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polyphenolic composition through cooking and
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In this study, five different black bean (Phaseolus vulgaris L. cv. Tolosa) populations cultivated in different
geographical areas including Oiartzun, Andoain, Azkoitia, San Esteban and Amasa Villabona, were studied
and their polyphenolic content was determined. Two food products were prepared from the five different
bean populations, cooked “Tolosa” beans and a hummus made with “Tolosa" cooked beans. Moreover,
the variations of total polyphenol content (TPC), total anthocyanin content (TAC) and free radical scaven-
ging activity by the 1,1-diphenyl-1-picrylhydrazyl (DPPH) method were analyzed for raw beans, cooked
beans, and “Tolosa” beans hummus. Polyphenolic detailed composition was determined by means of
HPLC-MS-QTOF analysis. The “Tolosa" bean population richest in polyphenols was selected in order to
study the effect of in vitro digestion on the polyphenolic content and antioxidant effect and the degra-
dation of the main anthocyanins was followed during the in vitro digestion. Finally, the effect of the
different phases of digestion on the cytotoxicity in Caco-2 cells was determined. The results suggest that
cooking “Tolosa” black beans results in an increase in the bioaccessibility of polyphenols and their anti-
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1. Introduction

Black beans (Phaseolus vulgaris L.) are one of the main sources
of dietary protein in many countries. Different black bean var-
ieties are highly consumed in different areas of Africa and
America and not as much in Asia, Australia, and Europe.
Additionally to their nutritional and gastronomic value, black
beans are consumed worldwide because they provide health
benefits due to their chemical and functional properties.'™
Black beans contain a high concentration of nutritional com-
ponents. They are an important source of polyphenolic com-
pounds showing diverse biological activities. Summing up the
results from various studies,*™® there is an association between
the consumption of beans and cardiovascular disease preven-
tion, obesity control and diabetes alleviation. These advan-
tages are attributed mainly to their polyphenolic compounds
with antioxidant capacity. A favorable association with bean
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oxidant activity, which, additionally has a positive effect on Caco-2 intestinal cell viability.

consumption, shortfall nutrient intakes, weight outcomes, and
diet quality has been demonstrated in adults consuming bean
as part of their diet compared to those with no bean consump-
tion, including a greater intake of dietary fiber, potassium,
and calcium.” Some authors have evaluated the ability of black
beans to attenuate postprandial metabolic oxidative stress, and
inflammatory responses and determine relative contribution
of dietary fiber and antioxidant capacity of black beans to the
decrease of cardiovascular risk.” Moreover, anthocyanidins,
which are found in black beans, have been shown to inhibit
a-amylase, maltase, and sucrase activity, which lower postpran-
dial blood glucose.®

Polyphenolic compounds are one of the important bioactive
components in black beans due to their diverse biological pro-
perties as antioxidants, antimicrobial and anti-inflammatory,
which are associated with phenolic acids, flavonoids, and
proanthocyanidins present in the whole seed.” The compo-
sition of these polyphenols can vary depending on the black
bean variety, agricultural practices, and geographical origin.
While complex carbohydrates are the main bioactive com-
ponent in beans, they can interact with other nutrients, includ-
ing polyphenols, affecting their absorption.

Understanding the bioavailability of these polyphenols is
crucial for evaluating their potential health benefits. Digestion
plays a significant role in determining how much and how
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well these compounds are absorbed by the body. The
INFOGEST method is a widely accepted standard for in vitro
digestion studies, despite limitations in directly translating
results to human or animal bioavailability.> Given these con-
siderations, this study utilizes the INFOGEST method to assess
the bioaccessibility of polyphenols in cooked black beans and
derived food products (cooked beans and hummus).

Some authors have shown the nutritional importance of
bean consumption in the Brazilian diet, based on their bio-
active constituents (phytosterols, tocopherols, and essential
fatty acids), showing that bean oils from different bean var-
ieties when submitted to maceration and boiling, conserve a
significant content in all three groups of lipid bioactive.'’
Additionally, Hernandez-Salazar et al.'' evaluated the polyphe-
nolic content and antioxidant capacity of the indigestible frac-
tion of three pulses, including black beans, showing that some
condensed tannins were retained in the indigestible fraction
and contributed to the retained antioxidant activity. However,
no studies about the polyphenolic profile of different geo-
graphic “Tolosa” black beans cultivar have been reported and
in no case, the effect of cooking and in vitro digestion has
been explored. Some studies have investigated the polypheno-
lic content of black beans, highlighting their potential health
benefits."""” However, a comprehensive characterization of
their polyphenolic profile is essential for a deeper understand-
ing of these benefits. To achieve this, liquid chromatography
coupled with mass spectrometry (LC-MS) to identify and quan-
tify the specific polyphenolic compounds present in black
beans can be used. LC-MS emerges as a powerful analytical
tool for this endeavor, offering significant advantages over tra-
ditional methods. Its high sensitivity and selectivity enable the
precise identification and quantification of complex mix-
tures,'? such as those found in natural products like grapes,*®
berries or'* purple maize,"> among others.

Therefore, the purpose of this research was twofold, first to
characterize the polyphenolic composition of “Tolosa” black
beans cultivars of different geographical origins within the
“Tolosa” appellation of origin (Oiartzun, Andoain, Azkoitia,
San Esteban and Amasa Villabona). Then, to evaluate the
changes in the chemical properties, compositional differences
in polyphenolic profile, antioxidant power, and their behavior
along in vitro digestion for raw “Tolosa” beans, cooked beans,
and bean hummus, as processed food.

2. Materials and methods

2.1. Materials

Five samples of the Spanish black Tolosa beans (Phaseolus vul-
garis L. cv. “Tolosa”) of different geographical origins in
Guipuzcoa (Oiartzun, Andoain, Azkoitia, San Esteban and
Amasa Villabona) were studied (ESI Fig. 11). All of the samples
were kindly supplied by Tolosako Babarruna Elkartea
(Giptizcoa). A portion of the seeds was pulverized in the labora-
tory using a grinder. Subsequently, the grounded samples and
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the seeds were promptly stored at —20 °C until analysis or
further food processing.

2.2. Elaboration of products

2.2.1. Cooked beans. The black beans were soaked, 7.0 g in
1 L of water overnight, after that, the black beans were boiled
for 40 min at 100 °C, and then they were mixed with the
blender (Ultra-Turrax, IKA, Sigma-Aldrich, Madrid, Spain). The
cooked sample was immediately stored at —20 °C until their
use. All the sample preparations were done in triplicate.

2.2.2. Hummus base preparation. Hummus was elaborated
from cooked, mashed black beans blended with tahini, lemon
juice, olive oil, and garlic. The dough was elaborated by
mixing 20 g cooked black beans, 2.0 mL lemon juice, 3.0 mL
olive oil, 0.60 g of garlic, 3.0 mL tahini (sesame paste), and
salt to taste. These ingredients were mixed using the Ultra-
Turrax blender. Hummus samples were immediately stored at
—20 °C until their use. An expert panel in the laboratory tasted
bean hummus for minimal characterization.

