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Abstract

The methods used to estimate the bioavailability of elements have different approaches.
These tests are based on selective extraction or simulation of the physiology of the gas-
trointestinal tract. The sample preparation methods require studies about extraction
procedures, thermal treatment, and decomposition of organic matter. The method of
decomposing organic matter assisted by microwaves introduced adequate results for
most chemical elements in pulses. The content of the elements present in the extracts
obtained by employing the method physiologically based extraction test (PBET) is lower
than those obtained by simple bioaccessibility extraction test (SBET) due to complexing
effects of metal ions. The mineral content in the gastric and intestinal stages can vary
significantly with the investigated leguminous species and the elements. The thermal
processing can affect the concentrations of the elements analyzed in samples from legu-
minous species. This results from the heat capacity to change the speciation of chemical
elements. The change speciation may modify the solubility and mobility of chemical spe-
cies under the conditions of the gastrointestinal tract, which alters the bioavailability. In
this sense, it can be concluded that the domestic cooking process can influence the nutri-
tional and toxicological potential of pigeon pea, cowpea, and mangalo.

Keywords: legumes, bioaccessibility, sample preparation, ICP OES, minerals

1. Introduction

Grain legumes represent an important food group due to the related nutritional and socio-
economic aspects, especially for Brazil, which occupies the position of major producer and
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consumer of common bean (Phaseolus vulgaris L.). Its nutritional importance is due to the
presence of important nutrients, such as proteins, vitamins, and minerals. Among these, we
highlight the essential minerals present in larger quantities known as macroelements (Ca, K,
Mg, P) and trace elements (Co, Cr, Cu, Fe, Mn, and Mo). Knowledge of the total concentration
of these elements does not provide sufficient nutritional information for the elucidation of
absorption mechanisms as essential nutrients. On the other hand, toxic elements, such as Pb
and Cd, may also be present, being considered contaminants. Thus, studies on the bioavail-
ability of nutrients and contaminants are needed to ensure food safety.

Bioavailability and chemical speciation are multidisciplinary areas, which have gained space
in the scientific community in recent years. Research into the interactions of various chemi-
cal forms, the presence of antinutritional agents, and their absorption into living organisms
involves many scientific fields [1-3]. The bioaccessibility and bioavailability of different spe-
cies of essential or toxic elements are also important because the essentiality depends on the
chemical form of the element that is absorbed as well as its toxic potential [1].

The methods employed to determine the bioavailability of a chemical species in the human
body are generally very laborious and provide results that are discordant to each other or are
not comparable. Therefore, the development and standardization of analytical processes are
activities of interest, since they can contribute with advances in the understanding of natural
processes related to the environment and nutrition.

The legumes belong to the species P. vulgaris L., the botanical family Leguminosae. Intake of
legumes (e.g., common beans, lentils, peas, cowpeas) in the Brazilian diet should be encour-
aged. However, the total amount of a nutrient does not reflect the amount available to the
body through absorption. The accessibility of a chemical species to normal metabolic and
physiological processes is known as bioavailability. For the assessment of bioaccessibility,
the composition of the food should be considered. The legumes have several antinutritional
factors that negatively interfere in the bioavailability of elements [2]. The phytic acid (and
phytates) is known as a food inhibitor which chelates micronutrient and prevents it to be
bioavailable for monogastric animals, including humans, because they lack enzyme phytase
in their digestive tract [3].

The bioavailability can be divided into three phases: availability in the intestinal lumen by
absorption, adsorption and/or retention in the body, and use by the body. Several factors may
influence the bioavailability of minerals, which may be of dietary or physiological origin [4, 5].
The bioavailability of a chemical species can be estimated by means of the percentage of bioac-
cessibility of this species. Bioaccessibility assays performed using in vitro methods are the focus
of this work.

