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Preface to ”Food Legumes: Physicochemical and

Nutritional Properties”

Legumes are an important source of nutrients (proteins, carbohydrates, water-soluble vitamins,

minerals) in human nutrition, and they play important roles in chronic disease prevention. The

beneficial effects of legumes are attributed to the presence of legume seed starch, which has a low

glycemic index, dietary fiber (soluble and insoluble), several classes of phenolic compounds, and

oligosaccharides. Phenolic compounds in legumes possess strong antioxidant and antimicrobial

activities. Oligosaccharides, acting as prebiotics, modify intestinal microbiota.

Some of the bioactive compounds present in legumes (e.g., trypsin inhibitors, condensed tannins,

lectins, phytates) also exhibit anti-nutritional effects, namely, decreased protein digestibility and

availability of mineral compounds. Technological processes (non-thermal and thermal processing,

hydrolysis, fractionation) can modify the functional properties (emulsifying activity and stability,

foaming properties, water holding capacity) of legumes and legume products, as well as alter the

activity of bioactive compounds present in legume seeds.

This new MDPI book publishes important results on phenolic compounds of grass pea and

its antioxidant activity; tempeh burgers prepared from white bean and iron, zinc, and copper

bioaccessibility in cooked black beans; optimization of the extraction of β-glucosidase from

germinated soybeans; the nutritional value of mesquite (legume tree Prosopis laevigata) seed flour

and the effect of extrusion cooking on its bioactive components; and the analysis of the purity

of highly refined peanut oils that have been adulterated with either vegetable oil, canola oil, or

almond oil.

Ryszard Amarowicz

Editor
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Legumes are an important source of nutrients (proteins, carbohydrates, water soluble vitamins,
minerals) for human nutrition. They play important roles in chronic disease prevention. The beneficial
effects of legumes are attributed to the presence of legume seed starch with a low glycemic index, dietary
fiber (soluble and insoluble), several classes of phenolic compounds, and oligosaccharides [1]. Phenolic
compounds of legumes possess strong antioxidant and antimicrobial activities. Oligosaccharides,
acting as prebiotics, modify intestinal microbiota [1,2].

Some of the bioactive compounds present in legumes (e.g., trypisin inhibitors, condensed
tannins, lectins, phytates) also exhibit anti-nutritional effects—decreased protein digestibility and
availability of mineral compounds. Technological processes (non-thermal and thermal processing,
hydrolysis, fractionation) can modify the functional properties (emulsifying activity and stability,
foaming properties, water holding capacity) of legumes and legume products, as well as modify
the activity of bioactive compounds present in legume seeds [1].

Grass pea (Lathyrus sativus) exhibits drought tolerance and thrives with minimal external inputs [3].
It is an ideal legume for resource-poor farmers from the Indian subcontinent, Ethiopia and in lesser
extent North Africa, Australia, Asia, and Europe [4]. The contents of proteins, starch, lipids, mineral
compounds, and energy in grass peas are similar to those of peas and faba bean [5]. Palmitic and linoleic
acids are the main fatty acids of grass pea lipids [6]. From a toxicological point of view, the genetic and
technological (soaking, cooking, cooking in boiled water at low or high pH) improvement of grass pea
is very important for reducing the content of β-N-oxalyl-1-α,β-diamino-propionic acid (β-ODAP) [7].
This non-protein amino acid causes a neurolathyrism, a neurological disease of humans and domestic
animals [8].

In the study of Rybiński et al. [9], the total phenolic compound contents of the of 30 varieties of
grass pea ranged from 20.3 to 70.3 mg/100 g seeds. The seeds were characterized using Trolox equivalent
antioxidant capacity values of 0.158–0.372 mmol Trolox/100 g seeds, and FRAP values of 0.487–1.189
Fe2+/100 g seeds. The total phenolics content of grass pea extract was correlated with the results of
the FRAP (ferric-reducing antioxidant power) (r = 0.781) and ABTS (3-ethylbenzothiazoline-6-sulfonic
acid) (r = 0.881) assays. The same correlation was observed between the results of both assays
(r = 0.842). The authors concluded that grass pea seeds with reduced contents of β-ODAP after
technological processing can be a source of phenolic compounds in a vegetarian or vegan diet, and in
the general population.

