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ARTICLE INFO ABSTRACT

Keywords: Fava bean (Vicia faba L.) is a high-protein crop consumed worldwide and is an exceptional plant-based protein
Fava bean source for human consumption. The present study evaluated in vitro nutritional properties of four different
Vicia faba

protein flours of fava bean: minimal processed flour (MPF), cooked flour (CF), non-polyphenol protein
concentrate (NPP), and polyphenol-protein concentrate (PP). NPP showed the highest protein concentration of
94.39 + 0.76%. The heat treatment significantly increased thein vitro protein digestibility in CF
(94.15 + 2.45%). NPP and PP showed the highest bioaccessibility, 29.85 + 1.88 and 33.19 + 1.65%, respec-
tively, no significant differences. SDS-PAGE analysis revealed bioaccessible low molecular weight peptides
(<15 kDa) and legumin and vicilin presence. In silico analysis of bioactive peptides of legumin and vicilin pre-
sented high occurrence frequencies of bioactivities, as angiotensin-converting enzyme-inhibitor and dipeptidyl
peptidase III/IV inhibitor peptides. This study supports the use and further investigation of fava bean proteins for
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human nutrition.

1. Introduction

There is a significant increase in the demand for animal-based pro-
tein due to the increase in population and a higher standard of living in
developing countries, expected to duplicate by 2050 (United Nations,
2015). Therefore, it is relevant to evaluate alternative protein sources
and their functional and nutritional qualities. Vegetable proteins,
especially legume proteins, are considered viable options to substitute
animal-based proteins (Alves & Tavares, 2019). Furthermore, diversi-
fying protein sources in dietary intake and increasing the consumption
of plant proteins could reduce the health and environmental risks
associated with the production and excessive consumption of animal-
based protein (Berrazaga et al., 2020). In addition, various legume
seed proteins and peptides can now be included in the category of
nutraceuticals or functional components due to biofunctionality
(Carbonaro et al., 2015).

Fava bean (Vicia faba L.) is one of the oldest and most valued crops
for human nutrition, occupying the fifth place of production among
different legumes in the world. Its relevance in the diet lies in its high
content of proteins and bioactive compounds, demonstrating its
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potential to maintain human health and prevent diseases (FAO, 2016).
Compared with cereals, dry fava bean seeds have high content of lysine
(19.8 g / kg of dry matter), and low content of methionine, cysteine, and
tryptophan (2.6, 3.7, and 2.7 g / kg of matter dry, respectively)
(Vioque et al., 2012). Therefore, the study of fava bean proteins has
interest due to their nutritional and functional value. In addition, the
protein extract from the fava bean can be used as a powder in different
food products (Alpizar-Reyes et al., 2018). Hence, fava bean extract
would generate protein hydrolysates by producing bioactive peptides,
creating new food applications by modifying their biological, nutri-
tional, and functional properties.

Bioactive peptides in fava beans present interesting properties. Re-
ports include in vitro antiproliferative activity towards Hep G2 hepatoma
cells from the VFTI-G1 polypeptide isolated from fava beans with trypsin
inhibitory activity (Fei Fanget al., 2011), improvement of in vivo
metabolic alterations induced by feeding with a hypercholesterolemic
diet in rats (Macarulla et al., 2001), and antioxidant capacity of the
peptides released from the hydrolyzed fava bean protein isolate due to
the ferrous chelating activity, as well as inhibitory activity of tyrosinase
enzyme (Karkouch et al., 2017). In addition, they can also be considered
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a natural source of L-3,4-dihydroxyphenylalanine (1.-DOPA), the pre-
cursor to the neurotransmitter catecholamine and a drug used in Par-
kinson’s disease (Turco et al, 2016). However, to explain the
mechanisms regulated by food-derived bioactive peptides it is necessary
to understand the functional role they can assume, thus, representing a
promising area for future research (Martinez-Sanchez et al., 2020). This
aim of this study was to provide scientific information on the di-
gestibility and bioaccessibility of protein flours of fava bean seeds
following in silico and in vitro methodologies to validate their functional
properties as human food.

2. Material and methods
2.1. Chemical and reagents

Ultrapure (type 1) water obtained from Simplicity® Water Purifi-
cation System (Millipore Corporation, Milford) was used for the prepa-
ration of all reagent solutions, buffers, and sample preparations. High
purity analytical enzyme preparations, including pepsin (P7125, from
porcine gastric mucosa), pancreatin (P1750, 4 x USP, porcine
pancreas), bile (B8631, extract porcine), as well as the tubular cellulose
membrane for dialysis, were purchased from Sigma-Aldrich Co. LLC.
Electrophoresis purity reagents including Acrylamide, Sodium dodecyl
sulfate (SDS), 2-Mercaptoethanol, Bromophenol Blue, Bis (N,N’-Meth-
ylen-bis-acrylamide), Coomassie Brilliant Blue G-250 protein stain
powder, N,N,N’N’-Tetra-methylenediamine, and Tris bas were supplied
by BIO-RAD (Bio-Rad Laboratories, Inc.). All the experimental analyzes
were carried out in triplicate.