2.3. Polyphenol extraction

Polyphenols were extracted from raw, cooked beans and bean
hummus samples. A portion of 3.0 g of each sample was used
for each experiment. Extractions were carried out by adding
30 mL of MeOH: H,0 (70:30, v:v) H,O acidified with HCL
(1%). The resulting mixture was homogenized for 5 min with
the blender and then centrifuged (2500 rpm, 15 °C, 10 min).
Subsequently, the extract was dried using a rotary evaporator.
The extractions were carried out three times for each food
product and each bean variety. All the dry extracts were stored
at —20 °C until analysis. The analysis of the extracts was per-
formed as explained below.

For the digestion assay, total polyphenols were extracted
from raw beans, cooked black beans and bean hummus
samples, the different digestion steps used the method
described by Chamorro et al.'® Sample collection was done as
follows, 0.50 mL of aliquots taken from each phase were
placed in an Eppendorf and suspended in 0.50 mL of metha-
nol (acidified with formic acid. 0.10%).

2.4. Determination of the total polyphenol content (TPC)

For “Tolosa” beans, raw, cooked, and bean hummus the total
polyphenol content was measured by using a Beckman Coulter
DU-800 spectrophotometer (Barcelona, Spain). Briefly, a
0.50 mL of Folin-Ciocalteu reagent and 10 mL of a sodium car-
bonate solution (75 g L") was added to a 0.10 mL volume of
the extract (20 mg mL™"). The final mixture was filled up to
25 mL with distilled water. After 1 h, the absorbance was
measured at 750 nm against a blank. The blank consisted of
the same mixture without the sample. The results were
expressed as milligrams of gallic acid equivalents (GAE) per g
of dry weight (DW) sample. All the analyses were carried out in
triplicate.

For the digestion assay, total polyphenol content (TPC) of
raw beans, cooked black beans, bean hummus, and the
different digestion steps extracts were carried out by the Folin—
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Ciocalteu reagent method in 96 well plates according to Silvan
et al.’’

The calibration curve was performed with gallic acid, and
the absorbance was recorded at 725 nm in a BioTek Synergy
HT multi-mode microplate reader (BioTek Instruments Inc.,
Winooski, VT, USA). Results were expressed as milligrams of
gallic acid equivalents per gram of sample on a dry basis (mg
GAE per g DW).

2.5. Determination of the total anthocyanin content (TAC)

TAC was quantified in all samples using the pH differential
method reported by Wrolstad et al.'® Samples were diluted
with 0.025 M potassium chloride buffer solutions at pH 1.0
and 0.40 M sodium acetate buffer at pH 4.5. Two measure-
ments at 520 and 700 nm were carried out by using a spectro-
photometer de (Beckman Coulter DU-800, Barcelona, Spain).
Total absorbance (Abs,) for each sample was measured by
using the equation:

Abs; = (AbSs20 nm — Abs7go nm)pH _1 — (AbS520 nm
— Abs; nm)pH a5
TAC was calculated by applying the following equality:
TAC (mg L™ ') = (Abs x My, x DF x 103)/(e x 1)

where, M,, indicates the molecular weight of cyanidin-3-gluco-
side (i.e., 449.20 g L"), DF is the dilution factor, ¢ is the molar
extinction coefficient of cyanidin-3-O-glucoside (i.e., 26 900 L
cm ™) and [ is the cell length. TAC was expressed as milligrams
of cyanidin-3-glucoside (Cy3G) equivalents per 100 g DW of
sample. Analysis was done in triplicate.

2.6. Determination of the antioxidant activity (AA)

2.6.1. Photochemiluminescence (PCL) antiradical scaven-
ging assay. The AA was determined by PCL assay in samples
corresponding to raw beans, cooked beans, and bean
hummus. This method was applied using Photochem® device
(Analytik Jena AG, Jena, Germany) the study was accomplished
using the commercial reagent kit ACL (Analytik Jena AG, Jena,
Germany).'® The extract was dissolved in MeOH : H,O (70 : 30)
(about 30 g L"), this solution (20 pL) and ACL reagent were
mixed and it was placed into the Photochem device. Results
were calculated based on a standard Trolox curve as mg
equivalents per g DW sample (mg Trolox eq. per g DW).

2.6.2. DPPH* radical scavenging assay. For raw beans,
cooked beans, and bean hummus the free radical scavenging
activity was determined by the DPPH* assay,”® with slight
modifications. The extracts were dissolved in methanol to
prepare a stock solution 20 mg mL™" that was further diluted
for the assay. Each extraction solution, before DPPH* addition,
was used as a blank. Each cell contained 50 pL aliquot of the
sample and 150 puL of DPPH* (400 pmol L™"). Each mixture
was incubated at 37 °C for 30 min and the decrease in absor-
bance at 517 nm was monitored. The experiments were per-
formed in duplicate. A plot of percentage inhibition versus con-
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centration was made and the IC5, values were calculated using
linear regression analysis.

For the digestion assay, the free radical scavenging activity
was determined by the 96 well plate DPPH* assay.”’ All
samples were measured in triplicate, using Trolox (Sigma-
Aldrich) as standard, results were expressed as pmol of Trolox
equivalents per grams of sample in dry basis (umol of Trolox
eq. per g DW).

2.6.3. Ferric reducing antioxidant power assay (FRAP).
FRAP was performed using the protocol of Soriano-Maldonado
et al.”® in the aliquots from the digestion assay. All samples
were measured in triplicate, using Trolox (Sigma-Aldrich) as
standard. Results were expressed as pmol of Trolox equivalents
per gram of sample on a dry basis (umol of Trolox eq. per g
DW).

2.7. Identification of polyphenols and tryptophan using
HPLC-QTOF-MS

The identification and quantification of polyphenolic and
anthocyanin compounds in raw beans, cooked beans, and
bean hummus were conducted through high-performance
liquid chromatography coupled with mass spectrometry detec-
tion (HPLC-MS) using an Agilent 1200 system (Agilent
Technologies). This system comprised of a quaternary pump
(G1311A), diode array detector (Agilent G1315B), and a C18
analytical column (Phenomenex Luna, 3 pm, 4.6 mm X
150 mm) maintained at a constant temperature of 25 °C. The
mobile phase consisted of water/formic acid (99.9:0.1, v/v,
solvent A) and acetonitrile/formic acid (99.9:0.1, v/v, solvent
B). The flow rate was maintained at 0.5 mL min . The gradi-
ent program was as follows: 90% A/10% B for 0-30 min; 70%
A/30% B for 30-35 min; 65% A/35% B for 35-45 min; 60% A/
40% B for 45-50 min; 90% A/10% B for 50-60 min.** The
injection volume for all samples and standards was 5.0 pL.

Peaks were identified by comparing their retention time
with corresponding standards. Mass spectrometric analysis
was performed using an Agilent 6530 Accurate-Mass QTOF LC/
MS with Electrospray Ionization (ESI) and Jet Stream techno-
logy (operated at 325 °C). The capillary voltage and nebulizer
gas flow were set to 4000 kV and 45 psi, respectively. Nitrogen
served as the drying gas at a flow rate of 8.0 L min".
Fragmented ions were detected in positive and negative modes
for extra certainty in molecular mass determination. Mass
(MS) and tandem mass spectrometry fragmentation spectra
(MSMS) experiments were conducted and spectral signal data
were acquired at 280, 320, and 520 nm.

