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A B S T R A C T

This study unveils the transformative effects of lactic acid fermentation and in vitro digestion on the phyto
chemical profile (UHPLC-QTOF) and antioxidant capacity (total polyphenols, TEAC and ORAC) of plant-based 
beverages made from local crops. Fermentation with the probiotic consortium VEGE061 and subsequent 
INFOGEST 2.0 digestion triggered antioxidant changes. Tiger nut beverages showed a dramatic increase in ORAC 
activity (1.8–4.0 mmol L− 1 Trolox) while preserving polyphenol levels, with the b-isomer of hydroxyoleic acid 
exhibiting high potential bioaccessibility (>90 %) and sinapoyl alcohol stability improving markedly. Carob 
beverages displayed elevated polyphenol content (348–413 mg GAE/L) and TEAC activity (1.9–2.3 mmol L− 1 

Trolox), with 3-propyl malic acid bioaccessibility rising from 10 % to 64 % with fermentation. Rice beverages 
displayed modest improvements. Overall, digestion severely reduced phenolic stability (~8 % retention), 
highlighting the urgent need for strategies to improve the bioaccessibility and maximize health benefits. These 
findings open new avenues for innovative functional beverage design.

1. Introduction

Interest in human health has changed dietary habits, with consumers 
increasingly seeking healthier foods, especially those of plant origin 
(Alcorta et al., 2021). Fermented products represent a significant 
segment of the global market that has grown exponentially in both de
mand and supply. Plant-based beverages, often used as milk alterna
tives, are an increasingly common option, with a growing market 
presence (Grau-Fuentes et al., 2023). This trend towards healthier and 
more sustainable foods is part of a broader context of global challenges. 
The development of new foods is a growing necessity, driven by factors 
such as population growth, climate change, and scarcity of natural re
sources. These challenges require innovative solutions that contribute to 

the Sustainable Development Goals (SDGs), particularly SDG 2 (Zero 
Hunger), SDG 3 (Good Health and Well-being), SDG 12 (Responsible 
Consumption and Production), and SDG 13 (Climate Action) (United 
Nations, 2015).

In this context, the use of local ingredients to make plant-based 
beverages such as tiger nut, carob, and rice in the Valencian Commu
nity represents a promising option, not only due to their regional eco
nomic importance and their contribution to reducing the carbon 
footprint, but also due to their valuable nutritional properties. These 
traditional raw materials are increasingly valued within the framework 
of sustainable diets, as they combine cultural heritage with health 
benefits. Specifically, carob stands out for its high fiber and mineral 
content, in addition to being one of the plant sources with the highest 
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levels of polyphenols (such as tannins, gallic acid derivatives, and 
flavonol glycosides). Tiger nut is especially rich in healthy fats (oleic 
acid) and provides moderate amounts of protein and carotenoids, while 
rice is primarily characterized by its high carbohydrate content, the 
presence of B vitamins, and a lower polyphenol content. These foods, 
besides being suitable for the preparation of plant-based beverages in 
various cultures, can also be valuable in predominantly plant-based 
diets (Vitali et al., 2023). Fermented versions of these beverages are 
particularly attractive to consumers due to their health properties, 
which may surpass those of their unfermented counterparts (Deziderio 
et al., 2023; Wang et al., 2021). The potential benefits derive from both 
direct microbial activity and interactions between microorganisms and 
the food matrix. These effects range from improved nutrient utilization 
through fermentative activity to enhanced gastrointestinal and immune 
function (Mukherjee et al., 2024). Fermentation can improve not only 
the organoleptic characteristics but also the physicochemical properties 
of these beverages, such as vitamin synthesis, structural changes, or the 
formation of bioactive compounds (Turkmen et al., 2019). Several 
studies have evaluated how fermentation acts specifically on a wide 
variety of different matrices, including tiger nut and rice (Satir, 2022; Da 
Silva et al., 2023; Yang et al., 2023). However, these beverages must 
undergo the digestive process before providing benefits to the organism, 
and given the complexity of digestion, it is important to study how this 
process modifies their bioactive properties (Yeo & Ewe, 2015; Ozturk 
et al., 2024; Llorens et al., 2024; Wang et al., 2024).

In this framework, it is necessary to evaluate how digestion and 
fermentation could work together to potentially enhance the bioactive 
properties of these beverages, an area that recent studies are beginning 
to explore (Cuvas-Limon et al., 2022; Méndez-Galarraga, Pirovani, 
García-Cayuela, & Van de Velde, 2025; Méndez-Galarraga, Pirovani, 
Vinderola, & Van de Velde, 2025; Nicolescu et al., 2023). Studies on 
similar matrices related to those of the present study have shown that 
although beverages made from ingredients such as carob and tiger nut 
present profiles rich in bioactive compounds (Custódio et al., 2011; 
Goulas et al., 2016), gastrointestinal digestion causes a drastic reduction 
in the concentration of total polyphenols and, in some cases, in the 
overall antioxidant capacity, as reported by other researchers in yerba 
mate infusions and grape juice (Correa et al., 2017; Dutra et al., 2023). 
In the case of tiger nut-based beverages, research has reported signifi
cant losses in antioxidant capacity after digestion (ABTS+ assay), while 
other works suggest that digestion can selectively modulate the degra
dation of certain compounds (Badejo et al., 2014; Carrasco-Chávez et al., 
2024; Da Silva et al., 2023; Llorens et al., 2024). Moreover, recent 
studies have highlighted that factors such as the initial composition of 
the substrate and the conditions of the fermentation process determine 
the magnitude of these changes (Frühbauerová et al., 2022; Vilas-Boas 
et al., 2022). However, for these bioactive compounds to effectively 
benefit the body, they must survive the digestive process, which involves 
drastic changes in pH and the sequential action of enzymes. In vitro 
simulation of digestion, using standardized protocols such as INFOGEST 
2.0 (Brodkorb et al., 2019), allows the stability of these compounds to be 
assessed under physiological conditions. In fact, studies in matrices 
similar to those in the present study have shown that, despite a signif
icant reduction in total phenolic content, certain compounds can 
maintain their activity or even be protected by techniques such as 
fermentation (Jakobek, 2015; Llorens et al., 2024; Zhu, 2015). This 
phenomenon suggests that fermentation could modulate the degrada
tion of bioactive agents during digestion, favoring their release and ef
ficacy in the body. Previous results obtained by our research group 
showed that these matrices are suitable for fermentation and their 
antioxidant capacity is significantly and positively affected by fermen
tation. Several commercial starters were tested to optimize fermenta
tion, and VEGE061 showed the best results in terms of antioxidant 
activity before digestion and better microbial count before and after 
digestion, so it was therefore selected for subsequent assays (Vitali et al., 
2025). However, the impact of gastrointestinal digestion on their 

antioxidant and phytochemical profile is unknown. Advanced analytical 
techniques allow for precise profiling of these changes, facilitating the 
identification of novel compounds or those arising as a result of enzy
matic reactions.

The novelty of the present work lies in the comprehensive and 
comparative evaluation of the antioxidant capacity and phytochemical 
profile in fermented and unfermented plant-based beverages made from 
tiger nut, carob and rice, analyzed before and after in vitro gastrointes
tinal digestion. A multidimensional approach is employed that combines 
methods for quantifying antioxidant capacity (using Folin–Ciocalteu, 
TEAC, and ORAC assays) with advanced phytochemical analysis tech
niques (UPLC-ESI-QTOF-MS/MS), allowing for the elucidation of the 
changes induced by fermentation and the stability of key compounds 
during digestion. The objective, therefore, is to unravel the impact of 
lactic acid fermentation and gastrointestinal digestion on the phyto
chemical compounds and antioxidant capacity, which could support 
strategies for designing products with greater nutritional and functional 
value. Such advancements not only contribute to the scientific under
standing of food processing but also support the development of inno
vative products aimed at improving overall health and preventing 
chronic diseases.

2. Materials and methods

2.1. Preparation of fermented beverages

Plant-based beverages were obtained as previously described (Vitali 
et al., 2025) and were subjected to fermentation using the commercial 
probiotic VEGE061 consortium (Danisco, Denmark). Fermentation of 
each beverage (tiger nut, carob or rice) was carried out in a volume of 
800 mL using glass bottles of 1 L capacity. The starter culture VEGE061, 
which contains a mixture of probiotic strains (Streptococcus thermophilus, 
Lactobacillus delbrueckii subsp. bulgaricus, Lactobacillus acidophilus 
NCFM®, Bifidobacterium animalis subsp. lactis HN019® and Lactobacillus 
paracasei), was inoculated following manufacturer guidelines. Fermen
tation was conducted at 37 ◦C until reaching pH 4–4.5, which required 
different times depending on the food matrix (24, 72 or 48 h for the tiger 
nut, carob and rice beverages respectively).

