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A B S T R A C T

Brewers’ spent grain protein, EverPro™ Light fraction (ELF), is suitable for beverage applications due to its high 
solubility. However, challenges include poor techno-functional properties, and unfavourable sensory profile 
often causing astringency and off flavours. This study investigated the potential of lactic acid bacteria (LAB) 
fermentation to improve the techno-functional and sensory properties of ELF, in a simple beverage system. 
Beverages containing 10 % (w/v) ELF and 5 % (w/v) sucrose were fermented using three single LAB strains using 
Lactiplantibacillus plantarum FST 1.7, Leuconostoc citreum TR116, and Lactobacillus amylovorus FST 2.11. 
Fermentation performance was assessed including pH, total titratable acidity (TTA), viable cell counts, sugar and 
acid profiles. TR116 showed the fastest growth, while FST 1.7 and FST 2.11 produced the highest acidification. 
Techno-functional changes were strain dependent and included a darker colour, increased viscosity, turbidity, 
and separation rate compared to the non-fermented control. Tribological measurements showed increased 
friction for FST 2.11, while FST 1.7 and TR116 improved lubrication. Sensory analysis revealed fruity notes in 
FST 1.7, dairy-like flavours in FST 2.11, and reduced malty/cereal flavour in TR116. Overall, LAB fermentation 
enhanced flavour profiles and mouthfeel characteristics of ELF based beverages, highlighting its potential for 
high protein fermented plant based soft drinks.

1. Introduction

Fermentation is a widely used processing technique that can enhance 
nutritional, sensorial and functional properties of food and beverages 
(Hidalgo-Fuentes et al., 2024). Lactic acid bacteria (LAB) fermentation 
has been a long-used strategy serving a crucial role in transforming 
diverse substrates into value added products. Well known fermented 
products involving LABs include the fermentation of milk to yoghurt, 
kefir and cheese, cereals to create sourdough bread, soya beans into tofu 
and tempeh, as well as fermenting various types of vegetables to yield 
kimchi, sauerkraut and more. These fermented products allow for the 
development of unique flavours and extended shelf life but also offer 
health benefits (Binda & Ouwehand, 2019; Gänzle & Salovaara, 2019; 

Park & Kim, 2019). Water based, non-alcoholic fermented beverages 
utilising LAB include water kefir (tibicos) produced by fermenting a 
sucrose solution usually with dried fruits, as well as kombucha, which is 
fermented from sweetened tea. Both products are fermented using a 
symbiotic culture of bacteria and yeast embedded in a polysaccharide 
matrix (Lynch et al., 2021; Nyhan et al., 2022). These beverages have 
gained popularity due to their potential to support gut health by 
providing probiotics and bioactive fermented byproducts, for overall 
wellbeing. Pasteurisation is sometimes employed post-fermentation to 
prevent the risk of continued fermentation and an increase in ethanol 
levels, which then inactivates the health benefits of the probiotic live 
bacteria (Cufaoglu & Erdinc, 2023; Lynch et al., 2021; Nyhan et al., 
2022). However, emerging evidence indicates that LAB fermentation 
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has shown to produce postbiotics, non-viable microbes or their metab
olites, that confer health benefits similar to probiotics without requiring 
the microbes to be alive (Chang et al., 2021; Żółkiewicz et al., 2020).

As global dietary patterns increasingly shift towards sustainability, 
fermentation offers a promising approach to enhance functionality and 
value to novel protein products. The most recent EAT- Lancet commis
sion report emphasises that shifting towards more plant-forward dietary 
patterns, alongside the upcycling of food system side streams, is essen
tial for achieving both nutritional and global health targets (Rockström 
et al., 2025). LAB fermentation has been applied in beverages across a 
variety of protein matrixes for different purposes. For example, the 
fermentation of a casein or whey protein beverage with LAB has been 
shown to improve digestibility and increase phenolic compounds 
(Alrosan et al., 2024; Cho et al., 2015). Comparable benefits were re
ported for a tofu byproduct (liquid fraction) beverage, showing addi
tional enhanced antioxidant activity and sensory properties (Azi et al., 
2020; Tu et al., 2019). Manus et al. (2021) further demonstrated that 
fermenting combinations of pea and rice proteins, as well as pea and 
hemp proteins, with LABs (including Lactobacillus acidophilus, Lactoba
cillus casei and Lactobacillus rhamnosus) can yield probiotic drinks with 
increased digestibility and viscosity. While these studies, along with 
recent reviews such as Hidalgo-Fuentes et al. (2024), have summarised 
advances in plant-based beverage fermentation, most focus on formu
lations intended as milk alternatives, whereas fewer studies have 
addressed the fermentation of high protein plant-based beverages to 
produce soft drinks.

Barley is the most commonly used raw material for the brewing 
process, often used in combination with adjunct grains such as rice. 
Adjuncts are used to replace a portion of barley malt as alternative 
sources of fermentable extract in the wort. Brewers spent grain (BSG) is 
the residual material from the initial brewing grains following the 
malting and mashing processes of beer making. It is the most abundant 
by-product of the brewing industry and has a protein content, ranging 
from 19 – 30 % (Jaeger et al., 2021; Mussatto et al., 2006). EverPro™ 
Light Fraction (ELF) is manufactured by the company EverGrain and is a 
barley and rice protein isolate, extracted from the BSG obtained from a 
brew using malted barley and rice adjunct and therefore contains a 
mixture proteins from both cereals. The ingredient is produced by the 
concentration of proteins from barley and rice BSG using a series of 
enzymatic hydrolysis and sized-based separation and purification steps 
and is commercially available largely in the United States (US) (Turck 
et al., 2023).

The LAB strains Lactiplantibacillus plantarum FST 1.7, Leuconostoc 
citreum TR116 and Lactobacillus amylovorus FST 2.11 have been applied 
in various fermentation studies targeting sensory enhancement and 
improvement of ingredient functionality for application in variety of 
food and beverage products. These strains have demonstrated benefits 
across multiple substrates, including non-alcoholic sour beer (FST 1.7, 
FST 2.11) (Nyhan et al., 2023c; Peyer et al., 2017b), brewing byproducts 
including rootlets (FST 1.7, TR116, FST 2.11) (Neylon et al., 2023a) and 
brewers spent yeast (FST 2.11) (Jaeger et al., 2024b), lentil-based 
yoghurt alternatives (TR116) (Boeck et al., 2022), sugar-reduced 
burger buns (TR116) (Sahin et al., 2019), pâté -based products 
(TR116) (Sahin et al., 2024) and high-protein faba bean ingredients 
(Hoehnel et al., 2020). LAB fermentation can also enhance protein di
gestibility through partial proteolysis, releasing peptides and free amino 
acids that improve bioavailability and reduce anti-nutritional factors 
(Gobbetti et al., 2019). This ingredient exhibits high solubility across a 
wide pH range, including acidic conditions, and has been shown to 
enhance appearance and improve sensory characteristics by reducing off 
flavours (bitter and burn/roasty descriptors) and minimising aroma 
compounds, making it more adaptable for beverage formulations (Ahern 
et al., 2025). This makes ELF a promising substate for further explora
tion in producing high protein fermented beverages, positioning it as a 
promising ingredient for non-alcoholic functional beverage 
formulations.

