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A B S T R A C T   

Aiming to understand the impact of hardening on the biological potential of bean protein and peptides, we 
evaluated the antioxidant and vasorelaxant properties of common beans after and before hardening. It was also 
evaluated the effect of extrusion and autoclaving in the biological potential of hardened beans. In general, 
hardening caused a reduction from 13.5 to 39.6% on the antioxidant activity of the peptide-rich fractions. On the 
other hand, hardening did not strongly interfere with the vascular reactivity in thoracic aorta rings, being 
observed maximal relation varying from 801% to 84.7%. The thermal treatment caused a general increase in the 
antioxidant and vasorelaxant potential of these fractions, being observed EC50 values ranging from 0.22 mg mL− 1 

to 0.26 mg mL− 1. We can conclude that hardening did not seem to affect definitively the bioactivity of the 
obtained peptide-rich fractions. Finally, this study allows suggesting practical applications of extrusion as a 
thermal process in the production of functional food ingredients, and as ready-to-eat products presenting nu
traceutical potential. In addition, autoclaving can be used as a pre-treatment of the hardened grains aiming to use 
them as whole grains with potentialized benefits for human health.   

Introduction 

Common beans (Phaseolus vulgaris) are leguminous widely consumed 
all over the world due to their high nutritional quality. In addition to the 
active components, common beans also present naturally-occurring and 
encrypted peptides with varied biological activities (Alves et al., 2021; 
Graziani, et al., 2021; Manzoor, Singh, & Gani, 2022; Valencia-Mejía, 
Batista, Fernández, & Fernandes, 2019). However, there is no sufficient 
information about the effect of postharvest hardening on the antioxidant 
and vasorelaxant properties, chelating potential, and antihypertensive 
and antidiabetic activities. It is known that the nutritional quality of 
proteins from common beans can be affected depending on the 

postharvest conditions, being observed that storage in temperatures 
higher than 35 ◦C and moisture above 60% leads to the development of 
the hardening phenomenon, commonly known as hard-to-cook (HTC) 
effect (Batista & Fernandes, 2016; Siqueira, Bassinello, Malgaresi, Per
eira, & Fernandes, 2016). It is estimated that 3 million tons of beans per 
year are no longer used in human nutrition due to the hardening (Gra
ziani, et al., 2021). Considering the current global scenario of increasing 
world population and reduction availability of new food sources, it is 
mandatory to find alternatives to reinclude these grains in human 
nutrition. 

In the last decades, several studies have been aimed to develop 
alternative technologies of processing, such as extrusion and 
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autoclaving (Pedrosa, Guillamón, & Arribas, 2021), that improves the 
nutritional quality, functional properties and technological features of 
HTC beans (Ratnaningsih et al., 2019; Siah, Wood, Agboola, Konczak, & 
Blanchard, 2014), being an interesting alternative to obtain good quality 
food ingredients, useful to human nutrition and health. 

In addition, considering the currently reported potential of proteins 
and peptides from beans as antioxidant, antidiabetics and antihyper
tensive molecules, understanding the effect of postharvest hardening on 
the biological potential of these proteins and peptides will help to pro
pose a more precise nutraceutical and/or functional use for HTC beans. 
Several studies have associated the development of chronic diseases (i. 
e., Alzheimer, Parkinson and cardiovascular diseases) to an imbalance 
between the production of free radicals and the endogenous antioxidant 
defense systems, which can cause oxidative damage to a wide range of 
biomolecules such as lipids, proteins and nucleic acids (Kaur, Kehinde, 
Sharma, Sharma, & Kaur, 2021; Sharma, Kaur, Kehinde, Chhikara, 
Sharma, & Panghal, 2021). In this scenario, dietary antioxidants are 
quite important because they can inhibit or reduce the initiation and 
propagation of free radical cascades, contributing to minimize the 
cellular damage induced by the oxidative effect of free radicals 
(González-Monotya, Hernández-Ledesma, Mora-Escobedo, & Martínez- 
Villaluenga, 2018). 

Therefore, the aim of this study is (i) to determine the effect of 
postharvest hardening on the biological potential of proteins and pep
tides from common beans and (ii) to evaluate the effect of autoclaving 
and extrusion on the antioxidant potential and the vascular reactivity of 
proteins and naturally-occurring peptides from HTC beans. We hy
pothesized that despite the postharvest hardening interfering with the 
protein availability, it is possible that the biological potential of the 
peptide fractions remains unchanged or slightly altered. In addition, it is 
possible that thermal treatment by extrusion or autoclaving can recover 
or even improve the antioxidant and vasorelaxant properties of these 
peptide fractions. 

Materials and methods 

Materials 

Pepsin, pancreatin, Phenylephrine (Phe), Acetylcholine (Ach), DPPH 
(1,1-diphenyl-2-picrylhydrazyl), HHL (hippuryl-L-histidyl-L-leucine), TT 
(2,4,6-trichloro-s-triazine), TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), and 
Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) 
were purchased from Sigma Aldrich Chemical Co. (St. Louis, USA). 
Acetonitrile and formic acid were purchased from Vetec (Rio de Janeiro, 
Brazil). Qubit® Protein Assay Kit was obtained from ThermoFisher 
Scientific (Massachusetts, USA). Regenerated cellulose membranes (3 
kDa-PLBC07610 and 10 kDa-PLGC07610) were purchased from Milli
pore® (Massachusetts, USA). All the reagents used in the experiments 
were of analytical grade. 