2.2. Simulation of gastrointestinal digestion

Samples underwent a standardized three-phase in vitro digestion 
following the INFOGEST 2.0 protocol (Brodkorb et al., 2019). The 
enzyme activities and bile salts content were experimentally determined 
by comparing with the activity reported by the manufacturer to ensure 
reproducibility. The complete table characterizing the enzymatic ac
tivity can be found in the Supplementary Material (Table S1). To start 
the digestion process, first, 5 g of sample were combined with simulated 
saliva fluid containing α-amylase (75 U/mL final concentration), 25 μL 
calcium chloride (0.3 mol L− 1), and water up to 10 mL. This oral phase 
mixture was incubated in a shaking bath (37 ◦C, 95 rpm, 2 min). For the 
gastric phase, 7.5 mL gastric fluid containing rabbit gastric extract (60 U 
lipase/mL) and pepsin (2000 U/mL) were added, adjusting pH to 3 and 
volume to 20 mL before 2 h incubation at 37 ◦C and 95 rpm. The in
testinal phase involved adding 11 mL intestinal fluid, pancreatin (100 
U/mL), bovine bile solution (10 mmol L− 1) and calcium chloride (0.3 
mol L− 1), adjusting pH to 7 and volume to 40 mL, followed by 2 h in
cubation at 37 ◦C and 95 rpm. The bioaccessible fraction was obtained 
by centrifugation (3100g, 90 min, 4 ◦C) and quickly frozen at − 21 ◦C to 
stop the digestion process.

2.3. Total antioxidant capacity

Due to the lack of a universal method for measuring total antioxidant 
capacity (TAC), three complementary methods were used, including 
both hydrogen atom transfer (HAT) and electron transfer (ET) based 
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reactions. Total soluble polyphenols (TSP) and Trolox equivalent anti
oxidant capacity (TEAC) assays represent ET-based mechanisms, while 
oxygen radical absorbance capacity (ORAC) reflects HAT reactions. 
These methods were selected due to their well-established use in eval
uating the antioxidant capacity of foods and dietary supplements, as 
highlighted in a relevant review (Prior et al., 2005).

TSP was determined by mixing sample extracts (100 μL) with sodium 
carbonate and Folin-Ciocalteu reagent. Absorbance was measured at 
765 nm using a Perkin Elmer lambda 2 UV-VIS spectrophotometer. 
Quantification was performed using gallic acid (0–500 mg/L) as external 
standard, expressing results as gallic acid equivalents (GAE/L) according 
to Singleton and Rossi (1965).

For TEAC assay, the initial absorbance (A0) was measured using 2 mL 
ABTS+ working solution. After adding diluted samples (1/1 to 1/20 v/v) 
or Trolox standard (100 μL), final absorbance (Af) was recorded at 3 min 
using a thermostatized UV–Vis spectrophotometer (Re et al., 1999). The 
radical scavenging activity was obtained by means of the Eq. (1): 

%Inhibition =
[
1 −

(
Af
/
A0

) ]
×100 (1) 

ORAC determination was performed using a Multilabel Plate Counter 
VICTOR3 1420 (excitation 485 nm/emission 535 nm) at 37 ◦C. Reaction 
mixtures contained fluorescein (80 μL), AAPH radical generator (40 μL), 
and either diluted sample (1/50 v/v), Trolox standard, or phosphate 
buffer (blank) in 80 μL. Fluorescence decay was monitored every 5 min 
for 70 min until reaching <5 % of initial values (Cilla et al., 2011). 
Results were calculated using the area under the curve difference be
tween samples and blank, expressing both TEAC and ORAC results as 
mmol L− 1 Trolox equivalents.

2.4. UPLC-ESI-QTOF-MS/MS analysis of phytochemical profile

Phytochemical compounds were extracted using a sequential pro
tocol (Ávila-Gálvez et al., 2024) with some modifications. Briefly, 
samples were extracted thrice with 2 mL methanol and centrifuged 
(14,000g, 5 min). Pellets underwent three additional extractions using 
200 μL DMSO plus 2 mL methanol (60 ◦C, 30 min). Combined super
natants (12 mL) were vacuum-concentrated overnight, resuspended in 
100 μL methanol and filtered (0.45 μm PVDF).

Analysis was performed on an Agilent 1290 UPLC coupled to 6550 Q- 
TOF MS with Jet Stream ESI source. Separation utilized a Poroshell 120 
EC-C18 column (3 × 100 mm, 2.7 μm) at 30 ◦C. mobile phases consisted 
of (A) water:formic acid and (B) acetonitrile:formic acid (both 99.9:0.1). 
Mass spectra were acquired in negative mode (m/z 100–1100) at 1.5 
spectra/s with internal mass calibration. Internal mass calibration by 
simultaneous acquisition of reference ions and mass drift compensation 
was used for obtaining low mass errors. The most interesting compounds 
were selected for targeted MS/MS analysis that provides high confidence 
to compound identification. MS/MS product ion spectra were collected 
at a m/z range of 50–800 using a retention time window of 1 min, a 
collision energy of 20 V and an acquisition rate of 4 spectra/s. Data were 
processed using the Mass Hunter Qualitative Analysis software (version 
B.10.00 Agilent Technologies). A target screening strategy was applied 
to all the samples for the qualitative screening of possible phytochemi
cals metabolites. This strategy consists of searching for a list of target 
compounds after MS full acquisition. Screening was based on mass 
filtering at the exact mass of the compound investigated using narrow 
mass extraction windows (0.01 m/z). The identification was possible 
with the valuable information given in QTOF-MS acquisition mode that 
provides possible molecular formulae for the compounds based on the 
accurate mass and isotopic pattern. Besides, the targeted MS/MS 
experiment offered fragmentation information providing more confi
dence in the compound identification process. When possible, direct 
comparison with authentic standards was performed. Data on the 
identification of phytochemicals by UHPLC-QTOF, as well as represen
tative chromatograms for each plant-based beverage (tiger nut, carob, 

and rice, respectively) unfermented non-digested and fermented non- 
digested, are provided as supplementary material (Tables S2-S4 and 
Figs. S1-S3 for tiger nut, carob and rice beverages, respectively).

2.5. Statistical analysis

All experimental measurements were carried out in triplicate and 
results are expressed as mean ± standard deviation from at least two 
different experiments. For comparisons between different conditions 
(unfermented vs fermented, before and after digestion), Welch’s t-test 
was applied, which is a variant of Student’s t-test that does not assume 
equal variances between groups. Statistical significance was established 
at 95 % (p < 0.05). Data analysis was performed using GraphPad Prism 
version 9.0 (GraphPad Software Inc., San Diego, CA, USA).

3. Results and discussion

3.1. Antioxidant capacity

The analysis of the three plant matrices reveals complex patterns in 
the interaction between fermentation, digestion and antioxidant ca
pacity. According to current research on phytochemical potential bio
accessibility, scarce literature exists on fermented plant beverages. A 
fundamental aspect to consider is the influence of the initial composition 
of each matrix on its behavior during fermentation and digestion. 
Phenolic compounds must be in free form to have effects in the organ
ism, although they can bind to various compounds, such as lipids, pro
teins and carbohydrates, and their release is seriously affected by 
various conditions, mainly the raw material (Jakobek, 2015; Zhu, 2015). 
Data on TSP, TEAC and ORAC antioxidant capacity methods of the three 
plant-based beverages (tiger nut, carob and rice) unfermented and fer
mented prior and after in vitro gastrointestinal digestion are presented in 
Figs. 1, 2 and 3.

3.1.1. Effect of fermentation on non-digested beverages (UF-WD vs. F-WD)
Initial values in unfermented samples (UF-WD) showed tiger nut 

beverage contained 302 ± 41 mg GAE/L of TSP, with TEAC and ORAC 
values of 313 ± 11 and 1.8 ± 0.4 mmol L− 1 Trolox, respectively. Carob 
beverage exhibited the highest antioxidant capacity with 348 ± 55 mg 
GAE/L of TSP, 1.9 ± 0.1 mmol L− 1 Trolox of TEAC and 8.5 ± 0.8 mmol 
L− 1 Trolox of ORAC. Rice beverage showed the lowest values among the 
three matrices, with 81.6 ± 4.8 mg GAE/L of TSP, 0.061 ± 0.004 mmol 
L− 1 Trolox of TEAC and 1.3 ± 0.2 mmol L− 1 Trolox of ORAC. Fermen
tation produced different effects depending on the matrix. In tiger nut 
beverage, while TSP values slightly decreased (from 302 ± 41 to 282 ±
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Fig. 1. Total soluble polyphenols of beverages fermented with the VEGE061 
consortium and unfermented; digested and non-digested. UF-WD (unfermented, 
non-digested); F-WD (fermented, non-digested); UF-D (unfermented, digested); 
F-D (fermented, digested). Analyses were performed in triplicate. Different 
letters indicate statistically significant differences, Welch t-test. (p < 0.05). 
Lowercase letters compare UF-WD and F-WD. Underlined lowercase letters 
compare UF-D and F-D. Uppercase letters compare UF-WD and UF-D. Under
lined uppercase letters compare F-WD and F-D. ND: (non-detected sample).
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33 mg GAE/L) and TEAC values decreased (from 0.31 ± 0.01 to 0.26 ±
0.01 mmol L− 1 Trolox), no significant differences were observed 
compared to unfermented samples. However, ORAC values showed a 
significant 2.2-fold increase (from 1.8 ± 0.4 to 4.0 ± 0.5 mmol L− 1 

Trolox). As noted by Badejo et al. (2014), tiger nut is a potential source 
of bioactive compounds, showing that processing can significantly 
improve its antioxidant capacity. The content of TSP remained relatively 
stable during fermentation. The results are in line with both our previous 
work and others, although they are subject to the preparation methods 
and strains used (Naeem & Youssef, 2022; Vitali et al., 2025).

