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Abstract: Brewer’s spent yeast (BSY) is a plentiful by-product of the brewing process. Currently re-
garded as a waste product, this low-value material is used in animal feed formulations or disposed of.
However, BSY is known to be nutritionally dense, particularly regarding high-quality proteins, fibre,
vitamins, and minerals. Previous work has examined the effect of a process including fermentation
with Lactobacillus amylovorus FST 2.11 on BSY and indicates a reduction in bitterness intensity and an
increase in sour and fruity flavours. The current study expands on this previous work, examining the
changes in composition and functionality resulting from this upcycling process. The major changes
include protein degradation and a decrease in pH, leading to increased protein solubility by 41%,
increased foam stability by up to 69% at pH 7, and improved emulsion stabilising characteristics as
well as differences in rheological behaviour during heating. Compositional changes are also detailed,
with evidence of glucan and trehalose degradation. These changes in the physical and functional
properties of BSY provide useful information, particularly with regard to the incorporation of BSY
into food products for human consumption.

Keywords: brewer’s spent yeast; brewing by-products; by-product valorisation; lactic acid bacteria

1. Introduction

Brewer’s spent yeast (BSY) is an abundant waste product of the brewing industry.
Brewing yeast, generally the Saccharomyces species, is used to convert simple sugars in
wort to ethanol during fermentation. However, at the end of the fermentation process, a
large amount of excess yeast is produced at ~2.8–3.4 million tonnes globally per year [1,2].
Currently, this plentiful, low-value waste product is primarily used in animal feed formula-
tions or is disposed of in landfills. Although this yeast no longer has optimal metabolic
activity, it is high in valuable nutrients, including proteins and fibre, as well as vitamins and
minerals [3]. Food poverty and insecurity remain high, with 29.6% (2.4 billion people) of the
global population declared moderately or severely food insecure in 2022 and 148 million
children experiencing stunted growth as a result of malnutrition [4]. In a world facing
increased food insecurity and environmental challenges, recycling food processing side-
streams, otherwise regarded as waste, into valuable nutrition sources is gaining traction as
a means of dealing with these issues.

However, the nutritional potential of brewer’s spent yeast remains largely unutilised.
This is primarily due to the issue of taste. As a result of hops’ addition during the brewing
process, yeast cells become complexed with iso-α-acids, which are responsible for an
extremely bitter taste in BSY [5]. Another reason may be the lack of knowledge and
familiarity regarding the use of spent yeast as a primary nutrition source for humans.
In relation to this, there is a lack of research regarding spent yeast valorisation outside
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of animal feed formulations, with the majority of brewing by-product studies focusing
on brewer’s spent grain and/or agricultural applications. Also, the majority of research
focuses on the production and characterisation of fractions extracted from spent yeast
as opposed to attempting to valorise the whole cell biomass [6–9]. However, there is an
ever-increasing interest in the use of single-cell organisms in human nutrition, particularly
concerning proteins, as a means of feeding a growing population without the environmental
requirements of meat and dairy [10–12].

There is an ever-increasing interest in sustainability, circular economy, and reducing
environmental impact by taking steps to upcycle and valorise otherwise underutilised
food processing by-products. In 2015, the Sustainable Development Goals (SDGs) were
proposed by the United Nations as a means of improving the lives and future prospects
of all people. This research, in particular, ties into Goal 12—‘Responsible production and
consumption’—which aims to substantially reduce food waste along production chains
through prevention, reduction, recycling, and reuse. A previous study employed a process
including lactic acid bacteria (LAB) fermentation to successfully improve the sensory and
quality characteristics of brewers’ spent yeast [13]. LAB fermentation with Lactobacillus
amylovorus FST 2.11 significantly reduced the bitterness of BSY as perceived by a sensory
panel while increasing the intensity of fruity and sour flavours. In addition to changes
in sensory characteristics, significant protein degradation was observed as a result of the
processing, which likely affected functional behaviour [13]. Thus, processing, including
LAB fermentation, is a successful means of upcycling BSY into a more palatable, nutritious
food ingredient. What remains is to assess the physical nature of this novel food material
and to determine suitable applications and processing parameters.

This study examines the effect of a process involving BSY standardisation, autolysis,
and fermentation with L. amylovorus FST 2.11, on the physical and functional properties of
BSY. Physicochemical factors such as pH, TTA, foaming properties, rheological behaviour,
protein solubility, and potential emulsifying abilities were investigated. A furthered un-
derstanding of how BSY behaves during processing, and its potential interactions with
other constituents in a complex food system, will be a stepping stone to the development
of BSY-enriched food products, where the full nutritional and functional potential of BSY
can be utilised.

2. Materials and Methods
2.1. Material

Control brewers’ spent yeast (CBSY) and processed brewers’ spent yeast (PBSY) were
prepared as described by Jaeger et al. [13]. Briefly, the processing of the BSY consisted of
standardisation, autolysis, sterilisation, and fermentation with Lactobacillus amylovorus FST
2.11. BSY was centrifuged at 12,000× g for 30 min, and the pellet was resuspended to a
solid content of 40%. After this, 4% (w/w) sucrose was added, and autolysis was induced
by heating to 50 ◦C for 20 h. The BSY was then inoculated with 1% Lactobacillus amylovorus
FST 2.11 (UCC culture collection) in an overnight culture and fermented at 30 ◦C for 72 h.
At the end of the fermentation period, the BSY was pasteurised at 72 ◦C for 15 min. BSY,
which did not undergo any standardisation or fermentation, was pasteurised at 72 ◦C for
15 min and included as a control. Subsequently, the yeast material was frozen at −80 ◦C
and freeze-dried to produce a dried ingredient. The dried and fermented BSY is referred to
as processed BSY (PBSY), and the unfermented BSY is referred to as control BSY (CBSY).
The composition of these powders was then analysed and is presented in Table 1 [13].
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Table 1. Composition of CBSY and PBSY, represented as g/100 g of DM, as published previously by
(Jaeger et al. [13]).

g/100 g DM

CBSY PBSY
Proteins 35.588 ± 1.501 38.736 ± 1.638

Total Fats 1.361 ± 0.089 1.393 ± 0.001
Carbohydrates

Insoluble Dietary Fibre 44.367 ± 1.972 36.723 ± 1.767
High MW Soluble 3.130 ± 0.482 2.095 ± 0.386
Low MW Soluble 2.412 ± 0.064 0.925 ± 0.140