Hardening process 

Seeds from common beans (Phaseolus vulgaris, cv BRS Pontal) were 
kindly provided by EMBRAPA Rice and Beans (Santo Antônio de Goiás, 
Goiás, Brazil). After removing impurities, the beans were divided into 
two batches. The first batch (ease-to-cook (ETC) samples – non- 
hardened beans) was stored at 4 ◦C until further use to avoid the 
development of the hardening process. The second batch (HTC samples) 
was incubated at 40 ◦C (±2◦C) and 75% of relative moisture for 120 days 
to induce hardening. This relative humidity was achieved by storing the 
beans above a saturated sodium chloride solution. After storage, the 
HTC beans were separated into three batches. The first batch was stored 
at 4 ◦C, the second was submitted to autoclaving process and the third 
was milled and extruded. Before analysis, all grains were milled and 
stored at − 20 ◦C. 

Autoclaving of hard-to-cook beans 

100 g of HTC beans were placed in 250 mL glass containers for the 
autoclaving process without adding water. The containers were partially 
closed and autoclaved at 120 ◦C and 1.2 Kgf/cm2 for 15 min. After the 
autoclaving process, the beans were dried at room temperature (25 ◦C), 
dehulled and milled to produce flour with particle size of 500 μm. 

Extrusion of hard-to-cook bean flours 

Prior to the extrusion process, moisture content of the HTC flour was 
adjusted to 13% (in dry basis). The extrusion process was performed in a 
single-screw extruder (Cerealtec Intl. CT-L15) at a compression ratio of 
3:1, matrix with 5 mm aperture and screw speed of 150 rpm (Batista & 
Fernandes, 2016). The extruded samples were dried at room tempera
ture and milled to produce flour with particle size of 500 μm. 

Protein extraction 

In order to evaluate the effect of the solvent on the extraction of 
bioactive molecules, three different extraction solutions were tested. 
The total protein content was determined using the Qubit® Protein 
Assay Kit following the manufacturer instructions. 

Method A: acetonitrile/water/formic acid 
The extraction solution was prepared as described by Mahatmanto, 

Poth, Mylne, and Craik (2014) using as solvent a mixture of acetonitrile, 
water and formic acid (50:48:2). The protein extraction was carried out 
by mixing 50 mL of solvent and 10 g of flour, followed by incubation at 
25 ◦C for 1 h, under magnetic stirring. After extraction, the mixture was 
centrifuged at 5.000 × g for 15 min at 25 ◦C and the supernatant was 
submitted to solvent evaporation under reduced pressure (Vacufuge® 
plus, Eppendorf, Hamburg, Germany). The produced protein extract was 
lyophilized for further analysis. 

Method B: sodium acetate solution 
For this method, a 20 mmol L-1 sodium acetate solution (pH 5.0) was 

used as extraction solvent (Mahatmanto, Poth, Mylne, & Craik, 2014). 
The protein extraction was carried out by mixing 10 g of flour with 50 
mL of solvent, followed by incubation at 4 ◦C for 1 h, under magnetic 
stirring. After extraction, the mixture was centrifuged at 5.000 × g for 
15 min at 4 ◦C and the supernatant was lyophilized for further analysis. 

Method C: alkaline water 
Protein extraction was performed according to Oseguera-Toledo, 

Mejia, Dia, and Amaya-Llano (2011), with minor modifications. A 
mixture of 10 g flour and 50 mL of alkaline water (pH 8.0, adjusted with 
0.1 mol L-1 NaOH solution) was incubated at 35 ◦C for 1 h, under stir
ring. The mixture was centrifuged at 5.000 × g for 15 min at 25 ◦C and 
the supernatant was lyophilized for further analysis. 

Protein fractionation by ultrafiltration 

The protein extracts were fractionated through ultrafiltration, using 
membranes with different molecular weight cut-off (Millipore, Massa
chusetts, USA). The ultrafiltration process was carried out in a stirred 
dead-end cell with 400 mL using a 10 kDa regenerated cellulose mem
brane. The system was operated at 1.5 Kgf cm− 2 and 4 ◦C. The retentate 
(F > 10 kDa) and permeate (F < 10 kDa) were collected separately and 
lyophilized for further analysis. The protein solutions extracted using 
method A were also submitted to ultrafiltration using a 3 kDa regener
ated cellulose membrane, and the retentate (F3-10 kDa) and permeate 
(F < 3 kDa) were collected separately and lyophilized. 
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Bioactivities 

Antioxidant activity 
The ability of the protein and peptide fractions to scavenge the DPPH 

radical was determined using the method reported by Brand-Williams, 
Cuvelier, and Berset (1995). Briefly, 50 μL of sample were added to 200 
μL of a 150 mmol L-1 DPPH solution and incubated at 25 ◦C for 15 min. 
The decrease in the absorbance of the resulting solution was monitored 
at 520 nm (Eppoch microplate spectrophotometer, Biotek Instruments, 
VT, USA). The antiradical activity of the samples was related to that of a 
Trolox standard, and the results were calculated as millimolar of Trolox 
Equivalents (TE) per milligram of sample (mmol L-1 TE mg-1 protein). 