Carob beverage showed significantly higher values after fermenta
tion in almost all assays, with TSP increasing 19 % (from 348 ± 55 to 
413 ± 68 mg GAE/L), TEAC 19 % (from 1.9 ± 0.1 to 2.3 ± 0.1 mmol L− 1 

Trolox), while ORAC displayed a slight decrease from 8.5 ± 0.8 to 7.6 ±
1.0 mmol L− 1 Trolox. Carob initially presented the highest values of TSP 
and ORAC, which is consistent with previous studies on its rich phyto
chemical profile such as organic acids, tannins, flavonol glucosides 
(Buzzanca et al., 2025; Goulas et al., 2016; Vitali et al., 2025). 
Fermentation evoked a significant increase in TSP and TEAC which 
correlates with the appearance of new compounds such as phlor
oglucinol, cynaroside A, gallotannins and gallic acid 4-O-(6-galloylglu
coside), in addition to a 62 % increase in citric acid, suggesting active 
metabolic transformation by lactic acid bacteria. All this is possible 

thanks to the wide range of enzymes that microorganisms possess to 
increase the release and availability of these compounds from the food 
matrix mainly through several types of glycosidases (Gaur & Gänzle, 
2023; Liang et al., 2023). Rice beverage fermentation led to significantly 
higher TSP (35 % increase, from 81 ± 5 to 110 ± 8 mg GAE/L) and 
TEAC (23 % increase, from 0.061 ± 0.004 to 0.075 ± 0.002 mmol L− 1 

Trolox) values, while ORAC remained unchanged from 1.3 ± 0.2 to 1.3 
± 0.2 mmol L− 1 Trolox. Unfermented rice beverage displayed the lowest 
content in terms of total antioxidant capacity. In the study by Da Silva 
et al. (2023), no significant differences were found after fermentation in 
rice beverage, measured through TEAC and DPPH assays, with modifi
cations in antioxidant profiles being observed during lactic fermentation 
of these beverages.

3.1.2. Effect of digestion on unfermented beverages (UF-WD vs. UF-D)
The digestion of unfermented beverages induced significant varia

tions in antioxidant capacity across different matrices. In tiger nut 
beverage, digestion dramatically increased TEAC values 10.5-fold (from 
0.31 ± 0.01 to 3.3 ± 0.0 mmol L− 1 Trolox), while ORAC values showed 
a non-significant decrease from 1.8 ± 0.4 to 1.4 ± 0.6 mmol L− 1 Trolox. 
Carob beverage exhibited a non-significant reduction in TEAC values 
from 1.9 ± 0.1 to 1.7 ± 0.1 mmol L− 1 Trolox, and a significant 26 % 
decrease in ORAC values from 8.5 ± 0.8 to 6.3 ± 1.2 mmol L− 1 Trolox. 
Rice beverage showed a significant 30.7-fold increase in TEAC values 
(from 0.061 ± 0.004 to 1.9 ± 0.1 mmol L− 1 Trolox), and a 97 % increase 
in ORAC values from 1.3 ± 0.2 to 2.6 ± 0.8 mmol L− 1 Trolox. Total 
polyphenol content dramatically decreased in all matrices, with tiger 
nut reducing 99 % (from 302 ± 41 to 2.8 ± 0.1 mg GAE/L), carob 100 % 
(from 348 ± 55 to 0.010 ± 0.005 mg GAE/L), and rice 70 % (from 82 ±
5 to 24 ± 4 mg GAE/L). Nicolescu et al. (2023) showed that protein- 
polyphenol complexes can decrease total polyphenol content by 28 %, 
while Frühbauerová et al. (2022) documented that processing methods 
significantly affect carob compound bioaccessibility. On the other hand, 
the digestion process revealed distinctive patterns between fermented 
and non-fermented samples, especially regarding rice. Our results 
confirm findings of Sęczyk et al. (2021), who found that rice flour 
showed the best polyphenol potential bioaccessibility among cereals 
studied, although it still experienced significant decreases like all other 
flours. In our non-fermented samples, a drastic increase was observed 
with TEAC showing a 30.7-fold increase and ORAC a 97 % increase, 
while TSP significantly decreased (70 % reduction). This dramatic 
antioxidant enhancement, as will be seen later, correlates with the 
exceptional 362 % increase in the β-isomer of dihydroxystearic acid and 
the high bioaccessibility of the α-isomer (79 %). As far as we are aware, 
no studies have been found specifically evaluating the antioxidant ca
pacity of pure hydroxylated fatty acids using in vitro total antioxidant 
capacity assays. However, the presence of hydroxyl groups in the 
aliphatic chain of these lipophilic compounds suggests that these hy
droxylated fatty acids could contribute to the total antioxidant capacity 
detected, which warrants systematic investigation in future studies. 
Several other hydroxylated acids showed moderate bioaccessibility 
(20–38 % range), suggesting that the post-digestion antioxidant capacity 
may derive from the transformation of these compounds rather than 
from native polyphenols.

3.1.3. Effect of digestion on fermented beverages (F-WD vs. F-D)
The digestion of fermented beverages revealed distinct changes in 

antioxidant capacity across different matrices. In tiger nut beverage, 
digestion of fermented samples significantly increased TEAC values 8.7- 
fold (from 0.26 ± 0.01 to 2.2 ± 0.2 mmol L− 1 Trolox), while ORAC 
values significantly decreased 21 % (from 4.0 ± 0.5 to 3.2 ± 0.3 mmol 
L− 1 Trolox). Carob beverage showed a significant 20 % reduction in 
TEAC values (from 2.3 ± 0.1 to 1.8 ± 0.1 mmol L− 1 Trolox), with non- 
significant changes in ORAC values from 7.6 ± 1.0 to 6.9 ± 1.7 mmol 
L− 1 Trolox. Rice beverage demonstrated the most remarkable response 
with a 101.9-fold increase in TEAC values (from 0.08 ± 0.002 to 7.6 ±

Fig. 2. Total antioxidant capacity (TEAC method) of beverages fermented with 
the VEGE061 consortium and unfermented; digested and non-digested. UF-WD 
(unfermented, non-digested); F-WD (fermented, non-digested); UF-D (unfer
mented, digested); F-D (fermented, digested). Analyses were performed in 
triplicate. Different letters indicate statistically significant differences, Welch t- 
test. (p < 0.05). Lowercase letters compare UF-WD and F-WD. Underlined 
lowercase letters compare UF-D and F-D. Uppercase letters compare UF-WD and 
UF-D. Underlined uppercase letters compare F-WD and F-D.

Fig. 3. Total antioxidant capacity (ORAC method) of beverages fermented with 
the VEGE061 consortium and unfermented; and digested and non-digested. UF- 
WD (unfermented, non-digested); F-WD (fermented, non-digested); UF-D (un
fermented, digested); F-D (fermented, digested). Analyses were performed in 
triplicate. Different letters indicate statistically significant differences, Welch t- 
test. (p < 0.05). Lowercase letters compare UF-WD and F-WD. Underlined 
lowercase letters compare UF-D and F-D. Uppercase letters compare UF-WD and 
UF-D. Underlined uppercase letters compare F-WD and F-D.
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0.4 mmol L− 1 Trolox) and a significant 96 % increase in ORAC values 
from 1.3 ± 0.2 to 2.5 ± 0.9 mmol L− 1 Trolox.

TSP significantly decreased in all fermented matrices after digestion, 
with tiger nut reduction from 282 ± 33 to 11.6 ± 2.0 mg GAE/L, carob 
from 413 ± 68 to 1.6 ± 0.6 mg GAE/L, and rice from 110.3 ± 7.8 to 21.4 
± 3.8 mg GAE/L. As will be detailed in the phytochemical analysis, these 
antioxidant capacity changes correlate with selective compound reten
tion patterns that vary across matrices, with complete loss of several 
compounds and significant degradation of others.

It is particularly notable that rice, despite having the lowest initial 
polyphenol content (81.6 mg GAE/L), showed the highest relative po
tential bioaccessibility and the most marked increases in TEAC after 
digestion. Yu et al. (2024) demonstrated that, while cooking caused 
significant initial decreases in TEAC values, the intestinal digestion 
phase resulted in substantial recovery of antioxidant capacity, with non- 
pigmented rice showing increases of 92–169 % in free phenolics 
compared to the gastric phase. These findings contrast with Ed Nign
pense et al. (2024), who reported decreased ABTS• + antioxidant ac
tivity (31 % retention) following simulated intestinal digestion of purple 
rice extracts, suggesting that beverage matrix composition and pro
cessing conditions significantly influence digestive stability of rice- 
derived bioactive compounds. Since starch is the main component of 
rice, the release of bound phenolic compounds from this matrix 
component could play a role in this antioxidant increase, but future 
research is warranted to clarify this observation.