Total Dietary Fibre 49.909 ± 2.122 39.731 ± 1.603
Total Sugars 0.301 ± 0.019 10.048 ± 0.644

Ash 5.628 ± 0.322 3.429 ± 0.211
Moisture 6.710 ± 0.380 14.530 ± 0.380

Energy value (kcal) 314 ± 10 294 ± 10
Energy value (kJ) 1322 ± 45 1237 ± 47

mg/kg
Calcium 2320 ± 190 2700 ± 220

Iron 65 ± 13 68 ± 14
Phosphorus 9860 ± 790 6600 ± 530
Magnesium 2060 ± 230 1310 ± 140
Manganese 5.7 ± 1.3 5.5 ± 1.2
Potassium 14,900 ± 1500 4950 ± 480

Copper 3.16 ± 0.67 3.36 ± 0.71
Sodium 271 ± 26 166 ± 21

Zinc 72 ± 14 78 ± 15
Total 29,556 15,880

g/100g DM

Glucose 0.166 ± 0.014 n.d.
Fructose 0.090 ± 0.009 9.924 ± 0.644
Lactose n.d. n.d.
Sucrose n.d. n.d.
Maltose 0.045 ± 0.010 0.124 ± 0.020

Total Sugars 0.301 ± 0.019 10.048 ± 0.644
IBU (mg/L)

Iso-α-acids (IBU) 129 100

2.2. α-,β-, and Total Glucans

The 1,3:1,6-β-glucan and α-glucan content were determined using the Yeast and
Mushroom β-glucan assay kit (Megazyme, Bray, Ireland). This method involves solubilising
and hydrolysing all glucans (1,3:1,6-β-D-Glucans, 1,3-β-D-glucans, and α -glucans) in
highly concentrated sulphuric acid. The remaining glucan fragments are then hydrolysed
to glucose, using 1,3-β-glucanase and β-glucosidase. Glucose quantification using the
glucose oxidase/peroxidase (GOPOD) reagent gives the value for total glucans. Separately,
α-glucans (i.e., glycogen and starch) and sucrose were hydrolysed using amyloglucosidase
and invertase. β-glucan was then determined by its difference.

2.3. Fatty Acid Composition

The fatty acid composition was determined externally by Chelab SRL (Treviso, Italy),
according to ISO 16958:2015 [14].

2.4. FODMAPs and Trehalose

The quantification of mono-, di-, galactooligosaccharides, fructans, and polyols was
conducted using high-performance anion-exchange chromatography coupled with pulsed
amperometric detection (HPAEC-PAD), performed on a DionexTM ICS-5000+ system
(Sunnyvale, CA, USA), as described by Ispiryan et al. (2019) [15]. All carbohydrates,
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except for the fructans, were quantified using authentic reference standards. The total
fructan content was determined after enzymatic hydrolysis with two enzyme mixtures,
A (containing α-galactosidase and amyloglucosidase) and B, where B contained the same
enzymes as A as well as fructan-degrading inulinases. The significance of the fructose
released from sucrose and the fructose released from the hydrolysis with enzyme mixture
B was determined. All levels below 0.1 g/100 g were defined as not detected (n.d.). All
extractions were carried out in triplicate. The results are presented as the gram analyte
per 100 g of the sample on a dry weight basis (g/100 g DM). The extraction and detection
method of FODMAP analysis was also used to quantify disaccharide trehalose: a major
yeast carbohydrate that is not classed as a FODMAP.

2.5. Resistant, Digestible, and Total Starch

Digestible and resistant starch were determined using the K-RAPRS kit (Megazyme,
Bray, Ireland), with the addition of a sample blank, i.e., samples where distilled water was
added in the place of enzyme preparations. This allowed for the determination of innate
D-glucose in the samples before analysis. This method initially degraded the digestible
starch to D-glucose using pancreatic α-amylase (PAA) and amyloglucosidase (AMG). After
the reaction was terminated using ethanol, the resistant starch fraction was separated by
centrifugation and was rinsed several times using ethanol. D-glucose (i.e., the digestible
starch) was measured using the glucose oxidase/peroxidase (GOPOD) reagent. Resistant
starch in the pellet was then solubilised under alkali conditions and quantitively hydrolysed
to D-glucose via amyloglucosidase.

2.6. pH and Total Titratable Acidity (TTA)

The pH and TTA of CBSY and PBSY were determined by weighing 10 g of material
into a beaker and adding 95 mL of water and 5 mL of acetone. The samples were then
mixed using a stirring bar until they were well dispersed. The pH was measured using a
pH meter (Mettler Toledo, Columbus, OH, USA), and the TTA was determined by titration
with 0.1 M of NaOH until a pH of 8.5 was reached.

2.7. Foaming Capacity and Stability

Foaming behaviour was examined as described by Alonso-Miravalles et al. [16]. Briefly,
aqueous dispersions with a concentration of 2% (w/w) were prepared using distilled wa-
ter. The pH was adjusted to pH 7 for half of the samples using varying concentrations
of HCl and NaOH. The samples were allowed to hydrate at 4 ◦C overnight. After al-
lowing the samples to return to room temperature, pH was measured and readjusted if
needed. The samples were then frothed using an Ultra-Turrax equipped with a S10N-10G
dispersing element (Ika-Labortechnik, Janke and Kunkel GmbH, Staufen, Germany) at
maximum speed for 30 s. The height of the foam phase was recorded immediately, after
30 min and after 60 min. Foaming capacity and foam stability were determined using the
following equations:

Foaming capacity (%) = (Foam height immediately after foaming/Initial sample height) × 100 (1)

Foam stability (%) = (Foam height after 1 h/Foam height immediately after foaming) × 100 (2)

2.8. Water- and Oil-Holding Capacities

The water- (WHC) and oil (OHC)-holding capacities of CBSY and PBSY were deter-
mined according to the method by Boye et al. (2010) with some slight modifications [17].
In total, 1 g of the sample was weighed into a 15 mL tube, followed by the addition of
6 g of either sunflower oil (for oil absorption) or water (for water absorption), which was
added to the tubes and mixed well by vortexing for 3 min. Samples were then kept at
room temperature for 60 min. Following this, samples were then centrifuged at 4000× g
for 30 min at 20 ◦C. The supernatant was removed, and the samples were inverted and
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allowed to drain for 30 min. The oil or water absorption in % was calculated using the
following formula:

WHC/OHC(%) =
(Weight of tube and pellet)− (Weight of tube)− (Initial ingredient weight)

Initial ingredient weight
× 100 (3)