For MSMS experiments, a collision energy of 20 V was used
to target the most abundant ions from a first MS scan. Data
acquisition and processing were conducted using Masshunter
Data Acquisition (B.05.01) and Masshunter Qualitative
Analysis (B.07.00 SP2) software. Compounds were identified by
comparing mass spectra and retention time with corres-
ponding standards, if available. For compounds without stan-
dards, identification was based on predicting chemical for-
mulas from accurate ion mass measurements, confirmed by
comparing MSMS with data from relevant literature references
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Table 1 Total polyphenol content in raw beans, cooked beans, and
bean hummus elaborated from black beans from different origins

TPC (mg GAE per g DW) processing

Beans origin Raw Cooked Hummus

Oiartzun 2.14 + 0.2240 1.27 +0.054° 1.11 +0.1242
Andoain 2.85 + 0.10%¢ 1.65 + 0.01%> 1.09 + 0.024°
Azkoitia 5.15 + 0.35°¢ 2.12 +0.21°P 1.29 +0.1552
San Esteban 4.33 +0.21% 1.59 + 0.10%° 1.21 +0.17%2
Amasa Villabona 3.76 + 0.228P 1.62 + 0.0.32"2 1.56 + 0.262

Different lowercase letters in the same row indicate differences at p <
0.05 between different procedures within the same beans. Different
uppercase letters in the same column indicate differences at p < 0.05
between different origins at the same procedure.

(see Table 1). Quantification involves interpolation into the
calibration curve of a standard or structurally related com-
pound used for quantification (equivalent). Results were
expressed as pg per g of dry weight for cyanidin-3-O-glucoside
(cyanidin derivatives, pelargonidin derivatives, and peonidin-3-
glucoside), caffeic acid (cinnamoyl-quinic acids, and citric
acid), quercetin (quercetin derivatives and morin), kaempferol
(kaempferol derivatives), phloroglucinol (pyrogallol), and

tryptophan (tryptophan).

2.8. Quantitative analysis of anthocyanins in the digestion
samples

Quantitative analysis of anthocyanins in the samples during,
and after digestion was carried out using an Agilent 1200
series liquid chromatograph with a quaternary pump and a
photodiode array detector equipped with a Phenomenex Luna
C18 column (3 pm; 4.6 mm x 150 mm) set at 25 °C. Aqueous
0.10% formic acid (solvent A) and 0.10% formic acid aceto-
nitrile (solvent B) were used at a flow rate of 0.50 mL min".
Starting with 90% A/10% B, 0-30 min to 68% A/32% B,
30-35 min to 62% A/38% B, 35-40 min to 53% A/47% B, and
followed by an additional 5.0 min isocratically at 47% B and
10 min column stabilization at 10% B previous to the next ana-
lysis. Anthocyanins were detected at 520 nm and their peak
areas were referred to a calibration curve obtained with cyani-
din-3-glucoside. Limits of detection and quantification were
calculated in every case below 0.10 ug mL ™.

2.9. Static in vitro digestion model

In vitro digestion emulating adult conditions was performed in
black bean flour, cooked beans, and bean hummus only for
the “Amasa Villabona” Tolosa beans according to INFOGEST
protocol. In all three cases, only one of the black beans
“Tolosa” geographical samples was selected based on the rich-
ness of anthocyanins. Flour beans were used as a control. Oral,
gastric, and intestinal phases were included and the enzymes
used for each gastrointestinal phase were salivary amylase (75
U per mL of a final mixture, A1031 Sigma), pepsin (2000 U per
mL of a final mixture, P7012 Sigma), pancreatin from porcine
pancreas (100 U trypsin activity per mL of a final mixture,
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P7545 Sigma) and porcine bile extract (10 mM, B8631 Sigma).
Finally, the digestion was stopped by heating for 15 min at
85 °C. Aliquots of 0.50 mL were removed from oral and gastric
phases while the intestinal digest was centrifuged at 5000 rpm
for 10 min, and the supernatants were placed in 2.0 mL
Eppendorf. All samples were stored at —20 °C until further
analysis.

2.10. Bioactivity analysis

2.10.1. Cell culture and differentiation. Cell culture and
differentiation procedures were conducted according to the
established protocol outlined by Hubatsch et al.®! In brief,
Caco-2 cells were cultured for 20 days in Dulbecco modified
minimal essential medium (DMEM), supplemented with 10%
heat-inactivated fetal bovine serum (FBS), nonessential amino
acids (1%), and a 1% antibiotic solution (streptomycin/penicil-
lin) at 37 °C in a humidified atmosphere with 5% CO,, as rec-
ommended. The culture medium was replaced every 2 days
and cell subculturing was performed weekly upon reaching
85-95% confluence using trypsinization for cell maintenance.
Caco-2 cells were utilized within a maximum of 60 passages.

2.10.2. Cell viability. The 3-[4,5-dimethylthiazol-2-y1]-2,5-
diphenyltetrazolium bromide (MTT) assay was employed to
assess cell viability. Caco-2 cells were plated in 96-well plates at
a concentration of 1.6 x 10° cells per mL and cultured for 7
days at 37 °C in 5% CO, to induce differentiation. Following
differentiation, the Caco-2 cells were subjected to various
dilutions of intestinal digestion aliquots, specifically in the
ratios of 1:10, 1:100, 1:250, and 1:500. All dilutions were
suspended in serum-free DMEM.

After 18 hours of exposure, the culture medium was
removed, and the cells were sequentially washed with PBS.
Subsequently, 200 pl of serum-free DMEM was added to each
well, and 20 pL of an MTT solution (5 mg mL™" in PBS) was
introduced. The cells were then incubated for an additional
2 hours at 37 °C in 5% CO,. Formazan crystals that developed
in the wells were solubilized in 200 pL of DMSO (dimethyl sulf-
oxide). Measurement was conducted by recording the absor-
bance at a wavelength of 570 nm using a microplate reader
(PowerWave™ XS) in a UV Spectrophotometer (BioTek
Instruments, Inc., Winooski, VT, USA).

The assay was replicated in two independent experiments
and viability was calculated relative to control experiments
where a solvent control was substituted for polyphenols,
serving as a 100% viable reference.>® Dilution was achieved by
combining one-part intestinal aliquot with one-part DMEM
(sample: DMEM). The control sample comprised an intestinal
aliquot of the digestion blank, wherein flour was replaced with
water and in vitro digestion was conducted.

2.11. Statistical analysis

Analysis of variance for TPC, TAC, DPPH, and FRAP data, as
well as individual polyphenolic content, was conducted using
the one-way analysis of variance (ANOVA) method statistical
analyses were performed using Statgraphics Centurion XVI®
(StatPoint Technologies, Inc., Warrenton, VA, USA). The results

This journal is © The Royal Society of Chemistry 2024
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are presented as the average of all values obtained, along with
the corresponding standard deviation (mg per kg weight + SD).
The statistical analysis included data from raw beans, cooked
beans, and bean hummus. Differences were considered signifi-
cant at p < 0.05.