The ferric reducing antioxidant power (FRAP) assay was performed 
according to methodology described by Benzie and Strain (1996). The 
FRAP stock solution was prepared by mixing 2.5 mL of FeCl3 solution 
(0.02 mol L-1) with 25 mL of acetate buffer (0.01 mol L-1, pH 3.6) and 
2.5 mL of 0.01 mol L-1 TPTZ solution (prepared in 0.04 mol L-1 HCl). 
Before using, the freshly prepared FRAP stock solution was incubated at 
37 ◦C for 10 min. The reaction mixture was prepared by mixing 50 μL of 
sample with 150 μL of deionized water and 1.3 mL of FRAP solution. The 
system was incubated at 37 ◦C for 30 min before readings were taken at 
595 nm (Eppoch microplate spectrophotometer, Biotek Instruments, VT, 
USA). The results from FRAP assays were related to that of a Trolox 
standard, and the results were calculated as millimolar of Trolox 
Equivalents (TE) per milligram of sample (mmol L-1 TE mg-1 protein). 

Fe2 + -chelating activity was determined as described by Carter 
(1971). The mixture reaction was prepared by mixing 50 μL of sample 
with 180 μL of 0.1 mol L-1sodium acetate buffer (pH 4.9), and 60 μL of 
0.01% FeCl2⋅4H2O aqueous solution. After incubation at 25 ◦C for 30 
min, 10 μL of 0.4 mol L-1 ferrozine aqueous solution was added and the 
system was incubated at 25 ◦C for 10 min. The absorbance was measured 
at 562 nm using an Epoch microplate spectrophotometer (Biotek In
struments, VT, USA), and the results were expressed as percentage of 
chelating activity. 

Cu2+-chelating activity was determined according to Saiga, Tanabe, 
and Nishimura (2003), by mixing 50 μL of sample with 200 μL of 0.05 
mol L-1 sodium phosphate buffer (pH 6.0), containing 10 μg of 
CuSO4⋅5H2O After incubation at 25 ◦C for 10 min, 5 μL of pyrocatechol 
violet were added. The system was incubated for 5 min at 25 ◦C and the 
absorbance was measured at 632 nm (Eppoch microplate spectropho
tometer, Biotek Instruments, VT, USA). Results were expressed as per
centage of chelating activity. 

Study of vascular reactivity 
The experiments were conducted on healthy male Wistar rats, 10–12 

weeks (200–300 g). All the procedure described herein was approved by 
Institutional Ethics in Research Committee at the Universidade Federal 
de Goiás, Goiás, Brazil (Protocol CEP/UFG 20/2013) and performed 
following to the Ethical Principles in Animal Experimentation, defined 
by the Brazilian College of Animal Experimentation (COBEA). Aiming to 
reduce the number of animals used in the experiments, only the fractions 
presenting the highest antioxidant activities were evaluated. The ani
mals were maintained under a controlled temperature (22 ± 1 ◦C) with 
ad libitum access to food and water, on a 12 h light/dark cycle. 

For the preparation of aortic rings, animals were euthanized by 
decapitation, followed by dissection of the thoracic aorta, which was 
cleaned in Krebs-Henseleit solution (Oliveira et al., 2016) and sectioned 
in circular transverse segments measuring 4 mm in length. The aortic 
rings were suspended horizontally in a tissue chamber containing 10 mL 
of Krebs-Henseleit solution at 37 ◦C, with bubbling of a gas mixture 
containing 95% O2 and 5% CO2. A resting tension of 1.5 g was imposed 
on each ring, and the rings were allowed to equilibrate for 1 h. The 
changes in basal tension were recorded by isometric transducers con
nected to a data acquisition system (AQCAD, AVS Projetos, São Carlos, 
Brazil). To validate the endothelium integrity, the aortic rings were pre- 
contracted using Phe (1 μmol L-1), followed by initiation of relaxation 

using Ach (10 μmol L-1). Aortic rings with relaxation lower than 90% 
were discarded. After assessing the presence of functional endothelium, 
vascular tissues were allowed to recuperate for at least 1 h before the 
protocols using the testing samples, with replacement of Krebs-Henseleit 
solution after 15 min (Oliveira et al., 2012). 

For the evaluation of the vasorelaxant potential of proteins and 
naturally-occurring peptides from common beans, the aortic rings (n = 7 
per sample) were precontracted with Phe (1 μmol L-1) and after reached 
a contractile plateau, cumulative concentrations (0.1 to 10 mg mL− 1) of 
each fraction (prepared in distilled water) were added to evaluate the 
vascular effects. The vehicle was also tested and the results were 
expressed as percentage of relaxation (Neto, Oliveira, Ghedini, Vaz, & 
Gil, 2017). 

Statistical analysis 

All examinations in the in vitro tests were done at least in triplicate, 
and the values were reported as mean ± standard deviation. For the ex 
vivo tests, seven animals were used in each evaluation. The variance 
analysis (ANOVA) and Tukey’s test were used to define differences in 
mean values of the data using GraphPad Prism® 6.0 software (GraphPad 
Software, Inc.). 