2.9. Surface Hydrophobicity

Surface hydrophobicity was measured according to the method by Hayakawa & Nakai
(1985) [18] using 1-anilino-8-naphthalenesulfonate (ANS), with slight modifications, as
described by Karaca et al. (2011) [19]. Protein dispersions of 0.2% (w/v) protein were
prepared in a 0.01 M sodium phosphate buffer (pH 7) and hydrated at 4 ◦C overnight
while in a platform shaker. Dilutions of 0.006–0.015% protein (% w/v) were prepared using
a 0.01 M sodium phosphate buffer. Following this, 2 mL of each dilution and sodium
phosphate buffer blank were transferred to new 15 mL tubes, and 20 µL of ANS (8.0 mM in
0.1 M phosphate buffer, pH 7) was added. Samples were incubated in the dark for 15 min at
room temperature, after which fluorescence was measured (λexcitation 390 nm, λemission
470 nm) and adjusted with a blank measured without the addition of ANS. The results are
presented as the slopes (r2 ≥ 0.98) of the absorbance versus protein concentration.

2.10. Isoelectric Point Determination

The zeta potential of CBSY and PBSY was determined, as described by Alonso-
Miravalles et al. [16], with some adjustments. Briefly, samples (0.1% w/v) were prepared
using ultrapure water and left at their native pH or adjusted to a range of pH values (pH 2,
3, 4, 5, 6, and 7) using a variety of concentrations of HCl and NaOH followed by incubation
overnight while shaking (500 rpm) at 4 ◦C. The zeta potential of the ingredients in the
solution was determined using dynamic light scattering technology with Zetasizer Nano-Z
(Malvern Instruments Ltd., Malvern, UK). Automatic voltage selection, a refractive index
of 1.45, and an absorbance of 0.001 were utilised. The isoelectric points of CBSY and PBSY
were determined by identifying the point at which the zeta potential was 0.

2.11. Protein Solubility

Protein solubility at native and adjusted neutral pH (pH 7) was evaluated using the
Kjeldahl method [20]. Firstly, the protein contents of CBSY and PBSY were determined
(N × 6.25). Following this, 1% (w/v) protein dispersions were prepared, and then left to
hydrate overnight at 4 ◦C while shaking. After returning to room temperature, the pH was
measured and readjusted if necessary. Samples were then centrifuged at maximum speed
(4892× g) for 30 min. Finally, the protein content of the supernatant was determined, and
protein solubility was expressed as the % of the total protein present in the supernatant.

2.12. Particle Size

The particle size distribution of CBSY and PBSY dispersions was determined using
a static laser light diffraction unit (Mastersizer 3000, Malvern Instruments Ltd., Worces-
tershire, UK), covering a size range of 0.01–3000 µm. BSY dispersions were prepared in
ultrapure water in 50 mL centrifuge tubes at a concentration of 1% protein (w/v). Samples
were then shaken overnight at 4 ◦C. Following this, the samples were allowed to return
to room temperature and were introduced into the dispersing unit using ultrapure water
as a dispersant until a laser obscuration of 12% was achieved. The particle refractive
index was set at 1.45, the absorption used was 0.1, and the dispersant refractive index was
1.33. The results are presented as the volume-weighted mean particle diameter (D4,3),
surface-area-weighted mean particle diameter (D3,2), and volume percentiles (Dv(10),
Dv(50), Dv(90)).
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2.13. Emulsion Properties

The emulsion-stabilising properties of CBSY and PBSY were examined by preparing
and analysing rough emulsions using the method by Alonso-Miravalles et al. [16] with
some modifications as described by Jaeger et al. (2023) [21]. Briefly, a 1% w/w aqueous
protein solution was prepared using CBSY or PBSY and adjusted to pH 7 using varying
concentrations of NaOH and HCl. The samples were then hydrated overnight with shaking
at 4 ◦C. Emulsions were prepared by mixing ingredient dispersions with sunflower oil at a
ratio of 90:10 (material dispersion/oil) in 50 mL centrifuge tubes. The samples were sheared
using Ultra-Turrax equipped with an S10N-10G dispersing element (IKA Labortechnik,
Janke and Kunkel GmbH, Staufen, Germany) at a speed of 5 for 2 min. Oil droplet size was
measured using a static laser light diffraction unit (Mastersizer 3000, Malvern Instruments
Ltd., Worcestershire, UK) with a refractive index of 1.47 and 1.33 for sunflower oil and
water, respectively. Stability was monitored using an analytical centrifuge (LUMiSizer,
LUM GmbH, Berlin, Germany) with parameters of 100× g for 15 min at 15 ◦C. The results
are reported as the separation rate (%/min) and transmission profiles over the entire
measurement range.

2.14. Minimum Gelation Concentration

The minimum gelation concentrations of the samples were determined according to
the method by Alonso-Miravalles et al. (2019) [16] with some modifications, as described by
Jaeger et al. (2023) [21]. Briefly, samples (15 mL) were prepared at a variety of concentrations
(in the range of 6% to 20%, in 2% intervals). The samples were then adjusted to pH 7 using
varying concentrations (0.01–2 M) of HCl and NaOH and hydrated overnight at 4 ◦C.
The samples were heated at 90 ◦C in a water bath for 30 min, cooled rapidly on ice, and
maintained overnight at 4 ◦C. The samples were then inverted, and the minimum protein
concentration at which the dispersion did not flow in less than 30 s was determined as the
minimum gelling concentration.

2.15. Rheological Analysis

Rheological tests were carried out using a rheometer (MCR301, Anton Paar GmbH,
Graz, Austria) equipped with a concentric cylinder measuring system (C-CC27-T200/SS,
Anton Paar GmbH, Austria). Ingredient dispersions (20% w/v) were hydrated overnight
(16 h) at 4 ◦C while shaking. This concentration was determined by minimum gelling
concentration pre-trials. Small deformation oscillatory rheology was used to examine
structural changes over a heating and cooling cycle using a strain of 0.1% and a frequency
of 1 Hz. The temperature profile was defined as an increase from 20 ◦C to 90 ◦C at 2 ◦C/min,
followed by a hold at 90 ◦C for 30 min, cooling to 20 ◦C, and a hold at 20 ◦C for 30 min.

2.16. Statistical Analysis

All analyses were completed in triplicate and were tested for normality, homogeneity
and then significant difference of the means using an independent t-test at a level of 5%
significance. All statistical analyses were completed using IBM SPSS Statistic Version
28.0.0.0 (190).