The aim of this study was 1) to evaluate the fermentation perfor
mance of three different LAB strains in a simple ELF-based beverage 
system containing a high protein content, which included monitoring 
pH, total titratable acidity (TTA), viable cell count, sugar and acid 
profile, over 48 hrs of fermentation in 24 hrs intervals; and 2) to 
investigate changes in techno-functionality and tribology of the bever
ages, and their sensory characteristics after 48 hrs of fermentation.

2. Materials and methods

2.1. Materials

Barley and rice protein isolate, EverPro™ Light Fraction (ELF) was 
obtained from EverGrain LLC (St. Louis, MO, USA). All chemicals were 
purchased from Sigma- Aldrich (St. Louis, MO, USA) unless stated 
otherwise. Prior to fermentation, the presence of microbial spore for
mers in ELF, common contaminants in plant-based protein extracts that 
can affect food safety and LAB fermentations, was assessed by Eurofins 
Food Testing Ltd (Dungarvan, Waterford, Ireland) ELF was fermented 
with Lactiplantibacillus plantarum FST 1.7 and Lactobacillus amylovorus 
FST 2.11, which belong to the culture collection stock of the Cereal and 
Beverage Science Research Group in the School of Food and Nutritional 
Sciences Department, University College Cork, Ireland, and Leuconostoc 
citreum TR116, which belongs to the culture collection of the Depart
ment of Biological Sciences of Munster Technological University Ireland 
(Table 1). These LAB strains were maintained as stock cultures and were 
stored frozen in 40 % glycerol at – 80 ◦C. The strains were subcultured 
routinely on deMan Rogosa Sharpe (MRS) agar plates supplemented 
with 0.05 g/L bromocresol green, under anaerobic conditions using 
AnaeroGen gas packs (Thermo Fisher Scientific, Walham, MA, USA) at 
30 ◦C for 48 hrs.

2.2. Beverage fermentation

Prior to fermentation, cell suspensions of each LAB strain were pre
pared by inoculating a single colony from a fresh agar plate into 10 ml of 
MRS broth and incubating at 30 ◦C for 24 hrs. This was followed by 
subculturing 1 % (v/v) of the inoculum into 50 ml of fresh MRS broth 
and incubating at 30 ◦C for 18 hrs. Cells were harvested by centrifuga
tion at 4863 rcf for 5 mins at 4 ◦C. The supernatant was discarded, and 
the cell pellet was resuspended in 50 ml of sterile tap water. Cells were 
washed twice by repeating the centrifugation and resuspension steps. 
ELF beverage fermentations were performed in three separate, 1 L batch 
bioreactor vessels (n = 3 bioreactors), on the DASGIP Bioblock com
bined with the DASGIP TC4SC4 and DASGIP PH8 modules (Eppendorf, 
Stevenage, UK) for temperature and agitation control. An 800 ml solu
tion consisting of 10 % (w/v) ELF and 5 % (w/v) sucrose prepared with 
sterilised tap water was placed in each bioreactor, providing approxi
mately 8 – 9 g of protein per 100 ml. The control ELF-based beverage 
(unfermented) was heated at 90 ◦C for 30 mins, cooled to 30 ◦C, and 
sterility was confirmed by plating on plate count agar and incubating at 

Table 1 
Attributes of the lactic acid bacteria used for experimental analysis.

Species Lactiplantibacillus 
plantarum

Leuconostoc 
citreum

Lactobacillus 
amylovorus

Strain FST 1.7 TR116 FST 2.11
Metabolism Heterofermentative Heterofermentative Homofermentative
Fermentation 

substrate
Sucrose Sucrose Sucrose

Source Malted barley Yellow pea 
sourdough

Brewing 
environment

Special traits Antifungal 
producer, high acid 
producer

Mannitol producer, 
antifungal producer

Antimicrobial 
producer, high 
acid producer

References (Dal Bello et al., 
2007)

(Rice et al., 2020; 
Sahin et al., 2021)

(Peyer et al., 
2017b)
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30 ◦C for 48 hrs. For the fermentations, LAB strains were inoculated at 1 
% (v/v) into to the ELF-based beverage to obtain an average initial cell 
concentration of 107 CFU/ml. Fermentations were carried out at 30 ◦C 
with constant mixing at 50 rpm for 48 hrs. Aliquots were taken in 
duplicate from each bioreactor at 0, 24 and 48 hrs to analyse pH, TTA, 
viable cell counts, sugars and organic acids. After 48 hrs, the fermented 
beverages were pasteurised at 72 ◦C for 15 mins, and aliquots of the 
beverage solutions from each bioreactor (n = 3) were frozen at - 20 ◦C 
for subsequent analysis. Pasteurised ELF beverage solution (unfer
mented ELF beverage) was used as a control.

2.3. Microbial growth

Viable cell counts were determined by serial diluting 1 ml of the 
fermented ELF beverage in 9 ml of Ringer’s solution, followed and 
plating 0.1 ml of each dilution onto MRS agar supplemented with 0.05 
g/L bromocresol green. Plates were incubated anaerobically using 
AnaeroGen gas packs at 30 ◦C for 48 hrs and counted to determine CFU/ 
ml (colony forming units). Additionally, the growth rate of each LAB was 
calculated as the slope of the line between 0 and 24 h and 24 to 48 h 
expressed in Log CFU/ml per hour.

2.4. pH and TTA

pH was measured using a pH meter (Mettler Toledo, OH, USA) at 20 
◦C. TTA was determined using the method described by Nyhan et al. 
(2023c), where 20 ml of beverage sample was titrated against 0.1 M 
NaOH until a neutral pH value of 7 was reached, followed by a 1 min 
waiting period. TTA was expressed as the amount of 0.1 M NaOH/ml 
sample. If the pH of the beverage was above 7, only pH was recorded and 
TTA was considered as non- applicable (n.a).

