) with simultaneous preservation of the protein 

functional properties, as indicated by enzymatic activities (alcohol dehydrogenase, 

invertase, glucose-6-phosphate dehydrogenase and fumarase). The addition of β-

glucuronidase to the process decreased the extraction time (90 min at 5000 psi) since the 

combination of enzymatic hydrolysis with SCO2 allowed the deactivation of the released 

enzymes, suggesting it may be used to reduce the cost of protein isolation (H. M. Lin et 

al., 1991).  

 

Driven by waves 

 

Ultrasonication 

Ultrasound has also been extensively reported for extraction of proteins and peptides 

from yeast, facilitating higher yields and rates of extraction (Kadam et al., 2015). 

Ultrasound principally acts by generating bubble cavitation in the biological matrix 

through the conversion of sonic into mechanical energy, in the form of intense elastic 

shockwaves; cavitation is assumed to be the main mechanism of cell disruption (Kadam 

et al., 2015; D. Liu et al., 2016). Zhang et al. (2014) and Wu et al. (2015) suggested that 

ultrasound disruption mechanism starts with the breakdown of cell wall before continuing 

to the cell membrane, since a significant larger amount of polysaccharide was released at 

early stages of sonication. James, Coakley and Hughes (1972) established the kinetics of 
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protein release from an ultrasound batch and flow system, where a good agreement 

between the theoretical prediction and experimental results was observed. High acoustic 

power was pointed by several authors as the essential condition to increase protein release 

from S. cerevisiae, although this increment would not be feasible in terms of industrial 

energy consumption (Apar & Özbek, 2008; Iida et al., 2008; D. Liu, Zeng, et al., 2013; 

T. Wu et al., 2015). The increase of temperature, processed volumes or cell suspension 

concentration are other variables that can lead to a decrease in protein yield (Iida et al., 

2008; D. Liu, Zeng, et al., 2013; T. Wu et al., 2015; L. Zhang et al., 2014). As in other 

physical disruption methods, protein could be denatured or suffer thermal coagulation 

due to temperature, duration of ultrasound treatment or even the sonicator type used (horn 

or bath) (Iida et al., 2008; D. Liu, Zeng, et al., 2013; L. Zhang et al., 2014). James, 

Coakley and Hughes (1972) suggested the use of a more efficient cooling system to 

minimize the activity loss of the released enzymes. The decrease of protein yield with 

high cell suspension concentration and high processed volume could be related with the 

decrease of number of cavitation bubbles available for each cell (L. Zhang et al., 2014). 

Agrawal and Pandit (2003) observed that soft alkaline conditions (pH 8) also allowed for 

higher protein release. At higher pH, however, a decrease in yield is found, likely due to 

proteases activity, which deactivate other enzymes or proteins.  

 

Pulsed electric field  

Electrical methods are those where yeast cells are treated with high intensity electric 

field pulses. One of them is PEF, which is based on the electro permeabilization 

phenomenon, where the applied electric field provokes an electroporation of yeast cell 

membrane, being this permeability reversible or irreversible according to the electric 

parameters used. Nevertheless, this treatment can cause leakage of cytoplasmic content, 

leading to cell breakdown (Ganeva et al., 2003). The variation of electric field strength, 

as well as the time of treatment, are the main factors responsible for the released protein 

yield obtained in the process, and need to be adjusted to the used cell suspension 

concentration (Ganeva et al., 2003; Ganeva & Galutzov, 1999; Ohshima et al., 1995). 

Ganeva, Galutzov and Teissié (2003) observed a electroextraction of proteins at 3.2 

kV/cm (15 pulses, 2 ms, 6 Hz), in agreement with Ohshima, Sato and Saito (1995), which 

experienced an increase of protein release below 10 kV/cm with few cell deaths, 

suggesting that the disruption of cell membrane with PEF occurs without cell breakdown. 

Ganeva and Galutzov (1999) observed the release of cytoplasmic enzymes such as 
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glutathione reductase, 3-phosphoglycerate kinase and alcohol dehydrogenase, while the 

yeast cell wall remained intact. Other factors also considerably affect protein yield in PEF 

treatment, such as the cell growth phase, presence of monovalent ions in the medium, or 

the incubation of a reducing agent capable of break disulphide bonds, such as 

dithiothreitol (DTT) (Ganeva et al., 2003; Ganeva & Galutzov, 1999). 

In conclusion,  among the abovementioned physical methods for protein extraction in 

S. cerevisiae, ultrasonication seems to be quite effective, since it allows the recovery of 

periplasmic, membrane-bound and insoluble recombinant proteins (Agrawal & Pandit, 

2003). However, due to operational and economical limitations of ultrasonication 

methods, such as amplitude and energy consumption, bead milling and HPH are widely 

favoured at industrial scale (Bystryak et al., 2015). On the other hand, bead milling and 

HPH have the downside of poor selectivity, with micronization of the cell debris which 

can substantially increase the costs of subsequent downstream operations of protein 

purification or isolation (L. Zhang et al., 2014). HPH and bead milling also require 

frequent and costly maintenance requirements since they easily get clogged (S. K. Kim, 

2016). In order to overcome these methods limitations, Bystryak, Santockyte and 

Peshkovsky (2015) explored a pilot scale device of ultrasonic technology, namely Barbell 

Horn Ultrasonic Technology (BHUT), that achieved an productivity increase with respect 

to laboratory-scale results. 
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Table 1. Physical extraction methods for protein release from S. cerevisiae. 

Physical methods 
Cell suspension 

concentration 
Quantification method 

Maximum

protein 
Main conclusions Reference 

Driven by 

pressure 
Bead milling 30% Lowry 5.32 kg/h 

Temperature was not a determinant factor for 

protein release. Bead size, agitation and yeast 

concentration had a considerable effect on total 

protein. 

Currie et al. 

(1972) 

  10% Kjeldahl 
60% of 

yield (DW) 

Bead milling allowed the highest protein released 

compared to lyophilized, spray-dried or drum 

dried material. In these processes, no cell wall 

disruption or cell fragmentation could be 

observed. 

Hedenskog & 

Mogren 

(1973) 

  30% Kjeldahl 
80 mg/g 

yeast 

A long disruption time and a high beads volume 

created a cumulative effect of the disruption 

forces which may cause denaturation of certain 

proteins. The yeast cell concentration seemed to 

have no effect on disruption efficiency. 

Gaver & 

Huyghebaert 

(1991) 

  7% Bradford 

321 mg/g 

yeast 

(DW) 

Bead milling, followed by ultrasonication, 

increased the amount of protein in yeast extract 

produced in comparison with autolysis. However, 

the autolysis process allowed a higher release of 

free amino acids from yeast than mechanical 

methods. 

Jacob, 

Striegel, et al. 

(2019) 
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Physical methods 
Cell suspension 

concentration 
Quantification method 

Maximum

protein 
Main conclusions Reference 

 HPH NM Bradford 
96 mg/g 

yeast 

The cell debris particle size distribution and the 

total protein release are independent of the scale 

of operation and HPH valve geometry. 

Siddiqi et al. 

(1997) 

  5% Bradford 

1.7 mg/mL 

yeast 

suspension 

HPH showed the higher amount of protein release 

in relation to hydrodynamic cavitation. Alteration 

in the viscosity and pH of the disrupted cell 

suspension was obtained as a function of 

disruption intensity. 

Balasundaram 

& Harrison 

(2008) 

  5% Bradford 
50 µg/g 

dry yeast 

The combination of electrical and HPH treatments 

allowed to obtain a good protein yield with low 

content of nucleic acids. Incomplete damage of 

yeast cells under PEF or HVED treatment. 

Liu, Lebovka, 

et al.(2013) 

  30:70 Bradford 

1.4 mg/mL 

yeast 

suspension 

Protein yield showed an increment rate as the 

ratio yeast: buffer increases from 10:90 to 30:70. 

The pressure rise induced an alteration in yeast 

viscosity, influencing the protein release. 

Ekpeni et 

al.(2016) 

 SCO2 NM Lowry 
33 mg/g 

wet yeast 

High-pressure CO2 fluid could prevent the 

deactivation of the released enzymes. The use of 

lytic enzymes, as β-glucuronidase, decreased the 

extraction time which may reduce the cost of 

protein isolation. 

Lin et al. 

(1991) 
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Physical methods 
Cell suspension 

concentration 
Quantification method 

Maximum

protein 
Main conclusions Reference 

Driven by waves Ultrasonication 20% Lowry 

9 mg/mL 

yeast 

suspension 

Good agreement between the theoretical 

prediction of protein release and experimental 

results. A more efficient cooling system would be 

desirable to minimize the activity loss of the 

released enzymes. 

James et 

al.(1972) 

  2% Lowry 

1.27 

mg/mL 

yeast 

suspension 

At weak alkaline pH was observed the maximum 

of protein release under ultrasonication (11.62 W 

or 20% amplitude) for 60 min. Very alkaline 

media seemed to increase proteases or other 

enzymes activity which may deactivate other 

enzymes or proteins. 

Agrawal & 

Pandit (2003) 

  9% Lowry 
85 % of 

release 

High acoustic power, duty cycle and the addition 

of glass beads to the process increase the protein 

release. No influence of different cell 

concentration. However, the increase of acoustic 

power is not feasible in terms of energy 

consumption. 

Apar & 

Özbek (2008) 

  1% UV*/BCA 
80 mg/g 

yeast 

Maximal protein release was observed at high 

power conditions (80 W). The increase of cell 

concentration decreased the final protein level. 

Higher protein recovery using a 20 kHz-horn 

compared with 130 kHz-bath sonicator. 

Iida et 

al.(2008) 



 

51 

 

Physical methods 
Cell suspension 

concentration 
Quantification method 

Maximum

protein 
Main conclusions Reference 

  1% Bradford 

0.6 mg/mL 

yeast 

suspension 

High acoustic power increased the protein release. 

However, the increase of sonication time may 

cause significant protein degradation due to high 

temperature. 

Liu, Zeng, et 

al.(2013) 

  10% BCA 

25% of 

release 

(DW) 

Temperature showed to be the most important 

parameter to selective release of polysaccharide 

and protein. The increase of cell concentration, 

processed volumes and temperature decreased the 

final protein. 

L. Zhang et 

al. (2014) 

  20% Bradford 

16.6 

mg/mL 

yeast 

suspension 

The maximum protein released obtained in a pilot 

scale device of ultrasonic technology (BHUT) 

compared with conventional ultrasonication. 

Bystryak et al. 

(2015) 

  10% BCA 

92% of 

release 

(DW) 

High acoustic intensity (24 and 39 W/cm2) 

allowed the increase of protein release. The 

increase of cell concentration, processed volumes 

and temperature decreased the final protein. 

Wu et al. 

(2015) 

 PEF 
108 - 1010 

cells/mL 
Lowry 

40 µg/mL 

yeast 

suspension 

Released protein increased with the electric field 

strength, increased rapidly in a region below 10 

kV/cm. Protein can be released simultaneously 

with few cell deaths. 

Ohshima et al. 

(1995) 
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Physical methods 
Cell suspension 

concentration 
Quantification method 

Maximum

protein 
Main conclusions Reference 

  NM Bradford 

29% in 

final 

extract 

Some cytoplasmic proteins were extracted with 

intact cell walls. The electro-induced protein 

release showed a strong dependence on the cell 

growth phase and the presence of monovalent 

ions in the medium. The pre-incubation with DTT 

provoked a faster and exponential protein efflux. 

Ganeva & 

Galutzov 

(1999) 

  4.5% Commercial kit 

85% in 

final 

extract 

The parameter of field intensity is the core of this 

process and must be adjusted to the yeast 

concentration. A high protein yield required long 

extraction with DTT after PEF (> 4 h at 30 °C). 

Ganeva et al. 

(2003) 

NM - not mentioned, BCA - bicinchoninic acid kit. *Protein absorbance.
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Chemical methods 

Chemical treatments using chelating agents, detergents and solvents can lead to 

permeabilization or lysis of yeast cells, triggering the subsequent release of intracellular 

molecules. These procedures rely on the relative selective interaction of the chemicals 

with specific components of the membrane, allowing proteins to seep through the cell 

wall (Klimek-Ochab et al., 2011). In Table 2, the main chemical procedures for protein 

extraction from S. cerevisiae are listed.  

Alkaline precipitation is one of the most used chemical procedures to extract S. 

cerevisiae protein, although the involved mechanism is not clear (Kushnirov, 2000; T. 

Zhang et al., 2011). Kushnirov (2000) hypothesized that under alkaline conditions (0.2 M 

NaOH) the O-chains of O-glycosylated proteins (covalently linked to other cell wall 

components, such as β-1,3-glucans), are cleaved off in a process called beta-elimination, 

which allow the release of O-glycosylated proteins. In order to increase the protein yield, 

Zhang et al. (2011) introduced a pre-treatment with lithium acetate (LiAc), described as 

an enhancer of cell wall permeabilization. Mukherjee (2020) tested several protein 

extraction methods already described in literature aiming to study S. cerevisiae at 

different growth phases. The modified protocol of Kushnirov (2000) with alkaline and 

sodium dodecyl sulphate (SDS) buffer treatment showed the maximum protein release at 

exponential and late stationary phase cells, in comparison with physical methods (glass 

beads, sonication or both) or individual SDS-buffer or alkaline treatment, displaying 

sharp and distinct bands in sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE). However, the loss of enzymatic activity may be a concern when applying 

this protocol (Mukherjee et al., 2020). Ionic liquids, namely 3-(dimethylamino)-1-

propylaminium formate ([DMAPA]FA), were also tested for cell wall breakage, and the 

extracted target proteins maintained their properties unchanged (Ge et al., 2010).  

Generally, the chemical approaches are followed by separation and purification 

techniques, such as SDS-PAGE (Ge et al., 2010; Kushnirov, 2000; Mukherjee et al., 2020; 

T. Zhang et al., 2011). 
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Table 2. Chemical extraction methods for protein release from S. cerevisiae. 

Cell 

suspension 

concentration 

Quantification 

method 

Maximum 

protein 

release 

Main conclusions Reference 

NM NQ NQ 

Pre-treatment with 0.2 M NaOH, 

followed by 3 min of boiling in SDS-

PAGE buffer, significantly increased 

the yield of extracted proteins. 

Kushnirov 

(2000) 

NM NQ NQ 

[DMAPA]FA was the ionic liquid 

solution capable of the higher 

efficiency on protein extraction. 

Chemical properties of target proteins 

remained unchanged during the 

extraction process. 

Ge et al. 

(2010) 

NM NQ NQ 

The combined pre-treatment with 

LiAc, followed by NaOH and SDS-

PAGE buffer gave the best results in 

yeast whole protein extraction. Using 

LiAc or NaOH individually showed a 

lesser extent of protein extraction. 

T. Zhang 

et al. 

(2011) 

NM Lowry 
70 µg/g 

yeast 

The modified method from 

(Kushnirov, 2000) revealed the 

maximum protein yield in comparison 

with physical (glass beads and 

sonication) and alkaline or SDS-buffer 

individual treatment. 

Mukherjee 

et al. 

(2020) 

NM - not mentioned, NQ – not quantified. 

 

Enzymatic methods 

Enzymatic methods for protein release involve attacking the mannoprotein complex 

and glucan backbone of the yeast cell by endogenous (autolysis) or exogenous lytic 

enzymes (D. Liu et al., 2016). 

 

Autolysis 

Autolysis is an endogenous process that represents the degradation of the cell 

components from inside out by action of yeast own enzymes. It occurs when the cell 
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growth cycle is completed and death phase is initiated (Takalloo et al., 2020). Intracellular 

enzymes are activated by appropriate process conditions, such as temperature, time and 

pH, which results in a partial degradation of the cell wall structures (Podpora et al., 2015). 

It was observed that a long autolysis time increase the amino acid content from 11.2% (2 

h) to 77.5% (48 h), with a consequent decrease of peptide amounts and size, as they were 

decomposed into free amino acids (Podpora et al., 2015). The same observations were 

conducted by Jacob, Hutzler and Methner (2019), who concluded that a strong  enzymatic 

degradation of protein takes place during the autolysis process; indeed, autolysis is biased 

to hydrolyse proteins to the greatest possible extent, in contrast with bead milling and 

ultrasound, thus obtaining an increase in free amino acids content and peptides with low 

MW (below 4 kDa). The precise control of autolysis extension leads to different fractions 

of free amino acids and peptides with distinct MW, which can be explored for the 

production of different protein-rich extracts in a single process (Podpora et al., 2015).  

 

Enzymatic hydrolysis 

If additional exogenous enzymes are added to the yeast, the process is named 

enzymatic hydrolysis. Hydrolysis is the most efficient method of solubilizing yeast, 

where proteolytic or cell wall lysis enzymes firstly hydrolyse the compounds in cell walls 

to promote cell lysis. These enzymes can also enhance the activities of endogenous 

enzymes, thereby accelerating the leakage of intracellular substances (Chae et al., 2001; 

Xie et al., 2017). The effect of enzymatic hydrolysis on proteins is mild, changing their 

MW, charge and exposure of hydrophobic groups and reactive amino acid side chains, 

but does not destroy them. The specificity of the enzymatic complex used determines 

which peptides are produced (Celus et al., 2007). The endopeptidases Alcalase®, 

Corolase®, Papain and Brauzyn®, an aminopeptidase (Flavourzyme®) and other proteases 

(Protamex® and Promod®), as well as combinations thereof, are the enzymatic complexes 

most widely used for production of protein-rich extracts from S. cerevisiae (Table 3). 

Chae, Joo and In (2001) concluded that protein recovery is strongly dependent of the 

enzyme dosages, increasing with the hydrolysis length and being more responsive to 

Flavourzyme® than Protamex®. High solid concentrations of yeast cells (28%) also 

seemed to exert a positive influence in protein release (Xie et al., 2017). The maximum 

protein recovery reported was about 53–76%, regardless of the enzyme complex used or 

time treatment (Chae et al., 2001; Marson et al., 2022; Podpora et al., 2016; Xie et al., 
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2017). In such conditions, the final profile of protein extracts presented a high percentage 

of low MW peptides (90% below 3 kDa) and free amino acid content, also independent 

of the protease that was used for hydrolysis (Chae et al., 2001; Marson et al., 2022; 

Podpora et al., 2016; Xie et al., 2017). The advantages of applying enzymes for protein 

extraction are mainly the gentle conditions employed and their specificity. However, the 

price of enzymatic complex may be a deterring factor on a large scale operation (Klimek-

Ochab et al., 2011). Nevertheless, some patents have been issued for the production of 

yeast protein extracts for foodstuffs using hydrolytic enzymes (Ason, 2019; Hobson, 

1991; Jolly, 1978; Kortes, 2020), with a final protein content about 60–80% (Ason, 2019; 

Hobson, 1991; Kortes, 2020). A yeast peptide hydrolysate for cosmetic industry was also 

patented by Farra (2015), where enzymatic hydrolysis was applied to degrade protein into 

peptides with low MW.  

Among the abovementioned protein extraction methods, enzymatic hydrolysis is the 

most specific process; chemical methods are also relatively specific, although the violent 

experimental conditions and strong reagents may provoke alteration on final protein 

content or peptide and amino acid profile (L. Zhang et al., 2014). On the other hand, 

autolysis has the main advantage of only using yeast’s own enzymes for the process, but 

the temperature and long-time treatment can lead to bacterial contamination on yeast 

suspension turning the final product unfeasible.  

In general, process cost and selectively are inversely related, although it must be in 

mind that a clean extract (i.e., without significant amounts of contaminants) will facilitate 

the downstream isolation and purification processes, thus decreasing the final cost of the 

overall process. Nevertheless, there are no general rules since the selection of the 

extraction method will be dictated by the final use of the protein extracts.    
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Table 3. Enzymatic extraction methods for protein release from S. cerevisiae. 

Enzymatic 

methods 

Cell suspension 

concentration 

Quantification 

method 

Maximum 

protein 
Main conclusions Reference 

Hydrolysis 20% Kjeldahl 
53.6% 

recovery 

Protein recovery was more responsive to Flavourzyme® than Protamex®, being 

strongly depended on the enzyme dosages and time treatment. After 12 h, 

Protamex® (0.6%) and Flavourzyme® (2%) exhibited the highest protein release. 

The optimized conditions produced yeast extract contained mostly low MW 

peptides and free amino acids. 

Chae et al. 

(2001) 

 NM Kjeldahl 
60% in final 

extract (w/w) 

Papain was used to perform hydrolysis during 24 h (50-60 ºC), resulting in a final 

extract with high content of free amino acids and only trace amounts of peptides 

(MW > 1740 Da). 

Podpora et 

al. (2016) 

 28% Kjeldahl 
67.7% 

recovery 

High solid concentrations of yeast cells leaded to an increase of protein recovery. 

The hydrolysis degree was higher with Alcalase® (0.1%, 48 h, 55 ºC) than Papain 

but the peptides MW were similar (< 3 kDa reached 90%). The addition of 

sodium chloride (1-3%) to cell suspension accelerated the hydrolysis process. 

Xie et al. 

(2017) 

 NM 
Far-UV† (214 

nm); Lowry 

76% in final 

extract (w/w) 

Brauzyn®, Protamex® 
and Alcalase® (2000 U/ g protein) hydrolysis at 50 ºC 

during 2 h (pH 7.0) produced a yeast hydrolysate rich in peptides from 7000 to 

1000 g/mol (43%) with a small amount of short peptides and amino acids (25% 

of 1000-100 g/mol). The sequential membrane filtration process applied to the 

hydrolysate increase protein purity regarding RNA and total sugars up to 1.7 and 

2.7-fold, respectively. 

Marson et al. 

(2022) 

Autolysis NM HPLC-UV/VIS 

324 mg/g in 

final extract 

(w/w)* 

A longer autolysis (48 h) allowed a substantial increase of free amino acids 

content with the presence of peptides from 1000 to 2000 Da (about 10-20 amino 

acids). The precise control of autolysis time process leaded to obtain autolysates 

Podpora et 

al. (2015) 
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with varying free amino acid content and peptides of different MW tailored to the 

specific nutritional needs. 

 NM HPLC 
350 mg/g final 

extract (w/w)* 

The cleavage of protein (MW peptides < 4 kDa) and release of free amino acids 

was higher in autolysis (24 h, 50 ºC) than bead milling or ultrasonication. 

Jacob, 

Hutzler, et al. 

(2019) 

NM - not mentioned, RNA - ribonucleic acid. * - sum of free amino acids, † - protein absorbance.
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Isolation and purification 

Following protein extraction from S. cerevisiae cells, purification and/or isolation 

steps are generally required to obtain protein isolates and concentrates. Depending on the 

physicochemical properties of proteins present and the final goal, different isolation and 

purification methods are applied to the “crude protein extract”. The aim of a purification 

process is not only the removal of unwanted contaminants, but also the concentration of 

the desired protein, preferably on a stable environment and in a form adequate for the 

intended application (Hedhammar et al., 2006). Cell debris with different size are 

contaminants resulting from the physical extraction, which can be easily removed by 

high-speed centrifugation, traditionally used for the primary recovery of soluble protein 

(D. Liu et al., 2010). On the other hand, chemical and enzymatic extraction methods 

create less contamination due to their selectivity, at the cost of lower protein recovery. As 

previously mentioned, such selectivity may have a positive impact on economic 

assessment of the large-scale process (Jacob, Hutzler, et al., 2019).  

Several procedures hereby described and discussed for S. cerevisiae protein 

separation and purification were applied in order to isolate specific molecules and obtain 

a final product with the desired performance. 

 

Selective precipitation  

As previously described, alkaline precipitation is considered one of the chemical 

methods for protein extraction from S. cerevisiae (Kushnirov, 2000; Mukherjee et al., 

2020; T. Zhang et al., 2011). In fact, protein precipitation is one of the most used 

methodologies to concentrate and purify yeast protein extract (Hedhammar et al., 2006; 

Mukherjee et al., 2020). Generally, this reaction is applied after disruption of yeast cell 

(Butylina et al., 2007; Caballero‐Córdoba & Sgarbieri, 2000; Farra, 2015; Hedenskog & 

Mogren, 1973; Yamada & Sgarbieri, 2005) and can be followed by other purification 

processes such as dialysis and enzymatic hydrolysis, as patented by Farra (2015) for 

production of a cosmetic peptide hydrolysate. Simple alkaline precipitation was used by 

Hedenskog and Mogren (1973) and Butylina et al. (2007), with the latter performing 

acidic precipitation for nucleoprotein complexes production. On the other hand, S. 

cerevisiae protein concentrates were produced by Caballero‐Córdoba and Sgarbieri 

(2000) using a salting out technique, with sodium perchlorate coupled to isoelectric 
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precipitation at pH close to 4. Protein phosphorylation with sodium trimetaphosphate at 

alkaline pH for modifying protein structure was explored by Yamada and Sgarbieri 

(2005) with the same intent. Organic solvents can also be used for protein precipitation 

as shown by Farra (2015), who proposed the use of a saline solution and an alcohol 

medium for protein precipitation. Since these yeast protein precipitations involved several 

steps and are difficult to scale-up, Akardere et al. (2010) developed a scalable three-phase 

partitioning (TPP) to purify a S. cerevisiae glycoprotein, namely invertase, in a single 

step, after sonication treatment. This technique combines salting out, use of organic 

solvents and precipitation pH techniques into one-step system where the crude protein 

extract is mixed with solid ammonium sulphate and t-butanol in order to obtain the 

desired proteins selectively partitioned and concentrated to one phase. Hydrophilicity and 

protein MW affected the partitioning process outcome (Akardere et al., 2010). 

 

Membrane filtration 

Membrane filtration is another alternative for separation of soluble intracellular 

proteins from cell lysates which allows filtrate recovery and cell debris removal with high 

selectivity and satisfactory efficiency both in cross-flow and dead-end systems and low 

energy consumption (D. Liu et al., 2010; Mohammad et al., 2012). In fact, this process is 

of great interest for increase of peptide fractions purity since it may promote the 

separation through sieving and charge-based mechanisms (Vollet Marson et al., 2020). 

Food processing industry has been using this technique over the last decades since 

peptides and proteins need a gentle product treatment (low temperatures and pH value 

close to neutrality) to maintain their structural and physicochemical characteristics since 

their bioactive properties depend on peptides and proteins sequence and structure 

(Marson, de Castro, Belleville, et al., 2020; Mohammad et al., 2012; Vollet Marson et al., 

2020). Membrane selectivity and properties (material, structure and pore size), permeate 

flux (which is dependent on operating conditions such as temperature, pressure, process 

configuration, module characteristics, cleaning procedure) and feed characteristics 

(physicochemical of components, pH and concentration) are the main parameters that 

influence the separation performance (Vollet Marson et al., 2020). However, the 

membrane fouling control and their cleaning processes are still a challenge (Mohammad 

et al., 2012). 
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Membrane filtration has been reported for the isolation of S. cerevisiae bioactive 

peptides (Albergaria et al., 2010; Branco et al., 2014; Gddoa Al‐sahlany et al., 2020; J. 

Kim et al., 2004; Mirzaei et al., 2015), specific proteins (D. H. Lee et al., 2007), 

nucleoprotein complexes (Butylina et al., 2007) and separation of yeast hydrolysates from 

sugars and ribonucleic acids (RNA) (Marson et al., 2022), being the intended application 

of separation an important aspect of process design (Vollet Marson et al., 2020). Many 

times, this technique was preceded by protein precipitation (Butylina et al., 2007), 

enzymatic hydrolysis (Albergaria et al., 2010; J. Kim et al., 2004; Marson et al., 2022; 

Mirzaei et al., 2015), autolysis (Mirzaei et al., 2015) and physical disruption methods, 

such as sonication (Mirzaei et al., 2015) or bead milling (D. H. Lee et al., 2007). 

Adsorption (Branco et al., 2014; Butylina et al., 2007) and chromatography [84,86-89] 

are other protein purification and fractionation methods used prior to membrane filtration. 

Ultrafiltration with 50 kDa (Marson et al., 2022), 15 kDa  (Marson et al., 2022), 10 kDa 

(Albergaria et al., 2010; Branco et al., 2014; Gddoa Al‐sahlany et al., 2020; Mirzaei et 

al., 2015), 8 kDa (Marson et al., 2022), 5 kDa (J. Kim et al., 2004; Mirzaei et al., 2015), 

3 kDa (Mirzaei et al., 2015), 2 kDa (Albergaria et al., 2010; Branco et al., 2014; Gddoa 

Al‐sahlany et al., 2020) and 1 kDa (D. H. Lee et al., 2007; Marson et al., 2022) cut-off 

membranes have been reported on yeast protein separation and concentration. In fact, 

several authors applied a sequential ultrafiltration process using a 10 kDa cut-off 

membrane followed by 2 kDa for production of antibacterial peptides (Albergaria et al., 

2010; Branco et al., 2014; Gddoa Al‐sahlany et al., 2020). Marson et al. (2022) applied  

two serial fractionation of 50, 8 and 1 kDa and 15, 8 and 1 kDa for separation of yeast 

hydrolysate from sugars and RNA, demonstrated that 15 kDa retained higher MW 

compounds, increasing performance of the next separation steps at 8 and 1 kDa . This 

fractionation was important for improvement of peptide purity of fractions from RNA 

and total sugars (1.7 and 2.7-fold, respectively). Potential antihypertensive and 

antioxidant peptides were also produced through ultrafiltration processes (J. Kim et al., 

2004; Mirzaei et al., 2015) as well as β-secretase (D. H. Lee et al., 2007). Butylina et al. 

(2007) applied a cross-flow microfiltration system through track-etched membranes 0.3 

µm to separate the high and low molecular mass fractions, concluding that the 

nucleoprotein complexes were retained by membrane and were found to activate repair 

pathways in oxidative stress cells of S. cerevisiae.  
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Dialysis  

Dialysis is a conventional lab-scale technique to reduce or remove salt from protein 

extracts by osmotic phenomena using a semi-permeable membrane (Nehete et al., 2013). 

However, this procedure can take up several days, requires large volumes of water and 

can lead to low protein yields, since significant losses of low MW compounds can occur 

through the membrane system (Clark, 2001), turning this a non-scalable process for 

industries. Nevertheless, Farra (2015) patented a yeast peptide hydrolysate production 

process for cosmetic industry where a variant of the method includes a dialysis technique.  

 

Chromatography  

Chromatographic separation of protein mixtures has become one of the most effective 

and widely used techniques for purifying individual proteins. Depending on protein 

properties, such as size, charge, hydrophobicity, and bio specific interactions, different 

versions of liquid chromatography, with several types of stationary phases, are used for 

protein and peptide isolation from S. cerevisiae. As in the other brewer’s yeast protein 

purification techniques, chromatographic methods are generally used after cell disruption 

methods (Agrawal & Pandit, 2003; Balasundaram & Harrison, 2008; Butylina et al., 

2007; D. H. Lee et al., 2007) and/or fractions separation by ultrafiltration (Branco et al., 

2014; Butylina et al., 2007; Gddoa Al‐sahlany et al., 2020; J. Kim et al., 2004; D. H. Lee 

et al., 2007). 

Size-exclusion chromatography (SEC), also known as gel-filtration chromatography, 

is one of the widely used chromatographic techniques for isolation of antimicrobial, 

antihypertensive and antidementia peptides from S. cerevisiae. SEC is a reference 

technique for the qualitative and quantitative analysis of protein aggregates in protein 

biotherapeutics because of its speed and reproducibility (Sui et al., 2018). It is based on 

the sieving properties of the stationary phase matrix, which is constituted by porous 

particles, with separation depending on protein’s size and shape (Hedhammar et al., 

2006). Preparative columns composed by gel matrices of dextran polymers and highly 

cross-linked agarose (Superdex) (Branco et al., 2014; Gddoa Al‐sahlany et al., 2020) or 

epichlorohydrin (Sephadex) with different bead size are the most used in these studies. 

The surface of these supports contains predominantly hydroxyl groups and provides a 

good environment for hydrophilic proteins (Hedhammar et al., 2006). Gddoa Al‐sahlany 

et al. (2020) obtained three different peptide fractions after employing gel filtration 
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chromatography using a purifying system (ÄKTA) with a Superdex column. As SEC 

allows to separate proteins according to their size, Butylina et al. (2007) used this method 

to estimate the molar mass (MM) distribution of yeast nucleoprotein complexes. The 

authors described the high MM fraction with tightly bound proteins in the first peak eluted 

since no dissociated protein molecules were detected.   

Several studies described the application of ion-exchange chromatography (IEC) 

coupled with SEC in order to eliminate matrix contaminants or to concentrate the peptide 

fractions (Branco et al., 2014; Butylina et al., 2007; Dick et al., 1992). In fact, IEC is one 

of the most commonly used industrial chromatographic processes for purification of 

pharmaceutical proteins and peptides, since their mild conditions allows to maintain the 

native molecule structures and their resins have high binding capacities, offering a good 

and controllable selectivity (Grönberg, 2018). IEC is based on electrostatic interactions, 

being the protein separation accomplished by competition between proteins with different 

surface charges for oppositely charged groups on an ion exchanger adsorbent 

(Hedhammar et al., 2006). Protein binding to the stationary phase, as well as their 

desorption, can be modulated by changes in ionic strength and pH, through ionic 

competition or change in protein charge, respectively (Grönberg, 2018). Branco et al. 

(2014) pooled the most bioactive peptide fraction resulted from SEC separation at 2-10 

kDa ultrafiltration process into two different strong cation and anion-exchange columns. 

A similar approach was used by Butylina et al. (2007) in order to remove protein from 

nucleoprotein complexes obtained after microfiltration (“retentate”). Although the 

aforementioned studies described combination of different chromatographic techniques, 

IEC has also been described as the unique chromatographic method for the separations of 

S. cerevisiae enzymes. Lothe et al. (1999) evaluated Amberlite™ XAD-16 and Indion 

NPA-1 resins performance to isolate α-glucosidase and invertase, trying to activate the 

adsorbent surface by ultrasound pre-treatment (“surface grafting”) in order to reduce the 

hydrophobicity and nonspecific adsorption of proteins. Non-specific adsorption of 

proteins has considerably been reduced in grafting exchangers with an enhanced of 

adsorption enzymes selectively. Agrawal and Pandit (2003) also optimized the batch 

adsorption process by native and grafted XAD-16 for α-glucosidase isolation on S. 

cerevisiae cell extract. Based on principle of IEC, expanded bed adsorption (EBA) was 

also proposed as a preliminary purification technique to capture S. cerevisiae total soluble 

protein and α-glucosidase after HPH or hydrodynamic cavitation yeast treatment 

(Balasundaram & Harrison, 2008). This technique is capable to replace 3-4 unit 
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operations in a typical downstream process, since the unclarified yeast suspension 

(biomass and extracellular medium) can be directly applied to the adsorbent, eliminating 

the need for previous solid–liquid separation and concentration steps. A higher adsorption 

of α-glucosidase was observed in anionic Streamline® Diethylaminoethyl (DEAE) 

adsorbent than cationic Streamline® Sulphopropyl (SP), being the yeast disruption extent 

an influence of dynamic binding capacity. In fact, the increase of disruption cell degree 

allowed a high protein release and dynamic binding capacity for total protein and α-

glucosidase. However, the cell debris resulted from strong disruption seemed to have a 

negative impact on α-glucosidase selective adsorption (Balasundaram & Harrison, 2008). 

Reversed-phase high-performance liquid chromatography (RP-HPLC) has also been 

used after SEC fractionation for isolation of bioactive peptides from S. cerevisiae (J. Kim 

et al., 2004; D. H. Lee et al., 2007). RP-HPLC is a separation method based on 

hydrophobicity characteristics of the protein where the stationary phase, as well of 

hydrophobic nature, is based on silica gel or a synthetic polymer (Josic & Kovac, 2010). 

The strong hydrophobic interaction in RP-HPLC is almost enough to adsorb proteins in 

pure water (Hedhammar et al., 2006), although an acid (formic, acetic or trifluoroacetic 

acid) is generally added to the mobile phase to render the proteins and peptides positively 

charged and to reduce undesirable interactions with the stationary phase (Josic & Kovac, 

2010). However, acids may cause the protein to denature. Pharmaceutically important 

globular proteins, peptides and small polypeptides are purified by RP‑HPLC (Nehete et 

al., 2013). Nevertheless, the use of RP-HPLC is limited for large-scale processes since 

low mass yields and loss of biological activity of larger polypeptides can be found due to 

acidic buffering systems and hydrophobicity of silica columns (Nehete et al., 2013). The 

purification of several S. cerevisiae peptides, separation and concentration in preparative 

µBondapak C18 column (J. Kim et al., 2004; D. H. Lee et al., 2007) followed by analytical 

Protein & Peptide C18 column (J. Kim et al., 2004) was studied: Kim et al. (J. Kim et al., 

2004) purified a novel decapeptide with antihypertensive properties through 

ultrafiltration, SEC and RP-HPLC separation with a yield of 3.5%. Lee et al. (2007) 

characterized a new antidementia peptide obtained by yeast bead milling disintegration, 

ultrafiltration, SEC and two RP-HPLC separation and concentration processes with a 

yield of 0.6%. In both uses of µBondapak C18 column, a linear gradient with 0.1% of 

trifluoroacetic acid in water was used as mobile phase (J. Kim et al., 2004; D. H. Lee et 

al., 2007). 
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Nucleic acids extraction  

One of the challenges of using S. cerevisiae protein-rich extracts as food supplement 

for humans is the high content of nucleic acid, mainly RNA, since their high intake may 

result in health issues (Caballero‐Córdoba & Sgarbieri, 2000). Several authors have 

already described processes of S. cerevisiae protein-rich extract production attending to 

obtain a low RNA content. However, the first proposed methods to reduce nucleic acid 

content from yeast protein involved strong chemical and enzymatic treatments which led 

to several harmful effects on the nutritional and functional qualities of the isolated protein. 

Potentially toxic compounds resulting from alkali treatment (J. K. Shetty & Kinsella, 

1980a, 1980b), protein degradation by nucleic acid enzymatic hydrolysis (Lindblom, 

1977) and the nutritional safety of proteins produced by their acid anhydride modification 

(J. K. Shetty & Kinsella, 1980a, 1980b; K. J. Shetty & Kinsella, 1979) were pointed.  

On the other hand, chemical phosphorylation has been described for decades as one 

of the best RNA removal processes, since the addition of phosphorus oxychloride (Y. ‐T 

Huang & Kinsella, 1986; Kinsella & Damodaran, 1984) or sodium trimetaphosphate 

(Yamada & Sgarbieri, 2005) to the disrupted cell extract at alkaline pH caused 

dissociation of nucleoprotein complexes. Kinsella and Damodaran (1984) showed a 

maximum RNA reduction of 80% applying a minimum of phosphorus 

oxychloride/protein ratio. The proposed mechanism states that the net negative charges 

on the protein introduces a strong electrostatic repulsion within the nucleoprotein 

complexes. As the dissociated nucleic acids have an isoelectric pH around 1.5-2.0, they 

remain soluble during protein precipitation at pH 4.2 (Kinsella & Damodaran, 1984). 

Huang and Kinsella (1986) removed more than 85% of RNA by protein phosphorylation 

while no change in the amino acid composition of yeast proteins was observed. Despite 

modification of protein by phosphorylation may be more acceptable than other chemical 

methods with good percentages of RNA reduction, protein yield is pointed as one of the 

main issues since the reaction is depending on the pH of the protein precipitation (Y. ‐T 

Huang & Kinsella, 1986; Kinsella & Damodaran, 1984; Yamada & Sgarbieri, 2005). 