3. Results

The basic composition of the control brewer’s spent yeast (CBSY) and the processed
brewer’s spent yeast (PBSY) are described in a previous study [13] and are reported in
Table 1. The current study builds on these known compositional data, further investigating
the carbohydrate and lipid composition of CBSY and PBSY.

3.1. α-, β-, and Total Glucans

Contained in the carbohydrate fraction of BSY are glucans, defined as polysaccharides
consisting of glucose polymers. The glucan compositions of CBSY and PBSY are pre-
sented in Table 2. A significant decrease in β-glucan levels was observed, decreasing from
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24.97 g/100 g in CBSY to 14.99 g/100 g in PBSY. There was also a difference in α-glucan
content, presumably consisting of glycogen, with values of 14.8 g/100 g and 11.3 g/100 g
determined for CBSY and PBSY, respectively. Overall, the total glucan levels in PBSY
(26.31 g/100 g) were significantly lower than that of CBSY (39.79 g/100 g).

Table 2. Carbohydrate and fatty acid breakdown of CBSY and PBSY, presented as g/100 g [DM] ±
standard deviation.

g/100 g

Carbohydrates CBSY PBSY

FODMAPS

Mono-/disaccharides
Glucose 0.069 ± 0.003 a 0.790 ± 0.015 b

Fructose 0.020 ± 0.000 a 7.994 ± 0.251 b

Excess fructose - 7.204 *
Polyols Xylitol 0.091 ± 0.001 a 0.021 ± 0.000 b

Sorbitol 0.035 ± 0.000 a 0.011 ± 0.000 b

Mannitol 0.057 ± 0.001 a 0.043 ± 0.001 b

Total polyols 0.183 0.075
Oligosaccharides Raffinose/Stachyose 0.080 ± 0.001 a 0.138 ± 0.005 b

Verbascose n.d. n.d.
Total GOS 0.08 0.138

Total fructan n.d. ** n.d. **
Other Trehalose 5.275 ± 0.056 a 0.403 ± 0.007 b

g/100 g DM

Glucans
Total glucan 39.788 ± 0.443 a 26.316 ± 0.693 b

α-glucan 14.822 ± 0.607 a 11.319 ± 0.356 b

β-glucan 24.966 ± 0.753 a 14.997 ± 0.379 b

Resistant starch 10.550 ± 0.323 a 5.670 ± 0.271 b

Digestible starch 17.10 ± 2.06 a 12.38 ± 0.12 b

Fatty acids

Caprylic acid (C8:0) 0.056 ± 0.013 0.069 ± 0.015
Capric acid (C10:0) 0.135 ± 0.029 0.129 ± 0.027
Lauric acid (C12:0) 0.030 ± 0.006 0.036 ± 0.008

Myristic acid (C14:0) 0.004 ± 0.001 0.005 ± 0.001
Palmitic acid (C16:0) 0.388 ± 0.059 0.444 ± 0.066

Palmitoleic acid (C16:1) 0.227 ± 0.046 0.250 ± 0.050
Stearic acid (C18:0) 0.155 ± 0.033 0.174 ± 0.036

Octadecenoic acid (18: 1 total) 0.101 ± 0.018 0.110 ± 0.019
Octadecenoic acid (18:1 all trans) 0.013 ± 0.003 0.016 ± 0.003
Cisoctadecenoic acid (18:1 all cis) 0.088 ± 0.018 0.094 ± 0.018

Linoleic acid (18:2 n6) 0.028 ± 0.005 0.030 ± 0.006
Octadecatrienoic acid (total 18:3) 0.005 ± 0.001 0.006 ± 0.001

* Excess fructose = Fructose − Glucose ** n.d. not detected in means of no significant difference in fructose values
determined from difference of assay A and B in fructan determination, or levels ≤ 0.1 g/100 g. Different lowercase
letters represent significant statistical difference of means (p < 0.05).

3.2. Lipid and Fatty Acid Composition

In general, the total lipid content of the ingredients was low, with little difference
observed between CBSY (1.36 g/100 g) and PBSY (1.29 g/100 g) [13]. Furthermore, the fatty
acid profiles of CBSY and PBSY were similar. As seen in Table 2, C16 fatty acids dominated
the profile, namely palmitic acid (C16:0) and palmitoleic acid (C16:1 n7). Secondary to
these, C18 fatty acids were the most plentiful, including stearic acid (C18:0), octadecanoic
acids (C18:1), and a smaller fraction of linoleic acid (18:2 n6).
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3.3. Fermentable Oligosaccharides, Disaccharides, Monosaccharides, and Polyols

Fermentable oligosaccharides, disaccharides, monosaccharides, and polyols (FODMAPs)
are a group of poorly digested carbohydrates that cause painful gastrointestinal symptoms
for those with irritable bowel syndrome (IBS) and other gastrointestinal disorders [22].
The levels of common FODMAPs in CBSY and PBSY were measured, and the results are
presented in Table 2. Overall, there are low levels of FODMAPs present in CBSY. The
other main change identifiable in this analysis was the significant increase in fructose in
PBSY (7.994 g/100 g) in comparison to CBSY (0.02 g/100 g). Fructans were also included
in this analysis, but the levels were below the calibration limit (0.1 g/100 g), and no
significant differences were detected between the means. Trehalose was present at a level
of 5.275 g/100 g in CBSY and just 0.403 g/100 g in PBSY.

3.4. Resistant and Digestible Carbohydrates

The resistant and digestible starch content of CBSY and PBSY are reported in Table 2.
CBSY contained 10.55 g/100 g of resistant starch and 17.10 g/100 g of digestible starch,
while PBSY contained 5.67 g/100 g of resistant starch and 12.38 g/100 g of digestible starch.

3.5. pH and Total Titratable Acidity

An analysis of the pH and total titratable acidity (TTA) showed significant differences
between the control and processed material, and the results are outlined in Table 3. There is
a significant difference in pH, decreasing from pH 6.09 to 3.49, as a result of processing. A
significant increase in TTA was also observed, with the required amount of 0.1 M of NaOH
needed to reach pH 8.5 increasing from 2.5 mL/g to 15.5 mL/g.

Table 3. Techno-functional properties of CBSY and PBSY. Values in the same row that share a letter
do not differ significantly.

