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digestion†
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“Horchata de chufa” is a beverage produced from tiger nut tubers, which yields a high amount of by-

product. This study explored the functional properties of the Spanish tiger nut beverage (TNB) and its by-

product (TNBP) together with the bioaccessibility and bioavailability of polyphenols in vitro. TNB and

TNBP were characterized for polyphenols via LC/MS/MS and underwent in vitro digestion (INFOGEST).

The total antioxidant capacity (TAC) of all bioaccessible fractions and digestion residues was assessed.

Intestinal bioaccessible fractions were tested for the ability to inhibit the activity of digestive enzymes

(α-amylase, α-glucosidase, and lipase) and the content of polyphenols, whose bioavailability was assessed

in a Caco-2 cell model. Thirteen polyphenols were quantified and found to be more abundant in TNB

(603 ± 1.4 µg g−1 DW) than in TNBP (187 ± 1.0 µg g−1 DW). Polyphenol bioaccessibility was higher for

TNBP than that for TNB (57% vs. 27%), and despite a similar TAC of the intestinal bioaccessible fractions

(10.2 ± 0.1 µmoL vs. 9.2 ± 0.03 µmoL eq. Trolox per g DW for TNB and TNBP, respectively), the different

patterns of polyphenols released upon digestion suggested the higher ability of TNBP fraction to inhibit

α-glucosidase and lipase. TNBP digestion residue showed higher TAC than TNB. Moreover, TNB polyphe-

nols exhibited over 80% bioavailability, whereas TNBP polyphenols’ bioavailability ranged from 62% to

84%. Overall, the findings demonstrated that TNBP maintains a high nutritional value, thus suggesting its

possible reuse in innovative, healthy, and sustainable foods.

1. Introduction

Tiger nuts (Cyperus esculentus L.) belong to the Cyperaceae
family and are small and sweet tubers that grow in the roots of
a perennial grass-like plant that is commonly found in
Mediterranean countries. Most of the tiger nuts produced in
Valencia (Spain) bear the esteemed protected designation of
origin (PDO) “Chufa de Valencia” since 1995.1

Tiger nut has high nutritional quality, containing 23.7%
lipids (mainly monounsaturated triglycerides), 42.5% carbo-
hydrates, 6.1% proteins, and 7.4% fiber, alongside minerals,
such as iron, magnesium, potassium and phosphorus; vita-
mins C and E;2,3 and polyphenols in the range of

806.7–1150.7 μM GAE g−1.4 This overall composition has been
considered responsible for the health benefits associated with
the tuber consumption, supporting their use in the prevention
of intestinal, coronary heart, and metabolic diseases.5

Tiger nuts are generally consumed fresh or as “Horchata de
Chufa”, a beverage made from the tubers and very popular in
Spain as a plant-based milk alternative for people with animal-
milk allergies and lactose intolerance.3

In Spain, 40 to 50 million liters of “horchata” is manufac-
tured every year,6,7 resulting in the generation of substantial
liquid and solid by-products.8 Notably, the solid by-product
accounts for 60% of the raw material by weight9 and has his-
torically been discarded or utilized as animal feed.4 The valori-
zation of this by-product represents not only an overlooked
opportunity but also an urgent necessity in the pursuit of
more sustainable practices. The incorporation of this by-
product into the food chain could yield significant environ-
mental and economic benefits, facilitating a shift towards
more sustainable production and diet, in line with the key
objectives of the United Nations 2030 Agenda.10 This trans-
formation underscores the critical importance of food upcy-
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cling and reuse, transforming what was once considered waste
into a valuable resource, thereby aligning with the growing
awareness around waste food reduction.

From a nutritional perspective, the tiger nut beverage con-
tains carbohydrates (17%), of which 3.1% is starch, lipids
(2.7%), proteins (1.2%), and dietary fiber (0.1%)11 beside phe-
nolic compounds and other bioactive compounds.12 On the
other hand, the tiger nut solid by-product is composed of 60%
dietary fiber,13 lipids and antioxidant compounds as polyphe-
nols in the range of 186.5–222.6 mg GAE per 100 g.14

Previous studies explored the possibility of reusing tiger nut
by-product in the food chain. Specifically, some studies
focused on the incorporation of the byproduct in gluten-free
bread and butter,15 biscuits,16 and fiber-enriched meat
burgers.17

The characterization of polyphenols present in the tiger nut
beverage as well as the potential nutritional and functional
effects of both the beverage and the solid tiger nut by-product
upon consumption, are still under investigation.

This study aimed to explore the bioaccessibility and bio-
availability of polyphenols from the tiger nut beverage (TNB)
and by-product (TNBP) during in vitro digestion and in Caco-2
cells, respectively, along with their potential functional pro-
perties in the gastrointestinal tract, such as the total anti-
oxidant capacity (TAC), and the inhibitory activity on digestive
enzymes α-amylase, α-glucosidase, and lipase.