3.1.4. Effect of fermentation on digested beverages (UF-D vs. F-D)
After digestion, the effect of fermentation revealed distinct changes 

in antioxidant capacity across different matrices. In tiger nut beverage, 
fermented and digested samples showed a significant 32 % decrease in 
TEAC values (from 3.3 ± 0.0 to 2.2 ± 0.2 mmol L− 1 Trolox), while 
ORAC values showed the opposite trend with a significant 127 % in
crease (from 1.4 ± 0.6 to 3.2 ± 0.3 mmol L− 1 Trolox). Carob beverage 
exhibited a non-significant increase in TEAC values (from 1.7 ± 0.1 to 
1.8 ± 0.1 mmol L− 1 Trolox), as well as in ORAC values from 6.3 ± 1.2 to 
6.9 ± 1.7 mmol L− 1 Trolox. Rice beverage demonstrated a remarkable 
309 % increase in TEAC values (from 1.9 ± 0.1 to 7.6 ± 0.4 mmol L− 1 

Trolox), while ORAC values remained relatively unchanged from 2.6 ±
0.8 to 2.5 ± 0.9 mmol L− 1 Trolox. TSP varied across matrices, with tiger 
nut beverage showing a significant 315 % increase (from 2.79 ± 0.05 to 
11.6 ± 2.0 mg GAE/L), carob beverage increasing dramatically (from 
0.010 ± 0.005 to 1.6 ± 0.6 mg GAE/L), whereas rice beverage showing 
a slight non-significant decrease (from 24.2 ± 4.4 to 21.4 ± 3.8 mg 
GAE/L). As detailed in the phytochemical analysis section, the role of 
fermentation in protecting specific compounds becomes evident, with 
fermented samples showing enhanced compound retention compared to 
unfermented counterparts. This apparent discrepancy between the 
drastic reduction of TSP in some matrices and the maintenance or in
crease of antioxidant capacity suggests that degradation products could 
maintain significant antioxidant activity even if they are not detectable 
by traditional analytical methods. Maybe some peptides released during 
protein digestion may contribute to antioxidant capacity, potentially 
explaining part of the enhanced activity observed despite phenolic 
compound losses (Chen et al., 2021; Zhao et al., 2024).

The rice beverage, despite having the lowest initial polyphenol 
content, showed the highest relative increases in TEAC after digestion. 
This dramatic increase post-digestion, especially in the fermented sam
ples, suggests the formation of these new potential peptides. Such 
transformations have been noted in other studies, where researchers 
found that approximately 50 % absorption of sulfonate compounds and 
even higher values for glycosylated phenolic compounds could be ach
ieved in fermented beverages (Salas-Millán & Aguayo, 2024). This 
phenomenon was less pronounced in carob and tiger nut, suggesting that 
the rice matrix provides unique conditions for these transformations.

3.2. Phytochemical profile modifications by lactic acid fermentation and 
in vitro digestion

After evaluating the antioxidant capacity of the non-digested and 
digested plant-based beverages, a comprehensive phytochemical 
profiling was conducted to provide deeper insights into the composition 
of these matrices, before and after fermentation and in vitro digestion. 
The results of this phytochemical analysis are presented in Tables 1–3, 
which display the concentrations of the major compounds identified, as 
well as the potential bioaccessibility values for each sample condition 
(fermented and unfermented).

3.2.1. Phytochemical changes due to fermentation on non-digested tiger nut 
beverages (UF-WD vs. F-WD)

Lactic acid fermentation induced distinctive changes in tiger nut 
beverage’s phytochemical profile (Table 1). S-leucic acid showed a 
statistically significant decrease (− 82 %), and ferulic acid emerged 
exclusively in fermented samples. Several compounds exhibited statis
tically significant changes: dihydroxystearic acid isomer a increased 
substantially (+184 %), followed by homovanillic acid (+79 %) and 
hydroxylinoleic acid isomer a (+47 %). Among hydroxylated fatty acids, 
dihydroxystearic acid isomer b showed a statistically significant mod
erate increase (+44 %), while trihydroxy octadecenoic acids displayed 
varying responses, with isomer b increasing (+23 %) and isomer a 
decreasing (− 11 %).

The increase or decrease in various fatty acid hydroxylates critically 
depends on both the matrix and the strain used. For example, Fiorino 
et al. (2023) evaluated several bacterial strains, including Lactiplanti
bacillus plantarum, in the production of these derivatives. The re
searchers found a decrease in hydroxy and dyhydroxy acids in the 
fermented walnut sample compared to the control. This aligns with our 
result for tiger nut beverage but contrasts with the results obtained for 
rice beverage, where an increase in these acids was detected after 
fermentation. It is important to note that the researchers used single 
isolated strains, and we used a bacterial consortium, in addition to the 
critical matrix difference, which could indicate modulation by different 
conditions.

Tiger nut beverage ranked in second place in terms of antioxidant 
capacity and exhibited a complex behavior during fermentation. These 
changes were differently reflected in the antioxidant capacity: while 
TEAC decreased from 0.31 to 0.26 mmol L− 1 Trolox, ORAC increased 
significantly from 1.8 to 4.0 mmol L− 1 Trolox.

3.2.2. Phytochemical changes due to digestion on unfermented tiger nut 
beverages (UF-WD vs. UF-D)

The digestion process substantially affected the phytochemical pro
file of unfermented tiger nut beverages (Table 1). Seven compounds 
disappeared during digestion, including homovanillic acid, L-leucic 
acid, S-leucic acid, and all identified phenolic compounds (kaempferol 
3′,7-diglucoside, 4-vinylphenol, ethyl vanillin). Among hydroxylated 
fatty acids, bioaccessibility rates varied considerably: hydroxyoleic acid 
isomer b showed remarkable stability (93 %), while hydroxylinoleic acid 
a and dihydroxystearic acid b maintained moderate levels (30 % and 16 
%, respectively). Sinapoyl alcohol demonstrated notable resistance to 
digestion (41 % bioaccessibility), while citric acid showed moderate 
stability (16 %). This selective retention phenomenon aligns with find
ings from Zhu (2015) and Jakobek (2015), showing that matrix 
composition and processing conditions can significantly affect com
pound bioaccessibility. The non-covalent interactions between poly
phenols and food macromolecules (starch, proteins, lipids, 
carbohydrates) form various complexes that substantially influence both 
the physicochemical properties of the matrix and the bioactivity of 
phenolic compounds. These interactions can either enhance or reduce 
polyphenol bioavailability, affect their delivery to the large intestine, 
and provide protection against oxidative degradation during digestion. 
Understanding these complex molecular interactions is crucial for 
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developing functional foods and optimizing the nutritional benefits of 
polyphenol-rich products. Similarly, Llorens et al. (2024) found that the 
bioaccessibility of polyphenols in tiger nut beverage varied significantly, 
with approximately 27 % of the total compounds becoming bio
accessible. This stability of the b-isomer of hydroxyoleic acid is partic
ularly remarkable.

3.2.3. Effect of in vitro gastrointestinal digestion on fermented tiger nut 
beverages (F-WD vs. F-D)

Three compounds were completely lost after digestion (kaempferol 
3′,7-diglucoside, 4-vinylphenol and ferulic acid). On the other hand, 
homovanillic acid maintained low but detectable levels (20 % bio
accessibility) while showing complete degradation in digested unfer
mented samples. Similarly, L-leucic acid showed limited resistance (8 % 
bioaccessibility), contrasting with its complete loss in digested unfer
mented samples (Table 1). Sinapoyl alcohol exhibited enhanced bio
accessibility after fermentation (78 % vs 41 % in unfermented). Among 
hydroxylated fatty acids, hydroxyoleic acid isomer b maintained 
remarkable stability (90 % bioaccessibility).

This apparent discrepancy between the drastic reduction of TSP and 
the maintenance or even increase in antioxidant capacity suggests that 
the degradation products could retain significant antioxidant activity 
even if they are not detectable by the analytical techniques employed; 
some of these could correspond to peptides with antioxidant activity 
(Chen et al., 2021; Zhao et al., 2024).

3.2.4. Phytochemical changes due to fermentation in non-digested carob 
beverages (UF-WD vs. F-WD)

Carob initially presented the highest values of TSP and ORAC. Lactic 
acid fermentation profoundly modified carob beverage’s phytochemical 
profile, with 19 compounds showing significant changes (p < 0.05) 
(Table 2). Fourteen compounds emerged exclusively after fermentation: 
phenolic compounds (phloroglucinol, cynaroside A, gallic acid 4-O-(6- 
galloylglucoside), gallotannin and its isomer, benzoic acid, kaempfer
ide 7-glucoside), organic acids (ethylmalonic acid, 3′-methoxyfukiic 
acid), and other bioactive molecules (isorhamnetin, 3′,5′-dihydroxy
flavanone, L-menthyl acetoacetate, 9,10-dihydroxy stearic acid, and 
laserpitin), in addition to a 62 % increase in citric acid, suggesting active 
metabolic transformation (degradation and/or biotransformation) by 
lactic acid bacteria or greater release of this compound from the matrix 
(Gaur & Gänzle, 2023; Liang et al., 2023; Polat et al., 2023). Among 
existing compounds, only citric acid showed a significant 62 % increase, 
while four compounds decreased significantly: isochinomin (− 42 %), 
succinic acid (− 16 %), gallic acid (− 15 %), and 2-O-galloylglucose (− 6 
%).