The fermentation of leguminous seeds reduces anti-nutritional compounds, improves protein
and starch digestibility, reduces allergenicity, and increases seeds’ antioxidant capacity. Therefore,
there is a growing interest in promoting the production of fermented leguminous seeds [10]. Tempeh
is a traditional Indonesian food, produced by the fermentation of soybeans using Rhizopus species,
having nutritional qualities and metabolic regulation functions [11].

Vital et al. [12] used white bean (Phaseolus vilgaris L.) as a material for tempeh preparation.
The results indicated significant differences in the nutritional value of the tempeh produced from
white bean and soybean. The produced tempeh samples did not present a risk of microbiological
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contamination for consumption. The white bean tempeh burgers showed similar appearances and
a crispy consistency, but received lower scores for flavor, compared to the soybean burgers. The beany
flavor present in white bean tempeh could be minimized by increasing the cooking time of the beans.
According to authors, white bean tempeh can be a good alternative for healthy eating, and its
manufacture could promote the production of new products made from beans. However, it is still
necessary to improve the techniques of production and test new ingredients for the preparation of
tempeh burgers to obtain higher acceptability.

Legume seeds are an important source of iron, zinc and copper for human. However Fe, Zn, and
Cu absorption is reduced in the presence in seeds of such compounds as phytates and polyphenols,
and especially tannins. Technologists recommend seed soaking and discarding the soaking water
before cooking, but this leads to mineral loss.

The study of Feitosa et al. [13] aimed to evaluate iron, zinc and copper bioaccessibility in black beans
cooked using a regular pan and pressure cooker, with and without the soaking water. The minerals
were quantified by inductively coupled plasma mass spectrometry (ICP-MS). In addition, myo-inositol
phosphates (InsP5, InsP6) were determined by HPLC, and total polyphenols and condensed tannins
using colorimetric methods. Mineral bioaccessibility was determined by in vitro digestion and dialysis.
All treatments resulted in a statistically significant reduction in total polyphenols (30%) and condensed
tannins (20%). Only when discarding the soaking water was a loss of iron (6%) and copper (30%)
observed, and InsP6 was slightly decreased (7%) in one treatment. The bioaccessibility values of Fe
and Zn were low (about 0.2% iron and 35% zinc). A high bioaccessibility (about 70%) was obtained for
cooper. Cooking beans under pressure without discarding the soaking water resulted in the highest
bioaccessibility levels among all household procedures. Discarding the soaking water before cooking
did not improve the nutritional quality of the beans.

Epicotyls from germinated soybeans (EGS) have great potential as sources of endogenous
β-glucosidase. Furthermore, this enzyme may improve the conversion of isoflavones into their
corresponding aglycones. This enzyme can also increase the release of aglycones from the cell wall
of the plant materials, and epicotyls have been recommended as a potential industrial source of
endogenous β-glucosidase [14].

The aim of the work of Yoshiara et al. [15] was to optimize the extraction of β-glucosidase from
EGS. Next, the authors examined its application in defatted soybean cotyledon to improve the recovery
of aglycones. The optimum extraction of β-glucosidase from EGS occurred at 30 ◦C and pH 5.0.
Furthermore, the maximum recovery of aglycones (98.7%), which occurred at 35 ◦C and pH 7.0–7.6
during 144 h of germination, increased 8.5 times with respect to the lowest concentration. The higher
bioaccessibilty of soybean isoflavone aglycones than that of glucosided was reported by several authors.
Therefore, the results obtained may be useful for enhancing the benefits of soybean and soybean
products and by-products.