2. Materials and methods
2.1 Chemicals

ABTS (2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)),
potassium persulfate, ethanol, methanol, water, formic acid,
acetonitrile, HCl 12 M, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox), NaOH 6 M, 2,3-dimercapto-1-propa-
nol tributyrate, starch azure, para-nitrophenyl-α-D-glucopyrano-
side, 5-5′-dithio-bis (2-nitrobenzoic acid), Tris[hydroxymethyl]
aminomethane, calcium chloride, sodium phosphate monoba-
sic dihydrate, lipase from porcine pancreas (Type II 100–500 U
mg−1), α-amylase from porcine pancreas (type VI-B ≥ 10 U
mg−1), α-glucosidase from Saccharomyces cerevisiae (type I ≥
10 U mg−1), pancreatin from porcine pancreas (4× USP), and
pepsin from porcine gastric mucosa (≥250 U mg−1), caffeic
acid, trans-ferulic acid, protocatechuic acid, p-coumaric acid,
4-hydroxybenzoic acid, luteolin, and vanillic acid were all pur-
chased from Sigma-Aldrich, Milan, Italy. Glacial acetic acid
(96%) and cellulose powder from spruce were purchased from
VWR Chemicals (Pennsylvania, USA) and Fluka (Steinheim,
GE), respectively.

2.2 Tiger nut beverage preparation and by-product collection

Tiger nut flour (PDO “Chufa de Valencia”) Món Orxata S.L
(Valencia, Spain) was bought in a local market. TNB was
obtained according to the instructions reported in the tiger
nut flour package. In detail, 50 g of tiger nut flour was
weighed, added to 225 mL of water and mixed using a kitchen

blender (Braun, Germany) for 2 min. Then, the mixture was fil-
tered to collect the liquid fraction, i.e., the tiger nut beverage
(TNB) and the solid residue fraction, i.e., the tiger nut by-
product (TNBP). Prior to the analyses, the samples were kept
at −30 °C and freeze-dried by Heto LyoLab 3000 (Fisher
Scientific, UK). The sample was digested and analyzed accord-
ing to the planned study (Fig. 1).

2.3 Simulated gastrointestinal digestion in vitro

The simulated gastrointestinal digestion of TNB and TNBP was
performed in vitro using the INFOGEST method with slight
modifications.18

Simulated fluids: salivary (SSF), gastric (SGF) and intestinal
(SIF), were used and prepared as detailed by Brodkorb et al.18

These fluids were used in each simulated digested phases:
simulated salivary phase (SSP), gastric (SGP) and intestinal
(SIP). Briefly, 1.75 mL of simulated salivary fluid (SSF) stock
solution (pH 7.0), 0.25 mL of amylase solution (1500 U mL−1),
and 12.5 μL of 0.3 M CaCl2 were added to 2.5 g of freeze-dried
sample and distilled water was added for the adjustment to a
final volume of 5 mL. The resulting mixture was incubated for
a period of 2 min at 37 °C in a thermostatic shaking water
bath (160 rpm). The sample from oral digesta was centrifuged
at 4 °C for 15 min at 4000 rpm and the supernatant, which is
considered the bioaccessible fraction (BF), was collected and
separated from the pellet. Subsequently, the SGP was started
by adding to the SSP content 3.75 mL of simulated gastric
fluid (SGF) stock solution (pH 3.0), 0.8 mL of pepsin solution
25 000 U mL−1 and 2.5 μL 0.3 M CaCl2. After reaching a pH of
3.0, adjusting with 1 M HCl, the volume was made up to
10 mL with water. The mixture was incubated in a thermostatic
shaking water bath at 37 °C for 2 h at 130 rpm. As before, the

Fig. 1 Experimental plan performed on tiger nut beverage (TNB) and
tiger nut beverage by-product (TNBP) as well as on bioaccessible and
residue fractions collected at each stage of in vitro digestion for bioac-
cessibility and bioavailability assay.
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sample was centrifuged and separated from the pellet. Finally,
the gastric content (10 mL) was mixed with 5.5 mL of simu-
lated intestinal fluid (SIF) stock solution (pH 7), 2.5 mL of pan-
creatin solution 800 U mL−1, 20 μL of 0.3 M CaCl2 and bile
solution 1.25 mL (160 mM) to initiate the last step of diges-
tion. The pH of the mixture was adjusted to 7.0 with 1 M
NaOH and water was added. The SIP was incubated in a ther-
mostatic shaking bath for 2 h at 37 °C (100 rpm) and then cen-
trifuged at 4 °C for 15 min at 4000 rpm. One mL aliquots of
the collected supernatants (corresponding to the soluble BF)
and pellets (corresponding to the insoluble, non-bioaccessible
fractions) at the end of SSP, SGP, and SIP were freeze-dried
prior to the following analyses: TAC, bioaccessibility and bio-
availability of polyphenols (only the intestinal BF), and inhi-
bition activity against digestive enzymes (only on the intestinal
BF), TAC on the insoluble fraction (pellet, non-bioaccessible
fraction).

2.4 Polyphenol identification and quantification

Polyphenol characterization was carried out in the extracts
obtained from TNB and TNBP (before and after digestion, i.e.,
bioaccessible fractions) (section 2.5.2) and from the compart-
ments (apical and basolateral) collected over the bioavailability
study in Caco-2 cells (section 2.7.2).