CBSY PBSY

pH 6.090 ± 0.000 a 3.493 ± 0.006 b

TTA (mL 0.1 M NaOH/g) 2.577 ± 0.040 a 15.508 ± 0.362 b

Surface hydrophobicity 2906.933 ± 20.387 a 189.867 ± 26.942 b

Protein solubility (%) Native pH 31.531 ± 0.420 a 75.426 ± 0.419 b

pH 7 31.508 ± 0.331 a 72.916 ± 0.174 b

Zeta potential (mV) Native pH −13.1167 ± 1.532 a −1.179 ± 0.301 b

pH 7 −14.1778 ± 1.525 a −8.393 ± 0.284 b

Oil-holding capacity (%) 178.098 ± 1.379 a 183.310 ± 3.186 a

Water-holding capacity (%) 52.704 ± 1.587 a 48.701 ± 0.321 b

Minimum gelling concentration (%w/w) >20% >20%

µm CBSY PBSY

Particle size

D [3,2] 6.022 ± 0.114 a 6.274 ± 0.075 b

D [4,3] 6.976 ± 0.192 a 7.322 ± 0.103 a

Dv [10] 3.834 ± 0.032 a 3.912 ± 0.030 b

Dv [50] 6.532 ± 0.156 a 6.941 ± 0.098 b

Dv [90] 10.844 ± 0.383 a 11.378 ± 0.222 a

Emulsion particle size

D [3,2] 10.756 ± 0.204 a 10.049 ± 0.612 a

D [4,3] 22.967 ± 3.800 a 20.611 ± 4.170 a

Dv [10] 4.736 ± 0.103 a 4.711 ± 0.212 a

Dv [50] 16.311 ± 0.650 a 12.967 ± 1.323 b

Dv [90] 46.267 ± 4.729 a 43.022 ± 5.094 a

Separation rate [%/minute] 3.462 ± 0.067 a 2.979 ± 0.065 b

Different lowercase letters represent significant statistical difference of means (p < 0.05).
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3.6. Surface Hydrophobicity, Zeta Potential, and Protein Solubility

Surface hydrophobicity measures the extent of exposed hydrophobic regions on the
protein surface using 1-anilino-8-naphthalenesulfonate (ANS). ANS fluoresces upon its
interaction with hydrophobic (non-polar) sites, and fluorescence spectroscopy can provide
a relative measurement of the surface hydrophobicity of a material. Surface hydrophobicity
is an important characteristic of materials as it can indicate the properties of these proteins
and their functional properties, including foaming characteristics and their emulsifying
capacity. The results of these analyses are shown in Table 3. The surface hydrophobicity of
CBSY was significantly higher than that of PBSY, with slopes of 2906.9 and 189.9 determined,
respectively. The determination of the isoelectric point of CBSY and PBSY is described in
Figure 1. The zeta potential measurement over a pH range indicates an isoelectric point
of pH 3–3.5 for both CBSY and PBSY. At native pH, the zeta potential was −13.1 mV and
−1.17 mV for CBSY and PBSY, respectively. The protein solubility results for CBSY and
PBSY are also presented in Figure 1 and Table 3. It can be observed that protein solubility
increased from 31.5% in CBSY to 75.4% in PBSY. The protein solubility for CBSY remains
similar at native pH and pH 7, as the native pH for CBSY is 6.1 and, therefore, already close
to pH 7.
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3.7. Oil- and Water-Holding Capacity

The oil-holding capacity (OHC) and water-holding capacity (WHC) of CBSY and
PBSY are presented in Table 3. OHC can be linked with the emulsifying characteristics of
a material, as well as potentially affecting mouthfeel and texture [23–25]. There was no
significant difference in the fat absorption capacity between CBSY and PBSY. There was a
small but significant difference in WHC, with PBSY (48.7%) having a slightly lower WHC
value than CBSY (52.7%).

3.8. Foaming Capacity and Stability

The foaming capability of a substance assesses the ability of a mixture to produce foam
after vigorous mixing and foam stability assesses the degree to which the foam persists
over time after mixing. The foaming capacity and stability of CBSY and PBSY are presented
in Figure 2. At native pH, foaming capacity was significantly higher in CBSY, with 54.7%
versus only 36.3% in PBSY. However, at pH 7, there was no significant difference in the
foaming capacity between CBSY and PBSY. At native pH, foaming stability at 30 min for
CBSY was 42.7%, whereas in PBSY, there was no foam present; therefore, a stability of 0%
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was recorded. After one hour, CBSY stability was reduced to 27.9%. At pH 7, the foam
stability for PBSY was 69.0% and 57.6% at 30 min and 60 min, respectively, showing the
opposite effect compared to native pH.
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3.9. Particle Size Distribution

The particle size distributions of CBSY and PBSY dispersions are represented in Table 3
and Figure 3. The profiles were very similar, both being monomodal and showing a similar
size range of ~2 µm to ~20 µm, with volume mean (D 4,3) values of 6.98 µm and 7.32 µm,
respectively. These values are not significantly different from one another. The values for
Dv [10], [50], and [90] are also very similar, with the Dv [90] value showing that 90% of
the particles measured were below 10.8 µm and 11.38 µm for CBSY and PBSY, respectively.
However, differences were significant for the Dv [10] and Dv [50] values.

3.10. Stabilisation Behaviour and Emulsion Particle Size Distribution

In terms of applications, the ability of a material to stabilise an emulsion is of particular
interest. CBSY and PBSY were both screened to assess their potential emulsion-forming
activity, and the results are presented in the form of the separation rate (Table 3), separation
profiles, and particle size dispersions (Figure 3). In emulsions, both CBSY and PBSY display
bi-modal particle size distributions, with the right most volume peak relating to oil droplets
and the left most peak relating to insoluble yeast cell materials, as this peak can also be
seen in the BSY dispersion particle size distribution. Generally, there was no significant
difference in the emulsion particle size between CBSY and PBSY, with the mean volume
of D [4,3] determined at 22.9 µm and 20.6 µm, respectively. The only value that differed
significantly was the Dv [50], with 16.3 µm measured for CBSY compared to 13.0 µm for
PBSY. This was also reflected in the separation rate and separation profiles. CBSY displayed
an increased separation rate of 3.46%/min, whereas PBSY separated at 2.98%/min. The
separation profiles indicate the creaming and sedimentation that occurred in the sample
during centrifugation by plotting the transmission of infrared light throughout the sample
cell’s length, with measurements being taken every 30 s. A difference was visible between
the samples, with the CBSY emulsion displaying a quicker clearing and, therefore, increased
transmission from the bottom of the cell.
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3.11. Rheological Properties

