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Brewers’ spent grain protein: A promising 
functional ingredient for innovative food 
applications
The global food system is confronted with major challenges including food waste and food insecurity, driving 
the urgent need to fi nd alternative sustainable food sources. At the same time, the brewing industry faces 
growing economic and environmental pressure to reduce both energy consumption and waste generation. 
Brewers’ spent grain (BSG), the dominant by-product of the brewing industry, represents a promising resource 
due to its widespread availability and rich content of proteins and bioactive compounds. The incorporation of 
BSG-derived ingredients can enhance the nutritional profi le of food products and may contribute to the reduc-
tion of diet-related disease risk and associated mortality. Nevertheless, further research and technological in-
novation are needed to broaden its applications in food manufacturing. This review provides a comprehensive 
overview of the physicochemical, functional and bioactive properties of BSG protein, as well as its digestibility 
and role in functional food development, thereby providing valuable insights for brewing by-product valorisa-
tion and identifying directions for future research.

Descriptors: Brewers’ spent grain protein, functional properties, bioactive activities, functional food ingredient, waste 
valorisation

1 Introduction

Food insecurity remains one of the greatest challenges facing 
humanity, with approximately 733 million people undernour-
ished due to inadequate access to safe, high-quality protein and 
nutrient-dense diets [1]. This issue is further exacerbated by limited 
natural resources, imbalances in food supply and demand, climate 
change, and environmental degradation, highlighting the need for 
sustainable alternative protein sources [2]. Insuffi  cient availability 
of high-quality protein in adequate amounts can result in poor 
health and malnutrition, leading to a cellular imbalance between 
nutrient availability and energy demand [3]. According to the United 
Nations World population prospects 2022 revision, the world’s 

population is expected to reach 9.7 billion in 2050 and could peak 
at nearly 10.4 billion in the 2080s [4]. This rapid growth of the world 
population together with increased urbanization and population 
aging, is expected to double the demand for food by 2050, raising 
serious concerns for both environmental sustainability and food 
security. However, conventional livestock-based food production is 
associated with multiple adverse impacts, including greenhouse gas 
emissions, intensive land use, wastewater generation, public health 
concerns, biodiversity loss, and ethical challenges [5]. Thus, there is 
an urgent need to identify more sustainable and environmentally 
friendly protein sources to ensure long-term food security and 
meet the United Nations Sustainable Development Goals (SDGs), 
particularly those related to ending hunger (SDG 2) [6].

Growing awareness of the importance of dietary protein, coupled 
with the rising popularity of plant-based and vegan lifestyles, has 
signifi cantly increased interest among researchers and the food 
industry in identifying aff ordable, abundant, and sustainable plant 
protein sources. This momentum is further driven by global sustain-
ability concerns, the need to reduce dependence on animal-based 
proteins, and the shift toward circular food systems that promote 
the valorisation of agro-industrial by-products. In parallel, there is 
an increased emphasis on developing cost-eff ective and scalable 
technologies for protein extraction, modifi cation, and incorporation 
into food as functional ingredients. Additionally, evolving consumer 
preferences for sustainable, clean-label, and health-promoting 
foods have further accelerated the demand for innovative plant-
derived proteins that can meet both nutritional and environmental 
requirements [7]. Agro-industrial residues, wastes, and by-products 
are increasingly recognized as valuable sources of bioactive proteins 
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with signifi cant health-promoting potential. Among these, brew-
ers’ spent grain (BSG) stands out due to its high protein content 
(15–30%) and widespread availability [8–11] Improved valorisation 
of such by-products can reduce reliance on conventional protein 
sources while aligning with circular economy principles by enhancing 
resource effi  ciency and minimizing waste as illustrated in fi gure 1. 
However, the eff ective utilization of BSG is often constrained by its 
high moisture content, which makes it highly perishable, suscep-
tible to microbial spoilage, and challenging to store and transport 
without proper stabilization [12] Diff erent drying techniques can 
have a signifi cant impact on nutrient retention in BSG [13] Oven 
drying has been shown to be an eff ective method for preserving 
brewers’ spent grain (BSG), by reducing its moisture content below 
10%, it inhibits microbial growth, reduces its weight and volume 
and lowers associated transport and storage costs [14]. Although 
freeze drying provides better preservation of heat-sensitive nutri-
ents and organoleptic qualities of BSG, oven drying is cost-eff ective, 
scalable, and easier to implement at industrial scale [13] Other 
preservation methods, including pressing, ensiling, membrane 
fi lter pressing, and the use of additives, have also shown potential 
for improving the stability and shelf life of BSG during storage and 
transport; however, further research is needed to evaluate their 
long-term eff ectiveness, economic feasibility, and scalability at in-
dustrial level [14–16]. Overall, the selection of a BSG preservation 
method depends on balancing product stability, nutrient retention, 
cost, and scalability, with oven drying currently representing the 
most practical option for large-scale industrial applications. After 
stabilization, extraction and fractionation processes can facilitate 
the recovery of valuable nutrients and bioactive compounds from 
BSG, with eff ective preservation playing a key role in maintaining 
the nutritional quality and functionality of the resulting fractions 
[12, 17, 18]. Despite these limitations, the development of cost-
eff ective and scalable processing and preservation strategies that 
maintain the nutritional quality of BSG can enable the eff ective 
utilization of BSG as a sustainable and environmentally friendly 
protein source, contributing to long-term food security and nutri-
tional sustainability [19, 20].

Although several recent reviews have examined brewers’ spent grain 
protein (BSGP), their focus has primarily been limited to the infl u-
ence of protein extraction techniques on its functional properties 
[11, 21, 22]. Consequently, a more comprehensive evaluation of 
BSGP is needed to support its application in food systems, particu-
larly one that integrates recent advances in its techno-functional 
characteristics, bioactive properties, and potential food applica-
tions. Accordingly, this review examines the physicochemical and 
techno-functional properties of BSG proteins, including solubility, 
thermal stability, emulsifying and foaming properties, and water/
oil holding capacity. It also critically evaluates the major bioactive 
activities reported for BSG-derived proteins and peptides, including 
antioxidant, antihypertensive, and antimicrobial eff ects, together 
with their behaviour during gastrointestinal digestion, bioavail-
ability, and safety considerations. Finally, current and emerging 
applications of BSG-derived ingredients in functional foods are 
discussed to provide a clearer understanding of the opportuni-
ties and challenges associated with the commercial exploitation 
of BSGP. Where BSG-specifi c evidence is limited, relevant fi ndings 
from other cereals and legumes are included to highlight existing 
knowledge gaps and future research needs.

2 Physicochemical and functional properties

As an abundant by-product of the brewing industry, BSG promis-
ing characteristics that extend beyond conventional applications, 
particularly in food development applications. Evaluating its techno-
functional properties, which are infl uenced by its physicochemical 
characteristics, is essential for understanding how its proteins 
behave within food systems. [11]. A comprehensive study of the 
techno-functionality of BSG proteins is essential for their applica-
tion in various industries and for advancing the broader discourse 
on sustainable waste valorisation.