Results and discussion 

Protein extraction 

Considering that one of the major factors affecting protein solubility 
is related to the solvent polarity profile, three different extraction so
lutions were used aiming to evaluate the effect of postharvest hardening 
on the solubility and biological potential of extracted proteins and 
naturally-occurring peptides. In addition, HTC beans were submitted to 
autoclaving and extrusion in order to evaluate the effects of thermal 
processing on the bioactive potential of proteins and peptides extracted 
using different solvents. Previous works have pointed out that extrusion 
can reduce and/or eliminate the antinutritional activity of protein in
hibitors and lectins, improving the water absorption and solubility, and 
the protein and starch digestibility of HTC beans (Batista & Fernandes, 
2016; Batista, Prudêncio, & Fernandes, 2010; Lopes, Batista, Fernandes, 
& Santiago, 2012). In addition, autoclaving can reduce the content of 
enzyme inhibitors and resistant starch, increasing protein and starch 
digestibility without interfere with the functional properties of the HTC 
grains (Batista, Pereira, Moreira, Silva, & Fernandes, 2020). However, to 
the best of our knowledge, this is the first work evaluating the effect of 
extrusion and autoclaving on the biological activities of HTC beans. 

As can be observed in Table 1, the extraction yield of proteins from 
both, ETC and HTC beans, varied according to the extraction method 
used, possibly due to the physicochemical differences of each solvent. As 
expected, extraction using alkaline water (method C) resulted in the 

Table 1 
Protein content (mg g− 1 flour) of the extracts obtained using different solvents.  

Extraction method ETC 
beans1 

HTC 
beans 

Autoclaved 
beans 

Extruded 
beans 

Method A 
(Acetonitrile/water/ 
formic acid) 

28.9 ±
0.4a,C 

32.6 ±
3.7a,C 

22.7 ± 0.7b,C 15.6 ± 1.7c, 

B 

Method B (Sodium 
acetate solution) 

147.0 ±
1.7a,B 

118 ±
0.7b,B 

39.0 ± 0.7c,B 14.6 ± 0.9d, 

B 

Method C (Alkaline 
water) 

432.2 ±
4.4a,A 

367.3 ±
4.2b,A 

118.1 ± 3.6c,A 41.3 ± 1.4d, 

A  

1 Results are means of three determinations ± standard deviation. Data fol
lowed by the same lowercase letters in the same line are not statistically different 
(p > 0.05). Data followed by different uppercase letters in the same column are 
statistically different (p < 0.05). ETC = easy-to-cook (non-hardened) beans; 
HTC = hard-to-cook (hardened) beans. 
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highest protein yield, since the ionic state of the proteins and peptides in 
the alkaline extract is different from the isoelectric point, making them 
highly soluble in the aqueous medium (Carrasco-Castilla et al., 2012). 

It is important to point out that the postharvest hardening did not 
interfere with the solubility of more hydrophobic proteins extracted 
using acetonitrile/water/formic acid (method A). However, it was 
observed a reduction of 19.7% on the protein yield from HTC beans 
extracted using sodium acetate solution (method B) and a reduction of 
15% for those extracted using alkaline water (method C). This fact can 
be due to a possible complexation between hydrophilic proteins and 
other components of beans (i.e., carbohydrates and lipids) as function of 
the biochemical changes during the hardening process (Chigwedere, 
Flores, Panozzo, Loey, & Hendrickx, 2019). Probably, the more hydro
phobic proteins are less reactive to complexation and thus, are equally 
extractable before and after the hardening. 

In addition, although extraction using acetonitrile/water/formic 
acid (method A) presented the lowest protein content (Table 1), this 
method is referred as an effective methodology for extraction of peptides 
with potent biological activities. The medium to low polarity of this 
solvent is efficient on extracting proteins and peptides with different 
degrees of hydrophobicity (Kessel & Ben-Tal, 2018). In addition, the use 
of acetonitrile decreases the dielectric constant of the solvent solution, 
altering the polarity of the solution and, therefore increasing the solu
bility of molecules with lower polarity. 

It was also verified that the content of extracted proteins from HTC 
beans was negatively affected by autoclaving and extrusion. The lowest 
protein yield was achieved in the extruded samples (Table 1), which can 
be related to (i) the process conditions that can modify the molecular 
structure of non-protein components, interfering with protein solubili
zation, and also (ii) by a decreased in the water absorption of the 
extrudates, which make difficult their rehydration and hence, reduces 
the protein extraction (Pietsch, Bühler, Karbstein, & Emin, 2019). 

The results showed that the characteristics of the extractor solution 
and thermal processing are important factors that affect not only the 
extraction yield, but also would might interfere with the nature of the 
extracted biomolecules. The protein extracts were subsequently frac
tionated through ultrafiltration aiming to obtain (1) a protein-rich 
fraction (F > 10 kDa) and (2) a peptide-rich fraction (F < 10 kDa). 
This fractionating process was conducted in order to verify the potential 
of these biomolecules as bioactive compounds. 

Antioxidant activity 

Different plant proteins and peptides have been highlighted as po
tential antioxidant molecules with ability to prevent mechanisms of the 
oxidative stresses associated with numerous degenerative aging dis
eases. However, the effect of the postharvest hardening on this biolog
ical activity have been studied less often. It is known that there is no 
standard method to measure the antioxidant capacity of food compo
nents, even though there are several known methods. Therefore, it is 
recommended that the evaluation of antioxidant activity should be 
performed using different methods. Herein the antioxidant activity was 
assessed by DPPH radical scavenging, ferric reducing antioxidant power 
(FRAP), and metal-chelating potential. These methods have been widely 
used to evaluate the antioxidant activity of protein/peptides from food 
matrices (Agrawal, Joshi, & Gupta, 2019; Silva, Hernández-Ledesma, 
Amigo, Netto, & Miralles, 2017). 