2.2. Materials

The mature fava bean seeds were provided by producers of the rural
area of Puebla, Mexico. The seeds were washed and disinfected, and the
damaged seeds were discarded. The dried fava beans were stored at 4° C
and protected from light until they were processed.

2.2.1. Cooked (CF) and minimal processed (MPF) fava bean flour

The obtention of cooked fava bean (CF) was followed according to
the methodology proposed by Khalil (2001) with modifications. First,
fava bean seeds were soaked in distilled water (1:5 w/v) and kept under
refrigeration at 4° C for 12 h. Once the soaking time was completed, they
were rinsed three times with distilled water and allowed to drain, then
placed in 1 L beakers adding 100 mL of distilled water for autoclaving
(Yamato Scientific America Inc., SM300) at 121° C for 15 min. Once
cooked, the seeds were dried in an electric oven (Felisa FE-292D) for
48 h at 50° C and were constantly stirred to ensure uniform drying. For
the obtention of flour, firstly, the cooked and dried seeds were crushed
(Oster BEST02-E01) and grounded (IKA® A 11 basic analytical mill).
The resulting flour was sifted through a mesh sieve (850 pm) to obtain a
uniform flour. Defatting of flour was carried out according to Serrano-
Sandoval et al. (2019). Hexane (1:4 w/v) was added to the samples
followed by constant stirring at 250 rpm for 4 h at room temperature.
Suspension was filtered under vacuum through a glass microfiber filter
(Whatman 1827-047 model) and dried for 24 h in a level 2 laminar flow
hood (AirClean® Systems). The sample was stored in polyethylene bags
at room temperature. For the minimal processed (MPF) fava bean flour
preparation, seeds were dried in an electric oven at 70° C for 24 h, then
crushed and grounded and finally were sifted through a mesh sieve
(850 pm) to obtain a uniform flour.

2.2.2. Protein (NPP, PP) fava bean concentrates

For the fava bean protein extraction, the method proposed by Sair
(1959) was used with some modifications (Hernandez-Garcia et al.,
2016; Vioque et al., 2012). Elimination of non-protein compounds was
carried out using an alkaline solution and the obtention of the protein
fraction was achieved by acid precipitation (pH 4) with the isoelectric
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point of the fava bean protein. Two treatments were evaluated: a) non-
polyphenols protein concentrate (NPP) and b) polyphenol protein
concentrate (PP). The extraction of polyphenols in NPP was followed by
stirring the defatted flour (10% w/v) with 75% acetone in an orbital
shaker (Sheldon Manufacturing, Inc., 1365 PC) at 280 rpm at room
temperature for 24 h. The suspension was centrifuged at 13,520 g at 22°
C for 20 min, the supernatant was discarded, and the pellet was recov-
ered. After this, the pellet was subjected to the alkaline phase (10% w/v)
with 0.25% NaySOs, adjusting the pH to 10.5 with 1 M NaOH and was
left stirring at 280 rpm at room temperature for 24 h. The suspension
was centrifuged at 13,520 g at 4 °C for 20 min. The soluble proteins in
the supernatant were precipitated with the isoelectric point (pH 4 with
12 M HC]) of the fava bean protein. Suspension was centrifuged under
the same previous conditions to recover the pellet and discard the su-
pernatant. The protein pellet was dried in the oven at 50 °C for 16 h. For
PP, the procedure was the same, omitting the extraction of phenolic
compounds.

2.3. Chemical and nutritional characteristics

2.3.1. Proximate composition

Moisture, fat, ash, crude fiber, and protein were determined using
AOAC International (2019) methods 14.003, 7.056, 14.006, 962.09,
992.23, respectively. The N-free extract was abstained by subtracting
the percentages calculated for each nutrient from 100 (FAO, 1993). The
determination of the amino acid score of the samples (CF, MPF, NPP and
PP) was carried out through the method of Vazquez-Ortiz et al. (1995).

2.3.2. Amino acid score (AAS)

The lowest essential amino acid in the sample represented the
limiting essential amino acid. The AAS was determined as the ratio
between the limiting essential amino acid content of the samples and
that of the reference protein established by FAO / WHO using the amino
acid requirement for children 3 to 10 years of age (FAO, 2013).

According to FAO (2013), the AAS calculation was made with slight
modifications proposed by Le Roux et al., (2020). The equation was the
following:

_ limiting essential amino acid content of the samples

AAS
recommended essential amino acid requirement

2.3.3. Estimated protein efficiency ratio (E-PER)

The estimated protein efficiency ratio (E-PER) values were calcu-
lated from the amino acid composition of the samples based on the
following equation developed by Alsmeyer et al., (1974).