Polyphenols were identified and quantified by high per-
formance liquid chromatography coupled to ultraviolet/visible
detector (HPLC-UV/VIS) and were further confirmed by liquid
chromatography coupled with tandem mass spectrometry
(LC-MS/MS).

The analysis by HPLC-UV/VIS was performed using an
HPLC SHIMADZU equipped with UV/VIS SPD-20A detector
(Prominence, USA) and according to the method proposed by
Chiacchio et al.19 For the chromatographic separation, a
Prodigy ODS3 100 Å column (250 mm × 4.6 mm, particle size
5 μm) (Phenomenex, CA, USA) was used and the eluents were
solvent A, consisting of HPLC grade water with 0.2% (v/v)
formic acid, and solvent B, a mixture of acetonitrile/methanol
(60 : 40 v/v). The gradient was programmed as follows: 20% B
(2 min), 30% B (8 min), 40% B (18 min), 50% B (26 min), 90%
B (34 min), 90% B (37 min), 20% B (39 min), 20% B (43 min).
The injection volume was 20 μL with a flow rate of 1 mL
min−1. The analyses were conducted in triplicate. Table S1†
shows the retention times, the limit of detection (LOD) and
the limit of quantification (LOQ) of all the polyphenols identi-
fied by HPLC-UV.

Protocatechuic acid, 4-hydroxybenzoic acid, vanillic acid,
p-coumaric acid, trans-ferulic acid, luteolin, trans-cinnamic,
acid caffeic acid hexoside, ferulic acid acyl-b-D-glucoside,
3-hydroxybenzoic acid, an epicatechin derivative (flavan-3-ol)
and ethyl vanillin were identified by the corresponding stan-
dard compounds and confirmed by LC-MS/MS. Specifically,
chromatographic conditions were the same as described above
and an API 3000 Triple Quadrupole mass spectrometer
(Applied Biosystem Sciex) with a TurboIonSpray as a source
was used; the analysis was in Multiple Reaction Monitoring
(MRM) and in negative ion mode. The setting conditions for

the analysis were the same as reported in the method above:
drying gas (air) was heated to 400 °C, capillary voltage (IS) was
set to 4000 V, nebulizer gas (air) 12 (arbitrary units), curtain
gas (N2) 14 (arbitrary units), collision gas (N2) 4 (arbitrary
units). The acquisition parameters such as collision energy
(CE), declustering potential (DP), and the collision cell exit
potential (CXP) are provided in Table S2.†

The bioaccessibility (%) of each polyphenol was determined
using the following equation:

BAcc ð%Þ ¼ ½CS�intestinal phase
½CP�non‐digested

� 100

CS stands for the concentration in the extracted intestinal
supernatant and CP for the concentration in the phenolic
extract of the non-digested product.

2.5 Total antioxidant capacity (TAC)

The direct TAC of TNBP samples before digestion and the in-
soluble fraction (pellet) obtained upon in vitro digestion were
analyzed by using the Quencher methodology.20

The soluble TAC of TNB and TNBP samples before digestion
and the bioaccessible fractions (supernatants) obtained upon
in vitro digestion was determined by using the ABTS radical
scavenging methodology.21

2.5.1 Quencher methodology. The samples were diluted
and mixed with cellulose based on their antioxidant potential.
The reaction was initiated by adding 6 mL of ABTS•+ solution
(7 mM) to 10 mg of the sample. After a 30 min incubation, the
samples were centrifuged, and the absorbance of the super-
natants was measured at 734 nm using a UV/VIS spectrophoto-
meter (PG Instruments, UK). A blank was prepared by repla-
cing the sample with cellulose and subjected to the same reac-
tion conditions. The analysis was performed in triplicate, and
the results were expressed as µmol eq. Trolox per g of dry
sample, using a Trolox calibration curve.

2.5.2 ABTS methodology. For this methodology, 0.1 g of
each freeze-dried sample before the in vitro digestion was
weighed, and 1 mL of methanol/water solution (70 : 30 v/v) was
added. The oral, gastric and intestinal freeze-dried BF samples
were resuspended in 1 mL of methanol/water solution (70 : 30
v/v). After vortexing for 1 min, the samples were centrifuged
for 10 min at 14 800 rpm and 4 °C. The reaction was initiated
by adding 1 mL of ABTS•+ solution (7 mM) to 100 µL of the pre-
viously diluted phenolic extract. After 2.5 min, the absorbance
was measured at 734 nm. The same reaction was carried out
for the blank, where the 100 µL of the sample extract was sub-
stituted by methanol/water solution (70 : 30 v/v). Each reaction
was performed in triplicate, and the results were expressed as
µmol eq. Trolox per g of dry sample, using a Trolox calibration
curve.