2.5. Quantification of sugars and organic acids

Sugars and organic acids were extracted according to Hoehnel et al. 
(2020). Briefly, 2 g of sample was added to 15 ml of 80 % EtOH at 80 ◦C. 
The samples were then sonicated at an amplitude of 100 % for 30 secs 
using an ultrasonic homogeniser (Bandelin, Sonoplus), and centrifuged 
at 1800 rcf for 10 mins. The resulting supernatant was decanted into a 
new tube. To ensure complete extraction of sugars and organic acids, the 
pellet was washed again with 80 % EtOH at 80 ◦C, sonicated and 
centrifuged using the same conditions mentioned above, and the two 
supernatants were combined. A vacuum centrifuge (Scanvac, Lynge, 
Denmark) was used to evaporate the ethanol and concentrate the ex
tracts (2000 rpm, 55 ◦C, 3.5 hrs) before the final volume was adjusted to 
10 ml with NaN3 solution (50 ppm). The obtained extracts were filtered 
twice, first through a syringe-driven filters (Corning, NY, USA) with a 
pore size of 0.45 µm, followed by 0.2 µm filter. The samples were diluted 
and stored frozen until chromatographic analysis. The quantification of 
selected mono, di, oligo-saccharides and polyols (sucrose, glucose, 
fructose, galactose mannitol, xylitol, sorbitol, rhamnose, arabinose, 
xylose and melibiose) was carried out as previously described by 
Ispiryan et al. (2019) with a Dionex ICS-5000+ system (Sunnyvale, CA, 
USA) and pulsed amperometric detection. An external calibration was 
used for each of the compounds (0.05–20 ppm) and the separation was 
performed on two different columns: a Thermo Scientific Dionex Car
boPac PA1 column (2 × 250 mm; Thermo Fisher Scientific, Waltham, 
MA, USA; used for quantification of sucrose, glucose, fructose, 
mannitol). The column was equipped with the matching guard column. 
A flow rate of 0.25 ml/min was chosen, and eluents and elution condi
tions (isocratic/gradient) were set as reported by Ispiryan et al. (2019). 
The separation of organic acids (acetic and lactic acid) was performed 
using a Dionex UltiMate 3000 System (Thermo Fisher Scientific, Wal
tham, MA, USA) equipped with a Hi-Plex H column (7.7 × 300 mm; 
Agilent Technologies, Santa Clara, CA, USA) and the matching guard 
column, which was operated at a column temperature of 60 ◦C and with 

5 mM sulphuric acid as eluent. The compounds were quantified using an 
external calibration (0.03–6 g/L) and an ultraviolet light/diode array 
detector (UV/DAD; Thermo Fisher Scientific, Waltham, MA, USA;UV 
spectra recorded between 190 and 400 nm; quantification at 210 nm).

2.6. Colour

The CIE L* a* b* and RGB measurements (refers to the image where 
each pixel is defined by the amount of red, green, and blue colours) of 
the samples were measured with a UV–VIS spectrophotometer (Thermo 
Scientific Genesys 50, Waltham, MA, USA) using the method described 
by Delgado-González et al. (2018),calculated according to CIELab pa
rameters at illuminant D65. Briefly, the colour coordinates of the bev
erages were determined by transmittance spectrum of the sample in the 
range of 380 - 780 nm. The spectrum was recorded with a wavelength 
resolution in 5 nm steps between each measurement and blanked with 
distilled water.

2.7. Turbidity

Turbidity was measured using a turbidity meter (Thermo Scientific 
Eutech TN-100 Waterproof Turbidimeter, Singapore, China). Samples 
were measured at 20 ◦C. The turbidity meter was calibrated, and a 
sample volume of 10 ml was used for analysis ranging from 0 - 2000 
nephelometric turbidity unit (NTU) with a wavelength of 850 nm.

2.8. Apparent viscosity

Rheological behaviour was determined using a rheometer (MCR301, 
Anton Paar, Graz, GmbH, Austria) equipped with a concentric cylinder 
measuring attachment (Anton Paar, GmbH, Graz, Austria) as described 
by Ahern et al. (2023). The dynamic viscosity (mPa⋅s) was measured as a 
function of shear rate ranging from 0.5 to 100 (1/s) at 20 ◦C. Then the 
apparent viscosity at 80.7 (1/s) was evaluated and used to compare the 
beverages with each other.

2.9. Stability

Stability was determined using an analytical centrifuge (LUMiSizer, 
LUM GmbH, Berlin, Germany), through phase separation based on light 
transmission during centrifugation. The cycle configuration involved 
measuring 100 profiles in 10 s intervals, with sample centrifuged at 
1000 rcf, at a wavelength of 865 nm and a temperature of 20 ◦C. During 
centrifugation, the samples were illuminated with near infrared light 
and transmitted light was detected by sensors across the entire sample. 
The percentage of integrated light transmission over time is then 
calculated by the software, and the separation rate (% transmission per 
minute) is reported (Vogelsang-O’Dwyer et al., 2021).

2.10. Tribology

Tribological measurements were conducted on an MCR301 rheom
eter using the BC-12.7 ball-on-3-pins tribology attachment (Anton Paar 
GmbH, Graz, Austria) at 37 ◦C as described by Fox et al. (2022). The 
attachment contains changeable tribopairs (a glass ball and poly
dimethylsiloxane (PDMS) pins), which were supplied by Anton Paar 
(Graz, Austria). New pins were used for each test consisting of one run-in 
period and two repeated measurements of Stribeck curves. Before 
starting a test, the pin-holder and ball-holder were washed gently using 
a dilute detergent solution and rinsed thoroughly as well as being rinsed 
in acetone and dried with lab-wipes with the tribopairs. The test 
sequence was as followed: first the glass ball was lowered until a target 
force of 3 N was reached and held at that height for an equilibration 
period of 1 min. Furthermore, the following settings of the measurement 
system were selected: a logarithmic increase in sliding speed from 10− 8 

to 1 m/s was performed recording 80 data points with point duration 
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from 1 to 10 s logarithmic, followed by a resting period of 1 min. The 
control and the fermented beverages were measured using 1 ml aliquots. 
Three consecutive Stribeck curve measurements were performed for 
each sample. The first measurement served as a run-in period and was 
excluded from the data set. Each sample was performed in triplicate, 
resulting in six evaluated datasets per sample.