E—PER = —0.468 + 0.454(Leu) — 0.105(Tyr)

2.3.4. In vitro protein digestibility (IVPD)

According to the standardized international consensus protocol
INFOGEST (Brodkorb et al., 2019) with slight modifications. Solutions
were prepared to simulate the electrolyte concentration in the physio-
logical fluids of human digestion for simulated salivary fluid (SSF),
simulated gastric fluid (SGF), and simulated intestinal fluid (SIF) (Sup-
plementary material Table S1 indicates the concentrations and phases).
In vitro protein digestibility (IVPD) was expressed as the percentage of
the protein content before digestion and the protein content in the su-
pernatant after digestion according to the method proposed by Li et al.,
(2017) with slight modifications. First, 1 mL was taken from each
digested sample (intestinal phase) and was transferred to a 1.5 mL
Eppendorf™ microtube to be centrifuged at 15,000 rpm for 10 min at
room temperature. The precipitate was considered as the insoluble part
that is potentially non-absorbable, while the supernatant contains the
soluble potentially absorbable proteins. For protein quantification in the
supernatant, the previously described method was proposed by Scopes
(1974).
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Table 1
roximal composition of minimal processe our, cooke our, non-po. enol protein flour an rotein flour wi 0. €enols or rava bean icia jaba .
Proximal positi f minimal p d fl ked f1 polyphenol protein fI d protein fl ith polyphenols of fava bean (Vicia faba L)
Samples/Proximal chemical composition Moisture Ash Protein Lipids Dietary fiber Carbohydrates by
difference
MPF 3.34 + 0.70% 3.17 + 0.40% 26.47 + 0.26% 2.00 + 0.20° 1.89 + 0.022 63.13 + 1.072
CF 5.79 + 0.98" 3.26 + 0.02% 27.98 + 0.25° 1.66 + 0.29% 1.78 + 0.122 57.86 + 3.16"
NPP 4.08 + 0.15% 2.66 + 0.08? 94.39 + 0.76° 0.41 + 0.06° <0.1° <0.1¢
PP 7.55 + 0.85¢ 2.90 + 0.432 84.37 + 0.30¢ 1.43 + 0.15° <0.1° 3.29 + 0.50¢

MPF = minimal processed flour, CF = cooked flour, NPP = non-polyphenol protein flour, PP = polyphenol protein flour.

Data expressed in % (w/w) dry basis, mean + SD (n = 3).
Means with different superscripts in columns differ significantly (p < 0.05).

The degree of digestibility was calculated as follows:

Pty — Pt
IVPD (%) = 100 x ———1
Pty

Where Pt, is the protein content of the sample without treatment
before digestion; Pt; is the protein content in the sample precipitate after
intestinal digestion.

2.3.5. In vitro protein digestibility-corrected amino acid score (IV-
PDCAAS)

The in vitro protein digestibility-corrected amino acid score (IV-
PDCAAS) was calculated by adapting the FAO (2013) methodology:

IV — PDCAAS(%) = IVPD x CS

2.3.6. In vitro protein bioaccessibility (IVPB)

The absorption processes were simulated employing a static dialysis
procedure with a cellulose membrane following the method described
by Managa et al. (2021) with slight modifications. First, the digested
intestinal phase samples (8 mL) were poured into a tubular cellulose
membrane for dialysis (D9652, Sigma-Aldrich), previously hydrated in
distilled water for 10 min, as a simplified model of the epithelial barrier.
Then, each dialysis bag was placed inside a 125 mL flask and were
totally immersed with 40 mL of SIF. This mixture was kept covered at
37° C in a water bath for 120 min with gentle manual shaking every
15 min. The formula used to calculate the bioaccessibility of the digested
protein was (Liu et al., 2021):

Pty(mg/mL)

IVPB(%) = 100 x P /L)

Where IVPB(%) is the bioaccessible fraction in percentage; Pt is the
dialyzed protein of the digested samples; Pt; is the protein content in the
initial undigested sample.

2.3.7. In vitro kinetics release of protein

The protein release kinetics of the digested samples was determined
according to the method proposed by Perales-Vazquez et al. (2020) with
slight modifications. Aliquots of 5 uL were collected every 15 min from
the SIF with the proteins released from dialysis bags into the flask for
later analysis. The protein quantification of the collected samples was
according to Scopes (1974).

To determine the release kinetics of the digested protein in the in-
testinal phase of in vitro digestion, the following equation was used:

AC
Vy = Zﬁ

Where V; is the final release rate of the digested protein during
release kinetics (mg/mL per min); AC is the difference of the initial
protein concentration and the final protein concentration; AT is the
difference of specific time with the initial time.

2.4. Electrophoresis (SDS-PAGE)

Protein from samples was analyzed with one-dimensional denaturing

SDS-PAGE with a discontinuous buffer system as Laemmli (1970)
described with slight modifications (Xing et al., 2017) using Mini-
PROTEAN® 3 Cell system. The reagents and stock solutions for SDS-
PAGE (12% resolving and 4% stacking) were prepared according to
the Bio-Rad Laboratories manual (2014). 25 uL of each sample were
taken and diluted 1:2 with sample buffer with 2-mercaptoethanol and
heated at 95° C for 4 min to load the samples (14 pL) on the gel using
BenchMark Protein Ladder (15 uL) as a molecular weight marker.
Electrophoresis was performed at 60 V and 120 V for stacking and res-
olution, respectively. The gel was stained overnight with Coomassie
solution (0.1% Coomassie blue, 45% methane, and 45% glacial acetic
acid), then faded with a methanol solution (5% glacial acetic acid, 45%
distilled water, and 50% methanol). Image analysis of the SDS-PAGE
gels was carried out using GelAnalyzer 19.1 software (Istvan, 2021).