The oral bioaccessibility of a substance can be defined as the fraction soluble in the conditions
of the gastrointestinal tract and that is available for absorption [6, 7]. However, some nutrients
do not need to be digested to be absorbed and others, even hydrolysates, cannot be absorbed.
Iron may be strongly bound in the absorbed chelate structure, with no release of the metal ion
to the cells and incorporation by the proteins [8].
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Many factors and promoters act on the bioavailability of trace elements, such as chemical
form of the mineral in the food, food binders, redox activity in food components, interactions
between the minerals, and the individual’s physiological state [2, 6]. Therefore, the concept of
bioavailability of micronutrients should recognize all important factors, as well as the rates of
use of the absorbed nutrient and the rates of exchange and excretion, which can vary consid-
erably, due to (i) intrinsic factors, that is, mechanisms of absorption and metabolic processes
and mutual interactions, and (ii) extrinsic, such as solubility, size of molecules, and synergis-
tic or antagonistic chemical effects [6].

Thus, in 1997, at the International Bioavailability Conference, the term bioavailability began to
refer to the fraction of any ingested nutrient with the potential to meet physiological demands
on target tissues. In 2001, the concept incorporated three aspects: bioconversion, bioefficacy,
and bioefficiency [2].

The methods employed to estimate the bioavailability of elements rely on different approaches
[9]. In vivo tests make use of guinea pigs (rabbits, rats, pigs, and monkeys). The bioaccessible
fraction of the nutrients is determined by the analysis of the animal’s nails, hair, and blood
after administration of the diet of interest. These tests require specialized professionals and
specific infrastructure for their realization, besides having execution times and high costs
[10, 11]. In vitro tests may be attractive due to higher analytical speed and lower cost. These
tests are based on selective extraction or simulate the physiology of the gastrointestinal tract
and can be classified into two categories, static and dynamic, and do not include the microor-
ganisms present in the digestive tract, nor do they consider the adsorption mechanisms that
preferentially occur in the duodenal epithelium [10].

The in vitro bioaccessibility of minerals varies significantly, depending on the mineral and
the type of the food matrix [3]. On the other hand, it may also change with variations in the
sample preparation step. The effects of heat treatment on the bioavailability of some miner-
als in food matrices were investigated. Different species of legumes consumed in India were
studied (Cicer arietinum, Phaseolus aureus, Phaseolus mungo, Cajanus cajan, Vigna catjang, P. vul-
garis). Most of the works use gastric simulation with simple extraction tests. In addition, few
studies have done any kind of comparison of the results using the in vivo method as a refer-
ence [11-15].

The possible explanations for this fact are high cost of the in vivo method, high time of analy-
sis, complexity of the tests, and ethical implications [14]. These aspects make it difficult to
perform the experiments, making in vitro tests more attractive, which are based on the selec-
tive extraction or simulate the physiology of the gastrointestinal tract.

Due to the limitations of the in vivo assays to estimate the bioavailability of metals, since the
1990s it is recommended to replace them by in vitro methods, requiring, for such develop-
ment and validation. The in vitro approach enables the faster and more accessible generation
of information that allows human health risk assessments related to exposure to a specific toxic
agent [7].
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Many in vitro methods are employed to estimate the bioaccessibility of certain chemical
species. A brief comparison of examples of these methods was presented, in which four are
framed as static methods and only one as dynamic [10, 11]. The simplest of these is the simple
bioaccessibility extraction test (SBET) method proposed by the Consortium for Research on
Solubility and Bioavailability (SBRC). Recognized research groups updating in the area are
evaluating the measurement of methods for assessing bioaccessibility, such as the Scientific
Group on Methods for a Chemical Safety Assessment (SGOMSEC) was established in 1979
[13]. Also more recently the in vitro method recommended by the European Unified Research
Group (BARGE) is used to estimate the bioaccessibility of trace elements [14].

The SBET method was developed based on the work initially described by Ruby et al. and
simulates the mobilization of the substances in the gastric conditions of the stomach, disre-
garding the intestinal compartment [6]. Since it only simulates the gastric phase, it generally
provides overestimated bioaccessibility results, due to the low pH of the medium and the
absence of an intestinal phase. The development, validation, and standardization of these
methods are areas that still demand studies [15].