2.11. Descriptive sensory analysis

Prior to conducting sensory analysis, all four samples were sent to 
Eurofins Food Testing Ltd (Dungarvan, Waterford, Ireland) for microbial 
testing. The lab examined the samples for various food borne pathogens 
including Listeria species (including L. monocytogenes), Salmonella, 
Escherichia coli, Coagulase Positive Staphylococcus and presumptive Ba
cillus cereus. All pathogens were either not detected or within the satis
factory limit (< 10 CFU/ml), indicating compliance with the 
microbiological criteria for ready to eat products as defined by Com
mission Regulation (EC) No 2073/2005 (European Commission, 2005).

Sensory analysis of the unfermented control and the fermented ELF 
beverages were conducted by a panel of experienced sensory testers (n =
7, 2 male and 5 female, age range 23 - 32) recruited from the School of 
Food and Nutritional Sciences at University College Cork. However, no 
formal training or calibration sessions using reference standards were 
conducted” This sensory analysis was conducted as an exploratory 
descriptive assessment to identify major differences between samples. 
The panellists evaluated the intensity of the following descriptors on a 
scale of 0–10, with 10 indicating highly detectable (extreme) and 
0 indicating undetectable (none): taste: sweet and sour; flavour: honey, 
fruity, citrus, earthy/muddy, dairy; mouthfeel: viscosity. The sensory 
descriptors were selected based on preliminary evaluations by the 
research team to identify the most prominent flavour and mouthfeel 
attributes while minimising panel fatigue. The definitions of the de
scriptors are displayed in Supplementary Table 1. The sensory analysis 
took place in a sensory analysis room and was completed in duplicate 
across two separate sessions.

2.12. Statistical analysis

All analysis was performed in triplicate unless stated otherwise. All 
statistical analysis was performed using IBM SPSS version 29 (Armonk, 
NY, USA). A one-way ANOVA with post-hoc Tukey test (p value ≤ 0.05) 
was completed to identify significant differences among groups. In cases 
where equal variances were not assumed, a correction using Games 
Howell (p value ≤ 0.05) post hoc test was applied to the data. When data 
was not normally distributed, a non-parametric Kruskal Wallis test value 
(p value ≤ 0.05) was used.

3. Results

The results reveal firstly the fermentation performance of the three 
different LAB strains using the ELF-based protein beverage as a substrate 
and secondly the quality differences regarding techno-functionality and 
sensory between the fermented beverages.

3.1. Fermentation performance

To evaluate the fermentation performance of the different strains, 
changes in pH and TTA, as well as microbial growth kinetics were 
determined in 24 hrs intervals for 48 hrs. Additionally, changes in sugars 
and acids during fermentation reveals insights in metabolic traits.

3.1.1. pH and TTA
Fig. 1A exhibits the changes in pH during single-strain fermentations 

with L. plantarum FST 1.7, L. citreum TR116 and L. amylovorus FST 2.11, 
while the TTA results are shown in Table 2. The unfermented control, as 
well as the fermented beverages, showed an average pH of ~8 at T0. 
Both FST 1.7 and FST 2.11 caused a similar pH reductions after 24 hrs (at 
7.53 ± 0.07 and 7.37 ± 0.08 respectively), followed by a steep decline 
after 48 hrs (at 5.42 ± 0.22 and 5.47 ± 0.16 respectively). Fermentation 
with TR116 resulted in a pH drop from pH 7 after 24 hrs to 5.88 after 48 
hrs. TTA values were only recorded at time point 48 hrs as the beverages 
had a pH ≥ 7 at time points 0 hrs and 24 hrs. FST 1.7 showed the highest 
TTA (0.26 ± 0.03 of 0.1 M NaOH/ml), followed by FST 2.11 (0.20 ±
0.03 of 0.1 M NaOH/ml). TR116 showed the lowest acidity (0.14 ±

Fig. 1. (A) Acidification and (B) microbial growth of Lactiplantibacillus plantarum FST 1.7, Leuconostoc citreum TR116 and Lactobacillus amylovorus FST 2.11 in 
ELF-based beverages. Points which share the same letter do not differ significantly (p < 0.05).
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0.01). Overall, the increase in TTA corresponded with the decrease in 
pH.

3.1.2. Microbial growth kinetics
The initial cell counts for strains FST 1.7, TR116 and FST 2.11 are 

displayed in Fig. 1B, and were 6.99 ± 0.09, 6.93 ± 0.08 and 6.75 ± 0.08 
log CFU/ml respectively, increasing to maximum cell counts of 8.53 ±
0.43, 9.21 ± 0.18 and 7.66 ± 0.10 log CFU/ml after 48 hrs. TR116 
reached the highest cell count after 24 hrs, with a significantly higher 
growth rate between 0 and 24 hrs (0.073 ± 0.02 log CFU/ml per hour), 
as shown in Table 2, which declined between 24 and 48 hrs (0.022 ±
0.01 log CFU/ml per hour). In contrast, FST 1.7 exhibited a notable 
increase in growth rate between 24 and 48 h, whereas FST 2.11 main
tained relatively stable growth, with the lowest viable cell count 
throughout.

3.1.3. Sugar and organic acid profiles
The sugar profiles, (monosaccharides, disaccharides and polyols), 

along with the organic acids of each fermented beverage were analysed 
over 48 hrs in 24 hrs intervals. The profiles are illustrated in Fig. 2, while 
the values are presented in Supplementary Table 3. At 0 hrs, all bever
ages contained ~5 % sucrose. After 24 hrs fermentation, sucrose levels 
remained largely unchanged with no significant reduction observed in 
beverages fermented with FST 1.7 and TR116, whereas FST 2.11 caused 

a notable decrease to 4.75 ± 0.12 g/100 ml. By 48 hrs, a significant 
decrease in sucrose was detected across all beverages with the most 
pronounced decrease observed with FST 2.11 (2.87 ± 0.51 g/100 ml), 
followed by TR116 (4.36 ± 0.14 g/100 ml) and FST 1.7 (4.55 ± 0.33 g/ 
100 ml). Fermentation with FST 2.11 resulted in a significantly higher 
glucose level (1.15 ± 0.34 g/100 ml) after 48 hrs compared to FST 1.7 
and TR116. ELF-based beverages fermented by FST 1.7 showed the 
lowest quantity of fructose after fermentation (0.07 ± 0.02 g/100 ml), 
followed by FST 2.11 (0.14 ± 0.04 g/100 ml) and TR116 (0.17 ± 0.02 
g/100 ml). Notably, TR116 was the only strain to produce mannitol, 
reaching 0.58 ± 0.04 g/100 ml after the 48 hrs.