2.5. Predicted profiles of peptides in fava bean with biological activities

The analysis of the potential bioactivity of peptides from two protein
of fava bean were following Montoya-Rodriguez et al. (2015) method
with some modifications. The reviewed protein sequences of legumin
type B (P05190) and vicilin (P08438) (Supplementary table 2) were
obtained from UniProt database (http://www.uniprot.org). To cut and
to evaluate the protein sequences, the software Peptide Cutter
(https://web.expasy.org/peptide cutter/) and BIOPEP database
(http://www.uwm.edu.pl/biochemia/index.php/en/biopep) were
used.

2.6. Statistical analysis

The samples analysis and experiments were realized in triplicate. The
results are expressed as mean + standard deviation (SD). For the sta-
tistical analysis, the results were analyzed with the statistical software
IBM SPSS Statistics 25.0 (IBM Inc., Armonk, NY, USA). To verify the
normality of the data, the Shapiro-Wilk test was used. Once the homo-
geneity of variances (homoscedasticity) was confirmed with the Levene
test, a one-way analysis of variance (ANOVA) was performed to verify
differences between groups. The Tukey’s post hoc test confirmed sta-
tistically significant differences between groups with a significance
value p < 0.05.

3. Results and discussion
3.1. Chemical and nutritional characteristics

The results in Table 1 showed no statistically significant differences
between samples (p > 0.05) regarding ash content, while in the rest of
the results, there were significant differences (p < 0.05). NPP showed
higher protein concentration compared to PP, with 94.4 and 84.4%,
respectively. In both samples, it was not possible to quantify the fiber
content. The parameters evaluated in the MPF in this study are like those
reported by the U.S.D.A. (2019). Colca (2014) compared the fiber of
three different fava bean flours: unprocessed flour, another one sub-
jected to 120° C for 20 min, and the last one subjected to 130° C for
15 min, reporting 1.33, 1.22, and 1.29%, respectively, which is
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Table 2

Comparison of the amino acid profile and nutritional parameters of minimal processed flour, cooked flour, non-polyphenol protein flour and polyphenol protein flour.
Amino acid MPF CF NPP PP FAO, 2013
(g / 100 g protein) ?
Ala 3.25 3.54 3.19 3.26 -
Arg 2.82 2.96 2.21 2.72 -
Asp 5.78 6.17 6.70 6.20 -
Phe + Tyr 8.60 10.46 8.68 8.61 4.1
Gly 5.38 5.57 6.11 6.07 -
Glu 11.53 14.06 14.96 13.02 -
His 18.44 15.81 13.95 11.90 1.6
Ile 2.67 3.19 2.96 2.99 3.0
Leu 5.36 6.32 6.81 6.72 6.1
Lys 6.04 6.01 5.98 6.43 4.8
Met + Cys 1.41 1.81 1.02 1.21 2.3
Ser 2.80 2.77 3.19 3.27 -
Thr 15.29 9.16 16.60 15.87 2.5
Trp - - - - 0.66
Val 2.72 3.26 3.08 3.19 4.0
Total protein (%) ¢ 26.47 27.98 94.39 84.37
Limiting essential amino acid Met + Cys Met + Cys Met + Cys Met + Cys
AAS 61 78 44 53 100
IVPD (%) 31.34 + 1.40° 94.15 + 2.459 77.73 £ 2.26¢ 71.09 + 1.69"
IVPB (%) 16.43 + 0.40% 20.47 + 1.78° 29.85 + 1.88°¢ 33.19 + 1.65°¢
IV-PDCAAS(%)? 19.12 + 0.86% 73.44 + 1.92¢ 34.20 + 0.99° 37.68 + 0.90°
E-PER 1.43 1.75 2.15 2.11

MPF = minimal processed flour, CF = cooked flour, NPP = non-polyphenol protein flour, PP = polyphenol protein flour, IV-PD(%) = In vitro Protein Digestibility, IV-PB
(%) = In vitro Protein Bioaccessibility, PDCAAS-IV = Amino Acid Score Corrected for In vitro Protein Digestibility. *Composition on a dry basis; >Amino acid
requirement for children 3 to 10 years of age according to FAO, 2013; “Determination of free amino acids with high pressure liquid chromatography performed; V-
PDCAAS(%) = IVPD(%) x AAS, E-PER = Estimated protein efficiency ratio. Different superscript letters in the same row indicate significant statistical difference

(p < 0.05).