3.2.5. Impact of in vitro gastrointestinal digestion on unfermented carob 
beverages (UF-WD vs. UF-D)

In vitro digestion substantially affected the phytochemical profile of 
unfermented carob beverage, with all detected compounds showing 
statistically significant decreases (p < 0.05) (Table 2). Several com
pounds were completely lost during digestion, including (r)-2- 

Table 1 
Peak integration area values from the Extract ion Chromatograms (EICs) of the phytochemical compounds identified by UHPLC-QTOF in tiger nut beverages un
fermented and fermented with consortium of lactic acid bacteria (VEGE061) for 24 h and prior and after digestion.*

Phytochemicals UF-WD UF-D Bioaccessibility F-WD F-D Bioaccessibility

Citric acid 1.01 × 108 ± 4.00 ×
106 A

3.73 × 105 ± 2.83 ×
104 B

16.44 % 1.11 × 108 ± 1.93 ×
107 Á

1.46 × 107 ± 4.88 ×
106 B́

13.23 %

Homovanillic acid * 1.59 × 106 ± 9.67 ×
104

ND ND 2.85 × 106 ± 5.46 ×
105 Á

5.66 × 105 ± 5.18 ×
103 B́

19.87 %

L-leucic acid 4.37 × 106 ± 2.01 ×
105

ND ND 7.39 × 106 ± 5.47 ×
106 Á

5.94 × 105 ± 8.66 ×
104 B́

8.03 %

S-leucic acid 3.72 × 107 ± 1.60 ×
106 α

ND ND 6.64 × 106 ± 5.58 ×
106 Áβ

4.10 × 105 ± 8.34 ×
104 B́

6.17 %

Kaempferol 3′,7-diglucoside * 1.46 × 106 ± 8.47 ×
104

ND ND 1.05 × 106 ± 7.12 ×
105

ND 0

4-vinylphenol * 2.82 × 106 ± 1.39 ×
105

ND ND 3.34 × 106 ± 3.80 ×
106

ND 0

Ethyl vanillin * 1.92 × 107 ± 3.41 ×
105

ND ND 2.28 × 107 ± 2.66 ×
107 Á

4.44 × 105 ± 4.61 ×
104 B́

1.94 %

Ferulic acid * ND α ND ND 1.05 × 106 ± 7.22 ×
105 β

ND 0 %´

Sinapoyl alcohol 9.12 × 105 ± 6.20 ×
104 A

3.73 × 105 ± 2.83 ×
104 B

40.85 % 9.26 × 105 ± 1.25 ×
105 Á

7.25 × 105 ± 1.08 ×
105 B́

78.28 %

Trihydroxy octadecenoic acid 
isomer a

2.89 × 107 ± 4.56 ×
105 A

2.18 × 106 ± 1.47 ×
105 B

7.56 % 2.57 × 107 ± 2.30 ×
107 Á

2.67 × 106 ± 5.47 ×
105 B́

10.37 %

Trihydroxy octadecenoic acid 
isomer b

2.27 × 107 ± 1.17 ×
106 A

8.23 × 105 ± 2.92 ×
104 B

3.63 % 2.80 × 107 ± 2.04 ×
107 Á

9.64 × 105 ± 4.31 ×
105 B́

3.44 %

Dihydroxyoleic acid isomer a 4.59 × 107 ± 8.84 ×
105 A

5.29 × 105 ± 3.13 ×
104 B

1.15 % 3.94 × 107 ± 2.81 ×
107 Á

1.23 × 106 ± 7.00 ×
105 B́

3.11 %

Dihydroxyoleic acid isomer b 4.38 × 107 ± 9.00 ×
105 Aα

1.10 × 106 ± 3.20 ×
104 B

2.51 % 4.45 × 107 ± 3.68 ×
107 Áβ

1.86 × 106 ± 8.68 ×
105 B́

4.18 %

Dihydroxystearic acid isomer a 1.84 × 107 ± 4.15 ×
104 Aα

1.92 × 106 ± 5.09 ×
104 B

10.41 % 5.23 × 107 ± 1.65 ×
107 Áβ

2.62 × 106 ± 1.90 ×
106 B́

5.01 %

Dihydroxystearic acid isomer b 7.17 × 107 ± 1.55 ×
106 A

1.04 × 107 ± 4.19 ×
105 B

15.55 % 1.03 × 108 ± 4.18 ×
107 Á

1.75 × 107 ± 1.88 ×
107 B́

17.02 %

Hydroxylinoleic acid isomer a 4.69 × 107 ± 4.58 ×
105 A

1.40 × 107 ± 2.28 ×
105 B

29.89 % 6.90 × 107 ± 5.52 ×
107 Á

2.15 × 107 ± 1.60 ×
107 B ́

31.19 %

Hydroxyoleic acid isomer a 3.65 × 107 ± 8.06 ×
105 A

4.28 × 106 ± 1.12 ×
105 B

11.74 % 2.75 × 107 ± 3.19 ×
107 Á

2.89 × 106 ± 2.77 ×
106 B́

10.52 %

Hydroxyoleic acid isomer b 3.91 × 106 ± 1.46 ×
105 A

3.62 × 106 ± 4.10 ×
104 A

92.65 % 4.19 × 106 ± 2.33 ×
106 Á

3.79 × 106 ± 2.45 ×
106 Á

90.42 %

* Phenolic compounds. The symbol α/β indicates significant difference between UF-WD vs F-WD (indicates the effect of fermentation), A/B indicates significant 
difference between UF-WD vs UF-D (indicates the effect of digestion on unfermented beverages), and A’/B′ indicates significant difference between F-WD vs F-D 
(indicates the effect of digestion on fermented beverages). Different letters indicate statistically significant differences (p < 0.05) according to Welch’s t-test. ND: not 
detected.
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Table 2 
Peak integration area values from the Extract ion Chromatograms (EICs) of the phytochemical compounds identified by UHPLC-QTOF in carob beverages unfermented 
and fermented with consortium of lactic acid bacteria (VEGE061) for 72 h and prior and after digestion.