Radical scavenging activity 
DPPH assay is widely used to evaluate the antioxidant potential of 

biomolecules because of its sensitivity and effectiveness, being a method 
that determines the ability of compounds to act as free radical scaven
gers or hydrogen donors (Wang et al., 2019). As can be seen in Table 2, 
fractions F < 10 kDa obtained from HTC beans extracted by using 
method A and method C were less efficient as radical scavengers than 
those from ECT beans, with a reduction of 13.5–18.7% in their 

antioxidant activity. 
It is known that antioxidant properties of proteins and peptides are 

due to complex interactions between their ability to inactivate reactive 
oxygen species, scavenge free radicals, chelate prooxidative transition 
metals, enzymatically eliminate specific oxidants, and alter the physical 
properties of food systems in a way that separates reactive species. In 
this sense, changes in the amino acid composition, length of the peptide 
chain and three-dimensional structure of proteins can interfere on their 
ability to act as antioxidants (Peng, Kong, Wang, Ai-lati, Ji, & Mao, 
2021). It is possible that during hardening, the spatial structure of the 
amino acids in the protein/peptide sequence might be changed, inter
fering with their hydrogen donor ability and, consequently, reducing 
their DPPH• radical scavenging activity. 

In addition, results evidenced that the antioxidant potential was 
enhanced in the protein and peptide-rich fractions obtained from 
extruded HTC beans, with the highest values being observed in the 
fractions F < 10 kDa, independently of the extraction method (Table 2). 
These results allow to suggest that extrusion process could be an inter
esting alternative to produce bean-based food components with 
enhanced antioxidant potential. 

In general, the autoclaving process was also capable of increase the 
antioxidant potential of the peptide-rich fractions (F < 10 kDa); how
ever, it was observed a distinct behavior depending on the extraction 
method used. For the fractions F < 10 kDa from extraction using 
acetonitrile/water/formic acid (method A), autoclaving was able to 
recover the antioxidant activity of the proteins from HTC beans to values 
similar to those from ETC beans. However, this thermal processing did 
not interfere with the DPPH• radical scavenging activity of the peptides 
extracted by method B, while decreased the antioxidant potential of 
those molecules extracted using method C. The combined effect of high 

Table 2 
Antioxidant activity (mM TE/mg protein) of protein and peptide-rich fractions 
determined by FRAP and DPPH methods.  

Antioxidant assay1 Method A 
(Acetonitrile/ 
water/formic 
acid) 

Method B 
(Sodium 
acetate 
solution) 

Method C 
(Alkaline 
water) 

F > 
10 
kDa 

F < 10 
kDa 

F > 
10 
kDa 

F < 
10 
kDa 

F > 
10 
kDa 

F < 
10 
kDa 

DPPH ETC 30.1 
±

1.8b,A 

22.2 ±
0.1b,B 

1.7 ±
0.1b,D 

22.4 
±

1.3b,B 

18.4 
± 0.1c, 

C 

20.9 
±

1.2a,B 

HTC 16.9 
±

0.4d,B 

19.2 ±
0.2d,B 

1.9 ±
0.1a,C 

22.6 
±

1.0b,A 

16.6 
± 0.3d, 

B 

17.0 
±

0.1b,B 

Autoclaved 39.8 
±

0.2a,A 

20.8 ±
0.1c,B 

0.9 ±
0.02c, 

D 

21.1 
±

1.0b,B 

21.8 
± 2.7b, 

B 

14.5 
±

0.2c,C 

Extruded 28.1 
±

1.4b,B 

47.7 ±
0.5a,A 

2.5 ±
0.02a, 

D 

44.7 
±

1.5a,A 

26.1 
± 0.2a, 

B 

20.6 
±

1.3a,C 

FRAP ETC 3.7 ±
0.3c,D 

62.1 ±
1.6b,B 

n.d.2 51.7 
±

1.3c,C 

n.d. 81.1 
±

1.9a,A 

HTC 3.4 ±
0.2c,C 

48.1 ±
3.2c,B 

n.d. 57.4 
±

1.9c,A 

n.d. 49.0 
±

0.7b,B 

Autoclaved 8.6 ±
0.3b,D 

61.7 ±
1.9b,B 

n.d. 70.4 
±

3.9b,A 

1.6 ±
0.01a,E 

44.1 
±

1.6c,C 

Extruded 15.5 
±

0.5a,D 

121.0 
± 3.1a, 

A 

3.6 ±
0.4E 

81.1 
±

3.9a,B 

0.9 ±
0.04b,F 

44.1 
±

0.2c,C  

1 Results are means of three determinations ± standard deviation. Data fol
lowed by the same lowercase letters in the same column are not significantly 
different (p > 0.05). Data followed by different uppercase letters in the same line 
are statistically different (p < 0.05). 2n.d.: not detected. ETC = easy-to-cook 
(non-hardened) beans; HTC = hard-to-cook (hardened) beans. 