consistent with our results. NPP showed a protein concentration of
94.39 + 0.76%, which is comparable to those reported for other legumes
such as soybean (89.7%), red bean (89.3%), red kidney bean (92.2%),
mung bean (93.9%), black bean (88.21%) and chickpea (89.9-94.4%)
(Kaur & Singh, 2006; Kudre et al., 2013; Tang, 2008). With respect to
the above, Vogelsang-O’Dwyer et al. (2020) compared enriched bean
flour and a protein isolated bean; the protein concentration was 64.1
and 90.1%, respectively. These data support the results obtained in our
NPP and PP based on the same isoelectric point extraction technique.
The variety of fava bean can influence the variation of protein concen-
tration. The analysis of protein isolates of 7 different bean genotypes
with over 21 samples from different regions carried out by Singhal et al.,
(2016), reported a variation up to 9% in the protein concentration of the
samples. PP showed a lower concentration of protein attributed to
polyphenols. The interactions of polyphenols with proteins can result in
soluble or insoluble complexes, this phenomenon can affect protein
extraction and the concentration obtained (Kosinska et al., 2011).
Finally, concerning CF, it is noteworthy to mention the slight increase in
moisture content due to the seed soaking period and subsequent cooking
with moist heat. Protein content increased after subjecting the fava
beans to heat treatment. This result is due to the application of thermal
energy causing the unfolding of proteins, as well as that of other non-
protein compounds (such as glycosides) that may interfere with pro-
tein quantification, such as convicine and vicine, present in the fava
bean, which can be significantly removed after heat treatment (Rizzello
et al., 2016).

Table 2 shows results regarding the amino acid profile and the in vitro
nutritional evaluation. Of the 15 AA evaluated, CF presented higher
concentration in 7 AA, followed by NPP in 5 AA, 2 AA in PP, and finally
MPF, only showed higher quantity in one of the quantified AAs. In CF, 6
of the 7 AA (ALA, PHE + TYR, ILE, MET + CYS, TYR, and VAL) with the
highest concentration corresponded to hydrophobic AAs. While in NPP,
3 of the 5 AA (ASP, GLU, and THR) with higher concentrations belong to
the category of hydrophilic, in addition, two of these contain carboxylic
acids in their side chains. Among the determined AAs, the limiting
essential amino acid in the four samples belongs to the sulfur AAs
(MET + CYS). The nutritional quality of legume proteins depends to a

large extent on essential AAs. Depending on the species, TRP or sulfur-
containing AA (MET-CYS) are found to be deficient in legumes. It is
known that the application of heat modifies the AA content, in addition,
during cooking, the food matrix is in contact with water which could
facilitate the leaching of water-soluble AA. This phenomenon could
explain the higher concentration of hydrophobic AA in cooked bean
flour. Nosworthy et al., (2018) reported an increase in sulfur AA after a
cooking process. Another study on the protein quality of fava bean (Le
Roux et al., 2020) reported an essential AA score higher than in our
study (83); however, the limiting amino acid was tryptophan.

Protein digestibility is an important indicator of nutritional quality,
influenced by the AA profile that constitutes the protein fraction and
interacts with the food matrix. MPF presented the lowest percentage of
protein digestibility (31.34 £ 1.40%), the highest IVPD was found in CF
(94.15 + 2.45%), according to the INFOGEST method. It is well estab-
lished that in raw or minimal processed beans, protein digestibility is
low. Among the factors that influence this we can find the structure and
its intermolecular interaction with the food matrix. The interaction of
fava bean proteins with other seed components, such as tannins, phytic
acid, protease inhibitors, and antigenic proteins, reduces or inhibits
their digestibility, and their amounts differ according to the variety of
the seed (Ohanenye et al., 2020). Despite the above, a higher di-
gestibility has been reported than that obtained in this study. Luo & Xie,
(2013) evaluated raw bean seeds with green or white shells grown in the
province of Jiangsu and obtained in vitro protein digestibility of
72.65 + 0.58 and 73.28 + 0.52%, respectively.

On the other hand, applying thermal treatments such as ordinary
cooking or by autoclave, with previous soaking and peeling, as with CF,
NPP and PP, considerably increase the protein digestibility in vitro. For
example, Abdel-Aleem et al., (2019) evaluated the protein digestibility
of bean in different samples; raw seeds soaked for 14 h with cooking at
100° C, presented digestibility of 70.35 + 0.13 and 87.29 + 0.17%,
respectively. NPP showed an in vitro digestibility of 77.73 + 2.26%,
while in PP, it was significantly (p < 0.05) lower 71.09 + 1.69%. Legume
proteins are found in seed matrices with other chemical components,
such as polysaccharides and polyphenols, which hinder the digestibility
of proteins (Ohanenye et al., 2020). This effect is consistent with our
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Fig. 1. Fava bean in vitro kinetics of Total protein released and Protein release rate *(mg/mL per minute) of MPF, CF, NPP and PP. MPF = minimal processed flour;
CF = cooked flour NPP = non-polyphenol protein flour; PP = polyphenol protein flour.

results, as the extraction of polyphenols in NPP increased significantly
(p < 0.05) by ~ 6% digestibility. Le Roux et al., (2020) compared di-
gestibility through in vitro dynamic digestion of two protein concen-
trates of bean and peas without polyphenols, reporting in vitro protein
digestibility of 91.1 + 3.1 and 74.9 + 6.7%, respectively. It also has been
reported that the digestibility of the fava bean concerning other legumes
depends on the albumin content because this protein fraction of plant
foods has higher CYS content. The albumin fraction is often highly
resistant to heat denaturation and enzymatic digestion with trypsin,
chymotrypsin, and pepsin (Warsame et al., 2020). Stability is conferred
by a high number of disulfide bonds contained in low molecular weight
proteins. In the bean, the albumin fraction is < 20% of the total protein,
which justifies its low content of sulfur AA and its protein digestibility
superior to some other legumes.