2.1 Protein solubility 

Protein solubility is a key thermodynamic property that describes 
the concentration of protein that can dissolve in an aqueous solu-
tion at equilibrium with its solid phase, while also refl ecting the 
practical ability of proteins to remain dispersed in solution under 
specifi c conditions such as pH, temperature, ionic strength, and 
the presence of solvents or additives [23]. Its signifi cance extends 
beyond simply dissolution, infl uencing functionalities such as 
emulsifi cation, viscosity, foaming, and quality attributes including 
appearance, sedimentation, and fl avour, while also defi ning the 
nature of the food matrix (liquid or solid), the phases stabilized (oil 
or air), processing requirements (thermal treatment, size reduction), 
and the time involved in these operations [24].

Generally, the proteins present in BSG exhibit notably low solubil-
ity within the pH range relevant to food applications (pH 2 to 9), 
primarily due to their chemical composition [25]. Soluble proteins 
are extracted into the liquid phase during the mashing process, 
leaving behind water-insoluble protein fractions, predominantly 
prolamins and glutelins, in the BSG residue [26]. Alkaline conditions, 
particularly pH 10, have proven most eff ective for solubilizing BSG 
proteins, although the partial solubilization of BSG lignin in alkali 
(pH 10), potentially poses fractionation challenges [27]. To enhance 
protein release from BSG, several attempts to fractionate protein 
have shown that enzymatic treatment on BSG can signifi cantly 
improve the solubility, emulsifying, and foaming properties of 
extracted protein [28, 29]. Celus et al. [29] reported that enzymatic 
pretreatment, particularly with pepsin, was eff ective in increasing 
the solubility of proteins present in a BSG extract. At a 6% degree 
of hydrolysis, the solubility exceeded 90% across the pH range of 
2-10, due to the enzymatic hydrolysis reducing protein size and 
increasing hydrophobicity. However, the duration of enzymatic 
hydrolysis poses a delicate balance, as prolonged periods may yield 
excessively small peptides, diminishing foaming and emulsifying 
properties, while shorter durations could lead to undesirable bit-
terness and odour [30, 31]. 

Despite the eff ectiveness of enzymatic processing, its high costs, 
along with the generation of wastewater and signifi cant energy 
requirements during hydrolysis, have driven the exploration of 
alternative biomodifi cation approaches such as fermentation [32]. 
Recent investigations have indicated that fermentation processes 
induce enzymatic activities, resulting in the modifi cation of proteins, 
thus consequently enhancing protein bioactivity, nutritional value, 
and functional properties in plant materials [33]. A study conducted 
by Zadeike et al. [34] highlighted substantial improvements in 
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various aspects of solid-state fermented corn-milling by-products 
utilizing Lactobacillus sakei MI401 and Pediococcus acidilactici PA-2 
strains, including nutritional quality, protein functionality, digest-
ibility, and bioactivity, when compared to the untreated samples. 
Collectively, these fi ndings demonstrate that although signifi cant 
improvements in BSG protein solubility can be achieved through 
enzymatic and fermentation-based processes, the trade-off s be-
tween functionality, sensory quality, and processing costs highlight 
the need for more targeted and scalable approaches to fully exploit 
BSG proteins as food ingredients.

2.2 Thermal processing

Thermal treatments, such as pasteurization and sterilization, are 
fundamental in food processing for microbial control, shelf-life 
extension, inactivation of antinutritional factors, improvement of 
digestibility, and enhancement of fl avour or texture [35]. At the 
molecular level, these treatments increase protein mobility, lead-
ing to the disruption of intra- and intermolecular interactions and 
consequent alterations in secondary and tertiary structures. As a 
result, hydrophobic amino acid residues become exposed, promot-
ing protein denaturation, aggregation, or cross-linking with higher 
molecular weight components, which ultimately reduces solubility 
and may lead to precipitation [36]. In this context, understanding 
the denaturation temperature of proteins present in BSG is essen-
tial for predicting their behaviour during thermal processing. This 
can be assessed using techniques that measure protein thermal 
properties, such as diff erential scanning calorimetry, which directly 
determines denaturation temperature; however, limited data are 
available for BSG proteins [11]. Consequently, simpler experimental 
approaches are often employed, including immersion of protein 
samples in an oil bath at 140 °C. In this case, thermal stability is 
evaluated using heat coagulation time (HCT), defi ned as the time 
elapsed between placing the sample in the oil bath and the onset 
of protein coagulation, providing an indirect measure of protein 
stability under heat [28, 37].

Various factors, such as pH, ionic environment, hydrolysis, and 
protein concentration, infl uence the thermal behaviour of plant-
based proteins [38]. Generally, BSG protein or hydrolysates exhibit 
optimal technological performance under alkaline conditions, with 
solubility gradually diminishing as pH shifts towards acidity [39]. 
In addition to pH changes, enzymatic hydrolysis of BSG protein, as 
observed by Connolly et al. [28] signifi cantly increased heat stability 
at pH 6.0, with heat coagulation time at 140 °C rising from 40 ± 3 
s to > 300 min for all hydrolysates. This diff ers from soy protein 
hydrolysates, where the thermal aggregation times depend on 
the proteolytic preparation used. Kim et al. [40], also found that 
increasing the concentration of soy protein isolates and their hy-
drolysates (from 1.8 to 3.6 to 7.2% w/v) led to a signifi cant decrease 
in thermal stability, due to the resultant increase in protein-protein 
interactions, promoting aggregation in the presence of heat. Overall, 
while pH adjustment and enzymatic hydrolysis appear to markedly 
improve the thermal stability of BSG proteins, the limited availability 
of direct denaturation data and the variability of responses across 
diff erent plant protein systems suggest that current understanding 
remains insuffi  cient for reliably predicting BSG protein behaviour 
under diverse industrial processing conditions.

2.3 Emulsifying properties

Emulsions, defi ned as dispersions of two immiscible liquids with 
one liquid dispersed in the other as small droplets (0.1–100μm), 
play an important role in the food industry, with common examples 
being oil-in-water (O/W) mixtures, such as cream and milk, and 
water-in-oil (W/O) mixtures, such as margarine [41, 42]. Proteins 
isolated from various materials such as casein, ovalbumin, soy, 
wheat, and peas are favoured in the food industry for their emul-
sifying abilities, owing to their amphiphilic nature (i.e., having both 
hydrophobic and hydrophilic groups) and fi lm-forming capacities 
[30, 43–46]. The amphiphilic nature of proteins allows them to 
migrate to the interface in both oil-in-water (O/W) and water-in-oil 
(W/O) systems, where hydrophobic regions drive adsorption by fa-

Fig. 1 Current and potential applications of brewers’ spent grain (created on Biorender)
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cilitating attachment to the interface [47] Once adsorbed, proteins 
undergo structural rearrangements, partially denaturing to align 
hydrophilic portions with the aqueous phase and hydrophobic 
portions with the oil phase, thus forming viscoelastic fi lms that 
prevent the emulsion or foam from breaking apart when physical 
forces are applied. [48].