The rheological properties of a material are important when considering suitable
applications and potential processing capabilities. The storage modulus (G′) and the
loss modulus (G′′) of 20% CBSY and PSBY dispersions, while subjected to heating and
cooling cycles, are presented in Figure 4. Overall, it can be said that both CBSY and PBSY
exhibited no significant gelling capabilities, with very low final G′ values after cooling
to 20 ◦C and reaching a very low magnitude of 3.4 Pa and 4.6 Pa for CBSY and PBSY,
respectively. However, differences between the rheological behaviour of CBSY and PBSY
can be seen in the G′ and G′′ profiles. The point at which G′ dominates over G′′ (known
as the inflection point) indicates a shift towards more elastic or solid-like behaviour and
vice versa. Initially, G′′ is dominant for both CBSY and PBSY, indicating that the system is
characterised by more viscous or liquid-like behaviour. At the beginning of the 30 min hold
at 90 ◦C, the G′ value for CBSY overtakes G′′ and steadily increases throughout cooling.
However, PBSY did not appear to be affected by the high heat hold in the same way as
CBSY, with the G′/ G′′ crossover occurring at the beginning of the cooling phase and
increasing significantly throughout cooling and overtaking CBSY. Tan δ is another aid in
representing the rheological character of the material and uses the ratio of G′′: G′. A Tan δ

value of >1 represents a more liquid system, while a value closer to 0 represents increased
solid-like behaviour. Tan δ exists from 0 to infinity because a Tan δ value of 0 indicates
a perfectly elastic (solid) material. Figure 4 represents the Tan δ values throughout the
heating and cooling processes. For both CBSY and PBSY, Tan δ values were high, indicating
a high proportion of viscous behaviour, as also seen in the G′′ curves in Figure 3. For CBSY,
Tan δ decreased most significantly in the first 60 min, with the value falling below 1 at
33 min, corresponding with the beginning of the 90 ◦C hold at 40 min. In contrast, for
PBSY, the most rapid decrease occurred between 50 min and 80 min and only fell below 1
at 72 min. This coincided with the initiation of the cooling step at 67 min and indicates that
the CBSY and PBSY displayed different physical responses to heating and cooling cycles.
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4. Discussion

Brewer’s spent yeast is a brewing by-product with a high potential for revalorisation,
particularly regarding its applications in foods for human consumption as a nutritional
and functional ingredient. This study expands on the compositional changes occurring
during the standardisation, autolysis, and fermentation of BSY, as described in a previous
publication [13].

Glucans, a group of polysaccharides consisting of glucose residues, are one of the
most plentiful carbohydrates and a source of dietary fibre in yeast cells. Generally, the cell
wall comprises 50–60% β-glucan (approx. 15% of total cell mass), specifically β-(1-3) and
β-(1,3:1,6)-glucan, and ~40% mannoprotein (approx. 10% of total cell mass), as well as
more minor compounds such as chitin and glycogen [26–28]. The total glucan level in BSY
decreased as a result of processing. The reduction in glucans indicates a process breaking
down the yeast cell wall, i.e., autolysis. During yeast autolysis, the glycosidic bonds in
β-glucans are hydrolysed by β-glucanases, releasing glucose molecules, oligosaccharides,
and mannoproteins. The subsequent proteolysis of the released mannoproteins causes a
release of mannose and glucose [29]. This could potentially result in an increased mannose
level in the fermented ingredient, although mannose is likely consumed by the LAB during
fermentation, as with glucose [30,31]. It is well known that β-glucans can positively affect
human health. Many studies have shown that yeast β-glucans, in particular, can affect
immunomodulation, increasing immunity [3,32–34]. In addition, it has been shown that
they aid in treating and preventing respiratory tract infections [35,36], reducing the negative
effects of chronic stress on immune response [37].

In yeast, starch analogous α-glucans in the form of glycogen are one of the main
storage carbohydrates comprising glucose monomers in α(1-4) glycosidic linkages with α(1-
6) branches [38]. Glycogen, alongside trehalose, is one of yeast cells’ main glucose storage
forms. These carbohydrates play a role in optimising survival and reproductive abilities,
including the control of glycolytic flux, stress responses, and energy storage [38]. The
α-glucan content decreased in PBSY, which is in agreement with the digestible starch values
obtained in this study (17.10 ± 2.06 g/100 g and 12.38 ± 0.12 g/100 g, respectively). This is
potentially due to the amylolytic activity by L. amylovorus FST 2.11, degrading the glucose
chains into glucose monomers for use as an energy source and allowing lactic energy
production directly from starch [38–40]; it could also occur during the standardisation or
yeast autolysis processes, as glycogen is consumed during autolysis [41]. Resistant starch
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comprises complex polysaccharides which resist breakdown by digestive enzymes and
can, therefore, potentially act as dietary fibre [42] and contribute to the total fibre content
of BSY [13] alongside β-glucan. This study observed a decrease in resistant starch in BSY
as a result of processing. This is most likely due to the fact that the majority of glycogen
in yeast is bound in the cell wall, with a smaller portion in the cell cytoplasm [43], which
would be minimally accessible in CBSY due to the mostly intact nature of the cell walls.
However, in PBSY, the cell wall is degraded as a result of autolysis and, therefore, a higher
proportion of the carbohydrate would be accessible for enzyme action.

Trehalose, alongside glycogen, is one of the major storage carbohydrates in yeast,
consisting of two α-(1,1)-linked glucose residues [38]. However, it has also been shown
that it plays an active role in several yeast cell survival mechanisms, namely thermal
resistance [44], alcohol tolerance [45], resistance to desiccation, cell membrane stabilisation,
and antioxidative activity [46,47]. A significant level of trehalose in CBSY is expected as
a result of stressors towards the end of the fermentation process (i.e., increased alcohol
concentration and lack of substrate) [46]. Trehalose accumulation as a result of serial yeast
re-pitching [48] should also be taken into account, considering that the spent yeast used in
this study was fifth-generation strain. In PBSY, the level of trehalose is decreased, indicating
trehalose degradation during processing. During BSY autolysis, the breakdown of the
yeast cell wall releases the cell contents, including trehalose. One hypothesis is that this
trehalose is then degraded into glucose and fermented by L. amylovorus FST 2.11; however,
a study by Toit et al. (2001) indicated that the majority (80–90%) of L. amylovorus strains
are unable to ferment trehalose [49]. Therefore, it is more likely that trehalose breakdown,
forming two glucose residues, occurs in the autolytic phase, as was also indicated by Jacob
et al. (2019) [50]. This, as well as the addition of sucrose, could explain the elevated level of
glucose in PBSY compared to CBSY.