The most significant number of bioaccessible (<14 kDa) and dialysis
peptides were obtained from NPP and PP samples, without statistically
significant difference (p = 0.110). In terms of MPF and CF, CF presented
a higher percentage of bioaccessibility; however, this was not signifi-
cantly different from that of MPF (p = 0.05). An in vitro bioaccessibility
model is an effective and valid strategy for understanding structural
changes in food ingested under simulated physiological conditions in the
human gastrointestinal tract. Lin et al., (2019) established the nutra-
ceutical potential of various bioactive compounds of the bean. As for the
protein fraction of the fava bean, there are few studies on its bio-
accessibility in vitro since most of the available studies focus on the
bioaccessibility of phenolic compounds. However, in recent years, in-
terest in bioactive peptides that arise through proteolysis by different
methods has increased. Xing et al., (2017) evaluated the effect of the pH
of fermentation on the bioaccessibility of the proteins of four soybean
curds, with a cut-off point of 10 kDa. In their study, a significant increase
in low molecular weight peptides (<10 kDa) from 0.71 mg/mL to
1.44 mg/mL was observed as gastrointestinal digestion progressed.
These results were confirmed by electrophoresis (SDS-PAGE) and are
similar to those obtained in our study on the dialyzed CF protein.

IV-PDCAAS showed statistically significant differences (p < 0.05) in
all samples, with MPF being the lowest value (<20%) and CF the highest
value (73.44 1.92%), suggesting that the protein fraction of bean after
heat treatment significantly increases its nutritional value. This effect is
because the proteins in their native state fold into a specific conforma-
tion determined by the AA composition that constitutes it, further
restricting the access of proteolytic enzymes to their substrates (Joye,
2019).

About E-PER, the highest value was presented in NPP, followed by
PP, CF, and finally MPF, with values of 2.15, 2.11, 1.75, and 1.43,

respectively. Studies have proposed in vitro methods to correlate with in
vivo methods to develop reliable methods for measuring E-PER through
regression equations. Nosworthy et al., (2018) reported a value of 0.85
and 0.66 for boiled bean and baked fava bean, respectively. This
behavior is also observed in other legumes. Lopez-Ibarra et al., (2021)
evaluated the protein fraction of the tepary bean (Phaselous acutifolius)
in samples of raw and cooked flour and crude and cooked protein
concentrate. The heat treatment favored the increase of E-PER values in
flours (0.86 to 1.93) and concentrates (1.34 to 1.81). The fact that E-PER
relates the value of digestibility and AA content suggests that the
nutritional value increases due to thermal and proteolytic processes
causing samples to be more accessible to subsequent digestive processes.

The results of protein release kinetics (Fig. 1), show average veloc-
ities of total protein released (mg/mL) in vitro from 0.010 to 0.019 mg/
mL of protein per min. MPF and CF showed similar velocities with no
significant differences (p > 0.05). NPP and PP did not show significant
differences in their protein release velocities (p > 0.05), in addition to
reporting the highest release velocity. The amount of total protein
released (mg/mL) in vitro showed significant differences (p < 0.05) in all
samples over 120 min, however, statistically similar values (p > 0.05)
were obtained in MPF and CF at min 15, 75, 90, 105 and 120, suggesting
that heat treatment does not influence the amount of protein released.
On the other hand, NPP and PP did not show statistically different values
(p > 0.05) except for min 105, which indicates that NPP and PP present
the same amount of total protein released. In addition, these samples
reported the highest total protein release. On the total protein released,
the results could be related to the type of sample and its food matrix,
since statistically similar values were observed for MPF and CF and NPP
with PP. The greater bioaccessibility and total protein release by NPP
and PP could be due to a lower interaction with the food matrix, because
of its higher degree of purification, eliminating most of the non-protein
compounds, as opposed to MPF and CF that showed a statistically lower
(p < 0.05) bioaccessibility and total protein release (Kosinska et al.,
2011). As mentioned above, antinutritional factors affect protein di-
gestibility; they decrease their digestibility, affecting their bio-
accessibility, and finally is reflected in the protein release rate (Perales-
Vazquez et al., 2020). Hence, the information concerning this parameter
is relevant as it can be used to evaluate potential absorption peaks in
additional in vivo tests.