3. Results and discussion

3.1. Effect of cooking and hummus formulation on TPC

Black beans have been shown to possess several bioactive com-
pounds that make them an interesting dietary element in
order to reach a balanced and healthy diet. Different authors
have shown the presence of fat-soluble bioactives such as
y-tocopherol, stigmasterol, p-sitosterol, and o-linolenic acid in
beans.'® The presence of water-soluble bioactives, including
anthocyanidins, has also been described in black beans.*®

In our work, the content of total polyphenolic compounds
was in the range between 2.14 and 5.15 mg GAE per g DW for
the raw black bean samples (Table 1). Comparison between
different geographical provenance beans showed the highest
content being that of Azkoitia followed by San Esteban, Amasa
Villabona, Andoain and Oiartzun, with significant differences
between them (p < 0.05). These variations can only be attribu-
ted to agronomic or geographic differences since all of them
belong to the “Tolosa” variety and hold the Basque label iden-
tity. However, no data on this black bean cultivars TPC has
been previously reported. Our results might be considered in
line with the ones published for the extracts of various black
beans by-product (mostly seed coats) extracts from Mexico
(82.33 to 9.93 mg GAE per g extract),”® Mexican black bean
seed coat (27.0 to 61.0 mg GAE per g),>” Guajardo-Flores et al.
or red kidney beans, pinto beans, black-eyed peas, raw, after
soaking and after cooking (between 9.5 and 3.4 GAE per g).*®

Moreover, Table 1 shows the total polyphenolic content of
cooked beans and the elaborated product. Hummus was elabo-
rated at ICTAN’s pilot plant and tasted by a group of consu-
mers only to verify its acceptability. Regarding TPC in cooked
beans, a significant decrease was found related to raw values.
This decrease was as high as 40%. The content range was
between 2.12 and 1.27 mg per g DW for cooked Azkoitia and
Oiartzun, respectively. The highest decreases, more than 57%,
were found in cooked San Esteban, Amasa Villabona, and
Azkoitia geographical precedence in relation to raw beans.
This behavior is considered to be due to the polarity of the
polyphenolic compounds present, water solubility and temp-
erature factors might contribute to this reduction. Similar
results were reported by Almanza-Aguilera et al.>® which ana-
lyzed 16 genotypes of black bean and demonstrated a high
content of polyphenolic compounds in the raw seed that were
invariably reduced after the cooking (50%) and frying (64%)
processes, although this decrease was different among
genotypes.

Table 2 shows the results of total anthocyanin content
expressed as mg of cyanidin-3-O-glucoside per 100 g DW
sample in raw beans, cooked beans, and bean hummus elabo-
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Table 2 Total anthocyanin content in raw beans, cooked beans, and
bean hummus elaborated from different black beans

TAC (mg Cy3G per 100 g DW)

Beans origin Raw Cooked Hummus
Oiartzun 4.14 +0.28%? 0.61 + 0.01° nd
Andoain 2.49 + 0.06" nd nd
Azkoitia 2.04 +0.10* nd nd
San Esteban 1.94 + 0.02* nd nd
Amasa Villabona 4.66 + 0.16° nd nd

Different lowercase letters in the same row indicate differences at p <
0.05 between different procedures within the same beans variety.
Different uppercase letters in the same column indicate differences at
p < 0.05 between different beans variety within same procedure.

rated from “Tolosa” black beans of different geographical
origins. No significant differences (p < 0.05) were found
between the Azkoitia and San Esteban raw beans. Amasa
Villabona beans had the higher value followed by Oiartzun
(4.66 and 4.14 mg per 100 g DW) and the lowest value was
found in San Esteban (1.94 mg per 100 g DW). As expected, a
significant reduction in TAC was observed when beans were
cooked. No detectable TAC was shown in all the cooked black
beans, except for Oiartzun. However, although detectable the
decrease between raw and cooked Oiartzun beans TAC rep-
resented more than 85% of the initial values. The drop of TAC
from raw to cooked Oiartzun beans was from 4.14 to 0.61 mg
per 100 g DW. These decreases might be associated with the
lack of stability of anthocyanins and anthocyanidins under the
thermal conditions used. Moreover, anthocyanins are water-
soluble pigments that are susceptible to removal in the water
during the overnight maceration and the cooking process.
Beans are always ingested after boiling; even if they are eaten
fried, they need to be boiled before. Moreover, anthocyanins
are very sensitive to heat and can easily convert to the colorless
chalcone during heating."®

In the present study, the anti-oxidant activities of samples
were measured by the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay. The calibration curves were estab-
lished by plotting the percent of inhibition against the concen-
trations of the extracts with linear regression analysis. All of
the black bean extracts demonstrate the dose-dependent
scavenging rate of the extracts against DPPH radicals (R> =
0.999). The regression equations were used for quantifying the
IC5, value of the five black bean extracts; the IC5, values were
calculated. Table 3 shows the AA results in terms of DPPH*
(expressed as ICso, mg mL™") and PCL (expressed as mg Trolox
per L) of raw beans, cooked beans, and bean hummus of the
five different originated black beans studied. A significant
difference between raw black beans was observed in their IC5,
values. As seen in Table 3, three of the studied geographical
origins did not show significant differences (i.e., Andoain, San
Esteban, and Amasa Villabona). However, Oiartzun and
Azkoitia, not only were statistically different from the other
three varieties but also were significantly different between
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Table 3 Antioxidant activity measured by DPPH and PCL assays of raw beans, cooked beans, and bean hummus made from different geographical

origins
Procedure
Raw Cooked Hummus
ICs, PCL ICso PCL ICs, PCL
Beans origin (mg mL™) (mg TE eq. per gDW)  (mg mL™") (mg TE eq. per g DW)  (mg mL™) (mg TE eq. per g DW)
Oiartzun 4.23 +£0.45% 373 47.71 + 1.30"P 2.47 64.84 + 1.14¢ 2.04
Andoain 5.59 +0.20%*  3.10 201.52 +2.50%°  1.78 290.67 +5.8°°  1.69
Azkoitia 7.16 £ 0.49 2,70 259.17 +1.51°®  2.95 321.71+6.8°¢  2.23
San Esteban 5.84 £ 0.50%*  3.16 289.53 +0.55°¢  1.54 271.13+2.1%%  2.06
Amasa Villabona  5.51+0.30%%  2.73 291.19 +1.91°°  2.40 361.52 +5.9% 2,50

PCL values correspond to Trolox equivalents (TE). Values are expressed as mean + standard deviation (n = 3). Different lowercase letters in the
same row indicate differences at p < 0.05 between different procedure within same geographical bean and same assay. Different uppercase letters
in the same column indicate differences at p < 0.05 between different beans from different geographical origins and the same assay.

them. It is noticeable, the drop in AA, when the beans are
either cooked or processed as hummus. i.e. Oiartzun from 4.23
to 47.71 to 64.84 mg mL™"; Andoain from 5.59 to 201.52 to
290.67 mg mL™'; Azkoitia from 7.16 to 259.17 to 321.71 mg
mL™"; San Esteban from 5.84 to 289.53 to 271.13 mg mL™" and
Amasa Villabona from 5.51 to 291.19 to 361.52 mg mL™".
Table 3 also shows the results obtained by PCL assay. They are
in accordance with the ones obtained by the DPPH assay in
the trend. The DPPH assay determines the ability of a com-
pound to act as a free radical scavenger or hydrogen donor and
the PCL assay allows the evaluation of the antiradical activity
of a compound in the presence of a superoxide anion-radical,
which is a human physiological ROS. However, both methods
agree on the effect of beans cooking on the decrease of AA
values obtained, which in every case follow the same trend as
that of TPC and TAC.