Yamada and Sgarbieri (2005) observe a 10.4% increase in RNA content in the final 

extract by tuning pH to 3.2 in order to raise the protein yield. 

Adding a step of sodium perchlorate treatment to the disrupted cell extract is another 

method for RNA reduction, leading to its decrease from 7.04% (in biomass) for 2.26% 
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(in protein final extract) (Caballero‐Córdoba & Sgarbieri, 2000). In fact, this reagent is 

used in experimental protocol for RNA determination in yeast extracts (Caballero‐

Córdoba & Sgarbieri, 2000; Yamada & Sgarbieri, 2005).  

Liu, Lebovka and Vorobiev (2013) proposed a selective extraction of intracellular 

yeast components by electrical treatment (HVED and PEF) aiming to extract initially 

ionic and nucleic acid components and then proteins using HPH treatment, which can be 

useful for nucleic acid reduction in protein-rich extracts production. Besides, Chae, Joo 

and In (2001) used nuclease treatment to dissociate nucleotides from yeast protein 

previously hydrolysed in order to produce flavour ingredients, which can be potentially 

used for RNA reduction as well. After treatments using optimal combination of enzyme, 

enzyme dosages and treatment sequence, low MW peptides and free amino acids were 

obtained in final yeast extract with a yield of 3.67% of 5’-nucloetides content (Chae et 

al., 2001). 

In another approach, some authors aim to produce protein-rich extracts with a high 

RNA content in order to be used as flavouring ingredients. Oliveira et al. (2011) 

optimized an autolysis process on spent yeast in order to obtain a RNA yield of 89% that 

results a yeast extract with 57.9% protein as well (55.2 ºC, pH 5.1 with 9.8% NaCl for 24 

h), being the heat treatment (60 ºC, 15 min) prior to autolysis an essential step to increase 

the RNA content for 91.4%. Sombutyanuchit et al. (2001) also studied a similar autolysis 

process of for disodium guanosine-5’-monophosphate (5´-GMP)-rich extracts production 

using yeast pre-heat treatment and 5’-phosphodiesterase. A yeast extract was produced 

with a 5’-GMP maximum of 0.93% (w/w).  

 

Characterization  

Characterization plays an important role throughout the entire process of protein-rich 

extracts production, since it helps to understand the chemical and biological potential of 

extracts, adapting the application to different sectors according to their performance. 

Furthermore, characterization techniques are able to evaluate the efficiency of protein 

extraction and the subsequent purification and isolation processes. Regarding protein 

analysis, protein and amino acids determination and MW evaluation are the main 

parameters assessed. Since S. cerevisiae protein extracts are mainly used as food 

supplement (Caballero‐Córdoba & Sgarbieri, 2000; Podpora et al., 2015, 2016; Yamada 

& Sgarbieri, 2005) with potential low MW bioactive peptides (Albergaria et al., 2010; 
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Branco et al., 2014; Gddoa Al‐sahlany et al., 2020; J. Kim et al., 2004; D. H. Lee et al., 

2007), these parameters are the most relevant to monitor. Besides these, total sugars, 

lipids and fibre, fatty acids, ashes and RNA content are other nutritional and toxicological 

analysis included in evaluation of protein yeast extract composition (Caballero‐Córdoba 

& Sgarbieri, 2000; Yamada & Sgarbieri, 2005). 

 

Protein content 

The quantification of protein is a routine procedure in many research laboratories, 

since it is required to calculate and monitor the protein yield after various enrichment or 

purification processes, as well as to optimize and standardize downstream experiments 

(Goetz et al., 2004). As listed in previous tables, several methods have been used for 

protein determination in S. cerevisiae extracts. Overall, most methods overestimate 

protein content since they use indirect readings, which may suffer interference from other 

chemical substances. Furthermore, it is described that the reported protein content 

depends on the protocol used for determination and from the initial matrix, making a 

direct comparison between studies difficult (Mæhre et al., 2018). A direct and precise 

protein determination is obtained when the amino acid residues are quantified (Section 

“Amino acid determination”).  

Regarding indirect protein determination methods used in S. cerevisiae extracts, the 

Kjeldahl method has been applied by different authors (Chae et al., 2001; Gaver & 

Huyghebaert, 1991; Hedenskog & Mogren, 1973; Jacob, Striegel, et al., 2019; Podpora 

et al., 2016; Xie et al., 2017). In this method, the protein content is determined by the 

measurement of total nitrogen, which is multiplied by a conversion factor based on amino 

acid characterization of samples (spectrum, number of amino groups and MW) 

(Association of Official Analysis Chemists, 2005; Jacob, Striegel, et al., 2019). The main 

disadvantage of this method is the detection of other nitrogen containing non-protein 

compounds, such as nucleic acids, which can result in protein overestimation, besides the 

problem of unknown samples, where conversion factor cannot be accurately calculated 

(Jacob, Hutzler, et al., 2019). Due to its speed and simplicity, many authors have used 

spectrophotometric assays such as the Bradford, Lowry and bicinchoninic acid (BCA) 

protocols. The Bradford protocol is not capable of detecting low MW peptides or amino 

acids (Jacob, Hutzler, et al., 2019). On the other hand, Lowry and BCA assays are based 

on the identification of peptide bonds by protein-cooper chelation between Folin-
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Ciocalteu reagent and the ring structure on aromatic amino acids (Lowry et al., 1951; 

Smith et al., 1985). The main advantage of BCA is that can be included in the copper 

solution to allow a one-step procedure, being stable at alkaline conditions. However, 

some single amino acids, such as cysteine (Cys), tyrosine (Tyr) and tryptophan (Trp) will 

also produce colour and can interfere in BCA results (Smith et al., 1985). Several 

examples of protein determination in yeast extracts performed by Lowry and BCA are 

present in Table 1 and Table 2. Both of these methods respond more uniformly to 

different proteins than the Bradford protocol (Jacob, Hutzler, et al., 2019). 

  

Amino acid determination 

A constant amount of amino acids needs to be maintained for ensuring a balanced 

level of nitrogen in human cells. The human body is responsible for synthesize some of 

proteinogenic amino acids, namely the non-essential, while others have to be absorbed 

via protein dietary intake (EAA) (Jacob, Hutzler, et al., 2019). Since spent brewer's yeast 

has been described as a potential source of EAA, its protein-rich extracts are widely used 

for food supplementation (Puligundla et al., 2020), and thus amino acid determination is 

one of the most important characterization analysis to be performed. The determination 

of amino acid content is generally preceded by acid hydrolysis, in order to cleave peptide 

bonds (Caballero‐Córdoba & Sgarbieri, 2000; Jacob, Hutzler, et al., 2019; Jacob, Striegel, 

et al., 2019; Podpora et al., 2015, 2016; Yamada & Sgarbieri, 2005). Specific amino acid 

analysers with post column ninhydrin reaction (Caballero‐Córdoba & Sgarbieri, 2000; 

Yamada & Sgarbieri, 2005) and HPLC-UV/VIS with dansyl chloride derivatization 

(Podpora et al., 2015, 2016) were used for amino acid quantification. On the other hand, 

Trp is determined in the alkaline hydrolysate (Caballero‐Córdoba & Sgarbieri, 2000; 

Podpora et al., 2015, 2016; Yamada & Sgarbieri, 2005) by HPLC-fluorescence detection 

(Podpora et al., 2015, 2016) or amino acid analyser equipment (Caballero‐Córdoba & 

Sgarbieri, 2000; Yamada & Sgarbieri, 2005). In fact, yeasts themselves contain different 

types of proteases and peptidases responsible for the breakdown of the proteins into small 

peptides and then further into free amino acid (Rai et al., 2019).  

Furthermore, many extraction processes on S. cerevisiae are also capable of breaking 

the protein into free amino acid, depending on cell disruption method and subsequent 

processing steps (Table 4). Jacob, Hutzler, et al. (2019) observed that the amino acid 

profile of yeast extract was dependent upon the disruption methods applied; autolysis (24 
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h, 50 ºC) allowed for the higher amount of amino acid release, followed by sonotrode and 

bead milling (307, 155 and 115 mg protein/g yeast extract, respectively). In another study, 

the same authors confirmed this conclusion, since they observed a free amino content of 

433.21 mg/g in autolysates in comparison with mechanical methods (115.68 and 155.38 

mg/g) (Jacob, Striegel, et al., 2019) . In relation to EAA content, with the exception of 

glutamic acid (Glu), no differences were observed between the different disruption 

methods (Jacob, Hutzler, et al., 2019). Podpora and Swiderski (2015) also observed an 

increase of free amino acids during autolysis process from 11.2% to 77.5% (2 h from 48 

h). In agreement, when performing enzymatic hydrolysis (Papain during 24 h; 50-60 ºC), 

Podpora et al. (2016) also observed the breakdown of protein into free amino acids, 

establishing yeast extract as valuable source of EAA, such as isoleucine (Ile), lysine 

(Lys), valine (Val), threonine (Thr) and phenylalanine (Phe) + Tyr. High concentrations 

of Glu in the final extracts (3.84% and 2.07%) were also observed, leading to strong 

flavour-enhancing properties. Overall, the total EAA obtained by Podpora and Swiderski 

(2015), Podpora et al. (2016) and Jacob, Hutzler and Methner (2019) were above the 

FAO/WHO protein reference (Table 4) (World Health Organization, 2007) which turns 

yeast extracts an valuable components of several products from the group of functional 

foods and dietary supplements. 

EAA profile of protein-rich S. cerevisiae extracts to be potentially used as food 

supplements are presented in Table 4. For phosphorylated yeast protein concentrates, 

sulphur amino acids were described as the limiting factor to the nutritive value of yeast 

protein (Caballero‐Córdoba & Sgarbieri, 2000; Yamada & Sgarbieri, 2005). Caballero‐

Córdoba and Sgarbieri (2000) obtained an EAA level of 87.2% in protein concentrate 

based on available Lys (limiting amino acid) and comparable with the FAO/WHO 

reference standard. However, no pattern is clear: while Caballero‐Córdoba and Sgarbieri 

(2000) observed a loss of Lys bioavailability in protein concentrate in comparison with 

yeast biomass, possibly explained by the reaction of the sodium perchlorate with the 

protein or by protein fractionation and/or precipitation with Lys loss, Yamada and 

Sgarbieri (2005) have observed a slightly increase of all EAA in protein concentrate 

which suggest higher degradation of amino acids in yeast biomass due to acid hydrolysis 

or selective precipitation of proteins in the protein concentrate. Yamada and Sgarbieri 

(2005) obtained a high content of Lys and Trp in the protein yeast concentrate, becoming 

a good candidate to enrich cereal proteins. 



 

70 

 

Regarding the amino acid sequencing of bioactive peptides, it is usually performed 

by mass spectrometry (MS). This technique has been proven as a robust and reliable tool 

for identification of amino acid sequence and protein post-translational modifications in 

proteomics (Kaltashov et al., 2020). Branco et al. (2014) identified two main 

antimicrobial peptides with the amino acid residues VSWYDNEYGYSTR and 

ISWYDNEYGYSAR in extracted fractions, and Kim et al. (2004) observed an amino 

acid sequence of YDGGVFRVYT for an antihypertensive peptide. Using protein 

sequencer equipment, Lee et al. (2007) also obtained the amino acid identification of a 

purified antidementia peptide (GPLGPIGS).
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Table 4. EAA content in protein-rich S. cerevisiae extracts to be potentially used as food supplements. 

Extraction and purification a 

EAA (mg/g protein) 
Total 

EAA 

(mg/g) 

Reference 

Thr 
Met + 

Cys 
Val Ile Leu 

Leu + 

Nva 

Tyr + 

Phe 
Lys His Trp 

Bead milling followed by sodium 

perchlorate treatment and protein 

precipitation at isoelectric pH 

40.7 23.0 59.1 50.9 86.2 NQ 87.9 87.8 27.7 13.9 NM 

Caballero‐

Córdoba & 

Sgarbieri (2000) 

Bead milling followed by protein 

phosphorylation at alkaline pH 
50.0 23.0 60.0 51.0 85.0 NQ 92.0 92.0 24.0 18.0 NM 

Yamada & 

Sgarbieri (2005) 

Autolysis (48 h, 47 ºC) 61.3 23.8 69.7 23.7 NQ 65.1 90.6 47.2 NE 11.9 303 
Podpora et al. 

(2015) 

Enzymatic hydrolysis - Papain (24 

h, 50-60 ºC) 
38.0 24 50.0 41.0 60.0 NQ 72.0 60.0 NE 11.0 356 

Podpora et al. 

(2016) 

Autolysis (24 h, 50 ºC) 46.9 46.8 55.9 42.7 76.3 NQ 48.8 66.1 25.5 NQ 409 
Jacob, Hutzler, et 

al. (2019) 

FAO/WHO reference 11.0 20.0 15.0 15.0 21.0 NM 21.0 18.0 15.0 15.0 136 

World Health 

Organization 

(2007) 

a Most efficient method for amino acids release. NQ – Not quantified; NM – Not mentioned; Met – Methionine; Leu – Leucine; Nva – Norleucine; His – Histidine. 
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Molecular weight 

The determination of protein MW is a routine procedure in many research laboratories 

since it allows to identify specific proteins, oligomers and monomers (Goetz et al., 2004). 

In the characterization of S. cerevisiae protein, it has been described for the identification 

of invertase and peptides with antimicrobial, antidementia or antihypertensive properties 

(Table 5). Furthermore, MW analysis has also been described for the evaluation of 

protein extraction extent from brewer’s yeast and characterization of yeast extracts 

produced for functional food (Table 5). 

 

Mass spectrometry 

MS has been used for characterization of the higher order structure of protein 

therapeutics as early as mid-1990s. Electrospray ionization (ESI) and matrix-assisted 

laser desorption ionization (MALDI) are complementary MS ionization techniques that 

allow MW determination of large biomolecules based on mass and charge (m/z) ratio. 

ESI-MS produces multiple charged ions with a mass range up to m/z 3000 with a mass 

limitation around 100 kDa, which allow a correct determination of protein MW (Goetz et 

al., 2004). As seen in Table 5, the MW of different bioactive peptides from S. cerevisiae 

was determined by ESI-MS.  

MALDI in combination with time-of-flight (TOF) mass analyser has also been 

reported for protein MW characterization of S. cerevisiae extracts (Table 5). 

This technique is highly sensitive, enabling the identification of unknown proteins at 

very low concentrations (Goetz et al., 2004). In comparison with ESI, MALDI generates 

ions with low charge states (≤ 3) which limits the identification of proteins with high MW 

(Ryan et al., 2019). Podpora and Swiderski (2015) produced yeast autolysates for food 

supplements with 74-96% of 1000-2000 Da peptides (about 10-20 amino acid residues) 

while Podpora et al. (2016) obtained yeast extracts contain large amounts of free amino 

acids and only trace amounts of peptides (1740 Da). 

 

SDS-PAGE 

Although protein MW characterization techniques are developing at a fast pace, the 

current standard method is still denaturing SDS-PAGE, which includes a number of 

laborious and time-consuming manual steps (Goetz et al., 2004). This technique separates 



 

73 

 

proteins according to their size as they are forced through a gel by an electrical current 

(Nehete et al., 2013). Generally, proteins are denatured by binding to SDS anionic 

detergent, where the amount of bound SDS is proportional to their size. The treatment 

with reducing agents as 2- mercaptoethanol or dithiothreitol is usually necessary to reduce 

protein disulphide bridges before the proteins adopt the random-coil configuration 

necessary for separation by size. Sizing accuracy depends on other protein characteristics 

since particular proteins are not truly migrating according to their MW, as is the case of 

glycosylated proteins (Goetz et al., 2004). As can be seen in Table 5, SDS-PAGE has 

been described for peptides and protein size evaluation in S. cerevisiae. Gddoa Al‐sahlany 

et al. (2020) obtained a single band in SDS-PAGE that corresponded to a purified 

antibacterial peptide with approximately 9770 Da which might match the antibacterial 

activity produced by S. cerevisiae. Albergaria et al. (2010) obtained three small bands in 

SDS-PAGE (6.0, 4.5 and 4.0 kDa) produced by S. cerevisiae during alcoholic 

fermentation which might correspond to antimicrobial compounds that are active against 

some non-Saccharomyces wine-related strains. Estimating MW from specific proteins by 

SDS-PAGE, Akardere et al. (2010) obtained a invertase with 52 kDa by TPP extraction 

since MW of invertases vary according to their source and the applied method. S. 

cerevisiae provides internal and external invertase with MW from 50 to 300 kDa 

(Akardere et al., 2010).  

In addition to estimate MW of specific peptides or proteins, SDS-PAGE has also been 

reported as a characterization technique to evaluate the extent of protein extraction in S. 

cerevisiae using different methods. In fact, most the chemical approaches to extract 

protein from brewer’s yeast, listed at Table 2, are followed by MW evaluation. Kushnirov 

(2000) used SDS-PAGE to optimize the introduction of a mild alkali treatment in yeast 

protein extraction protocol where the maximum extraction was obtained at 5 min. After 

2 min, the reaction was almost complete except for proteins exceeding 100 kDa 

(Kushnirov, 2000). Zhang et al. (2011) evaluate the extent of yeast protein extraction with 

LiAc, followed by NaOH and SDS-PAGE buffer treatment using SDS-PAGE technique. 

Mukherjee et al. (2020) also used SDS-PAGE to evaluate protein pattern of different 

approaches to extract protein from S. cerevisiae at different growth phases. The hot-SDS 

method showed a better size distribution of protein bands with a good yield of proteins 

with MW higher than 80 kDa. The alkali pre-treatment allowed an apparent complete 

spectrum of proteins across a range of MW and the modified alkali pre-treatment 

(Kushnirov, 2000) resulted in maximum yield with sharp and distinct bands in SDS-
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PAGE. However, loss of enzymatic activity may be of concern using these alkali 

protocols. 

Some physical approaches for S. cerevisiae protein extraction have also used SDS-

PAGE. Geneva et al. (2003) applied an electrical treatment to yeast crude extracts and 

supernatants obtaining the most of the bands above 29 kDa. Shynkaryk et al. (2009) 

compared protein patterns for untreated and PEF, HVED and HPH treated yeast 

suspensions. The more powerful physical cell disintegration allowed an effective 

extraction of high MW proteins. Electric treatments (PEF and HVED) can produce 

effective electroporation and accelerate release of the low MW components, but it was 

not sufficient for release of high MW intracellular components.  

Using the principle of electrophoresis, commercial kits coupled to protein analyser 

equipment have recently been used for protein size fractionation. Protein 80 kit was used 

by Jacob, Hutzler, et al. (2019) in order to compare the protein profiles of different 

industrial methods to produce yeast extracts. Autolysis yeast extract only presented 

protein below 4 kDa in opposition to physical methods (cell mill and sonotrode) that 

yielded the most protein in the range from 3.5 to 63 kDa. 

 

Size-exclusion chromatography  

As described at Section “Chromatography”, SEC is a chromatographic technique that 

allow to separate and isolate proteins based on their size and shape. One of the most 

widely SEC techniques used for protein MW characterization is the fast protein liquid 

chromatography (FPLC). For that reason, this technique has also been used for protein 

MW estimation of nucleoprotein complexes (Butylina et al., 2007) and hydrolysates (Xie 

et al., 2017) from S. cerevisiae. They are determined by calibrating SEC column retention 

times or elution volumes with an appropriate series of macromolecular standards, as 

FPLC, or by employing molecular mass sensitive detection methods such as viscosimetry 

or light scattering (Goetz et al., 2004). Butylina et al. (2007) estimated MW distribution 

of yeast nucleoprotein complexes obtained three different fractions: firstly, a tightly 

bound proteins fraction; secondly, a 200–6 kg/mol nucleic acids fraction and the last only 

included single nucleotides (MM below 6 kg/mol). Xie et al. (2017) evaluate the MW 

distribution of hydrolysates acquired after 24 h of enzymatic hydrolysis at different solid 

concentrations and observed almost identical MW distribution in the Papain and 

Alcalase® hydrolysates with MW peptides below 3 kDa reaching 90%. However, Papain, 
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at high solid concentrations, produced hydrolysates with high fractions of low MW 

peptides (below 1 kDa) while Alcalase® fractions at different solid concentration were 

almost identical. Also, Marson et al. (2022) observed that 2 h of enzymatic hydrolysis 

with proteases cocktail (Brauzyn®, Protamex® and Alcalase®) (pH 7.0, 50 ºC) cleaved the 

yeast original protein into peptides from 7000 to 1000 g/mol (43%) and 1000-100 g/mol 

(25%) since non-treated yeast presented higher molecules with MW above 7000 g/mol. 

 

Table 5. MW characterization methods for evaluation of protein from S. cerevisiae. 

Methods 
Extract 

characterization 
Extraction and purification Size (kDa) Reference 

LC-ESI-MS 
ACE inhibitory 

peptide 

Enzymatic hydrolysis (pepsin, 

trypsin, protease; 12 h) followed by 

5 kDa ultrafiltration and SEC and 

RP-HPLC purification 

1.18 
J. Kim et 

al. (2004) 

 

Antidementia β-

secretase 

inhibitor peptide 

Bead milling followed by 1 kDa 

ultrafiltration and SEC and RP-

HPLC purification 

0.697 
Lee et al. 

(2007) 

 
Antimicrobial 

peptides 

10 and 2 kDa ultrafiltration 

followed by SEC and IEC 

purification 

1.64 and 1.62 
Branco et 

al. (2014) 

Maldi-TOF Yeast autolysates Autolysis (2-48 h; 47 ºC) 1.00-2.00 

Podpora 

et al. 

(2015) 

 Yeast extracts 
Enzymatic hydrolysis (Papain; 24 

h; 50-60 ºC) 
0.703-1.74 

Podpora 

et al. 

(2016) 

SDS-PAGE Peptide fraction 

Enzymatic hydrolysis (trypsin, 

alkaline protease mixture; 72 h; 37 

ºC) followed by 10 kDa and 2 kDa 

ultrafiltration 

6.00, 4.50 and 

4.00 

Albergaria 

et al. 

(2010) 

 Invertase 
Sonication followed by TPP with 

ammonium sulfate and t-butanol 
52 

Akardere 

et al. 

(2010) 

 
Antimicrobial 

peptide 

10 kDa and 2 kDa ultrafiltration 

followed by SEC purification 
9.77 

Gddoa Al‐

sahlany et 

al. (2020) 
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Bioactive properties 

As abovementioned, several different biological activities have been reported for 

proteins and peptides extracted from spent brewer’s yeast. Figure 4 shows an overall 

representation of spent yeast valorisation highlighting its bioactive peptides and their 

potential in terms of antihypertensive, antioxidant, and antimicrobial activities. Each 

activity has its own mechanism of action and, while some peptide or protein extract have 

been described with one particular activity, one peptide can have more than one activity 

within its structure. On the following sections, the most commonly found activities will 

be discussed. 

 

 

Figure 4. Schematic representation of spent yeast peptides valorisation, extracted by several methods, and their main 

bioactivities already reported in order to be applied at agri-food sector. Adapted from the graphical abstract of 

Oliveira et al. (2022a). 

Antihypertensive 

Hypertension represents one of the major risks for cardiovascular diseases in the 

developed world (Mirzaei et al., 2015). It is well established that blood pressure is 

regulated by the ACE and by the kinin-kallicrein system (Kohama et al., 1990). In fact, 

the rennin-angiotensin system (RAS) is physiologically responsible for the control of 

blood pressure, where ACE plays the conversion of angiotensin I to the potent 

vasopressor angiotensin II, releasing aldosterone and increasing of sodium plasma 

concentration (J. Kim et al., 2004). 

Bioactive peptides from spent brewer’s yeast have been described as an alternative 

for several ACE inhibitory drugs, such as captopril and enalapril (M. Amorim, Marques, 
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et al., 2019; M. Amorim, Pinheiro, et al., 2019). Some authors suggested a structure–

activity relationship between the peptide and ACE inhibition, since their binding might 

be influenced by the hydrophobic amino acid nature of C-terminal tripeptide sequence of 

the substrate (peptides with 2-20 amino acids residues) that can interact with the subsites 

S1, S19, and S29 at the ACE active site (Mirzaei et al., 2018). However, several 

discovered peptides with ACE-inhibitory activities do not fit in with this model, exposing 

the weakness of this assumption, since it was only based on amino acids sequence (Ni, 

Li, Liu, et al., 2012). For this reason, the relationship of antihypertensive activity with 

yeast peptide structure and sequence is yet to be confirmed (Amorim et al., 2019). 

In Table 6, several peptides extracted from S. cerevisiae are described as ACE activity 

inhibitors. In order to produce antihypertensive yeast hydrolysates with high protein, 

Huang et al. (Y. Huang et al., 2020) optimized the hydrolysis conditions with a crude 

enzyme containing protease and β-glucanase activities produced by Bacillus subtilis (B. 

subtilis) fermentation. They obtained a peptide rich hydrolysate with 67.3% of peptides 

in a range of 460 to 2145 Da, being 91.2% of these smaller than 1500 Da. The extract 

exhibited a strong ACE-inhibitory activity with the half maximal inhibitory concentration 

(IC50) value of 26.13 μg/mL, decreasing the blood pressure in vivo after single oral 

administration (100 mg/kg in spontaneously hypertensive rats (SHR)) and exhibiting a 

more persistent anti-hypertensive effect than captopril in long-term administration at 

1200 mg/kg. Like some previous studies, the authors suggested a theoretical structure-

function relation of peptides since they detected 428 of peptides with hydrophobic amino 

acid at N-end and 79 including Trp, Tyr and Pro at C-end. Kohama et al. (1990) extracted 

three decapeptides from yeast glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

with IC50 values between 0.4 and 18 µM, where the decapeptide PANLPWGSSNV 

contained the sequence homologous to vertebrate ACE inhibitors. The two other ACE-

inhibitory decapeptides corresponded to different forms of yeast GAPDH with quite 

different sequences. Also Kim et al. (2004) obtained an ACE inhibitory decapeptide 

(1178 Da; YDGGVFRVYT) from S. cerevisiae enzymatic hydrolysis which presented a 

stronger antihypertensive activity (IC50: 0.07 mg) than that of Ganoderma frondosa (G. 

frondosa; IC50: 0.10 mg), but was slightly lower than that of the commercial 

antihypertensive drug captopril. However, the decapeptide was still considered a good 

candidate for antihypertensive drugs and functional foods, since it did not induce the side 

effects usually associated with captopril, such as coughs and allergies. On the other hand, 

Kim et al. (2004) when applying it, at a dosage of 1 mg decapeptide/kg, to SHR, observed 
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a decreased of blood pressure, similar to the captopril, at the end of 2 h, and without 

allergic reactions or coughing. Kanauchi et al. (2005) observed a similar decrease in blood 

pressure in the same in vivo model by administration of yeast peptide hydrolysate (0.4% 

in diet) and two peptide fractions of alanine (Ala):Phe and glycine (Gly):Phe (8 mg/rat). 

In fact, the obtained decrease for the two fractions corresponding to 62% of captopril 

positive control effect (5 mg/rat) and an in vitro ACE-IC50 of 3.0 and 3.4 µmol/L was 

observed for Ala:Phe and Gly:Phe, respectively. In order to understand the ACE 

inhibition mechanism, Ni et al. (2012) studied a docking simulation of hexapeptide ACE-

inhibitor based on its sequence to find reference molecules for drug design that target 

ACE. The authors showed binding interactions between N-terminal Thr1, Thr3, and 

glutamine (Gln) 4 residues of hexapeptide (TPTQQS) and the residues on the lid structure 

of ACE leading to enzyme inhibition in a non-competitive way by dislocation of the Zn 

ion from the active site (C-terminal serine (Ser) 6) which is critical for ACE catalysis. 
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Table 6. Antihypertensive activity of bioactive peptides from S. cerevisiae. 

Extraction and purification 

method 
Extract characterization Activity Reference 

Enzymatic hydrolysis of yeast 

powder (enzyme/substrate ratio of 

7000 U/g, 55 ºC, 5 h) followed by 

spray drying 

-Yeast hydrolysate (67.3% 

peptides) 

 

ACE inhibitory activity: 

- IC50 value of 26.13 μg/mL. 

 

In vivo: 

-Decrease of blood pressure in SHR after single oral administration of yeast 

hydrolysate from dosage of 100 mg/kg. At 1200 mg/kg, the blood pressure 

reduction was similar in SHR and WKY. 

-In long-term administration,1200 mg/kg dosage of yeast hydrolysate seemed to 

exhibit a more persistent anti-hypertensive effect than captopril. 

 

Huang et al. 

(2020) 

GAPDH EDTA-extraction 

followed by acid hydrolysis and 

SEC and RP-HPLC purification 

Three GAPHD decapeptides 

(GHKIATFQER, GKKIATYQER, 

PANLPWGSSNV) 

ACE inhibitory activity: 

-IC50 values of 0.4, 2 and 18 µM, respectively.  

 

Kohama et 

al. (1990) 

Enzymatic hydrolysis (pepsin, 

trypsin, protease; 12 h) followed 

by 5 kDa ultrafiltration and SEC 

and RP-HPLC purification 

Decapeptide (1178 Da; 

YDGGVFRVYT) 

ACE inhibitory activity: 

- IC50 value (0.07 mg) was slightly lower than commercial antihypertensive 

drug (17.9 nM).  

 

In vivo: 

 - Decreased of blood pressure in SHR (1 mg/kg dosage) with similar effects to 

positive control at the end of 2 h.  

Kim et al. 

(2004) 
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Extraction and purification 

method 
Extract characterization Activity Reference 

Alkaline enzymatic hydrolysis 

(alcalase®; 12 h; 50 ºC) followed 

by IEC, SEC and RP-HPLC 

purification 

- Yeast peptide extract 

- Two peptide fractions: 

   - Ala:Phe (1:1) 

   - Gly:Phe (1:1 ~ 1:2) 

ACE inhibitory activity: 

- IC50 value of 3.0 and 3.4 µmol/L for Ala:Phe and Gly:Phe fractions, 

respectively. 

 

In vivo: 

- Decreased of blood pressure in SHR by administration of yeast extract (0.4% 

in diet) and two peptide fractions (8 mg/rat) in comparison with non-treated 

animals. 

- The effect of two peptide fractions estimated to be 62% of the activity of the 

captopril group (5 mg/rat).  

 

Kanauchi et 

al. (2005) 

NM Hexapeptide (TPTQQS) 
ACE inhibition in a non-competitive manner by displacement of the Zn ion 

from the active site. 

Ni et al. 

(2012) 
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Extraction and purification 

method 
Extract characterization Activity Reference 

Sonication-trypsin hydrolysis 

followed by 10, 5 and 3 kDa 

ultrafiltration and SEC and RP-

HPLC purification 

 

- Yeast protein hydrolysates 

- Peptide fraction (< 3 kDa) 

- Decapeptide (1057.45 Da; 

YGKPVAVPAR) 

 

ACE inhibitory activity: 

- Trypsin hydrolysate had the highest activity in antihypertensive assays (IC50 

= 0.84 ± 0.01 mg/mL) in comparison with sonication-chymotrypsin 

hydrolysates and autolysates. 

 - Peptide fraction (< 3 kDa) exhibited the strongest ACE inhibitory (IC50 = 

0.32 mg/mL) activities in comparison with high MW peptide fractions. 

 - Purified decapeptide increased the antihypertensive (IC50: 0.42 ± 0.02 

mg/mL) activity. 

Mirzaei et 

al.(2015) 

10 kDa ultrafiltration followed by 

enzymatic hydrolysis (4% 

proteases) and 3 kDa 

nanofiltration 

-Four peptide hydrolysed fractions: 

  - Retentate > 3 kDa 

  - Retentate < 3 kDa 

  - Permeate > 3 kDa 

  - Permeate < 3 kDa 

 

ACE inhibitory activity: 

-Retentate fractions showed low IC50 (84.2 to 158 μg/mL) than retentates (198 

to 259 μg/mL). 

-Fractions < 3 kDa were the main responsible for ACE-inhibitory activity since 

they showed IC50 values of 84.2 and 198 μg/mL compared with peptides > 3 

kDa (158 and 259 μg/mL) (retentate and permeate, respectively). 

 

In vivo: 

- Retentate < 3 kDa decreased systolic, diastolic and mean blood pressure in 

SHR (300 mg/kg) with similar effects to captopril (50 mg/kg) after 2 h 

administration, being this effect maintained throughout 24 h. 

Amorim,  

Marques  

et al. (2019) 
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Extraction and purification 

method 
Extract characterization Activity Reference 

Incubation of yeast powder with 

water (1:15) (pH 7.7, 60 °C, 30 

min) followed by enzymatic 

hydrolysis (3.5% w/v, 6 h), 

ethanol precipitation (2 h, 4 °C) 

and 5 kDa filtration 

 

-Yeast protein hydrolysates 

-Yeast peptide < 5 kDa 

 

ACE inhibitory activity: 

-Both samples showed high ACE activity with about 80% of enzyme inhibition  

-Ultrafiltration process increased the ACE inhibitory activity from IC50 of 

55.39 mg/mL for protein hydrolysate and 29.32 mg/mL for peptide < 5 kDa. 

 

 

Hu et al. 

(2014) 

NM – Not mentioned; EDTA – Ethylenediaminetetraacetic acid, WKY – Wistar-Kyoto rats.
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Antioxidant 

Antioxidant ingredients those capable of inhibit oxidation reactions. By doing so, they 

protect cells against oxidative stress caused by reactive oxygen species (ROS) and 

nitrogen species, which are capable of damaging important cell components such as 

proteins, lipids and deoxyribonucleic acid (DNA), ultimately preventing the occurrence 

of several diseases. Many S. cerevisiae peptides have been reported by their antioxidant 

properties as described in Table 7. 

Podpora and Swiderski (2015) and Podpora et al. (2016) observed high antioxidant 

activity on protein S. cerevisiae extracts produced from autolysis (32.73 mmol Trolox 

equivalent (TE) /100 mL) and enzymatic hydrolysis (506.9 mmol TE/100 mg), with the 

increase of 2,2’-azinobis(3-ethyl-benzothiazoline-6-sulphonate) radical cation (ABTS•+) 

scavenging activity with the autolysis duration. However, the authors related these results 

with the presence of phenolic compounds (Podpora et al., 2015). 

Selenium-rich extracts from brewer’s yeast are currently used for animal and human 

Se supplementation. Given the known oxidative stress protection properties of Se, Guo et 

al. (2020) studied the effect of combining bioactive peptides with Se. All tested yeast 

protein hydrolysates presented strong ABTS•+ scavenging activity, with scavenging rates 

from 70.2% to 85.4%. However, the Se-rich peptide fractions with MW < 1 kDa showed 

the highest antioxidant activity (85.4 ± 0.6%) compared with Se-rich peptides with MW 

< 3 kDa or higher yeast peptide fractions. Therefore, free radical scavenging activities 

seemed to be strongly influenced by MW. Furthermore, lipid peroxidation was also 

inhibited by all peptide fractions, with the Se-rich fraction presenting a significantly 

higher effect (maximum of 40% in liposome system and 70% in linoleic acid system). 

For this reason, the authors have suggested the use of Se and yeast peptides in a synergetic 

manner for lipid peroxidation prevention. Furthermore, Se-rich yeast peptide fraction 

showed excellent antioxidant activity in vivo (oral administration for 30 days: peptide 

dose of 150 mg/kg body weight/day and Se dose: 100 µg/kg body weight/day) by 

significantly decreased the level of malonaldehyde in liver and serum. From the 

abovementioned results, it can be postulated that Se-rich yeast peptides may be a great 

and promising functional food additive, given the reported antioxidative damage 

protection properties. 

Together with antioxidant properties, several studies have also been reported for S. 

cerevisiae peptides as antihypertensive and antidiabetic ingredients. In fact, the incidence 
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of hypertension, aging and other diseases such as diabetes, cancer and neurodegenerative 

disturbances has been also related with antioxidant activity (M. Amorim, Marques, et al., 

2019). For that reason, the combination of ACE inhibition, antioxidant activity and/or 

antidiabetic activity in one single product could be very useful for the control of these 

chronic diseases. Mirzaei et al. (2015) prepared different fractions of S. cerevisiae protein 

hydrolysates and purified a decapeptide (YGKPVAVPAR; 1057.45 Da) that could 

potentially replace the current antioxidant and antihypertensive agents of chemical origin. 

The trypsin hydrolysate had the highest activity in 2,2-diphenyl-1-picrylhydrazyl 

(DPPH•) scavenging (179.2 ± 4.8 µM TE/mg protein), ABTS•+ scavenging (4653 ± 50 

µM TE/mg protein) and antihypertensive assays (IC50 = 0.84 ± 0.01 mg/mL) in 

comparison with sonication-chymotrypsin hydrolysates and autolysates (Mirzaei et al., 

2015). As described above, the authors hypothesized a structure–activity relationship due 

to the total content of hydrophobic amino acids in the trypsin hydrolysate since some 

previous studies described these features among potent antioxidant and ACE inhibitors 

protein hydrolysates with DPPH• and ABTS•+ scavenging activities. However, there is no 

scientific evidence proving this relationship. The peptide fraction with MW under 3 kDa 

of trypsin hydrolysates exhibited the strongest DPPH• (489.12 ± 0.001 µM TE/mg 

protein), ABTS•+ (7718.30 ± 57 µM TE/mg protein) scavenging and ACE inhibitory 

(IC50 = 0.32 mg/mL) activities in comparison with high MW fractions. In fact, small 

peptides are more efficient antioxidants and ACE inhibitors than macro peptides or 

proteins because of their higher accessibility to the oxidant/antioxidant test system, and 

better binding to the ACE active site. From the purification of this fraction resulted the 

decapeptide that was identified to be highly potent ABTS•+ scavenging (26.25 µM TE/µg 

protein) and ACE-inhibitory peptide (IC50: 0.42 ± 0.02 mg/mL).  

Amorim, Marques et al. (2019) also produced four peptide fractions from spent 

brewer’s yeast (retentate > and < 3 kDa; permeate > and < 3 kDa) by 10 kDa ultrafiltration 

followed by enzymatic hydrolysis and 3 kDa nanofiltration that showed strong 

antihypertensive and antioxidant activities. The authors observed an inhibition of ACE 

activity in vitro with retentates showing the lowest IC50 values fractions (84.2 to 158 

μg/mL) compared with permeates (198 to 259 μg/mL). For this reason, the authors chose 

the retentate peptide fractions to study their effect in hypertension on SHR in a short-term 

oral exposure. The retentate < 3 kDa decreased systolic, diastolic and mean blood pressure 

in SHR (300 mg/kg) with similar effects to captopril (50 mg/kg) after 2 h administration, 

being this effect maintained throughout 24 h. Likewise, this fraction showed the highest 
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protective effect against peroxyl radicals (7.25 µM TE/mg sample), followed by permeate 

< 3 kDa (5.50 µM TE/mg sample) following the same tendency of ACE inhibition. After 

MALDI-TOF/TOF analysis, tri and tetrapeptides were identified in this fraction (507 to 

582 Da) with hydrophobic amino acid residues (SPQW, PWW and RYW) which can 

suggest again the binding affinity of peptide to ACE, but the structure-activity 

relationship was not confirmed yet. Besides, antioxidant activity can also be related with 

amino acids sequence of peptides (Tyr, Trp, Phe and the imidazole group of histidine 

(His)) which are able to quench the free radicals through a direct electron transfer 

mechanism, while the proline (Pro) pyrrolidine ring can interact with secondary structure 

of peptides, increasing its flexibility. It can also quench oxygen singlets thanks to its low 

ionization potential.  