Phytochemicals UF-WD UF-D Bioaccessibility F-WD F-D Bioaccessibility

2-Dehydro-D-xylonate 1.93 × 107 ± 3.48 
× 105 A

1.98 × 106 ± 3.94 
× 104 B

10.30 % 1.83 × 107 ± 4.09 
× 106 Á

1.61 × 106 ± 1.66 
× 105 B́

8.75 %

Citric acid 1.93 × 107 ± 1.01 
× 106 Aα

1.64 × 106 ± 1.73 
× 105 B

8.52 % 3.13 × 107 ± 2.24 
× 106 A’β

1.01 × 107 ± 1.13 
× 107B́

32.39 %

2-Deoxy-D-Ribose 4.36 × 107 ± 1.01 
× 106 A

4.85 × 106 ± 1.35 
× 105 B

11.13 % 4.24 × 107 ± 7.40 
× 106 Á

3.61 × 106 ± 3.88 
× 106 B́

8.51 %

(R)-2-Methylmalate 2.07 × 107 ± 7.71 
× 105

ND ND 1.94 × 107 ± 5.30 
× 105 Á

ND 0.0 %

2-Galloylglucose * 1.99 × 107 ± 6.42 
× 105 A

1.92 × 106 ± 7.13 
× 10 B

9.62 % 1.79 × 107 ± 5.93 
× 106 Á

9.28 × 105 ± 1.31 
× 106 B́

5.20 %

Succinic acid 1.61 × 107 ± 1.46 
× 105 α

ND ND 1.35 × 107 ± 7.02 
× 105 Áβ

ND ND

2-Methylcitrate 1.30 × 107 ± 2.85 
× 104

ND ND 1.26 × 107 ± 1.61 
× 105 Á

ND ND

Gallic acid * 9.88 × 107 ± 1.98 
× 106 A

1.08 × 107 ± 3.21 
× 105 B

10.92 % 8.43 × 107 ± 1.91 
× 106 Áβ

1.79 × 105 ± 2.53 
× 105 B́

0.21 %

2-O-Galloylsucrose * 7.07 × 107 ± 7.81 
× 105 A α

ND ND 6.64 × 107 ± 7.09 
× 105 Áβ

ND ND

Phloroglucinol * ND α ND ND 5.76 × 107 ± 1.23 
× 107 Áβ

ND ND

Ethylmalonic acid ND α ND ND 1.33 × 107 ± 1.44 
× 106 A’β

ND ND

b-D-Xylopyranosyl-(1–4)-a-L-rhamnopyranosyl- 
(1–2)-L-arabinose

2.13 × 107 ± 1.64 
× 106 A

1.69 × 106 ± 4.42 
× 104 B

7.92 % 1.80 × 107 ± 7.27 
× 106 Á

9.79 × 105 ± 1.38 
× 106 B́

5.43 %

a-L-Fucopyranosyl-(1–2)-b-D-galactopyranosyl- 
(1–2)-D-xylose

2.87 × 107 ± 2.14 
× 106 A

4.48 × 106 ± 1.12 
× 105 B

15.63 % 3.65 × 107 ± 1.43 
× 107 Á

1.51 × 106 ± 2.14 
× 106 B́

4.13 %

Cynaroside A * ND α ND ND 2.85 × 107 ± 8.50 
× 105 Áβ

ND ND

3′-Methoxyfukiic acid ND α ND ND 1.31 × 107 ± 1.33 
× 106 A’β

ND ND

Gallic acid 4-O-(6-galloylglucoside) * ND α ND ND 2.99 × 107 ± 5.14 
× 105 Á β

ND ND

3-propylmalic acid 3.86 × 107 ± 6.39 
× 105 A

3.96 × 106 ± 8.23 
× 104 B

10.26 % 3.40 × 107 ± 4.47 
× 106 Á

2.19 × 107 ± 2.51 
× 107 B́

64.38 %

3-O-Methylgallate * 1.35 × 107 ± 7.49 
× 105 A

1.58 × 106 ± 2.57 
× 104 B

11.74 % 1.04 × 107 ± 4.25 
× 106 Á

9.27 × 105 ± 1.31 
× 106 B́

8.88 %

Eriocitrin * 2.26 × 107 ± 1.06 
× 106 A

1.91 × 105 ± 1.44 
× 104 B

0.85 % 1.58 × 107 ± 1.08 
× 107 Á

1.10 × 105 ± 1.55 
× 105 B́

0.69 %

Gallotannin * ND α ND ND 3.76 × 107 ± 7.03 
× 105 A’β

ND ND

Gallotannin (isomer) * ND α ND ND 3.09 × 107 ± 5.19 
× 105 A’β

ND ND

Ellagic acid +* 1.26 × 108 ± 1.56 
× 107 A

5.01 × 105 ± 9.53 
× 102 B

0.40 % 1.10 × 108 ± 3.69 
× 107 Á

1.24 × 105 ± 1.76 
× 105 B́

0.11 %

Myricitrin +* 2.58 × 107 ± 9.93 
× 105 A

1.75 × 106 ± 8.69 
× 103 B

6.76 % 2.00 × 107 ± 7.26 
× 106 Á

6.83 × 105 ± 9.66 
× 105 B́

3.41 % ´

Quercetin 3-O-glucoside +* 1.54 × 107 ± 1.62 
× 106 A

1.92 × 106 ± 9.24 
× 104 B

12.49 % 1.13 × 107 ± 3.82 
× 106 Á

7.81 × 105 ± 1.10 
× 106 B́

6.92 %

Benzoic acid * ND α ND ND 1.38 × 107 ± 1.03 
× 106 A’β

ND ND

Quercetin 3-arabinoside +* 2.71 × 107 ± 6.69 
× 10 A

1.79 × 106 ± 1.03 
× 104 B

6.62 % 1.85 × 107 ± 4.20 
× 106 Á

1.02 × 106 ± 1.44 
× 106 B́

5.50 %

Quercitrin +* 1.51 × 108 ± 4.97 
× 106 A

2.25 × 106 ± 1.61 
× 105 B

1.49 % 1.22 × 108 ± 3.23 
× 107 Á

1.04 × 106 ± 1.47 
× 106 B́

0.86 %

Isochinomin 1.41 × 107 ± 8.65 
× 105 A

9.33 × 105 ± 1.76 
× 104 B

6.60 % 8.20 × 106 ± 8.35 
× 105 Áβ

3.93 × 105 ± 5.55 
× 105 B́

4.79 %

Kaempferide 7-glucoside +* ND α ND ND 1.10 × 107 ± 1.41 
× 106 Á β

ND ND

Phloretin 2’-O-glucuronide +* 6.80 × 107 ± 4.01 
× 106 A

2.00 × 105 ± 2.49 
× 103 B

0.29 % 5.45 × 107 ± 1.40 
× 107 Á

1.32 × 105 ± 1.87 
× 105 B́

0.24 %

Apigenin 7-O-glucoside +* 1.92 × 107 ± 7.31 
× 105 A

1.37 × 105 ± 2.12 
× 104 B

0.71 % 1.35 × 107 ± 5.49 
× 106 Á

3.19 × 105 ± 1.74 
× 105 B́

2.37 %

6-Hydroxykaempferol +* 2.29 × 107 ± 1.96 
× 106 A

1.81 × 106 ± 7.21 
× 104 B

7.87 % 2.49 × 107 ± 2.88 
× 106 Á

9.78 × 105 ± 1.38 
× 106 B́

3.92 %

Isorhamnetin +* ND α ND ND 1.50 × 107 ± 8.50 
× 105 Áβ

ND ND

Quercetin +* 2.89 × 107 ± 1.19 
× 106 A

1.99 × 106 ± 3.48 
× 104 B

6.89 % 2.93 × 107 ± 2.74 
× 106 Á

1.16 × 106 ± 1.63 
× 106 B́

3.95 %

9S,12S,13S-trihydroxy-10E-octadecenoic acid 5.91 × 107 ± 1.31 
× 106 A

1.82 × 106 ± 1.05 
× 105 B

3.08 % 1.05 × 108 ± 5.20 
× 107 Á

6.88 × 105 ± 9.73 
× 105 B́

0.66 % Á/B́

3′,5’-Dihydroxyflavanone * ND α ND ND 1.68 × 107 ± 2.86 
× 105 Á β

ND ND

(continued on next page)
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methylmalate, succinic acid, 2-methylcitrate, and 2-O-galloylsucrose. 
Among the compounds showing resistance to digestion, despite their 
significant reduction, a-l-fucopyranosyl-(1–2)-b-d-galactopyranosyl- 
(1–2)-d-xylose exhibited the highest bioaccessibility (16 %), followed by 
quercetin 3-O-glucoside (12 %), 3-O-methylgallate (12 %), and 2-deoxy- 
D-ribose (11 %). gallic acid and 3-propylmalic acid showed moderate 
bioaccessibility (11 % and 10 % respectively), while 2-O-galloylglucose 
and 2-dehydro-d-xylonate maintained around 10 %. Several phenolic 
compounds displayed low retention rates: 6-hydroxykaempferol (8 %), 
myricitrin (7 %), quercetin (7 %), quercetin 3-arabinoside (7 %), and 

quercitrin (1 %). Particularly, low in vitro bioaccessibility was observed 
for eriocitrin (0.9 %), ellagic acid (0.4 %), and phloretin 2’-O-glucuro
nide (0.3 %). Among fatty acid derivatives, retention rates varied from 
moderate to low: octadecanedioic acid (9 %), 9,10-DiHOME (7 %), 12r- 
hydroxy-9z-octadecenoic acid (6 %), 9 s,12 s,13 s-trihydroxy-10e-octa
decenoic acid (3 %), and 16-hydroxy hexadecanoic acid (3 %). Digestive 
processes significantly altered the phytochemical profile of fermented 
carob beverages, revealing intricate interactions between fermentation, 
digestion, and compound stability with a sharp decrease on phenolic 
compounds.

Table 2 (continued )

Phytochemicals UF-WD UF-D Bioaccessibility F-WD F-D Bioaccessibility

Octadecanedioic acid 4.46 × 107 ± 8.52 
× 105 A

3.98 × 106 ± 3.98 
× 104 B

8.93 % 3.61 × 107 ± 1.71 
× 107 Á

1.89 × 106 ± 2.68 
× 106 B́

5.24 %

9,10-DiHOME 5.74 × 106 ± 1.83 
× 106 A

3.93 × 106 ± 1.18 
× 105 B

6.85 % 3.17 × 106 ± 2.77 
× 106 Á

1.98 × 106 ± 2.80 
× 106 B́

6.25 %

L-Menthyl acetoacetate ND α ND ND 1.98 × 106 ± 4.66 
× 105 Á β

ND ND

9,10-dihydroxy stearic acid ND α ND ND 3.28 × 106 ± 1.14 
× 106 Á β

3.24 × 106 ± 4.58 
× 106 B́

9.86 %

Laserpitin ND β ND ND 2.17 × 106 ± 8.12 
× 105 Á β

4.04 × 105 ± 5.71 
× 105 B́

1.86 %

alpha,alpha’-Trehalose 6-palmitate 2.24 × 106 ± 7.96 
× 105 A

1.06 × 106 ± 5.56 
× 105 B

4.74 % 1.27 × 106 ± 6.74 
× 106 Á

6.29 × 105 ± 8.90 
× 105 B́

4.97 %

12R-hydroxy-9Z-octadecenoic acid 1.69 × 106 ± 6.89 
× 105 A

1.09 × 106 ± 1.04 
× 105 B

6.41 % 3.82 × 107 ± 3.25 
× 107 Á

1.27 × 106 ± 2.22 
× 105 B́

3.32 %

16-hydroxy hexadecanoic acid 3.22 × 107 ± 2.91 
× 106 A

1.07 × 106 ± 9.78 
× 104 B

3.31 % 1.57 × 107 ± 1.87 
× 107 Á

6.91 × 10 5 ± 5.84 
× 105 B́

4.40 %

* Phenolic compounds. The symbol α/β indicates significant difference between UF-WD vs F-WD (indicates the effect of fermentation), A/B indicates significant 
difference between UF-WD vs UF-D (indicates the effect of digestion on unfermented beverages), and A’/B′ indicates significant difference between F-WD vs F-D 
(indicates the effect of digestion on fermented beverages). Different letters indicate statistically significant differences (p < 0.05) according to Welch’s t-test. ND: not 
detected.