Organic acid production also varied between strains. Both FST 1.7 
and FST 2.11 generated significantly higher amounts of lactic acid (0.31 
± 0.04 g/100 ml and 0.31 ± 0.06 g/100 ml, respectively) compared to 
TR116 (0.14 ± 0.01 g/100 ml).

Table 2 
Fermentation performance of the unfermented control beverage and the ELF- 
based beverages fermented with Lactiplantibacillus plantarum FST 1.7, Leuco
nostoc citreum TR116, and Lactobacillus amylovorus FST 2.11. Data are 
expressed as mean ± standard deviation. Values in the same row that share a 
letter do not differ significantly (p < 0.05). n.a = not applicable.

Control FST 1.7 TR116 FST 2.11

TTA 48 h (ml 0.1 M NaOH/ 
ml)

n.a 0.26 ±
0.03 a

0.14 ±
0.01 b

0.20 ±
0.03 c

Growth rate 0 to 24 h (Log 
CFU/ml per hr)

n.a 0.030 ±
0.01 a

0.073 ±
0.02 b

0.020 ±
0.00 a

Growth rate 24 to 48 h (Log 
CFU/ml per hr)

n.a 0.035 ±
0.02 a

0.022 ±
0.01 ab

0.018 ±
0.01 b

Fig. 2. Profile of sugars and acids at times 0 hrs, 24 hrs and 48 hrs fermentation expressed in g/100 ml of ( ) unfermented control and fermented ELF beverages 
including ( ) Lactiplantibacillus plantarum FST 1.7, ( ) Leuconostoc citreum TR116 and ( ) Lactobacillus amylovorus FST 2.11. Points which share the same letter do 
not differ significantly (p < 0.05).

Table 3 
Techno-functional properties of the unfermented control beverage and the ELF- 
based beverages fermented with Lactiplantibacillus plantarum FST 1.7, Leuco
nostoc citreum TR116 and Lactobacillus amylovorus FST 2.11. Data are 
expressed as mean ± standard deviation. Values in the same row that share a 
letter do not differ significantly (p < 0.05). n.a = not applicable.

Control FST 1.7 TR116 FST 2.11

Colour L* value 22.38 ±
0.11 a

12.40 ±
0.44 b

13.65 ±
0.19 c

11.74 ±
2.90 bc

Colour a* value 17.05 ±
0.14 a

14.60 ±
0.25 b

14.36 ±
0.17 b

15.56 ±
1.30 ab

Colour b* value 91.88 ±
0.17 a

75.99 ±
0.73 b

78.02 ±
0.33 c

74.95 ±
4.81 bc

Turbidity (NTU) 555 ± 8 a 1180 ±
109 b

608 ± 43 a 868 ± 100 
c

Separation rate (%/min) 0.40 ±
0.06 a

1.27 ±
0.10 b

0.97 ±
0.03 c

0.67 ±
0.08 d

Apparent viscosity at 80 
1/s (mPa•s)

3.38 ±
0.20 a

4.36 ±
0.65 b

3.92 ±
0.32 b

5.12 ±
0.84 b
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3.2. Techno-functional properties of fermented beverages

3.2.1. Colour and turbidity
The colour and turbidity values of the beverages are presented in 

Table 3, with images and RGB images of the unfermented and fermented 
beverages are shown in Fig. 3. All fermented beverages exhibited lower 
L* values than the control (unfermented ELF-based beverage) at 22.38 ±
0.1. Among the fermented beverages, L* values were comparable at 
13.65 ± 0.19 (TR116), 12.40 ± 0.44 (FST 1.7) and 11.74 ± 2.90 (FST 
2.11). Fermented beverages resulted in significantly higher turbidity 
results compared to unfermented control (555.17 ± 8.01 NTU), with the 
exception of TR116 (608.33 ± 43.06 NTU). Beverages fermented with 
FST 1.7 showed the highest turbidity at 1180.67 ± 109.75 NTU, fol
lowed by FST 2.11 at 868.33 ± 100.05 NTU.

3.2.2. Dispersion stability
The separation rate of each sample is displayed in Table 3. The un

fermented control showed a significantly lower separation rate (0.40 ±
0.06 %/min) compared to all fermented beverages. Among the fer
mented beverages, FST 2.11 resulted in the highest dispersion stability 
(0.67 ± 0.08 %/min), compared to TR116 (0.97 ± 0.03 %/min) and FST 
1.7 (1.27 ± 0.10 %/min) which showed the highest separation rate. 
Lumisizer graphs shown in Fig. 4 illustrate sedimentation in the protein 
beverages fermented by FST 1.7 and FST 2.11, as evidenced by the 
accumulation of red and green lines towards the end of the transmission 
profile, compared to TR116 and the control showing little to no 
sedimentation.

3.2.3. Apparent viscosity and tribology
Viscosity and frictional properties are factors that can serve as 

important functional attributes capable of influencing the mouthfeel of 
beverages. The unfermented control exhibited the lowest viscosity (3.38 
± 0.20 mPa•s) whereas the fermented beverages showed significantly 
higher values. Among the strains, FST 2.11 caused the highest viscosity, 
followed by FST 1.7 and TR116 (Table 3), suggesting the changes in 
viscosity are strain dependent.

Stribeck curves displayed in Fig. 5, indicate distinct lubrication be
haviours among the samples. Beverages fermented by FST 2.11 exhibi
ted the lowest lubrication properties overall. Fermentation with TR116 
demonstrated beverages with the highest lubrication properties, with 
significant differences observed at sliding speeds 10⁻2 m/s and 1 m/s 
(Supplementary Table 4). At sliding speeds ranging from 10⁻⁸ m/s to 
10⁻³ m/s, the unfermented control and beverages fermented by FST 1.7 
exhibited similar Stribeck profiles. However, between 10⁻³ m/s and 10⁻¹ 
m/s, the lubrication of FST 1.7-fermented protein beverages deceased, 

whereas it increased in the unfermented control.

3.3. Descriptive sensory analysis of fermented beverages

The sensory evaluation revealed clear strain-dependent differences 
in flavour and mouthfeel attributes after the 48 hrs fermentation, as 
shown in Supplementary Table 5 and Fig. 6. No significant differences 
were found in the overall taste attributes (sour, sweet) of the beverages.