2.6 Inhibition of digestive enzymes

2.6.1 α-Amylase inhibition. The inhibitory activity of
α-amylase was assessed following the method reported by
Colantuono et al.22 with slight modifications. The small intes-
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tine is the primary site of action for digestive enzymes, so the
freeze-dried BF from the intestinal phase was resuspended in
1 mL of distilled water. The substrate solution was prepared
by adding 0.4 mL of a Tris-HCl 0.1 M buffer (pH 6.9) con-
taining calcium chloride (0.01 M) to 4 mg of starch azure.
Then, it was boiled for 5 min and incubated at 37 °C for
5 min. The reaction was initiated by adding 0.2 mL of a
Tris-HCl 0.1 M buffer solution (pH 6.9) containing the
enzyme α-amylase from porcine pancreas (2 U mL−1) to
0.2 mL of the sample and 0.2 mL of substrate solution. The
mixture was incubated at 37 °C for 10 min in a thermostatic
bath. After that period, the reaction was stopped by adding
0.5 mL of a 50% acetic acid/water solution (v/v) and ultra-
centrifuging at 4 °C, 14 800 rpm for 10 min. To evaluate the
maximum activity of the enzyme (100%), the same reaction
was reproduced by replacing the sample with the buffer
Tris-HCl 0.1 M. Likewise, to evaluate the minimum activity
of the enzyme (0%), the sample and the enzyme were sub-
stituted with Tris-HCl 0.1 M. For each sample, a blank was
prepared, in which the buffer was added instead of the
enzyme. The absorbance of the resulting supernatants was
measured at 595 nm with a UV-VIS spectrophotometer (PG
Instruments, UK). Each determination was conducted in
triplicate, and the results were expressed as % inhibition
using the following formula:

% inhibition ¼ ½Abs100% � Abs0%� � ½Abssample � Absblank�
½Abs100% � Abs0%� � 100

2.6.2 α-Glucosidase inhibition. The α-glucosidase inhi-
bition assay was carried out as reported by Colantuono et al.22

with slight modifications. Freeze-dried soluble intestinal frac-
tions were resuspended in 1 mL of distilled water.
Subsequently, 125 μL of the sample solution was added to
870 μL of 0.1 M phosphate buffer (pH 6.8). The reaction was
initiated by adding to that mixture 125 μL of a 0.1 M phos-
phate buffer solution (pH 6.8) containing the enzyme
α-glucosidase from Saccharomyces cerevisiae (1 U mL−1) and
125 μL of a 0.1 M phosphate buffer solution containing para-
nitrophenyl-α-D-glucopyranoside (3 mM) as the substrate for
the enzyme. The samples were incubated at 37 °C for 20 min
in a thermostatic bath. After this period, the absorbance was
measured with a UV-VIS spectrophotometer (PG Instruments,
UK). The analysis was conducted in triplicate, and the results
were expressed as % inhibition using the following formula:

% inhibition ¼ ½Abs100% � Abs0%� � ½Abssample � Absblank�
½Abs100% � Abs0%� � 100

2.6.3 Lipase inhibition. The pancreatic lipase inhibition
was assessed according to the method described by
Colantuono et al.23 with slight modifications. Freeze-dried ali-
quots (1 mL) of intestinal supernatants were resuspended in
1 mL of distilled water. For the reaction, a solution of 0.1 M
Tris-HCl buffer (pH 8.3) containing the chromogenic agent 5-
5′-dithio-bis (2-nitrobenzoic acid) (DTNB) (0.3 mM) was pre-
pared. The test was started by adding to 1 mL of the chromo-

genic solution, 50 μL of Tris-HCl 0.1 M buffer (pH 8.3) solution
containing the enzyme lipase (0.05 U mL−1), 40 μL of
sample, and 80 μL of 2,3-dimercapto-1-propanol tributyrate
(20 mM) as a substrate for the reaction and incubating the
sample at 37 °C for 30 min. The reaction tubes were ultra-
centrifugated at 4 °C, 14 800 rpm for 10 min and the absor-
bance of supernatants was measured at 412 nm with a
UV-VIS spectrophotometer (PG Instruments, UK). To assess
the maximum activity of the enzyme (100%), the same reac-
tion was reproduced by replacing the sample with the Tris-
HCl buffer 0.1 M. To evaluate the maximum activity of the
enzyme (100%), the same reaction was reproduced by repla-
cing the sample with the buffer Tris-HCl 0.1 M. Likewise, to
evaluate the minimum activity of the enzyme (0%), the
sample and the enzyme were substituted with Tris-HCl 0.1
M. For each sample, a blank was prepared, to which the
buffer was added in place of the enzyme. Each determi-
nation was conducted in three replicates, and the results
were expressed as % inhibition using the following formula:

% inhibition ¼ ½Abs100% � Abs0%� � ½Abssample � Absblank�
½Abs100% � Abs0%�

� 100

2.7 In vitro bioavailability of polyphenols

2.7.1 Cell culture. The bioavailability of polyphenols from
TNB and TNBP was assessed using human colon adeno-
carcinoma (Caco-2) cells. The cultivation of Caco-2 cells was
based on the protocol outlined by Pollini et al.24 The Caco-2
cells were grown in Dulbecco’s Modified Eagle’s medium
(DMEM), enriched with 10% fetal bovine serum (FBS), 1% N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES)
buffer (v/v), 1% non-essential amino acids (NEAA) (v/v), along
with 100 U mL−1 of both penicillin and streptomycin, and
0.1% fungizone. The cells were kept in an incubator at 37 °C
in an environment containing 5% CO2 and 95% air, with con-
sistent humidity levels. The medium was refreshed every two
days. For maintenance, the cells underwent trypsin-EDTA treat-
ment for cell counting and subculturing twice a week, ensur-
ing that the number of subcultures remained below 20 to pre-
serve genetic consistency.