L.C. Paula et al.                                                                                                                                                                                                                                 



Food Chemistry: X 13 (2022) 100259

5

temperature and pressure during autoclaving process can cause protein 
degradation, as well as chemical modifications, and formation of pro
tein–phenolic complexes who interfered with the ability of these mole
cules to act as antioxidant agents. It is possible that the chemical 
modifications of the protein structure during autoclaving allowed the 
exposure of antioxidant amino acids on the hydrophobic proteins, while 
negatively interfered with the availability of antioxidant moieties in the 
hydrophilic proteins (Sanchiz et al., 2019). 

Ferric reducing antioxidant power (FRAP) 
The results from FRAP method evidenced that peptide-rich fractions 

(F < 10 kDa) were the main responsible by the antioxidant power of 
beans (Table 2). In addition, the ferric reducing power of the peptide- 
rich fractions was negatively affected by the hardening process, being 
observed antioxidant activities 22.5% lower in the HTC fraction F < 10 
KDa extracted using acetonitrile/water/formic acid (method A) and 
39.6% lower for the HTC fraction F < 10 kDa extracted with alkaline 
water (method C). However, except for fractions F < 10 kDa extracted by 
method C, autoclaving and extrusion processes were efficient in recover 
or even enhance the antioxidant activity by FRAP. As reported for DPPH 
assays, the best antioxidant performances by FRAP were achieved in the 
peptide-rich fractions (F < 10 kDa) obtained from extruded beans, 
evidencing that besides the improved nutritional and functional prop
erties (Batista & Fernandes, 2016), extruded beans are also an inter
esting source of proteins and peptides with high antioxidant activity. 
Furthermore, the use of autoclaving can be a promising alternative of 
pretreatment to recover the nutritional and biological potential of HTC 
beans, allowing the re-inclusion of the whole grain in human nutrition. 

Metal chelating activity 
According to Jomova and Valko (2011), the redox active metals like 

iron and copper possess the ability to produce reactive radicals in bio
logical systems. Excessive accumulation leads to oxidative stress due to 
an increased formation of reactive oxygen species, which are responsible 
for lipid peroxidation, DNA damage, protein modification and other 
effects which can result in numerous diseases, such as chronic inflam
mation, cancer, cardiovascular diseases, diabetes, atherosclerosis, 
neurological disorders and others. Considering that molecules inter
fering with the catalytic activity of transition metals could retard or 
prevent pro-oxidative processes, the determination of their chelating 
activity is important for the estimation of their antioxidant capacity 
(Agrawal, Joshi, & Gupta, 2019). In this study, the different protein and 
peptide-rich fractions were tested regarding their ability to chelate Fe2+

and Cu2+ (Fig. 1). 
Results have shown that protein and peptide-rich fractions were able 

to efficiently interact with iron. Nevertheless, chelating potential of the 
fractions F > 10 kDa and F < 10 kDa were quite different, being 
observed distinct profiles of chelation depending on the solvent used in 
the protein extraction and the development of postharvest hardening. 
The values of Fe2+-chelating activity for the protein fraction (F > 10 
kDa) obtained from extraction with method A was maintained after 
hardening, being observed chelation values around 90% (Fig. 1a). 
However, the hardening process negatively affected the Fe2+-chelating 
properties of the fractions F > 10 kDa extracted with sodium acetate 
(method B) and alkaline water (method C), being observed reduction of 
53% and 20% in their chelating activity, respectively. 

Considering the peptide-rich fractions (F < 10 kDa), in the tests using 
sample concentration of 2 mg mL− 1 the Fe2+-chelating activity reached 
100% for all samples. In this case, chelating tests were also performed 
using a lower sample concentration (0.2 mg mL− 1) and the results evi
denced that the postharvest hardening did not affect the chelating ac
tivity of the fractions F < 10 kDa obtained by extraction with 
acetonitrile/water/formic acid (method A), while increased the 
chelating potential of those samples extracted using methods B and C 
(Fig. 1b). These results evidence that despite of the alterations in the 
physicochemical and functional properties occasioned by the 

Fig. 1. Metal-chelating activity of protein and peptide fractions from common 
beans. (a) Fe2+-chelating acitivity of protein-rich fractions (F > 10 kDa); (b) 
Fe2+-chelating activity of peptide-rich fractions (F < 10 kDa); (c) Cu2+- 
chelating activity of protein-rich fractions (F > 10 kDa), and (c) Cu2+-chelating 
activity of peptide-rich fractions (F < 10 kDa). Results are means of three de
terminations ± standard deviation. Data followed by the same superscript letter 
for the same extraction method are not significantly different (p > 0.05). Assays 
for protein-rich fractions were performed using a sample concentration of 2 mg 
mL− 1. Assays for peptide-rich fractions were performed using a samples con
centration of 0.2 mg mL− 1. ETC = easy-to-cook (non-hardened) beans; HTC =
hard-to-cook (hardened) beans. 
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postharvest hardening, the biological activities of these peptides 
remaining unchanged. 