In vitro laboratory tests to predict the bioavailability of metals from a solid matrix that simu-
late the physicochemical conditions of solutions found in the stomach and in the human duo-
denum are called bioaccessibility tests and can be known as physiologically based extraction
test (PBET) [16]. These tests do not include the microorganisms present in the digestive tract,
nor do they consider the adsorption mechanisms that occur preferentially in the duodenal
epithelium [10]. The oral bioaccessibility of a substance was then defined as the fraction that is
soluble in gastrointestinal tract conditions and is available for absorption [6, 7]. Bioaccessibility
values become very useful in the nutritional analysis of foods when it is considered that any
soluble nutrient is susceptible to absorption in the human intestine. Leguminosae (chickpeas,
lentils, cowpeas, and green peas) are sources of essential elements, particularly K, P, Ca, Cu,
Fe, and Zn [17]. Generally, they provide sufficient amounts of Fe, Ca, and P required in a
human diet. However, it is necessary to mention the possible presence of inorganic contami-
nants in plants, which, although generally inferior to foods of animal origin, should also be
investigated, since it poses an imminent risk to health maintenance [18]. In recent work, con-
centrations of Pb in samples of carioca beans varied between 4.6 and 6.2 ug g [19]. These
concentrations are above the maximum tolerance limit (LMT) recommended by the Brazilian
legislation for legumes in natura or industrialized (0.50 pug g™) [20]. According to the Codex
Alimentarius, in the 2006 review, these levels were set at 0.2 ug g™ for Pb in legumes in natura
and 1.0 ug g™ for legumes (processed green peas and beans and peas) [21].

2. Methods and materials

2.1. Collection of samples

The choice of samples (grain legumes) was based on being foods consumed in the Northeast,
especially species such as cowpea (Vigna unguiculata L. Walp), pigeon pea (C. cajan L.), and
mangalo (Lablab purpureus L. Sweet). Samples of cowpea and pigeon pea were obtained in
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the municipality of Ipird, a micro-region of Feira de Santana, Bahia, Brazil. Mangalo samples
were obtained in the city of Santo Amaro, metropolitan region of Salvador, Bahia, Brazil.

2.2. Reagents and standard solutions

The concentrations of the working solutions of the trace elements Ba, Ca, Cd, Cr, Cu, Fe, K,
Mn, Mo, Mg, P, Pb, and Zn (Merck, Germany) were prepared from stock solutions containing
1000 mg L. All solutions were prepared with analytical grade reagents and ultrapure water,
specific resistivity of 18.2 MQ cm™ in purification system Milli-Q® (Millipore, Bedford, MA,
USA).

As certified reference materials of grain legumes as well as compatible materials for analysis
of bioaccessibility of minerals in food matrices are not available on the market, certified ref-
erence materials from National Institute of Standards and Technology (NIST, Gaithersburg,
Maryland, USA): 1515 apple leaf and 1570a spinach. These materials were used to evaluate
the accuracy of the analytical procedure employed for the determination of the total content
of the analytes.

The following reagents were used: hydrochloric acid (Carlo Erba, Italy), nitric acid (Merck,
Germany), hydrogen peroxide 30% m/v (Synth, Sao Paulo, Brazil), and glycine (Vetec, Rio de
Janeiro, Brazil). Standard buffer solutions pH 7.00 + 0.05 and pH 4.00 + 0.02 (Haloquimica,
Sao Paulo) were used for the calibration of the pH meter. All materials used in the collection,
storage, and preparation of the samples were previously washed with detergent and decon-
taminated with nitric acid (10% v/v) for a minimum period of 24 h and rinsed with ultrapure
water, with specific resistivity of 18.2 MQ cm™.

2.3. Instrumentation

To perform the thermal treatment of the samples, the following equipment was used: drying
oven with Fanem forced circulation, model 520, and oven, Panasonic brand, with an output/
consumption power of 900 W/1450 W, a frequency of 2450 MHz, and power output/consump-
tion (resistance) of 950 W/1010 W. For cooking in a pressurized system, Teflon™ coated alu-
minum pan, whose heat source for cooking the food was a Bunsen nozzle, was used.