Also Hu et al. (2014) performed an 5 kDa filtration preceded by enzymatic hydrolysis 

and ethanol precipitation for production of hydrolysates from yeast powder, revealing that 

ultrafiltration process is an important step in order to enrich bioactivity of yeast peptides. 

Yeast peptides hydrolysate and peptide fraction < 5 kDa allowed a strong ACE inhibition 

(about 80%) with IC50 values of 55.39 µg/mL and 29.32 µg/mL, respectively, confirming 

an increase of ACE-inhibitory activity using ultrafiltration process, being the fraction < 5 

kDa mainly constituted by 1 kDa oligopeptides (80.4%). The same increase of activity in 

5 kDa fraction was observed in superoxide anion scavenging and α-glucosidase inhibitory 

activities (IC50 values of 2.60 mg/mL and 10.62 mg/mL, respectively). On the other 

hand, no differences were found in DPPH• scavenging activity probably related with the 

lack of polypeptide specificity for this assay. The authors also performed a stability study 

of the potential extracts, observing a good heat and pH stability and high resistant effect 

against gastrointestinal proteases in peptides < 5 kDa. 

On a more simple approach, San Martin et al. (2021) produced yeast hydrolysates 

produced by enzymatic means with a protein extraction yield between 13.7% to 29.7%, 

which exhibit antioxidant activity, which range from 0.65 to 1.65 g of TE, by 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) method. Due to this data, and to the 

fact that these hydrolysates also exhibit antimicrobial activity against Aeromonas 

salmonicida (A. salmonicida), Bacillus cereus (B. cereus), B. subtilis and Salmonella 

enterica (S. enterica), lead the authors to conclude that this hydrolysates have great 

potential for functional food ingredients (San Martin et al., 2021). 

Concerning the therapy of metabolic disorders, Jung et al. (2011) produced a yeast 

hydrolysed rich in Cyclo-His-Pro (CHP) since the supplementation of this dipeptide 
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combined with Zn improved insulin sensitivity and glucose clearance. The extract 

prepared with Flavourzyme® showed the highest level of CHP (674 µg/g, 64.9% protein) 

and strong scavenging activity in DPPH• and ABTS•+ assays (IC50 values of 1.9 and 0.9 

mg/mL, respectively). Besides, the authors observed a significant decrease in glucose 

level of mice hyperglycemic models treated with yeast hydrolysate (100 mg/kg) 

compared with control at 30, 60, 90, and 120 min. Together, these results demonstrate the 

possibility to use a CHP-rich yeast extract as an antioxidative and/or antidiabetic 

ingredient in functional foods but further studies need to be performed to understand the 

role of CHP in antioxidant and antidiabetic mechanism. 
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Table 7. Antioxidant activity of bioactive peptides from S. cerevisiae. 

Extraction and purification 

method 
Extract characterization Activity Reference 

Autolysis (20 h; 47 ºC) 

Yeast autolysates (1000-2000 

Da; 16.06 g free amino 

acids/100 g) 

- Increased with the duration of the autolysis process, where the 20 h-autolysate showed 

the highest activity in ABTS•+ (32.73 mMol TE/100 mL). 

 

Podpora 

and 

Swiderski 

(2015) 

 

Enzymatic hydrolysis (papain; 

24 h; 50-60 ºC) 

Yeast extracts (703-1740 Da; 

60% protein) 

- High activity in ABTS•+ assay with concentrations ranging from 461.5 mmol TE/100 

mg to 506.9 mmol TE/100 mg. 

Podpora 

et al. 

(2016) 

Enzymatic alkaline hydrolysis 

(protease; 8 h; 60 ºC) followed 

by 3 and 1 kDa ultrafiltration 

- Eight peptide fractions from 

normal and Se-rich brewer’s 

yeast (< 3 kDa and 1 kDa) 

- Se-rich peptides fraction (MW < 1 kDa) with the highest activity in ABTS•+ (85.4 ± 

0.6%) compared with Se-rich peptides (MW < 3 kDa) or normal peptide fractions. 

- Inhibitory effect of Se-rich peptide fractions in lipid peroxidation was significantly 

higher than normal yeast peptide fractions, suggesting a synergistic effect between Se 

and yeast peptides. 

- Decrease of malonaldehyde level in liver and serum of mice after oral treatment with 

Se-rich yeast peptide fraction (peptide dose of 150 mg/kg body weight/day and Se dose: 

100 µg/kg body weight/day during 30 days). 

Guo et al. 

(2020) 

Sonication-trypsin hydrolysis 

followed by 10, 5 and 3 kDa 

ultrafiltration and SEC and 

RP-HPLC purification 

 

- Yeast protein hydrolysates 

- Peptide fraction (< 3 kDa) 

- Decapeptide (1057.45 Da; 

YGKPVAVPAR) 

- Trypsin hydrolysate had the highest activity in DPPH• (179.2 ± 4.8 µM TE/mg protein) 

and ABTS•+ (4653 ± 50 µM TE/mg protein) in comparison with sonication-

chymotrypsin hydrolysates and autolysates. 

Mirzaei et 

al. (2015) 
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Extraction and purification 

method 
Extract characterization Activity Reference 

 - Peptide fraction (< 3 kDa) exhibited the strongest DPPH• (489.12 ± 0.001 µM TE/mg 

protein) and ABTS•+ (7718.30 ± 57 µM TE/mg protein) activities in comparison with 

high MW peptide fractions. 

- Purified decapeptide increased the ABTS•+ (26.25 µM TE/µg protein) activity. 

10 kDa ultrafiltration followed 

by enzymatic hydrolysis (4% 

proteases) and 3 kDa 

nanofiltration 

-Four peptide hydrolysed 

fractions: 

- Retentate > 3 kDa 

- Retentate < 3 kDa 

- Permeate > 3 kDa 

- Permeate < 3 kDa 

 

- Retentate fraction < 3 kDa with the highest antioxidant activity (7.25 µM TE/ mg 

sample), followed by permeate < 3 kDa (5.50 µM TE/ mg sample) in ORAC assay. 

Amorim, 

Marques 

et al. 

(2019) 

Incubation of yeast powder 

with water (1:15) (pH 7.7, 60 °C, 

30 min) followed by enzymatic 

hydrolysis (3.5% w/v, 6 h), 

ethanol precipitation (2 h, 4 

°C) and 5 kDa filtration 

-Yeast protein hydrolysates 

-Yeast peptide < 5 kDa 

-The ultrafiltration process enhanced the superoxide scavenging activity from IC50 of 

3.98 mg/mL for protein hydrolysate and 2.60 mg/mL for peptide < 5 kDa. 

-Both extracts showed good DPPH• scavenging activity but no differences were observed 

between extracts. 

Hu et al. 

(2014) 

 

Enzymatic hydrolysis (48 h; 

enzymes:yeast of 1/100; 50 ºC) 

followed by acid treatment and 

-Yeast hydrolysate with high 

content of CHP (64.9% protein) 

- Strong scavenging activity in DPPH• and ABTS•+ assays (IC50 values of 1.9 and 0.9 

mg/mL, respectively). 

Jung et al. 

(2011) 
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Extraction and purification 

method 
Extract characterization Activity Reference 

a combined ultrafiltration and 

activated carbon treatment 

 

Enzymatic hydrolysis (up to 8 

h, enzyme:substrate ratio up to 

0.12, and up to 55 ºC).  

-Yeast protein hydrolysates 
- Antioxidant capacity from 0.65 to 1.65 g TE. 

- Antimicrobial activity versus A. salmonicida, B. cereus, B. subtilis and S. enterica. 

San 

Martin et 

al. (2021) 

ORAC – Oxygen radical absorbance capacity  
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Antimicrobial 

In recent past we have witnessed an increase in the number of antibiotic resistant 

pathogens, with multiple antimicrobial classes becoming ineffective to combat infections 

in medical and agricultural fields (S. Sharma et al., 2011). In order to address this 

problem, antimicrobial peptides have been produced, isolated and purified from different 

sources, such as microorganisms, invertebrates and other species (Gddoa Al‐sahlany et 

al., 2020). Antimicrobial peptides are small oligopeptides, usually with a MW under 10 

kDa, and encoded within the sequences of native protein precursors with a net positive 

charge and an amphipathic structure (Gddoa Al‐sahlany et al., 2020; Sánchez & Vázquez, 

2017). They are involved in the growth inhibition and killing of several microorganisms 

such as bacteria and fungi (Sánchez & Vázquez, 2017). Their properties, such as 

amphipathicity, amino acid composition, cationic charge and size, are key factors in the 

attachment and infusion into pathogen membrane bilayers, allowing the formation of 

pores by 'barrel-stave', 'carpet' or 'toroidal-pore' mechanisms. However, it has been 

speculated that these mechanisms are not the sole reason for the antimicrobial properties 

of these peptides: the cytoplasmic membrane septum formation can be altered by 

translocated peptides, and other effects have been described such as  the inhibition of cell-

wall synthesis, nucleic-acid and protein synthesis or of enzymatic activity in general 

(Brogden, 2005). 

Many studies have reported the production of antimicrobial peptides from spent S. 

cerevisiae (Table 8). Enzymatic hydrolysis or cell physical disruption technique, 

followed by ultrafiltration and SEC or IEC purification were the methods mostly used for 

antimicrobial peptides production (Albergaria et al., 2010; Branco et al., 2014, 2017; 

Caldeira et al., 2019; Comitini et al., 2005; Dick et al., 1992). 

The malolactic fermentation is essential for certain types of wine, having a strong 

impact in their final performance, mainly in sensorial aspects such as decreasing acidity 

(Lonvaud-Funel, 2000). However, it has been described that yeast can produce 

antibacterial factors that can be responsible for the non-occurrence of malolactic 

fermentation (Dick et al., 1992). In fact, Dick, Molan and Eschenbruch (1992) showed 

that two cationic proteins isolated by cation exchange chromatography from S. cerevisiae 

strongly inhibited the lactic acid bacteria which are in charge of malolactic fermentation 

in wine. Comitini et al. (2005) analysed the interactions between Oenococcus oeni (O. 
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oeni), the dominant specie of lactic acid bacteria, and different yeasts in order to 

understand the mechanisms underlying the basis of the yeast–bacteria interactions in 

wine. They found that S. cerevisiae compounds of proteinaceous nature (MW < 10 kDa) 

inhibited the growth of different strains of O. oeni in a dose-dependent way, being related 

to yeast metabolic activity rather than to a competition for nutritional requirements. The 

proteinaceous factors of yeast can be explored on the inhibition of lactic bacteria, which 

offers new prospects for malolactic fermentation and its management. Beyond the 

inhibition of lactic acid bacteria, Albergaria et al. (2010) observed antimicrobial activity 

of S. cerevisiae secreted peptides with a MW between 2 and 10 kDa against 

Hanseniaspora guilliermondii (H. gulliermondii), a non-Saccharomyces yeast that 

contributes to increase the sensory complexity of wines. Conversely, a growth inhibitory 

effect versus Kluyveromyces marxianus (K. marxianus), Kluyveromyces thermotolerans 

(K. thermotolerans), Torulaspora delbrueckii (T. delbrueckii) and H. guilliermondii and 

a fungicidal effect versus K. marxianus was found in the same study, which suggests the 

use of bioactive peptides as a way to prevent wine spoilage caused by yeasts. 

In their work, Branco et al. (2014) have shown the antimicrobial potential of a 2-10 

kDa peptide fraction, testing it against a large range of wine related yeasts. Two peptides 

have resulted from the purification of this fraction with 1.638 and 1.622 kDa 

(VSWYDNEYGYSTR and ISWYDNEYGYSAR, respectively). These correspond to 

fragments from the S. cerevisiae GAPDH isoenzymes, namely GAPDH2/3 and 

GAPDH1. The authors denominated the GAPDH-derived peptides fraction as 

“Saccharomycin”, a natural biocide with fungicidal effect against several wine-related 

non-Saccharomyces yeasts during alcoholic fermentation (Branco et al., 2017; Caldeira 

et al., 2019). It was also found that “Saccharomycin” antimicrobial activity was 

significantly higher when compared to synthetic analogues while being dependent on a 

conjugated action of GAPDH2/3 and GAPDH1 (ideally at ration 4:1) for maximum 

antimicrobial action (2017). Furthermore, in contrast to synthetics alternatives, 

“Saccharomycin” is active under acidic conditions, suggesting molecular adaptations, 

likely involving the formation of aggregates of a number of peptide units in order to 

maintaining their solubility and bioactivity. When studying the death mechanism induced 

by GAPDH-derived peptides, these molecules were chemically synthetized, and it was 

observed their internalization by cell membrane permeabilization. These peptides were 

able to enter the cytoplasm of sensitive yeast cells (H. guilliermondii and Dekkera 

bruxellensis (D. bruxellensis)) by crossing the cell membrane. 
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In addition to production of antimicrobial peptides by S. cerevisiae related to 

fermentation processes, Gddoa Al‐sahlany et al. (2020) isolated an antimicrobial peptide 

from S. cerevisiae culture medium suitable for use in sterilization and thermal processes 

in food production. After 24 h incubation, the peptide inhibits from 2 to 2.3 log units of 

gram-negative (Escherichia coli (E. coli) and Klebsiella aerogenes (K. aerogenes)) and 

1.5 to 1.8 log units of gram-positive (B. subtilis and Staphylococcus aureus (S. aureus)) 

bacteria, respectively. The authors found that the mode of action fundamentally depends 

on the electrostatic interaction between peptides and bacteria cells membrane, since 

peptides were adsorbed by bacterial cell membrane leading to its complete damage. In 

order to establish a relation between MW and inhibition of bacteria, the authors also 

analysed the fraction from 3–10 kDa ultrafiltration where they observed smaller peptides 

with antibacterial biological activity as well. 
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Table 8. Antimicrobial activity of bioactive peptides from S. cerevisiae. 

Extraction and purification 

method 
Extract characterization Activity Reference 

French press followed by SEC, 

cation IEC purification and 500 

Da ultrafiltration 

Two cationic proteins 

- Small protein with high isoelectric point 

- Lysozyme-like  

Antimicrobial activity: 

- Strong inhibitory action against lactic acid bacteria.  

Dick, Molan and 

Eschenbruch (1992) 

10 kDa Ultrafiltration and dialysis 

(16 h, 4 ºC) 

S. cerevisiae compounds from proteinaceous 

nature (< 10 kDa) 

Antimicrobial activity: 

- Strong inhibition growth and malic acid degradation of 

malolactic bacteria. 

Comitini et al. (2005) 

Enzymatic hydrolysis (trypsin, 

alkaline protease mixture; 72 h; 

37 ºC) followed by 10 kDa and 2 

kDa ultrafiltration 

2–10 kDa Peptide fraction (4.0, 4.5 and 6.0 

kDa) 

- Antimicrobial properties against H. guilliermondii. 

- Fungistatic effect against K. marxianus, K. 

thermotolerans, T. delbrueckii and H. guilliermondii. 

- Fungicidal effect against K. marxianus. 

Albergaria et al. (2010) 

10 and 2 kDa Ultrafiltration 

followed by SEC and IEC 

purification 

- 2–10 kDa Peptide fraction 

- Fragments of the S. cerevisiae GAPDH 

isoenzymes: GAPDH2/3 and GAPDH1; 

1.638 and 1.622 kDa; VSWYDNEYGYSTR 

and ISWYDNEYGYSAR) 

Antimicrobial activity against a wide variety of wine-

related yeasts and bacteria related with GAPDH activity.  
Branco et al. (2014) 

10 and 2 kDa Ultrafiltration 

followed by SEC purification 

- 2–10 kDa Peptide fraction 

- “Saccharomycin”  

- S. cerevisiae secretes several GAPDH-derived peptides 

with antimicrobial activity during alcoholic fermentation, 

namely a natural biocide “saccharomycin”. 

 

Branco et al. (2017) 

Caldeira et al. (2019) 
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Extraction and purification 

method 
Extract characterization Activity Reference 

- “Saccharomycin” exhibited a fungicidal effect against 

several wine-related non-Saccharomyces yeasts. 

 

- Antimicrobial activity of GAPDH-derived peptides was 

significantly higher than synthetic analogues. 

 

- The death of sensitive yeast cells (H. guilliermondii and 

D. bruxellensis) is related to the peptides capacity of cell 

penetration membrane. 

 

10 kDa and 2 kDa ultrafiltration 

followed by SEC purification 

Peptide (9770 Da; thermostable at 50-90 ºC 

for 30 min; tolerated a pH range of 5-7 at 4 

ºC and 25 ºC for 24 h) 

Antimicrobial activity: 

- Inhibition of 2 to 2.3 and 1.5 to 1.8 log units of gram-

negative (E. coli and K. aerogenes) and gram-positive (B. 

subtilis and S. aureus) bacteria during 24 h of incubation, 

respectively.  

Gddoa Al‐sahlany et al. 

(2020) 
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Other bioactivities 

In addition to antihypertensive, antioxidant, antidiabetic and antimicrobial 

bioactivities, widely described for S. cerevisiae peptides, other bioactivities related to 

treatment and prevention of chronic diseases have also been studied.  

Hoz et al. (2014) demonstrated the Fe-binding capacity of peptide hydrolysates from 

sugarcane yeast (S. cerevisiae) (MW < 5 kDa) which enhanced Fe bioavailability. The 

authors observed Fe stability during in vitro digestion by evaluation of Fe dialyzability 

(amount of soluble and stable Fe until intestinal digestion) after the production of Fe-

peptide chelates, concluding that yeast peptide extracts were a promising Fe-delivery 

component to produce supplements targeted for anti-anemic market.  

On the other hand, Amorim et al. (2016) observed the protection of gastric mucosa of 

rats against ulcerative lesions when treated with peptide hydrolysates from spent brewer’s 

yeast. The peptide fraction under 3 kDa was able to reduce gastric injuries at the effective 

dose of 816 mg/kg, being pointed out a relation between a prostaglandin-mediated 

mechanism and the cytoprotective effect observed. However, this mechanism seems to 

be nonspecific. Furthermore, a cytotoxic effect against leukemia cells (K-562) was also 

revealed with the inhibition of more than 50% in concentration values (IC50) of 2.5 µg/mL 

for this peptide fraction (25 µg/mL for fraction above 3 kDa). The authors suggested that 

the minerals also present in the extract may be the responsible for inhibition of tumor 

cells proliferation.  

Recently, Jacob, Hutzler, et al. (2019) also hypothesized the potential use of yeast 

autolysates for stimulating immune cells and preventing diabetes due to the high amount 

of amino acid γ-aminobutyric acid (GABA) (10 mg protein/g yeast extract), since it acts 

as a strong secretagogue of insulin from the pancreas (Dhakal et al., 2012). 

Figure 5 presents an overview of the abovementioned potential bioactive properties. 
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Figure 5. Main bioactivities and possible mechanisms reported for peptides from S. cerevisiae. 

 

Applications to agri-food sector 

Beyond the use of yeast peptides as bioactive ingredients for specifically targeted 

applications, some studies exploited the benefits of yeast protein extracts introduction in 

the food market and winemaking industry (Caballero‐Córdoba & Sgarbieri, 2000; Gaspar 

et al., 2019). Caballero‐Córdoba and Sgarbieri (2000) evaluated the nutritional and 

toxicological performance of yeast protein concentrates (extracted with sodium 

perchlorate) as single source of dietary protein. In fact, the authors observed an in vivo 

poor nutritional performance, since the food intake and growth rate were lower than that 

of the group fed by yeast biomass. Nevertheless, these results can be explained by a 

decrease in amino acid bioavailability such as Lys and methionine (Met), and/or the 

presence of residual sodium perchlorate (from extraction process) in the diet, which led 

to some evidenced liver toxicity. On the other hand, a yeast protein extract, with 50% > 

15 kDa, was proposed as an effective alternative as a fining agent in red wine clarification 

and stabilization by Gaspar et al (2019). This alternative to traditional agents is health 

risk free, enhance phenolic compound extraction, promotes a significant brilliance and 

turbidity decrease, as well as colour improvement, when compared with reference 

traditional compounds such as albumin, bentonite or casein. 



 

97 

 

Yeast protein-rich extracts have also been used as human dietary supplements, flavour 

enhancers and animal feed. Table 9 lists some of the protein-rich products currently on 

the market derived from yeast obtained from different extraction processes (hydrolysis 

and autolysis) and/or spray-dried. Beyond the high protein content described on the 

product information, these extracts are also rich in amino acids and bioactive peptides, 

among others, which are responsible for some of the bioactive properties observed. In 

fact, with the exception of being used as protein sources, several of the remaining 

applications of these extracts (e.g. flavour enhancement) are dependent on the smaller 

molecules present (amino acids), and the choice of commercializing the whole protein 

extract is usually mainly economic. Since the source of those commercial products is not 

usually provided in the label, it is difficult to ascertain which ones come from spent yeast; 

however, such labelling could even be a positive differentiation parameter, due to the 

growing consumer awareness and valorisation on sustainability issues and circular 

economy.
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Table 9. Protein-rich extracts from commercially available yeast. 

Company Product Composition Use and function 

DSM 
LEVABON® 

 

Rumen E1 

Spray-dried autolyzed S. cerevisiae, rich in bioactive 

ingredients and nutrients such as nucleotides, EAA, peptides, 

cell wall carbohydrates and B-vitamins. 

- Feeding of dairy cows during the lactation and close-up 

period. Also suitable for calves and beef cattle 

- Improves milk and meat production 

- Improves feed efficiency and organic matter digestibility 

- Creates a better rumen environment 

Aquagrow 

E2 

Spray-dried and autolyzed S. cerevisiae, rich in bioactive 

ingredients and nutrients such as EAA, peptides, cell wall 

carbohydrates, nucleotides and B-vitamins. 

- Aquaculture feeds 

- Contributes to immunity development 

- Improves animals ‘stress resistance 

- Maintains intestinal integrity 

Angel 

Yeast and 

Co., Ltd. 

GroPro3 

Swine 
Provides young animal digestible proteins in the form of free 

amino acids/peptides and functional nucleic acids. 

- Replaces SDPP in creep feed. 

- Promotes growth in weaned pigs 

Poultry 
Provides young animal digestible proteins in the form of free 

amino acids/peptides and functional nucleic acids. 

- Feed ingredient 

- Promotes growth and reduces mortality in broilers 

- Improves laying rate and egg quality 

Aqua 
Provides young animal digestible proteins in the form of free 

amino acids/peptides and functional nucleic acids. 

- Feed ingredient 

- Promotes growth and improves palatability 

Rumen 
High quality of nucleic acid, small peptide, amino acid, 

polysaccharides and other bioactives. 

- Feed ingredient 

- Creates a better rumen environment 

 
1 https://www.biomin.net/index.php?id=97&L=7 
2 https://www.biomin.net/index.php?id=98&L=3 
3 https://en.angelyeast.com/products/animal-nutrition/gropro.html 

 

https://www.biomin.net/index.php?id=97&L=7
https://www.biomin.net/index.php?id=98&L=3
https://en.angelyeast.com/products/animal-nutrition/gropro.html
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Company Product Composition Use and function 

- Improves feed digestibility 

- Increases milk yield 

Pet 

Rich in flavouring attractants such as peptides, amino acids 

and nucleic acids. 

 

- Feed ingredient 

- Enhances palatability of pets’ food 

- Promotes growth and development of young pets by 

improving digestion 

- Promotes the absorption of trace elements thus brighten 

the coats 

Fubon4 
Spent brewer’s yeast extract with high efficient microprotein 

(about 40%) and B-vitamins. 
- Improve animal feed quality and growth performance 

Kohjin 

Life 

Sciences 

Co., Ltd. 

AJITOP™5 
Yeast extract rich in natural glutamate and other amino acids, 

peptides, and nucleotides.  

- Adds strong savoury taste 

- Provides the authentic taste of food materials 

AROMILD™6 
Yeast extract product with high level of natural nucleotides 

and strong umami. 

- Adds savoury taste 

- Balances taste 

AJIREX™7 
Yeast extract product rich in peptides: balanced mix of 

amino acids, peptides, and nucleotides. 

- Enriches middle taste 

- Intensifies tastes of other ingredients 

- Provides saltiness 

AROMAWAY™8 Yeast product for body boost and flavour integration. 
- Boosts body 

- Intensifies flavour of meat extracts 

 
4 https://en.angelyeast.com/products/animal-nutrition.html 
5 https://www.kohjinls.com/en/business/foodmaterial/ajitop/ 
6 https://www.kohjinls.com/en/business/foodmaterial/aromild/ 
7 https://www.kohjinls.com/en/business/foodmaterial/ajitop/ 
8 https://www.kohjinls.com/en/business/foodmaterial/aromaway/ 

https://en.angelyeast.com/products/animal-nutrition.html
https://www.kohjinls.com/en/business/foodmaterial/ajitop/
https://www.kohjinls.com/en/business/foodmaterial/aromild/
https://www.kohjinls.com/en/business/foodmaterial/ajitop/
https://www.kohjinls.com/en/business/foodmaterial/aromaway/
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Company Product Composition Use and function 

NUCLEAMINE™9 Yeast extract containing 35% nucleotides and polyamines. 
- Additive for infant milk formulas 

- Dietary supplement for anti-aging and skin beauty 

Alltech NuPro®10 
Yeast extract rich in nucleotides, Glu, amino acids, peptides 

and inositol (45% of crude protein). 

 

- Increases feed intake and animal performance (beef cattle, 

dairy cows, poultry, pigs, aqua, pet and equine) due to 

improvement of palatability 

- Contains components that improve cell repair and growth 

SDPP – Spray dried porcine plasma 

 

 
9 https://www.kohjinls.com/en/business/healthfoodmaterial/nucleamine/ 
10 https://www.alltech.com/nupro 

 

https://www.kohjinls.com/en/business/healthfoodmaterial/nucleamine/
https://www.alltech.com/nupro
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1.2.2.2. To sum up 

Several strategies have been developed for spent yeast valorisation in a circular economy 

concept, due to the large amounts of spent yeast produced annually (for instance, brewing 

industry alone produces about 309,400 to 418,600 tonnes per year). Furthermore, its 

nutritional composition, with more than 50% of protein, as well as being an inexpensive 

source of bioactive ingredients, are pointed out as some of the reasons for the yeast 

valorisation growing market.  

Although S. cerevisiae has been commercialized for years as yeast extracts, the 

production of protein-rich extracts is still a challenging affair due to the need for an increased 

protein content in the final product. With that objective, different protein extraction 

processes have been optimized to facilitate efficient and cost-effective release of proteins 

and peptides from yeast cells. Among the abovementioned methods, ultrasonication seems 

to be quite effective, although limited by operational and economical constraints, thus 

leading the way to bead milling and HPH as favoured physical extraction processes at 

industrial scale. However, since they both present the downside of poor selectivity, 

enzymatic hydrolysis may be preferred when specificity is the key parameter. Chemical 

methods are also relatively specific, although the experimental conditions may provoke 

alteration on final protein content or peptide and amino acid profile. Finally, autolysis has 

the main advantage of only using yeast’s own enzymes for the process, but the temperature 

and long-time treatment can lead to bacterial contamination on yeast suspension, turning the 

final product unfeasible. In conclusion, process cost and selectively are inversely related, 

although it must be kept in mind that a clean extract will decrease the downstream isolation 

and purification costs. Nevertheless, the selection of the extraction method will be dictated 

by the final use of the protein extract, as well as the coupled separation and purification 

procedures. Likewise, many of these separation and purification procedures are difficult to 

scale-up due to economic constrains, such as chromatography, or can lead to low protein 

yields, such as with the case of dialysis. On the other hand, membrane filtration has been 

widely used since is considered a gentle process, being quite fast and relatively economical, 

which makes it a potential tool to protein-rich extracts production. 

Currently, one of the main challenges related to protein extraction from spent yeast 

remains in establishing a scalable, low cost, efficient and reproducible process in order to 

produce large amounts of bioactive peptides due to their growing interest for nutraceutical 
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sector. They are mainly characterized by antihypertensive, antioxidant and antimicrobial 

properties, although other studied bioactivities are being added to the portfolio. Several 

authors suggested yeast peptides as dietary supplements for treatment and prevention of 

chronic diseases, since they have a strong ACE inhibition activity, thus becoming an 

alternative for several ACE inhibitory drugs (such as captopril) in hypertension treatment, 

with the added bonus of having lower or no side effects. The protection of gastric mucosa is 

also pointed out as a health benefit since yeast peptides were able to reduce gastric injuries 

in vivo by prostaglandin-mediated mechanism. Furthermore, the high Fe-binding capacity 

of yeast peptides also makes them a promising Fe-delivery and anti-anaemic source to 

produce supplements with Fe-peptide chelates. Recently, some authors hypothesized their 

use for preventing diabetes, due to the high amount of GABA detected in yeast extracts.  

Several yeast protein-rich extracts are already on the market, being used as human 

dietary supplements, flavour enhancers and animal feed, although info about their source is 

usually not provided. The labelling of the source as a sustainable one could be a promotion 

factor for the product, due to the increasing environmental awareness and concern from 

general consumers. 
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1.3. Scope & outline 

 

The well-established synthetic biology company Amyris Inc., an American company 

that produces several ingredients such as farnesene, artemisinin and rebaudioside M by yeast 

fermentation, concomitantly generating (at least) 2,200 tons of spent yeast per year, which 

represents 20% of their produced waste, and corresponds to their second fermentation by-

product by volume. Focusing on the importance of spent yeast valorisation, the main goal 

of the present thesis was the valorisation of peptides from yeast by-products provided from 

Amyris Inc., exploring their sustainable and economic extraction, in order to obtain peptide-

rich extracts with bioactive properties for application in the nutraceutical market.  

For this purpose, the present study started with the production of peptide-rich extracts 

following two different strategies: i) peptides directly extracted from spent yeast, and ii) 

peptides obtained from waste streams of β-glucan and mannan extraction processes (yeast 

cell wall components), in a circular economy approach.  

For the first approach, a range of extraction methodologies were applied on spent yeast, 

prioritizing then the use of most sustainable process for purification.  The objective was to 

assess significant bioactive properties relevant to the food/nutraceutical sector, such as 

antihypertensive, anticholesterolemic, antioxidant and antimicrobial activities. In the second 

route, in addition to evaluate the abovementioned bioactivities following the production of 

peptide-rich extracts, the focus shifted to assessing the capacity of peptides to chelate Fe and 

the optimization of the production of spent yeast Fe-peptide complexes was performed. 

Finally, in order to understand the potential application of complexes as dietary supplement, 

an in vitro Fe bioavailability study was conducted alongside a benchmark. Chemical 

characterization of peptide-rich extracts and Fe-peptide complexes was carried out 

throughout the study, with focus on the protein amount, MW peptides distribution and amino 

acids content. 

To sum up, the present thesis is divided into three main general segments (Figure 6). 

The first starts with the thesis overview, comprising thesis contextualization, literature 

review of spent yeast peptides and its scientific output (Chapter 1), followed by the 

production of peptide-rich extracts and, their purification and potential nutraceutical 

applications (Chapter 2 and 3), being concluded with an integrated analysis of all the 

studies undertaken and future work (Chapter 4). 
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Figure 6. Outline of the present thesis by general segments. 

On a more detailed level, the scheme of thesis is represented in Figure 7.  

The Chapter 1 comprises a revision of the literature regarding the peptides from spent 

yeast, such as the processes for their extraction, isolation and purification, their 

characterization techniques and their bioactive properties that fit into nutraceutical market.  

The Chapter 2 includes the production of peptide-rich extracts directly from spent yeast, 

where several different extraction methodologies were applied (Chapter 2.1) and the best 

process was selected for the following purification steps, characterizing the final fractions 

in terms of bioactivities for nutraceutical sector (Chapter 2.2).  

The Chapter 3 encompasses the production of peptide-rich extracts from waste streams 

of β-glucan and mannan extraction processes (yeast cell wall components) by 1 kDa 

ultrafiltration. From this point, their bioactivities for nutraceutical market were evaluated 

(Chapter 3.1), as well as their Fe-chelating capacity, being optimized a process for Fe-

peptide complexes production (Chapter 3.2). Finally, the bioavailability of Fe-peptide 

complexes was compared with Fe salt and a Fe-bisglycinate benchmark through the 

sequential phases: evaluation of bioaccessible Fe after in vitro simulation of human 

gastrointestinal tract (GIT) and Fe uptake by human colorectal adenocarcinoma (Caco-2) 

monolayer (Chapter 3.3). 
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Figure 7. Detailed scheme of the thesis.  
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1.4. Scientific output 

 

Most of the information presented in this thesis has already undergone peer review, 

through publication or submission in international journals, and/or presentation in national 

and international conferences, as elaborated in the following section: 

 

Chapter 1 

 

Publications 

Oliveira, A. S., Ferreira, C., Pereira, J. O., Pintado, M. E., & Carvalho, A. P. (2022). 

Valorisation of protein-rich extracts from spent brewer’s yeast (Saccharomyces cerevisiae): 

an overview. Biomass Conversion and Biorefinery, 1-23. https://doi.org/10.1007/s13399-

022-02636-5 

 

Oliveira, A. S., Ferreira, C., Pereira, J. O., Pintado, M. E., & Carvalho, A. P. (2022). Spent 

brewer’s yeast (Saccharomyces cerevisiae) as a potential source of bioactive peptides: An 

overview. International Journal of Biological Macromolecules, 208, 1116–1126. 

https://doi.org/10.1016/j.ijbiomac.2022.03.094 

 

Chapter 2 

 

Publications 

Oliveira, A. S., Odila Pereira, J., Ferreira, C., Faustino, M., Durão, J., Pereira, A. M., 

Oliveira, C. M., Pintado, M. E., & Carvalho, A. P. (2022). Spent Yeast Valorization for Food 

Applications: Effect of Different Extraction Methodologies. Foods, 11(24), 4002. 

https://doi.org/10.3390/foods11244002 

 

Oliveira, A. S., Pereira, A. M., Ferreira, C. M. H., Pereira, J. O., Amorim, M., Faustino, M., 

Durão, J., Pintado, M. E. & Carvalho, A.P. Purification of bioactive peptides from spent 

yeast autolysates. Submitted to International Journal of Biological Macromolecules (22th 

June 2023) 

 

https://doi.org/10.1007/s13399-022-02636-5
https://doi.org/10.1007/s13399-022-02636-5
https://doi.org/10.1016/j.ijbiomac.2022.03.094
https://doi.org/10.3390/foods11244002
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Oral communication in national conference 

Oliveira, A. S., Odila Pereira, J., Ferreira, C., Faustino, M., Durão, J., Pereira, A. M., 

Oliveira, C. M., Pintado, M. E., & Carvalho, A. P. (2022) Study on peptides extraction 

methodologies from spent yeast: a sustainable approach. INSURE.Hub, 17th November, 

Porto, Portugal 

 

Chapter 3 

 

Publications 

Oliveira, A. S., Pereira, J. O., Ferreira, C., Faustino, M., Durão, J., Pintado, M. E., & 

Carvalho, A. P. (2022). Peptide-rich extracts from spent yeast waste streams as a source of 

bioactive compounds for the nutraceutical market. Innovative Food Science & Emerging 

Technologies, 81, 103148. https://doi.org/10.1016/j.ifset.2022.103148 

 

Costa, E. M., Oliveira, A. S., Silva, S., Ribeiro, A. B., Pereira, C. F., Ferreira, C., Casanova, 

F., Pereira, J. O., Freixo, R., Pintado, M. E., Carvalho, A. P., & Ramos, Ó. L. (2023). Spent 

Yeast Waste Streams as a Sustainable Source of Bioactive Peptides for Skin Applications. 

International Journal of Molecular Sciences, 24(3), 2253. Mol. Sci. 2023, 24, 2253. 

https://doi.org/10.3390/ijms24032253. (Oliveira, A.S. contributed for the antioxidant 

capacity study of peptide fractions) 

 

Oliveira, A. S., Ferreira, C. M. H., Pereira, J. O., Sousa, S., Faustino, M., Durão, J., Pereira 

A. M. P., Pintado, M. E. & Carvalho, A. P. (2023) Production of iron-peptide complexes 

from spent yeast for nutraceutical industry. Food and Bioproducts Processing,  

https://doi.org/10.1016/j.fbp.2023.06.006.  

 

Oliveira, A. S., Ferreira, C. M. H., Pereira, J. O., Silva, S., Costa, E.M., Pereira, A. M. P., 

Faustino, M., Durão, J., Pintado, M. E. & Carvalho, A. P. Iron-peptide complexes from spent 

yeast: evaluation of iron absorption using a Caco-2 monolayer. Submitted to Food 

Bioscience (8th June 2023). 

 

 

https://doi.org/10.1016/j.ifset.2022.103148
https://doi.org/10.3390/ijms24032253
https://doi.org/10.1016/j.fbp.2023.06.006
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Poster in national & international conferences 

Oliveira, A. S., Ferreira, C., Pereira, J. O., Pintado, M. E., & Carvalho, A. P. (2021). Peptide 

rich extracts from spent yeast waste streams as a source of bioactive compounds for 

nutraceutical market. XV Encontro Química dos Alimentos, 5th-8th September, Madeira, 

Portugal  

 

Oliveira, A. S., Carvalho, N., Ferreira, C., Pereira, J. O., Pintado, M. E., Madureira, A.R., 

& Carvalho, A. P. (2021). Peptide-rich extracts from spent yeast as potential microbiota 

modulators. Microbiotech21, 23th-26th November, Lisboa, Portugal 

 

Oliveira, A. S., Ferreira, C., Pereira, J. O., Pintado, M. E., & Carvalho, A. P. (2022) Iron 

complexation using spent yeast peptides for human supplementation. 5th Food Structure and 

Functionality Symposium, 18th-21th September, Cork, Ireland 

 

Oliveira, A. S., Ferreira, C., Pereira, J. O., Silva, S., Costa, E. M., Pintado, M. E., & 

Carvalho, A. P. (2022) Iron-peptide complexes from spent yeast: evaluation of iron 

absorption using Caco-2 model. 1st International Congress on Food, Nutrition & Public 

Health, 17th November, Lisboa, Portugal 
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2.1. Peptide-rich extracts production* 

 

 

 

Figure 8. Schematic overview of Section  2.1, illustrating the extraction methods used for both engineered and wild-type 

yeast strains. Adapted from the graphical abstract of Oliveira, Odila Pereira et al. (2022) 

 

2.1.1. Introduction 

The new engineered S. cerevisiae strains used in synthetic biology, are genetically 

modified with the aim of improving or enabling the production capacity of specific 

molecules. Although the alterations on their genes related to structural components are 

widely described, only a few publications are focused on perturbation of the cell wall in 

metabolic engineering (Ramos-Viana et al., 2022). For that reason, one can only question 

oneself regarding the effects of changes on the yeast morphology, and what effects those 

changes might have on extraction processes. In one hand, cell wall structural changes might 

influence the capacity and yield of physical extraction methods, making the cell wall 

stronger or weaker to these methods, since protein release is directly dependent on its 

efficient breakage. On the other hand, cytosol enzymatic composition changes may interfere 

with chemical and enzymatic methods by increasing, for example, the resistance against the 

action of a particular enzyme that might be used to disrupt the cell during extraction (A. S. 

Oliveira, Ferreira, et al., 2022b). To the best of our knowledge, there is no studies concerning 

any possible correlations between engineered yeast alterations and protein extraction so far. 