2.7.2 Transepithelial transport study of polyphenols. The
bioavailability of polyphenols in TNB and TNBP was assessed
using a modified version of the method by Pollini et al.24

using differentiated Caco-2 cells. These cells were seeded at a
density of 3.15 × 105 cells per well in 6-well Transwell
Permeable inserts, each with a surface area of 4.67 cm2. The
inserts (Corning, NY, USA) had a diameter of 24 mm and fea-
tured pores measuring 0.4 mm. To support cell development,
the medium in the wells was refreshed every two days.
Additionally, the trans-epithelial electrical resistance (TEER)
was regularly monitored following each medium replacement
to evaluate the integrity and confluence of the cell monolayers.
By the 14th day, the differentiation of the Caco-2 cells was com-
plete, evidenced by TEER values exceeding 400 Ω cm−2

(Fig. S1†). On this day, the media in both the apical (upper)
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and basolateral (lower) compartments were discarded. The
Caco-2 cell monolayers then underwent two gentle washes
with phosphate-buffered saline (PBS). The apical compartment
of the cell culture system was filled with 1.5 mL of Hank’s
Balanced Salt Solution (HBSS) enriched with 1% HEPES, along
with the respective test condition (TNB or TNBP filtered BFs
from the SIP) in a 1 : 1 volume ratio. Simultaneously, the baso-
lateral compartment received an equal volume of fresh
HBSS-HEPES solution. Over the course of the experiment,
samples from the basolateral compartment were collected at
one-, two-, and three-hour intervals. At the four-hour mark,
contents from both the apical and basolateral compartments
were separately gathered to evaluate the transepithelial trans-
port of polyphenols. All collected samples during the experi-
ment were freeze-dried and resuspended in methanol/water
(70 : 30 v/v) before polyphenol analysis by HPLC UV/VIS, as pre-
viously described (section 2.4).

The bioavailability (%) of each polyphenol was determined
using the following equation:

BAv ð%Þ ¼ ½CB�basolateral compartment

½CS�apical compartment 0 h
� 100

CB stands for the phenolic concentration in the basolateral
compartment after the time of incubation (1 h, 2 h, 3 h, 4 h),
and CS is the phenolic concentration at time 0 h in the apical
compartment; this concentration is the extracted intestinal
supernatant diluted in HBSS-HEPES solution before the
exposure cells.

2.8 Statistical analysis

All the analysis was performed in triplicate, and the results
were expressed as mean ± standard deviation (SD). Statistical
analysis was performed using statistical software SPSS (version
20.0, SPSS, Inc., Chicago, IL, USA). The differences between
samples were assessed by One-way ANOVA and Tukey post hoc
test and by independent samples t-test (p < 0.05).

3. Results and discussion
3.1 Bioaccessibility of polyphenols from TNB and TNBP

Fig. S2† shows the HPLC chromatograms obtained from the
analysis of polyphenols from TNB and TNBP. Thirteen poly-
phenols were identified and quantified in TNB and TNBP. The
concentrations of the polyphenols in TNB and TNBP as well as
in the bioaccessible oral, gastric and intestinal fractions col-
lected during in vitro digestion, are reported in Tables 1 and 2.

Results showed that total polyphenols in TNB tripled those in
TNBP; however, in both food matrices, epicatechin derivative was
the most abundant polyphenol, followed by caffeic acid hexoside
in TNB and ferulic acid acyl-b-D-glucoside in TNBP.

Previously, Hernández-Olivas et al.25 assessed the total pheno-
lic compounds (TPC) in nut-derived products, reporting the
highest value in the beverage. In that study, the concentration of
TPC, measured by the Folin–Ciocalteu method, was 7.7 mg GAE
g−1 DW, thus being higher than that found in the present study
using a chromatographic analysis (0.6 ± 0.001 mg g−1 DW). Both
the different varieties of the tiger nut and the analytical methods
used across the studies accounted for the different results;
indeed, the Folin–Ciocalteu method yields TPC values higher
than the sum of the individual phenolic compounds assessed by
the chromatographic method.26 Regarding the polyphenols in
TNBP, the findings of this study disagreed with previous studies
both for the overall content and the profile. The total content of
polyphenols found in the present study was 3-fold higher than in
a previous study.9 Moreover, previous studies reported ferulic acid
and sinapinic acid as the predominant polyphenols in the tiger
nuts,27 vanillic acid, vanillin and trans-cinnamic acid as the most
abundant in tiger nut oils,28 and p-coumaric, quercetin and cin-
namic acids as prominent polyphenols in the brown variety of
TNB fermented with kefir grains.29

The bioaccessibility of polyphenols from TNB and TNBP
was also calculated and shown in Tables 1 and 2.