For the drying of the samples, a lyophilizer Terroni Fauvel LT 1000/8 (Sao Carlos, Sao Paulo)
was used. The dried samples were ground in an 8000 M ball mill (Spex Sample Prep, USA).
The Tecnal (Sao Paulo) digester block and ETHOS One microwave (Milestone, Italy) were
used for the acid decomposition procedure of the samples.

In the bioaccessibility assays, the vials were incubated in a Tecnal incubator, model TE-420, at
37°C and shaking at 100 rpm.

The optical emission spectrometer with inductively coupled argon plasma (ICP OES) with
VISTA PRO axial vision (Varian, Mulgrave, Australia) was used to determine the analytes. This
instrument is equipped with a solid-state detector with CCD array (charge-coupled device)
and operates at wavelengths in the range of 167-785 nm. It has an end-on gas interface, which
with the front flow countercurrent gas protects the pre-optical region from overheating and
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removes the colder zone from the plasma. The spectral lines were selected considering the
intensities of the emission signals of the analytes and the background signal, the standard
deviation of the measurements, the adequate sensitivity for the determination of the elements
present in high and low concentrations in the matrices, as well as the profile of the spectra and
the possibility of interference.

2.4. Preparation of the samples

Pretreatment of samples consisted of selection, washing, freeze-drying for 48 h, milling for
2 min, sieving (nylon mesh, <300 um), packaging, and storage. The green, fresh, and moist
grains of the legumes were washed, selected, drained, packed in polypropylene bottles, and
preserved under freezing at —-30°C.

The bioaccessibility of the minerals in the legumes was evaluated in the cooking process, for
which the samples were heat treated in three types of heating and two time levels: (a) under
pressure at 15 psi (3 and 6 min), (b) in the oven (20 and 40 min), and (c) in a microwave oven (6
and 12 min). During cooking, the conditions were determined: sample mass/volume ratio (100
g sample/300 mL water), oven temperature 2000°C, and 100% microwave power. For oven and
microwave oven processes, the cooking of the samples was performed in beakers of 1000 mL.
After the cooking time set for each experiment, the grains were drained in a plastic sieve. This
stage simulates the domestic procedure that is usually performed in the preparation of these
foods. For comparison of the results, samples that were not heat treated were also analyzed.
For each species three sub-samples were produced. After cooking the samples were dried in
an oven with air circulation at 60°C and ground in a ball mill. The dried and ground samples
were stored in decontaminated plastic bottles and kept at refrigeration temperature (<10°C).

2.5. Sample acid decomposition procedure

For the digestion block acid decomposition procedure, 500 mg of the previously dried and
ground samples was weighed directly into digestion tubes, and 5.0 mL of 65% w/w nitric acid
was added. The digestion was started with a gradual increase in temperature, starting at 50°C,
rising to 100°C, and ending at 150°C, maintaining this temperature for 30 min. At the time the
temperature reached 150°C, hydrogen peroxide (H,O,) was slowly added in 1 mL portions.
At the end of the 15 min, 10 mL peroxide was added to each tube. To promote the condensa-
tion and reflux of gases and vapors generated in the digestion, minimizing contamination and
loss of the volatile chemical elements, cold fingers were adapted to the cold digestion flasks
[22]. At the end of the digestion, due to the presence of particulate, the solution obtained was
filtered on medium filtration filter paper into 25 mL volumetric flasks. The volume of the flask
was filled with ultrapure water, with resistivity of 18.2 M cm™.