The genus Prosopis is comprised of a group of nitrogen-fixing trees belonging to the Fabaceae
family distributed in arid and semiarid regions of Asia, Africa, and America. The pod flour of
Prosopis is a versatile ingredient with high potential for the food industry. It is rich in protein, sugars,
and fiber, and is gluten-free [16]. One of the important representatives of the genus Prosopis is
a legume tree mesquite (Prosopis laevigata) that is a widely distributed in Aridoamerica. In the work of
Díaz-Batalla et al. [17], the nutritional value of mesquite seed flour and the effect of extrusion cooking
on its bioactive components were assessed. The authors found mesquite seed flour to be a rich source
of fiber (7.73 g/100 g) and protein (36.51 g/100 g). Valine was the only limiting amino acid of mesquite
protein. The total phenolic compound contents in raw and extruded seed flour were 6.68 and 6.46 mg
of gallic acid equivalents (GAE)/g, respectively. The high antioxidant potential of mesquite raw and
extruded seed flour was confirmed using DPPH assay, and the values were 9.11 and 9.32 mg of ascorbic
acid equivalents (AAE)/g, respectively. The extrusion did not generate Maillard reaction product
(MRP). The authors found apigenin to be the only flavonoid in mesquite seed flour. This phenolic
compound was stable in the extrusion. The authors concluded in their study that mesquite seed flour
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is a valuable plant food rich in good quality protein and active compounds. The extrusion cooking
process of mesquite seed flour is an optional and versatile technology useful in the development of
functional foods and the industrialization of this underutilized legume.

Peanut oil is derived from the peanut (Arachis hypogaea), a legume that is rich in proteins,
vitamins, polyphenols, polyunsaturated fatty acids, and dietary fiber [18,19]. Highly refined peanut
oil undergoes several industrial processes, including the extraction of protein allergen, discoloration
through bleaching, and deodorization [20].

The study of Smithson et al. [21] reports the analysis of the purity of highly refined peanut oils
(HRPO) that were adulterated either with vegetable oil (VO), canola oil (CO), or almond oil (AO) for food
quality assurance purposes. It is a fast, simple, accurate, sensitive, and low-cost chemometric approach.
The authors used the Fourier transform infrared (FTIR) spectra of the pure oils and adulterated
HRPO samples for a partial-least-square (PLS) regression analysis. The obtained PLS regression
figures-of-merit had very high linearity (R2 = 0.9942 or higher). The PLS regressions accurately
determined the percentage compositions of adulterated HRPOs, with an overall root-mean-square
relative percent error of 5.53%, and with the very low limit of detection of 0.02%. The developed PLS
regressions continued to predict the compositions of newly prepared adulterated HRPOs over a period
of two months, with incredible accuracy without the need for re-calibration. The protocol, due to its
sensitivity, accuracy, and robustness, is potentially adoptable.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Phenolic compounds were extracted from seeds of 30 varieties of grass pea (Lathyrus sativus)
into 80% (v/v) methanol. The total phenolics compounds content of the extracts and their antioxidant
activity were determined using Folin-Ciocalteu’s phenol reagent and 2,2′-azinobis-(3-ethylbenzothi
azoline-6-sulfonic acid) (ABTS) and ferric-reducing antioxidant power (FRAP) methods, respectively.
Total phenolic contents ranged from 1.88 to 7.12 mg/g extract and 20.3 to 70.3 mg/100 g seeds.
The extracts and seeds were characterized using Trolox equivalent antioxidant capacity values of
0.015–0.037 mmol Trolox/g extract and 0.158–0.372 mmol Trolox/100 g seeds, and FRAP values of
0.045–0.120 mmol Fe2+/g extract and 0.487–1.189 Fe2+/100 g seeds. The total phenolics content of
grass pea extract was correlated with the results of the ABTS (r = 0.881) and FRAP (r = 0.781) assays.
The same correlation was observed between the results of both assays (r = 0.842). Two derivatives of
p-coumaric acid were the dominant phenolic compounds of the Derek cultivar of grass pea.

Keywords: grass pea; Lathyrus sativus; phenolic compounds; antioxidant activity

1. Introduction

Grass pea (Lathyrus sativus) is an ideal legume for resource-poor farmers, characterized by drought
tolerance and thriving with minimal external inputs [1]. It is cultivated in the Indian subcontinent,
Ethiopia, and to a lesser extent in North Africa, Australia, Asia, and Europe [2]. Currently, grass peas,
similar to other legumes such as chickpea, lentil, and vetch are beginning to be cultivated in the
Old World [3]. Grass pea seeds have a high nutritional value [4]. The protein, starch, lipids, mineral,
and energy content in grass peas is similar to those of peas and faba beans [5]. For example, according to
literature data, the protein content in grass pea, pea, and faba bean seeds is 26.5, 20.6, and 19–30 g/100 g,
respectively [5–7]. The fatty acid profile of grass pea lipids is valuable. A high percentage of stearic acid
was determined in grass pea lipids by Mehmet [8]. In epidemiologic and clinical studies, stearic acid
was found to be associated with lowered low-density lipoprotein (LDL) cholesterol in comparison
with other saturated fatty acids [9].