When looking at the data obtained, a possible association
between TPC and TAC values with the AA was evaluated.
However, in view of the results, no association between TPC
and DPPH could be finally established and a moderate corre-
lation was found between TAC and DPPH (inverse correlation
with a R” = 0.5852). This indicates that anthocyanins might be
responsible for the antiradical activity measured in the black
bean samples included in this study. This result could be
expected considering that anthocyanins are one of the most
powerful antioxidants among polyphenolic compounds.

3.2. Characterization of the composition by HPLC-QTOF-MS

A total of thirteen compounds present in the extracts obtained
from “Tolosa” raw beans, cooked beans, and bean hummus
were identified and quantified. The study of these compounds
is crucial due to their specific beneficial biological effects,
acting as antioxidants, antimicrobials, anti-inflammatory, and/
or vasodilators.” In the literature, different amounts of total
polyphenolic content have been reported in black beans in the
range of not detectable to 48 710 pg GAE per g DW.*° In this
study, using HPLC-MSMS, a total of polyphenolic compounds
in ranges of 100.0 to 337.4 pg per g DW was quantified in bean
raw flour, 41.5 to 201.5 ug per g DW in cooked beans, and 23.4

6400 | Food Funct, 2024, 15, 6395-6407

to 163.9 pg ¢ " in bean hummus (Table 4). Additionally, we
identified the presence of an amino acid, tryptophan (Table 4).
The polyphenol content in black beans is variable, depending
on the cultivar, growth conditions, ripening, methods of ana-
lysis, and processing to which they are subjected, such as
cooking, grinding, or mixing with other ingredients, among
others.”

The quantification of all compounds was carried out by
HPLC-MS/MS using available standards and based on biblio-
graphic references.”® Therefore, the quantification of the total
polyphenol content at this point was based on various stan-
dards and not just on a single one (gallic acid in general) as it
is done in the spectrophotometric method (Folin—-Ciocalteu).
The spectrophotometric method is nonspecific and tends to
overestimate the polyphenol content compared to the chroma-
tographic method, mainly because some non-polyphenolic
compounds present in the extracts interfere with the spectro-
photometric analysis. However, it is important to study both
methods, since there are compounds present in the chromato-
graphic method that have not yet been identified, making
their quantification difficult. The polyphenolic compounds
quantified in all bean samples are summarized in Table 4.

Among the polyphenolic compounds identified in our
study, there are anthocyanins, responsible for the deep purple-
black colour of “Tolosa” beans and recognized for their health
benefits. The anthocyanidin (aglycons) present in beans were
cyanidin and pelargonidin, which are substituted with sugars
and organic acids to generate anthocyanins. The raw flour
exhibited the highest concentration of anthocyanins, whereas
the cooked samples and bean hummus showed important
reductions in these compounds. These results highlight the
impact of cooking and processing on this group of
compounds.

“Tolosa” raw bean flour exhibited a peculiar anthocyanin
profile, with the presence of cyanidin-3,5-diglucoside, delphi-
nidin-3-glucoside, pelargonidin-3,5-diglucoside, cyanidin-3-O-
glucoside, pelargonidin-3-O-glucoside, cyanidin, and pelargo-
nidin. While the anthocyanin profile remained consistent
regardless of the geographical origin of the beans, there was

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo01238k

Open Access Article. Published on 29 May 2024. Downloaded on 12/5/2025 4:10:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

2
E o n o
E < N O
(\i ~ NN
=] ToTTT AT T
ey CHE 883 g g
k=l
[ O
[=} &) e} o
S| 2~ N ~
o) SR | 848 TT2TTTT
2| OR|fbcecasecaqd
S =
] b5} [N =)
Elzw(zE S0 2ey
5] AT AT S =N
| | A FS DB AS N
w
g
<
g S a
=] T TTTT ST T T
T dauggaecesaag
2 —
[=} n
a o§ T-TY T YT T T T
S| CPR|ef¥eceasecasq
K=}
3] on
=
4 i - D~ o
= S oA NI O
S| 8®| Vw22 549X
©n K| nwEn—HOmn oo
wv
£
g @ =
<t: — N on
=] T+ TTT I T T
Jas cENESE oo g g
(%]
=
:
w o
[ee] ()]
2 fg|_2 2 -
6] 22 |uSguwwS oy
O U@D ERSE-E-R-E- e R-R-R-
- <
S oo
%4 MmO NS ©
o ~ Ew| 28 ) : <+
N [ o 0 < T
% < FEZ| S Edo SRR =]
=}
= «
g g
] o @
53 £ ) o
0 =] -cw-c-u-cwgg-cw
w [a\ " e
b= ey Cnmecgdcas3seg
Z
e
3 |3 3
= - [\ ]
@ 8'§ sYoooYmogT
= . el
8 UQ [=H NN =l = =i =T =l =)
o o0
5 '% b3 - o
S8 Te38Zan
Q —g c%g’f RN NR T g S
£ < |l S| NaE8-dFodAS
(%]
2
|
g g i S
n — O 0
o =1 TATTT AT T
o T SEOEEESS3EE
©
3
2 =l
S Q =
5 ~
2 S l_= 2@
= 3 T TTTNTTT
@ U@b SO ESS33 8 g g
=
s
kS é E = < 9
5| 2| zw|5<22088223
o = & TS IR YIS RT
- o R I R R A I -
N
C
3
z =
< £ 5 9 T
© ® E|CgtE3 82z
o =2 T
< S8Z|T=EQQRYQE
vRE AL E8EENHs 900E
()] CQ" FSR-Y S I “2 T Y O
e EE| PO 8w maa g
K $5S | SR hESRE S
i RAC | CESARESRSS

This journal is © The Royal Society of Chemistry 2024

nd
nd
nd

nd
nd

12.36
nd

nd
nd
nd

nd
nd
nd
41.5

2.86
nd
1.35

nd
nd
nd
7

nd
nd
nd

2.08
nd
1.81

nd
nd
nd
3

nd

5.24
0.11
1.77

nd
nd
nd

nd
nd
nd

nd

Pg

0.81

1.83
0.85

Quercetin-3-0-Glu
Quercetin
Total

nd

1.35

11.62
113.4

61.8 163.9

3374

23.4

4.7 119.3

201.5

100.7

2.9

252.0

91.8

83.7

100.0

Cy, cyanidin; Glu, glucoside; Pg, pelargonidin; Delp, delphinidin. nd: compounds not detected.