By enzyme digestion, about 27% and 57% of total polyphe-
nols present in TNB and TNBP, respectively, became bioacces-

Table 1 Concentrations (µg g−1 DW) of polyphenols in TNB and bioaccessible fractions at each digestion phase and bioaccessibility percentage (%)

Polyphenol TNB Oral phase Gastric phase Intestinal phase Bioaccessibility (%)

Caffeic acid hexoside 99.6 ± 0.8a 10.8 ± 0.1d 22.8.4 ± 0.1c 33.0 ± 0.1b 33.2 ± 0.3E

Ferulic acid acyl-b-D-glucoside 50.0 ± 0.1b 24.3 ± 0.2c 8.6 ± 0.04d 59.0 ± 0.4a 118.1 ± 0.6A

Protocatechuic acid 52.8 ± 0.4a 6.5 ± 0.002d 9.1 ± 0.01c 21.9 ± 0.2b 41.4 ± 0.6C

3-Hydroxybenzoic acid 7.2 ± 0.1a 0.4 ± 0.01b 0.2 ± 0.001c 0.07 ± 0.02d 1.2 ± 0.3J

4-Hydroxybenzoic acid 2.6 ± 0.02a 0.2 ± 0.02c 0.7 ± 0.004b 0.2 ± 0.03c 5.6 ± 1.1I

Vanillic acid 30.4 ± 0.004a 1.8 ± 0.004d 2.2 ± 0.03c 4.5 ± 0.1b 14.9 ± 0.3G

p-Coumaric acid 2.1 ± 0.01a 0.3 ± 0.01c 0.2 ± 0.003c 0.8 ± 0.03b 39 ± 1.3D

trans-Ferulic acid 57.4 ± 0.4a 4.4 ± 0.003b 3.6 ± 0.1c 4.3 ± 0.1b 7.5 ± 0.1I

Epicatechin derivative 290.6 ± 1.2a 21.5 ± 0.1b 20.9 ± 0.2b 21.6 ± 0.1b 7.4 ± 0.01I

Luteolin 4.4 ± 0.1a 0.3 ± 0.001c 0.4 ± 0.004c 1.0 ± 0.01b 23.2 ± 0.4F

trans-Cinnamic acid 3.1 ± 0.03a 0.1 ± 0.0001c 0.1 ± 0.002c 0.3 ± 0.02b 9.8 ± 0.7H

Ethyl vanillin 3.0 ± 0.04a 0.5 ± 0.004d 0.7 ± 0.01c 1.3 ± 0.01b 44.9 ± 0.4B

ΣTotal polyphenols 603.3 ± 1.4a 71.2 ± 0.3c 69.5 ± 0.4c 148.0 ± 0.9b x̄ = 27.4 ± 0.5

Data are shown as mean ± SD. Different lowercase letters indicate significant differences between the digestion phases for each polyphenol (in
the same row). Different uppercase letters indicate differences in the bioaccessibility between polyphenols (in the same column) assessed by ne-
way ANOVA and Tukey post hoc (p < 0.05).
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sible, i.e., they may possibly be absorbed and/or exert their
functional properties (antioxidant or anti-inflammatory)
within the intestinal milieu.30 Interestingly, the bioaccessibil-
ity of most polyphenols from TNB did not change across the
oral and gastric phases and was significantly higher during
intestinal digestion.

Conversely, the bioaccessibility of polyphenols from TNBP
increased over the three phases of gastrointestinal digestion.
These findings suggest that a higher amount of polyphenols in
TNB is in the free form, and the salivary step of the digestion is
sufficient to dissolve it in the bioaccessible fraction, whereas poly-
phenols in TNBP are likely bound to dietary fibers or proteins
and need the gastric enzymes and pH condition to get free.30–34

Regarding the mean bioaccessibility of individual polyphe-
nols from TNB, it ranged between 1.2% and 118.1%, with
ferulic acid acyl-b-D-glucoside and ethyl vanillin showing the
highest bioaccessibility. The bioaccessibility of polyphenols
from TNBP ranged between 4.6% and 123.6%, and caffeic acid
hexoside and 4-hydroxybenzoic acid were the most bioaccessi-
ble. The high bioaccessibility of some polyphenols may be
explained by the activity of gastrointestinal enzymes on matrix-
bound polyphenols, as shown for 4-hydroxibenzoic acid and
catechin-3-O-glucoside.35,36 Moreover, gastrointestinal con-
ditions may favorably influence the stability of some polyphe-
nols, as previously reported by Cantele et al.36 for glycosylated
polyphenols that showed improved stability in the gastrointes-
tinal tract, thus resulting in higher bioaccessibility. These find-
ings were in line with total polyphenol bioaccessibility from
other beverages (Helal et al.;37 Cantele et al.;36 Kcokaplan
et al.38). The low bioaccessibility of epicatechin derivative com-
pared to the other polyphenols (7% and 29% from TNB and
TNBP, respectively) agreed with findings from previous studies
(Cantele et al.36) and could be likely attributed to the instability
of flavan-3-ols in the gastrointestinal tract conditions.39

3.2 Radical scavenging assay

Table 3 shows the results of the soluble TAC (by ABTS assay) of
TNB and all the bioaccessible fractions collected over the

digestion of TNB and TNBP, as well as the direct TAC
(quencher methodology) of TNBP and all the pellets obtained
at each digestion phase (insoluble fractions).