Concerning the increase of worldwide protein demand and the amount of spent yeast 

generated by brewing and synthetic biology industries, the aim of the present work is to 

 
* Oliveira, A.S., Pereira, J. O, Ferreira, C., Faustino, M., Durão, J., Pereira, A.M., Oliveira, C.M., Pintado, 

M.E. & Carvalho, A.P. (2022) Spent Yeast Valorization for Food Applications: Effect of Different Extraction 

Methodologies. Foods 11, 4002. https://doi.org/10.3390/foods11244002 

 

https://doi.org/10.3390/foods11244002
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produce peptide-rich extracts from engineered and non-engineered spent yeast, by applying 

potentially scalable and sustainable processes at the industrial scale. This will in turn 

represent more viable options for mass exploration of spent yeast in food and nutraceutical 

industries using economic and sustainable approaches. Regarding extraction methods on S. 

cerevisiae, thorough reviews have already been conducted on the different physical, 

chemical and enzymatic methods generally used for protein extraction on spent brewer’s 

yeast  (A. S. Oliveira, Ferreira, et al., 2022b). From the described methods generally used 

for spent brewer’s yeast protein extraction, physical methodologies (HPH and sonication), 

autolysis and enzymatic hydrolysis (enzymatic methods) have been selected, thus covering 

the majority of the processes used. 

Considering the above-mentioned objectives, two steps were idealized. On a first step, 

the effectiveness of these methods in extracting protein and peptides from spent yeast was 

evaluated, using a range of parameters such as protein content of extracts produced and their 

MW distribution. Secondly, the processes protein recovery and sustainable metrics were 

calculated in order to study the application of extraction process at an industrial level. These 

parameters were also used to assess the possible differences that distinct engineered strains 

may or may not induce on the extraction processes (Figure 8).   

 

2.1.2. Materials and methods 

 

2.1.2.1. Yeast Strains 

Spent yeast of two different S. cerevisiae strains, namely “ESY1” and “ESY2”, 

engineered by Amyris, Inc. to produce β-farnesene, were used in this study. A non-

engineered spent brewer's yeast (Saccharomyces) kindly supplied by Super Bock Group was 

used as control (“CSY”). Samples were transported under refrigerated conditions and 

processed immediately after collection. 

 

2.1.2.2. Yeast pre-treatment 

After collection, spent yeast was immediately subjected to two washing processes to 

remove residual components of fermentation process (11949 × g, 10 min, 4 ºC). The 

supernatant was discarded, and the washed yeast pellet was distributed for the different 

extraction methods. A sample of spent yeast and washed yeast pellet was collected to DW 

and protein content determination.  
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2.1.2.3. Extraction methods 

Two physical and two enzymatic methodologies, previously described in literature, were 

used for protein and peptides extraction from S. cerevisiae (A. S. Oliveira, Ferreira, et al., 

2022b). The cell suspension for all methods were prepared according to wet yeast weight. 

A brief description of each methodology is subsequently provided. 

 

High-pressure homogenization 

HPH was conducted based on Ekpeni et al. (2016) with some modifications. A cell 

suspension of 200 mL at 39% (w/v) was prepared in deionized water. Five continuous 

passages were performed in GEA Lab Homogenizer PandaPLUS 2000 (GEA Group AG, 

Düsseldorf, Germany), with pressure varying from 600 to 1000 bar during the process since 

the yeast cell suspension viscosity was increasing. The samples were collected in an ice bath 

to avoid overheating. At the end of HPH, the cell suspension was centrifuged (15777 × g, 

10 min, 4 °C).  

 

Sonication 

The protocol of sonication was adapted from Liu et al. (2013) using a JP Selecta CY-

500 Ultrasonic Homogenizer (500 W, 20 kHz) coupled with a cylindrical titanium alloy 

probe tip (Ø 10 mm) (Barcelona, Spain).  A total volume of 200 mL of 1% cell suspension 

(w/v) in deionized water was irradiated at 60% amplitude for 30 min in an ice bath (pulse 

durations of 60 s on and 15 s off). At the end of sonication, the cell suspension was 

centrifuged (15777 × g, 10 min, 4 °C).  

 

Autolysis 

One of Jacob, Hutzler, et al. (2019) methodologies was used to autolyze yeast with some 

modifications. The washed yeast pellet was dissolved in deionized water (proportion of 1:1 

(w/v)) and the autolysis was performed during 16 h at 50 °C with continuous stirring (120 

rpm) using a New Brunswick™ Innova® 40/40R Benchtop Orbital Shaker (Eppendorf, 

Hamburg, Germany). After 16 h, the intrinsic enzymes were inactivated at 95 °C during 5 

min. At the end, the cell suspension was centrifuged (4696 × g, 10 min, 4 °C).  

 



 

114 

 

Enzymatic Hydrolysis 

Enzymatic hydrolysis was carried out using Chae et al. (2001) method. A 20% cell 

suspension (w/v) was prepared in phosphate buffer 100 mM pH 6.5 (Sodium phosphate 

monobasic, Sigma-Aldrich, Inc., St. Louis, USA) in order to maintain the optimum pH for 

enzymes activity. Enzymatic cocktails were added to the sample: 2.0% of Flavourzyme®, 

protease from Aspergillus oryzae 500 LAPU/g, and 0.6% Protamex®, protease from Bacillus 

sp. 1.5 AU-N/g (Sigma-Aldrich, Inc., St. Louis, USA). Their amount was calculated 

according to protein content of spent yeast. The hydrolysis was conducted at 50 °C for 12 h 

with continuous stirring (120 rpm) using a New Brunswick™ Innova® 40/40R Benchtop 

Orbital Shaker (Eppendorf, Hamburg, Germany). After 12 h, the enzymes were inactivated 

at 95 °C for 5 min. At the end, the cell suspension was centrifuged (4696 × g, 10 min, 4 °C).  

 

At the end of each extraction process, supernatants rich in protein and peptides were 

collected and freeze-dried (Freeze-dryer Alpha 2-4 LSCbasic, Martin Christ, Osterode am 

Harz, Germany).   

 

Sustainable metrics 

As a further criterion of evaluation of the extraction processes employed, different 

metrics of green chemistry and sustainability were calculated for each process assessed. The 

used metrics were calculated as described by Sheldon et al. (2018). Specifically, the Process 

Mass Intensity (PMI), Water Intensity (WI) and Energy Intensity Score (EIS) were 

calculated by:  

 

𝑃𝑀𝐼 =
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

 

𝑊𝐼 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

 

𝐸𝐼𝑆 =
𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑏𝑎𝑡𝑐ℎ

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
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2.1.2.4. Yeast extract characterization 

 

Protein 

Protein content of extracts was determined according to Dumas et al. (1831) by using a 

Dumatec™ 8000 (Foss, Hilleroed, Denmark). Approximately 50 mg of sample was weighed 

for aluminium crucible and the analysis was performed at He2 and O2 flow rates of 195 

mL/min and 300 mL/min, respectively, at 1100 mbar. The protein content was determined 

from the total N2 content, multiplied by the conversion factor of 5.5, because of the high 

content of non-protein nitrogen in yeast (Marson, de Castro, Machado, et al., 2020). A 

calibration curve from 10 mg to 150 mg of ethylenediaminetetraacetic acid (EDTA) 

calibration standard (Foss, Hilleroed, Denmark) was used for protein calculation.  

 

Dry weight 

DW was determined at 105 °C for 24 h according to standard procedures of the 

Association of Official Analytical Chemists (AOAC) (Association of Official Analysis 

Chemists, 2005). 

 

MW distribution 

The protein and peptide MW distribution of yeast extracts was analysed in a ultra-high-

performance liquid chromatography system (LC-ESI) from Bruker Elute series, coupled to 

an ultrahigh-resolution quadrupole−quadrupole time-of-flight (UHR−QqTOF) mass 

spectrometer (Impact II; Bruke Daltonik GmbH, Bremen, Germany) with an Intensity Solo 

2 C18 (100 × 2.1 mm, 2.2 μm, Bruker Daltonik GmbH, Bremen, Germany) 

(BRHSC18022100) was used to analyse the protein and peptide MW distribution of yeast 

extracts at MS positive mode (150 to 2200 m/z) (C. M. Oliveira et al., 2022). Water with 

0.1% of formic acid (A) and acetonitrile with 0.1% of formic acid (B) were used as mobile 

phases at 0.250 mL/min flow rate in gradient mode. ESI-L Low Concentration Tuning Mix 

(Agilent Technologies Inc., CA, USA) was used for post-acquisition internal mass 

calibration at each analysis. 

 

Amino acids 

The amino acids quantification was assessed as described by Long et al. (2017) by ortho-

phthalaldehyde (OPA)-derivatization using a Chromolith® Performance RP18 (4.6 × 100 
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mm) column (Merck KGaA, Darmstadt, Germany) for separation by RP-HPLC coupled to 

a high-resolution fluorescence detector (Agilent Technologies, Inc., California, USA). 

Before HPLC analysis of total amino acids, an acid hydrolysis (20 h, 115 ºC) was performed 

at 10 mg of extract in 3 mL HCl 6 M under anoxic conditions. Then, pH was adjusted to 3.2 

and the solution diluted to a final volume of 10 mL (L. Wang et al., 2016). The derivatization 

of 20 μL of extract was done in automatic liquid multisampler and 10 μL was injected. 

Analysis was done in triplicate and the amino acids quantified according to calibration 

curves of pure standards (Sigma-Aldrich, Inc., St. Louis, USA) from 1 to 30 mg/L, using 

norvaline (Sigma-Aldrich, Inc., St. Louis, USA) as internal standard. 

 

Neutral sugars 

Neutral sugars derivatized to their alditol acetates were analysed by gas 

chromatography-flame ionization (GC-FID) detection as described by Pinto et al. (2015) in 

a 7890B GC System with a DB-225 capillary column (30 m length, 0.25 mm diameter, 0.15 

µm thickness) (Agilent Technologies, Inc., California, USA). Before the derivatization 

reaction, the extracts were hydrolysed using 72% H2SO4 (Honeywell, North Carolina, USA) 

(3 h, room temperature) followed 1 M H2SO4 (2.5 h, 100 °C) (Selvendran et al., 1979). The 

released monosaccharides were converted to their respective alditol acetates using the 

protocol of Blakeney et al. (Blakeney et al., 1983). Two microliters of sample were injected 

into the GC–FID and the analysis was performed at split mode with a ratio of 1:60 (200 °C). 

The initial oven temperature was set for 200 °C and kept for 2 min, then elevated at the rate 

of 40 °C/min to 220 °C (7 min hold) followed by increase to 230 °C at 20 °C/min (5 min 

hold) with the total time of analysis being 15 min. The carrier gas was N2 at a constant flow 

of 1 mL/min. The equipment was coupled to a H2 generator (30 mL/min), being also used 

compressed air at 400 mL/min during the analysis.  

 

Minerals 

An optical emission spectrometer Model Optima 7000 DV ™ Inductively coupled 

plasma - optical emission spectrometry (ICP-OES) (Dual View, PerkinElmer Life and 

Analytical Sciences, Shelton, CT, USA) with radial configuration was used for minerals 

analysis following the procedure of Chatelain et al. (2014). A calibration curve of a 

commercial mix standards for ICP analysis (Inorganic Ventures, Christiansburg, USA) (Mo, 

Zn, Cd, P, Pb, Ni, Co, Mn, Fe, Mg, Ca, Cu, Al, Na and K) from 0.05 to 10 mg/L was applied 
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for quantification. A microwave digestion was performed before ICP analysis in a 

speedwave XPERT (Berghof Products + Instruments GmbH, Eningen, Germany) using 250 

mg of sample with 6 mL of Suprapur® HNO3 and 1 mL of 35% H2O2 (Merck KGaA, 

Darmstadt, Germany). 

 

Statistical analysis 

Statistical analysis was performed using the Real Statistics Resource Pack software 

(Release 7.2) and the results expressed as average ± standard deviation from assay replicates. 

Two different fermentation reactors were collected for each spent yeast and each extraction 

method was performed in triplicate. Procedures of extracts characterization were assessed 

in triplicate. 

Normality of data was tested using the Shapiro-Wilk’s test and the comparison between 

different extraction methods and/or yeasts were performed using the one-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparisons test, after evaluating the 

homogeneity of variances using the Levene Test for Equality of Variances.  

 

2.1.3. Results and Discussion 

 

2.1.3.1. Peptide rich-extracts characterization 

 

Protein content (% w/w) 

All the extraction methodologies applied to engineered and non-engineered spent yeasts 

allowed for the production of extracts that can be labelled as “rich in protein” (European 

Commission, 2012) since a range of protein content from 25.3% to 64.8% (w/w) was 

observed (Table 10). These results are in accordance to protein content obtained by Ganeva 

et al. (1999), Podpora et al. (2016) and Ferreira et al. (2022) in yeasts. Indeed, the initial 

protein amount of the raw strains already showed high values from a nutritional point of 

view (32.9% to 43.0%), which highlights the potential use of engineered spent yeast for 

mass exploration in food and nutraceutical industries, in a similar mode as what occurs with 

the non-engineered yeasts. However, the increase of protein content in the final product is 

still a challenge and, for that reason, different processes have been optimized (A. S. Oliveira, 

Ferreira, et al., 2022b). 
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Table 10. Protein content (% w/w) of raw yeast and extracts obtained from each extraction process applied to the 

different yeast strains (CSY, ESY1 and ESY2). 

 CSY ESY1 ESY2 

Raw yeast 43.0 ± 1.1 38.4 ± 2.3 32.9 ± 0.4 

Autolysis 64.8 ± 2.4 54.5 ± 1.0 48.3 ± 1.0 

Enzymatic hydrolysis 34.6 ± 2.6 30.8 ± 0.4 25.3 ± 0.7 

HPH 51.2 ± 3.3 45.6 ± 1.7 44.5 ± 1.8 

Sonication 50.2 ± 14.6 50.1 ± 4.3 46.3 ± 0.9 

Results are expressed as average ± standard deviation (n=3). 

 

An increase of protein content in extracts was observed in relation to raw yeast, after 

applying the extraction methodologies with exception of enzymatic hydrolysis process 

(Table 10; Table S1 and Table S2).  

Enzymatic hydrolysis is based on the application of exogenous enzymes to break yeast 

cell wall at specific sites to release their protein and peptides. In general, it has been explored 

in food and nutraceutical industries for production of yeast hydrolysates, using commercial 

proteolytic enzymes, which are responsible for the composition of peptides produced (A. S. 

Oliveira, Ferreira, et al., 2022b). For this reason, several studies have been performed in 

order to assess the best hydrolysis conditions for the maximum enzyme efficiency, such as 

enzyme dosage, pH, time, and temperature, to be applied at a specific yeast (M. Amorim, 

Pinheiro, et al., 2019; Chae et al., 2001; Xie et al., 2017). In the present study, hydrolysis 

conditions optimized by Chae et al. (2001) were used, since they obtained a higher protein 

yield using S. cerevisiae in comparison with other studies (A. S. Oliveira, Ferreira, et al., 

2022b). However, these conditions were not optimized for the specific strains hereby used, 

being that the potential explanation for observing a decrease of protein content in extracts in 

comparison with raw yeasts. For all yeasts, autolysis, sonication and HPH were the best 

processes for rich protein extracts production (Table 10; Table S1 and Table S2). Autolysis 

is more advantageous than enzymatic hydrolysis and physical methods as it is only based on 

action of yeast own enzymes, when cell death phase is initiated, which leads to degradation 

of cell components and consequently protein and peptides release (A. S. Oliveira, Ferreira, 

et al., 2022b). Unlike sonication energy related consumption, operational and economical 

limitations, HPH is widely accepted at industrial scale. However, HPH equipment requires 

regular and costly maintenance since they easily get clogged. 

Regarding the comparison between the strains, no tendencies were observed since the 

differences of extracts’ protein content seemed to be considerably more affected by 

extraction method than the type of strain used (Table 10; Table S1 and Table S2). 
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Molecular weight distribution 

 

MW distribution of protein and peptides is a standard analysis for the evaluation of spent 

yeast extraction methods, since different methodologies result in the release of molecules 

with different sizes, according to their operation mode and extension (A. S. Oliveira, 

Ferreira, et al., 2022b). Different MW profiles were obtained between yeast strains and 

extraction processes, as shown in Figure 9.  

 

 

Figure 9. Peptides MW distribution (%) in peptide-rich extracts obtained from each extraction process (Aut – autolysis, 

Hyd – enzymatic hydrolysis, Sonic – sonication) applied to the different yeast strains (CSY, ESY1 and ESY2). ND – not 

detected (below low detection limit). 

In fact, MW has an important role on peptides bioactivity, since those with small size (3 

to 20 amino acids) are described as more specific in their biological functions and choice of 

biological targets (A. S. Oliveira, Ferreira, et al., 2022a). However, some peptides with a 

size of 1-3 kDa were also described by their antioxidant and ACE inhibitory activities (M. 

Amorim, Marques, et al., 2019; Mirzaei et al., 2015). Indeed, a percentage from 15.6 to 

56.4% of 1-3 kDa peptides was also observed in this study, suggesting these potential 

bioactivities of our extracts. On the other hand, lower percentages of peptides about 3-5 kDa 

were found, followed by residual amounts of 5-10 kDa peptides.  

Concerning peptides < 1 kDa of different strains, no alterations were observed between 

strains, with exception of ESY1 HPH (75.7%) that stands out from CSY (45.5%) and ESY2 

(38.7%). The other potential bioactivity fraction (1-3 kDa), the ESY1 sonication (56.4%) 

pointed out in relation to CSY (29.9%) and ESY2 (27.2%). However, as showed before for 
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protein content results, no differences were noticed between genetically modified and 

control strains (Figure 9). 

Looking at global results of three yeasts, enzymatic methods seemed to allow the high 

percentage of bioactive peptides under 3 kDa (CSY: ~ 97%, ESY1: ~ 99%, ESY2: ~ 99%). 

Indeed, autolysis process has been generally described for releasing oligopeptides (2-3 kDa) 

followed by di-, tri-, and tetra-peptides (< 600 Da), but the size of released peptides is always 

dependent on controlling the autolysis extension, since peptides of different MW can be 

obtained on the same process because of their degradation during lysis process (Podpora et 

al., 2015). Our results are similar to those obtained by Jacob, Hutzler, et al. (2019), as they 

observed an increase of peptides < 4 kDa and free amino acids at enzymatic protocols in 

comparison with bead milling and ultrasound.  

 

2.1.3.2. Extraction methodology evaluation 

Several physical, chemical, and enzymatic methodologies are available for extracting 

protein and peptides from spent yeast and a combination of methods is a common practice 

at industrial level (A. S. Oliveira, Ferreira, et al., 2022b). However, the selection of the most 

appropriate method is directly related with the intended application of the final product for 

maximum protein recovery and quality (Marson, de Castro, Belleville, et al., 2020). Protein 

isolation and purification protocols are often coupled to these extractions in order to fulfil a 

need of a specific economic sector (A. S. Oliveira, Ferreira, et al., 2022b). However, food 

and nutraceutical industries have been facing the challenge of establishing a viable process 

at economic and sustainable levels, since several technologies are difficult to be efficient 

and reproducible, as well as low cost and scaled-up. In this segment, the protein recovery of 

each process applied at different yeast strains and the respective sustainable metrics were 

evaluated.  

 

Protein recovery  

From all processes, the percentage of protein recovery was calculated based on the 

protein amount of raw yeast in relation to protein of produced extracts. As observed in 

Figure 10, a protein recovery from 18.5% to 64.9% was obtained. Indeed, several variables 

may influence protein recovery values, such as temperature, processed volumes, cell 

suspension concentration, electric field strength and treatment duration. Determining the 
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optimal process for protein recovery can be challenging due to the complexity of these 

variables (A. S. Oliveira, Ferreira, et al., 2022b). 

 

Figure 10. Protein recovery (%) of each extraction process (Aut – autolysis, Hyd – enzymatic hydrolyis, Sonic – 

sonication) applied to the different yeast strains (CSY, ESY1 and ESY2). 

 

ESY1 sonication showed the highest protein recovery (64.9 ± 13.9%) from all processes. 

On the other hand, a statistically significant low protein recovery was verified for the other 

engineered yeast (ESY2: 32.4 ± 3.8%) in comparison with ESY1 on the same extraction 

methodology, despite both were higher than control yeast (18.5 ± 3.8%) (Figure 10; Table 

S3 and Table S4). Indeed, this result corroborates the abovementioned hypothesis that the 

extraction method may have more influence at protein obtained than the type of yeast strain 

used. A similar result was obtained for other processes applied, since there were statistically 

significant (p < 0.05) differences between ESY1 and ESY2 at HPH (28.9 ± 3.3% and 63.5 

± 6.0%, respectively), confirming the abovementioned assumption (Figure 10; Table S3 

and Table S4). Regarding the comparison between extraction processes inside each strain, 

a trend was also not found, since enzymatic processes and HPH allowed the highest protein 

recovery for CSY and ESY2, in the opposite of ESY1 which was the sonication together 

with enzymatic methodologies. Therefore, it was not possible to select the best method for 

spent yeast protein extraction based on protein recovery because of the lack of 

reproducibility between yeast strains. 
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Sustainable metrics 

Since spent yeast is used for the production of potential animal protein alternatives, such 

as protein rich extracts, in a circular economy approach of fermentation industrial processes 

(A. S. Oliveira et al., 2022), it seems important the establishment of a more sustainable and 

greener process for this production at food and nutraceutical sectors. For this reason, 

sustainable metrics were calculated for each extraction process performed, in order to 

compare their “greenness” (Table 11).  

 

Table 11. Sustainable metrics (PMI, WI and EIS) of each extraction process applied to the different yeast strains (CSY, 

ESY1 and ESY2). 

  CSY ESY1 ESY2 

Autolysis PMI 22 27 26 

 WI 11 13 13 

 EIS 5764 6891 6601 

Hydrolysis PMI 35 36 35 

 WI 29 30 28 

 EIS 2250 2330 2217 

HPH PMI 27 66 29 

 WI 19 48 21 

 EIS 44.2 110 47.2 

Sonication PMI 1904 919 1509 

 WI 1882 909 1492 

 EIS 2353 1137 1865 

 

From the metrics of all processes, there seem to be no differences between the three yeast 

strains. On the other hand, concerning the processes, autolysis showed low values of PMI 

and WI, followed by HPH, enzymatic hydrolysis, and sonication, which means autolysis 

requires the lowest amount of raw yeast for production of protein-rich extracts using the 

lowest water quantity in process as well. In fact, autolysis has been described as an 

environmentally sustainable methodology for the recovery of intracellular compounds 

(Halim et al., 2019). On the other hand, evaluating the EIS, all the processes showed 

extremely high metrics, an output related to the use of laboratory scale equipment, which 

does not allow to make a correct assessment in terms of energy consumption. However, from 

the four extractions, HPH seems to have the lowest energy consumption.  
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2.1.3.3. Choice of peptide-rich extract for future purification process 

After the characterization of peptide-rich extracts produced in terms of protein content 

and MW, and evaluation of protein recovery and sustainability of processes tested, the 

extract obtained from yeast strain ESY1 by autolysis was chosen for future work related 

with isolation and purification of engineered spent yeast peptides. Such choice was based 

on protein content: 54.5 ± 1.0% for ESY1 versus 48.3 ± 1.0% for ESY2 (Table 10). 

Furthermore, there were no observed tendencies in the differences between engineered and 

wild strains, such as extracts’ protein content, MW distribution and protein recovery, which 

enhance the potential of use of these genetically modified strains for food applications. In 

fact, results suggest that some of the differences observed in extracts nutritional performance 

could be more related with the extraction process per se instead of the type of yeast strain 

used for the process. Regarding the extraction process, autolysis revealed to be a highly 

efficient, sustainable and scalable process. On the one hand, it allowed a high protein content 

of final extracts on engineered strains (Table 10) with a large percentage of peptides under 

3 kDa (~98%) (Figure 9), which may be potentially bioactive as extensively described in 

literature (A. S. Oliveira, Ferreira, et al., 2022a). In addition, this process allowed for the 

lowest amount of biomass required for extract production, with the smallest water 

consumption (Table 11), which important steps to establish a green and sustainable process 

in food and nutritional sectors. However, a deep evaluation of autolysis energy consumption 

needs to be performed at industrial level.  

Beyond the protein-related parameters evaluated, a more complete nutritional 

characterization of ESY1 autolysis extract is represented in Table 12 regarding its potential 

application in food and nutraceutical sectors.  

 

Table 12. Protein content (% w/w), sugars (% w/w) and minerals (ng/g extract) of peptide-rich extract obtained from 

autolysis of ESY1. 

Protein (%) Sugars (%) 

Minerals (ng/g) 

P Mg Ca K Total 

54.5 ± 1.0 14.8 ± 0.7 14.2 ± 1.0 4.34 ± 0.37 1.55 ± 0.13 16.5 ± 0.5 36.9 ± 1.9 

Results are expressed in average ± standard deviation (n=3). ND – Not detected (below low detection limit). 

 

The protein content of ESY1 autolysate showed to be higher than those obtained by 

Bertolo et al. (2019) (39.3 ± 0.9%) and Jacob, Striegel,  et al. (2019) (42.4 ± 3.0%). On the 
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other hand, several studies described high protein percentages in autolysates, but they have 

used purification processes coupled with the extraction, in order to increase the content of 

protein in the final product (M. Amorim et al., 2016; A. S. Oliveira et al., 2022), which raises 

the interest of future work related to peptide purification processes. Likewise, the amount of 

sugars and minerals obtained is concordant with the range reviewed by Marson, de Castro, 

Belleville, et al. (2020). Furthermore, the total and individual amount of EAA exceeded the 

FAO/WHO recommendations (Table 13) (with exception of Met) which highlights their 

potential use in food and nutraceutical industries. Indeed, these organizations have been 

describing spent brewer’s yeast as a potential source of EAA (Puligundla et al., 2020) which 

was corroborated by the present study. The obtained results align with the range of amino 

acids of the autolysates obtained by Podpora et. (2015) and Jacob, Hutzler, et al. (2019). 

 

Table 13. EAA (mg/g protein) of peptide-rich extract obtained from autolysis of ESY1. 

 EAA FAO/WHO reference c 

Cys 6.94 ± 0.41 6.0 

His 47.1 ± 5.0 15.0 

Thr 60.4 ± 2.4 11.0 

Arg 59.1 ± 3.9 NM 

Val 72.8 ± 4.4 15.0 

Met 8.97 ± 1.89 16.0 

Phe 43.7 ± 2.6 
21.0 b 

Tyra 41.3 ± 3.6 

Ile 56.9 ± 3.2 15.0 

Leu 78.1 ± 4.8 21.0 

Lys 69.9 ± 2.5 18.0 

Total 545 ± 35 138 

Results are expressed in average ± standard deviation (n=3). a Non-essential, b Phe + Tyr. c World Health Organization 

(2007). NM – not mentioned. Arg - Arginine, Ile - Isoleucine, Leu - Leucine 

 

2.1.4. Conclusions 

The present study showed that engineered modified spent yeast have the same 

performance in terms of peptide-rich extracts production than non-engineered type, being 

an alternative to animal protein sources for food and nutraceutical industries. Indeed, the 

nutritional analysis of extracts obtained showed their potential to be applied at a healthy and 

balanced diet. Furthermore, using the substantial quantity of spent yeast generated by 

fermentation industries represents a significant step towards establishing circular economy 

in industry. When aiming for a sustainable and environmentally friendly approach to 
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ingredient production, autolysis was chosen as the extraction methodology due to its 

interesting sustainable metrics in terms of biomass and water consumption, as well as high 

protein content obtained, as well as low MW peptides. However, it is crucial to assess the 

energy consumption and corresponding economic considerations at an industrial level in 

order to evaluate the actual effective environmental friendliness and sustainability of the 

process. On the next section (Section 2.2. Separation & purification), the isolation of 

peptides fractions from ESY1 autolysate will be performed together with the evaluation of 

its potential bioactivities.  

 

2.1.5. Supplemental material 

 

Table S1. P-values of comparison of protein content (% w/w) between different yeast strains. 

 Autolysis Hydrolysis HPH Sonic 

CSY vs. ESY1 2.57E-07 3.94E-03 4.19E-03 1.00 

CSY vs. ESY2 3.43E-09 2.15E-06 2.53E-03 7.98E-01 

ESY1 vs. ESY2 2.06E-04 4.48E-04 7.71E-01 8.10E-01 

                 n(CSY and ESY1)=6, n(ESY2)=4 

 

Table S2. P-values of comparison of protein content (% w/w) between different extraction methodologies. 
 

CSY ESY1 ESY2 

Hydrolysis vs. autolysis 6.65E-06 8.11E-13 4.44E-12 

Hydrolysis vs. raw yeast 6.57E-01 7.28E-03 2.96E-05 

Hydrolysis vs. HPH 7.85E-03 5.74E-09 4.30E-11 

Hydrolysis vs. sonication 1.31E-02 4.22E-011 1.48E-11 

Autolysis vs. raw yeast 1.45E-02 4.88E-07 7.93E-09 

Autolysis vs. HPH 3.67E-02 2.13E-05 3.37E-03 

Autolysis vs. sonication 2.25E-02 3.44E-02 1.60E-01 

Raw yeast vs. HPH 6.69E-01 1.06E-02 2.42E-07 

Raw yeast vs. sonication 7.62E-01 5.36E-05 4.34E-08 

HPH vs. sonication 9.99E-01 2.78E-02 2.38E-01 

                              n(CSY and ESY1)=6, n(ESY2)=4 
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Table S3. P-values of comparison of protein recovery (%) between different yeast strains. 

 Autolysis Hydrolysis HPH Sonic 

CSY vs. ESY1 1.00 6.47E-02 3.50E-07 2.23E-06 

CSY vs. ESY2 6.32E-01 9.34E-01 9.14E-02 8.07E-02 

ESY1 vs. ESY2 6.18E-01 1.83E-01 9.48E-08 2.88E-04 

                   n(CSY and ESY1)=6, n(ESY2 =4 

 

Table S4. P-values of comparison of protein recovery (%) between different extraction methodologies.  

 CSY ESY1 ESY2 

Hydrolysis vs. autolysis 9.98E-01 1.32E-01 1.47E-01 

Hydrolysis vs. HPH 1.86E-01 8.55E-05 4.85E-03 

Hydrolysis vs. sonication 1.09E-06 9.13E-01 3.47E-04 

Autolysis vs. HPH 1.39E-01 1.52E-02 1.23E-04 

Autolysis vs. sonication 1.51E-06 3.65E-02 1.64E-02 

HPH vs. sonication 2.35E-08 2.06E-05 1.45E-06 

                              n(CSY and ESY1)=6, n(ESY2)=4 
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2.2. Separation & purification* 

 

 

 

Figure 11. Schematic overview of Section 2.2, outlining the purification techniques employed for autolysate ESY1, such 

as ultrafiltration and SEC. Adapted from the graphical abstract of article in preparation* 

 

2.2.1. Introduction 

In the last decades, the interest for yeast ingredients has been growing in several 

economic sectors, due to their established biologically relevant properties, with several 

extraction and purification processes for their production have been developed over time 

(Marson, de Castro, Belleville, et al., 2020). Bioactive peptides are one example of these 

molecules, with demonstrated antimicrobial, antihypertensive and antioxidant properties, 

among others, especially in agri-food and cosmetic sectors (A. S. Oliveira, Ferreira, et al., 

2022a). However, in the production of these bioactive peptides, the application of physical, 

chemical or enzymatic extraction processes to the yeast, which cleave and release proteins 

from the cell envelope, may not always be enough to obtain a specific bioactive peptide. For 

that reason, several isolation and purification processes have been implemented in 

conjunction with extraction to decrease yeast cell debris and other contaminants that can 

influence the final biological properties fraction (A. S. Oliveira, Ferreira, et al., 2022b). 

Membrane filtration technology has been widely used for the separation and 

concentration of spent yeast protein and bioactive peptides, since it can be operated under 

gentle conditions, allowing cell debris removal with low energy consumption and without 

compromising molecular structures, and consequently, their biological activities (Vollet 

 
* Oliveira, A.S, Pereira, A. M., Ferreira, C. M. H., Pereira, J. O., Amorim, M., Faustino, M., Durão, J., Pintado, 

M. E. & Carvalho, A.P. Purification of bioactive peptides from spent yeast autolysates. In preparation to 

submission in International Journal of Biological Macromolecules. 
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Marson et al., 2020). Depending on the protein, peptide MW, and the intended application, 

different membrane filtration cut-offs and materials can be used in order to obtain the desired 

product (D. Liu et al., 2010). Furthermore, this technology has been widely used in food 

industry for processing new ingredients and foods due to its green characteristics 

(Dhineshkumar & Ramasamy, 2017). On the other hand, chromatographic separation has 

become one of the most effective and widely used technique for the purification of bioactive 

peptides, regarding pharmaceutical research. In fact, bioactive peptides from spent yeast 

have been isolated by gel filtration (Gddoa Al‐sahlany et al., 2020; Mirzaei et al., 2015) that 

is considered a fast and reproducible protocol. Gel filtration, such as SEC, separation 

depends on molecules size and shape since it is based on sieving properties of the stationary 

phase matrix (A. S. Oliveira, Ferreira, et al., 2022b). However, the cost of SEC apparatus is 

substantially higher than membrane filtration. One must, however, bear in mind that the final 

process cost and selectively are inversely related, meaning that a value-added ingredient 

needs to be produced towards an overall cost-effective process (A. S. Oliveira, Ferreira, et 

al., 2022b). 

Meanwhile, the nutraceutical sector has been working on yeast bioactive peptides mainly 

because of their antihypertensive (M. Amorim, Marques, et al., 2019) and antioxidant (H. 

Guo et al., 2020) features that has been used for the management of cardiovascular diseases 

development (Mirzaei et al., 2015). Antidiabetic potential of yeast extracts has also been 

reported (Hu et al., 2014) as well as anti-stress effects (H. S. Lee et al., 2009), in vitro 

immunostimulation (Williams et al., 2016) and in vivo influence in bone growth (H. S. Lee 

et al., 2011). 

Similarly to what happens in brewing industry, S. cerevisiae strains have been 

engineered in order to produce commercial target ingredients in large scale through their 

fermentation processes (A. S. Oliveira et al., 2022), where significant amounts of spent yeast 

have been generated, which must be valued in a circular economy approach.   

Considering the bioactive potential of spent yeast peptides and their significant amount 

generated by industry, as by-products in industrial waste, the aim of the present study was 

the application of purification processes to a peptide-rich extract from engineered spent yeast 

autolysate “ESY1”, previously produced (Section 2.1. Peptide-rich extracts production) for 

the obtention of bioactive peptides-rich fractions with targeted biological properties for 

dietary supplementation. After literature review (A. S. Oliveira, Ferreira, et al., 2022b), two 

purification methodologies were chosen: ultrafiltration and gel filtration, using SEC. The 

purified peptide-rich fractions were then characterized and assessed for their potential 



 

129 

 

bioactive properties, namely antimicrobial, anticholesterolemic, antihypertensive and 

antioxidant properties (Figure 11). To the best of our knowledge, the present study assessed 

the effect of peptides from spent yeast in targeting cholesterol levels through HMG-CoA 

reductase inhibition for the first time. 

 

2.2.2. Material and methods 

 

2.2.2.1. Peptide-rich autolysate “ESY1” 

The peptide-rich autolysate “ESY1” used in the present study was studied in Section 2.1. 

Peptide-rich extracts production. Their yeast strain origin, production process and extract 

choice were also explained on this section (Section 2.1.2. Material and methods). 

 

2.2.2.2. Purification of bioactive peptides  

 

Ultrafiltration 

As illustrated in Figure 12, peptide-rich extract was resuspended in deionized water (10 

g/L) and the solution underwent in an Amicon® stirred cell model (Merck KGaA, Darmstadt, 

Germany) using a 1 kDa cut-off Ultracel® regenerated cellulose membrane (Merck KGaA, 

Darmstadt, Germany). Thereafter, the retentate was diafiltrated with 3 volumes of deionized 

water, resulting in two purified fractions with different peptide MW: “ESY1 > 1 kDa” and 

“ESY1 < 1 kDa”. At the end, samples were freeze-dried for further analysis.  
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Figure 12. Diagram of ultrafiltration process for production of peptide-rich fractions with different MW: “ESY1 > 1 

kDa” and “ESY1 < 1 kDa”. 

 

Size-exclusion chromatography 

Size exclusion chromatography, using a Hiprep™ 26/10 Desalting column (GE 

Healthcare) was performed in an ÄKTA Pure™ 25 M (Cytiva, USA) purification system, 

and monitored by ultra-violet absorption at 280 nm using a UV detector. Lyophilized 

peptide-rich extract was resuspended in ultrapure water to a final concentration of 9 g/L and 

filtered through a 0.45 µm filter (Chromafil® PET-45/25, Macherey-Nagel, Germany) 

before being loaded into a pre-equilibrated column (injection volumes of 2 mL). Ultrapure 

water, at a flow rate of 5 mL/min, was used as elution buffer and fractions of 5 mL were 

collected. 

 

2.2.2.3. Peptides chemical characterization  

 

Protein determination 

 

Dumas 

Protein content of ultrafiltration fractions “ESY1 > 1 kDa” and “ESY1 < 1 kDa” was 

performed using the Dumas method (1831) described at Section 2.1.2.4. Protein. 

 



 

131 

 

Bicinchoninic acid & dry weight 

Protein concentration of SEC fractions was determined using the Pierce™ BCA protein 

assay kit (Thermo Fisher Scientific Inc., Massachusetts, USA), according to the 

manufacturer's instructions. Bicinchoninic acid (BCA) interacts with Cu1+ resulting from the 

reduction of Cu2+ ions from the copper sulphate by peptide bonds in alkaline pH, forming a 

purple-coloured complex with a strong linear absorbance at a wavelength of 562 nm with 

increasing protein concentrations (Smith et al., 1985). Protein content of the fractions was 

calculated after DW determination (described at Section 2.1.2.4 Dry weight). 

 

Molecular weight distribution 

The MW of peptides in SEC and ultrafiltration fractions was evaluated using a HPLC 

system (Agilent Technologies Inc., Santa Clara, CA, USA) with an AdvanceBio SEC 130A 

2.7 μm (7.8 × 300 mm) column (Agilent Technologies Inc., Santa Clara, CA, USA) based 

on Tian et al. (2020) methodology with some modifications. The elution was carried out 

using 150 mM sodium phosphate buffer (Sigma-Aldrich, Inc., St. Louis, MO, USA) at 1 

mL/min flow rate. The elution was monitored at 280 nm and conalbumin (75 kDa), 

ovoalbumin (43 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa), aprotinin 

(6.5 kDa), Lys peptide (775 Da) and Trp (204 Da) were used as standards for the calibration 

curve. 

 

Proteomics 

A nanoLC-MS/MS, namely Ultimate 3000 liquid chromatography system coupled to a 

Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Bremen, 

Germany), was used for peptides identification as described by Osório et al. (2021). Samples 

were loaded onto a trapping cartridge (Acclaim PepMap C18 100 Å, 5 mm × 300 µm i.d., 

160454, Thermo Scientific, Bremen, Germany) and after 3 min loading, the trap column was 

switched in-line to a 50 cm × 75 µm inner diameter EASY- Spray column (ES803, PepMap 

RSLC, C18, 2 µm, Thermo Scientific, Bremen, Germany). Data acquisition was controlled 

by Xcalibur 4.0 and Tune 2.9 software (Thermo Scientific, Bremen, Germany).  