Unfortunately, grass pea seeds contain a neurotoxin, β-N-oxalyl-1-α,β-diamino-propionic acid
(β-ODAP). This non-protein amino acid causes neurolathyrism, a neurological disease in humans
and domestic animals [10]. The β-ODAP content of traditional grass pea cultivars is 0.5–2.5%.
Genetic improvement of grass pea has reduced this content to <0.10% [11]. Soaking and boiling
considerably reduces the content of β-ODAP in grass pea seeds [12,13]. Grass pea seeds can be used as
a high-value protein source after protein extraction and the removal of antinutritional components [14].

Foods 2018, 7, 142; doi:10.3390/foods7090142 www.mdpi.com/journal/foods5
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Suitable functional properties (water absorption capacity, oil absorption capacity, foaming capacity,
and foaming stability) of grass pea proteins were reported by Aletor et al. [15].

Legumes are a potentially valuable crop with high antioxidant potential [16]. The antioxidant
and antiradical activities of leguminous seed extracts have been investigated using a variety of
methods including liposomes, enhanced chemiluminescence, a β-carotene-linoleate model system,
2,2′-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
ABTS assays, the reducing power assay, LDL cholesterol oxidation, ferric-reducing antioxidant power
(FRAP) assay, Fe2+-chelating capacity assay, and the hydrophilic oxygen radical absorbance capacity
(ORACFL) assay [17].

The reported content of total phenolics of grass pea flour was 0.22 and 0.27 g/100 g [18].
The phenolic content of grass pea extracts was correlated with their antioxidant properties determined
using DPPH, FRAP, and β-carotene bleaching methods [19]. Menga et al. [20] reported linear
correlations between the content of total phenolics, total flavonoids, and condensed tannins and results
of the ABTS assay for grass pea extracts (p < 0.001). Total phenolic and condensed tannin levels were
not correlated with seed yield and seed protein content in grass pea [21]. Grass peas extract inhibited
α-amylase and α-glucosidase in an in vitro bioassay [19]. Results obtained by Stanisavljević et al. [22]
strongly suggest that simple cooking treatment and in vitro digestion of grass pea seed flour applied
prior to extraction with methanol could improve the antioxidative activity of the obtained extracts.

The present study aimed to determine the total phenolic content of grass pea extracts and seeds as
well their antioxidant activity and potential. To the best of our knowledge, this is the first publication
to consider such a broad biological material from several countries.

2. Materials and Methods

2.1. Plant Material

Plant material consisted of a collection of 30 grass pea varieties obtained in a field experiment
conducted in Cerekwica (51◦55′ N, 17◦21′ E) derived from Italian, Spanish, French, German, and Polish
lines. Descriptors for Lathyrus sativus were used (IPGRI 2000) for the evaluation and characterization
of the phenotypic features of the new lines. The growth habit of each line was recorded at 50%
flowering and scored as prostrate, spreading, semi-erect or erect. Flower colors were scored as
blue, pink, red, white, or various combination of these colours. Pod shapes were scored as oblong,
medium, oblong elliptical, curved, broad, broad-linear/elliptical, or a combination of these shapes.
Seed coat color and shape were recorded on 100 randomly selected seeds immediately after threshing.
Seed shape was generally classified as angled or wedge-shaped. After harvest, 10 randomly selected
plants from each accession were chosen for estimation of quantitative traits (yield structure parameters).
The weight of 100 seeds was calculated from weighing and counting at least 200 seeds. Until extraction,
the seeds were stored in a refrigerator closed in vacuum bags. The characteristics of those seeds are
reported in Table 1.

Table 1. Characteristic of grass seeds investigated in this study.