Turbidimetric techniques, conductivity, and droplet size measure-
ments are commonly employed to assess emulsifi cation properties, 
with parameters like emulsifying activity index (EAI) and emulsifying 
stability index (ESI) being key indicators of protein performance [49]. 
EAI represents the protein’s adsorption ability and ESI measures 
the stability of the adsorbed layer over a defi ned duration [49] 

Several studies have indicated that factors such as pH, protein 
concentration, and temperature signifi cantly infl uence emulsion 
formation and stability. For instance, the emulsifying properties 
of BSG protein are least favourable around its isoelectric point, 
exhibiting a negative relationship between droplet size in stabilized 
emulsions and protein solubility, with increased solubility correlat-
ing with decreased droplet size [28]. The application of solid-state 
fermentation has exhibited positive eff ects on the functional 
properties of brewers’ spent grain (BSG) protein. Chin et al. [50] 
conducted a study on BSG protein using Rhizopus oligosporus ATCC 
64,063 through solid-state fermentation at 37 � for three days, re-
vealing enhanced EAI and ESI values compared to unfermented BSG 
protein. These observations are consistent with those reported by 
Park et al. [51], who demonstrated improved emulsifying properties 
in protein hydrolysates obtained from fermented soybean meal, 
characterized by increased amounts of shorter chain peptides and 
amino acids. Overall, their fi ndings demonstrated the potential of 
the hydrolysates obtained from microbial fermentation to serve 
as emulsifi ers in formulated food products such as mayonnaise, 
soups and sauces. However, current fi ndings are largely based on 
laboratory-scale studies, limiting the ability 
to predict their eff ectiveness across diverse 
food matrices and commercial processing 
environments.

2.4 Foaming capacity

Foaming represents a signifi cant aspect 
of food processing, characterized by the 
dispersion of gas (such as air, nitrogen, or 
carbon dioxide) within an aqueous solution 
or solid matrix [52]. In the context of protein 
foaming mechanisms, proteins, character-
ized by the presence of both polar and 
non-polar groups, adsorb at the gas-liquid 
interface, rapidly forming a protein fi lm 
that reduces the surface tension of water 
to stabilize foam, with its characteristics 
mainly manifested by various molecular 
interactions, such as hydrophobic interac-
tion, Van der Waals forces, hydrogen bond 
interaction, and disulphide bond interac-
tion, among others [53]. The secondary and 
tertiary structure of the protein is unfolded 
under the action of high-speed shearing or 

whipping, exposing hydrophobic groups which promote polymer 
formation through cross-linking, thereby enhancing emulsifying and 
foaming properties [52]. Thus, partial denaturation or aggregation 
of proteins typically improves their foaming characteristics. Like 
emulsion stability, factors aff ecting foam stability include disjoin-
ing pressure, surfactant fi lm viscoelasticity, and interfacial tension, 
with liquid drainage and gas disproportionation resulting in foam 
instability [54]. Drainage leads to the coalescence of bubbles due 
to thinning and rupture of the liquid fi lm, while disproportiona-
tion, also known as Ostwald ripening, involves gas diff usion from 
smaller to larger bubbles.

In foam analysis, foaming capacity (FC) and foaming stability (FS) are 
commonly used to describe and quantify foam formation and char-
acterization [55]. FC denotes the foam-generating ability, typically 
measured by foam/liquid height or maximum volume or weight of 
foam, while FS indicates foam volume stability, represented by the 
foam height after a specifi ed duration [52, 56]. The Waring-Blender 
method, also referred to as the whipping method, is a commonly 
used method for evaluating foam systems’ properties by determin-
ing the foaming volume obtained after whipping (FC) and the foam 
drainage volume overtime (FS) [56]. It is preferred in laboratory 
works over alternatives like the Bikerman and Ross-Miles method 
due to its straightforward and easily comprehensible operation 
process, as well as its capability to ensure uniform distribution of 
solution throughout the whipping process [52].

Chin et al. [50] investigated the infl uence of pH and solid-state 
fermentation treatment on the FC and FS of proteins derived from 
BSG. It was found that higher pH resulted in more stable foam, 
with fermented BSG protein exhibiting signifi cantly higher FC and 
FS (16–30% of FC and 7–14% of FS) compared to unfermented BSG 
protein (7–14% of FC and 2–7% of FS) across all pH ranges. Con-
nolly et al. [28] also reported similar observations that FC and FS 

Fig. 2 Potential health benefi ts of protein and bioactive peptides isolated from brewers’ 
spent grain (created on Biorender)
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of BSG protein increase with increasing pH values. This is possibly 
attributed to enhanced net charge on the protein under alkaline 
conditions, which reduces attractive hydrophobic forces and fa-
cilitates rapid diff usion to the air-water interface. Apart from pH, 
microbial fermentation processes were also shown to positively 
impact protein foaming ability as demonstrated by Meinlschmidt et 
al. [57] who observed nearly doubled foaming activity in fermented 
soy protein compared to non-fermented samples. However, FC and 
FS are infl uenced by factors such as time, pH, and the microbial 
strains used during fermentation, with the potential to result in 
undesirable properties, including off -fl avours, reduced nutritional 
value, or impaired texture.[58]. Although these preliminary studies 
indicate that fermentation may enhance the foaming functional-
ity of BSG proteins; the available evidence remains limited and 
further research is required to confi rm their suitability for diverse 
food applications.

2.5 Water/oil holding capacity (WHC/OHC)

Water-holding capacity (WHC) refers to the water-binding ability 
of protein by polar side chains, while oil-holding capacity (OHC), 
describes the binding of lipid by nonpolar side chains of proteins 
[59]. These properties are important in food applications as they 
infl uence textural characteristics and mouthfeel properties [60] 
Intrinsic factors aff ecting the water/oil holding capacity of food 
proteins include amino acid composition, protein conformation, 
and surface polarity/hydrophobicity [61]. However, protein extrac-
tion methods can signifi cantly infl uence protein conformation and 
hydrophobicity, thereby altering WHC and OHC. This is illustrated 
by Silva et al.[62] who reported a signifi cant increase in WHC of 
alkaline-extracted BSG protein concentrates with a rise in pH from 
8 to 12 during extraction, while no substantial diff erence was 
observed in OHC values of BSG protein obtained using diff erent 
preparation methods. It is noteworthy that both the WHC (3.2-
5 g/g) and OHC (3.2-5.1 g/g) values of BSG protein were superior 
to those reported for other plant-derived protein concentrates 
such as pea, faba bean, lentil, chickpea, wheat, oat, and soy, which 
varied between 0.6 to 4.9 g/g, and 1.0 to 3.96 g/g, respectively. 
High WHC values are desirable in gel-like foods such as sausages, 
custards, or mayonnaises, as they contribute to a desirable tex-
ture, while OHC is crucial for enhancing mouthfeel and retaining 
fl avour [63].