Peptide sequences were obtained using the Proteome Discoverer 2.5.0.400 software 

(Thermo Scientific, Bremen, Germany), as described by Osório et al. (2021), using S. 

cerevisiae protein sequence database instead. After identifying the peptide sequences, we 

conducted an in silico search of these sequences against databases that contain information 
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on known peptide activities. The databases used in our analysis included the Database of 

Antimicrobial Activity and Structure of Peptides (DBAASP) (Pirtskhalava et al., 2021), the 

Data repository of antimicrobial peptides (DRAMP) (Shi et al., 2022), the Collection of 

Anti-Microbial Peptides (CAMP) (Gawde et al., 2023), the Antimicrobial Peptide Database 

(APD) (G. Wang et al., 2016) and the BIOPEP-UWM™ (Minkiewicz et al., 2019). Unique 

matches and partial matches were both considered. 

 

2.2.2.4. Peptides bioactivity  

 

Antimicrobial 

Time-growth inhibition curves of E. coli (DSM1576) and S. aureus (DSM799) 

(Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) 

were performed to assess the potential antimicrobial activity. According to the reported 

values of antimicrobial peptides in literature (A. S. Oliveira, Ferreira, et al., 2022a), all 

samples were prepared at 0.5% (w/v) in Mueller Hinton (MH) growth medium (Biokar 

Diagnostic, Beauvais, France) and sterilized using 0.22 µm filters (Millipore, Billerica, MA, 

USA). Both bacterial strains were used as monocultures and grown in Tryptic Soy Agar 

(TSA; Biokar Diagnostic, Beauvais, France) before the assay, with 3 g/L of yeast extract 

(Sigma-Aldrich, Munich, Germany) at 37 °C for 24 h under aerobic conditions. One colony 

was then picked, transferred to a tube with 10 mL of MH and grown at the same 

abovementioned conditions. On the day of experiment, bacteria inoculums were adjusted to 

an optical density (OD) at 625 nm of 0.08-1 (corresponding to a cell density of 1 × 108 

cells/mL), followed by a 10-times dilution in MH to obtain the working inoculums. For the 

bacterial growth inhibition assay, 980 µL of each sample were inoculated with 20 µL of the 

working bacterial inoculums. After mixing, 200 µL of the suspensions were pipetted to a 

96-well microtiter plate (Nunc, Darmstadt, Germany), and the OD at 625 nm was assessed 

during 24 h at 37 °C, with 1 h intervals, using a microplate reader (Epoch, Vermont, USA). 

Inoculated MH medium was used as a negative control and inoculated MH medium with 

0.5% (w/v) ampicillin, a concentration known to inhibit E. coli and S. aureus growth (Proma 

et al., 2020) was used as positive control. Blanks of the samples were performed to correct 

sample colour OD interference. 
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ACE inhibition assay  

The method of Amorim et al. (2019) was exploited for ACE inhibition assay using o-

Abs-Gly-p-nitro-Phe-OH trifluoroacetate salt (Bachem, Bubendorf, Switzerland) as 

substrate and 42 mU/mL of ACE (peptidyl-dipeptidase A from rabbit lung) (Sigma- Aldrich, 

St Louis, USA). The calculation of ACE inhibition (%) was performed according to: 

 

𝐴𝐶𝐸 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐹𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐹𝑠𝑎𝑚𝑝𝑙𝑒

𝐹𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

 

where Fcontrol and Fsample are the fluorescence of control (maximum ACE activity) and 

sample, respectively. The calculation of IC50 values (concentration needed to inhibit 50% 

of ACE activity) for all samples was performed by non-linear fitting of the data, using a 

four-parameter logistic regression model. The assay was performed in triplicate. 

 

Antioxidant 

 

Scavenging activity using ABTS 

The ABTS•+ scavenging activity was assessed by the method described by Gonçalves et 

al. (2019) with some modifications for a 96-well plate scale. The ABTS•+ was generated by 

reaction of ABTS and potassium persulphate after incubation at room temperature in the 

dark for 16 h. Then, ABTS•+ stock solution was filtered with a 0.45 μm syringe filter and 

daily diluted to prepare a working solution with an absorbance of 0.70 ± 0.02 at 734 nm. A 

standard curve of Trolox (50 – 560 μM) was also prepared daily. A polystyrene 96-well 

microplate (Thermo Fisher Scientific, MA, USA) was used for the reaction where 15 μL of 

sample, Trolox or solvent was added to 200 μL ABTS•+ working solution. The incubation 

was carried out at room temperature in a microplate reader during 5 min and the absorbance 

at 734 nm was read upon completion. The ABTS•+ scavenging activity percentage was 

calculated by: 

 

𝐴𝐵𝑇𝑆•+ 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100    
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where Acontrol and Asample are the absorbances of control and sample, respectively. The 

assay was performed in triplicate. The Trolox standard curve was used to express TE 

antioxidant activity of extracts (μmol/g sample). The assay was performed in triplicate. 

 

Oxygen radical absorbance capacity 

The procedure of Coscueta et al. (2019) was used for oxygen radical absorbance capacity 

(ORAC) assay. Trolox standard curve (10 to 80 µM) allows the calculation of TE antioxidant 

activity of samples (μmol/g sample), after assessing the area under curve (AUC) for each 

sample. The assay was performed in triplicate. 

 

HMG-CoA reductase inhibition assay  

HMG-CoA Reductase Activity Assay Kit (colorimetric) (Abcam, Cambridge, United 

Kingdom) was used for assessing the HMG-CoA reductase inhibition according to the 

manufacturer's guidelines. The method measured the decrease of absorbance at 340 nm in a 

microplate reader, during 15 min, which resulted from the consumption of nicotinamide 

adenine dinucleotide phosphate (NADPH) by the enzyme. Two time points within the linear 

range, and with a minimum of 2 min apart, of absorbance were used for calculations of the 

HMG-CoA reductase activity (U/mg protein) and the HMG-CoA reductase inhibition (%), 

as recommended by the manufacturer. Atorvastatin was used as a reference drug inhibitor 

and Pravastatin as a commercial inhibitor (control). The assay was performed in triplicate in 

two independent plates. 

 

2.2.2.5. Statistical analysis 

The statistical analysis was performed using the Real Statistics Resource Pack software 

(Release 7.2) the results expressed as average ± standard deviation from assay replicates. 

Outliers were excluded using the interquartile range with multiplier of 2.2 and data normality 

was checked using the Shapiro-Wilk test. Protein and bioactivities results were subjected to 

one-way ANOVA followed by Tukey’s post hoc test. 
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2.2.3. Results and Discussion 

 

2.2.3.1. Protein content (% w/w) 

Purification of peptide-rich extract by SEC allowed the separation of four peptide 

fractions as observed in the chromatogram (Figure 13) that were collected and assessed for 

their protein content. Differently, only two purified fractions, “ESY1 > 1 kDa” and “ESY1 

< 1 kDa”, were obtained from ultrafiltration purification and quantified for their protein 

content by Dumas. Protein content in a variety of samples can be rapidly determine by the 

Dumas, an analytical method for the quantification of nitrogen, that is in accordance with 

international standards such as AOAC (Association of Official Analysis Chemists, 2005; 

Dumas, 1831). However, due to quantity restrictions, protein content in SEC fractions was 

determined by the combination of BCA and dry weight determinations instead.  

 

 

Figure 13. Elution profile of the SEC purification of peptide-rich extract “ESY1”. Four different peptide fractions, 

corresponding to the four peaks observed, were collected (SEC 1 to 4). 

Protein content of the different fractions obtained by ultrafiltration and SEC, as well as 

protein content of ESY1 (Section 2.1. Peptide-rich extracts production) can be seen in Table 

14. Results show that protein content significant increased (p < 0.05) in ESY1 < 1 kDa (61.7 

± 0.6%) when compared to ESY1 > 1 kDa (22.5 ± 0.1%). The protein content here reported 

for ESY1 < 1 kDa is in according to nutritional protein fractions obtained by Amorim et al. 

(2016), using a 10 kDa and 3 kDa ultrafiltration on spent yeast hydrolysates. Indeed, a high 

protein amount was obtained in the present study than Amorim, Pinheiro, et al. (2019), after 

yeast autolysis, hydrolysis and 3 kDa ultrafiltration, since their extracts with ACE inhibitory 
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activity did not exceed 40%. Furthermore, Jung et al. (2011) demonstrated strong 

antioxidant activity of a high CHP content yeast hydrolysate (64.9% of protein) while using 

a 10 kDa ultrafiltration process. Protein content also significantly improves (p < 0.05) in 

SEC 4 (89.0 ± 0.8%) when compared to SEC 1 (20.2 ± 3.4%), SEC 2 (13.1 ± 4.3%) and 

SEC 3 (43.6 ± 3.1%). These results are somewhat expected, since during both filtration 

processes, molecules are separated based on their sizes. Thus, in the ultrafiltration process, 

smaller molecules like minor proteins, peptides and amino acids, will pass through the 1 

kDa cut-off membrane towards fraction, producing the cleaner ESY1 < 1 kDa fraction, while 

other larger molecules than proteins that are present in the extract will be retained in fraction 

ESY1 > 1 kDa, thus decreasing protein content in this fraction. Similarly, during gel 

filtration by SEC, these molecules with higher MW will be eluted first, while molecules with 

smaller MW will be trapped within the porous matrix, being eluted later, in fractions where 

the amount. Furthermore, the protein content determined for the SEC 2 fraction, reveals that 

the higher number of other molecules are in that fraction. 

 

Table 14. Protein content (% w/w) of original ESY1 extract and fractions obtained from ultrafiltration (ESY1 >1 kDa 

and ESY1 < 1 kDa) and SEC (1 to 4). 

  Protein (%) 

Original ESY1a  54.5 ± 1.0 

Ultrafiltrationa 
ESY1 > 1 kDa 22.5 ± 0.1 

ESY1< 1 kDa 61.7 ± 0.6 

SEC fractionsb 

SEC 1 20.2 ± 3.4 

SEC 2 13.1 ± 4.3 

SEC 3 43.6 ± 3.1 

SEC 4 89.0 ± 0.8 

Results are expressed as average ± standard deviation (n=3). a Dumas (1831), b BCA. p-values can be consulted in Table 

S5. 

 

When comparing both purification approaches, it is possible to conclude that SEC 

produced the fraction with the highest (p < 0.05) protein amount (SEC 4; 89.0 ± 0.8%), 

supporting reports of being one of the widely techniques for isolation of antimicrobial, 

antihypertensive and antidementia peptides from S. cerevisiae (A. S. Oliveira, Ferreira, et 

al., 2022a). However, costs associated to chromatography equipment are substantially 

higher than those associated with the ultrafiltration methodology, indicating that SEC needs 

to produce a value-added ingredient in order to justify their use. Indeed, this is the reason 
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why chromatographic techniques are more frequently applied in purification of 

pharmaceutical proteins and peptides (Pratap et al., 2017). Nevertheless, some authors have 

already reported their use to produce yeast peptides with important biological properties, 

such as antihypertensive (Kanauchi et al., 2005; J. Kim et al., 2004; Kohama et al., 1990; 

Mirzaei et al., 2015; Ni, Li, Guo, et al., 2012; Ni, Li, Liu, et al., 2012), antimicrobial (Branco 

et al., 2014, 2017; Caldeira et al., 2019; Gddoa Al‐sahlany et al., 2020) and antioxidant 

(Mirzaei et al., 2015). In contrast, the use of ultrafiltration with filter membranes offers 

several advantages for concentrating proteins and peptides. One significant advantage is its 

low energy consumption. Additionally, it provides a gentle treatment of molecules, 

preserving their integrity and functionality. These reasons contribute to the widespread 

adoption of ultrafiltration in food processing industry (Mohammad et al., 2012; Vollet 

Marson et al., 2020; Zeko-Pivač et al., 2023) or to the production of peptides with important 

bioactivities for nutraceutical supplementation, including antihypertensive (M. Amorim, 

Marques, et al., 2019; Hu et al., 2014; J. Kim et al., 2004; Mirzaei et al., 2015; Ni, Li, Guo, 

et al., 2012; A. S. Oliveira et al., 2022), antimicrobial (Albergaria et al., 2010; Branco et al., 

2014; Caldeira et al., 2019; Comitini et al., 2005; Gddoa Al‐sahlany et al., 2020), antioxidant 

(M. Amorim, Marques, et al., 2019; H. Guo et al., 2020; Hu et al., 2014; Jung et al., 2011; 

Mirzaei et al., 2015; A. S. Oliveira et al., 2022) and, more recently, anticholesterolemic (A. 

S. Oliveira et al., 2022). Furthermore, in this work, the ultrafiltration fractions obtained can 

be classified as “rich in protein” according to the European Commission (European 

Commission, 2012). This designation highlights their potential as ingredients for 

nutraceutical market, as already reported before (Section 2.1. Peptide-rich extracts 

production). All things considered, both techniques seem to be interesting processes to be 

included in protein-rich extracts production, but their choice requires a cost-effectiveness 

evaluation directly related to the economic sector to be applied. 

 

2.2.3.2. Molecular weight distribution 

ESY1 showed the highest representative MW population of peptides under 1 kDa 

(74.5%), followed by 1-3 kDa (23.9%), and small percentages of 3-5 kDa (1.72%) and 5-10 

kDa (0.15%) (Section 2.1. Peptide-rich extracts production). For this reason, a 1 kDa cut-

off membrane filtration was chosen for peptides separation. However, these results are very 

different from other works reporting MW of 5 to 35 kDa in spent yeast autolysates. Indeed, 
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peptides under 3 kDa were only obtained after including enzymatic hydrolysis in process 

(M. Amorim, Pinheiro, et al., 2019; Marson et al., 2022; Xie et al., 2017).  

Protein and peptides MW distribution of the ultrafiltration and SEC fractions was 

assessed by HPLC-SEC. Unfortunately, the MW of ESY1, and respective ultrafiltration 

fractions, could not be determined by HPLC-SEC, since a good chromatographic resolution 

was not obtained with our column, probably related with their complex matrix. For that 

reason, it was assumed that ESY1 ultrafiltration fractions own MW associated with cut-off 

membrane separation, that is, peptides above 1 kDa in ESY1 > 1 kDa and peptides under 1 

kDa in ESY1 < 1 kDa. Results regarding the protein and peptides MW distribution in SEC 

fractions (Table 15) show that the most representative population in SEC 1 had a MW 

around 3 kDa (75.4%), while the most representative in fraction SEC 2 had approximately 

1 kDa (45.9%). Peptides below 300 Da characterized fraction SEC 3 (91.0%) and amino 

acids composed the majority of fraction 4 (92.6% under 200 Da) (Table 15). Comparing the 

MW distribution of all samples, SEC 2 and SEC 3 seemed to be similar with the original 

ESY1, being mostly constituted by ≤ 1 kDa peptides, and promising bioactive fractions.  

 

Table 15. Protein and peptides MW distribution in SEC fractions represented as percentage of chromatogram total area 

(% total area). 

SEC fractions MW (kDa) % total area 

SEC 1 

121 10.6 

3.16 75.4 

0.41 8.32 

0.21 5.67 

SEC 2 

108 9.38 

53.4  4.49 

1.37 45.9 

0.37 21.2 

0.20 19.0 

SEC 3 

0.96 3.31 

0.59 5.64 

0.36 51.3 

0.20 39.7 

SEC 4 

0.56 2.00 

0.39 5.41 

<0.2 92.6 
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After analysis of protein content and MW determinations, it possible to hypothesise that 

fractions ESY1 < 1 kDa and SEC 4 are the ones with the most promising for bioactive 

properties, as it has been reported that peptides containing 3 to 20 amino acids are highly 

specific in their biological functions and in choosing biological and metabolic targets (A. S. 

Oliveira, Ferreira, et al., 2022a). 

 

2.2.3.3. Proteomics analysis 

After proteomics analysis, several peptide sequences were identified in ESY1 and 

respective fractions obtained by ultrafiltration and SEC, from approximately 600 to 5000 Da 

(Table S6). As expected, the original extract “ESY1” had the highest number of peptide 

sequences identified, along with fraction ESY1 > 1 kDa (6343). These were followed by 

SEC 1 (1803) and SEC 4 (599), while both less than 300 peptides were identified in SEC 2 

and SEC 3 (Table 16). The main intend of this analysis was to identify potential bioactivities 

related to the peptide sequences found in the samples by matching those sequences with 

bioactive peptides reported in different peptide bioactivity databases (PBD, Section 2.2.2.3. 

Proteomics for details). After conducting a thorough search in the data found in each of the 

PBD, sequences of our peptides present in all our fractions were found within the sequences 

of peptides listed in the PBD, with antibacterial, antimicrobial and antifungal activities 

reported (Table 16). However, it is important to note that only partial matches were 

identified during our analysis. Specifically, our peptide sequence was found as a component 

within a larger peptide sequence in the PBD, and an exact match was not found.  

 

Table 16. Peptide sequences identified in original ESY1 extract, and fractions obtained from ultrafiltration (ESY1 > 1 

kDa and ESY1 < 1 kDa) and SEC (1 to 4), together with their bioactivities reported in PBD. 

  

Total 

sequences 

number 

Number of 

matched 

sequences in 

PBD* 

MW range (Da) 

of matched 

sequences in 

PBD* 

PBD* reported 

bioactivities 

Original ESY1 6343 42 648-1857 

Antibacterial, 

antimicrobial and 

antifungal 

Ultrafiltration 
ESY1 > 1 kDa 6343 31 816-1720 

ESY1 < 1 kDa  212 3 890-2153 

SEC 

SEC 1 1803 17 816-1780 

SEC 2 246 2 947-1448 

SEC 3 291 4 831-1448 

SEC 4 599 10 831-1530 

*PBD: BAASP, DRAMP, CAMP, APD and BIOPEP-UWM™. 
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Several authors already described antimicrobial activities of yeast peptides (Branco et 

al., 2014, 2017; Caldeira et al., 2019; Gddoa Al‐sahlany et al., 2020), and therefore these 

results are not surprising. However, considering the partial matches observed, it is plausible 

to argue that there is untapped potential to enhance the antimicrobial activity of these 

extracts. One potential approach is to reduce autolysis time, thereby minimizing peptide 

breakdown and achieving a closer match to those peptides described in the PBD. 

Nonetheless, the antimicrobial potential is still present and, for that reason, the effect upon 

the growth curves for two important food-related pathogen agents, exposed to our samples, 

was addressed and detailed in the next section.  

 

2.2.3.4. Bioactivities 

 

Antimicrobial 

To evaluate the potential antimicrobial activity of the different peptide fractions 

collected after ultrafiltration and SEC, a growth inhibition assay was carried out, and results 

of the fractions impact on E. coli and S. aureus growth can be seen in Figure 14. Contrary 

to what was expected from the PBD results, none of the peptide fractions promoted bacterial 

growth inhibition. As a matter of fact, all fractions (except SEC 1 against S. aureus) seem 

to be promote bacterial growth. 
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Figure 14. Growth curves for E. coli (A) and S. aureus (B) exposed to original ESY1 extract and fractions obtained from 

ultrafiltration (ESY1 > 1 kDa and ESY1 < 1 kDa; on the left) and SEC (1 to 4; on the right). 

Antimicrobial peptides are usually amphipathic and cationic short peptides, whose 

activity strongly depends on their amino acid sequence, size and charge (Jenssen et al., 2006; 

Powers & Hancock, 2003). Although their mechanism is not clear yet, the best described 

mode of action for antimicrobial peptides regards the electrostatic interaction between the 

cationic peptides and the negatively charged components present on the pathogen membrane 

bilayers, allowing them to accumulate on the membranes and form pores by ‘barrel-stave’, 

‘carpet’ or ‘toroidal pore’ mechanisms. (Mookherjee et al., 2020; A. S. Oliveira, Ferreira, et 

al., 2022a). For these reasons, the lack of antimicrobial activity, when compared with the 

peptide sequences in the PBD, might be due to the fact that the peptides identified in the 

different fractions have an inferior number of amino acids with a positive net charge, such 

as Lys, arginine (Arg) or tryptophan (Trp), know to play an important role in the 

antimicrobial activity of these peptides (Chan et al., 2006; Powers & Hancock, 2003). On 

the other hand, it is possible that the promotion of bacterial growth in these fractions is 

attributed to residual sugars. As previously reported, peptide-rich fractions derived from 

spent yeast contain certain amounts of sugar, potentially including glucose, which could 

contribute to bacterial proliferation (A. S. Oliveira et al., 2022). Nevertheless, it would be 

interesting to investigate the potential antimicrobial properties of these peptide fractions 

against other pathogenic agents in the future. Since different microorganisms have distinct 
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membrane components, their interactions with the peptides in each fraction could vary, 

leading to diverse outcomes. Exploring such variations could provide valuable insights into 

the broader antimicrobial potential of these peptide fractions. 

 

Anticholesterolemic, antihypertensive and antioxidant activities 

Even though the peptide fractions did not display any antimicrobial activity, other 

important bioactivities for nutraceutical market, such as antihypertensive, antioxidant and 

anticholesterolemic activities, were assessed.  

HMG-CoA reductase is a catalyst in the conversion of HMG-CoA to mevalonate, an 

important intermediate in the cholesterol biosynthesis (DeBose-Boyd, 2008). HMG-CoA 

reductase inhibitors such as statins have been, thus, widely used in the treatment of 

hypercholesterolemia. In this work, the original extract and the different peptide fraction 

collected after both purification steps were assessed for their anticholesterolemic properties. 

As expected, after the addition of the ultrafiltration and SEC for purification of the extract 

autolysate, a significant higher HMG-CoA reductase inhibition (p < 0.05) was observed for 

all the fractions obtained, when compared with the original ESY1, thus increasing from 40.3 

to 70.8-77.7%, depending on the fractions (Table 17, Table S7). Regarding literature, the 

current results are according to Aparecida et al. (2015) since it was demonstrated 45% of 

HMG-CoA inhibition in Amaranthus cruentus protein hydrolysate < 3 kDa which comprised 

the amino acid sequences GGV, IVG/LVG and VGVI/VGVL. Also Ashraf et al. (2020) 

showed 60 to 80% of this enzyme inhibition in peptides <3 kDa from faba and adzuki bean 

(Ashraf et al., 2020). However, these results do not seem to be related with protein content 

or predominant MW of fractions since no tendency was observed in this sense. 
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Table 17. IC50 values (mg/mL) obtained in ACE-inhibition assay, ABTS•+ and ORAC activities (μmol TE/g sample), and 

HMG-CoA reductase inhibition (%) of original ESY1 extract and fractions obtained from ultrafiltration (ESY1 > 1 kDa 

and ESY1 < 1 kDa) and SEC (1 to 4). 

 

 HMG-CoA 

reductase 

inhibition* (%) 

ACE – IC50 

(mg/mL) 

ABTS•+ 

(μmol TE/g 

sample) 

ORAC 

(μmol TE/g 

sample) 

Original ESY1 40.3 ± 2.0 1.69 ± 0.16 157 ± 60 626 ± 22 

Ultrafiltration ESY1 < 1 74.0 ± 4.6 1.80 ± 0.12 255 ± 56 708 ± 109 

 ESY1 > 1 70.8 ± 2.4 2.59 ± 0.10 181 ± 44 237 ± 85 

SEC SEC 1 77.5 ± 0.3 3.21 ± 0.33 90.5 ± 16.9 2036 ± 277 

 SEC 2 75.9 ± 0.3 2.28 ± 0.15 77.4 ± 5.1 2608 ± 330 

 SEC 3 77.7 ± 1.8 2.47 ± 0.09 173 ± 51 43610 ± 3532 

 SEC 4 71.3 ± 1.2 1.43 ± 0.08 300 ± 17 41091 ± 1021 

Results are expressed as average ± standard deviation (n=3). *For Caco-2 biocompatible concentrations (A. S. Oliveira et 

al., 2022). 

 

ACE is a zinc metallopeptidase that catalyses the conversion of angiotensin I to 

angiotensin II, a strong vasoconstrictor with direct effect on the raising of blood pressure 

(Zhao, 2008). For this reason, molecules with ACE inhibition activity can help in the 

management of hypertension. The peptide-rich extract and the different fractions were 

evaluated for their antihypertensive activity using an ACE inhibition assay and by 

calculating their IC50 (Table 17, Table S7). 

Original ESY1 and fractions SEC 4 and ESY1 < 1 kDa, showed the highest activity, 

corresponding to the lowest IC50 values, followed by SEC 2, SEC 3 and ESY1 > 1 kDa, 

and, finally, SEC 1 (p < 0.05). While the higher ACE inhibitions of fractions ESY1 < 1 kDa 

and SEC 4 are in accordance with their low MW distribution and protein content/purity, the 

high ACE inhibition value obtained for original ESY1 indicates the contribution not only of 

all proteins and peptides, but also of some other components of the extract. SEC 1 was 

characterized with the highest MW distribution (~3 kDa) which can justify its lowest 

bioactivity. Indeed, small peptides (~ 2 to 20 amino acids) have been hypothesised have 

ACE inhibition activity by binding to the hydrophobic C-terminal tripeptide of the enzyme 

substrate, preventing ACE-substrate binding, and, consequently, the conversion of 

angiotensin I to the angiotensin II (J. Kim et al., 2004). Also Amorim, Pinheiro, et al. (2019) 

showed high antihypertensive activity in yeast hydrolysate permeates when compared with 

the respective retentate fractions which are according with the present result results of ESY1 

> 1 kDa (2.59 mg/mL) and ESY1 < 1 kDa (1.80 mg/mL) (Table 17, Table S7).  

Oxidative stress, caused by high intracellular levels of ROS has been frequently 

associated with aging and aging-related diseases and antioxidant molecules can delay the 
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oxidation by scavenging ROS through different reactions, thus reducing ROS to less reactive 

forms (Shields et al., 2021). Aromatic amino acids present in the peptide sequences have 

been presumed to be capable to quench the free radicals through a direct electron transfer 

mechanism, while the pyrrolidine ring of proline residues may interact with secondary 

structure of peptides, thus increasing their flexibility and ability to quench singlet oxygen 

(M. Amorim, Marques, et al., 2019). The potential antioxidant activity of the original extract 

and the peptide fractions was determined using two scavenging-based assays: ABTS•+ and 

ORAC. While the ABTS•+ assay measures the relative ability of antioxidants to reduction of 

cation radical ABTS•+ into ABTS• as compared with a Trolox, a water-soluble analogous of 

vitamin E and a known antioxidant , the ORAC assay is based on generation of the radical 

peroxyl (ROO•), a radical with biological importance (Prior et al., 2003).  

In the ABTS•+ assay, fractions SEC 4 and ESY1 < 1 kDa showed the highest activity, 

followed by ESY1, ESY1 > 1 kDa and SEC 3. SEC 1 and SEC 2 demonstrated to have the 

lowest activity (p < 0.05) (Table 17, Table S7).  

As discussed above for ACE-inhibition, antioxidant activity of spent yeast peptide 

fractions has been related with their MW since Guo et al. (2020) showed stronger activity 

effect for hydrolysates under 1 kDa than under 3 kDa. In fact, a similar tendency can be 

observed in our study, since SEC 4 is predominant characterized by < 0.2 Da population and 

ESY1 < 1 kDa with peptides under 1 kDa, but the same MW-activity assumption cannot be 

made for other samples tested.  Comparing the present results with literature, Podpora et al. 

(2016) obtained higher ABTS•+ scavenging activity (4615 to 5069 µM TE/g extract) for 

protein hydrolysates, containing large amounts of free amino acids and peptides from 703 

to 1740 Da, than the current investigation. However, the authors related these results with 

the presence of phenolic compounds, which were not evaluated in the present study. 

On the other hand, the SEC fractions demonstrated the highest ORAC vales, 

especially SEC 3 and SEC 4, followed by original ESY1 and ultrafiltration fractions (p < 

0.05) (Table 17, Table S7).  

The results of SEC 4 are according to Marson et al. (2020) since they obtained a 

range of 85 000 to 500 000 μmol TE/g extract in spent yeast hydrolysates after 3 and 10 kDa 

ultrafiltration. A possible MW relationship can be linked to these results since SEC 4 and 3, 

with lowest MW that SEC1 and 2, presented the highest activity.  

When comparing the results obtains by the two antioxidant assays, it is possible no see 

some differences between them. When working with peptide-rich extract, or even peptide 

fractions, data interpretation can be tricky due to their complex nature and composition. 
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Moreover, different assays have been used to evaluate antioxidant properties and the results 

obtained in those assays are frequently different among them, as all methodologies their 

advantages and limitations (Schaich et al., 2015). Nevertheless, it is clear that both 

ultrafiltration and SEC originate some fraction with higher biological activities than the 

original peptide-rich extract. 

 

2.2.4. Conclusion 

The present work reports the production of peptide fractions derived from a spent yeast 

extract autolysate. The fractions were obtained using 1 kDa ultrafiltration or gel filtration, 

using SEC. These processes allowed to generation of fractions with distinct characteristics, 

mainly in terms of protein content, MW distribution and peptide sequences. While the 

original extract autolysate and respective ultrafiltration and SEC fractions did not show any 

antimicrobial effect, interesting results regarding their antihypertensive, anticholesterolemic 

and antioxidant properties were observed. These results suggest that these fractions hold 

promise as potential candidates for dietary supplementation in the form of a single product. 

All purified peptide fractions showed higher HMG-CoA reductase inhibition values than the 

original extract. These results demonstrate these processes as promising candidates for the 

development of new anticholesterolemic ingredients using yeast autolysates. The peptide 

fractions with the highest protein content/purity (ESY1 < 1 kDa and SEC 4) revealed 

potential for the formulation of antihypertensive ingredients, as these were the ones with the 

higher ACE inhibition values. Regarding the antioxidant activity, significantly superior 

ORAC values were observed in fractions SEC 4 and SEC 3.  

In addition, results presented in this study suggests that the addition of a purification step 

in the production of bioactive peptides from spent yeast autolysates can be advantageous for 

generating ingredients with specific targeted bioactivities for the nutraceutical market. These 

purification processes enable the isolation and concentration of bioactive peptides, 

enhancing their potential application in the development of functional food and dietary 

supplements. These findings emphasize the importance of implementing purification 

strategies in order to optimize the production of bioactive peptide ingredients for the 

nutraceutical industry. 
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2.2.5. Supplementary material 

 

Table S5. P-values of comparison of protein content (% w/w) between ESY1 and fractions obtained from ultrafiltration 

and SEC. 

 p-value 

SEC 1 vs. SEC 2 1.91E-01 

SEC 1 vs. SEC 3 9.13E-05 

SEC 1 vs. SEC 4 3.23E-08 

SEC 1 vs. ESY1 5.05E-05 

SEC 1 vs. ESY1 > 1 kDa 9.59E-01 

SEC 1 vs. ESY1 < 1 kDa 2.38E-06 

SEC 2 vs. SEC 3 1.27E-05 

SEC 2 vs. SEC 4 1.36E-08 

SEC 2 vs. ESY1 9.15E-06 

SEC 2 vs. ESY1 > 1 kDa 5.83E-02 

SEC 2 vs. ESY1 < 1 kDa 7.35E-07 

SEC 3 vs. SEC 4 6.14E-07 

SEC 3 vs. ESY1 5.30E-01 

SEC 3 vs. ESY1 > 1 kDa 1.95E-04 

SEC 3 vs. ESY1 < 1 kDa 6.05E-04 

SEC 4 vs. ESY1 2.62E-06 

SEC 4 vs. ESY1 > 1 kDa 4.54E-08 

SEC 4 vs. ESY1 < 1 kDa 5.81E-05 

ESY1 vs. ESY1 > 1 kDa 9.61E-05 

ESY1 vs. ESY1 < 1 kDa 6.98E-03 

ESY1>1 vs. ESY1 < 1 kDa 3.69E-06 

                                                     n=3 

 

Table S6.Peptides identification on original ESY1 and respective ultrafiltration (ESY1 > 1 kDa and ESY1 < 1 kDa) and 

SEC (1 to 4) fractions. 

       File can be downloaded from: https://figshare.com/s/834803a54e2728ab12d6 

 

 

 

 

https://figshare.com/s/834803a54e2728ab12d6


 

147 

 

Table S7. P-values of comparison of HMG-CoA reductase and ACE inhibition assays, together with antioxidant 

activities (ABTS and ORAC), between ESY1 and fractions obtained from ultrafiltration and SEC. 

 HMG-CoA ACE ABTS•+ ORAC 

ESY1 vs. ESY1 > 1 kDa 1.24E-06 9.74E-01 8.14E-01 9.99E-01 

ESY1 vs. ESY1 < 1 kDa 5.26E-07 1.79E-04 7.87E-06 1.00E+00 

ESY1 vs. SEC 1 1.07E-07 3.94E-07 5.05E-03 6.62E-01 

ESY1 vs. SEC 2 1.51E-07 8.76E-03 1.28E-03 2.91E-01 

ESY1 vs. SEC 3 2.16E-07 7.55E-04 9.71E-01 1.15E-14 

ESY1 vs. SEC 4 1.07E-06 5.25E-01 2.04E-09 1.15E-14 

ESY1 > 1 kDa vs. ESY1 < 1 kDa 6.90E-01 7.31E-04 1.33E-03 9.97E-01 

ESY1 > 1 kDa vs. SEC 1 5.19E-02 1.06E-06 3.79E-05 3.03E-01 

ESY1 > 1 kDa vs. SEC 2 1.66E-01 4.12E-02 1.13E-05 8.57E-02 

ESY1 > 1 kDa vs. SEC 3 6.90E-02 3.35E-03 9.99E-01 1.15E-14 

ESY1 > 1 kDa vs. SEC 4 1.00E+00 1.62E-01 4.26E-07 1.15E-14 

ESY1 < 1 kDa vs. SEC 1 5.06E-01 6.45E-03 8.64E-13 6.37E-01 

ESY1 < 1 kDa vs. SEC 2 9.13E-01 3.27E-01 8.69E-13 2.49E-01 

ESY1 < 1 kDa vs. SEC 3 5.32E-01 9.71E-01 2.46E-04 1.15E-14 

ESY1 < 1 kDa vs. SEC 4 8.22E-01 1.10E-05 2.11E-01 1.15E-14 

SEC 1 vs. SEC 2 9.57E-01 1.37E-04 9.92E-01 9.86E-01 

SEC 1 vs. SEC 3 1.00E+00 1.37E-03 2.26E-04 1.15E-14 

SEC 1 vs. SEC 4 7.77E-02 5.42E-08 1.74E-14 1.15E-14 

SEC 2 vs. SEC 3 9.50E-01 8.01E-01 6.17E-05 1.15E-14 

SEC 2 vs. SEC 4 2.43E-01 3.32E-04 1.79E-14 1.15E-14 

SEC 3 vs. SEC 4 9.96E-02 3.82E-05 6.88E-08 1.74E-01 

                     n=3 
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3.1. Application for nutraceutical market*† 

 

 

 

Figure 15. Schematic overview of this Section 3.1, illustrating the process of generating peptide-rich extracts through 1 

kDa ultrafiltration using β-glucans and mannans waste streams extraction from spent yeast. Adapted from the graphical 

abstract of Oliveira et al. (2022). 

 

3.1.1. Introduction 

Over the years, several extraction methods of mannans and β-glucan from spent yeast 

have been described (Freimund et al., 2003; X. Y. Liu et al., 2008; X. Tian et al., 2019), 

since these molecules present numerous promising bioactivities, such as prebiotic and 

bacterial pathogen inhibition for mannans (Faustino et al., 2021), and mainly 

immunopharmacological properties for β-glucan (Avramia & Amariei, 2021). As a matter 

of fact, engineered spent yeast has been the target of such processes as well (Faustino et al., 

2022) since synthetic biology industry has been generating large amounts of unused spent 

yeast in the last years. 

Generally, these extraction processes start with yeast cell lysis, followed by separation 

of the released target compounds from the remaining unwanted cell components. These 

unwanted waste streams are usually proteins rich, since they represent one of the main yeast 

 
* Oliveira, A. S., Pereira, J. O., Ferreira, C., Faustino, M., Durão, J., Pintado, M. E., & Carvalho, A. P. (2022). 

Peptide-rich extracts from spent yeast waste streams as a source of bioactive compounds for the nutraceutical 

market. Innovative Food Science & Emerging Technologies, 81, 103148. 

https://doi.org/10.1016/j.ifset.2022.103148 
† Costa, E. M., Oliveira, A. S., Silva, S., Ribeiro, A. B., Pereira, C. F., Ferreira, C., Casanova, F., Pereira, J. 

O., Freixo, R., Pintado, M. E., Carvalho, A. P. & Ramos, O. L. (2023). Spent Yeast Waste Streams as a 
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24, 2253. https://doi.org/10.3390/ijms24032253  
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components (about 45% to 60% of DW) (Vieira et al., 2019). For this reason, waste streams 

of mannans and β-glucan extraction processes can be further processed to recover proteins 

and peptides in a circular economy-based approach.  

As studied on Section 2.2. Separation & purification, membrane filtration technology 

has demonstrated to be the most cost-effective process for producing peptide-rich extracts 

from spent yeast autolysates, while concentrating the protein content and obtaining fractions 

with different MW. In fact, we observed strong antioxidant and antihypertensive activities, 

with particular significance of fractions with peptides under 1 kDa. Furthermore, for the first 

time, the inhibition of HMG-CoA reductase by spent yeast peptides was demonstrated, 

thereby elevating their potential anti-cholesterolemic properties. 

Due to the rising trend in production of ingredients from spent yeast, the consequently 

generated protein rich waste streams can be valued in a circular economy approach, as well 

as the presence of several important bioactive properties of spent yeast peptide-rich extracts 

for nutraceutical market (Section 2.2. Separation & purification), the aim of the present 

study was: (i) to assess the feasibility of obtaining peptide-rich extracts from spent yeast 

waste streams obtained during β-glucans and mannans extraction processes, using 

membrane filtration, and (ii) to evaluate the potential of those peptide-rich extracts to be 

used as dietary supplements, by measuring their antihypertensive, antioxidant and anti-

cholesterolemic potential (Figure 15).  

 

3.1.2. Material and methods 

 

3.1.2.1. Yeast strain 

Spent yeast of S. cerevisiae strains, engineered by Amyris, Inc. to produce β-farnesene, 

was used in this study. 

 

3.1.2.2. Peptide-rich extracts production 

Peptide-rich extracts were obtained from waste streams of β-glucan (Gpep) and mannan 

(Mpep) extraction processes from spent yeast (Faustino et al., 2022, 2023; Freimund et al., 

2003; X. Y. Liu et al., 2008; X. Tian et al., 2019). Liquid stream (supernatants) underwent 

1 kDa cut-off ultrafiltration as described in Section 2.2.2.2. Ultrafiltration in order to get 

peptide rich fractions with different MW: Gpep > 1 kDa, Gpep < 1 kDa, Mpep > 1 kDa and 

Mpep < 1 kDa (Figure 16). 
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Figure 16. Diagram for ultrafiltration process of waste streams of β-glucans and mannans extraction processes from 

spent yeast to obtain peptide-rich extracts. 

 

3.1.2.3. Peptide-rich extracts characterization 

 

Protein 

Protein content of fractions was determined by Pierce™ BCA protein assay kit as 

described in Section 2.2.2.3. BCA. 

 

Dry weight 

DW analysis was performed according to AOAC standard procedures described on 

Section 2.1.2.4. Dry weight. 

 

Amino acids 

Total amino acids analysis was performed as described at Section 2.1.2.4. Amino acids.  

 

Neutral sugars 

Neutral sugars quantification was assessed by their derivatization to their alditol acetates 

and GC-FID analysis as reported in Section 2.1.2.4. Neutral sugars. 
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Minerals 

Minerals determination was performed by ICP-OES, after microwave digestion, as 

explained on Section 2.1.2.4. Minerals.  