A microwave-assisted decomposition procedure was also employed. In the procedure, 9.0 mL
of nitric acid, 4.0 mol L™}, 1.0 mL of hydrogen peroxide 30% v/v, and 500 mg of the sample
were used. The heating program consisted of four steps: (1) ramp of 6 min and temperature of
90°C, (2) 5 min at 90°C, (3) ramp of 10 min and temperature of 190°C, and (4) 10 min at 190°C.
The volume of the digested mixture was adjusted to 15.0 mL with ultrapure water. The solu-
tions were stored in polypropylene bottles at refrigeration temperature.
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2.6. Procedure for bioaccessibility testing
2.6.1. Simple bioaccessibility extraction test (SBET)

The bioaccessibility assays were conducted by the SBET method with mangalo pulse samples.
For this assay, a 0.4 mol L-1 glycine solution in acid medium (HCl, pH = 1.5) was used to
simulate gastric digestion. To this, 0.25 g of sample was incubated with the prepared solution;
the temperature was adjusted to 37°C and a rotation speed to 100 rpm for 1 h. Subsequently,
the mixture was vacuum filtered on filter membranes of cellulose acetate having porosity of
0.45 um (Millipore). The extracts were stored in plastic vials under refrigeration temperature
for a maximum time of 24 h.

The use of these membranes increases the time of analysis and may increase the risk of con-
tamination. In this way, the influence of the separation of the solid phase (legume sample)
from the solution (bioaccessible fraction), obtained after sample incubation stage, was evalu-
ated. To this end, the membrane filtration step was replaced by centrifugation at 3000 rpm
for 15 min. Of the sample-solution mixture, the bioaccessibility of Cu, Mn, and Zn was deter-
mined. Samples from the three species were used for this evaluation.

2.6.2. Physiologically based extraction test (PBET)

To estimate the analytes” bioavailability, the PBET method was used, which involves the
simulation of gastric digestion conditions, followed by the simulation of intestinal digestion
conditions [23, 24]. For this, the sample was incubated at 37°C for 1 h with pepsin at pH 2.5
(simulated gastric digestion) and then at pH 7.0 with pancreatin and bile extract (simulating
intestinal digestion). Each batch consisted on average of four samples selected randomly, in
triplicate of gastric and intestinal digestion, plus three gastric digestion blank samples and
three intestinal digestion blank samples, totaling 30 beakers. Each beaker (except the blank
samples) contained 0.300 g of the sample and 30.0 mL of gastric solution prepared on the day.
Gastric solution was prepared with 1.25 g pepsin, 500 mg malate, 500 mg of citrate, 500 uL
of acetic acid, and 420 uL of lactic acid diluted in 1.0 L of ultrapure water, and the pH was
adjusted to 2.5 with hydrochloric acid solution. The mixture was incubated at 37°C under
orbital shaking at 100 rpm for 1 h. The pH of the mixture was adjusted to 7.0 with NaHCO,
solution. To the intestinal phase, 15 mg of pancreatin and 52.5 mg of bile salts were added,
and this mixture was incubated for 4 h under the same conditions of the gastric phase.

2.7. Determination of analytes

The concentration of each analyte in the digests after acid decomposition of the samples and
in the extracts of the bioaccessibility assays was obtained using inductively coupled plasma
optical emission spectrometry (ICP OES). The optical system of the ICP OES was calibrated
with a multielement reference solution, and torch alignment was performed with a 5.0 mg
Mn/L solution. The spectral lines were selected considering the intensities of the emission sig-
nals of the analytes and the background signal, the standard deviation of the measurements,
the adequate sensitivity for the determination of the elements present in high and low concen-
trations in the matrices, as well as the profile of the spectra and the possibility of interference.
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3. Results and discussions

3.1. Determination of mineral contents

Initially, the accuracy of the procedure used to determine the total analyte content was
checked using CRM 1515 and 1570a. The average extraction efficiency and RSD of K, P, Ba,
Cu, Mn, and Zn were, respectively, 93% and less than 5%. The lowest extraction efficiency was
due to Fe in CRM 1515 (83%).