No. Accession Code Country of Origin Seeds Coat Color Weight of 100 Seeds (g)

1 LAT 4051/99 Italy Cream to bright green 37.8
2 LAT 4052/99 Italy Cream to bright green 42.6
3 LAT 4053/99 Italy Cream to bright green 28.2
4 LAT 4054/99 Italy Cream, mottled with brown edge 25.7
5 LAT 4055/99 Italy Cream, slightly mottled and flattened 46.5
6 LAT 4056/99 Italy Green 29.0
7 LAT 4061/99 Italy Greyed-white with brown edge 32.1
8 LAT 4063/01 Italy Cream-white 29.1
9 LAT 4064/01 Italy Brick-red, dark mottled 30.0
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Table 1. Cont.

No. Accession Code Country of Origin Seeds Coat Color Weight of 100 Seeds (g)

10 LAT 4065/01 Italy Greyed-white with brown edge 24.9
11 LAT 4068/01 Italy Brick-red, dark mottled 29.4
12 LAT 4069/01 Italy Cream slightly flattened 30.4
13 LAT 4070/01 Italy Brick-red, dark mottled 24.7
14 LAT 4071/01 Italy Cream 20.1
15 LAT 4074/01 Italy Greyed-white with brown edge 30.0
16 LAT 4075/00 Italy Cream with brown edge 31.3
17 LAT 4078/00 Italy Cream to bright green with brown edge 48.0
18 LAT 4079/01 Italy Cream with brown edge 40.9
19 LAT 4081/00 Italy Cream 18.2
20 LAT 4082/00 Italy Cream with brown edge 21.4
21 LAT 456/75 Spain Cream with dark edge 28.5
22 LAT 1706/92 Spain Cream with short black edge 27.7
23 LAT 4006/84 Spain Cream with brown edge 23.5
24 LAT 4007/84 Spain Cream 25.3
25 LAT 4085/73 Spain Cream 26.1
26 LAT 444/73 Germany Cream, brown edge, slightly mottled 16,7
27 LAT 478 Germany Gray, dark brown edge, slightly mottled 19.5
28 LAT 447 France Cream, slightly brick-red 16.4
29 LAT 448 France Cream 17.9
30 Cultivar Derek Poland Bridge-cream 11.8

LAT means “Lathyrus”. Seed size (100 seeds): below 15 g: small; 15–25 g: medium, and above 25 g: large.

2.2. Chemicals

Sodium persulfate, ferrous chloride, Folin-Ciocalteau’s phenol reagent, 2,2′-azinobis-(3-ethylben
zothiazoline-6-sulfonic acid) (ABTS), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), 6-hydroxy-2,5,7,8-tetrame
thyl-chroman-2-carboxylic acid (Trolox), and (+)-catechin were purchased from Sigma (Poznań,
Poland). Acetonitrile high-performance liquid chromatography (HPLC) grade and methanol were
obtained from P.O.Ch. Company (Gliwice, Poland).

2.3. Extraction

Phenolic compounds were extracted from ground seeds using 80% (v/v) methanol at a solids to
solvent ratio of 1:10 (w/v) for 15 min at 50 ◦C [23]. The extraction was repeated twice, the supernatants
were filtered and combined, and methanol was evaporated under vacuum in a R-200 rotary evaporator
(Büchi Labortechnik AG, Flawil, Switzerland). The remaining aqueous solution was lyophilized.

2.4. Total Phenolic Compounds Content

The method described by Naczk and Shahidi [24] was used to determine the total phenolic
compounds content of the extracts. Briefly, a 0.5-mL aliquot of seed extract dissolved in methanol
was pipetted into a test tube containing 8 mL distilled water. After mixing the contents, 0.5 mL
Folin-Ciocalteu’s phenol reagent and 1 mL saturated sodium carbonate solution were added.
The contents were vortexed for 15 s and then left to stand at room temperature for 30 min.
Absorbance measurements were recorded at 725 nm using a Beckman DU 7500 Spectrophotometer
(Beckman Poland, Warsaw, Poland). Estimation of the phenolic compounds was carried out in triplicate.
The results are expressed as (+)-catechin equivalents per g of the extract or 100 g seeds.