 

Molecular weight distribution 

A preliminary MW peptide evaluation of original Gpep and Mpep supernatants (non-

treated waste streams) was performed by FPLC to select the cut-off of ultrafiltration 

membrane. A two-column set composed by a Superdex® 200 Increase 10/300 GL and a 

Superdex® peptide 10/300 GL columns (Cytiva, USA) coupled to an ÄKTA Pure 25 

purification (Cytiva, USA) was exploited and a 0.05 M phosphate buffer pH 7.0, containing 

0.15 M sodium chloride and 0.2 g/L of sodium azide, was used as mobile phase at a flow 

rate of 0.5 mL/min. The elution was monitored at 280 nm and thyroglobulin (669 kDa), 

aldolase (158 kDa), conalbumin (75 kDa), ovoalbumin (43 kDa), carbonic anhydrase (29 

kDa), ribonuclease A (13.7 kDa), whey peptide (1.2 kDa) and Trp (180 Da) were used as 

standards for calibration curve. 

The evaluation of MW peptides distribution in Gpep and Mpep fractions was performed 

as abovementioned at Section 2.1.2.4. MW distribution. 

 

In vitro cytotoxicity assessment 

 

Caco-2 cell culture 

Caco-2 cells were provided from American Type Culture Collection (HTB-37, VA, 

USA) and grown at 37 ºC in a humidified atmosphere of 95% air and 5% CO2 using high 

glucose (4.5 g/L) Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

(v/v) heat-inactivated fetal bovine serum (Thermo Fisher Scientific, MA, USA), 1% (v/v) 

penicillin–streptomycin–fungizone (Lonza, Verviers, Belgium), and 1% (v/v) of non-EAA 

100× (Sigma-Aldrich, St. Louis, USA). Cells were used between passages 26 and 29. 

 

Cytotoxicity assay 

Cytotoxicity evaluation was performed according to the International Organization for 

Standardization (ISO) 10993-5:2009 standard (International Organization for 
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Standardization, 2009). The cells were seeded at 1×104 cells/well in a 96-well microplate 

and after overnight incubation at 37 ºC, they were treated with different concentrations of 

Gpep and Mpep fractions (from 0.8 to 5 mg/mL) prepared in fresh culture medium. Dimethyl 

sulfoxide (Sigma-Aldrich, St. Louis, USA) at 10% (v/v) in culture media was used as a cell-

death control and plain culture media was used as a growth control. After 24 h-exposure, the 

PrestoBlue® reagent (Invitrogen, Massachusetts, USA) was added to each well and 

incubated for 2 h. Fluorescence was recorded (excitation 570 nm; emission 610 nm) after 

incubation using a microplate reader. All assays were performed in quadruplicate.  

 

Biological activities 

 

ACE inhibition assay 

The ACE inhibition assay was performed according to the method described on Section 

2.2.2.4. ACE inhibition assay. The assay was performed in triplicate.  

 

Antioxidant capacity 

 

Scavenging activity using ABTS 

The ABTS•+ scavenging activity was assessed by the method described in Section 

2.2.2.4. Scavenging activity using ABTS. The assay was performed in triplicate and the 

antioxidant activity of extracts results were expressed as μmol TE/g extract. 

 

Scavenging activity using DPPH• 

DPPH• scavenging activity was carried out according to Prior, Wu, and Schaich (2005) 

with some modifications for a 96-well microplate scale. A 600 μM stock solution of DPPH• 

was prepared in methanol (stored in the dark at -20 ºC) and diluted prior to use to 60 μM by 

adjusting the absorbance to 0.600 ± 0.100 at 515 nm (working solution). A standard curve 

of Trolox (7.5 – 240 μM) was also daily prepared. A polystyrene 96-well microplate was 

used from mixture reaction where 25 μL of sample, Trolox or solvent was added to 175 μL 

DPPH• working solution. The incubation was carried out at 25 ºC in a microplate reader 

during 30 min and the absorbance at 515 nm was read in the end. The DPPH• scavenging 

activity percentage was calculated using: 
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𝐷𝑃𝑃𝐻• 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100  

 

where Acontrol and Asample are the absorbances of control and sample, respectively. The 

assay was performed in triplicate. The Trolox standard curve was used to express TE 

antioxidant activity of extracts (μmol/ g extract). 

 

Oxygen radical absorbance capacity 

ORAC assay was assessed as described in Section 2.2.2.4. ORAC. The assay was 

performed in triplicate and the antioxidant activity of extracts results were expressed as μmol 

TE/g extract.  

 

HMG-CoA reductase inhibition assay 

HMG-CoA Reductase Activity Assay Kit was performed according to the 

manufacturer's guidelines, being the protocol described in Section 2.2.2.4. HMG-CoA 

reductase inhibition assay. The assay was performed in triplicate in two independent plates. 

 

3.1.2.4. Statistical analysis 

Results were expressed as average ± standard deviation from assay replicates. Statistical 

analysis was performed using the Real Statistics Resource Pack software (Release 7.2). 

Normality of data was tested using the Shapiro-Wilk’s test and the comparison between 

different peptide-rich fractions were performed using the one-way ANOVA followed by 

Tukey’s multiple comparisons test. 

 

3.1.3. Results and discussion 

 

3.1.3.1. Nutritional analysis 

The supernatants of β-glucan (Gpep) and mannan (Mpep) processes were collected in 

order to produce peptide-rich extracts in a circular economy-based approach. To select the 

ultrafiltration membrane MW cut-off, a preliminary MW evaluation was performed by 

FPLC. Most peptides obtained are distributed in a range around 1000 Da (Figure 17) which 
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are in close agreement with the MW distribution observed for ESY1 spent yeast autolysate 

produced earlier in Section 2.1. Peptide-rich extracts production.  

 

 

Figure 17. FPLC profiles of the (A) Gpep and (B) Mpep original supernantants (non-treated waste streams). 

As demonstrated in Section 2.2. Separation & purification, ultrafiltration seemed to be 

the most cost-effective method for peptide-rich extracts production for application in dietary 

supplementation and, for that reason, it was applied to the present supernatants. A 

diafiltration process was executed in order to purify the final extracts. At the end of 

membrane filtration, samples were freeze-dried.  

A high range of protein content was observed in final peptide-rich extracts (48% to 86%) 

(Table 18) in relation to fractions produced from engineered spent yeast autolysate (ESY1) 
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(Section 2.2. Separation & purification) (23% to 62%) which means that peptide-rich 

extracts obtained from spent waste streams processes may also have nutritional potential to 

be applied to nutraceutical market, favouring the circular economy approach. However, no 

significant differences were observed between protein amount of different Gpep and Mpep 

fractions (p > 0.05).  

 

Table 18. Protein concentration (% w/w), sugars (% w/w) and minerals (ng/g extract) of peptide-rich extracts. 

 Protein (%) Sugars (%) 

Minerals (ng/g) 

P Mg Ca Na K Total 

Gpep > 1 kDa 67.2 ± 16.0 28.2 ± 7.9 4.20 ± 0.03 1.52 ± 0.01 2.31 ± 0.02 ND 3.32 ± 0.02 11.4 ± 0.1 

Gpep < 1 kDa 67.6 ± 25.6 4.34 ± 1.73 13.8 ± 1.3 8.20 ± 0.50 7.91 ± 0.34 0.673 ± 0.101 37.0 ± 3.2 67.5 ± 5.5 

Mpep > 1 kDa 86.4 ± 8.7 7.44 ± 0.22 5.22 ± 0.01 1.04 ± 0.01 0.100 ± 0.010 7.63 ± 0.01 13.0 ± 0.0 27.0 ± 0.0 

Mpep < 1 kDa 48.3 ± 15.9 3.32 ± 1.06 9.39 ± 0.01 2.07 ± 0.01 0.189 ± 0.010 41.8 ± 0.01 64.7 ± 0.0 118 ± 0.0 

Results are expressed in average ± standard deviation (n=2). ND – Not detected (below low detection limit). 

 

Concerning this topic, other important nutritional parameters for nutraceutical 

application were also assessed and listed in Table 18, such as sugars and minerals content. 

As expected, a small sugar content was determined in all peptide extracts (3-7%) (except 

Gpep > 1 kDa) since we are working on waste streams from polysaccharides extraction. The 

extract with higher sugar content (Gpep > 1 kDa in relation to Gpep and Mpep < 1 kDa) (p 

< 0.05) (Table S8) may contain some oligosaccharides, since β-glucan and mannans 

extraction processes are distinct, and probably generate different sizes of saccharides.  

Comparing with spent yeast from previous studies, Amorim et al. (2016) obtained higher 

sugar concentrations in 3 kDa hydrolysates (27% to 48%) than the present study. However, 

these differences may be related with spent yeast source since our raw material is not the 

original spent yeast (as used by Amorim et al. (2016)), but waste streams from 

polysaccharides (β-glucan and mannans) extraction processes. Since these molecules are the 

target polysaccharides within their corresponding extraction processes, their waste streams 

will be favouring protein content over sugars. Other authors have applied multi-step 

sequential membrane filtration technology with different cut-off membranes to spent yeast 

hydrolysates. With a 15-8-1 kDa process, Marson et al. (2022) obtained a 8 kDa retentate 

with 68.6% of protein purity, as high as observed in our Gpep fractions, although the 

respective sugar amount was lower (5.7%). On the other hand, the 1 kDa retentate and 
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permeate showed only 25.8% and 18.5% of protein content, respectively, which are lower 

values from those found in the present study. With a 50-8-1 kDa ultrafiltration, the 1 kDa 

fractions presented protein content values ranging from 31.7 to 46.2%, which are close to 

Mpep < 1 kDa results. In fact, a sequential filtration process seems to be a good choice for 

protein purification in spent yeast hydrolysates since in all ultrafiltration steps undesirable 

compounds for food industry were retained, such as sugars, but the protein yield of the 

process can be compromised. In comparison, and given our more cleaner starting matrix, 

the use of a single filtration step seems more efficient for obtaining high purity protein 

extracts. 

Concerning mineral concentrations (Table 18), fractions < 1 kDa presented the highest 

concentrations (67-118 ng/g) (p < 0.05) (Table S8) in particular Mpep < 1 kDa with an 

excess of Na and K, which can be related with the addition of saline solutions in some of the 

extraction steps (Freimund et al., 2003). A similar result was found by Amorim et al. (2016), 

since the permeate fractions presented a higher total amount of minerals than the retentates, 

namely in Na and K. These authors suggest their use for an alternative to common salt or as 

mineral enhancer in food, given that the higher content in K compared to Na can prevent 

cardiovascular diseases and high blood pressure.  

Regarding the literature references about spent yeast as potential source of EAA within 

FAO and WHO recommendations (Marson, de Castro, Belleville, et al., 2020), their profile 

was analysed in the present study and reported in Table 19. Worth noting that although Trp 

is an EAA, the applied analytical method was not suitable for its quantification.  
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Table 19. EAA content (mg/g protein) of peptide-rich extracts. 

 

Gpep > 1 kDa Gpep < 1 kDa Mpep > 1 kDa Mpep < 1 kDa 
FAO/WHO 

reference a 

Asp 76.8 ± 32.6 44.3 ± 20.8 105 ± 35 18.8 ± 1.5 - 

Glu 76.2± 21.7 77.0 ± 6.7 111 ± 29.4 58.4 ± 2.4 - 

Cys 6.87 ± 2.04 3.89 ± 0.31 4.80 ± 1.14 1.67 ± 1.26 - 

Ser 52.1 ± 30.5 29.5 ± 17.8 66.0± 36.9 9.17 ± 1.16 - 

His* 22.8 ± 12.2 19.3 ± 12.7 25.8 ± 11.9 10.6 ± 8.0 15.0 

Gly 32.3 ± 3.26 24.3 ± 4.2 41.9 ± 7.7 9.03 ± 1.74 - 

Thr* 35.2 ± 9.3 27.4 ± 5.2 49.2 ± 11.1 15.5 ± 8.8 11.0 

Arg* 28.1 ± 6.0 18.7 ± 2.6 35.4 ± 8.6 14.2 ± 7.5 NM 

Ala 29.4 ± 9.3 29.4 ± 7.5 52.3 ± 18.1 15.7 ± 15.2 - 

Tyr 15.0 ± 3.8 15.7 ± 5.8 29.0 ± 6.7 23.0 ± 24.8 
21.0b 

Phe* 14.5 ± 5.3 20.6 ± 6.7 32.1 ± 12.4 9.37 ± 0.53 

Val* 34.2 ± 10.9 44.1 ± 11.7 64.2 ± 24.2 21.6 ± 1.8 15.0 

Ile* 24.5 ± 8.4 30.6 ± 6.1 44.2 ± 15.1 12.6 ± 1.8 15.0 

Leu* 29.4 ± 8.3 40.7 ± 6.7 57.8 ± 13.0 17.1 ± 3.0 21.0 

Lys* 46.3 ± 9.8 35.3 ± 8.4 59.0 ± 16.4 17.7 ± 5.6 18.0 

Sum 524 ± 173 461 ± 123 778 ± 248 254 ± 85 - 

Sum EAA 235 ± 70 239 ± 60 368 ± 113 119 ± 37 136 

Results are expressed in average ± standard deviation (n=2). * EAA, a World Health Organization (2007),  b Phe + Tyr. 

NM – Not mentioned, Asp – Aspartic acid, Arg – Arginine. 

 

The total content of  EAA of Gpep > 1 kDa, Gpep < 1 kDa and Mpep > 1 kDa exceeded 

that of FAO/WHO recommendations (World Health Organization, 2007), as well as the 

individual EAA in all fractions (except His, leucine (Leu) and Lys in Mpep < 1 kDa) which 

profiles the obtained peptide-rich extracts in the present study good candidates for dietary 

supplementation and functional foods.  

Regarding the non-EAA (Table 19), the high amount of Glu (58.4 to 111 mg/g protein) 

increases the potential application of these extracts in the food market, since Glu is linked 

to strong flavour-enhancing properties. In fact, monosodium glutamate, a salt form of Glu 

is one of the well-known flavour ingredients used by food industry since it provides the 

typical “umami” flavour. Recently, its use has become a strategy for common salt substituent 

in foods as well (Maluly et al., 2017). For athletic performance, alanine supplementation has 

become a common practice among competitive athletes since its mechanism is involved in 

delaying the fatigue during high-intensity exercise (Hoffman et al., 2018).  

The amino acids profile depends on the method and conditions of protein extraction 

applied to yeast (Jacob, Hutzler, et al., 2019; Podpora et al., 2015, 2016) and several authors 
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have suggested their application in food market since the higher EAA content than those 

recommended by FAO/WHO (Caballero‐Córdoba & Sgarbieri, 2000; Jacob, Hutzler, et al., 

2019; Podpora et al., 2015, 2016; Vieira et al., 2016) and the amount of promising amino 

acids to be applied in flavour enhancing (M. Amorim et al., 2016; Podpora et al., 2016).  

On the other hand, the discover of aspartic acid and Glu, Cys, His and Lys in Gpep and 

Mpep extracts (Table 19) shows a potential use of these extracts for Fe-binding and to 

produce Fe-peptide chelates as demonstrated by Hoz et al. (2014). These amino acids have 

functional groups capable of establishing coordinated covalent bonds and their considerable 

free amounts in fractions < 1 kDa can make them Fe-delivery components to produce food 

supplements targeted for anti-anaemic market. 

 

3.1.3.2. Molecular weight profile 

As explained on Section 2.2. Separation & purification, it was not possible to determine 

the MW distribution of ESY1 ultrafiltration fractions by SEC because of absence of 

chromatographic resolution with the column used. For this reason, LC−ESI−qTOF/MS 

method was used for Gpep and Mpep MW analysis.  

As expected, the fractions of Gpep and Mpep < 1 kDa had approximately 88% and 85% 

of peptides under 1000 Da, respectively, with about 50% of these being under 500 Da. On 

other hand, the Gpep and Mpep fractions > 1 kDa presented 39% and 63% of peptides above 

1 kDa (Figure 18). 

 

Figure 18. Peptides MW distribution (%) in peptide-rich extracts under and above 1 kDa. 
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The unexpected large percentage of peptides under 1 kDa observed in Gpep > 1 kDa 

fraction (61%) may be related with the limited selectively of ultrafiltration cut-off 

membranes due to fouling phenomena and critical flux, since they are directly related with 

transference phenomenon and protein interactions, which have been described as the main 

challenges of membrane filtration processes (Vollet Marson et al., 2020). Huang et al. (2012) 

maximized the protein yield from spent yeast using a 5 kDa PES ultrafiltration, applying a 

Box-Behnken design. The authors found that the optimal conditions operation (2.7% of yeast 

concentration, pH 5.0 and 14.0 psi of pressure) allowed a 95.0% of protein yield which 

underlines the importance of investigating these parameters to ensure a high-performance 

ultrafiltration process. In line with the present results, by performing a 5 kDa ultrafiltration 

after enzymatic hydrolysis, Hu et al. (2014) obtained a yeast peptide hydrolysate with 80.4% 

peptides < 1 kDa, followed by 18.3% of 1-3 kDa and some residues between 3-5 kDa. By 

applying a sequential filtration membrane process using 50-8-1 and 15-8-1 kDa to spent 

yeast hydrolysates, Marson et al. (2022) observed a gradual change of peptides MW: 50% 

of peptides < 1 kDa on the first retentates (50 and 15 kDa), followed by 65% on the second 

(8 kDa) and 80% on the last (1 kDa), finishing with 90% < 1 kDa on the final permeate. The 

first retentates had a maximum of 19% of peptides with higher MW (> 7 kDa).  

 

3.1.3.3. In vitro cytotoxicity assessment 

Considering the application of the present peptide-rich extracts in nutraceutical market, 

Caco-2 cell line was used to evaluate their cytotoxic effect with the objective of finding a 

non-cytotoxic concentration for performing the following bioactivities assays. In fact, Caco-

2 cell line is the most widely used in vitro model for studies of permeability, transport and 

absorption of substances since they are derived from human colorectal adenocarcinoma and 

present high morphological and physiological similarity to the human enterocyte, thus being 

representative of the human intestinal barrier, and, to a lesser extent, to the human intestine 

(Osakwe, 2016).  

Caco-2 were treated over a period of 24 h with increased concentrations of the peptide-

rich extracts obtained from 0.8 to 5 mg/mL. As described in ISO 10993-5:2009 

(International Organization for Standardization, 2009), an ingredient may have a cytotoxic 

potential if cell viability is reduced more than 30% of the non-treated cells. PrestoBlue® was 

used as a cell viability indicator since when added to living cells it is metabolically reduced, 
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becoming highly fluorescent. The number of viable cells, or metabolically active, correlates 

to the fluorescence intensity measured (Invitrogen, 2010).  

The Caco-2 metabolism was inhibited more than 30% as of 2.5 mg/mL of Gpep extracts 

which means that equal and above concentrations cannot be used in following biological 

assays due to potential cytotoxic (Figure 19).  

 

 

 

Figure 19. Caco-2 metabolic inhibition after 24 h-exposure to peptide-rich extracts (0.8-5 mg/mL) (n=4). 

 

On the other hand, Mpep < 1 kDa and > 1 kDa had a completely different behaviour 

from each other since all the tested concentrations of Mpep < 1 kDa did not inhibit cell 

metabolism, whereas Mpep > 1 kDa decreased Caco-2 metabolism at concentrations higher 

than 5 mg/mL. The differences observed may be associated to peptides structure and 

characteristics such as charge, amino acids profile and sequence. Besides, other unknown 

components may also be present in peptide-rich extracts. Regarding these results, the 

peptide-rich extracts concentrations chosen for the bioactivities were: Gpep > 1 kDa and < 

1 kDa - 1.25 mg/mL, and Mpep > 1 kDa – 2.50 mg/mL and Mpep < 1 kDa – 5.00 mg/mL 

since they appeared not to change cells viability more than 30% as mentioned in ISO 10993-

5:2009 (International Organization for Standardization, 2009).  

Mirzaei et al. (2019) found that the fractions 3-5 kDa (0.5 and 1 mg/mL) and < 3 kDa 

(0.5-2 mg/mL) did not decrease significantly the Caco-2 cell viability at 24 h exposure. In 

fact, they reported non-cytotoxic concentrations below 2 mg/mL which agrees with the 

current study, which observed Mpep < 1 kDa being non-cytotoxic below 5 mg/mL. 
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However, these differences are strongly dependent on the methods used for production of 

yeast protein and the resulting nature of the extract obtained. 

  

3.1.3.4. Biological activity 

 

Anti-cholesterolemic, antihypertensive and antioxidant activities  

The potential effect of Gpep and Mpep fractions on cholesterol-lowering was assessed 

by HMG-CoA reductase inhibition assay (Table 20).  

 

Table 20. IC50 values (mg/mL) at ACE-inhibition assay, HMG-CoA reductase inhibition (%), and ABTS•+, ORAC and 

DPPH• (µmol TE/g extract) activities of peptide-rich extracts. 

  

HMG-CoA 

reductase 

inhibition (%) * 

ACE-IC50 

(mg/mL) 

ABTS•+ (µmol 

TE/g extract) 

ORAC (µmol 

TE/g extract) 

DPPH• (µmol 

TE/g extract) 

Gpep > 1 kDa 71.3 ± 7.7 1.54 ± 0.04 337 ± 123 654 ± 64 110 ± 26 

 < 1 kDa 69.8 ± 3.8 0.99 ± 0.04 450 ± 115 1041 ± 50 114 ± 31 

Mpep > 1 kDa 63.6 ± 5.6 1.43 ± 0.07 416 ± 166 663 ± 75 125 ± 39 

 < 1 kDa 62.0 ± 4.2 1.72 ± 0.11 492 ± 109 926 ± 62 133 ± 32 

Results are expressed in average ± standard deviation (n=3). *For Caco-2 biocompatible concentrations. 

 

All peptide fractions inhibited HMG-CoA activity from 62.0% to 71.3% (Table 20) but 

no significant differences were found between fractions under and above 1 kDa and between 

the type of waste stream used (Gpep vs. Mpep) (p > 0.05). However, these results are 

according to the previous data of Section 2.2. Separation & purification since we already 

obtained HMG-CoA inhibition of 70.8% to 74.0% for ESY1 and 1 kDa ultrafiltration 

fractions. In fact, the ultrafiltration process allowed for an increase in the bioactivity in 

relation to original autolysate (40.3%) but also no differences were observed between 

fractions (Section 2.2. Separation & purification).  

Regarding the high cholesterol levels, which may be linked with lipid metabolic 

disorders, other studies have previously explored the anti-obesity effect of yeast 

hydrolysates, but the effect on cholesterol pathway was not studied (Jung et al., 2014; J. H. 

Kim et al., 2012; Park et al., 2013). Further studies on the subject are needed to draw further 

conclusions since our studies were the first to demonstrate HMG-CoA reductase inhibition 

related with spent yeast peptides.   
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The potential antihypertensive properties of produced peptide-rich extracts were 

evaluated using the ACE-inhibitory assay and the results were shown in Table 20. The 

peptide rich-extracts have IC50 values ranging from 0.99 to 1.72 mg/mL for ACE-inhibition, 

with the greatest antihypertensive effect found in Gpep < 1 kDa  (0.99 mg/mL), followed by 

Mpep > 1 kDa and Gpep >1 kDa, and, at least, Mpep < 1 kDa (p < 0.05) (Table S9). The 

lower peptide MW of Gpep < 1 kDa (36.9% 1000-500 Da, 51.1% < 500 Da), in comparison 

with fractions > 1 kDa, can be associated with the antihypertensive activity, as described by 

Amorim et al. (2016). However, the same hypothesis cannot be applied to Mpep < 1 kDa 

(36.8% 1000-500 Da, 47.9% < 500 Da) which has the lowest antihypertensive activity. In 

this case, the lower ACE-inhibition can be attributed to the lower amount of protein (48.3 ± 

15.9%) and amino acids (254 ± 85 mg/g protein), in comparison with the other three 

fractions (Table 18). As explained on the discussion of Section 2.2. Separation & 

purification, some authors have pointed out that high amounts of hydrophobic amino acids 

can be related with ACE-inhibition activity by a structure–activity relationship but there is 

not enough evidence so far that corroborates this hypothesis (A. S. Oliveira, Ferreira, et al., 

2022a). In comparison with our previous results (Section 2.2. Separation & purification), 

ESY1 < 1 kDa presented similar IC50 values (1.80 mg/mL) to those of the current study, 

with this fraction having a higher activity than ESY1 > 1 kDa (2.59 mg/mL). However, no 

MW-activity relationship was established since the original ESY1 autolysate presented a 

similar outcome than respective fraction < 1 kDa. 

Indeed, the absence of peptide MW association with bioactivity was also observed for 

ABTS and DPPH• (Table 20) since no significant differences were found between Gpep and 

Mpep fractions (p > 0.05). However, all samples demonstrated the ability to reduce the 

cationic radical ABTS•+ with concentrations of TE ranging from 337 to 492 µmol/g extract 

and to reduce DPPH• in a range of 110 to 133 µmol TE/g extract. Comparing ABTS and 

DPPH• methods, DPPH• provided lower values of TE than ABTS•+, as already described in 

literature, since DPPH• is much more stable than ABTS•+ (Mareček et al., 2017). A similar 

result was found by Guo et al. (2020) since they obtained a strong ABTS•+ scavenging ability 

from all yeast protein hydrolysates while at the same time no observed capacity of DPPH• 

scavenge was observed with the same extracts. Although the high reactivity of ABTS+• can 

be advantageous, since it can react with a wider range of antioxidants, the instability of 

ABTS+• solution can lead to biased results, and thus is important the support results with 

other assays, like DPPH• and/or ORAC. Regarding the ultrafiltration fractions of ESY1 

(Section 2.2. Separation & purification), high ABTS+• scavenging activity was obtained in 
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the present study (181 to 255 µmol TE/g extract) which corroborates the potential of peptide 

fractions from waste streams to be applied as dietary supplement as well. Furthermore, 

DPPH• scavenging activity obtained in the current investigation was stronger than those 

found by Marson, de Castro, Machado et al. (2020) in 35 kDa spent yeast hydrolysates.  

On the other hand, ORAC activity showed statistically significant differences (p < 0.05) 

between different MW fractions, with both < 1 kDa fractions, showing a higher activity than 

the 1 kDa fractions (Table 20 and Table S9), as demonstrated in ESY1 ultrafiltration 

fractions (708 and 237 µmol TE/g extract for ESY1 < 1 kDa and > 1 kDa, respectively) 

(Section 2.2. Separation & purification). As explained on Section 2.2. Separation & 

purification, these differences are explained by the in vitro antioxidant assays follow distinct 

redox mechanisms and ORAC is the most similar assay to physiological conditions with the 

generation of radical peroxyl. 

Regarding the importance of the combined effects in one single product as functional 

ingredient for food industry, several authors studied the antioxidant properties of spent yeast 

peptides together with ACE and/or α-glucosidase inhibition and immunostimulant activities 

(M. Amorim, Marques, et al., 2019; Hassan, 2011; Jung et al., 2011; Mirzaei et al., 2015; 

Vieira et al., 2017). Currently, the antioxidant activity has been linked to the amendment of 

chronic disorders, such as hypertension, diabetes, aging, cancer, and neurodegenerative 

disorders (M. Amorim, Marques, et al., 2019). In the present study, regarding HMG-CoA 

reductase and ACE inhibitions, together with antioxidant results, and the similar 

performance to peptide-rich fractions directly extracted from spent yeast (ESY1 > 1 and < 1 

kDa), these Gpep and Mpep fractions from waste streams showed to be good bioactive 

ingredients to be potentially incorporated in functional food and commercialized at 

nutraceutical market. 

 

3.1.4. Conclusion 

The present study has demonstrated the possibility to produce peptide-rich extracts 

from waste streams from spent yeast β-glucans and mannans extraction processes, using 1 

kDa ultrafiltration technology. The results have shown that yeast extracts with high protein 

content and EAA, comprising about 1 kDa MW peptides, were capable of strong ACE and 

HMG-CoA reductase inhibition, ABTS•+ and DPPH• reduction, and peroxyl radicals’ 

protection effect (ORAC), indicating their antihypertensive, anti-cholesterolemic and 

antioxidant capacities. In this way, the peptide-rich extracts produced in this study have 
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demonstrated their potential for incorporation into formulations aimed at commercialization 

in the nutraceutical market for human supplementation. Additionally, their high amount of 

Glu also makes them promising ingredients to be applied as flavour enhancers. 

 

3.1.5. Supplementary material 

 

Table S8. P-values of comparison of nutritional analysis between different Gpep and Mpep peptide-rich fractions: 

sugars (%) and minerals (ng/g extract). 

 Sugars Minerals 

Gpep > 1 kDa vs. < 1 kDa 4.75E-02 4.71E-04 

Gpep > 1 kDa vs. Mpep > 1 kDa 7.35E-02 5.24E-02 

Gpep > 1 kDa vs. Mpep < 1 kDa 4.15E-02 4.70E-05 

Gpep < 1 kDa vs. Mpep > 1 kDa 9.45E-01 1.68E-03 

Gpep < 1 kDa vs. Mpep < 1 kDa 9.98E-01 7.13E-04 

Mpep > 1 kDa vs. < 1 kDa 8.87E-01 7.52E-05 

                                    n=2 

 

Table S9. P-values of comparison of ACE inhibition (IC50 - mg/mL) and ORAC (μmol TE/g extract) assays between 

different Gpep and Mpep peptide-rich fractions.  

 ACE ORAC 

Gpep > 1 kDa vs. < 1 kDa 4.80E-03 3.26E-04 

Gpep > 1 kDa vs. Mpep > 1 kDa 3.12E-01 9.98E-01 

Gpep > 1 kDa vs. Mpep < 1 kDa 7.33E-01 3.39E-03 

Gpep < 1 kDa vs. Mpep > 1 kDa 1.43E-02 3.88E-04 

Gpep < 1 kDa vs. Mpep < 1 kDa 2.99E-03 1.98E-01 

Mpep > 1 kDa vs. < 1 kDa 1.15E-01 4.23E-03 

                                        n=3 
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3.2. Fe-peptide complexes* 

 

Figure 20. Schematic overview of Section 3.2, showcasing the process of generating peptide-Fe complexes derived from 

spent yeast peptide-rich extracts. Adapted from the graphical abstract of submitted article*. 

 

3.2.1. Introduction 

Fe is an important micronutrient in human nutrition, as it is involved in many 

biochemical processes in human metabolism such as oxygen transport, electron transfer 

reactions, gene regulation, and cell growth and differentiation (Waldvogel-Abramowski et 

al., 2014).  

Given its importance in human metabolism, health problems may arise if not enough Fe 

is consumed ingested. In fact, Fe deficiency is a major concern and one of the most 

widespread micronutrient deficiencies globally (Y. Zhang et al., 2021). According to the 

WHO about 1.62 billion people suffered from anaemia, a form of Fe deficiency in blood 

cells, with greater prevalence in developing countries (World Health Organization, 2008). 

More recent numbers report that 30% of women aged between 15 and 49 years and 40% of 

children under 5 years suffered from anaemia in 2019 (World Health Organization, 2021), 

while other estimates place the global age-standardized point prevalence of anaemia at 

around 23% (Safiri et al., 2021). 

Although adults lose low amounts of Fe daily, 1 mg to 2 mg for man and woman, 

respectively (Collins & Anderson, 2012; Eckert et al., 2016), adequate quantities of Fe must 

be ingested in order to maintain Fe homeostasis. This is especially important considering 

 
* Oliveira, A. S, Ferreira, C. M. H., Pereira, J. O., Sousa, S., Faustino, M., Durão, J., Pereira A. M. P., Pintado, 

M. E. & Carvalho, A. P. Production of iron-peptide complexes from spent yeast for nutraceutical industry. 

Submitted to Food and Bioproducts Processing (16th January 2023) 
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that only 5% to 18% of Fe naturally present in food is absorbed by the human body during 

the gastrointestinal digestion (Eckert et al., 2016). Factors such as living standards, food 

choices and food quality may also impact the levels of Fe absorbed by an individual; for 

example, plant-based Fe sources are less bioavailable than animal-based ones (Athira et al., 

2021).  

Fe supplementation in the diet is an effective way to address the problem of its 

deficiency, particular in cases where Fe bioavailability in diet is low. Elemental Fe and 

certain common Fe salts, such as Fe sulphate, carbonate, citrate, and fumarate, are 

commonly used in food fortification (Fairweather-Tait & Teucher, 2002). However, these 

salts have some drawbacks. First, these forms of Fe have low bioavailability (Athira et al., 

2021; Y. Zhang et al., 2021), and the consequently high amounts of Fe required to rectify 

Fe deficiency can cause health issues such as production of ROS species (Caetano-Silva et 

al., 2015), Fenton reactions, gastrointestinal irritation, vomiting, lethargy, grey cyanosis, 

pneumonitis, convulsions, coma and even death in extreme cases (Jeppsen & Borzelleca, 

1999). Secondly, these simple salt forms can interact with food components, causing 

perceived changes in food properties such as flavour, colour or texture (Shubham et al., 

2020).  

One potential solution to these problems is the use of Fe-peptide complexes. These 

complexes are described as being more bioaccessible, bioavailable and safe than the 

aforementioned Fe salts (W. Wu et al., 2020). Their increased bioaccessibility is due to the 

competition of peptides with other organic molecules, such as phytates, tannins, oxalates 

and polyphenols, which can precipitate Fe at physiological pH (Anderson et al., 2018; Eckert 

et al., 2016; Lazarte et al., 2015; S.-H. Lee & Song, 2009; W. Wu et al., 2020). Some 

reported results also show that organic forms of Fe have greater absorption rates than 

inorganic forms, although they are still limited by their carrier capacity (L. Y. Zhang et al., 

2017). Finally, safety is also cited as a reason for the preference of Fe-peptide complexes 

over other forms of Fe supplementation (Caetano-Silva et al., 2020; W. Wu et al., 2020).  

Several sources of peptides have been tested recently, including whey protein (Athira et 

al., 2021; Caetano-Silva et al., 2015, 2017; O’Loughlin et al., 2015), mung beans 

(Budseekoad et al., 2018; Y. Zhang et al., 2021), Antarctic krill (T. Wang et al., 2020), 

maitake (Grifola frondosa) (Yuan et al., 2019), casein digest (Smialowska et al., 2017), 

Pacific cod skin (W. Wu et al., 2017), sea cucumber (Stichopus japonicus) ovum 

hydrolysates (Sun et al., 2017), Alaska pollock skin (Gadus chalcogrammus) (Chen et al., 

2017; L. Guo et al., 2013, 2015), sugar cane (de la Hoz et al., 2014), anchovy (H. Wu et al., 
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2012), and chickpea (Torres-Fuentes et al., 2012), among others. A common reason for 

choosing a particular peptide source is to valorise protein-rich sub- and by-products from 

other processes, thus promoting circular economy.  

Motivated by the desire to create new, healthy, effective, and safe Fe-peptide complexes 

for the nutraceutical industry of Fe supplementation, and by the need to further process and 

add value to these by-products, the viability of peptide-rich extracts produced by 1 kDa 

ultrafiltration on Section 3.1. Application for nutraceutical market as sources for Fe-peptide 

complexes and chelating agents were studied. Variables such as pH, time, protein-to-Fe ratio 

and oxidative conditions were also studied and evaluated. Finally, the physicochemical 

characterization of Fe-peptide complexes was performed to understand the complexation 

behaviour and final product properties (Figure 20). 

 

3.2.2. Material and methods 

 

3.2.2.1. Peptide-rich fraction production  

 

Peptide fractions used in this study were produced following 1 kDa ultrafiltration of 

Section 3.1. Application for nutraceutical market. As demonstrated at Figure 21, a total of 

three different MW peptide fractions for each waste stream were obtained: retentate “Gpep 

> 1 kDa” and permeates “Gpep < 1 kDa FS” (first ultrafiltration permeate fraction) and 

“Gpep < 1 kDa DF” (diafiltration permeate fraction) from β-glucan, and retentate “Mpep > 

1 kDa” and permeates “Mpep < 1 kDa FS” and “Mpep < 1 kDa DF” from mannans.  

 

 

Figure 21. Diagram for ultrafiltration of protein-rich supernatants from yeast β-glucan and mannan extraction 

processes to obtain peptide fractions. 
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3.2.2.2. Chemical characterization of peptide-rich fractions  

 

Protein 

Protein content of fractions was determined by Pierce™ BCA protein assay kit as 

described in Section 2.2.2.3. BCA. 

 

Dry weight 

DW analysis was performed according to AOAC standard procedures described on 

Section 2.1.2.4. Dry weight. 

 

3.2.2.3. Fe-peptides complexation 

 

Fraction initial screening - reaction without N2 

An initial complexation screening was performed using the protocol of Caetano-Silva 

et al. (2015) with some modifications. Each peptide-rich fraction was prepared at 0.2% 

protein (w/w) in deionized water and 0.1% of Fe (w/w) (FeSO4.7H2O; Sigma-Aldrich, Inc., 

St. Louis, USA) was added to the solution under stirring, corresponding to protein:Fe ratio 

of 2:1. The solution was stirred for one hour with the pH monitored and adjusted periodically 

to 7.0. In the end, the solution was centrifuged (12000 × g, 5 min) and the supernatant was 

filtered (ø = 0.45 µm; Chromafil® polyester (PET)-45/25, Macherey-Nagel, Germany). The 

soluble Fe from the resulting solution was measured by ICP-OES. Each extract was tested 

in triplicate and the results expressed as a percentage of the total added Fe (% of initial), are 

presented as an average of n=3. 

 

Complex formation – anoxic conditions 

 

Experimental setup 

A schematic of the experimental setup used for the complexation reaction in the presence 

of a N2 atmosphere is displayed in Figure 22A. 
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Figure 22. A: Experimental design of the complexation reaction setup using N2, pH control and NaOH probe. B: 

Conditions of pH and time on the complexation reaction efficiency assays. ●: combination tested; ○: combination not 

tested. 

 

A three necked 500 mL flask was used for the purpose. When not in use, the flask necks 

would be closed using the appropriate stoppers. The middle neck was used to insert a pH 

electrode for live control, and one of the side necks was used to insert the NaOH probe of 

Automatic Potentiometric Titrator AT-710 system (Kyoto Electronics Manufacturing Co. 

Ltd, Japan) to adjust pH during reaction. The second side neck was used to insert a N2 line. 

The flask was placed in a magnetic stirrer and a magnetic bar was inserted in the flask to stir 

the solution during the reaction.  

 

Reaction protocol 

A peptide-rich solution was prepared to a protein concentration of 0.02% (w/w) and 

placed in the reaction flask. N2 was purged for 10 min and 0.01% of Fe (w/w) was added 

while the solution was continuously stirred and purged for more 10 min. Finally, the pH of 

the solution was slowly increased to pH 7.0. For the next 30 min, the solution was kept under 

N2 purge and the pH was monitored and adjusted to 7.0 accordingly. At the end of reaction, 

the solution was collected in a flask under a N2 atmosphere and stored at room temperature 

overnight. In the next day, the pH of solution was adjusted back to pH 7.0, followed by 

centrifugation (12000 × g, 5 min) and filtration for some precipitate remotion (ø = 0.45 µm). 
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The soluble Fe from the resulting solution was measured by ICP-OES. Each reaction was 

performed in triplicate and the results expressed as a percentage of the total added Fe (% of 

initial), are presented as an average of n=3. Blank experiments were also carried out, where 

the same conditions were tested, in duplicate, in the absence of peptide extracts. 

 

Factorial design and statistical analysis 

To find the optimal complexation conditions, a two-factor factorial design was used. The 

effect of pH was studied at five different levels (6.00, 6.25, 6.50, 6.75 and 7.00) while time 

was varied at four levels (0.5, 1.0, 2.0 and 4 h). As to reduce the number of conditions, only 

50% of the total possible combinations were performed, as shown in Figure 22B. Each 

combination was performed in triplicate. Experiments were conducted in a randomized 

order. 