View Article Online

Paper

significant variation in the concentration of each compound.
Furthermore, differences were observed in the profile regard-
ing the presence or absence of Cy and Pg; these anthocyani-
dins were found in all samples except for Oiartzun. The most
abundant anthocyanin was pelargonidin-3-O-glucoside with
values between 43.51 to 111.40 pg per g DW and was followed
by cyanidin-3-O-glucoside in the range from 23.34 to 83.12 pg
per ¢ DW. The anthocyanin profile of the cooked bean
samples is completely lost, with the disappearance of all
anthocyanins, except for cyanidin-3-O-glucoside, which sur-
vives the processing of these samples. Cyanidin-3-O-glucoside
was quantified cooked beans of Oiartzun, Andoain, and
Azkoitia, with a lower concentration between from 0.53 to
93.11 pg per g DW, compared to its content in raw “Tolosa”
flour. This last, is also reflected in the color, as the beans
retained their color after cooking. Some authors have estab-
lished that pelargonidin and cyanidin are known to provide
reddish colors to red fruits, while delphinidin is responsible
for providing the blue color.>* While some studies suggest pro-
cessing can lead to significant anthocyanin loss, our findings
indicate otherwise for bean hummus. In contrast to cooked
beans, bean hummus exhibited the least anthocyanin degra-
dation. Both cyanidin-3-glucoside and pelargonidin-3-gluco-
side were present in bean hummus, except San Esteban
hummus which lacked pelargonidin-3-glucoside. This suggests
that bean hummus preparation may offer some protection for
these beneficial compounds.

Catechin, a compound belonging to the flavanol family,
was identified only in bean flour. However, the glucosylated
derivative of catechin, catechin-3-glucoside was only detected
in one of the raw samples (Oiartzun) with a high amount. This
compound has only been detected so far in lentils (Duefias
et al.)** and surprisingly was present in only one of the geo-
graphical origin samples.*” This aspect needs further research
since in our opinion the agronomical and environmental con-
ditions should not modify the polyphenolic composition
within the same variety and cultivar in such an extent. The
results also revealed an interesting observation regarding pyro-
gallol. Unlike the anthocyanins, which decreased with proces-
sing, pyrogallol, a compound commonly found in processed
foods like beer, cocoa, and coffee®® showed a variation in pyro-
gallol concentration that increased in cooked beans and
hummus if compared with the concentration found in raw or
cooked “Tolosa” beans. In Oiartzun, pyrogallol was not
detected in the raw flour, but was found in cooked beans
(83.17 pg per g DW) and bean hummus (91.55 pg per g DW).
This suggests possible pyrogallol formation during processing
or its introduction from other hummus ingredients. In
addition, in Andoain, Azkoitia, and Amasa Villabona pyrogallol
concentration in hummus increased by 17%, 91%, and 39%,
respectively, compared to raw flour beans, while in San
Esteban the pyrogallol concentration in bean hummus
decreased by 23% compared to raw flour beans. However, an
increase of 27% in pyrogallol concentration was observed in
cooked San Esteban beans. An increasing trend of pyrogallol
in cooked beans is observed, supporting the hypothesis of its
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formation during processing. These results suggest that the
formation of this compound during processing where the heat
and other conditions during cooking may generate pyrogallol
from precursors present in the beans. Other possibilities are
the introduction of pyrogallol from other ingredients, some
bean hummus ingredients, such as tahini or spices, may
contain pyrogallol. Different bean varieties could have
different levels of pyrogallol precursors, explaining the differ-
ences in their final concentration. Studies are needed to better
understand the mechanisms of pyrogallol formation during
bean processing. It is important to determine the source of
pyrogallol in bean hummus and evaluate its impact on human
health.

Another interesting finding was the detection of trypto-
phan, an essential amino acid found in a wide variety of foods
such as red meats, fish, eggs, dairy, legumes, and nuts.
Tryptophan serves as a precursor to serotonin, melatonin, and
niacin.®! It was observed that tryptophan was present in raw
beans regardless of their origin, with concentrations ranging
from 0.0142 to 5.61 pg per g DW. Furthermore, it survived pro-
cessing, albeit at lower concentrations in cooked bean samples
compared to raw beans, except for San Esteban where it dis-
appeared. As for bean hummus, there was also a decrease in
this compound, with it disappearing in samples from Andoain
and San Esteban, but interestingly showing a 20% increase in
the Amasa Villabona sample.

The detailed characterization of the compounds obtained
by HPLC-MSMS underlined their variability in “Tolosa” black
beans, highlighting the influence of the agronomical con-
ditions as well as the processing method. Specifically, cooking
and hummus preparation led to significant changes in the
anthocyanin profile, with widespread losses. This study con-
tributes to the understanding of the variability in the polyphe-
nolic composition of black beans and their derived products,
highlighting the importance of considering the impact of pro-
cessing on the preservation of health-beneficial compounds.
These findings provide a valuable basis for future research and
for the improvement of culinary practices that seek to maxi-
mize the content of polyphenolic compounds in plant-based
foods by modifying the cooking time and temperature and the
use or not of the maceration water for cooking.

3.3. Influence of in vitro digestion on total polyphenol
content (TPC) of black beans foodstuffs

In the first analysis of results, the impact of processing on
black bean products was investigated. Given that the beans
from Amasa Villabona exhibited the best preservation of the
studied compounds (see Table 4), and that the bean hummus
showed a significant increase in the total quantified com-
pounds, it was deemed appropriate to continue working solely
with this sample and investigate its digestion process. The
results revealed that the total polyphenol content in cooked
black beans did not differ significantly from black bean flour
(Table 5). However, a 25% decrease in total polyphenolic
content (p < 0.05) was observed in bean hummus compared to
black bean flour. These findings underline the influence of
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Table 5 Influence of in vitro digestion on total polyphenol content
(TPC) of black beans foodstuffs

Total polyphenol content (TPC) (mg GAE per g DW)

Undigested Oral Gastric Intestinal
Samples matrix phase phase phase
Black bean flour 2.15+0.28° 1.1+02% 2.1+03° 1.4+0.2°
Cooked black bean  2.02+0.03° 1.3+0.1* 2.3+0.3” 104+ 1.2¢
Bean hummus 1.63+0.07° 0.9+0.1* 2.5+03" 4.6+0.6°

Different letters within a line indicate statistically significant
differences in the DGS test (p < 0.05). DW: dry weight, GAE: gallic acid
equivalent.

the preparation process, indicating that direct exposure of
black beans to cooking could protect polyphenolic com-
pounds, which are extremely thermolabile. In contrast, bean
hummus processing, which involves grinding and mixing with
other ingredients, modifies the initial matrix, negatively influ-
encing total polyphenols. This phenomenon highlights the
importance of considering both the nature of processing and
the food matrix when preserving bioactive compounds in
bean-based products.