The traces of Ba, Cu, Fe, Mn, and Zn were determined in the cowpea, pigeon pea, and man-
galo samples after acidic decomposition. The samples did not undergo any heat treatment
except drying the grains in a greenhouse with 60°C air circulation and milling. The concentra-
tions in mg kg™ and interval at the 95% confidence level of the metals were Ba 8.9 + 0.1, Cu
8.90 £ 0.1, Fe 37.1 + 0.4, Mn 16.7 + 0.2, and Zn 30.6 + 0.4 for cowpea; Ba 0.07 + 0.01, Cu 3.94
+0.01, Fe 50.2+0.06, Mn 23.6 + 0.04, and Zn 47.3 + 0.7 for Pigeon pea; and Ba 1.50 £ 0.01, Cu 11.4
+0.01, Fe 82.9 £ 0.1, Mn 28.9 + 0.01, and Zn 43.5 + 0.2 for mangalo.

The contents of the major elements Ca, K, Mg, and P were determined in the samples. The
concentrations in mg kg™ and interval at the 95% confidence level of the metals were Ca
817 +8, K 137,914 + 792, Mg 1155 + 9, and P 2086 + 27 for cowpea; Ca 829 + 3, K 137,914 + 68,
Mg 1785 + 2, and P 5149 + 4 for pigeon pea; and Ca 356 + 1, K 183,923 + 150, Mg 1975 + 1e, and
P 5939 + 7 for mangalo.

3.2. Step of separation of the in vitro method

The ratio between the content of the analyte present in the sample and the filtrate corresponds
to the bioaccessibility of the minerals. This ratio is then multiplied by a factor of 100, and the
result is expressed as a percentage of bioaccessibility, as shown in Eq. (1):

%B = % x100 (1)

where Y is the content of the element in the bioaccessible fraction and Z is the total content of
the element [12].

The bioaccessibility of a chemical species can be defined as the fraction soluble in the condi-
tions of the gastrointestinal tract and that is available for absorption. In in vitro methods, as
in the SBET method, 0.45 um membrane filters are used. The filtration stage aims to separate
the fraction dissolved in the gastric simulation of the solid phase.

The two separation procedures were compared: (a) vacuum filtration in cellulose acetate
membrane of 0.45 um porosity and (b) centrifugation at 3000 rpm for 15 min. Analytes were
determined using ICP OES.

The bioaccessibility results of the solid phase separation tests using membrane filtration and
centrifugation of three bean species showed the following intervals in membrane filtration:
Cu 93-111%, Ba 0—41%, Fe 40-58%, Mn 97-116%, Zn 105-106%, Ca 97-121%, K 95-97%, Mg
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101-103%, and P 62-75%. The results for solid phase separation using centrifugation were Cu
94-113%, Ba 0-41%, Fe 39-52%, Mn 107-111%, Zn 105-109%, Ca 98-107%, K 98-100%, Mg
102-108%, and P 64-76%.

The results were analyzed by applying a paired t-test at a 95% confidence level. The compari-
son between the variances of the methods was analyzed using an F test. No significant differ-
ence (p > 0.05) was observed between the means (1 = 3) of the percentages of bioaccessibility
of Cu and Zn, obtained with the procedure employing centrifugation, when compared to the
filtration procedure.

3.3. Bioaccessibility: gastric and intestinal phases

In vitro methods that simulate only the gastric phase give limited information about the
potential bioavailability of the nutrient or toxic species. The PBET in vitro method simulates
gastric conditions including the use of enzymes from this compartment as well as simulates
the intestinal compartment promoting alkaline pH change and biliary enzyme addition. For
the determination of the bioaccessibility of the minerals, the PBET method was used for the
cowpea, pigeon pea, and mangalo samples. The results presented in Table 1 refer to the per-
centages of bioaccessibility of Ca, Cu, Fe, K, Mg, and Zn in samples previously dried in an
oven with 60°C air circulation and ground.

It is observed that potassium and iron presented the lowest percentage of bioaccessibility con-
sidering the three legumes species investigated. It is observed that iron presented the lowest
bioaccessibility in the pigeon pea sample. Also, this legume presented the lowest bioacces-
sibility of potassium when compared to mangalo and cowpea. Mangalo had the lowest bio-
accessibility for calcium (39.0%) and the opposite behavior for magnesium (92.3%). Cowpea
also presented high bioaccessibility of Mg (97.0). The percentages of bioaccessibility for the
Cu and Zn elements varied in a relatively narrow range, comparing with the other elements
and the three legumes.