Protein beverages fermented by FST 1.7 did not differ significantly in 
honey flavour compared to the unfermented control, whereas beverages 
fermented by TR116 and by FST 2.11 were rated as having significantly 
less honey flavour. However, the beverage fermented by FST 1.7 was 
distinguished by exhibiting a significantly elevated fruity flavour 
compared to all other strains. Beverages fermented by TR116 exhibited 
the lowest malty/cereal flavour intensity, which was significantly lower 
than that of the unfermented control and FST 2.11-fermented beverages, 
but comparable to FST 1.7.

All beverages were rated as very low in citrus flavour intensity, with 
scores ranging from 0.75 to 1.92. Although no statistically significant 
differences were observed for dairy flavour, FST 2.11 received the 
highest average dairy flavour intensity score (4.00), compared with the 
other beverages, which scored below 2.42. The unfermented control was 
perceived to have significantly lower viscosity as a mouthfeel attribute 
than fermented beverages.

4. Discussion

Incorporating side-streams into food and beverage applications is 
appealing from a sustainability perspective, but often requires addi
tional processing to achieve desirable sensory and functional properties. 
ELF, a decolourised upcycled BSG protein isolate, light beige/sandy in 
colour, exhibits high solubility properties at acidic pH values, and 
neutral sensory properties (Ahern et al., 2025; Jaeger et al., 2024a). 
Considering the extensive treatment this protein ingredient has already 
undergone (Turck et al., 2023), further processing such as fermentation 
with LAB could unlock valuable benefits. Fermentation with LAB, 
including the ones used in this study (L. plantarum FST 1.7, L. citreum 
TR116 and L. amylovorus FST 2.11), have already shown to improve 
sensory and functional properties of brewing by-products (Jaeger et al., 
2024a; Neylon et al., 2021, Neylon et al., 2023b; Wätjen et al., 2023). 
This makes ELF an interesting high-protein substrate (~87 %), for 
developing high-protein fermented LAB beverages (Ahern et al., 2025). 
Therefore, this study investigated the potential of ELF as a substate for 
single-strain LAB fermentation and assessed the techno-functionality 
and sensory attributes of the final beverages.

Fig. 3. Images and RGB pictures of the unfermented control beverages and the ELF-based beverages fermented with Lactiplantibacillus plantarum FST 1.7, Leu
conostoc citreum TR116 and Lactobacillus amylovorus FST 2.11.
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Fig. 4. Lumisizer graphs showing the transmission profiles of (A) the unfermented control beverage and ELF-based beverages fermented with (B) Lactiplantibacillus 
plantarum FST 1.7, (C) Leuconostoc citreum TR116 and (D) Lactobacillus amylovorus FST 2.11 of near infrared light as a function of position. The top of the samples 
begins at the left-hand side of the graph. The first transmission is shown in red and the last one shown in green.

Fig. 5. Stribeck curves of the unfermented control beverage and ELF-based beverages fermented with Lactiplantibacillus plantarum FST 1.7, Leuconostoc citreum 
TR116 and Lactobacillus amylovorus FST 2.11. Friction factor is shown as a function of sliding speed (m/s).
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The growth of the LABs suggests that the high protein ELF-based 
beverages served as a favourable substrate for all strains.TR116 
demonstrated significant growth during the first 24 hrs and reached its 
highest cell count after 48 hrs. Neylon et al., 2023b, Rice et al. (2020)
and Sahin et al. (2024) reported that this strain achieved maximum cell 
counts after 24 hrs using brewers spent rootlets, cereal-based worts 
(barley, oat and wheat) as well as legume flour as substrates, before 
entering the stationary, and later, death phase. In sourdough produc
tion, Hoehnel et al. (2020) and Sahin et al. (2019) observed this strain 
reaching maximum cell count even more rapidly, after just 6 and 12 hrs 
growth periods, respectively. LABs including TR116 can be sensitive to 
environmental stressors such as osmotic pressure, pH and imbalances in 
essential micronutrients, all of which can slow their growth 
(Papadimitriou et al., 2016). The relatively high sodium content, low 
vitamin availability, and near alkaline pH of the ELF beverage may have 
contributed to a delayed growth, requiring a longer adaptation period 
(Ahern et al., 2025). FST 2.11 displayed slow but progressive growth, 
reaching only 7.7 log CFU/ml at the final time point. As a homo
fermentative strain, its metabolism can be primarily restricted to the 
fermentation of a single hexose, and this combined with environmental 
stressors may have contributed to its slower growth (Von Wright & 
Axelsson, 2019). FST 2.11 exhibited a pH reduction of 2 units to a mildly 
acidic level, yet it has demonstrated tolerance at much lower pH con
ditions (Peyer et al., 2017b). Variability in substrate adaptability sug
gests that extended fermentation could support continued growth of FST 
2.11 beyond 48 hrs, due to its slow adaptation to the ELF beverage 
(Jaeger et al., 2024a; Peyer et al., 2017a). FST 1.7 growth in the ELF 
beverage aligned more consistently with previous studies, achieving a 
maximum cell count after 48 hrs (8.5 log CFU/ml) and a pH drop of 2 
units (Neylon et al., 2023b; Peyer et al., 2015). The ELF-based beverages 
initially exhibited a relatively high pH (~ 8) prior to fermentation, 
exceeding that of other brewing by-product substrates, which are 
generally ≤ pH 6, however, the pH decrease of 1–2 units after 48 hrs of 
fermentation aligns with values reported in other studies (Jaeger et al., 
2024b; Neylon et al., 2023b). Elsewhere, protein-rich fermented bev
erages formulated with whey (starting pH ~6.3), casein (starting pH 
~7) or a tofu byproduct (liquid fraction starting pH ~5.3) protein were 
found to achieve a final pH of <4.5 after 48 hrs or less of fermentation 

(Alrosan et al., 2024; Cho et al., 2015; Tu et al., 2019). Therefore, the 
refined, protein-dominant composition of ELF, compared to more 
complex substrates such as whey or cereal-based matrices, may have 
imposed additional metabolic stress and contributed to delayed growth 
and prolonged adaptation. While LAB fermentation offers a biological 
approach to acidifying beverages like soft drinks, without the need of 
acidulants or relying on carbonation, the simple beverage system was 
fermented to evaluate its proof of concept. However, final pH values 
above 4.5, as observed in this study should be carefully considered, as 
they may create conditions that allow pathogen bacteria to grow in the 
final product, where unfermented protein soft drinks have acidic values 
between 2.9 to 4.2 (Ahern et al., 2023; Steen & Ashurst, 2006). There
fore, further investigation into extended fermentation time, mixed fer
mentations with complementary LAB strains, or the addition of 
acidulants would be necessary to produce a more acidic end product and 
improve microbial safety and shelf life (Ashurst et al., 2017; Cho et al., 
2015). Furthermore, adequate pasteurisation, UHT, or other suitable 
heat treatments would be required to optimise product safety.