In the second phase, an analysis of the total polyphenolic
content was carried out during the in vitro digestion of each
sample. During the oral phase, a decrease in total polypheno-
lic content (TPC) was recorded in black bean flour, cooked
beans, and bean hummus, reaching values of 1.1, 1.3, and
0.9 mg GAE per g DW, respectively, compared with the undi-
gested samples that presented values of 2.15, 2.02, and
1.63 mg GAE per g DW, respectively. In the gastric phase, no
significant differences were observed between any of the
samples and the control samples. This finding is particularly
interesting since many bioactive compounds are usually sensi-
tive to changes in the pH, and in this particular case, a certain
resistance to these conditions is evident.

At the end of digestion, in the intestinal phase, raw black
beans experienced a significant decrease of 35% compared to
undigested flour, suggesting greater susceptibility of polyphe-
nolic compounds to intestinal conditions. In contrast, cooked
black beans and bean hummus showed a significant increase
of 416% and 186%, respectively, compared to cooked black
beans and undigested bean hummus. These results indicate
that the matrices of these foods somehow protect polyphenolic
compounds during in vitro digestion, releasing them and
increasing bioaccessibility at the end of the process. It stands
out that cooked black beans presented the highest amount of
bioaccessible bioactive compounds, in terms of total polyphe-
nols, attributable, in part, to the initial effect of the integrity of
the whole grains.

Despite the significant decrease in TPC in bean hummus
before digestion, during digestion, an increase was observed
towards the end of the process, highlighting the positive effect
of the bean hummus matrix by protecting against degradation
and allowing the release of bioactive compounds. The higher
TPC values in the intestinal and gastric phases, compared to

This journal is © The Royal Society of Chemistry 2024
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the values in the undigested matrix, suggest the gradual
release of bioactive compounds during digestion, boosting
their bioaccessibility.

3.4. Influence of in vitro digestion on ferric reducing power
(FRAP) and antiradical activity (DPPH) of black beans
foodstuffs

Cooking and In vitro digestion not only affect the content of
bioactive compounds but also their antioxidant activity, as
illustrated in Fig. 1 and 2. Fig. 1 represents the antioxidant
activity in terms of FRAP in raw black bean flour, cooked black
beans, and bean hummus, before, during and at the end of
the in vitro digestion. Regarding the effect of cooking, a signifi-
cant decrease of 50% is evident in the case of cooked beans
and 65% in bean hummus, compared to raw black bean flour.
The antioxidant activity, measured in terms of DPPH, is pre-
sented in Fig. 2. It is interesting to note that the polyphenolic
compounds in the processed products experienced a total loss
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of antiradical activity compared to raw bean flour. These
results are consistent with the findings for TPC; although
cooked beans did not show a decrease in TPCs compared to
raw bean flour, cooking affected them, which is also reflected
in the bean hummus, adding to the grinding and loss of struc-
ture mentioned above.

Regarding in vitro digestion, in the oral phase a decrease in
the reducing power of iron was observed in the samples of raw
bean flour, cooked beans, and bean hummus, with values of
8.1, 4.5, and 3.9 pmol Trolox eq. per g DW, respectively, com-
pared to controls that presented values of 21.2, 10.5, and
7.5 pmol Trolox eq. per g DW, respectively. In contrast, anti-
oxidant compounds in the gastric phase presented a substan-
tial decrease in the reducing power of iron, with values around
95% in the three samples compared to their controls. Finally,
in the intestinal phase, there was a significant increase in the
iron-reducing power of cooked beans by 36% compared to
undigested cooked beans, while bean hummus did not
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Cooked Black Beans

Hummus

Influence of in vitro digestion on ferric reducing power (FRAP) of black beans foodstuffs in undigested matrix-control (blue color), oral phase

(orange color), gastric phase (grey color), and intestinal phase (yellow color).
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Influence of in vitro digestion on antiradical activity (DPPH) of black beans foodstuffs in undigested matrix-control (blue color), oral phase

(orange color), gastric phase (grey color), and intestinal phase (yellow color).

This journal is © The Royal Society of Chemistry 2024

Food Funct., 2024, 15, 6395-6407 | 6403


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo01238k

Open Access Article. Published on 29 May 2024. Downloaded on 12/5/2025 4:10:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

present significant differences compared to undigested bean
hummus and bean flour showed a 49% decrease in this phase.

On the other hand, regarding antiradical activity, it was
observed that the products presented different behaviors. In
the oral phase, bean flour showed a decrease of 49% compared
to undigested bean flour. In contrast, in cooked beans and
bean hummus, the antiradical activity of polyphenolic com-
pounds increased substantially. The ability to act as a free
radical scavenger of polyphenolic compounds in the intestinal
phase showed a decrease in bean flour, with a value of
8.8 pmol Trolox eq. per g DW compared to the control that
had a value of 14.8 pmol Trolox eq. per g DW. In contrast,
cooked beans and bean hummus showed a significant
increase in this phase, with values of 11.0 and 4.7 umol Trolox
eq. per g DW, respectively. These results were similar to what
was obtained in the analysis of the reducing power of iron in
these samples, where the highest antioxidant activity was pre-
sented by the sample of cooked beans, which also presented
the highest content of polyphenolic compounds. Accordingly,
the values obtained for TPC, FRAP and DPPH, show a certain
correlation, that is, the total polyphenol compounds presented
a positive correlation with the iron reduction power (r = 0.4, p
< 0.01) and with the antiradical activity (r = 0.4, p < 0.01), in
turn, FRAP and DPPH presented a positive correlation between
them (r = 0.49, p < 0.01).

3.5. Anthocyanin resistance to the in vitro digestion and
bioaccessibility

Anthocyanins, known for their antioxidant activity and poten-
tial health benefits, are plant pigments that contribute to the
characteristic color of black beans. Exploration of its behavior
under in vitro digestion conditions sheds light on its stability
and availability, providing valuable insights into its absorption
and possible physiological impact. An analysis of the anthocya-
nin extracts was carried out at each stage of in vitro digestion
by HPLC-DAD in order to evaluate changes in the anthocyanin
profile and content. Four compounds were monitored, cyani-
din-3-glucoside (Cy-3-Glu), pelargonidin-3-glucoside (Pg-3-
Glu), cyanidin (Cy), and pelargonidin (Pg), during the in vitro
digestion, as shown in Table 6.

Initially, before digestion, the concentration of the four
selected compounds was determined using HPLC-DAD.
Comparing these values with those obtained by HPLC-MSMS
in Table 4 reveals discrepancies in the determination of these
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four anthocyanic compounds, possibly attributable to differ-
ences in extraction methods and detection techniques. In
agreement with the findings shown in Table 4, the predomi-
nant anthocyanins in “Tolosa” bean flour were Cy-3-Glu and
Pg-3-Glu. However, while the same compounds were present in
cooked beans, only Pg-3-Glu was detected in bean hummus.

In the oral phase, the digested raw bean flour contained the
four selected compounds. Compared to the undigested
control, Cy-3-Glu and Pg-3-Glu decreased by 37% and 25% (p <
0.05), respectively. Even though Cy and Pg were detected in the
digested oral phase of raw bean flour they are under the limit
of quantification. This decrease in their concentration could
be explained by the higher instability of anthocyanidins.
Cooked bean and bean hummus samples displayed lower con-
centrations, with only Cy-3-Glu and Pg-3-Glu detectable (but
not quantifiable) in cooked beans and only Pg-3-Glu in bean
hummus.