3 Bioactivities of BSG protein and hydrolysates

Continuous exposure to physiological imbalances and external 
toxic substances can disrupt normal bodily functions, leading to 
the development of various health conditions [64]. In this con-
text, alongside growing consumer awareness of the importance 
of protein intake, bioactive proteins and peptides have attracted 
considerable interest due to their ability to modulate, enhance, or 
inhibit a range of physiological pathways [65]. Recently, BSG has 
emerged as a promising source of natural bioactive peptides due to 
its economic viability and its high protein content and abundance 
of essential amino acids compared to other cereal products [66]. 
Bioactive peptides, initially inert within the parent protein sequence 
of BSG, can be released through enzymatic hydrolysis by digestive 
enzymes, fermentation of protein substrates with proteolytic starter 

cultures, or proteolysis by enzymes sourced from microorganisms 
or plants [67]. Once released, these bioactive proteins and peptides 
have the potential to contribute to the management and prevention 
of a range of health disorders. Consequently, the incorporation of 
BSG-derived proteins as functional ingredients in the food industry 
is of considerable interest, given their potential health-promoting 
properties, including antioxidant, antihypertensive, antimicrobial, 
glycaemic-regulating, and immunomodulatory [9, 68–71]. A sum-
mary of the main bio functional properties reported for BSG-derived 
protein and its relevant hydrolysates is displayed in fi gure 2.

3.1 Antioxidant activity

The overproduction of free radicals within the human body can 
induce oxidative stress, leading to damage to lipids, proteins, 
and DNA, and subsequently contributing to the onset of chronic 
diseases such as diabetes, cancer, infl ammation, and cardiovas-
cular diseases [72]. These free radicals, collectively referred to 
as oxidants, include reactive oxygen species (ROS) and reactive 
nitrogen species (RNS), such as superoxide (O₂–), peroxynitrite 
(ONOO–), and hydroxyl radicals (•OH), and are generated from 
endogenous metabolic processes, exposure to environmental or 
physicochemical stressors, or pathological conditions [73]. Oxida-
tive stress occurs when the body’s capacity to regulate free radicals 
is overwhelmed, resulting in an imbalance between oxidants and 
antioxidants and leading to cellular damage [74]. Oxidation is also 
recognised as a major contributor to food deterioration, leading to 
rancidity, undesirable fl avour and texture changes, and ultimately 
reduced shelf life [65]. On the other hand, synthetic antioxidants 
like butylated hydroxytoluene (BHT) and butylated hydroxyanisole 
(BHA) have raised several concerns due to their instability at high 
temperatures and potential health risks, prompting a shift in con-
sumer preference toward natural antioxidants [75] 

Antioxidants, molecules capable of neutralising free radicals by 
donating electrons or hydrogen atoms, play a crucial role in miti-
gating cellular damage by inhibiting lipid peroxidation, scavenging 
reactive oxygen species, and chelating metal ions (Fig. 3) [76]. In 
addition to these direct mechanisms, antioxidant peptides and 
protein hydrolysates can enhance the body’s endogenous defence 
systems by activating signalling pathways such as Nrf2/Keap1-ARE 
and NF-κB signalling pathways, thereby contributing to antioxidant 
protection [77]. 

Fig. 3 Antioxidant bioactive molecules can neutralize free radicals 
by releasing electrons (created on Biorender)
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In recent years, there has been growing interest in the generation 
of antioxidant peptides from brewer’s spent grain (BSG) proteins. 
Given the large volumes produced, the associated environmental 
challenges, and the increasing global demand for sustainable 
protein sources, the valorisation of agro-industrial by-products 
such as BSG as natural antioxidants in food systems has gained 
signifi cant attention [78]. For instance, Vieira et al. [79] conducted 
a study where alkaline extracted BSG protein was hydrolysed using 
brewer’s spent yeast (BSY) proteases, Neutrase and Alcalase, at the 
same proteolytic activity (1 U/mL) with an enzyme/substrate ratio 
of 10:100 (v/v) at 50 °C for 4 h, resulting in fractions with enhanced 
in vitro antioxidant potential and protective eff ects against H2O2

induced oxidative damage in Caco-2 and HepG2 cell lines. Similar 
fi ndings were also reported by Vieira et al. [80] that the use of 
the enzyme Alcalase for the hydrolysis of the protein concentrate 
obtained by alkaline solubilization and acid precipitation of BSG 
was eff ective for generating hydrolysate with antioxidant activity, 
where inhibition of the ABTS (2,2’-azino-bis-(3-ethylbenzothiazoline-
6-sulfonic) acid) radical above 90% was achieved. Recently, Chai 
and Chen [81] isolated protein from solid-state fermented BSG 
with Rhizopus oligosporus ATCC 64063 using microwave assisted 
three-phase solvent partitioning, demonstrating signifi cant ferric 
reducing power (Fe3+ to Fe2+) and effi  cient ABTS•+ radical scavenging 
ability. These fi ndings align with previous studies highlighting the 
effi  cacy and scalability of various techniques, such as solid-state 
fermentation, in enhancing the antioxidant properties of BSG [50, 
82]. Overall, the available evidence suggests that BSG-derived 
protein hydrolysates may represent a sustainable alternative to 
synthetic antioxidants in food and health-related applications. 
However, most studies to date are in vitro which may not fully re-
fl ect antioxidant effi  cacy under physiological conditions or within 
complex food matrices. Variations in protein extraction, hydrolysis, 
and fermentation procedures make direct comparison between 
studies diffi  cult and highlight the lack of standardized methodolo-
gies. Further research is required to identify the specifi c peptides 
responsible for antioxidant activity, evaluate their bioavailability 

and stability in vivo, and establish the scalability and economic 
feasibility of their production.

3.2 Antihypertensive activity

Normal blood pressure typically ranges from 100–140 mmHg 
(systolic) and 60–90 mmHg (diastolic), whereas values exceeding 
140 mmHg systolic and 90 mmHg diastolic typically indicate hyper-
tension, or high blood pressure [83]. Hypertension is a major risk 
factor for cardiovascular disease and stroke and remains one of 
the most pressing global public health challenges [84]. According 
to the Global Burden of Disease (GBD) report, an estimated 1.28 
billion adults aged 30-79 years globally have hypertension, with a 
majority (two-thirds) situated in low- and middle-income countries 
[85]. Blood pressure regulation is intricately controlled by the renin-
angiotensin system (RAS) and the kinin-nitric oxide (NO) system. 
Within the RAS pathway, angiotensinogen, a polypeptide derived 
from the liver, is activated by renin, producing angiotensin-I, which 
is subsequently cleaved to the potent vasoconstrictor angiotensin-II 
by the angiotensin I-converting enzyme (ACE) [64]. Angiotensin-II 
binds to receptors throughout the body, inducing vasoconstriction 
and retention of Na+ and water to maintain normal blood pressure 
[86]. However, under pathological conditions, elevated levels of 
angiotensin II promote excessive vasoconstriction, leading to hy-
pertension and increasing the risk of diseases such as myocardial 
infarction, as well as cardiac and renal failure [87]. On the other 
hand, the kinin-NO system produces bradykinin, a potent vasodila-
tor, which exhibits hypotensive eff ects by increasing intracellular 
Ca2+ and activating nitric oxide synthases (NOS) to generate NO. 
Nevertheless, the ACE can also degrade bradykinin into inactive 
peptide fragments, such as bradykinin (1–7) and bradykinin (1–5), 
therefore preventing vasodilation and promoting vasoconstriction, 
resulting in hypertension [88].