Sucrose served as the primary carbon source for supporting the 
growth of the LAB strains in the ELF beverage. Sucrose fermentation 
generally involves the transport of sucrose into the microbial cell using 
the permease transport system, where it is phosphorylated to sucrose-6- 
phosphate. Inside the cell this is then broken down enzymatically (by 
sucrose-6-phosphate hydrolase) into free fructose as well as glucose-6- 
phosphate, that can directly enter glycolysis. In addition to lactic acid, 
this pathway leads to the production of significant amounts of CO2 and 
ethanol or acetate (Von Wright & Axelsson, 2019). While this pathway 
applies to the heterofermentative strains FST 1.7 and TR116, FST 2.11, a 
homofermentative LAB strain, does not follow the same route (Cui et al., 
2021). After sucrose is broken down it goes through the Embden 
Meyerhof Parnas pathway, whereby glucose or fructose are converted to 
pyruvate and enzymatically (by lactate dehydrogenase) reduced to 
lactic acid (Von Wright & Axelsson, 2019). This strain exhibited the 
most extensive sucrose breakdown but also the highest residual glucose. 
All strains exclusively produced lactic acid as the main organic acid, 
with FST 1.7 and FST 2.11 generating similar values highlighting their 
strong acid producing capabilities (Peyer et al., 2017a), while TR116 
generated slightly lower amounts, proportional to the pH and TTA 
values of the strains. Although heterofermentative LAB can produce 
ethanol, the limited sucrose utilisation and dominant lactic acid pro
duction observed here suggest ethanol formation was minimal. None
theless, ethanol quantification is important for regulatory classification 
of non-alcoholic beverages and need to be considered for commerciali
sation. While FST 1.7 has been previously documented to produce, to 
some extent, quantities of acetic acid, TR116 generally produces high 
amounts of acetic acid, especially when mannitol is formed (Neylon 
et al., 2023b; Neylon et al., 2023a). However, acetic acid levels in the 
TR116-fermented beverage were below the limit of quantification (≤
0.003 g/100 ml), with 0.58 g/100 ml mannitol produced, indicating 
specific fermentation substrates and conditions might minimise the ac
etate production from the analytical detection threshold or been 
reduced by strain-specific metabolic routing under the conditions used. 
TR116 was found to excel in fructose utilisation. When free fructose is 
present, the enzyme mannitol-2-dehydrogenase catalyses the reduction 
of fructose to mannitol, simultaneously regenerating NAD+, a necessary 
co-factor for acetate kinase to produce acetic acid. This process links the 
production of mannitol and acetate during the metabolic pathway of 
TR116 (Martínez-Miranda et al., 2022; Rice, Sahin, Heitmann et al., 
2020, 2020; Sahin et al., 2021). This strain has already shown to be an 
ideal candidate in reducing sugar of different bakery products, such as 
burger buns, and cereal-based worts, as well as in apple juice, where a 
sugar reduction of 83 % was achieved alongside the production of 61.6 
g/L mannitol (Rice, Sahin, Heitmann et al., 2020, 2020; Sahin et al., 
2019). According to the Regulation (EC) No 1924/2006 for a beverage 
to carry a “low sugar” claim it must contain no >2.5 g/100 ml of sugar, 
while “sugar free” claim is only allowed if the beverage contains no >0.5 

Fig. 6. Sensory evaluation of the unfermented control and fermented ELF- 
based beverages including Lactiplantibacillus plantarum FST 1.7, Leuconostoc 
citreum TR116 and Lactobacillus amylovorus FST 2.11.
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g/100 ml (European Parliament & Council, 2006). All fermented ELF 
beverages retained sucrose contents higher than 4 g/100 ml and 
therefore did not satisfy these claims. Beverages facilitate easier over
consumption of sugar/calories compared to solid food. Protein-fortified 
beverages might alleviate this by enhancing satiety and fullness (Morell 
& Fiszman, 2017; Solah et al., 2010). TR116 shows potential for use in 
sugar-reduced protein soft drinks, offering an alternative to commonly 
used artificial sweeteners, which have been associated in some studies 
with gastrointestinal problems and metabolic diseases (Ghusn et al., 
2023).

Soft drinks and non-alcoholic water-based beverages are typically 
expected to exhibit clear to semi-transparent appearances (Steen & 
Ashurst, 2006). The fermented ELF-based protein beverages exhibited 
lower L* whiteness values compared to the unfermented control, as 
reflected in the RBG images. This may be attributed to the occurrence of 
non-enzymatic browning (Maillard reaction) during the sterilisation 
step. In addition, the fermented beverages contained higher amounts of 
reducing sugars, whereas the control contained mostly non-reducing 
sucrose, therefore darkening the beverage, as well as turbidity from 
the fermentation process (El Hosry et al., 2025). Turbidity is inevitable 
in fermented beverages due to the suspended bacterial cells and particles 
that lead to a cloudy appearance. Beverages with this characteristic are 
sometimes filtered to enhance clarity, such as kombuchas or water ke
firs, unlike opaque fermented beverages such as milk kefir where con
sumers anticipate their naturally creamy look (Coelho et al., 2020; 
Guzel-Seydim et al., 2021). The ELF-based beverage fermented by FST 
1.7 showed the highest turbidity and the greatest separation rate, fol
lowed by FST 2.11, which exhibited notable turbidity but a lower sep
aration rate than TR116. Despite having had the highest viable cell 
count, TR116 displayed the lowest turbidity and a markedly lower 
separation rate than FST 1.7. These turbidity differences can be caused 
by several factors. Leuconostoc citreum is a well-known homo-ex
opolysaccharide (EPS) producing species capable of enzymatically syn
thesising EPS such as dextran from sucrose (Zannini et al., 2016) 
EPS-producing LAB strains are known for their ability to enhance 
techno-functional properties, notably improving viscosity and colloidal 
stability of low fat, plant-based and gluten free products 
(Hernández-Figueroa et al., 2025). They have also been used in the 
production of LAB fermented plant protein-fortified beverages 
(Camargo Prado et al., 2015; Goveas et al., 2021). The observations in 
ELF-based beverages fermented by TR116 could be linked with its EPS 
production, increasing viscosity and contributing to the formation of a 
more unified colloidal system (Liu et al., 2020; Zhang et al., 2023). This 
observation aligns with the tribology results, where TR116-fermented 
beverages showed the highest lubricating properties. However, it con
tradicts the viscosity results whereby TR116 was the least viscous out of 
the fermented beverages, although these results did not different 
significantly between samples. Therefore, even small quantities of EPS 
may contribute positively to colloidal stability and lubricating proper
ties. Furthermore, observed increases in viscosity and turbidity could 
result from partial proteolysis and peptide aggregation via extracellular 
proteases, hydrolysing proteins into peptides and free amino acids, 
alongside EPS production (Kieliszek et al., 2021). These strain depen
dent protein modifications warrant further investigation through 
SDS-PAGE or peptide profiling in future studies. While fermentation 
performance was characterised at three time points, future studies 
employing finer time gradients would enable identification of strain 
specific optimal endpoints and more detailed tracking of techno func
tional changes during fermentation.