Table 3 
Peak integration area values from the Extract ion Chromatograms (EICs) of the phytochemical compounds identified by UHPLC-QTOF in rice beverages unfermented 
and fermented with consortium of lactic acid bacteria (VEGE061) for 48 h and prior and after digestion.

Phytochemicals UF-WD UF-D Bioaccessibility F-WD F-D Bioaccessibility

Citric acid
7.36 × 106 ± 1.21 ×
106 A

1.25 × 106 ± 1.50 ×
106 17.05 %

7.28 × 106 ± 1.04 ×
106 Á

2.04 × 106 ± 3.37 ×
105 B́ 28.04 %

L-leucic acid
3.02 × 105 ± 1.36 ×
105 α ND ND

9.39 × 105 ± 3.82 ×
104 ND ND

S-leucic acid
3.22 × 105 ± 8.91 ×
104 α ND ND

5.87 × 107 ± 5.80 ×
105 ND ND

p-coumaric acid * 1.91 × 106 ± 1.22 ×
105 α ND ND 1.16 × 106 ± 6.20 ×

103 ND ND

Ethyl vanillin * NDα ND ND
5.26 × 107 ± 2.56 ×
106 ND ND

Sinapoyl alcohol
4.78 × 106 ± 3.66 ×
105 Aα

5.06 × 105 ± 3.00 ×
104 B 10.59 %

6.04 × 106 ± 1.65 ×
105 Áβ

7.94 × 105 ± 3.54 ×
105 B́ 13.16 %

Trihydroxy octadecenoic acid 
isomer a

7.99 × 107 ± 9.45 ×
107 A

6.99 × 106 ± 8.18 ×
106 B 8.75 % 1.58 × 108 ± 2.28 ×

107 Á
3.37 × 106 ± 4.77 ×
106 B́ 2.13 %

Trihydroxy octadecenoic acid 
isomer b

1.09 × 108 ± 9.27 ×
106 A

1.29 × 106 ± 5.14 ×
104 B 1.19 % 9.87 × 107 ± 3.54 ×

107 Á
5.46 × 105 ± 7.72 ×
105 B́ 0.55 %

Dihydroxyoleic acid isomer a
2.62 × 107 ± 2.76 ×
106 Aα

9.98 × 106 ± 4.87 ×
105 B 38.12 %

9.65 × 107 ± 1.87 ×
107 Áβ

7.31 × 106 ± 4.02 ×
106 B́ 7.58 %

Dihydroxyoleic acid isomer b
5.72 × 107 ± 4.37 ×
106 Aα

6.19 × 106 ± 6.12 ×
104 B 18.82 %

1.47 × 108 ± 3.23 ×
107 Áβ

4.58 × 106 ± 2.53 ×
106 B́ 3.11 % ´

Dihydroxystearic acid isomer a 6.58 × 106 ± 6.37 ×
105 Aα

5.18 × 106 ± 4.67 ×
105 A 78.82 % 7.97 × 107 ± 2.42 ×

107 Áβ
3.16 × 106 ± 1.64 ×
106 B́ 3.96 %

Dihydroxystearic acid isomer b 9.84 × 106 ± 1.15 ×
106 A

3.56 × 107 ± 1.51 ×
106 B 362.31 % 8.84 × 107 ± 4.09 ×

107 Á
1.13 × 107 ± 4.18 ×
106 B́ 12.84 %

Hydroxylinoleic acid isomer a
8.90 × 107 ± 1.48 ×
107 A

2.31 × 107 ± 1.41 ×
106 B 25.98 %

1.02 × 108 ± 4.74 ×
107 Á

1.65 × 107 ± 4.74 ×
106 B́ 16.18 %

Hydroxyoleic acid isomer a
1.81 × 107 ± 2.36 ×
106 Aα

6.04 × 106 ± 1.41 ×
106 B 33.30 %

9.09 × 107 ± 2.42 ×
107 Áβ

1.98 × 106 ± 1.01 ×
106 B́ 2.17 %

Hydroxyoleic acid isomer b 1.45 × 107 ± 3.10 ×
106 A

3.00 × 106 ± 1.98 ×
105 B 20.68 % 1.78 × 107 ± 9.88 ×

106 Á
1.89 × 106 ± 6.99 ×
105 B́ 10.58 %

* Phenolic compounds. The symbol α/β indicates significant difference between UF-WD vs F-WD (indicates the effect of fermentation), A/B indicates significant 
difference between UF-WD vs UF-D (indicates the effect of digestion on unfermented beverages), and A’/B′ indicates significant difference between F-WD vs F-D 
(indicates the effect of digestion on fermented beverages). Different letters indicate statistically significant differences (p < 0.05) according to Welch’s t-test. ND: not 
detected.
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3.2.6. Impact of in vitro gastrointestinal digestion on fermented carob 
beverages (F-WD vs. F-D)

In vitro digestion substantially affected the phytochemical profile of 
fermented carob beverages, with all detected compounds showing sta
tistically significant decreases (p < 0.05) (Table 2). Numerous com
pounds were eliminated during digestion, including cynaroside A, 3′- 
methoxyfukiic acid, gallic acid 4-O-(6-galloylglucoside), gallotannin, 
isorhamnetin, benzoic acid, L-menthyl acetoacetate, and 3′,5′-dihy
droxyflavanone. Most phenolic compounds showed very low retention 
rates: quercetin 3-O-glucoside (7 %), quercetin 3-arabinoside (6 %), and 
6-hydroxykaempferol (4 %). The low bioaccessibility may be due to the 
formation of phenolic complexes with digestive enzymes (Chait et al., 
2021). Furthermore, it is notable that some organic acids showed higher 
bioaccessibility in fermented compared to unfermented samples: 3-pro
pylmalic acid increased its retention from 10 % to 64 %, and citric acid 
from 9 % to 32 %. The fermentation process seems to play an important 
role in protecting these target compounds in carob. Chait et al. (2021)
observed high bioaccessibility of numerous phenolic compounds, such 
as gallic and ellagic acids, myricetin, and quercetin. However, given that 
their beverage was a mixture of milk and carob, the role of milk in the 
gastrointestinal protection of these compounds cannot be ruled out in 
relation to our study. No additional studies on the bioaccessibility of 
polyphenols in carob plant-based beverages were found. This selective 
preservation of certain compounds after digestion has been previously 
observed in carob matrix, where processing methods link grinding o size 
particle can significantly affect the bioaccessibility of specific com
pounds (Frühbauerová et al., 2022).

3.2.7. Phytochemical changes due to fermentation in non-digested rice 
beverages (UF-WD vs. F-WD)

Lactic acid fermentation induced significant changes in rice bever
age’s phytochemical profile (Table 3). The most dramatic increase was 
observed in S-leucic acid (182.2-fold increase), followed by substantial 
increases in several hydroxylated fatty acids: dihydroxystearic acid 
isomer a (12.1-fold), hydroxyoleic acid isomer a (5.0-fold), dihydrox
yoleic acid isomer a (3.7-fold), and dihydroxyoleic acid isomer b (2.6- 
fold). Other hydroxylated compounds also showed notable increases: 
dihydroxystearic acid isomer b (9.0-fold), trihydroxy octadecenoic acid 
isomer a (2.0-fold), and hydroxyoleic acid isomer b (1.2-fold). Ethyl 
vanillin emerged exclusively in fermented samples. UPLC-ESI-QTOF- 
MS/MS analysis revealed that these increases in antioxidant capacity 
were correlated with specific modifications in the phytochemical pro
file. Particularly notable was the appearance of ethyl vanillin and a 
sharp increase in S-leucic acid. However, fermentation also caused some 
significant decreases, such as a 0.6-fold reduction in p-coumaric acid 
and a 0.9-fold decrease in trihydroxy octadecenoic acid isomer b. 
Furthermore, fermentation seemed to specifically favor the formation of 
hydroxylated acids and the appearance of ethyl vanillin, indicating 
different metabolic pathways predominating in this matrix compared to 
the other plant-based beverages studied. This was also observed by 
Bocchi et al. (2021) who found a certain level of protection between 
fermented and unfermented variants of a commercial oat beverage, 
particularly for compounds like 4-hydroxybenzaldehyde, p-coumaric 
acid and avenanthramide derivatives.