Traditionally, chemically synthesised antihypertensive drugs such 
as enalapril, lisinopril, ramipril, and captopril have been widely 

used to manage hypertension; however, 
their prolonged use is often associated 
with adverse eff ects, including taste dis-
turbances, dry cough, and skin rashes 
[89]. These angiotensin-converting enzyme 
(ACE) inhibitors exert their antihyperten-
sive eff ects by blocking the conversion of 
angiotensin I to the potent vasoconstrictor 
angiotensin II, thereby reducing blood pres-
sure. In contrast to synthetic ACE inhibitors, 
natural hypotensive peptides derived from 
a wide range of plant-based resources have 
emerged as promising alternatives due to 
their high bioavailability and reduced risk of 
adverse side eff ects [84]. At present, many 
hypotensive peptides have been isolated 
from plant sources such as cereals, beans, 
nuts, vegetables, fruits, mushrooms, and 
particularly agro-industrial by-products, 
several of which have demonstrated sig-
nifi cant effi  cacy in vivo [89]. As illustrated 
in fi gure 4, bioactive peptides may exert 
antihypertensive eff ects through the direct Fig. 4 Antihypertensive mechanism of plant-derived peptides (created on Biorender)
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inhibition of renin, the enzyme 
that cleaves Angiotensinogen into 
Angiotensin I, or by suppressing 
ACE-mediated formation of an-
giotensin II.

Grain protein has been exten-
sively researched as a source of 
peptides with valuable hypoten-
sive activity through numerous in 
vitro and vivo studies [84, 86, 90]. 
Loponen et al. [90] through an in 
silico approach identifi ed several 
hypotensive peptides within the 
sequence of barley proteins. This 
approach indicated the most 
potent C-terminal amino acids for 
dipeptides binding to ACE were 
tryptophan, proline, tyrosine, 
and phenylalanine, while valine 
and isoleucine are the most po-
tent ones at the N-terminal. The 
ACE inhibitory activity of these 
peptides is quantifi ed in terms 
of the micromolar concentration 
required to inhibit 50% of ACE 
activity (IC50), with lower IC50 
values indicating higher inhibi-
tory potency [86]. Notably, the most potent ACE inhibitory peptide 
identifi ed was Ile-Val-Tyr, found in the B-hordein sequence, with 
an IC50 of 0.48 μM. Other peptides, such as Leu-Glu-Pro and Ile-
Tyr found in B-, C-, and D-hordeins, as well as Leu-Arg-Pro and 
Val-Pro-Pro found in γ-hordein, also demonstrated signifi cant ACE 
inhibitory activity [90].

It is well established that the protein content and amino acid 
composition of barley derived BSG are comparable to those of 
barley grain, with BSG proteins exhibiting a similar amino acid 
profi le, notably rich in glutamine, valine, and leucine [65]. While 
this compositional similarity does not directly confi rm bioactivity, 
it supports the potential of brewers’ spent grain as a promising 
source of bioactive peptides with hypotensive eff ects. In support of 
this, Connolly et al. [91] revealed that enzymatic hydrolysis of BSG 
resulted in signifi cantly superior antihypertensive eff ects compared 
to intact protein isolates, with Alcalase hydrolysates displaying the 
highest ACE inhibition (averaging 84.6 ± 2.89%). More importantly, 
the bioactivity of these hydrolysates remained high even after 
undergoing in-vitro simulated gastrointestinal digestion. These 
fi ndings were further validated by Garzón et al. [92] in an in-vivo 
rat model with induced hypertension and insulin resistance by a 
post-weaning sucrose-rich diet (SRD), where administration of BSG 
protein hydrolysate microcapsules at 700 mg kg bw-1 day-1 for 100 
days led to decreased enzyme activities and signifi cantly reduced 
blood pressure in the tested rats. These studies highlight the po-
tential of the BSG protein and its derived hydrolysates as functional 
ingredients in the management of hypertension. Collectively, these 
fi ndings suggest that BSG-derived protein hydrolysates possess 
considerable antihypertensive potential, particularly through ACE 
inhibition, and may off er a sustainable alternative to conventional 

synthetic antihypertensive agents. However, much of the current 
evidence is derived from in vitro assays, in silico predictions, and a 
limited number of animal studies, which may not fully refl ect effi  cacy 
in humans. Furthermore, diff erences in protein extraction methods, 
hydrolysis conditions, and peptide identifi cation approaches com-
plicate comparisons between studies. Therefore, further research 
is required to identify the specifi c bioactive peptides responsible 
for the observed eff ects, assess their bioavailability and stability 
following digestion, and validate their long-term safety and effi  cacy. 

3.3 Antimicrobial activity

Antimicrobial activity is highly valued in the food industry for its 
ability to preserve food quality and prevent spoilage caused by 
fungal and bacterial microorganisms [89]. Recently, antimicrobial 
peptides have gained signifi cant attention owing to their eff ective-
ness, specifi city, low toxicity, minimal drug interactions, and their 
lower propensity to induce microbial resistance compared to con-
ventional antibiotics [93]. As illustrated in fi gure 5, antimicrobial 
peptides exhibit diverse mechanisms of action, including membrane 
disruption and, in some cases, the inhibition of intracellular pro-
cesses such as protein and nucleic acid synthesis [94]. It is widely 
recognised that the net charge and hydrophobicity of antimicro-
bial peptides are critical structural features that determine their 
activity, particularly due to the presence of anionic lipids, such as 
phosphatidylglycerol and cardiolipin, in bacterial membranes [95]. 
Positively charged antimicrobial peptides are attracted to microbial 
cell membranes through electrostatic interactions with negatively 
charged phospholipids, leading to structural rearrangements of 
the peptides [94]. Upon binding, antimicrobial peptides interact 
with the membrane and can induce disruption through various 

Fig. 5 Four major mechanisms of antimicrobial peptides (AMPs). (a) barrel-stave pore: AMPs insert 
vertically in the bacterial cell membrane to form transmembrane pores. (b) carpet mechanism: 
Peptides are adsorbed parallel to the lipid bilayer to cover the cell surface, causing membrane 
destabilisation and disintegration. (c) toroidal pore: AMPs induce bending of the lipid bilayer, 
forming pores lined by both peptide molecules and lipid head groups. (d) disordered or transient 
pore formation: irregular and less structured pores may form with fewer peptides, requiring 
additional peptide interactions to stabilise the membrane disruption. (Adapted from Li et al., 
2021)
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mechanisms, including barrel-stave and toroidal pore formation, 
as well as carpet-like membrane destabilisation. These interactions 
ultimately compromise membrane integrity, resulting in leakage 
of cellular contents and cell death (Fig. 5) [95].