Additionally, these outcomes could also be affected by the final 
beverage pH. Since beverages fermented by FST 1.7 or FST 2.11 dropped 
to lower pH values compared to TR116, closer to the isoelectric point of 
ELFs (~3.4), cause protein – protein complexes may have been formed 
in the beverage, affecting clarity and increasing instability (Ahern et al., 
2025; Laclair & Etzel, 2010). Furthermore, high organic acid levels in 
beverages fermented by FST 2.11, combined with extensive sucrose 

reduction, likely contributed to the observed highest frictional behav
iour (Laguna & Sarkar, 2017; Upadhyay et al., 2016). In contrast, FST 
1.7-fermented beverages, with the most residual sucrose, showed Stri
beck curves similar to the unfermented control.

Fermentation can significantly alter the sensory profile of a product. 
FST 2.11 produced the most intense dairy flavour. Although this did not 
reach statistical significance, this trend aligns with previous reports 
indicating its ability to generate secondary metabolites such as 2, 3 
butanedione, diacetyl, and acetoin which impart perceived buttery or 
creamy notes and contribute to the dairy like sensory profile of fer
mented cereal substrates like the ELF-based beverage (Blandino et al., 
2003; Peyer et al., 2017b). However, these dairy notes can be found to 
be undesirable in other products such as wines and beers, and addi
tionally in soft drinks (Ibrahim & Ouwehand, n.d.). FST 1.7 has been 
previously described to produce pronounced fruity flavours. For 
instance, both Nyhan et al. (2023c) and Neylon et al. (2023b) demon
strated that non-alcoholic sour beers and spent rootlets in a bread sys
tem, respectively, showed higher fruity notes compared to other LAB 
strains, attributed to significantly high ester production as well as 
reduced diacetyl levels. This supports the sensory findings in the current 
study, where the FST 1.7-fermented ELF-beverage was perceived by the 
panellists as having significantly higher fruity flavours compared to 
other LAB, suggesting that fruity flavour production is a common trait of 
FST 1.7 across diverse cereal-based matrices. However, this is not always 
the case. Peyer et al. (2015) showed that fermentation of wort using FST 
1.7 produced elevated amounts of diacetyl and acetoin demonstrating 
these strains can also take alternative routes in their metabolic pathway. 
Although volatile compound analysis was not performed here, future 
HS-SPME-GC-MS and/or GC-O analysis would help confirm the 
flavour-active compounds underlying the sensory notes reported in this 
study. The TR116-fermented ELF-beverage exhibited significantly 
reduced malty/cereal and honey flavours. All strains produced insuffi
cient amounts of organic acids for the panellists to perceive any sour 
taste. Additionally, the panel reported a significant increase in 
viscosity-based mouthfeel from unfermented to fermented samples but 
were unable to distinguish differences between strains. In contrast, 
tribological measurements revealed strain-dependent differences in 
lubrication, which are often correlated with sensory perception, sug
gesting the panellists were either not sensitive enough to detect these 
differences or that the tribo-cell is more sensitive than human percep
tion, highlighting differences that the panel could not perceive (Selway 
& Stokes, 2013). The results should be interpreted as indicative of trends 
rather than definitive sensory conclusions. Future work should include a 
larger, trained panel with structured calibration procedures to provide 
more robust sensory characterisation. Furthermore, future sensory 
studies should incorporate additional BSG specific off flavour attributes 
such as astringency and aftertaste to provide a more comprehensive 
evaluation of fermentation effects on beverage acceptability.

Typically, LAB-fermented beverages are refrigerated after fermen
tation in order to preserve the beneficial live probiotic bacteria, which is 
desired by some consumers. In this study, the product was pasteurised 
post-fermentation to maintain a microbially safe product, as the primary 
focus was on sensory and techno-functional properties rather than 
probiotics effects. Non-viable LAB and their fermentation-derived 
metabolic by-products, known as postbiotics, have shown emerging 
evidence of conferring health benefits. Therefore, while pasteurised, 
these beverages might show presence of compounds such as short chain 
fatty acids (SCFAs), EPS, organic acids, peptides, enzymes and cellular 
fragments, potentially contributing to the beverages’ health related 
functional properties (Chang et al., 2021; Żółkiewicz et al., 2020). 
However, further research is required to investigate this in more detail.

These results demonstrate the suitability of upcycled ELF as a sub
strate for LAB fermentation producing a promising base for a high 
protein fermented plant protein beverage. Further formulation such as 
the incorporation of carbonation, acidulants or flavouring agents, may 
further enhance the development of these novel high-protein beverages.
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5. Conclusion

This study demonstrates that brewing side-streams, such as ELF, can 
be formulated into high-protein fermented beverages. The three LAB 
strains exhibited distinct fermentation behaviours, with TR116 sup
porting the most rapid microbial growth and mannitol formation, while 
FST 1.7 and FST 2.11 showed the greatest acidification, and therefore 
the highest reductions in pH. These strain-specific metabolic activities 
contributed to measurable differences in viscosity, turbidity, separation 
rate and lubrication characteristics, indicating that fermentation can 
tailor the techno-functional attributes of beverages to suit different 
product profiles. Compared to the unfermented control, sensory attri
butes were enriched (including fruity and dairy flavours), highlighting 
the potential of the ELF-based beverage as a viable substrate for LAB 
fermentation. This base shows potential for developing novel beverages 
using sustainably sourced protein, expanding opportunities in fortified 
protein soft drinks and non-alcoholic drinks beyond milk alternatives. 
Future studies are required to optimise shelf life and flavour, as well as 
exploring the potential effects of co-culture LAB fermentations to 
enhance product performance and consumer acceptance.
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