Concentrations of Cu, Fe and Zn, Ca, K, and Mg were also determined in the extracts of the
gastric phase and intestinal phase for comparison purposes. The percentage of bioacessible Fe
in the intestinal phase varied, respectively: cowpea, 0% at 27 + 4%; mangalo 0% at 1.8 = 0.7%;

Elements % of bioaccessibility
Cowpea Pigeon pea Mangalo

Ca 79.4 70.3 39.7
K 17.0 7.1 13.0
Mg 97.0 66.1 92.3
Cu 57.8 49.9 62.3
Fe 24.8 3.1 39.9
Zn 43.7 39.3 52.4

Table 1. Mean bioaccessibility of trace elements and higher in legume samples using the PBET method.
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and pigeon pea, 14 + 2% at 83 + 3%. And the percentages for Cu, 0% at 119 + 14% (cowpea), 0%
at 35 £ 9% (mangalo), and 0% at 76 + 3% (pigeon pea).

However, the bioavailability of Zn was 52 + 7% and 36 + 1% (mangalo) and 74 + 3% and 70
+ 1% (pigeon pea) for the gastric and intestinal phases, respectively. The bioaccessibility of
Mg, for all species, was higher in the intestinal phase.

Among the trace elements, it was observed that copper presented greater bioavailability
(100%) in the intestinal phase, accompanied by iron and zinc, which also possessed higher
bioavailability in the intestinal phase. This increased bioavailability may be explained accord-
ing to the level of protein and carbohydrate aggregation in the in the gastric and intestinal
phases. Protein degradation begins in the stomach, but it is only complete with the enzymes
present in the intestine, whereas carbohydrate degradation begins in the mouth with the sali-
vary amylase, is interrupted in the stomach, and continues again in the intestine, in the form
of amino acids and glucose. If there was any fraction of “bound” metal in a protein or carbo-
hydrate, it would now be “released” due to the breakdown of protein or carbohydrate.

For Ca, the gastric and intestinal phases were 58 + 4% and 98 + 4% (cowpea) and 89 + 4% and
56 + 3% (pigeon pea). For the mangalo sample, the bioaccessibility of Ca did not vary between
phases (42 + 2). The percentages of K in the gaseous phase were higher for pigeon pea (11.9
+0.4) and mangrove (8.2 £ 0.2).

Considering the extractions of the major elements, it was observed that it is in the intestinal
phase that most of the absorption takes place. These elements, for the most part, are associ-
ated with carbohydrates and proteins, so the higher the level of breakage of these molecules,
the more macroelements will be bioavailable.

3.4. Comparison of SBET and PBET methods

We compared the results between the SBET method and the PBET method, and it was
observed that, among the trace elements, the higher extraction occurs in the SBET because the
gastric medium is more acidic and it is easier to have these ions in solution. In this method,
the gastric compartment was simulated with an extractor liquid containing only 0.4 mol L™
glycine solution at pH 1.5 adjusted with concentrated hydrochloric acid. In the PBET method,
pepsin, malate and citrate are used.

The chemical changes necessary for the digestive process are achieved with the aid of diges-
tive tract enzymes. These enzymes catalyze the hydrolysis of native proteins into amino acids,
from starches to monosaccharides and from fats to glycerol and fatty acids. During these
digestive reactions, minerals and fat-soluble vitamins in food may become more available for
metabolic functions [7].

Therefore, it is expected that the trace element contents present in the extracts obtained using
the PBET method will be lower than those obtained by the SBET due to the complexing effects
of the metal ions. Among copper, iron, and zinc, it was observed that, in iron, the highest
percentage of extraction was mostly (100%) in the SBET, in the copper 50% of the samples
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extracted more in the SBET, and 50% in the PBET and the zinc was the only one that most of
the samples had higher extraction percentages in PBET.