Antimicrobial peptides are typically categorized based on their net 
charge, with cationic peptides enriched in arginine or lysine, and 
anionic peptides enriched in aspartic acid or glutamic acid [95]. 
Numerous studies have reported the isolation and identifi cation 
of antimicrobial peptides from various plant sources. For example, 
in a study conducted by Tan et al. [96], hydrolysates generated 
from palm kernel cake, a by-product of palm kernel oil production, 
showed potent antimicrobial activity, particularly against Bacillus
species. Similarly, antimicrobial peptides isolated from industrially 
processed soybean meal and soybean grains have shown signifi cant 
inhibitory eff ects on Gram-positive and Gram-negative foodborne 
bacteria [97]. Hydrolysates of brewers’ spent grain (BSG) protein, 
particularly those generated with Flavourzyme, exhibited strong 
antibacterial activity against Staphylococcus aureus, a common 
foodborne pathogen [98]. In the same year, signifi cant growth 
inhibition against E. coli was observed for BSG protein hydrolysates 
produced by an enzyme derived from a B. cereus strain [70]. 
Comparable fi ndings were reported by Taha et al.[99] regarding 
sunfl ower protein hydrolysates produced using enzyme mixtures 
(Alcalase and Flavourzyme), which displayed eff ective antimicro-
bial properties against various bacterial strains, including E. coli, 
S. aureus, B. cereus, L. monocytogenes, and S. typhimurium. Overall, 
smaller peptides generally exhibit greater antimicrobial effi  cacy 
compared to intact proteins, highlighting the importance of enzy-
matic cleavage. However, the selection of enzymes and reaction 
conditions signifi cantly infl uences the antimicrobial activity of the 
resulting hydrolysates by modulating properties such as net charge, 
hydrophobicity (or lipophilicity), and amino acid composition, which 
in turn aff ect their interactions with microbial membranes. While 

BSG protein hydrolysates exhibit promising antimicrobial activity, 
further research is needed to clarify their mechanisms of action, 
standardise production processes and confi rm their eff ectiveness 
in practical food applications.

4  In vitro digestion and bioactivity BSG protein 
and its associated hydrolysates

Numerous studies have demonstrated the health benefi ts of plant-
derived peptides, with oral administration being the preferred 
delivery route as it refl ects their natural dietary intake and enables 
absorption through the gastrointestinal tract [100] However, the 
human gastrointestinal (GI) environment presents signifi cant chal-
lenges to the absorption of orally administered peptides, primarily 
due to physical barriers, such as the selectively permeable intestinal 
epithelium, and biochemical barriers, including digestive enzymes 
such as pepsin, pancreatic proteases, brush-border peptidases, 
and cytosolic peptidases [101]. Consequently, bioactive peptides 
may either reach the small intestine intact or undergo degrada-
tion by GI proteases, with pepsin hydrolysis typically resulting in 
the denaturation of food-borne proteins and the production of 
peptides with molecular weights exceeding 10kDa [100]. Following 
gastric digestion, the resulting products serve as substrates for 
further hydrolysis by pancreatic enzymes (pancreatin), leading to 
the formation of intermediate and small peptides, as illustrated 
in fi gure 6. Therefore, to overcome these challenges and ensure 
the bioavailability of peptide bioactivity, in vitro models that simu-
late the mechanical, chemical, and enzymatic processes of the 
human gastrointestinal tract are essential during food develop-
ment.

One of the most widely adopted in vitro digestion models in the 
food industry at present is the INFOGEST method, a static model 

Fig. 6 In vitro simulated gastrointestinal digestion (SGID) of bioactive peptides after oral administration, and the evaluation of bioactivities 
of fi nal digests (created on Biorender)



147        7/8 2026 (Vol. 79) BrewingScience

developed collaboratively by an international consortium of sci-
entists who worked to identify and then replicate the conditions 
required to adequately simulate the human mouth, stomach, and 
small intestine, including parameters such as temperatures, incu-
bation times, pH values, ionic compositions, enzyme activities, bile 
levels, and mucin levels [102]. Currently, the digestion of bioactive 
proteins and peptides in vitro is primarily conducted through ad-
aptations of the INFOGEST model. This approach holds numerous 
signifi cant benefi ts, particularly providing insights into the potential 
functionality of peptides in vivo.

Agroindustrial byproducts are widely acknowledged as important 
sources of bioactive compounds with the potential to deliver 
multiple health benefi ts (Fig. 2). In this context, considerable atten-
tion has been given to understanding how in vitro gastrointestinal 
digestion aff ects the stability of these proteins and, consequently, 
their bioactive properties over the past decade. For instance, Silva 
do Nascimento et al. [103] revealed that hydrolysates derived 
from yam protein exhibited signifi cantly enhanced antioxidant, 
ACE-inhibitory, and antibacterial properties following in vitro di-
gestion, compared to intact protein. Similarly, Sánchez-Velázquez 
et al. [104] found that simulated gastrointestinal digestion (SGID) 
positively infl uenced the nutritional and bioactive attributes of 
oat peptides, with a remarkable 400% increase in DPPH scaveng-
ing activity post-digestion. Similarly, Nongonierma and FitzGerald 
[105] demonstrated a decrease in the DPP-IV IC50 from 1.33 to 
1.02 mg/mL of a whey protein hydrolysate indicating an increase 
in inhibitory activity after in vitro SGID. However, it is important 
to note that the functional and bioactive properties of peptides 
are not always improved after SGID. Mune et al. [106]. reported a 
reduction in the ACE inhibitory activity of Bambara bean protein 
hydrolysates following in vitro gastrointestinal digestion, indicating 
a decrease in potency, likely due to further peptide degradation 
and the loss of bioactive sequences. 

Several studies have demonstrated the antihypertensive potential 
and preliminary safety of bioactive peptides derived from brewers’ 
spent grain (BSG), in animal models. Cermeño et al.[107] reported 
that a single oral dose induced a measurable hypotensive eff ect 
within hours in spontaneously hypertensive rats, while Garzón et al. 
[92] demonstrated that longer-term administration (up to 100 days) 
of microencapsulated BSG peptides resulted in sustained reduc-
tions in systolic blood pressure and improvements in metabolic 
parameters without reported adverse eff ects. Additional studies 
have further shown that these peptides can mitigate diet-induced 
oxidative stress and pro-thrombotic states in vivo, with microen-
capsulated BSG peptide supplementation restoring antioxidant 
balance and improving systemic biomarkers in rat models, thereby 
supporting their broader cardioprotective potential [108]. Blood 
pressure regulation is primarily attributed to angiotensin-converting 
enzyme (ACE) inhibition, while complementary mechanisms such as 
antioxidant and antithrombotic activities contribute to the overall 
cardiometabolic protective eff ects of BSG-derived peptides [91, 108, 
109]. Taken together, these fi ndings suggest that gastrointestinal 
digestion can substantially infl uence the bioactivity of food-derived 
peptides, either enhancing or reducing their functional properties 
depending on peptide structure and digestion conditions. While 
BSG-derived peptides have demonstrated promising antihyper-
tensive and cardioprotective eff ects in animal studies, limited 

information is available regarding their stability, bioavailability, 
and effi  cacy in humans. 