In addition, autoclaving was efficient in increase the Fe2+-chelating 
activity of all peptide-rich fractions (F < 10 kDa). This increase can be 

related to the exposure of amino acids unavailable to interact with iron 
in the native protein/peptide. Compared with autoclaving, the more 
drastic conditions of extrusion could result in protein fragmentation 
with consequent losses of reactive sites able to interact and chelate iron 

Fig. 2. Vascular reactivity studies of protein and peptide fractions of common beans. Cumulative concentration–response curves for the peptide rich-fractions (F <
10 kDA) in rats aortic rings with intact endothelium precontracted with phenylephrine (Phe): (a) easy-to-cook (HTC) beans; (b) hard-to-cook (HTC) beans; (c) HTC 
beans submitted to autoclaving; and (d) HTC beans submitted to extrusion. Percentage of maximal relaxation (e) and EC50 values (e) for the peptide-rich fractions (F 
< 10 kDa) extracted with different solvents. The results show the mean ± SEM of 6–8 experiments. *p < 0.05. ETC = easy-to-cook (non-hardened) beans; HTC =
hard-to-cook (hardened) beans; EC50 = concentration required to obtain a 50% relaxation. 

L.C. Paula et al.                                                                                                                                                                                                                                 



Food Chemistry: X 13 (2022) 100259

7

(Fig. 1b). However, except for the fractions F < 10 kDa obtained in the 
extraction using method B, the extruded samples presented Fe2+- 
chelating activity similar to those from ETC samples. 

As shown for Fe2+-chelating activity, the peptide-rich fractions pre
sented the highest Cu2+-chelating potential (Fig. 1d), being observed 
100% of chelation when the tests were conducted using sample con
centration of 2 mg mL− 1. However, the extraction methods strongly 
interfered with the solubilization of proteins with ability to interact and 
chelate Cu2+ ions. In general, the more hydrophobic proteins obtained 
in the extraction method A had the best performances as Cu2+-chelating 
agents (Fig. 1c), being observed absence of activity in the fraction F >
10 kDa from those extracts obtained by method B and method C, for both 
ETC and HTC beans (Fig. 1c). In addition, the hardening process reduced 
the Cu2+-chelating activity of all fractions F > 10 kDa, although did not 
interfere with the chelating potential of the peptide-rich fractions 
(Fig. 1d). 

The use of autoclaving or extrusion highly improved the Cu2+- 
chelating activity of the protein fractions F > 10 kDa containing hy
drophilic proteins (Fig. 1c), while slight interfered with the chelating 
activity of fractions F < 10 kDa (Fig. 1d). These results reinforce the 
biological potential of HTC beans and confirms that the use of auto
claving and extrusion can be useful to restore or increase the biological 
potential of hardened beans either as component in foodstuffs or whole 
grain in human nutrition, contributing to the improvement of health 
conditions. 

Study of vascular reactivity 

In organism homeostasis, vascular smooth muscle tone is highly 
important since different pathologies related to the oxidative stress (i.e., 
vascular and neurodegenerative diseases) can cause changes in the 
muscle tone (Silva et al., 2018). Considering that the highest results of 
antioxidant activities were achieved in the samples with lower molec
ular weight, the fractions F < 10 kDa were selected for the evaluation of 
their vascular effect on endothelium-intact aortic rings precontracted 
with phenylephrine (Phe), and the results are presented in Fig. 2. 

In general, the peptide-rich fractions obtained from the extraction 
with acetonitrile/water/formic acid (method A) produced potent and 
similar relaxations (Fig. 2). In addition, postharvest hardening and 
thermal treatments improved the vasorelaxant potential of these sam
ples, with values of EC50 in the range of 0.06 to 0.12 mg mL− 1 (Fig. 2e). 
For the fractions F < 10 kDa obtained with sodium acetate (method B) 
and alkaline water (method C), the hardening process occasioned a 
reduction in the maximal percentage of relaxation (Fig. 2e) and 
increased the EC50 values of the samples (Fig. 2f), indicating that the 
physicochemical changes occurred during hardening decreased the 
relaxing power of the extracted molecules. These results corroborate the 
idea that hardening process differently interferes with the biological 
potential of hydrophobic and hydrophilic proteins and peptides. 

The thermal treatments were able to restore the vasorelaxant power 
of the fractions F < 10 kDa obtained from method B (Fig. 2c and 2d), 
been observed EC50 values around 0.14 mg mL− 1 (Fig. 2f). However, the 
maximum relaxation values were lower than those observed for the ETC 
beans (Fig. 2e). Considering the fraction F < 10 kDa extracted with 
alkaline water (method C), despite the values of maximum relaxation of 
the thermally-treated bean fractions were similar to those from HTC 
beans (Fig. 2e), the EC50 values were about 2-fold higher than those for 
the untreated HTC samples (Fig. 2f), evidencing a reduction on their 
vasorelaxant power. 

It is important to point out that all fractions obtained, even those 
with vasorelaxant activity near to 50%, can be considered good vaso
relaxant biomolecules and may be indicated and included in the testing 
routines to assess the role in the prevention and control of blood pres
sure. The results showed that the administration of fractions of peptides 
may induce the vasorelaxant effect and this effect is higher in the 
peptide-rich fractions (F < 10 kDa). 