2.5. Condensed Tannins

Condensed tannins were determined using a vanillin/HCL colorimetric method [25]. The results
obtained are reported as absorbance units at 500 nm per 1 mg extract.
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2.6. ABTS Assay

The Trolox equivalent antioxidant capacity (TEAC) was determined using a method described by
Re et al. [26]. Here, ABTS+ solution was prepared by mixing an ABTS stock solution in water with
2.45 mM sodium persulphate. This mixture was allowed to stand with shaking for 12–16 h at room
temperature in the dark until reaching a stable oxidative state. For analysis, the ABTS+ stock solution
was diluted with methanol to an absorbance of 0.720 at 734 nm. For the spectrophotometric assay, 2 mL
ABTS+ reagent and 20 μL plant extract were mixed and the absorbance was read at 734 nm at 37 ◦C for
10 min. A calibration curve was plotted using Trolox standard solution. The results are expressed as
mmol Trolox equivalent per g extract or 100 g seeds.

2.7. Ferric-Reducing Antioxidant Power (FRAP) Assay

The ferric-reducing antioxidant power (FRAP) assay was performed as previously described by
Benzie and Strain [27]. The sample solution was first diluted with deionized water to fit within the
linearity range. The working FRAP reagent was prepared by mixing 10 volumes of 300 mM acetate
buffer, pH 3.6, with 1 volume of 10 mM TPTZ in 40 mM HCL, and with 1 volume of 20 mM FeCl3
× 6H2O. A volume of 2.25 mL of a working FRAP reagent was warmed to 37 ◦C. Then, 75 μL of
the sample and 225 μL of deionized water were added to the FRAP reagent and the absorbance was
measured at 593 nm against a reagent blank after 30 min incubation. The FRAP values were calculated
and are expressed as mmol of Fe2+ equivalent per g extract or 100 g of seeds.

2.8. HPLC Analysis

Methanolic extract (20 mg) of Derek cultivar was dissolved in 2 mL of 80% methanol and
filtered through a 0.45 μm cellulose acetate filter (Millipore, Warsaw, Poland). Phenolic compounds
were analysed using a Shimadzu HPLC system (Shimadzu Corp., Kyoto, Japan) consisting of two
LC-10AD pumps, a SCTL 10A system controller, and a SPD-M 10A photodiode array detector.
The chromatography was performed using a pre-packed Luna C18 column (4 × 250 mm, 5 μm;
Phenomenex, Torrance, CA, USA). Elution proceeded for 50 min in a gradient system of 5–40%
acetonitrile in water adjusted to pH 2.5 with trifluoroacetic acid (TFA) [28]; the detector was set at 320,
the injection volume was 20 μL, and the flow rate was 1 mL/min.

2.9. Statistical Analysis

The results obtained in this study are reported as the mean values of three estimates ± standard
deviation. Pearson correlation was used to determine the relationship between total phenolics content,
TEAC, and FRAP. Principal component analysis (PCA) and hierarchical cluster analysis (HCA) with
Ward’s method using Euclidean distances were also used. Statistical and chemometric data analyses
were performed using Statistica (Windows software package 8.0, Dell Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Content of Total Phenolics Compounds

The total phenolics contents of the extracts were determined using a Folin-Ciocalteu’s phenol
reagent. The results are expressed as (+)-catechin equivalents per g of the extract or 100 g seeds (Table 2).
The total phenolic content ranged from 1.88 (LAT 4065/01) to 7.12 mg/g extract (LAT 4054/99) and
from 20.3 (LAT 4065/01) to 70.3 mg/100 g seeds (LAT 4065/01). These concentrations are low and can
be compared to those obtained previously for white bean [28] and pea [16]. Very similar total phenolic
contents (20.6 and 21.3 mg/100g) were reported by Fratianni et al. [29] in two Italian varieties of grass
pea, and by Wang et al. [21].in nine varieties of Canadian grass pea (16.2–37.5 mg/100 g). Higher total
phenolic compounds contents in grass pea were reported by Wiszniewska and Piwowarczyk [30] and
Carbonaro et al. [18].
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Table 2. Characteristics of the grass pea seeds and their extracts: content of total phenolics and
antioxidant activity.

No.