4.1 Safety of BSG protein and hydrolysates

Dietary proteins and protein hydrolysates are widely used in food 
products and are generally permitted in the European Union as 
conventional food ingredients. However, where novel sources or 
specifi c health claims are involved, safety and effi  cacy may require 
evaluation in accordance with relevant regulatory frameworks, in-
cluding assessment by the European Food Safety Authority (EFSA). 
In the United States, many proteins and protein hydrolysates have 
been designated as “generally recognized as safe” (GRAS) by the 
Food and Drug Administration (FDA) on a case-by-case basis for 
specifi c applications [110]. Nevertheless, there is no dedicated regu-
latory framework specifi cally addressing amino acids and bioactive 
peptides as functional ingredients; instead, their use is typically 
governed within broader food, novel food, or dietary supplement 
legislation. Despite this, food protein-derived bioactive peptides 
are generally considered safe, as they are naturally generated dur-
ing gastrointestinal digestion and are commonly produced using 
food-grade enzymes and processes [64]. Nevertheless, their safety 
may depend on factors such as peptide sequence, concentration, 
and source. Although systematic assessments of the safety of 
brewers’ spent grain (BSG)-derived proteins and hydrolysates for 
human consumption remain limited, available evidence suggests 
that they are safe for use in food systems.

Brewers’ spent grain (BSG) protein is derived from barley, a 
nutrient-rich cereal that has been safely consumed worldwide 
for centuries. The extraction of BSG protein typically involves mild 
mechanical and food-grade processing methods, yielding a product 
that remains compositionally similar to native barley. Although 
GRAS status is not based solely on historical use, the long-standing 
consumption of barley supports the safety of BSG-derived proteins, 
further reinforced by studies demonstrating their safe use in both 
animal and human models [11, 21, 111]. In a study by Teixeira 
et al. [112], Wistar rats were fed various plant-based diets, with 
one containing 15% brewers’ spent grain (BSG) for twelve days. 
No adverse eff ects were observed in any treatment group, and 
rats with BSG diets exhibited increased gut microbiota diversity. 
Similar observations were reported by Kanauchi and Agata [113] 
with no side eff ects noted after feeding rats 6% BSG for 14 days. 
Additionally, Garzón et al. [92] administered microcapsules con-
taining bioactive peptides from BSG to a rat model with induced 
hypertension and insulin resistance. This study confi rmed in 
vivo antihypertensive and antidiabetogenic eff ects through the 
inhibition of enzymes related to blood pressure regulation and 
glucose metabolism, while no negative eff ects on the rats were 
observed. Furthermore, in a study conducted by Zhang et al. 
[114], ulcerative colitis patients with previous ileostomies were 
administered 62 g of BSG per day for a duration of 7 days. These 
patients experienced signifi cantly decreased bowel transit times, 
and no adverse eff ects. In addition to animal and human studies, 
studies have demonstrated the absence of toxicity of isolated 
bioactive peptides in cell culture models [110]. Collectively, these 
fi ndings suggest that BSG-derived proteins are appropriate for 
human consumption. Nevertheless, although bioactive peptides 
are generally regarded as physiologically safe, additional studies 
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are needed to further support their safety and potential benefi ts 
in dietary applications.

In this context, anti-nutritional factors remain an important consid-
eration for plant-derived proteins and bioactive peptides. Cereals 
such as barley contain compounds including phytic acid, tannins, 
and protease inhibitors, which can limit nutrient and mineral bio-
availability. However, as BSG is derived from malted and brewed 
barley, these processing steps, particularly germination, are likely 
to signifi cantly reduce antinutrient levels, for example through 
phytase-mediated degradation of phytic acid. Moreover, additional 
processing steps such as thermal treatment can further reduce 
heat-sensitive antinutrients, including protease inhibitors. Conse-
quently, BSG-derived protein is unlikely to retain antinutritional fac-
tors at levels that would pose signifi cant safety concerns [115–117]. 

Additionally, the allergenicity of proteins and peptides remains 
a common public concern. However, barley is not classifi ed as a 
major allergen requiring mandatory declaration under the U.S. 
Food Allergen Labelling and Consumer Protection Act (FALCPA) 
and the Annex II of Regulation (EU) No 1169/2011, however, it 
must be declared under Regulation (EU) No 1169/2011 as part 
of the category “cereals containing gluten,” due to its relevance 
for coeliac disease and other gluten-related disorders [118, 119]. 
While true IgE-mediated allergy to barley is considered relatively 
rare, with only infrequent reports of adverse reactions despite 
its widespread global consumption [120], barley contains gluten 
proteins (hordeins), and studies have shown that these proteins 
can persist and even become enriched in brewers’ spent grain 
(BSG) following the brewing process, meaning that BSG-derived 
ingredients are not suitable for individuals with celiac disease or 
gluten-related disorders [121]. Accordingly, formulated value-added 
food products should clearly declare the presence of barley-derived 
proteins (e.g., BSG protein) in the ingredient list, enabling consum-
ers to make informed dietary choices. Overall, while individuals 
sensitive to barley or its protein fractions may experience adverse 
reactions, such occurrences are expected to be exceedingly rare in 
the general population and thus represent a minimal public health 
risk when appropriate labelling is applied.

In general, conventional foods are typically regarded as safe without 
defi ned intake limits, whereas functional foods and nutraceuticals 
containing bioactive proteins or peptides are specifi cally formulated 
to confer health benefi ts and support disease prevention. Conse-
quently, establishing an appropriate dosage is essential to ensure 
their effi  cacy while avoiding potential adverse eff ects [122, 123]. 
Overall, the available evidence suggests that BSG-derived peptides 
are promising natural antihypertensive agents with no observed 
toxicity in preclinical studies; however, the safety and functionality 
of BSG protein hydrolysates are strongly infl uenced by processing 
conditions, which determine peptide composition and potential 
bioactivities and human clinical data remains lacking, highlighting 
the need for further investigation into their effi  cacy, dose–response 
relationships, and long-term safety in humans.

4.2 Functional food

The term ‘functional food’ originated in 1984 in Japan from a study 
exploring the correlation between nutrition, sensory satisfaction, 

fortifi cation, and modulation of physiological systems, defi ning 
these as food products fortifi ed with special constituents having 
benefi cial physiological eff ects [124]. Despite numerous attempts at 
defi ning ‘functional food’, a universally accepted defi nition remains 
unclear [125]. European legislation considered functional food not 
as a concept but rather as a specifi c food category [126]. Recently, 
the Functional Food Centre (FFC) provided a defi nitive description 
of functional food, as “it must not only deliver basic nutritional 
value but also enhance well-being, health, and/or reduce the risk 
of disease, thereby improving the overall quality of life including 
physical, psychological, and behavioural aspects, supported by 
scientifi cally validated claims, while being consumed in amounts 
and forms typical for dietary purposes and not in the form of pills 
or capsules” [127]. This characterization distinguishes functional 
foods from nutraceuticals, which are food-derived products often 
sold in non-food forms such as pills, powders, or other medicinal 
formulations [128].