TNB exhibited the highest TAC, whereas the lowest TAC was
that of the BF collected after the gastric digestion of TNB,
slightly reduced compared to the oral fraction; on the contrary,
the gastric BF of TNBP was increased compared to the relative
oral fraction. TAC of the intestinal BFs from both TNB and
TNBP were significantly higher than in the previous digestion
phase.

The changes in TAC during digestion reflected the fluctu-
ation of polyphenols released from the matrix both in terms of
quantity and quality since different polyphenols might have
different abilities to react with free radicals in the ABTS assay.

Similar to the TAC of BFs, that of insoluble fractions
increased during the digestion and the intestinal residue of
TNBP digestion exerted an antioxidant activity higher than
TNBP before digestion. Altogether, these results show that the
consumption of TNBP has the potential to quench free rad-
icals, eventually forming in the gastrointestinal lumen, creat-

Table 3 Total antioxidant capacity (TAC) of TNB and bioaccessible frac-
tions collected during TNB and TNBP digestion (assessed by ABTS) and
TNBP and pellets of each digestion phase (assessed by QUENCHER).
Data are shown as µmoL eq. Trolox per g DW

Sample ABTS QUENCHER

TNB 12.5 ± 0.32a

TNB oral 1.9 ± 0.04d

TNB gastric 0.8 ± 0.04f

TNB intestinal 10.2 ± 0.12b

TNBP 21.9 ± 0.2b

TNBP oral 1.1 ± 0.09e 18.4 ± 0.2c

TNBP gastric 1.3 ± 0.01e 12.3 ± 0.3d

TNBP intestinal 9.2 ± 0.03c 34.5 ± 0.3a

Data are shown as mean ± SD. Different letters in lowercase indicate
differences between the samples (in the same column) for ABTS assay
assessed by one-way ANOVA and Tukey post hoc (p < 0.05).

Table 2 Concentrations (µg g−1 DW) of polyphenols in TNBP and bioaccessible fractions at each digestion phase and bioaccessibility percentage (%)

Polyphenol TNBP Oral phase Gastric phase Intestinal phase Bioaccessibility (%)

Caffeic acid hexoside 20.4 ± 0.01b 7.1 ± 0.1d 15.2 ± 0.3c 25.2 ± 0.3a 123.6 ± 1.3A

Ferulic acid acyl-b-D-glucoside 55.7 ± 0.3a 4.8 ± 0.04d 9.5 ± 0.3c 43.4 ± 1.1b 77.9 ± 1.8D

Protocatechuic acid 23.8 ± 0.2a 3.7 ± 0.02d 6.5 ± 0.01c 9.9 ± 0.04b 55.7 ± 0.6E

3-Hydroxybenzoic acid 1.0 ± 0.01a 0.6 ± 0.01c 0.8 ± 0.02b 0.6 ± 0.04c 56.5 ± 4.1E

4-Hydroxybenzoic acid 0.4 ± 0.02a 0.2 ± 0.01b 0.4 ± 0.002a 0.4 ± 0.01a 99.8 ± 3.2B

Vanillic acid 12.5 ± 0.3a 1.5 ± 0.01c 1.8 ± 0.01c 3.6 ± 0.06b 28.7 ± 0.6G

p-Coumaric acid 0.7 ± 0.002a 0.2 ± 0.002d 0.4 ± 0.01c 0.6 ± 0.1b 87.1 ± 6.4C

trans-Ferulic acid 17.4 ± 0.1a 2.9 ± 0.01c 2.6 ± 0.02d 5.7 ± 0.2b 33.0 ± 0.9F,G

Epicatechin derivative 47.6 ± 0.1a 10.8 ± 0.2c 13.3 ± 0.02b 13.6 ± 0.5b 28.6 ± 1.0G

Luteolin 4.8 ± 0.02a 0.3 ± 0.003d 0.4 ± 0.0001c 0.8 ± 0.01b 16.6 ± 0.3H

trans-Cinnamic acid 0.7 ± 0.01a 0.1 ± 0.003c 0.07 ± 0.002d 0.3 ± 0.003b 38.1 ± 0.6F

Ethyl vanillin 1.8 ± 0.01a 0.1 ± 0.002b 0.1 ± 0.0004b 0.08 ± 0.003c 4.6 ± 0.1I

ΣTotal polyphenols 186.9 ± 1.0a 32.5 ± 0.2d 50.8 ± 0.6c 107.6 ± 1.4b x̄ = 57.5 ± 0.6

Data are shown as mean ± SD. Different lowercase letters indicate significant differences between the digested steps for each phenolic compound
(in the same row). Different uppercase letters indicate differences in the bioaccessibility between phenolic compounds (in the same column)
assessed by one-way ANOVA and Tukey post hoc (p < 0.05).
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ing a reducing environment in the gastrointestinal tract, which
is a condition promoting health.20

3.3. Digestive enzyme inhibition

For the first time, the inhibitory activities of TNB and TNBP
intestinal digests against the digestive enzymes α-amylase,
α-glucosidase, and lipase were determined. The potential
inhibitory effect of each intestinal digest at a concentration of
18 mg mL−1 is reported in Fig. 2.