Total Phenolics 1 ABTS 2 Assay FRAP 3 Assay

mg/g Extract mg/100 g Seeds mmol TE/g Extract
mmol TE/100 g

Seeds
mmol Fe2+/g

Extract
mmol Fe2+/100 g

Seeds

1 3.49 ± 0.07 40.6 ± 0.8 0.015 ± 0.000 0.170 ± 0.001 0.074 ± 0.001 0.859 ± 0.009
2 3.85 ± 0.04 41.6 ± 0.4 0.020 ± 0.000 0.214 ± 0.001 0.080 ± 0.002 0.861 ± 0.021
3 2.63 ± 0.03 30.5 ± 0.4 0.016 ± 0.000 0.186 ± 0.003 0.061 ± 0.001 0.713 ± 0.017
4 7.12 ± 0.10 73.0 ± 1.1 0.037 ± 0.001 0.372 ± 0.014 0.120 ± 0.001 1.028 ± 0.012
5 3.12 ± 0.04 36.1 ± 0.4 0.022 ± 0.000 0.253 ± 0.001 0.073 ± 0.002 0.851 ± 0.021
6 2.40 ± 0.03 27.2 ± 0.4 0.016 ± 0.000 0.176 ± 0.001 0.058 ± 0.001 0.654 ± 0.010
7 3.66 ± 0.04 48.2 ± 0.5 0.018 ± 0.000 0.241 ± 0.003 0.059 ± 0.001 0.780 ± 0.015
8 3.68 ± 0.02 41.6 ± 0.2 0.019 ± 0.000 0.210 ± 0.004 0.059 ± 0.001 0.662 ± 0.004
9 6.35 ± 0.10 65.5 ± 1.0 0.031 ± 0.001 0.319 ± 0.0013 0.115 ± 0.001 1.189 ± 0.008

10 1.88 ± 0.07 20.3 ± 0.8 0.015 ± 0.000 0.232 ± 0.002 0.045 ± 0.003 0.487 ± 0.002
11 3.97 ± 0.17 41.6 ± 1.8 0.022 ± 0.000 0.158 ± 0.002 0.084 ± 0.002 0.889 ± 002
12 1.99 ± 0.05 22.1 ± 0.6 0.017 ± 0.000 0.191 ± 0.004 0.101 ± 0.002 0.557 ± 0.008
13 5.68 ± 0.10 61.8 ± 1.1 0.033 ± 0.001 0.229 ± 0.002 0.069 ± 0.002 1.105 ± 0.002
14 4.11 ± 0.09 42.4 ± 0.9 0.026 ± 0.001 0.232 ± 0.002 0.069 ± 0.001 0.707 ± 0.024
15 4.45 ± 0.07 45.0 ± 0.7 0.031 ± 0.001 0.309 ± 0.002 0.083 ± 0.002 0.835 ± 0.018
16 3.94 ± 0.03 38.6 ± 0.3 0.023 ± 0.000 0.225 ± 0.002 0.074 ± 0.001 0.724 ± 0.006
17 3.24 ± 0.03 37.4 ± 0.4 0.020 ± 0.000 0.229 ± 0.001 0.063 ± 0.002 0.728 ± 0.021
18 4.18 ± 0.07 47.2 ± 0.7 0.020 ± 0.000 0.227 ± 0.001 0.062 ± 0.002 0.698 ± 0.021
19 5.37 ± 0.07 56.8 ± 0.7 0.025 ± 0.001 0.263 ± 0.004 0.073 ± 0.001 0.769 ± 0.006
20 4.84 ± 0.03 49.5 ± 0.7 0.028 ± 0.001 0.284 ± 0.006 0.073 ± 0.001 0.740 ± 0.012
21 3.27 ± 0.04 35.7 ± 0.4 0.016 ± 0.000 0.179 ± 0.001 0.060 ± 0.003 0.524 ± 0.030
22 4.24 ± 0.07 46.9 ± 0.8 0.024 ± 0.001 0.269 ± 0.001 0.062 ± 0.001 0.678 ± 0.09
23 4.55 ± 0.07 48.0 ± 0.3 0.022 ± 0.000 0.230 ± 0.004 0.060 ± 0.001 0.655 ± 0.010
24 3.50 ± 0.04 36.9 ± 0.3 0.019 ± 0.000 0.196 ± 0.003 0.053 ± 0.002 0.557 ± 0.018
25 2.45 ± 0.03 37.4 ± 0.5 0.016 ± 0.000 0.180 ± 0.003 0.059 ± 0.002 0.687 ± 0.030
26 4.40 ± 0.06 41.4 ± 0.7 0.021 ± 0.000 0.212 ± 0.004 0.062 ± 0.002 0.622 ± 0.024
27 4.82 ± 0.10 59.1 ± 0.7 0.027 ± 0.001 0.293 ± 0.006 0.062 ± 0.003 0.683 ± 0.028
28 2.49 ± 0.07 49.7 ± 0.3 0.020 ± 0.000 0.205 ± 0.007 0.070 ± 0.003 0.723 ± 0.031
29 4.77 ± 0.11 32.5 ± 0.4 0.025 ± 0.001 0.244 ± 0.004 0.066 ± 0.001 0.659 ± 0.010
30 2.26 ± 0.02 41.3 ± 0.7 0.019 ± 0.000 0.180 ± 0.001 0.065 ± 0.001 0.638 ± 0.007
1 As (+)-catechin equivalents; 2 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid); 3 Ferric-Reducing
Antioxidant Power.