Additionally, as the best results of biological activity were achieved 
in the peptide-rich fractions extracted using method A, the F < 10 kDa 
fractions were submitted to another set of ultrafiltration using a mem
brane cut-off of 3 kDa. The obtained fractions (F3-10 kDa and F < 3 kDa) 
from untreated and thermally treated HTC beans were tested in aorta 
isolated from rat with preserved endothelium to verify if the vaso
relaxant effect would be potentiated in any of these fractions. As can be 
observed in Fig. 3, the peptide fractions produced a concentration- 
dependent vasorelaxant effect (0.1–100 µmol L-1), with Emax of 93.4% 
in fraction F3-10 kDa from autoclaved beans and Emax of 84.7% in 
fraction F < 3 kDa from HTC beans (Table 3). These results confirmed 
that despite the physicochemical alterations occasioned by postharvest 
hardening, the proteins and peptides from HTC beans are of high quality 
if considered their potential benefits to human health. 

For fractions F3-10 kDa, autoclaving and extrusion presented a 
strong positive effect on the relaxation ability of the peptides (Fig. 3a), 
being observed EC50 values ranging from 0.22 mg mL− 1 to 0.26 mg mL− 1 

for autoclaved and extruded beans, respectively (Table 3). These results 
can be explained by the probable changes in the three-dimensional 
structure of these medium-size peptides, with exposition of amino 
acids capable of interfere with the release of vasorelaxant molecules 
from the aorta endothelium. 

Considering the lower-size peptides (F < 3 kDa), the thermal 

Fig. 3. Cumulative concentration–response curves for the peptide rich- 
fractions in rats aortic rings with intact endothelium precontracted with 
phenylephrine (Phe): (a) fraction F3-10 kDa; (b) fraction F < 3 kDa. The results 
show the mean ± SEM of 6–8 experiments. ETC = easy-to-cook (non-hardened) 
beans; HTC = hard-to-cook (hardened) beans. 
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treatment had a negative effect on the vascular relaxation (Fig. 3b). It 
can be possible that during autoclaving and extrusion processes some 
small peptides could be fragmented in molecules unable to interact with 
endothelium cells and stimulate the release of the relaxant compounds. 
Nevertheless, the combined effect of both fractions of peptides still 
guarantees an excellent performance of these peptide fractions (F < 10 
kDa) as vasorelaxant molecules by eliciting several pathways of 
endothelium-dependent relaxation. 

Several mechanisms may be associated with vasorelaxant activity, 
such as: (a) prostacyclin pathway (PGI2), (b) nitric oxide (NO) pro
duction pathway by the enzyme eNOS and (c) the hyperpolarizing factor 
pathway derived from the endothelium. Depending on the type of vessel, 
all these pathways may be activated after stimulation of endothelial cell 
receptors in which signaling pathway increases the intracellular con
centration of Ca2+. Acetylcholine (ACh), substance P (SP), bradykinin 
(BK), and adenosine triphosphate (ATP) are among the agonists. After 
release by endothelial cells, these mediators exert their actions on 
smooth muscle cells, through the production of second messengers such 
as cAMP or cGMP, or through hyperpolarization (Iqbal et al., 2017). 

Although there are no indications in the literature of the use of 
peptides from beans to prevent cardiovascular diseases, the fractions 
herein obtained demonstrate the beneficial antioxidant effect and 
promising effect against cardiovascular diseases from both ETC and 
HTC. In addition, the thermal treatment can improve not only the 
technological and physicochemical properties of bean proteins but also 
increase their biological potential, especially regarding the antioxidant 
and vasorelaxant activities of their peptide fractions. 

Conclusions 

This study highlighted the vasorelaxant and antioxidant properties of 
different protein and peptide-rich fractions from ETC and HTC beans 
before and after thermal treatment. In general, a DPPH scavenging ac
tivity was observed ranging from 20.9 to 22.2 mM TE/mg protein for the 
fractions F < 10 kDa from ETC beans and values varying from 17 to 22.6 
for the fractions from HTC beans. After thermal treatment of HTC beans, 
the values of antioxidant activity against DPPH• increased to values 
from 14.5 to 47.7 mM TE/mg protein, depending on the thermal process 
used. These results confirmed the occurrence of naturally-occurring 
peptides in seeds of common beans showing antioxidant activity and, 
therefore, presenting great potential as natural antioxidants. Addition
ally, peptide-rich fractions from both ETC and HTC beans presented high 
vasorelaxant activity, which making them potent molecules to be 
applied to prevent cardiovascular diseases. Before thermal treatment, a 
maximal relaxation of 84.7% was observed in the fraction F < 3 kDa 
from HTC beans. For the thermal-treated samples, a better value of 
maximal relaxation (93.4%) was achieved for the fraction F3-10 kDA 
from autoclaved beans. It was also possible to infer that the thermal 
processing affected the amount and nature of the extracted 

biomolecules, positively affecting their biological potential. Results also 
corroborate the idea that bioactivities are determined mainly by pep
tides and that the hardening process did not seem to definitively affect 
the bioactivity of the peptides. Ultimately, extrusion or autoclaving are 
promising alternatives for the re-inclusion of HTC beans in human 
nutrition as whole grains or ingredients for foodstuffs. Extrusion can 
have a practical application as thermal process in producing functional 
food ingredients and ready-to-eat products such as enriched snacks, 
cornflakes, biscuits and related foodstuffs that can be used for improve 
the human health. In addition, autoclaving can be used as pre-treatment 
of HTC grains aiming to potentialize their benefits to human health. 
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