To model the response of % of complexed Fe to the tested factors, the following second-

order polynomial model was chosen as described by: 

 

𝑌 = 𝑏0 + 𝑏1𝑋1 + 𝑏2𝑋2 + 𝑏3𝑋1𝑋2 + 𝑏4𝑋1
2 + 𝑏5𝑋2

2 + 𝜖 

 

Where Y is the percentage of the initial Fe in solution after complexation reaction, 𝑏𝑖 

represent the different coefficients of each factor, 𝑋𝑖 represent pH and time factors and ϵ the 

random experimental error.  

The model was fitted using the using the Real Statistics Resource Pack software (Release 

7.2) with multivariate regression as the optimization and fitting method. To analyse extreme 

data points of the regression fit and determine their validity, the Cook’s D method was 

applied. Data points with a value greater than 0.2 were considered for removal from the 

regression, and the regression was conducted a second time. 

 

Fe determination  

Fe determination was performed by ICP-OES, after microwave digestion, as explained 

on Section 2.1.2.4. Minerals.  
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3.2.2.4. Complex characterization 

 

X-ray diffraction 

The diffraction of X-rays (XRD) was analysed using an X-ray diffractometer (Rigaku 

MiniFlex 600, Tokyo, Japan). Freeze dried samples were packed in a sample plate and 

measured using the following conditions: Cu kα radiation, operated at 40 kV and 15 mA, 

with 2θ range from 3º to 80º, a scanning speed of 3º min-1, and a step of 0.01º. 

 

Intrinsic fluorescence 

The intrinsic fluorescence emission spectra were recorded using a microplate reader 

(Synergy H1, Biotek Instruments, Winooski, USA). A wavelength of 280 nm was used for 

excitation of samples and emission wavelengths from 300 to 400 nm were recorded in of 5 

nm increments. Samples were measured in triplicate and the results were expressed as an 

average. 

 

Fourier-transform infrared spectroscopy 

A diamond crystal of attenuated total reflectance (ATR) assembly Perkin-Elmer 

Frontier Fourier-transform infrared (FTIR) spectrometer coupled with a Universal ATR 

Sampling Accessory (Massachusetts, USA) was used to obtain infrared spectra. Samples 

were measured in a wave number range between 4000 and 550 cm-1 with a resolution of 1 

cm1. 

 

Scanning Electron Microscopy 

The samples morphology was evaluated using a Phenom XL G2 (Thermo Fischer 

Scientific, The Netherlands) scanning electron microscope (SEM). Sample powders were 

placed over double-sided adhesive carbon tape (NEM tape; Nisshin, Japan), which covered 

the observation pins, and were coated with gold/palladium on a sputter coater (Polaron, 

Germany). An acceleration voltage of 5 kV in high-vacuum mode was used and all images 

are representative of the morphology of each sample. 

 

Particle size 

The particle size distribution was assessed using a Malvern Mastersizer 3000 - Laser 

Diffraction (Malvern Instruments Ltd., UK) with a refractive index of 1.40 and absorption 
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of 0.01 parameters selected. Ethanol absolute was used as dispersant. According to the laser 

diffraction through the particles of material, a scattering pattern was generated and then used 

to calculate the particle size via Mie theory.  

 

3.2.3. Results and Discussion 

 

3.2.3.1. Protein content 

The supernatants of yeast β-glucan and mannan extractions were submitted to 1 kDa 

ultrafiltration and diafiltrated and the protein concentration of the peptide-rich fractions was 

determined thereafter. A protein content ranging 23.0 to 86.4% (w/w) was found, as shown 

in Table 21. 

Table 21. Protein concentration (% w/w) of peptide-rich fractions. 

  Gpep   Mpep  

 > 1 kDa FS < 1 kDa DF < 1 kDa > 1 kDa FS < 1 kDa DF < 1 kDa 

Protein (%) 67.2 ± 16.0 23.0 ± 1.3 67.6 ± 25.6 86.4 ± 8.7 44.8 ± 5.8 48.3 ± 15.9 

Results are expressed in average ± standard deviation (n=4).  

 

Several authors have used membrane filtration to produce peptide fractions with low 

MW, since these are described as better ligands for mineral binding (Caetano-Silva et al., 

2018; de la Hoz et al., 2014; O’Loughlin et al., 2015; Yuan et al., 2019). The high selectively 

and efficiency together with low energy consumption makes it quite appealing to food 

industry (Marson, de Castro, Belleville, et al., 2020). In fact, for ideal Fe complexation, 

peptides should be ranging in size from 300 to 1500 Da  (Caetano-Silva et al., 2020). 

Therefore, the size of peptides is a key factor for complexation. As a result, the first step of 

this study was to evaluate of complexation capacity of different MW fractions produced. 

The peptide rich solutions for the following complex reactions were prepared according to 

the protein concentrations listed above (Table 21)  

 

3.2.3.2. Fraction complexation capacity screening 

The values of soluble Fe (II) found at the end of the one hour reaction, as measured by 

ICP-OES, are found in Figure 23A. 
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Figure 23. A: Soluble Fe (% of initial) after complexation reaction with no N2 atmosphere (n=2). B: Soluble Fe (% of 

initial) after complexation reaction with solution purge and N2 atmosphere (n=6). 

Almost all reactions resulted in less than 10% of the initial Fe remaining in solution, 

with exception of Gpep <1 kDa DF and Mpep <1 kDa DF, with 10.7% and 10.0% 

respectively. The lowest amount of Fe in solution was found at the concentrated fractions (> 

1 kDa) of both by-products, with 3.92% and 4.68% for Gpep and Mpep, respectively.  

During the complexation reaction under normal conditions, the pH was very unstable for 

at least the first 30 min, consistently decreasing as it was adjusted to 7.0. At the same time, 

the formation of a precipitate was observed as NaOH was added to the solutions to adjust 

the pH to the required value. There are two factors that may be responsible for the decrease 

in pH. One possibility is that ferrous Fe (II) may be at its solubility limit and precipitate out 

as Fe(OH)2 (Monhemius, 1977), depleting hydroxide from solution and thereby reducing 
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pH. The constant stirring of the solution in open air may also contribute to the oxidation of 

ferrous Fe (II) into Fe (III), which is even more insoluble at neutral pH (Monhemius, 1977). 

On the other hand, it is possible that protons may be released by peptides and/or proteins as 

a result of the complexation and consequent change in pKa of some acid/base moieties 

(Onufriev & Alexov, 2013). However, the formation of a thick brown precipitate seems to 

support the first hypothesis. The amount of soluble Fe found at the end of the reaction 

(Figure 23A) also supports the previously discussed assumptions. Overall, the amount of 

Fe present in the solution is low, ranging from about 4% to 10.5%. Despite this range, 

statistical analysis reveals no differences between different fractions.  

Comparing these results with literature, they are somewhat low since Sun et al. (2017) 

have found values ranging from 15% to 90% of the added Fe in their samples. However, 

proteins of this study were extracted from other matrix, such as sea cucumber ovum 

hydrolysates. On the other hand, our values are in the same range as those found by Wu et 

al. (2017) using peptides from Pacific cod skin gelatine for complexation. Other sort of 

optimization was performed by Caetano et al. (2017) which allowed soluble Fe yields 

between 40% and 90% when using different Fe: protein ratios and working with whey 

protein hydrolysates. Also in this study, the authors tested different ultrafiltration fractions 

(filtrate and retentate) as well the original hydrolysate and, contrary to our study, found 

differences in complexation behaviour between different fractions (Caetano-Silva et al., 

2017). Similarly, O’Loughlin et al. (2015) studied the complexation capacity of two whey 

protein hydrolysates that were subjected to an ultrafiltration cascade. The two fractions 

studied (30 kDa retentate and 1 kDa permeate) have shown slightly different behaviours, 

with a decrease in Fe solubility when reaching pH 7. Nonetheless, more than 80% of Fe 

remained soluble (O’Loughlin et al., 2015). 

Once Fe oxidation was observed during the reactions under normal conditions, together 

with the low complexation yield, new conditions were tested, including the use of an anoxic 

environment. In these reactions, N2 was used to purge the reaction solution and the 

environment of the reaction was sealed under a N2 atmosphere. Under these conditions a 

different behaviour was observed. Precipitation still occurred, but to a lesser degree and with 

a different colour than in the first case (greenish instead of ochre). Also, pH variation was 

observed but to a lesser degree, being the solution much more stable than in the previous 

experiment. Overall, an improvement was observed, with larger amounts of soluble Fe still 

found, with values averaging from 39% (Mpep < 1 kDa) to 64% (Mpep > 1 kDa). This is in 



 

178 

 

stark contrast to the previous results obtained under normal atmosphere conditions (Figure 

23B).  

Interestingly, the permeate fractions (FS and DF) had less soluble Fe compared to the 

concentrate fractions which had the largest. In fact, it is possible to observe a trend in the 

data suggesting that the lower the size of peptides in solution, the less Fe is maintained in 

solution. However, this trend and differences between steps of filtration within the same by-

product are not statistically significant (p > 0.05). 

In comparison with literature previously discussed, this data set is more comparable to 

that of Sun et al (2017). However, lower percentages of soluble Fe than O’Loughlin et al 

(2015) or Caetano et al. (2015, 2017) were still obtained, which may be related with two 

main complexation factors: interference of time (reaction and precipitation kinetics) and pH 

(protonation and complexation equilibria), as reviewed by Caetano et al (2020). These two 

factors were explored in more detail in the next experimental set. 

 

3.2.3.3. Complex formation conditions optimization 

An analysis in the literature reveals that different conditions for conducting Fe-peptide 

complexation have been explored. Zhou et al. (2012) used seven different pH levels in the 

5.0-8.0 pH range while Smialowska et al. (2017) tested three different pH from 2.75 to 6.7. 

While some works use a single pH value, the authors differ on the pH chosen. For example, 

the following values have been used: pH 5.0 (W. Wu et al., 2020; Yuan et al., 2019), pH 6.0 

(T. Wang et al., 2020) or pH 7.0 (Caetano-Silva et al., 2015, 2017; Sun et al., 2017). 

However, most works focus on a 5-8 range, though a pH higher than 7.0 may not be desirable 

since a formation of precipitate was observed at the first screening assay. On the other hand, 

a lower pH may compromise complexation, as fewer moieties will be deprotonated and 

available for complexation. For this reason, a pH ranging from 6.0 to 7.0 was chosen for our 

optimization study. Also, from the experience obtained in the previous experiments, the 

solution pH continuously decreases over time, even past one hour. In fact, in a test 

experiment (data not shown) that was conducted over the period of four hours, pH was still 

not fully stable. The observation that 24 hours later the pH has decreased raises the question 

of what the ideal time for the complexation reaction is, and if it is pH dependent. Therefore, 

different times were also tested, ranging from 0.5 h to 4 h. Gpep > 1 kDa was the peptide 

fraction chosen for this optimization since “> 1 kDa” samples presented a high soluble Fe 
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in the screening study and Gpep > 1 kDa had higher median values of soluble Fe found in 

the screening study.  

The results of soluble Fe at the end of the complexation reaction for each set of 

conditions tested can be found in Table 22. 

 

Table 22. Soluble Fe (% of initial) found for each condition tested in the experimental factorial design. 

pH Time (h) Complexed Fe (% of initial) 

6.00 0.5 88.0 ± 3.1 

6.00 2.0 86.4 ± 1.5 

6.25 1.0 83.5 ± 6.7 

6.25 4.0 65.8 ± 8.6 

6.50 0.5 55.1 ± 8.6 

6.50 2.0 73.3 ± 9.5 

6.75 1.0 71.2 ± 5.5 

6.75 4.0 41.7 ± 13.4 

7.00 0.5 53.4 ± 6.3 

7.00 2.0 36.2 ± 11.4 

                                   Results are expressed as average ± standard deviation (n=3). 

 

The highest average value, 88.0%, was found at pH 6.0 and 0.5 h of reaction, followed 

by other low pH and low time reaction conditions. In fact, if the average values are plotted 

just considering pH or time alone (Figure 24), a trend of decreasing soluble Fe as pH 

increases can be observed, where at pH 7.0 values are similar to those found in the previous 

experiment.  
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Figure 24. Soluble Fe in complexation reactions tested at experimental factorial design, as percentage of initially added, 

in function of pH (A) and in function of time (B) (n=3). 

 

Regarding time (t), there is no clear trend, but the highest values are found for 1 h. 

However, time does not seem to have a large impact on the final solubility of Fe as pH has.  

The fitting of out model using a multivariate regression analysis to the obtained data 

returns the following: 

 

Fecomplexed(%) = 32.27pH + 64.35t − 8.49pH. t − 4.61pH2 − 3.25t2 + 50.04 

 

With 𝑅2 = 0.794 and 𝑝 < 0.0001.  

The corresponding response surface of the proposed model can be seen in Figure 25 and 

the residuals of the multivariate regression in Figure S1. 
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Figure 25. Response surface depicting soluble Fe (as % of initial added) versus time and pH. Model obtained from 

applying multivariate regression to complexation data, according to formula described in the main text. 

The results presented in  Figure 25 show the trend already observed in Figure 24. Within 

the tested intervals of pH and time, the model predicts pH as the most important factor 

affecting the outcome of the complexation reaction. Using a pH as high as 7.0 is not 

advantageous, as most Fe (II) will either precipitate or oxidate and readily precipitate, while 

pH 6 is more ideal, with the model predicting values around 80% to 90% complexed, in 

contrast to pH 7.0 with values around 20% to 55%.  

Regarding time, its influence seems pH related. At lower pHs, the time influence is not 

very noticeable, as seen in Figure 25, at pH 6.0, a 10 percent points difference from best to 

worst yields can be observed, with the greater difference at pH 7, where a 35 percent points 

difference is observed. The ideal time for complexation also changes slightly over pH, from 

2 h at pH 6.0 to 1 h at pH 7.0. The observed changes may be linked to how precipitation 

kinetics and equilibria are affected by pH. At higher pH (7.0), the stability of Fe-peptide 

complexes decreases, leading to release of free Fe and peptides. The free Fe ions tend to 

precipitate more easily at this pH, due to more favourable conditions for precipitation to 

occur. Moreover, lower pH levels tend to increase the stability of the Fe-peptide complexes 

as noted by Ahile et al. (2020). 
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However, since the difference in yield between 0.5 h and 1 h reaction time at pH 6.0 was 

found to be minimal, the extra resources required for a longer reaction time (energy and N2) 

were deemed unjustifiable for the small increase in yield observed. Consequently, a reaction 

time of 0.5 h and pH 6.0 were chosen as optimal conditions for complexation reactions of 

Fe (II) with Gpep > 1 kDa FD fraction. 

 

3.2.3.4. Complex characterization 

 

X-ray diffraction 

A powerful method for assessing the structural changes in peptides following 

complexation with metal ions is XRD analysis (Walters et al., 2018). As demonstrated by 

several studies, XRD can provide valuable information on conformational changes in 

peptides following complexation with metals such as Fe  (Jin et al., 2011; Malison et al., 

2021; L. Wang et al., 2018). Generally, peptide samples exhibit weak or no crystalline 

reflections, but instead a broad band at around 2θ 20°, which is characteristic of an 

amorphous sample. The presence of metal ions can result in changes on this spectrum, such 

as the appearance of sharp reflection bands, which are indicative of structural changes in the 

peptide (Walters et al., 2018). 

The X-ray diffraction patterns of Gpep > 1 kDa, Gpep>1kDa-Fe and Fe hydroxides are 

depicted in Figure 26. 

 

 

Figure 26. XRD patterns of Gpep > 1 kDa, Gpep>1kDa-Fe complex and Fe hydroxides (Fe(OH)x) from 3° to 80°. 
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 Fe precipitates from the reaction without Gpep > 1 kDa (blanks) were used as control 

for Fe hydroxides. The Gpep > 1 kDa presents a major broad band centred around 2θ 20°, 

as expected. On the other hand, with the addition of Fe, Gpep>1kDa-Fe exhibits two strong 

crystal diffraction peaks, as well as some other small diffraction peaks. The two major peaks 

are found at 2θ 18.5° and 26°. The analysis of Fe precipitates spectrum reveals that these 

have a different pattern of crystallization than that of Gpep>1kDa-Fe, as evidenced by the 

increased number of reflections. There are four main peaks at 2θ 14.5°, 27.4°, 36.7° and 

47.2°, which both differ in quantity as well as in angle of reflexion. Similar results were 

found by Yang et al. (2019), where the Fe complexes created by the authors had a different 

XRD pattern compared to the original materials used, or by Zhu et al. (2018), although in 

the latter the signal difference was low due to the low crystallization level of the matrix.  

 

Intrinsic fluorescence 

The averaged spectra obtained for the three replicates of Gpep>1kDa-Fe complexes, as 

well as for Gpep > 1 kDa, can be seen in Figure 27. 

 

Figure 27. Fluorescence emission spectra of Gpep > 1 kDa and Gpep>1kDa-Fe complexes (n=3). Excitation 

wavelength = 280 nm; emission wavelength = 300 to 400 nm. 

It is possible to observe a decrease in the fluorescence band at 340 nm, caused by the 

addition of FeSO4 to Gpep > 1 kDa. This is likely due to the quenching of Trp residues in 

the peptide by Fe ions as noted by Wu et al. (2012). Furthermore, a red-shift in peak intensity 

from 340 nm to 345 nm is observed, this is also attributed to the quenching of Trp residues 
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in the peptide by the Fe ions and is consistent with previous reports. For example Wu et al. 

(2012) have demonstrated that the addition of FeSO4 to anchovy muscle protein resulted in 

a decrease in fluorescence between 310 nm and 400 nm, after excitation at 295 nm, while at 

the same time, registering a red-shift in the emission spectra. Similarly, β-lactoglobulin 

hydrolysates also showed a decrease in fluorescence intensity at the same wavelength when 

Fe salts were added, with a simultaneous red-shift in emission spectra (Zhou et al., 2012). 

On the other hand, Lin et al. (2021) did not register a red-shift in emission spectra, unlike 

other studies, while observing the reduction of intensity on fluorescence. These changes may 

be attributed to the conformational changes of peptides caused by complexation, which 

results in less exposure of Trp to solvent, resulting in an emission behaviour change (Walters 

et al., 2018). 

 

FTIR spectroscopy 

The study of new complexes with FTIR is common practice, given its easiness and 

simplicity of use. The information provided is also valuable since there are several functional 

groups that can take part in the complexation with Fe (II). Shifts in amides I, II and III, as 

well as in carboxyl (-COOH), hydroxyl (-OH), sulfhydryl (-SH), and methyl (-CH3) groups, 

usually part of peptide side chains, all may provide useful information regarding structural 

and chemical changes resulting from complexation (Walters et al., 2018). These changes, 

such as the appearance of new bands at specific wavenumbers, demonstrate the formation 

of covalent bonds between the peptide and the metal ions and a strong binding of the two 

entities. Therefore, the analysis of the comparison of FTIR spectra from un-complexed 

fraction and complexed fraction may be of help to evaluate how the peptides have 

complexed Fe (II).  

The ATR-FTIR spectra for Gpep > 1 kDa, Gpep>1kDa-Fe complex and Fe hydroxides 

are presented in Figure 28.  
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Figure 28.  FTIR spectra of Gpep > 1 kDa, Gpep>1kDa-Fe complex and Fe hydroxides (Fe(OHx)) in the region from 

4000 to 550 cm-1 and identification of the main peaks observed.  

The first major difference is the presence of two very intense and sharp bands in the 

Gpep>1kDa-Fe complex spectrum at 1075 and 599 cm-1, whereas they are considerably 

smaller in the Gpep > 1 kDa spectrum. These bands are likely due to the presence of sulphate 

ions, as result of the added Fe sulphate salt for the complex formation (Coates, 2006). The 

influence of different counter ions in infrared (IR) spectra has been previously described 

(Caetano-Silva et al., 2017), and the presence of this strong band makes it difficult to analyse 

the spectra in this region. Bands in the region of 500 cm-1 and 1100 cm-1 have been 

associated with the stretching vibration of N-Fe and C-O-Fe bounds, respectively (Caetano-

Silva et al., 2017; G. Huang et al., 2011; W. Wu et al., 2017; Zhou et al., 2012). For example, 

Caetano et al. (2017) related a shift in the νsC-O bands from 1110–1039 to 1117 cm−1 to the 

formation of Fe-O-C bonds, while bands at 1430 and 1620 cm-1 were related to symmetric 

and asymmetric (respectively) stretching vibration of Fe-COO bonds (Caetano-Silva et al., 

2017). On the other hand, Zhou et al. (2012) described the appearance of strong bands at 

wavelengths of 1086, 1181, and 1253 cm−1 which the authors attribute to the coordination 

of the C-O-Fe bond in the peptide-Fe complex, while relating the shift at 3408 to 3375 cm−1 

to complexation at amine groups in the peptide (Zhou et al., 2012). Observations in this 

range would be of practical importance, as they allow us to better understand the chemical 

interactions between the peptide and Fe ions but are obscured by the presence of the bands 

associated with sulphate ions.  

Nonetheless, a number of band shifts were observed, providing insight into the specific 

interactions between the peptide and Fe ions. One of the most significant shifts observed 
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was the shift of the band at 1433, from the original 1394 cm-1 which can be attributed to 

carboxyl groups. This shift has been previously associated with a COO-Fe (Caetano-Silva 

et al., 2017). Additionally, changes were also observed in the Amide I and Amide II bands 

of Gpep > 1 kDa, found at 1645 and 1539 cm-1 respectively. The Amide I band  shifted from 

1645 to 1635 cm-1, which may suggest the formation of COO-Fe bounds (Caetano-Silva et 

al., 2017). The Amide II band also reduced in intensity. This intensity reduction may be 

attributed to the interaction of the amide II groups with the metal ions, as previously reported 

(Alhazmi, 2019). 

A broad band at 3280 cm-1 was observed at the original substrate, which can be attributed 

to Amine A (W. Wu et al., 2017). However, in the complex FTIR spectrum, this band has 

shifted to 3223 cm-1 as a result of the complexation reaction, which strongly supports the 

claim that peptides have successfully complexed with Fe.  

Comparison with the FTIR spectra of Fe precipitates (without peptide supernatant), most 

likely Fe hydroxides, showed little similarity in the position of the main bands between Fe 

precipitates and Fe complexes spectra. A broad band can be observed at 3134 cm-1, most 

likely related to the O-H of the hydroxides in the precipitate, dissimilar to the 3223 cm-1 

band on the complex. The presence of sharp peaks at 1110, 1020, 745, 622 and 555 cm-1 in 

the Fe(OH)x spectrum, which are not present in the complexes spectrum, further confirms 

the difference between the two. 

 

Scanning electron microscopy 

The morphological properties of Gpep > 1 and its Fe complexes were analysed using 

SEM and the results are presented in Figure 29.  
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Figure 29. SEM microscopic morphology of Gpep > 1 kDa freeze-dried samples (A) versus freeze-dried Fe-peptide 

complexes formed with Gpep > 1 kDa (B). 

Both samples are mostly characterized by rough shape particles with different sizes, 

which is a common feature when freeze-drying is used as a drying method (Liapis & 

Bruttini, 2020). However, notable differences were observed in the shape and structure of 

the particles. Gpep > 1 sample was composed of irregular flat plate-shaped flakes, which is 

characteristic of amorphous material. In contrast, Gpep>1-Fe complexes showed some small 

spherical particles with uneven surface in a compact and fragmented foundation. This 
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observation is consistent with previous studies, which have shown that Fe binding can 

change the original flat peptide plates and result in the formation of spherical structures 

(Ferreira et al., 2022; S. Lin et al., 2021; T. Wang et al., 2020).  

 

Particle size 

The particle size distribution of Gpep > 1kDa and Gpep>1kDa-Fe complexes were 

analyzed and the results are shown in Table 23. As particle size is a critical parameter that 

can affect the flow properties of powders, it is important to understand how the complexation 

with Fe ions affects the size of the particles. As shown in the table, the median particle size 

(Dv50) of Gpep>1kDa-Fe complex was < 11.1 µm, while Gpep > 1 kDa presented particles 

< 39.1 µm.  Similarly, at 90% distribution (Dv90) the Gpep>1kDa-Fe complexes had 

particle sizes of 39.2 µm, while Gpep > 1 kDa was found to have particle sizes of < 83.2 

µm. These results suggest that the complexation of Gpep > 1 kDa with Fe2+ ions leads to a 

reduction in the particle size, which can be attributed to structural folding and molecular 

structure rearrangement, which some authors called the “bridging role” between Fe2+ and 

peptides’ carboxyl group (Li et al., 2019). The reduction of particle size after complexation 

can also be confirmed by morphological analysis of Gpep  > 1 kDa and Gpep>1kDa-Fe 

complexes (Figure 29), is already been described by other authors (Ferreira et al., 2022; T. 

Wang et al., 2020). 

 

Table 23. Particle size distribution parameters of peptide fraction Gpep > 1 kDa and Gpep>1kDa-Fe complexes. 

  Gpep > 1 kDa Gpep>1kDa -Fe complexes 

Particle size 

parameters (µm) 

Dv10 9.12 ± 0.04 0.749 ± 0.001 

Dv50 39.2 ± 0.1 11.1 ± 0.1 

Dv90 83.2 ± 0.3 39.2 ± 0.1 

Results are expressed as average ± standard deviation (n=3). Dv10 - 10th percentile of the cumulative volume distribution, 

Dv50 - 50th percentile of the cumulative volume distribution, Dv90 - 90th percentile of the cumulative volume distribution. 

 

3.2.4. Conclusion 

In summary, this study has demonstrated the potential of waste streams from β-

glucan and mannan production processes as a source for eco-friendly Fe-peptide complexes. 

Through a multifactor factorial experimental design, the optimal conditions for producing 

these complexes were determined. From a pure mathematical standpoint, the best conditions 

were pH 6.0 and 1 h of reaction. However, when evaluating reagent consumption and the 
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final yields, a time of 0.5 h is deemed more reasonable. The presence and quality of the 

complexes was also evaluated by structural and chemical characterization methods. Thus, a 

new eco-friendly, waste reducing alternative Fe-complex has been formulated and 

characterized. These findings suggest that these complexes are promising options for Fe 

supplementation and merit further studies regarding biocompatibility and bioavailability 

need to be conducted in order to assess the feasibility of the use of such complexes as Fe 

supplementation. Additionally, this research also presents a valuable approach to valorising 

industrial waste streams and reduces the environmental impact by repurposing them in a 

sustainable way. 

 

3.2.5. Supplementary material 

 

 

Figure S1. Residual distribution of the fitted model versus the experimental data. 
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3.3. In vitro Fe bioavailability* 

 

 

Figure 30. Schematic overview of Section 3.3, demonstrating the in vitro absorption performance of Fe-peptide 

complexes, Fe salt and benchmark. Adapted from the graphical abstract of submitted article*. 

 

3.3.1. Introduction 

Dietary intake of Fe includes two forms which are differently absorbed by the human 

body: heme and non-heme Fe (elemental Fe). Both are mostly absorbed in the first portion 

of the intestine, namely in the duodenum and proximal jejunum, by differentiated 

enterocytes geared for vectorial transport of Fe and other nutrients. In fact, Fe movement 

may be divided into three main steps: 1) Fe entrance in the enterocyte; 2) movement of Fe 

inside the cell to the basal layer and 3) export of Fe from the enterocyte through the basal 

layer into circulation (Collins & Anderson, 2012). Heme Fe is present mainly in meat, 

poultry and fish, being ready to be absorbed by the folate transporter present in duodenal 

enterocytes. On the other hand, elemental Fe’s absorption, found in plant foods in two 

valence states (Fe2+ or Fe3+), may be affected by different factors related to GIT: enzymes, 

pH and interactions with other food components (phytates, oxalates and polyphenols) 

(Anderson et al., 2018; Collins & Anderson, 2012; Shubham et al., 2020). To be absorbed 

by the duodenal enterocytes, elemental Fe needs to be reduced to its ferrous form (Fe2+) by 

reducing agents and/or enzymes, such as duodenal cytochrome b, so it can be later 

 
* Oliveira, A. S, Ferreira, C. M. H., Pereira, J. O., Silva, S., Costa, E.M., Pereira, A. M. P., Faustino, M., Durão, 

J., Pintado, M. E. & Carvalho, A. P. Iron-peptide complexes from spent yeast: evaluation of iron absorption 

using a Caco-2 monolayer. Submitted to Food Bioscience (8th June 2023) 
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transported by the divalent metal transporter 1 (DMT1) into the duodenal cytoplasm. Both 

valence Fe states (Fe2+ and Fe3+) are present in the apical layer of the enterocyte where the 

Fe pathway starts (Anderson et al., 2018; Collins & Anderson, 2012; W. Wu et al., 2020). 

Besides the challenge of non-heme Fe absorption, the amount of bioavailable dietary Fe is 

considered low (5-18%) (Eckert et al., 2016), thus contributing to human Fe deficiency, 

which is the major cause of one of the most prevalent nutritional diseases worldwide - 

anaemia (W. Wu et al., 2017).  

As demonstrated in Section 3.2. Fe-peptide complexes, Fe-peptide complexes may be 

considered as an alternative to conventional salt-based Fe supplementation, since spent yeast 

peptides were capable of binding Fe, improving its uptake and transport in duodenal 

enterocytes by the increase of its solubility. 

Once Fe-peptide complexes pass intact through the GIT and Fe is released from them at 

the duodenum, minerals and peptides may follow their usual route for absorption in different 

pathways. Bioactive peptides may enter the cells through specific peptide transporters 

present in the intestinal epithelium, such as peptide transporter 1 (PepT1) for di- and 

tripeptides, endocytosis of the cell membrane for oligopeptides, and paracellular passive 

diffusion for both (Caetano-Silva et al., 2020; Wada & Lönnerdal, 2014; Y. Zhang et al., 

2021). Therefore, it is possible that peptides keep their structural integrity, remaining 

bioactive for action in the human body. Nevertheless, some authors even defend the 

possibility of some Fe amount may be absorbed by the same peptide route, since it is not 

well-known in what manner Fe is absorbed when is bound with organic molecules (Caetano-

Silva et al., 2020).   

This study aimed to evaluate the performance of Fe-peptide complexes produced from 

spent yeast during in vitro GIT digestion, by calculating the amount of bioaccessible Fe at 

the end of intestinal phase, together with protein amount and peptides MW profile. 

Following an in vitro GIT simulation, Caco-2 cells were exposed to the digested samples to 

evaluate the Fe uptake and ferritin (FER) production in enterocytes, so as to understand the 

potential of complexes to increase Fe bioavailability. Finally, several bioactive properties of 

the remaining digested peptides were measured, namely antioxidant, antihypertensive and 

anti-cholesterolemic, to combine a promising Fe-delivery ingredient with peptides’ 

biological value in a single product. A Fe-bisglycinate benchmark and an inorganic Fe salt 

were added to the study, enabling a comparative performance of our complexes versus 

alternatives of Fe supplementation (Figure 30). 
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3.3.2. Material and methods 

 

3.3.2.1. Production of peptide fraction  

Waste streams resulting from β-glucan extraction from engineered spent yeast (S. 

cerevisiae) were used to produce a peptide rich-fraction through 1 kDa ultrafiltration, as 

detailed in Section 3.1.2.2. Peptide-rich extracts production. 

 

3.3.2.2. Synthesis of Fe-peptide complexes 

Fe-peptide complexes were synthetised as explained in Section 3.2.2.3. Complex 

formation – anoxic conditions, using the chosen conditions from the factorial design 

(protein:Fe ratio of 2:1 (w/w), pH 6.0, 30 min, anoxic conditions). The soluble Fe in the 

complexes was evaluated by ICP-OES, as described in Section 2.1.2.4. Minerals. 

 

3.3.2.3. In vitro simulation of human gastrointestinal tract 

In order to assess the gastrointestinal performance of Fe-peptide complexes in 

comparison with different alternatives for Fe supplementation, “Gentle iron” (Fe 

bisglycinate 20 mg) benchmark (Solgar, Leonia, NJ, USA) and an inorganic Fe salt in the 

form of ferrous sulphate (FeSO4.7H2O; Sigma-Aldrich, Inc., St. Louis, USA) were used in 

this study. The three different Fe formulations were submitted to an in vitro simulation of 

human GIT, as adapted from Brodkorb et al. (2019) (International Network on Food 

Digestion and Health (INFOGEST) protocol). The amount of Fe was standardized among 

all formulations according to the recommended daily doses of “Gentle iron” for adults: 1 

capsule per day, which is equivalent to 20 mg of Fe. Therefore, Fe-peptide complexes and 

Fe salt were weighted and placed into acid-resistant hydroxypropyl methylcellulose 

(HPMC) capsules (Qualicaps, Whitsett, NC, USA) up to a total Fe concentration of 200 

mg/L in INFOGEST protocol. Likewise, according to the information provided by the 

manufacturer, the benchmark was also encapsulated in HPMC, using bulking and anti-

caking agents in formulation of Fe-bisglycinate. An in vitro GIT simulation with empty 

capsules (without any Fe content) was also performed to be used as negative control. Since 

Fe-peptide complexes are administered in capsule format, the oral phase was skipped, and 

the digestion was started at the gastric level. At the end of intestinal phase, samples were 
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heated for 10 min at 80 ºC for enzymatic inactivation and then stored at -20 ºC until further 

analysis. 

Regarding the study of the bioactivities of the peptides comprised in the complexes and 

the benchmark, new samples without Fe content were also digested using the GIT protocol: 

a) “Gpep>1”: peptide extract used for complex production in the same amount presented in 

Fe-peptide complexes capsules, and b) “Gly”: glycine, in the same amount presented in 

“Gentle iron” capsules. A GIT simulation without sample was also performed to be used as 

negative control (“GIT blank”).  

 

3.3.2.4. Fe uptake using a Caco-2 monolayer  

 

Cell culture 

The cell culture conditions of human colon carcinoma cells were described in Section 

3.1.2.3. Caco-2 cell culture. 

 

Cell viability 

The cell viability protocol was outlined in Section 3.1.2.3. Cytotoxicity assay. GIT 

samples were filtrated (ø = 0.45 µm) to eliminate insoluble material resulting from GIT, so 

that Caco-2 cells were only exposed to soluble sample fractions. Cells were exposed to 

decreasing concentrations and different Fe concentrations were observed between the initial 

samples (Table 24, dilution 0) since they correspond to bioaccessible Fe fractions at the 

end of GIT (Table 25). Bioaccessible Fe concentrations and the corresponding successive 

dilutions in fresh medium are presented in Table 24. 

 

Table 24. Bioaccessible Fe concentration (mg/L) of GIT samples and successive dilutions performed for PrestoBlue® 

assay. 

Dilution GIT control Fe-peptide complex Fe salt Benchmark 

5 NA 0.154 0.218 3.08 

4 NA 0.308 0.436 6.17 

3 NA 0.616 0.873 12.3 

2 NA 1.23 1.75 24.7 

1 NA 2.47 3.49 49.4 

0 NA 4.74 6.98 98.7 

NA – Not applicable. 
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Fe uptake 

Caco-2 cells were seeded at 1.5 x 105 cells/mL in cell culture inserts with 0.4 μm 

transparent PET membranes (Corning, NY, USA) placed within 6-well microplates. At each 

well, 2 mL of cell suspension were added to the apical chamber, whereas 2.5 mL of medium 

were inserted into the basal chamber. The content of apical and basal chambers was replaced 

with fresh medium every 2 d until usage (2 mL and 2.5 mL, respectively). Cell culture was 

kept for 14 more days for differentiation (Lea, 2015).  

After 14 days, cells were washed with warm phosphate-buffered saline (PBS) buffer and 

exposed to GIT samples in apical chamber, with a soluble Fe concentration adjusted to 50 

μM (A. Sharma et al., 2017; Shilpashree et al., 2020), as this concentration did not show 

alterations in Caco-2 viability. Before the dilution in fresh medium, the initial GIT samples 

were filtered (using sterile syringe filters, ø = 0.22 µm (Sartorius, Gottingen, Germany)) to 

obtain only the soluble Fe fraction, since this is the bioaccessible amount to be potentially 

absorbed by enterocytes. A volume of 2.5 mL of fresh medium was added to the basal 

chamber and after 2 h of exposure, the solutions from apical and basal chambers were 

collected for determination of Fe transport across the Caco-2 monolayers by ICP-OES. Fresh 

medium was added to both chambers, after washing the cells with warm PBS, that were then 

returned to the incubator for an additional 22 h period to allow FER synthesis. Afterwards, 

the content of both compartments was collected for Fe analysis, since the amount of Fe 

uptake by enterocytes during the exposure time (2 h) might be expelled to the medium until 

the end of period incubation (24 h). Additionally, to a GIT negative control (GIT sample 

without Fe content), a plain media control (unexposed cells) was also used in the assay. The 

enterocytes Fe uptake by enterocytes was calculated by: 

 

𝐹𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑖𝑜 =

[𝐹𝑒]𝑖 − [𝐹𝑒]2ℎ

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛]

[𝐹𝑒]𝑖
 

 

where [Fe]i is the Fe concentration in the initial samples, [Fe]2h is the Fe concentration 

of collected samples after 2 h exposure, and [Protein] is the cell well protein concentration. 

Results are expressed as ng Fe/ng initial Fe. mg protein. The assay was performed in 

sextuplicate. 
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Ferritin production 

After incubation, cells were washed with cold PBS and scraped with 3 mL of cold 0.5 

M EDTA-PBS solution (pH 8.0), the solution was collected, and the process repeated with 

1 mL. Samples were then centrifuged (685 × g, 20 min, 4 ºC) and the supernatants were 

discarded. The cell pellets were resuspended in 300 µL of ice-cold lysis buffer (0.5M EDTA-

PBS with 1% v/v Triton X-100 (Sigma-Aldrich, St. Louis, USA)) and incubated on ice for 

1 h. Cell lysates were centrifuged again (18516 × g, 30 min, 4 ºC) and the supernatants were 

collected. Cell protein content was evaluated by the Bradford method (Bradford, 1976) using 

BSA (bovine serum albumin) (Thermo Fisher Scientific Inc., Massachusetts, USA) for 

calibration.  

The FER synthesis by Caco-2 was evaluated in the cell lysates using the Human FER 

enzyme-linked immunosorbent assay (ELISA) Kit (RAB0197; Sigma-Aldrich, St. Louis, 

USA) according to manufacturer’s instructions.  The amount of FER synthesized by the cells 

was determined by: 

 

𝐹𝐸𝑅 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 =
[𝐹𝐸𝑅𝑝]

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛]
 

 

where [FERp] is the FER produced amount, after 24 h since the initial exposure, and 

[Protein] is the cell protein content, and results were expressed in ng FER/mg protein. The 

assay was performed in sextuplicate. 

 

3.3.2.5. Chemical characterization of GIT samples 

 

Protein content 

Protein quantification of samples, before and after GIT protocol, and GIT negative 

control, was carried out by Dumas (1831) described at Section 2.1.2.4. Protein. The 

multiplication factor for estimation of total nitrogen was 6.25 (AOAC, 2005). 