3.2.8. Impact of in vitro gastrointestinal digestion on unfermented rice 
beverages (UF-WD vs. UF-D)

In vitro digestion revealed distinctive patterns in unfermented rice 
beverages (Table 3). Remarkably, dihydroxystearic acid isomer b 
showed an exceptional 362 % increase after digestion, while its isomer a 
demonstrated unique stability (79 % bioaccessibility). Several hydrox
ylated fatty acids displayed moderate in vitro bioaccessibility: dihy
droxyoleic acid isomer a (38 %), hydroxyoleic acid isomer a (33 %), 
hydroxylinoleic acid isomer a (26 %), and hydroxyoleic acid isomer b 
(21 %). Citric acid and sinapoyl alcohol showed limited resistance to 
digestion (17 % and 11 % respectively). Several compounds were 

completely lost during digestion, including L-leucic acid, S-leucic acid, 
and p-coumaric acid.

In unfermented samples, a dramatic increase was observed in both 
TEAC (from 0.06 to 1.9 mmol L− 1 Trolox) and ORAC (from 1.3 to 2.6 
mmol L− 1 Trolox), while the TSP decreased significantly (from 81.6 to 
24.2 mg GAE/L). Several other hydroxylated acids showed moderate 
bioaccessibility, suggesting that the post-digestion antioxidant capacity 
may derive from the transformation of these compounds rather than 
from native polyphenols.

3.2.9. Effect of in vitro gastrointestinal digestion on fermented rice 
beverages (F-WD vs. F-D)

All compounds in fermented rice beverage were significantly 
affected by in vitro digestion (p < 0.05) (Table 3). Several compounds 
were completely lost during digestion: L-leucic acid, S-leucic acid, p- 
coumaric acid, and ethyl vanillin. Among the remaining compounds, 
hydroxylinoleic acid isomer a (16 %), sinapoyl alcohol (13 %) and 
dihydroxystearic acid isomer b (13 %) showed selective retention. Citric 
acid demonstrated notable bioaccessibility (28 %). Other hydroxylated 
fatty acids showed low bioaccessibility: dihydroxyoleic acid a (8 %), 
dihydroxystearic acid isomer a (4 %), dihydroxyoleic acid isomer b (3 
%), hydroxyoleic acid isomer a (2 %), trihydroxy octadecenoic acid 
isomer a (2 %), and trihydroxy octadecenoic acid isomer b (0.6 %). This 
pattern of selective compound retention and transformation during 
digestion has been observed by Inada et al. (2020), who found varying 
degrees of compound retention after digestive processes in jaboticaba 
(Plinia cauliflora) peel and seed.

The selective retention of compounds during digestion deserves 
special attention when comparing the three matrices. The compounds 
most resistant to digestion were generally those with more complex or 
fermentation-modified structures, as evidenced by the exceptional 
retention of hydroxyoleic acid isomer b in tiger nut beverage (>90 %) 
and the higher retention of 3-propylmalic acid in fermented (64 %) 
compared to unfermented (10 %) carob beverage. These differences in 
retention suggest that matrix-compound interactions play a crucial role 
in the potential bioaccessibility of bioactive compounds. It is important 
that bioaccessible bioactive compounds can remain bound to fiber as 
well as to the microbial biomass itself, which in turn can be influenced 
by the endogenous microbiota. This limitation has been observed in 
other studies; for example, Inada et al. (2020) found approximately 60 % 
decrease in bioaccessibility in jaboticaba peel and seed after digestive 
processing, which decreased further to 19 % after in vitro colonic 
fermentation. Similar magnitudes of significant losses were also re
ported by Grzelczyk et al. (2024) in coffee extract varieties. Importantly, 
the phenolic compounds remaining after digestive processing, even if 
not assimilated, can potentially act together with bacterial biomass in a 
postbiotic or symbiotic effect (Al-Habsi et al., 2024). Furthermore, to 
our knowledge, this work is currently the only one to have explicitly 
reported the use of the INFOGEST 2.0 method in these types of studies. 
Small variations in pH, time and temperature conditions during diges
tion can significantly alter phenolic compound bioaccessibility. The 
apparent contradiction between the decrease in TSP and the increase in 
antioxidant capacity observed under various conditions, particularly in 
rice beverage, suggests limitations in traditional methods of polyphenol 
quantification. Degradation or transformation products of polyphenols, 
although not detectable by the Folin-Ciocalteu method, could contribute 
significantly to the antioxidant capacity, especially after digestion. This 
result has been observed in other studies where a decrease in phenolic 
content after digestion was found, while it was also noted that milk 
could help improve bioaccessibility, particularly for compounds with 
lipophilic character (Cilla et al., 2012; Chait et al., 2021; Cuvas-Limon 
et al., 2022, Nicolescu et al., 2023; Jiménez-Monreal et al., 2025;
Méndez-Galarraga, Pirovani, García-Cayuela, & Van de Velde, 2025). 
They also detected decreases in ORAC levels. This complex relationship 
between compound degradation and antioxidant activity highlights the 
importance of using multiple complementary analytical techniques to 

M. Vitali et al.                                                                                                                                                                                                                                   Food Chemistry 495 (2025) 146562 

9 



assess the bioactive potential of these beverages. Lactic acid bacteria 
enzymatic machinery described in the literature contributes to the for
mation of new metabolites, fact that can be attributed to specific 
biotransformation pathways involving β-glucosidase, tannase, and 
gallate decarboxylase activities that convert precursor compounds 
through established biochemical routes (e.g., gallic acid → pyrogallol → 
phloroglucinol) (Gaur & Gänzle, 2023; Liang et al., 2023; Polat et al., 
2023). This could explain the appearance of novel bioactive compounds 
like phloroglucinol and cynaroside A in fermented samples, representing 
genuine enzymatic biotransformation rather than simple compound 
release from the food matrix (Fig. 4).

4. Conclusions

The synergistic role of fermentation and digestion in modulating the 
phytochemical profile and antioxidant capacity emerges as a central 
finding of this study. Fermentation not only modifies the initial profile of 
bioactive compounds in a matrix-specific manner but also alters their 
susceptibility to digestion and potential bioavailability. This effect was 
particularly evident in rice beverage, where fermented samples showed 
the highest increase in total antioxidant capacity (TEAC method) values 
after digestion suggesting that fermentation may enhance the bioactive 
potential through complex mechanisms beyond simple changes in 
polyphenol content. The study shows that lactic fermentation induces 
significant changes in antioxidant capacity and in the polyphenol con
tent of plant-based beverages, before and after in vitro digestion. In case 
of tiger nut beverages, it is observed that, despite an average global 
bioaccessibility of phenolic compounds of around 8 % after digestion, 
there are exceptions such as the b-isomer of hydroxyoleic acid (a hy
droxylated fatty acid) that shows a marked retention followed by sina
poyl alcohol which shows medium retentions. In carob beverages, 
besides the marked global degradation of antioxidant compounds, a 
significant increase in the retention of 3-propyl malic acid (an organic 
acid) is evident, which goes from approximately 10 % in unfermented 

samples to 64 % in fermented samples after digestion. In contrast, the 
rice beverage, despite having initial lower antioxidant capacity, showed 
relatively greater stability after digestion, with bioaccessibility of 
approximately 30 % in unfermented samples and 19 % in fermented 
samples, a fact that translates into lower variations in TAC and TSP. 
These results first demonstrate that fermentation induces substantial 
changes in phenolic compounds and antioxidant activity, depending on 
the plant-based matrix. Altogether, these findings reinforce the rele
vance of this study for the design of functional plant-based beverages. 
Specifically, our quantitative results demonstrate matrix-specific opti
mization strategies: (i) rice fermented beverages show the highest 
antioxidant enhancement (101.9-fold TEAC increase) through syner
gistic fermentation-digestion effects, (ii) carob beverage fermentation 
optimally protects organic acids (6.3-fold increase in 3-propylmalic acid 
bioaccessibility), (iii) tiger nut matrices preserve hydroxylated fatty 
acids (>90 % bioaccessibility), and (iv) matrix-specific fermentation 
times (24 h tiger nut, 72 h carob, 48 h rice) are required for optimal 
results.
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Tahori, N., & Martínez-Tomé, M. (2025). Effect of in vitro gastrointestinal digestion 
on the antioxidant properties of fruit and vegetable powdered smoothies reinforced 
with WPC80. LWT, 215, Article 117301. https://doi.org/10.1016/j. 
lwt.2024.117301

Liang, Z., Huang, Y., Zhang, P., & Fang, Z. (2023). Impact of fermentation on the 
structure and antioxidant activity of selective phenolic compounds. Food Bioscience, 
56, Article 103147. https://doi.org/10.1016/j.fbio.2023.103147

Llorens, P., Chiacchio, M. F., Tagliamonte, S., Juan-García, A., Pallarés, N., Moltó, J. C., 
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