It is important to emphasize, according to previous studies, that
bioaccessible low molecular weight peptides resulting from in vitro
digestion reported in this study are potentially effective in inhibiting the
pathogenesis of metabolic syndrome (Jakubczyk et al., 2019), and even
peptides with molecular weight < 3 kDa have antioxidant and antitumor
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Fig. 2. Electrophoretic profile by molecular weight of NPP and PP of fava bean after in vitro digestion determined by SDS-PAGE. Lanes: M: Molecular weight marker;
1: NPP; 2: NPP gastric phase, 3: NPP intestinal phase, 4: NPP bioaccessible, 5: PP, 6: PP gastric phase, 7: PP intestinal phase, 8: PP bioaccessible and 9: digestive
enzyme blank. NPP = non-polyphenol protein flour; PP = polyphenol protein flour.
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Fig. 3. Electrophoretic profile by molecular weight of fava bean MPF and fava bean CF after in vitro digestion determined by SDS-PAGE. Lanes: M: Molecular weight
marker; 1: MPF; 2: MPF gastric phase, 3: MPF intestinal phase, 4: MPF bioaccessible, 5: CF, 6: CF gastric phase, 7: CF intestinal phase, 8 CF bioaccessible and 9:

digestive enzyme blank. MPF = minimal processed flour; CF = cooked flour.

activity in different cell lines (Kuerban et al., 2020). Furthermore, ac-
cording to the literature, these peptides are released from food proteins
in the gastrointestinal tract, which are absorbed and reach the systemic
circulation to perform specific activities at the systemic level (Samaei
et al., 2020).

3.2. Electrophoresis

In Figs. 2 and 3 the electrophoretic profiles of the treatments through
in vitro digestion are shown. In the treatments, predominant proteins
with a molecular weight between 50 and 30 kDa were observed, fol-
lowed by proteins between 15 and 20 kDa, and finally those of 70 kDa.
In addition, faint bands with molecular weight of 60, 40, 27, and 17 kDa
were observed. The electrophoretic profile of MPF showed the presence
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Table 3

Predicted profiles of peptides (2-5 AA) in fava bean flours with biological ac-

tivities. *.

Predictive
bioactivity

Protein

Occurrence
frequency ratio

(A)

Sequence of potential
bioactive peptide

Legumin ACE inhibitor

type B

Antioxidative

Dipeptidyl
peptidase I1I/1IV
inhibitor

Glucose uptake-
stimulating peptide

CaMPDE inhibitor
Renin inhibitor

Alpha-glucosidase
inhibitor
Neuropeptide

Vicilin ACE inhibitor

Antioxidative
Dipeptidyl
peptidase III/IV
inhibitor

Glucose uptake-
stimulating peptide

Renin inhibitor
Alpha-glucosidase
inhibitor
Neuropeptide
Anti-inflammatory
Antithrombotic
Activating
ubiquitin-mediated
proteolysis

MSKP, TSTC, TET, 0.2500-0.7500
CAGVS, IR, HL, IIQGK,
GVIG, QEPR, QGSR, FR,
YW, LVAIS, DSTPR, FY,
HQQK, DGNSV, SG,
AHT, LR, SPR, NQIVR,
VEGG, SEQGR, NGL,
YNPR, PIL, VR, NG,
YAPHW, VIR, GEGR,
DNK, GQL, QVTE,
SGNR

MSKP, IR, HL, AHT,
YAPHW, VIR, SGNR
MSKP, FL, TSTC,
ATSSE, NQCR, DNINA,
TET, CAGVS, IR, HL,
IIQGK, GVIG, TL, QEPR,
SSQSR, QGSR, FR, YW,
LVAIS, DSTPR, HQQK,
DGNSV, AHT, LR

SPR, NQIVR, VEGG,
SEQGR, NGL, ADL,
YNPR, TL, PIL, SAE, VR,
YR, NGI, YAPHW, VIR,
GEGR, DNK, VTK, GQL,
TNDR, ANA, QVTE,
SGNR

ATSSE, 1IQGK, LVAIS,
SSE, NQIVR, SEQGR,
PIL

VIR, IR 0.3333-0.5000
IR, LR, VIR, SGNR 0.3333-0.5000

0.2500-0.6000

0.2000-0.7500

0.2000-0.3333

VEGG, ADL 0.2500-0.3333

YR, GQL s 0.3333-0.5000
MAATT, DSF, GIA, LQK,
SGK, AIL, NSF, ER,
GDTIK, SG, NIL, EAS,
EIEK, EEHGK, EK, GLK,
QIEE, NK, EPIY, SNK,
GK, NPQL, PHY, GDF,
VGQR, EEY, DEEK,
PVAIK, VG, LAF, ENQK,
ER, DHL, GS

GLK, EPIY, PHY, DHL 0.3333
MAATT, DSF, LL, GIA,  0.2000-0.8000
ASVC, ESNR, QT,
DQHSK, QN, VV, AIL,
TV, LL, PNDR, NSF,
GDTIK, VNR, SK, NIL,
EAS, NTD, EIEK, LL,
EEHGK, EK, HR, GLK,
DR, QIEE, NAK, SSSK,
FN, EPIY, NPQL, QD,
VN, LL, PHY, VGQR,
EEY, DEEK, QVQN,
PVAIK, ASSN, VG, FL,
LAF, ENQK, QSH, DHL,
YSI