As expected, there was a higher percentage of extraction in the PBET when compared to the
trace elements; however, the potassium had the highest extraction percentages (100%) in the
SBET. Calcium showed high percentages also in the SBET, the opposite behavior observed for
the manganese that presented higher percentages of extraction by the PBET method.

3.5. Cooking effect

Initially, comparing the analyte contents of the cooked samples with respect to the uncooked
samples, significant differences were observed at the 95% confidence level in the concentra-
tions of nickel, molybdenum, and barium. The levels of Ni, Se, Mo, Sn, and Ba differed signifi-
cantly (p <0.05) for analyte concentrations for the three legume species investigated.

With the analysis of the results, it is possible to observe that there is variation of the concentra-
tions according to the fact that the samples are not processed thermally and according to the
duration of the cooking. This fact was observed because the heat treatment can influence in
the form, that is, in the speciation with which the chemical species presents itself in the food.
From this influence the thermal processing can alter the mobility and the solubility of the
elements in the conditions of the gastrointestinal tract, thus interfering in the bioaccessibility.

The alteration of speciation in the cooking process occurs because this process is capable of
causing separation effects, fractionation of minerals, destruction of inhibitors, formation of
complexes with metal ions, denaturation of enzymes that degrade inhibitors, or generation
of compounds insoluble by oxidation and precipitation [25]. This ability to change the spe-
ciation of the elements also warrants observations on changes in analyte concentrations as
the duration of the heating has been greater or less. With the rise of the heating period, the
greater the power supply, therefore the more prone is the speciation change. In the majority
of sample, it was verified that the longer the thermal processing time, the higher the analyte
concentrations in the legume samples.

To evaluate the effect of cooking on the bioaccessibility of minerals, tests were performed
using the SBET method. The statistical evaluation of the effect of the thermal treatment on the
bioaccessibility of the minerals was performed by paired t-test, in which the following results
were obtained: at the 95% confidence level.

Using oven cooking, the cooking time significantly interferes, at 95% confidence, in the bio-
accessible percentage of Cu. However, the bioavailability of Zn and Fe is not significantly
affected by changing the cooking time in the oven. When using the microwave oven for cook-
ing, the bioaccessible percentage of Fe, Cu, and Zn does not differ significantly, at 95% confi-
dence, with different cooking times being achieved. On the other hand, in the cooking under
pressure, the bioavailability of Cu differs significantly, at 95% confidence, using different
cooking times, since the bioavailability of Zn and Fe does not differ significantly for different
cooking times.
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Comparing the bioaccessibility percentages obtained in cooked and raw samples, there was
a significant difference for Ba, Cu, Fe, K, P, and Zn. Higher percentages of bioaccessibility
were obtained for Fe, K, and P in the extract of the unprocessed samples. However, opposite
behavior was observed for Cu, i.e., thermal processing favored the availability of this element.
However, the behavior of Ba and Zn differed from the others, since for the samples processed
in microwave oven and under pressure, the bioaccessibility was lower for Ba and higher for
Zn, when compared to the unprocessed samples. The species variable was also significant for
these elements.

4. Conclusions

The study carried out between the SBET extraction procedure showed that centrifugation
presented comparable results to the conventional method, which employs filtration. Thus,
the proposed method for centrifugation is a safe, faster, and lower cost alternative for a phase
separation of the SBET method.

Comparison of the traceability and major percentage bioaccessibility percentages using the
SBET and PBET methods in the samples of the three legume species confirmed that smaller
amounts of minerals are extracted when using the method that simulates gastrointestinal con-
ditions when compared to the method that simulates only the condition of the stomach com-
partment. This leads in fact, in some cases, to overestimations of bioaccessibility. However,
this behavior cannot be generalized, since it can vary from element to element and between
food matrices.

The results suggest that the thermal processes investigated can influence the bioaccessibility
of the macroelements (Ca, Mg, K, and P) and trace elements (Ba, Cu, Fe, and Zn) in the bioac-
cessibility of the minerals, i.e., thermal processing may result in increase or decrease in the
bioaccessibility of the element.
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