4.3 The role of functional food in human health

Functional foods have emerged as a cornerstone of modern dietary 
habits, off ering a pathway towards optimizing human health and 
overall well-being [129]. In recent decades, poor adherence to 
balanced dietary patterns has contributed to a rising prevalence 
of metabolic disturbances, thereby increasing the risk of chronic 
conditions such as obesity, type 2 diabetes, hypertension, food 
allergies and intolerances, as well as gastrointestinal and infl am-
matory disorders [130]. Consequently, there has been a notable 
shift in focus from basic sustenance to actively promoting health 
and enhancing performance through dietary choices that extend 
beyond traditional nutritional requirements [131]. This shift has 
led to an increased global interest in and acceptance of functional 
foods among consumers.

Numerous studies have demonstrated the health-promoting 
properties of ingredients derived from diverse plants and animals, 
leading to the successful commercialization of many products [132]. 
Within the category of functional foods, dietary probiotics represent 
a signifi cant market segment, exerting their eff ects by enhancing 
the growth and/or activity of specifi c bacteria in the colon, thereby 
improving overall host health [133]. Another signifi cant and rapidly 
expanding product category within the functional food segment 
comprises non-alcoholic beverages fortifi ed with vitamins A, C, and 
E, or other functional ingredients such as omega-3, lutein, miner-
als, amino acids, and antioxidants [134]. In addition, functional 
cereals, bakery products, spreads, meat products, and eggs have 
gained signifi cant consumer interest, largely due to their capacity 
to deliver bioactive components at physiologically eff ective levels 
while maintaining desirable sensory attributes such as appearance, 
taste, and texture [132]. Incorporating consumer preferences into 
the development of functional foods is essential to enhance their 
market acceptance and successful commercialization.

Recently, BSG has been recognised as a valuable ingredient in the 
human diet [135] and has demonstrated considerable success in 
bakery and cereal based applications, including bread [66], biscuits 
[136], noodles [137], and pasta [138]. In these cases, BSG inclu-
sion was able to enhance the nutritional profi le of these products 
through increased dietary fi bre, protein, and bioactive compounds 
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while maintaining acceptable technological performance and sen-
sory properties when incorporated at optimised levels. Pioneering 
companies in this area include Regrained® (San Francisco, CA, USA) 
that began commercialising BSG-based food products in 2013, and 
Evergrain (Wilmington, Delaware, USA) that released its BSG-derived 
ingredients, EverPro and EverVita, in January 2020 [11]. 

However, despite its high nutritional value, the application of BSG 
protein and peptide ingredients in functional foods remains largely 
at the laboratory and pilot scale. This is primarily due to challenges 
related to raw material stability, including susceptibility to microbial 
spoilage during storage, the presence of certain anti-nutritional 
components typical of cereal matrices, and dietary restrictions as-
sociated with gluten-containing proteins [66, 121, 139]. In addition, 
variability in composition and the need for optimised processing 
conditions can further limit large-scale incorporation. Therefore, 
advanced processing technologies, eff ective stabilisation strategies, 
and comprehensive bioactivity and safety evaluations are required 
to support the wider utilisation of BSG-derived ingredients in food 
systems.

5 Conclusion

At present, functional foods represent a signifi cant area of innova-
tion within the brewing industry, holding substantial potential for 
enhancing health and aiding in the prevention of certain diseases 
when incorporated into a balanced diet and healthy lifestyle. How-
ever, the comprehensive assessment of the long-term benefi ts 
and risks associated with functional foods remains a critical issue 
that requires further investigation [140]. Although accumulating 
evidence indicates that BSG-derived proteins may off er potential 
benefi ts for disease prevention and health promotion, it is essen-
tial to simultaneously consider their safety profi le [110]. Despite 
substantial evidence supporting the benefi cial physiological eff ects 
of BSG-derived proteins and peptides, most of these studies have 
been conducted in vitro, primarily focusing on the activity of iso-
lated compounds against specifi c health-related biomarkers [141]. 
However, the specifi c mechanisms underlying the activity of some 
of these bioactive compounds remain insuffi  ciently understood, 
highlighting the need for further research to elucidate their full 
physiological roles following consumption. Moreover, the functional 
eff ects of BSG-derived proteins are strongly infl uenced by the food 
matrix and inter-individual variability among consumers, which 
may contribute to inconsistencies observed in in vivo outcomes. 
Therefore, advancing the development and market potential of 
functional foods requires a deeper understanding of the interac-
tions between functional ingredients and the food matrix during 
processing, alongside well-designed clinical studies to more com-
prehensively evaluate their health eff ects. While these aspects are 
important for substantiating functional claims, foods that do not 
fully meet such criteria may still provide nutritional value, even if 
their functional benefi ts are not yet conclusively established [142]. 

Furthermore, the functional food sector requires substantial 
investment in terms of time and fi nancial resources to support 
fundamental research, technological development, product ap-
proval processes, and eff ective commercialization strategies, and 
is often sensitive to broader economic conditions [143]. In this 

context, optimisation of extraction techniques and processing 
parameters is essential to enhance the yield, chemical stability, 
and functional performance of BSG-derived proteins and their 
hydrolysates [142]. Additional research is also needed on the ap-
plication of BSGP in diff erent food matrices and its eff ects on the 
sensory, physicochemical, rheological, and functional properties 
of developed food products [144]. Consumer acceptance is a key 
determinant of the successful development and market uptake 
of functional foods. However, surveys indicate that acceptance 
of BSGP-enriched products is conditional, with taste remaining 
a primary factor alongside quality, price, convenience, and the 
credibility of associated health claims [132, 145]. Accordingly, while 
functional benefi ts can enhance the overall value of BSGP-fortifi ed 
foods, both health functionality and sensory quality are important, 
highlighting the need for continued research to develop products 
that eff ectively integrate both attributes.

Overall, functional foods continue to gain widespread consumer 
acceptance, refl ecting their growing role in addressing health and 
lifestyle-related concerns and supporting their long-term relevance 
within a diversifi ed and evolving market. Although challenges 
remain in terms of formulation, safety validation, and consumer 
acceptance, the valorisation of agro-industrial by-products such 
as brewers’ spent grain (BSG) represents a promising and sustain-
able approach within the functional food sector. In particular, the 
incorporation of BSG as a functional ingredient off ers signifi cant 
potential to enhance nutritional quality while contributing to waste 
reduction, resource effi  ciency, and circular economy strategies. 
Continued research and innovation are therefore essential to 
overcome current limitations and fully realise the environmental, 
economic, and health-related benefi ts associated with BSG-derived 
functional foods.
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