 

Protein and peptides molecular weight 

The protein and peptide MW distribution of Fe-peptide complexes, before and after GIT 

protocol, and negative GIT control, was performed by LC-ESI-qTOF/MS according to the 

procedure described in Section 2.1.2.4. MW distribution. 
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Before LC-ESI-qTOF/MS analysis, peptides were concentrated and the Fe was 

eliminated, using solid-phase extraction (SPE) Lichrolut EN cartridges (40-120 μm, 500 mg, 

6 mL) (Merck KGaA, Darmstadt, Germany). These were first preconditioned with 

acetonitrile and water before loading 15 mL of sample (2.5 g protein/mL). Peptides were 

eluted with 5 mL of acetonitrile and then injected.  

 

Fe determination 

The determination of Fe in Fe-peptide complex, benchmark and Fe salt, before and after 

GIT and Caco-2 cell exposure, was performed by ICP-OES using the methodology 

described in Section 2.1.2.4. Minerals. 

 

3.3.2.6. Biological activity of GIT samples 

 

ACE inhibition assay  

The ACE inhibition assay was performed according to the protocol described in Section 

2.2.2.4. ACE inhibition assay. The assay was performed in triplicate. 

 

Antioxidant capacity 

 

Scavenging activity using ABTS 

The ABTS•+ scavenging activity was assessed by the method described in Section 

2.2.2.4. Scavenging activity using ABTS. The Trolox standard curve was used to express TE 

antioxidant activity of samples (μmol/g protein). The assay was performed in triplicate. 

 

Scavenging activity using DPPH• 

The DPPH• scavenging activity was assessed by the method described in Section 3.1.2.3. 

Scavenging activity using DPPH•. The Trolox standard curve was used to express TE 

antioxidant activity of samples (μmol/g protein). The assay was performed in triplicate. 
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Oxygen radical absorbance capacity 

ORAC assay was assessed as described in Section 2.2.2.4. ORAC. The Trolox standard 

curve was used to express TE antioxidant activity of samples (μmol/g protein). The assay 

was performed in triplicate. 

 

HMG-CoA reductase inhibition assay  

HMG-CoA Reductase Activity Assay Kit was used for assessing the HMG-CoA 

reductase inhibition according to the description in Section 2.2.2.4. HMG-CoA reductase 

inhibition assay. The assay was performed in triplicate in two independent plates. 

 

3.3.2.7. Statistical analysis 

The statistical analysis was performed using the Real Statistics Resource Pack software 

(Release 7.2). Outliers were excluded using the interquartile range method with multiplier 

of 2.2 and data normality was checked using the Shapiro-Wilk test. Fe and FER results from 

different groups of Caco-2 uptake assay were subjected to one way ANOVA followed by 

Tukey’s post hoc test. 

 

3.3.3. Results and Discussion 

 

3.3.3.1. In vitro simulation of gastrointestinal tract 

 

Fe bioaccessible (%) 

The soluble Fe content of samples subjected to simulated in vitro GIT were analysed at 

the end of the intestinal phase, since this fraction corresponds to its bioaccessible fraction 

which can potentially be absorbed by the duodenal enterocytes (Table 25).  

 

Table 25. Final soluble Fe concentration (mg/L) in samples after in vitro GIT simulation and its percentage (%) in 

comparison with initial protocol concentration (200 mg/L). 

 GIT control Fe-peptide complex Fe salt Benchmark 

Soluble (mg/L) 0.741 ± 0.138 4.74 ± 0.31 6.98 ± 0.30 98.7 ± 1.1 

% of initial content NA 2.37 ± 0.15 3.49 ± 0.15 49.3 ± 0.6 

Results are expressed at average ± standard deviation (n=2). NA- non applicable. 
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This fraction was obtained by filtrating the suspended solid particles from the digested 

samples (ø = 0.45 µm) obtained during GIT protocol. Since initial GIT samples were 

prepared to obtain a Fe concentration of 200 mg/L, it was observed that benchmark showed 

the highest percentage of bioaccessible Fe (49.3 ± 0.6% from the initial), followed by Fe-

peptide complex (2.37 ± 0.15%) and Fe salt (3.49 ± 0.15%), with no significant differences 

between them. Despite the expectations, a negligible concentration of soluble Fe was 

observed in GIT control (Table 24) which can be related with impurities of enzymatic 

solution reagents used in GIT protocol since pepsin, pancreatin and bile are powder extracts 

derived from porcine (Sigma-Aldrich, Inc., St. Louis, USA).  

Since all samples were submitted to GIT simulation in acid resistant HPMC capsules, 

the behaviour of Fe salt followed the expected pattern, where on intestine environment, the 

Fe salt was released from the capsule and the soluble Fe may precipitate, making it 

unavailable to be absorbed. This result were consistent with those of Wang et al. (2011), 

which obtained a percentage of Fe-release above 5% at pH 7.0 for FeSO4. Otherwise, the 

small amount of bioaccessible Fe in the peptide complex sample was not expected, since the 

binding should have protected the mineral from becoming insoluble under intestinal 

conditions, as occurred with the benchmark, where almost 50% of Fe was bioaccessible 

(Table 25). The reported benchmark results for ferrous bisglycinate are consistent with those 

from previous studies, which showed an absorption rate of approximately 40% (S. Lin et al., 

2021). These data suggests that HPMC capsules used for preparation of Fe salt and 

complexes for GIT protocol seem not to be the most suitable material. In fact, it has been 

shown that HPMC is capable of absorbing Fe3+ in a pH range of 3.0 to 7.0 from 100 to 1000 

ppm (Sözügeçer & Bayramgil, 2013). For this reason, it is therefore possible that Fe2+ may 

also be absorbed into the HPMC solid debris. This potential HPMC adsorption of Fe was 

not observed for benchmark, possibly due to differences in the capsule’s characteristics, 

although both are reported having the same base material. The use of bulking agents on the 

benchmark formulation may also have protected Fe from becoming insoluble during the GIT 

protocol, being responsible for its high bioaccessible fraction in relation to complexes. 

On the other hand, another possible explanation for the low amount of bioaccessible Fe 

in our complex may be related with peptide degradation during intestinal GIT phase, when 

the capsule content is released. In fact, complexation reaction increases Fe solubility and 

bioavailability, if the peptides chosen for the reaction are digestion-resistant to protect Fe 

through the chemical changes along GIT (Caetano-Silva et al., 2020). Although the 

stomach’s low pH will increase Fe solubility, since its reduced form (Fe2+) is promoted, the 
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protonation of Fe-binding sites will weaken the metal-peptide bounds, which may lead to Fe 

release from peptides before they arrive at the duodenum to be absorbed (Caetano-Silva et 

al., 2020). For this reason, and limiting the potential mineral interaction with food 

components, acid-resistant capsules were used in the present study as reported by other 

authors (Bryszewska, 2019; Filiponi et al., 2019). 

At intestinal pH, the Fe-peptide bounds are favoured because of the deprotonation of 

peptides amino acids residues’ carboxyl groups, increasing complex stability. However, if 

peptides used were less efficient in binding Fe at this phase, some non-complexed Fe could 

precipitate, since free Fe solubility decrease at duodenum alkaline pH, making it unavailable 

to be absorbed. Indeed, similar preliminary results were previously observed, when 

increasing the pH of complex production from 6.0 to 7.0 lead to a decrease in soluble Fe 

from 88.0% to 53.4% (Section 3.2. Fe-peptide complexes). For this reason, the Fe released 

from peptides at this stage may be bound to other molecules of GIT solutions (Caetano-Silva 

et al., 2018), turning insoluble and thus not bioaccessible. Indeed, the strength of Fe-peptide 

bound is the key: it must be strong enough to prevent Fe release before duodenum, 

preventing its complexation with other diet components, but, at the same time, weak enough 

to allow the Fe release to be transported by carriers in the apical site of enterocytes (Caetano-

Silva et al., 2020). 

 

Protein profile 

In an attempt to evaluate the protein profile of Fe-peptides complexes, before and after 

digestion, analysis of peptides MW and protein content (%) were performed.  

Before GIT, the percentage of peptides < 1500 Da rounded about 85% (Figure 31), 

which is of particular relevance, as peptides with MW between 300 and 1500 Da are 

described to hold higher affinity for binding with Fe (W. Wu et al., 2020).  
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Figure 31. Peptides MW distribution (%) in Fe-peptide complex before (left) and after (right) in vitro GIT simulation. 

 

After GIT, this percentage increased to 98%, as expected, due to the degradation of the 

peptides under GIT’s different conditions. The decrease of complexed peptides size during 

simulated GIT was already reported by Lin et al. (2021). For this reason, it would be 

important to explore how this degradation may affect the binding Fe-peptides, as well as 

study other peptide features as structure, amino acid composition and steric effects, in order 

to understand how the binding strength of Fe-peptides in complexes production can be 

improved to make Fe from complexes at the end of intestinal phase more bioaccessible to 

be absorbed (Gómez-Grimaldos et al., 2020). However, these analyses were not performed 

in this work since Fe-peptide complexes were prepared using a peptide-rich extract 

originating from a yeast by-product that, despite containing 67.2% of protein (w/w), was 

also composed of other components, such as sugars and residual minerals (A. S. Oliveira et 

al., 2022). These components hinder the possible evaluation of the peptide sequence and, 

consequently, the study of the complexes’ binding mechanism. In fact, in a similar study, 

Athira et al. (2021) were not successful in reaching a conclusion about the binding 

mechanism and how this may influence the Fe bioaccessibility at different chemical 

environments during GIT, as they identified too many amino acid sequences in the used 

whey protein hydrolysates. On the other hand, some authors included chromatographic 

processes for peptides or complexes purification, thus making the identification of amino 

acid sequences and their potential sites for mineral binding easier (Caetano-Silva et al., 

2015; W. Wu et al., 2017). However, the inclusion of this additional step would drastically 
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increase the complex production cost, making it not cost-effective (A. S. Oliveira, Ferreira, 

et al., 2022b), and, for that reason, it was not considered in the present study. 

Regarding the protein content, the initial amount on Fe-peptide complex (20.8 ± 0.9%; 

w/w) was enhanced to 45.5 ± 2.0% after digestion. However, it must be pointed out that the 

main contributor for this increase was the enzymatic cocktail used in GIT protocol, since the 

final protein content of other samples subjected to the same digestion procedure have similar 

results (GIT control: 45.3 ± 0.2%, Fe salt: 44.2 ± 0.9% and benchmark: 43.6 ± 1.3%). Indeed, 

the same tendency was observed in benchmark, since the protein percentage increased from 

17.7 ± 0.7% to 43.6 ± 1.3% with GIT.  

 

3.3.3.2. Fe uptake study 

 

After the determination of bioaccessible Fe following the GIT simulation, the evaluation 

of the amount that enters in duodenal enterocytes (bioavailable Fe) is fundamental, because 

the condition “higher bioaccessibility, higher bioavailability” is not always observed 

(Caetano-Silva et al., 2020). For this reason, an in vitro model using a Caco-2 monolayer 

was exploited to evaluate Fe uptake of the Fe-peptide complexes, “Gentle iron” benchmark 

and Fe salt samples, together with negative GIT control (without any Fe content). Caco-2 

cells have been described as the reference in vitro model, since this cell line spontaneously 

differentiates, acquiring similar characteristics to mature enterocytes, thus acting as the 

intestinal mucosa barrier and simulating the absorption conditions in humans. Moreover, 

this cell line has been shown to be suitable for food Fe bioavailability studies (Gómez-

Grimaldos et al., 2020) since it occurs via DMT1 that is expressed in the apical side of these 

enterocytes.  

 

Cell viability 

Before the uptake assay, Caco-2 were exposed to filtered GIT samples for 24 h, 

according to ISO 10993-5:2009 protocol (International Organization for Standardization, 

2009), to understand the effect of GIT matrix on cells and to select a non-cytotoxic 

concentration for the Fe uptake protocol. The toxicity of Fe2+ is related to the excessive 

production of free radicals, which influence cell membrane stability, leading to the initiation 

of lipid peroxidation and DNA damage. However, some authors have described a toxicity 

decrease when Fe2+ is bound to the peptides (Eckert et al., 2016). 
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Regarding Fe concentrations (Table 24), Caco-2 metabolism was inhibited by more than 

30% (30.1% to 68.4%) only when exposed to direct GIT samples (dilution 0), which means 

that these concentrations are cytotoxic and cannot be used in the subsequent assay. Despite 

the fact that all diluted samples displayed no cytotoxic effects against Caco-2, Fe 

concentration was adjusted to 50 μM for the uptake assay, as suggested by other authors (A. 

Sharma et al., 2017; Shilpashree et al., 2020), which is equivalent to 2.8 mg/L of Fe. The 

GIT control sample was also diluted for uptake assay, used as control of GIT matrix, based 

on dilution of Fe-peptide complexes. The non-cytotoxic profile of the diluted samples 

(Table 24, dilution 1 to 5) are in agreement to Wang et el. (2014) since they did not observe 

a significant decrease of Caco-2 viability from 10 to 50 mg/L Fe of digested lactoglobulin 

hydrolysate-Fe complexes.  

 

Fe uptake and ferritin production 

After 14 days of cells differentiation to allow for a monolayer formation and cell 

polarization, Fe uptake by Caco-2 was performed and the Fe was measured on initial 

exposure solutions (GIT samples diluted for 50 μM in fresh medium), and on solutions from 

apical and basal chambers after Caco-2 exposure (2 h and 24 h) by ICP-OES. However, after 

Fe analysis of initial samples, it was observed that Fe concentrations were not corresponding 

to the theoretical concentration of 50 μM prepared (2.8 mg/L) (Table 26).  

 

Table 26. Fe concentration (mg/L) on initial samples of Caco-2 exposure (GIT samples theoretically diluted for 50 μM in 

fresh medium). 

 Fe-peptide complexes Control GIT Fe salt Benchmark 

Initial Caco-2 exposure 0.750 < LOD 0.863 2.51 

<LOD – below limit of detection 

 

These variations may be related to the formation of some precipitates during samples’ 

freezing, since they were preserved at -20 ºC after GIT until being used for Fe uptake 

protocol. The calculation of Fe uptake rate by enterocytes was performed by the difference 

of Fe concentration at initial samples, and apical after 2 h exposure, being normalized by 

initial exposure Fe for final calculation, to compare the results between the different 

samples. Indeed, the inclusion of this normalization step is essential for an accurate 

calculation since the exposure of enterocytes to higher Fe concentrations in some samples 

may influence the expression of genes involved in cellular Fe metabolism, which may 

subsequently promote or decrease Fe uptake (Kalgaonkar & Lönnerdal, 2009). The ratio of 
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Fe:protein (ng Fe/ng initial Fe.mg protein) was also used as an index of Fe uptake as a 

measure of normalization for the number of cells exposed. 

The results of Fe uptake of Fe-peptide complexes, Fe salt and benchmark are presented 

in Figure 32.  

 

Figure 32. Fe uptake by Caco-2 cells exposed to Fe-peptide complexes, Fe salt and benchmark. All samples were 

compared by Tukey’s test (n=6). 

On average, our Fe peptide complexes recorded higher ratios of Fe uptake than those 

recorded for Fe salt and benchmark. However, no statistically significant differences were 

found in Caco-2 Fe uptake between all samples (p > 0.05). 

As expected, no Fe was detected in cell culture medium collected from Caco-2 control 

(< LOD). Fe was also not detected at basal samples (< LOD), meaning that it was stored in 

the enterocytes, and was not excreted for the extracellular medium. The same result was 

observed in fresh medium collected after 24 h exposure at apical and basal solutions, 

confirming this assumption.  

Additionally, the FER produced in enterocytes was also quantified, since Caco-2 can 

synthesize this protein in response to high intracellular Fe levels (Shilpashree et al., 2020). 

Indeed, it was observed an increase of FER levels in cells exposed to the different Fe-

containing samples (3.26 to 3.33 ng/mg protein) regarding cells exposed to GIT control (2.88 

± 0.08 ng/mg protein), evidencing that Fe enters the enterocytes and suggesting its transport 

by cell membrane and subsequent retention (A. Sharma et al., 2017), thus confirming our 

results for Fe uptake by Caco-2 (Figure 32). These results are presented as FER produced 

in relation to GIT control cells in Figure 33. 
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Figure 33. FER produced by Caco-2 cells exposed to Fe-peptide complexes, Fe salt and benchmark in relation to cells 

exposed to GIT control. All samples were compared by Tukey’s test (n=6). 

 

However, no statistically significant alterations were found between Fe-peptide 

complexes, Fe salt and benchmark (p > 0.05) as shown by Fe uptake (Figure 32). Since FER 

production in Caco-2 is possibly related to Fe bioavailability, a correlation of FER levels 

and Fe uptake was explored using Pearson's method. However, no significant relation was 

found (p > 0.05).  

Looking at the obtained results, it is possible to affirm that our Fe-peptide complexes led 

to an increase of Fe uptake and FER production. However, this increase appears trivial when 

compared to other studies that reported a significant Fe uptake and increase of FER synthesis 

by Caco-2 cells when exposed to digested Fe-peptide complexes, using natural peptides 

from different sources as ligands (Caetano-Silva et al., 2018; Chen et al., 2017; Eckert et al., 

2016; Filiponi et al., 2019; García-Nebot et al., 2013; A. Sharma et al., 2017; Shilpashree et 

al., 2020; X. Wang et al., 2014). A possible explanation for this difference may concern the 

different digestion protocols used. In fact, the abovementioned authors use comparatively 

simple digestions procedures, with demineralized digestive enzymes (pepsin and pancreatin-

bile solutions) with the appropriate pH values readjusted. Differently, in this work, digestion 

of the samples was attained using the INFOGEST protocol (Brodkorb et al., 2019), recently 

developed by this international research network to better mimic the human physiological 

conditions and the complex digestion process that undergoes in the human digestive tract. 

This international standardized methodology requires, however, an elaborated GIT matrix 

comprising, among other elements, several electrolytes that may be affecting the different 

cellular mechanisms, such as their metabolism (e.g., adenosine triphosphate (ATP) cell 
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content and cell barrier integrity), by hyperosmotic stress (Grauso et al., 2019), thus 

compromising the cells stimulation for Fe uptake and consequently FER synthesis. 

Furthermore, bile salts used in the GIT matrix, which are likely to still be present in samples, 

have been reported to hold emulsifying properties (Garner et al., 1991; Neves et al., 2019), 

that can provoke cell membrane lysis. Nevertheless, as far as our knowledge extents, this 

has been the first time that the INFOGEST protocol was used for the digestion of Fe-peptide 

complexes. Furthermore, as per our current knowledge, this has also been the first time that 

peptides from engineered spent yeast waste streams were used to evaluate Fe in vitro 

absorption from complexes, using a circular economy approach. Finally, different in vitro 

methodologies already described in literature, from GIT (Brodkorb et al., 2019) to Caco-2 

exposure to Fe complexes (Caetano-Silva et al., 2018; Remondetto et al., 2004; A. Sharma 

et al., 2017; Shilpashree et al., 2020) have been combined and adapted in this work to 

develop alternative methodologies to understand the performance of our ingredient 

regarding other Fe supplementation alternatives. 

The mechanism of Fe-peptide complexes’ entry in the enterocyte is still unclear since it 

is not consensual how Fe is absorbed when bound to organic molecules. Some authors 

pointed out the DMT1 carrier as the main responsible, since it is expressed at apical site of 

enterocytes in human body, but other studies described the expression of other transporters 

which appear to function independently of DMT1 (Aly et al., 2016). On the other hand, the 

peptides’ carrier PepT1, also expressed in the intestinal epithelium, may also be involved in 

Fe absorption since low MW peptides are bound to this mineral (Caetano-Silva et al., 2020).  

FER synthesis has also been used to evaluate Fe uptake by enterocytes as an indirect 

measure since cells synthesize this protein in response to increasing intracellular Fe levels. 

This intracellular protein has the ability to store Fe, releasing this mineral in a controlled 

environment when needed (Brissot & Loréal, 2016). However, the regulation of Fe 

absorption in vivo involves the communication of epithelium with other organs, such as liver 

via hepcidin production, which points out a limitation of using only Caco-2 cell line as in 

vitro model of Fe absorption (Scheers et al., 2014). For this reason, in spite of the Fe uptake 

and FER synthesis enhancement observed by our Fe-peptide complexes at Caco-2, it might 

be interesting to reproduce this study using co-culture models including hepatocytes (e.g. 

HepG2) for a closer physiological approach. Another co-cultured model that would better 

translate the complexity of the intestinal interface would consider a membrane seeded using 

a mucus-producing intestinal cell line (HT-29-MTX), since Laparra et al. (2009) observed 
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that mucin production can tightly regulate Fe absorption by modulating the expression of 

DMT1.  

Given their performance, our Fe-peptide complexes, seem to be a promising alternative 

for Fe dietary supplementation, since they had a similar behaviour to Fe salt and to the 

benchmark regarding the Fe uptake levels and FER synthesis (Figure 32 and Figure 33). 

In fact, complexes can be considered a better choice than Fe salt for supplementation, since 

the latter have the disadvantage of Fe-binding with absorption inhibitors during GIT, such 

as phytates and phenolics, that are usually present in a normal diet (Chen et al., 2017).  

It was also demonstrated that high Fe bioaccessibility was not directly related to its high 

bioavailability, as the benchmark showed the highest value of soluble Fe after GIT (Table 

25) but similar values of Fe uptake and FER production were observed when comparing to 

Fe-peptide complexes and Fe salt (Figure 32 and Figure 33). This hypothesis was already 

pointed out by other authors (Caetano-Silva et al., 2020) and is further corroborated in the 

present study. 

 

3.3.3.3. Biological activity of GIT samples 

ABTS•+ and FRAP activities of whey protein Fe-complexes have been reported to 

decrease after Fe complexation, regarding  the original whey peptides, by Athira et al. (2021) 

thus, suggesting the influence of Fe on redox mechanisms of the methods used for 

bioactivity evaluation. For this reason, and assuming that Fe released from peptides at the 

end of GIT follows its pathway thus being absorbed into the blood, the remaining peptides 

of Fe-peptide complexes might remain bioaccessible in the human body and be absorbed as 

well. Regarding the “Gentle iron” benchmark (Fe bisglycinate) the same assumption was 

taken, which would result in a substantial amount of free glycine bioaccessible at the end of 

GIT to be transported into the bloodstream. Following this assumption for both samples, and 

considering the importance of bioactive peptides in several physiological functions in the 

human body (A. S. Oliveira et al., 2022), new samples without Fe content were digested 

using the GIT protocol and their potential bioactivities for nutraceutical market were 

assessed. The results for antioxidant capacity, antihypertensive activity (ACE) and anti-

cholesterolemic activity (HMG-CoA reductase inhibition) are shown in Table 27. 
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Table 27. Antioxidant activity (ABTS•+, DPPH• and ORAC), expressed as μmol TE/g of protein, and inhibition 

percentage (%) of ACE and HMG-CoA reductase of GIT samples: blank, Gpep > 1 kDa and Gly. 

 ABTS•+ ORAC DPPH• HMG-CoA* ACE* 

 μmol TE/g protein % inhibition 

GIT blank 220 ± 42 200 ± 8  

< LOQ 

22.2 ± 7.9 40.3 ± 0.5 

Gpep > 1 kDa 238 ± 63  761 ± 22 33.3 ± 3.9 40.8 ± 1.9 

Gly 231 ± 51 357 ± 11 36.1 ± 0.0 33.2 ± 1.1 

Results are expressed in average ± standard deviation (n=3). < LOQ – Below limit of quantification, *For Caco-2 

biocompatible extract concentration reported at Oliveira et al. (2022) 

 

Regarding the antioxidant properties, all samples showed ability to reduce ABTS•+ but 

no significant differences were observed between GIT blank and samples (Table S10), 

which may suggest that Gpep > 1 kDa and Gly do not present scavenging ABTS•+ activity. 

Likewise, it was not demonstrated scavenging DPPH• activity of GIT blank or samples since 

the values found were below the method detection limit (Table 27). In fact, ABTS•+ is a 

more reactive radical than DPPH• which may lead to biased results, and thus is important to 

support its results with other assays (Mareček et al., 2017). On the other hand, Gpep > 1 

presented the highest ORAC activity (761 ± 22 μmol TE/g protein), followed by Gly (357 ± 

11 μmol TE/g protein) and blank (200 ± 8 μmol TE/g protein) (p < 0.05) (Table S10). The 

values obtained for Gpep > 1 kDa are in accordance to Xiao et al. (2022) and Conway et al. 

(2013), which studied antioxidant properties of chicken, buttermilk and whey protein 

hydrolysates. In fact, yeast peptides were already described for their antioxidant properties 

demonstrated by ORAC (M. Amorim, Marques, et al., 2019; Costa et al., 2023). 

Nevertheless, glycine and its derivatives were also reported by their high scavenging 

activity. (Kitts, 2021; Shen et al., 2019; Suh et al., 2003) which is according to their described 

human body protective effect against oxidative damage since this non-EAA is used for 

glutathione synthesis (Díaz-Flores et al., 2013; Pérez-Torres et al., 2016). 

Indeed, the differences observed on the three scavenging activity assays may be related 

to their different mechanisms of oxidative chain reactions, producing different free radicals. 

Phenomena of redox mechanisms are involved in ABTS•+ and DPPH• assays but the former 

involves the reduction of cation-radical ABTS•+ into ABTS•+ by electron transference of an 

antioxidant, while DPPH• is reduced by hydrogen atom donation of an antioxidant (A. S. 

Oliveira et al., 2022). On the other hand, ORAC assay is also based on hydrogen transference 

but its biologically more relevant than other scavenging assays because the radical 

generated, peroxyl, is also found in physiological conditions (Prior et al., 2003).  
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On the other hand, Gpep > 1 kDa did not show a higher inhibition of ACE and HMG-

CoA reductase than the blank, which indicates that no antihypertensive and anti-

cholesterolemic effects were found after GIT. In fact, in order to maintain their bioactive 

properties, peptides need to resist GIT degradation to reach the blood stream in an active 

form (Coscueta et al., 2019). However, in the present study, this may not be the main reason 

for the lack of these bioactive properties since only a small amount of peptides remains after 

GIT, being samples mainly composed by the protein content of GIT enzymatic matrix, 

which indicates that it may not be correct to relate the decrease of bioactivity to digested 

yeast peptides. Indeed, peptide rich-fractions from spent yeast (> 1 kDa) already 

demonstrated HMG-CoA inhibition at 1.5 and 2.5 mg/mL (60-70%) and a IC50 of 1.5 

mg/mL at ACE-inhibition assay (A. S. Oliveira et al., 2022), which suggests that the absence 

of effect may be influenced by the low peptides concentration. 

 

3.3.4. Conclusion 

Fe-peptide complexes produced from spent yeast peptide-rich extracts showed potential 

as promising alternatives for Fe dietary supplementation. After in vitro GIT digestion, the 

resulting bioaccessible Fe amount was absorbed by the duodenal enterocytes, resulting in 

the promotion of FER synthesis. Moreover, Fe complexes had a similar performance to Fe 

salt and a benchmark of Fe-bisglycinate, without having Fe salt’s disadvantages of binding 

with food compounds during GIT and causing health problems, such as gastrointestinal 

irritations. Additionally, peptides from the complexes demonstrated antioxidant properties 

which may be important to protect Fe from oxidation during the different GIT environments 

and is a valuable bonus to the Fe supplementation. Further in vivo studies of Fe-peptide 

complexes should be conducted, since several compounds produced by other organs other 

than the intestine are involved in the Fe absorption mechanism. 

 

3.3.5. Supplementary material 

 

Table S10. P-values of comparison of antioxidant activity (ABTS•+and ORAC) and inhibition percentage (%) of ACE and 

HMG-CoA reductase between GIT samples: blank, Gpep > 1 kDa and Gly. 

 ABTS•+ ORAC HMG-CoA ACE 

GIT blank vs. Gpep > 1 kDa 6.61E-01 2.92E-08 2.19E-01 8.89E-01 

GIT blank vs. Gly 8.66E-01 3.60E-05 1.38E-01 1.32E-03 

Gpep > 1 kDa vs. Gly 9.31E-01 1.88E-07 8.55E-01 9.16E-04 

 n=3  
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4.1. Conclusions 

 

The present thesis showcases the potential of using engineered spent yeast from synthetic 

biology industry aiming to contribute towards several of the United Nations Sustainable 

Development Goals. It also aims to enhance human nutrition, optimize food resources, and 

promote sustainability through the establishment of circular economy principles. 

Furthermore, considering the recent growing amount of spent yeast generated by this 

industry, as well as its high protein content, the creation of added value products aimed at 

the nutraceutical markets, similar in characteristics to the ones obtained from the accepted 

wild brewers spent yeast, was an important goal of the present work.  

Taking this into account, this work started off by first applying several extraction 

methodologies of protein and peptides from yeast, already extensively described in the 

literature, to produce peptide-rich extracts from two different strains of engineered spent 

yeast (Chapter 2.1). Their protein-related nutritional performance was then evaluated and 

compared with the peptide rich-extracts produced from a non-engineered spent yeast strain, 

together with the assessment of the applied processes in terms of protein recovery and 

sustainability. It was concluded that the engineered spent yeast peptide-rich extracts had a 

similar performance to the wild type, with a protein content ranging from 25.3% to 54.5%, 

and 68.7% to 99.0% of peptides < 3 kDa, being an alternative to animal protein sources for 

application in a healthy and balanced diet. Regarding the sustainability topic, after 

calculation of biomass and water consumption metrics, autolysis showed to be the most 

sustainable approach for extract production, though other green metrics, such as energy 

consumption and economic balance, need to be deeply explored in order to establish this 

process at an industrial level. Therefore, taking into account sustainability and protein 

recovery from all processes, together with protein content of final extract and their low MW 

peptides, the ESY1 autolysate extract was chosen for the subsequent peptides purification 

study, aiming to explore their potential bioactivities (Chapter 2.2.). Two extremely distinct 

methods in terms of cost-effectiveness separation and purification (ultrafiltration and SEC) 

were used for the production of bioactive peptides from ESY1. The effects of the obtained 

fractions were evaluated regarding antimicrobial, antihypertensive and antioxidant potential, 

and compared with the original ESY1 autolysate. Two ultrafiltration and four SEC fractions 

were produced, with peptides thus separated by MW, and the protein concentrated in some 
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fractions with the removal of some undesirable yeast extraction remaining compounds and 

debris.  

All fractions showed high ACE inhibition (IC50: 1.80 to 3.21 mg/mL), together with 

ABTS•+ scavenging activity (77.4 to 300 μmol TE/g) and ORAC (237 to 43610 μmol TE/g), 

thus revelling several promising properties for the formulation of one single product with 

distinct biological activities for the nutraceutical market. Indeed, all fractions are mostly 

constituted by peptides with similar MW (≤ 1 kDa) which aligns with the observed similarity 

in bioactivity outcomes. However, HMG-CoA reductase inhibition observed for the 

fractions (~ 70%) was stronger than that of the original ESY1 (~40%), which may indicate 

the need to include a purification step to enhance the cholesterol-lowering properties. To the 

best our knowledge, the HMG-CoA reductase inhibition by spent yeast peptides was 

demonstrated for the first time in the present thesis. For this reason, and concerning the 

ultrafiltration and SEC cost-effectiveness, ultrafiltration seems to be the most suitable 

method for peptide-rich extracts production targeting the nutraceutical market.  

Beyond the use of engineered spent yeast, the present thesis also adapted the previously 

applied methodologies to the rich-in protein waste streams arising from mannans and β-

glucans extraction from spent yeast, in order to comply with the circular economy concepts 

(Chapter 3.1.). Indeed, ultrafiltration allowed the production of extracts with interesting 

characteristics from a nutritional point of view, including high protein (67.2% to 86.4%) and 

EAA (119 to 368 mg/g protein) contents, above the FAO/WHO EAA references. Regarding 

their bioactivities, the extracts inhibit ACE (IC50: 0.99 to 1.72 mg/mL) and HMG-CoA 

reductase (62.0% to 71.3%), reduce ABTS•+ (337 to 492 μmol TE/g) and DPPH• (110 to 133 

μmol TE/g), and protect from peroxyl radicals’ production (654 to 1041 μmol TE/g). Indeed, 

these extracts presented similar nutritional and bioactive performances than peptide-rich 

fractions directly extracted from spent yeast, thus they are also potentially interesting 

ingredients for the nutraceutical industry. Regarding different fractions performance on both 

studies, we hypothesized about peptides MW and hydrophobic amino acids, but these 

assumptions were not always corroborated. In fact, synergic, antagonism or additive effects 

may occur since we are working with extracts and not with pure ingredients, hampering the 

explanation for the bioactivities observed. 

Considering the presence of some amino acids on the waste streams peptide-rich extracts 

that are known for the formation of coordinated covalent bonds with Fe, such as Asp, Glu, 

Cys, Ser, His, Lys and Arg, the optimization of Fe-peptide complexes formulation was 

performed in an attempt to produce dietary supplements targeted for the anti-anaemic market 



 

213 

 

without the side effects described for Fe salts, and also as a sustainable competitor for the 

Fe-bisglycinate already present in the market (Chapter 3.2). During the screening of the 

different fractions, the use of nitrogen revealed to be an essential condition for obtaining a 

significant degree of complexed Fe, and fractions > 1 kDa presented high soluble Fe amount. 

For that reason, Gpep > 1 kDa was chosen for condition optimization using a factorial 

design. Results showed that the optimal conditions for complexation were pH 6.0, during 30 

min, using a Fe:protein ratio of 2:1, which allowed to obtain 88.0% of complexed Fe. The 

binding of Fe to peptides’ extract was confirmed by comparative analysis of complexes and 

Gpep > 1 kDa samples through XRD, fluorescence, FTIR, SEM and particle size analysis. 

The obtained results revealed the potential of waste streams peptide-rich extracts to be used 

as Fe supplementation in the form of Fe peptide complexes. To assess the feasibility of such 

claim, Fe-peptide complexes were subjected to in vitro GIT simulation, using the 

recommended Fe supplementation dose for human (20 mg/day), followed by an in vitro 

study of Fe uptake from complexes by enterocytes, the responsible cells for Fe uptake and 

transport to the bloodstream (Chapter 3.3.). A Fe-bisglycinate benchmark and an Fe salt 

were added to the study in order to evaluate the performance of our complexes regarding 

commercially available Fe supplementation alternatives. After GIT, Fe-complexes and Fe 

salt showed similar Fe bioaccessible values (2% to 3%), contrasting with benchmark (49%), 

which may be mainly related with Fe protection promoted by the bulking and other agents 

only present in the commercial formulation. However, an identical profile of Fe uptake and 

FER production in Caco-2 cells was observed for the three samples, which makes Fe-peptide 

complexes a promising alternative for Fe dietary supplementation, without having Fe salt’s 

disadvantages of binding with food compounds during GIT and causing health problems, 

such as gastrointestinal irritations. Additionally, the remaining GIT peptides demonstrated 

to have antioxidant properties, which may contribute to Fe protection during GIT, 

contributing with a, additional valuable bioactive property to the anti-anaemic product. 

Overall, engineered spent yeast and the resulting waste streams from the production of 

mannans and β-glucans have the potential to be valorised into several protein-based products 

and to be marketed in the nutraceutical market, owning to their similar nutritional and 

biological performances when compared to non-engineered strains and benchmarks. 

Furthermore, this approach contributes for the implementation of circular economy, 

sustainable food resources alternatives and additional commercial alternatives of Fe-

delivery supplements.  
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4.2. Future work 

 

Overall, the present thesis showed the potential of using engineered spent yeast to 

produce compounds with suitable nutritional and bioactive characteristics for application as 

dietary supplements in nutraceutical market. However, the proposed products may contain 

some residual genetic yeast material that has been modified and which was not evaluated. 

For this reason, an extensive scientific risk assessment should be performed, regarding Food 

and Drug Administration (FDA) and European Food Safety Authority (EFSA) genetically 

modified organisms’ (GMO) regulations, to understand their eventual market limitations 

before commercialization. In fact, there is a massive discussion about the safety of GMO 

products, highlighting the importance of this sort of studies, since alternatives to natural food 

sources need to emerge because of the exponential growth of world’s population.  

Another relatable problem is the nucleic acids content in our peptide-rich extracts, since 

one of the challenges from yeast food supplements targeted for human consumption is their 

presence and removal, mainly RNA. High intake of nucleic acids may result in health issues, 

such as uric acid increase (resulting in "gout”). However, some of the described processes 

for their reduction involved treatments using strong chemical and/or enzymatic treatments. 

For these reasons, the evaluation of their content should be performed, and it would be 

interesting the development of a new and more gentle removal process without 

compromising the product final features.  

Also on this line, several protein and peptide purification methods can be applied to 

peptide-rich extracts in order to remove some undesirable components, and to concentrate 

and/or isolate desired peptides. Despite the present study applies two of the most used 

purification techniques with very distinct cost-effectiveness characteristics, namely 

ultrafiltration and gel filtration techniques (Chapter 2.2.), other processes can be applied 

(Chapter 1.2.) and some preliminary experiments were already conducted using 

polyelectrolytes and ion-exchange resins. From both, ion-exchange resins showed to be a 

more scalable potential method to explore, but several variables need to be deeply studied 

and optimized for their use, such as resin type, protein concentration and time, among others. 

In fact, working with yeast isolated peptides in near future will be really helpful based on 

future prediction of some potential biological properties conducted in silico bases on the 

amino acid sequences identified from our extracts. Furthermore, the mechanism by which 

ACE and HMG-CoA reductase are inhibited, as well as antioxidant activity, may be 
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elucidated by this approach as well (Chapter 2.2. and 3.1.). Taking into account the positive 

impact of the peptide-rich extracts on hypertension and cholesterol, and aiming to combine 

several nutraceutical properties in one single product (Chapter 2.2. and 3.1.), the study of 

other pathways regarding metabolic disorders would be interesting to evaluate, as for 

example the cases of α-glucosidase or dipeptidyl peptidase-4 (DPP4), that are related with 

stimulation of insulin production.  

In addition to the bioactivities related with nutraceutical sector, the valorisation of our 

peptides in other economic sectors, as cosmetics, would be interesting to investigate. Indeed, 

a preliminary study was already performed, and Costa et al. (2023) demonstrated the positive 

effect of Gpep and Mpep fractions upon the production of metabolites relevant for skin 

health, such as pro-collagen IαI, hyaluronic acid, fibronectin, cytokeratin-14, elastin and 

aquaporin-9. From all, the overall best performance was of an average promotion of 41.3% 

over the six metabolites at keratinocytes and fibroblasts cell lines regarding the Gpep > 1 

kDa at 100 µg/mL. However, the investment on peptides purification methods should be 

extensively studied for this application. 

Regarding the production of yeast Fe-peptide complexes and the low bioaccessible 

fraction obtained (Chapter 3.3.), a preliminary formulation was developed in an attempt to 

protect Fe from the different GIT environments, since the use of gastrointestinal resistant 

capsules seemed not to be enough. Similar to the used in the Fe-bisglycinate benchmark 

composition, 0.5% of magnesium stearate was also added as anti-caking agent to our Fe-

complexes, and no alterations in relation to original complexes were observed in terms of 

structural and physical properties (FTIR spectre and particle size). However, the in vitro GIT 

simulation followed by enterocytes Fe uptake of such formulation should have been 

assessed, to understand their biological effect on Fe bioavailability. Furthermore, the 

bulking agents of benchmark could also have been added to our product or other type of 

formulations could be explored, such as microencapsulated preparations. Nevertheless, the 

real effect of our Fe-peptide complexes and Fe-bisglycinate benchmark is being evaluated 

on an in vivo study, currently ongoing. At the present, the two ingredients are being orally 

and daily administrated to Wistar rats with anaemia for 4 weeks (5 mg Fe/kg) and some 

biomarkers related with Fe metabolism will soon be evaluated.  
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