Overall, there are low levels of FODMAPs present in CBSY and PBSY, which are
unlikely to induce any digestive issues with the exception of fructose in excess glucose.
This can likely be directly linked to the addition of 4% sucrose before fermentation, after
which it is degraded to glucose and fructose, and glucose was preferentially metabolised
by the LAB, leaving excess fructose. The results here are concurrent, with the results for
sugar composition reported by Jaeger et al. (2023) [13], except for the glucose level in PBSY,
which was previously determined as negligible. This difference is likely due to differences
in the analytical method and/or extraction procedure. The cut-off values for FODMAPs
per serving in a low-FODMAP diet are as follows: <0.2 g oligosaccharides, <0.40 g of total
polyols, and <0.15 g of fructose in excess of glucose [51]. This should be considered when
formulating recipes, including PBSY in food applications.

Additional compositional data obtained are related to lipid composition. Yeast pro-
duces fatty acids via fatty acid synthase [52]. These fatty acids are required by yeast during
fermentation to aid in membrane regulation, allowing the cell to maintain its membrane
fluidity at different temperatures [53]. Fatty acids are essential in yeast, with all cellular
organisms either involved in or dependent on fatty acids. They are used in cellular compart-
mentalisation and cellular membranes as precursors to important cellular signallers and to
store metabolic energy in C-C bonds, which can then be degraded during beta-oxidation. In
brewing, fatty acid oxidation products can have a negative effect on the quality aspects of
the finished product, in particular, the sensory characteristics and foaming stability [54]. In
addition, fatty acids and their oxidation products, such as (E)-2-nonenal, can be responsible
for a stale off-flavour in beer [54]. Since the levels of total lipids are low in CBSY and PBSY,
it is unlikely that the fatty acid composition will influence any physical characteristics.
However, some of the flavour and aroma characteristics may result from these. The major
fatty acids in CBSY and PBSY were determined to be C16 and C18, which is in agreement
with the literature [55,56]. A study by Blagovi et al. (2001) examined the lipid profile of
spent brewers’ yeast (Saccharomyces uvarum) and found that the total lipid fraction was
characterised by the presence of saturated fatty acids, mainly palmitic acid (C16:0) with a
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lower fraction of stearic acid (C18:0) [56]. This trend is mirrored in CBSY and PBSY, with
higher levels of these fatty acids.

Regarding functionality, the two most important changes that occur in the production
of PBSY are the reduction in pH and the degradation of proteins and carbohydrates. Firstly,
the pH is reduced from pH 6 to pH 3.5 due to lactic acid production by L. amylovorus
FST 2.11. The drastic decrease in pH could be attributed to the production of lactic acid
during homofermentative LAB fermentation, as demonstrated by Jaeger et al. [13]. This
decrease has a marked effect on zeta potential and surface hydrophobicity, which, in turn,
impacts solubility, foaming properties, emulsion stabilisation characteristics, and other
functional properties. Corresponding to the decrease in pH, an increase in the TTA of PBSY
was observed. This was likely due to the increase in acids produced during fermentation
as well as a potential increase in the buffering capacity caused by the production/release of
buffering agents during autolysis and fermentation, namely lactic acid, proteins, peptides,
and amino acids [57–59].

Zeta potential is a measure of the net charge at the slipping plane of a particle in a
solution, influencing the material’s functional properties. Zeta potential changes are based
on the pH of the material but also vary with ionic strength. This most notably affects solu-
bility, with a knock-on effect on other characteristics, including foaming and emulsification
capacity and stability. The closer the zeta potential of a material is to a net charge of 0
(isoelectric point), the likelihood of particle aggregation and precipitation is increased, there-
fore lowering protein solubility. At native pH, zeta potential is −13.1 mV and −1.17 mV
for CBSY and PBSY, respectively. For CBSY, this is within the range of zeta potential values
given for yeast in the literature of approximately −10 mV to −20 mV [60,61]. Since the zeta
potential of PBSY is closer to 0 than that of CBSY, protein solubility is expected to be lower
in PBSY due to decreased electrostatic repulsive forces between the particles, encourag-
ing aggregation. However, the protein solubility results indicate that this is untrue, with
increased protein solubility observed in PBSY. This increase in protein solubility is likely
affected by extensive protein degradation occurring during autolysis [62,63] and lactic acid
fermentation [64], leading to an increased number of free amino acids and small peptides,
as shown in a previous study [13]. The protein solubility for CBSY remains similar at native
pH and pH 7, as the native pH for CBSY is 6.1 and, therefore, already close to pH 7. This
is in line with other studies, citing that yeast has an isoelectric point of around pH 3 [65].
Therefore, in the case of PBSY, protein solubility is likely at its minimum at its native pH of
~3.5 as this was determined to be the approximate isoelectric point of the material; however,
at pH 7, it is approximately the same value. Since the change in pH did not seem to have
a major effect on the solubility of PBSY, it can be hypothesised that the main influence
on protein solubility is perhaps the extent of proteolysis products present in PBSY. It is
also likely that the zeta potential is affected by other compounds in the BSY matrix, not
specifically protein, but by sugars, minerals, salt, and alcohol. It is emphasised that BSY is a
particularly complex matrix with regard to determining zeta potential due to the presence
of ions and minerals that affect the ionic strength and, therefore, the overall charge [66,67].
In general, increased ionic strength leads to a decreased overall charge; in other words, it is
closer to 0. It is also true that the zeta potential refers to the sum of all charged particles in
the matrix, whereas in this study, solubility refers to protein solubility alone. Since there is
an absence of research in the literature available regarding the effects of LAB fermentation
on this already complex matrix, further study in this area and its relation to zeta potential
is required.

In yeast, cell surface hydrophobicity is an important characteristic as it affects the
cells’ ability to interact with each other and other materials. In brewing, this is particularly
important for yeast flocculation behaviour [68]. Yeast strains adapted for brewing purposes
could benefit from increased surface hydrophobicity, as in CBSY, to allow for increased
cell–cell contact and interaction with the environment, improving flocculation properties
and reducing solubility [69]. The decrease in hydrophobicity in PBSY is likely due to the
degradation of the yeast cell and protein during autolysis and fermentation [13]. This
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theory is supported by the literature, with increasing degrees of hydrolysis reducing the
hydrophobicity of proteins depending on the method of hydrolysis [70,71]. Conformational
changes induced during processing (i.e., thermal treatment, pH drop) could also contribute
to this difference [72]. Additionally, the increased ethanol concentration in CBSY compared
to PBSY [13] might also have contributed to an increase in surface hydrophobicity [73],
while yeast cell surface hydrophobicity has also been shown to increase with replicative
age [69].