In the gastric phase and compared to the control raw
beans, Cy-3-Glu and Pg-3-Glu decreased significantly (97% and
98%, respectively). These compounds were detectable but not
quantifiable in cooked beans, and only Pg-3-Glu was detect-
able in bean hummus. Cy and Pg were absent except in raw
bean flour. This suggests a high susceptibility of Cy-3-Glu and
Pg-3-Glu to gastric conditions. However, and in agreement
with the literature,®® such a decrease in anthocyanin content
in the gastric phase was not expected taking into consideration
the low pH in this phase of the digestion. In this sense, this
result can be explained by the reactions that take place during
this digestion between anthocyanins and other compounds
present in the food matrix, maybe leading to a decrease in
their extractability. Further research is needed to identify the
specific reactions involved and to better understand how the
food matrix affects the stability of anthocyanins during diges-
tion. Finally, in the intestinal phase, all four anthocyanins
were detected in raw bean flour, but Pg-3-Glu showed a further
98% decrease compared to the control (p < 0.05). No anthocya-
nins were detected in cooked beans or bean hummus in the
intestinal phase, suggesting complete loss due to processing
and digestion. Cy and Pg were only detected in raw bean flour
during this phase, potentially resulting from further break-
down of the original anthocyanins.

In comparison to the present results, in our previous work,
Moragro black corn showed Cy-3-Glu retention at the end of
the digestion process, although with a significant decrease

Table 6 Main anthocyanin content of black beans foodstuffs in different phases of in vitro digestion

Undigested matrix Oral phase Gastric phase Intestinal phase

Cy-3-Glu Pg-3-Glu Cy Pg Cy-3-Glu Pg-3-Glu Cy Pg Cy-3-Glu Pg3-Glu Cy Pg Cy-3-Glu Pg-3-Glu Cy Pg
Samples Concentration (ug per g DW) Concentration (pg per g DW) Concentration (pg per g DW) Concentration (ug per g DW)
Black bean flour 224.7¢ 190.0°¢ nd nd 141.3° 142.5° nqg nq 6.3% 4.2°% nq nq nq 3.5% nq nq
Cooked black bean nq nq nd nd nq nq nd nd nq nq nd nd nd nd nd nd
Bean hummus nd nq nd nd nd nq nd nd nd nq nd nd nd nd nd nd

Cyanidin 3-O-glucoside (Cy-3-Glu), pelargonidin 3-O-glucoside (Pg-3-Glu), cyanidin (Cy), and pelargonidin (Pg). Different letters within a line indicate
statistically significant differences in the DGS test (p < 0.05). DW: dry weight. nd: compounds not detected. nq: compounds not quantified.

6404 | Food Funct, 2024,15, 6395-6407

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo01238k

Open Access Article. Published on 29 May 2024. Downloaded on 12/5/2025 4:10:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

120 -

100 - I

|-

80 + B B

,4UJ

Cell viability (%)

20 A

View Article Online

Paper

HE)
“O

A A
mim 000 W

‘>
' >

1/500 1/250

1/100 110

Dilutions

Fig. 3 Cell viability assays in Caco-2 of control (blue bars) and intestinal aliquots of black bean flour (yellow bars), cooked bean flour (orange bars),
and bean hummus (grey bars). Different letters indicate statistically significant differences in the DGS test (p < 0.05).

from its initial concentration. This observation could be
associated with the higher initial concentration of Cy-3-Glu
(around 300 pg per g DW) in black maize, which, although
affected by digestion (93% reduction), still allowed for the
detection of the anthocyanin at the end of the process."”

In general, it can be concluded that Cy-3-Glu and Pg-3-Glu
have a high susceptibility to degradation due to food proces-
sing, such as cooking and crushing, as well as to digestion.
Anthocyanins exhibit greater stability in the oral phase but
degrade significantly in the gastric phase. Pg-3-Glu appears to
be more resistant to digestion compared to other anthocya-
nins. Encouragingly, anthocyanins were detectable following
in vitro digestion, despite the initial use of only 1 g of wet
weight food material. This suggests that anthocyanins, at least
to some extent, exhibit resistance to digestive conditions. To
further explore this aspect, employing larger sample sizes
would be advantageous. This would overcome current quantifi-
cation limitations and enable a more comprehensive under-
standing of anthocyanin behavior during digestion.

3.6. Bioactivity analysis and cell viability assay

Caco-2 cells viability after being exposed to digested aliquot of
bean flour, cooked beans, and bean hummus was assessed for
cytotoxicity determination. Fig. 3 illustrates the impact of
bioaccessible compounds of black beans at different dilutions.
A significant difference was observed at a 1:100 dilution
between cooked black beans and bean hummus, with viability
increasing by 62% and 104%, respectively, compared to the
control. In contrast, bean flour did not show significant differ-
ences compared to the control, indicating that the compounds
present did not positively affect cell viability, unlike cooked
beans and bean hummus. At a dilution of 1:250, significant
differences were observed with 37% and 67% cell viability for
cooked beans and bean hummus, respectively, compared to
the control sample. However, at a dilution of 1 : 500, only bean
hummus showed significant differences with the control,
showing a 69% increase in cell viability, while the cooked bean
compounds were unable to exert their protective effect due to

This journal is © The Royal Society of Chemistry 2024

the high dilution. The results obtained suggest that the com-
pounds present in cooked beans and bean hummus have a
protective effect, since the cytotoxic effect of the control
sample remains constant, possibly explained by the presence
of the different reagents used in the in vitro digestion.

In addition to our findings, several studies highlight the
diverse health benefits associated with polyphenolic com-
pounds. For example, research suggests that specific polyphe-
nolics, particularly anthocyanins in black beans, may possess
antidiabetic properties.>® Another study demonstrates the
promising potential of black bean polyphenols as anti-aging
ingredients in cosmetics.”” Furthermore, a recent investigation
indicates that black bean extracts offer potential benefits in
managing hyperglycemia, oxidative stress, and inflammation,
paving the way for nutraceutical applications.”® Considering
our protective effects and these studies, further research is
necessary to delve deeper into the specific effects and mecha-
nisms of action of the compounds present in black beans.

The results suggest that cooking “Tolosa” black beans leads
to an increase in bioaccessible polyphenols and their anti-
oxidant activity, which positively impacts cell viability.
Interestingly, despite a decrease in antioxidant activity in the
bean hummus sample, the remaining compounds appear to
retain their protective effects even at high dilutions.

In conclusion, this study demonstrates that foods made
with “Tolosa” black beans retain bioaccessible and bioactive
polyphenols after various processing steps and in vitro diges-
tion, although anthocyanins are almost fully lost during this
process. This research is valuable for designing functional
foods with potential health benefits. It also highlights the
importance of exploring strategies to preserve the polyphenol
content and potentially enhance the functionality of black
bean polyphenols.
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