The results showed that TNBP intestinal digest possessed a sig-
nificantly stronger ability to inhibit α-glucosidase activity than TNB
(88 ± 0.3% vs. 85 ± 1.1%, respectively). This result was irrespective
of the content of polyphenols that were, in fact, lower in TNBP
digest than TNB but was possibly influenced by their quality.

Specifically, lower amounts of glycosidic phenolic com-
pounds (i.e., caffeic and ferulic glycosides) in TNBP digesta
might have enhanced the inhibitory property of this material
due to a lower steric hindrance of hydroxylated phenols com-
pared to glycosylated ones, which determines better inter-
actions with the α-glucosidase.40

Conversely, lipase was inhibited to a greater extent by TNB
(77%) than TNBP (59%), probably due to the synergistic effect
between the polyphenols, such as ferulic acid and p-coumaric
acid on lipase, as previously reported for grape seed extract
and fermented oat.41,42

The lack of effect on α-amylase activity could be explained
by the higher amount of certain types of phenolic acids in
TNB, which hardly inhibit amylase activity (i.e., vanillic acid)
or by the co-existence of other nutrients like polysaccharides
and starch, which react with polyphenols reducing their ability
to inhibit the enzyme.43

Mounting evidence supports the potential of polyphenols
from food by-products to inhibit α-amylase, α-glucosidase, and
lipase in the prevention of the risk of metabolic diseases. The
findings of the present study suggest that TNBP also has a
potential activity to influence carbohydrate and lipid metab-
olism by delivering polyphenols in the gastrointestinal tract,
thus possibly aiding blood glucose and energy intake control.

3.4. Bioavailability of polyphenols from TNB and TNBP

In this study, the bioavailability of various polyphenols present
in TNB and TNBP was assessed by differentiated Caco-2 cells.
The polyphenols identified were more bioavailable from TNB,
showing values above 80%. In contrast, the bioavailability of
polyphenols from TNBP ranged from 61.8% to 83.6%. trans-
Cinnamic acid and the epicatechin derivative were the most
bioavailable polyphenols from TNB and TNBP (Fig. 3).

The stability and absorption of polyphenols like epicatechin
derivatives and ferulic acid derivatives in the gastrointestinal
tract have been widely studied, with results indicating that
these compounds can undergo various transformations
affecting their bioavailability.44

Kern et al.45 studied the high capacity of human intestinal
epithelium to metabolize dietary hydroxycinnamates through
various phase I and phase II reactions in Caco-2 cells, which
aligns with the findings of this study, as trans-cinnamic acid
from TNB and TNBP may undergo similar metabolic pathways,
contributing to the bioavailability. The bioavailability of epica-
techin derivatives observed in this study is consistent with the
results of Achour et al.,46 which assessed the bioavailability of
rosemary infusion polyphenols, including epicatechin, in
Caco-2 cells.

4. Conclusions

This study demonstrated for the first time that both TNB and
TNBP contain polyphenols that may be bioaccessible, bioavail-
able and able to contribute to the control of oxidative stress in
the gastrointestinal tract as well as energy intake by influen-
cing digestive enzyme activity. Furthermore, the findings
suggest that TNBP may act as a carrier of polyphenols in the
lower gut and likely maintain a reducing environment in the
colon in vivo, possibly also influencing the gut microbiome.
Altogether, the findings of this study shed light on the poten-
tial functional properties of TNB and TNBP upon consumption
and demonstrated that TNBP is still a product with high nutri-
tional value. The findings support the implementation of
future in vivo studies to evaluate whether the properties of

Fig. 2 Enzymatic inhibitory activity of intestinal digesta from TNB and
TNBP. *indicates significant differences between samples for the inhi-
bition of each enzyme assessed by independent samples t-test (p <
0.05).

Fig. 3 In vitro bioavailability of polyphenols from TNB and TNBP intesti-
nal digesta. *indicates significant differences between samples for the
inhibition of each enzyme assessed by the independent samples t-test
(p < 0.05).
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TNBP here demonstrated in vitro are confirmed in humans
upon consumption. Such a confirmation is needed to reuse
TNBP (actually used for livestock feeding) in the human food
chain as a functional ingredient in innovative and sustainable
foods designed to provide metabolic benefits to consumers
through the delivery of polyphenols in the gastrointestinal
tract.
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