Generally, increased protein solubility indicates improved functional characteristics,
including foaming [74–76]. However, a low pH can destabilise foam matrices, whereas
a neutral to higher pH has been shown to enhance foaming properties [77]. This effect
is likely the reason for the inhibited foaming capacity and stability of PBSY at native pH.
In contrast, at pH 7, CBSY and PBSY perform similarly in terms of foaming capacity, and
PBSY exceeds CBSY with regard to foam stability. This increased foaming capacity and
stability of CBSY at native pH may also be due to increased surface hydrophobicity, where
the hydrophobic groups lend increased surfactant properties.

Proteins and peptides also play a significant role in the production and stabilisation
of foam in food applications due to their potential surfactant properties. A study by
Tang et al. (2022) [78] showed that the addition of soy peptides can improve the foaming
characteristics of egg white powder. Soy peptides have been shown to exhibit good
interfacial and emulsifying properties and have the ability to reduce surface tension [79].
However, peptide size is important. Smaller peptides (i.e., a higher degree of hydrolysis) do
not display any surfactant properties. By contrast, those with lower degrees of hydrolysis
show improved surface-tension-lowering abilities [79]. The same effect has been observed
in brewing, where lower molecular weight peptides are considered to be negative foaming
effectors, potentially due to the limitation of active sites at the air/liquid interface [80]. The
protein degradation occurring in PBSY during autolysis and fermentation results in the
release of amino acids, peptides, and proteins [13], in particular glycoproteins, which may
account for the improved foam stability performance of PBSY over CBSY at pH 7. During
autolysis, the cell wall degradation activity by β-1,3 glucanase releases the glycoprotein,
i.e., mannoproteins, from the yeast cell wall. With a hydrophobic protein segment and
a hydrophilic polysaccharide segment, glycoproteins can act as good foam producers
and stabilisers. Purified yeast mannoproteins have been successful in enhancing foaming
characteristics in sparkling wines [81]. This is a possible explanation for the enhanced foam
stability in PSBY at pH 7. This could also explain the increase in stability of emulsions
formed with PSBY as opposed to CBSY, with these proteins forming a stabilising layer
around the oil droplets [82]. Saccharomyces species have been shown to successfully stabilise
oil in water emulsions [83,84]. However, the yeast used in that study included pure yeast
cells that had been thermally inactivated, which is a significantly different matrix from that
of BSY. In this study, the PBSY emulsions exhibited a decreased separation rate and a smaller
oil droplet size than the CBSY emulsions. As well as the release of glycoproteins, simply the
increased concentration of peptides in PBSY could also contribute to this effect, although the
degree of hydrolysis is not specifically known. It should also be noted that the emulsions
formed in this study were based on the 1% protein concentration without accounting
for protein solubility. Since PBSY exhibits greater protein solubility, it corresponds that
surfactant properties will be increased.

The particle size results observed in this study align with the BSY cell size estimated
by scanning electron microscopy in a previously published study [13], where the average
cell diameter was estimated to range between 5 and 8 µm. These data are also supported
by similar values reported in the literature [85–87].

While no significant thickening behaviour was observed in either CBSY or PBSY
throughout heating and cooling, changes in rheological behaviour were observed between
the ingredients. As a result of the heating and cooling cycle, G′ is increased in both CBSY
and PBSY. However, PBSY G′ begins to increase at the beginning of the 90 ◦C hold, whereas
CBSY G′ only begins to increase at the commencement of cooling. In food materials,
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changes in the rheological properties of food can mainly be attributed to proteins and
polysaccharides [88]. Yeast β-glucans have been shown to possess gel-forming properties
on their own and improve the gelling characteristics of other proteins when used in
combination [89,90]. However, the yeast protein has been shown to have a low apparent
viscosity, minimally influenced by shear rate [9]. A study by Worrasinchai et al. (2006)
examined the weak-gel-forming abilities of spent yeast β-glucans and their use as an oil
replacer in low-fat mayonnaise [91]. The presence of β-glucan in BSY, and the changes
in polysaccharide composition during processing, may be partially responsible for the
changes in rheological behaviour during heating and cooling. Yeast β-glucan has been
shown to increase the water-holding capacity of fish protein gels [89,90], and, therefore,
the increased level of β-glucan in CBSY may be responsible for its slightly increased WHC.
Differing degrees of protein degradation in CBSY and PBSY may also affect rheological
behaviour, as autolysis, LAB fermentation, and heat treatments likely result in protein
denaturation and changes in the protein configuration in PBSY. Increased protein solubility
in PBSY may also contribute to the accelerated rheological response from PBSY on heating.
Differences in pH and ionic strength, as influenced by the presence of monovalent and
divalent cations, are also factors to consider with regard to rheological changes [88,92,93].
The given results provide an interesting insight into the potential functionality of BSY when
implemented in food applications as an important issue to consider when contemplating
the feasibility of processing BSY in large quantities.

5. Conclusions

The upcycling of BSY presents an ongoing challenge. Although previous studies have
outlined the potential of fermentation as a tool to improve overall sensory acceptability, the
functional properties of such materials remain largely unexplored. This study examines
in more detail the compositional changes that occur during the LAB fermentation of BSY,
including a reduction in the level of glucans, the degradation of trehalose, and the increased
level of fructose, while the fatty acid profile remains similar for both CBSY and PBSY. In
terms of functionality, at pH 7, PBSY exceeded CBSY regarding foam stability, whereas
CBSY displayed a higher foam capacity. No change in the oil-holding capacity, but a slight
decrease in the water-holding capacity was observed. A significant increase in protein
solubility at both native pH and pH 7 and a drastic decrease in surface hydrophobicity
indicated extensive protein degradation in PBSY. Slightly improved emulsion stabilising
characteristics were observed in PBSY, and some changes were observed in rheological
behaviour. However, concerning these last two points, in particular, further study would
be beneficial. In conclusion, this study expands on the known nutritional and functional
information regarding BSY and fermented BSY, which is critically important in terms of
implementing BSY as an ingredient in foods for human consumption and determining the
feasibility of upscaling processing methods and food applications.
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