LL, AIL, LL, DDEED,
NIL, LL, EEHGK, QIEE,
SSSK, LL, EEY, DEEK
DSF, ESNR, NSF, VNR

0.2000-0.6667

0.2000-0.5000

0.2500-0.3333

EAS 0.3333
VGQR 0.2500
PHY 0.3333
DDEED, DEEK 0.2000-0.2500

LAF 0.3333
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* Protein sequence is reviewed for UniProt database (http://www.uniprot.org).
Peptide sequences obtained from Peptide Cutter https://web.expasy.
org/peptide cutter/. Potential bioactivities and occurrence frequency obtained
from  BIOPEP  http://www.uwm.edu.pl/biochemia/index.php/en/biopep
Amino acid nomenclature: A: Ala, R: Arg, N: Asn, D: Asp, C: Cys, Q: Gln, E:
Glu, G: Gly, H: His, L: Ile, L: Leu, K: Lys, M: Met, F: Phe, P: Pro, S: Ser, T: Thr, W:
Trp, Y: Tyr and V: Val.

of 12 proteins, CF 4 proteins, NPP 12, and PP 11. It was observed that the
action of proteolytic enzymes hydrolyses proteins of higher molecular
weight through the process of in vitro digestion. In MPF and NPP,
potentially bioaccessible proteins < 15 kDa were observed, while in PP,
only a faint band below 10 kDa was observed. CF did not show any
bands. Most of the proteins found in the fava bean seed are globulins
(convicillin, legumin and vicillin), about 70 to 78%, albumin with 10 to
20%, 15% are glutelins, and<5% prolamines. Proteins have different
conformational characteristics; as a result, they show different solubil-
ity. The electrophoretic profile of MPF before in vitro digestion corre-
sponds to subunits of the globulins convicilin, legumin, and vicillin,
respectively. These bands were also observed in the NPP and PP, which
shows that the results obtained in this study are consistent with other
studies (Biihler et al., 2020; Vogelsang-O’Dwyer et al., 2020). However,
in CF, well-defined bands were not found, probably due to the exhaus-
tive heat treatment, which affects the solubility and concentration of
protein fractions (Capritd et al., (2010). Regarding the bioaccessibility of
the protein fraction after in vitro digestion (Fig. 2; rails 4 and 8), NPP and
PP showed bioaccessible protein bands < 15 kDa. It is well established
that the most bioaccessible proteins are peptides with a low molecular
weight close to 10 kDa, especially peptides with a short length of 2 to 10
AA. This has been reported in other studies conducted by Rui et al,,
(2016) and Xing et al., (2017), where they evaluated the protein bio-
accessibility of soy through in vitro digestion and dialysis methods,
proving that peptides below < 10 kDa have greater bioaccessibility,
clearly visible through SDS-PAGE analysis. However, it is remarkable
that slight discrepancies with other studies have been found because
there are variations between the genotypes of bean seed (Tahir, 2015),
which diversifies the proteins of the bean qualitatively and quantita-
tively, thus, there are proteins that are not yet well identified or studied
in the scientific literature as reported by Warsame et al., (2020).

3.3. Predicted profiles of peptides in fava bean with biological activities

The results of Table 3 showed different bioactivities for the in silico
digestion of legumin type B and vicillin to obtain peptides between 2 and
5 AA, which are bioaccessible due to particle size. Both proteins showed
high occurrence frequencies of angiotensin-converting enzyme-inhibitor
peptides (ACE inhibitor), with A = 0.2500-0.7500, and
A = 0.2000-0.6667 for legumin and vicilin, respectively. These results
in both proteins are similar to dipeptidyl peptidase III and IV inhibitor,
antioxidant activity, glucose uptake stimulating peptide, and renin in-
hibitor. Other potential bioactivities present are alpha-glucosidase in-
hibitor, neuropeptides, CaMPDE inhibitor, this one for legumin type B,
and anti-thrombotic, anti-inflammatory, and activating ubiquitin-
mediated proteolysis, for vicilin. It is well documented that legumes
generated bioactive sequences with high potential to inhibit dipeptidyl
peptidase IV, angiotensin-converting enzyme inhibition and antioxidant
capacity with diverse bioactivities (Mojica & Gonzalez de Mejia, 2018).
For all the above, more research about the potential of the fava bean is
needed since the proteins present in this legume have been slightly
reviewed by the databases and its bioactive potential may be
underestimated.

4. Conclusions

The nutritional quality of protein from four different fava bean
protein flours were analyzed through in vitro and in silico methodologies
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in this study. The sulfur amino acids (MET + CYS) were found as limiting
essential amino acids for four treatments, so fava bean flours should be
combined with rich sulfur amino acid foods to increase the digestibility.
The conditions of protein extraction have an influence on the bio-
accesibility of low molecular weight peptides released from protein
during in vitro digestion and depends on the food matrix in which they
are embedded. SDS-PAGE indicated that the four fava bean flours were
rich in legumin and vicilin, depicted by the presence of low molecular
weight protein and peptides (<20 kDa), showing the putative presence
of peptides with potential bioactivity. The nutritional properties were
altered mainly by the heat treatment and the presence of polyphenols,
where cooked flour and non-polyphenol protein flour presented higher
digestibility, bioaccesibility, and estimated protein efficiency ratio.
Therefore, fava bean protein flours, mainly cooked and polyphenol-free,
could be used as a good source of plant protein for human nutrition.
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