3.2. Content of Condensed Tannins

The extracts obtained from samples 5, 10, 12, 16, 17, 21, 22, 23, and 28 contained small amounts of
condensed tannins. The results expressed as absorbance at 500 nm per mg extract ranged from 0.001 to
0.004. The contents of condensed tannins reported previously for extracts of lentil, abzuki bean, faba
bean, broad bean, and red bean were much higher [16].

3.3. Antioxidant Activity

The results of the ABTS and FRAP assays are presented in Table 2. The extracts and seeds
were characterized by the Trolox equivalent antioxidant capacity (TEAC) values, ranging from 0.015
(LAT 4051/99 and LAT 4065/01) to 0.037 mmol Trolox/g extract (LAT 4054/99) and from 0.158 (LAT
4068/01) to 0.372 mmol Trolox/100 g seeds (LAT 4054/99). Ferric-reducing antioxidant power (FRAP)
values varied from 0.045 (LAT 4065/01) to 0.120 mmol Fe2+/g extract (LAT 4054/99) and from 0.487
(LAT 4068/01) to 1.189 Fe2+/100 g seeds (LAT 4054/99). The results were compared to those reported
previously for white bean [16,23]. Some papers reported the antioxidant capacity of grass pea seeds
or their extracts determined using DPPH, ABTS, and FRAP assays, β-carotene bleaching, and H2O2

scavenge [22,31–33]. In general, the results were lower relative to the results reported for other
leguminous seeds. For example, extracts of cow pea were characterised by TEAC and TRAP values of
0.285–0.665 TE/g extract and 0.487–1.560 mmol Fe2+/g extract [34].

3.4. HPLC Analysis

The phenolic compounds contained in grass pea of the Derek cultivar were separated by HPLC,
and the resulting chromatogram showed the presence of two major peaks (1 and 2) with retention
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times of 20.5 and 26.4 min, respectively (Figure 1). The UV-diode array detector (UV-DAD) spectra
of compound 1 were characterized by maxima at 309 nm and were very similar to the spectrum of
p-coumaric acid (Figure 2). The contents of compounds 1 and 2 in the extract and seeds of Derek
cultivar are reported in Table 3. The presence of p-coumaric acid and its derivatives have been reported
for lentil, broad bean, adzuki bean, and faba bean [35–38]. The high content of p-coumaric acid in grass
pea was reported by Carbonaro et al. [18].

Figure 1. High performance liquid chromatography (HPLC) chromatogram of Lathyrus sativus Derek
cultivar extract.

Figure 2. UV-diode array detector (UV-DAD) spectra of compound 1 and 2 separated using HPLC
method and standard of p-coumaric acid.
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Table 3. Content of two main phenolic compounds in Derek cultivar of grass pea.

Phenolic Compound
Content 1

mg/g Extract mg/g 100 g Seeds

1 1.15 ± 0.05 20.7 ± 2.7
2 0.48 ± 0.03 8.64 ± 0.54

1 p-coumaric acid equivalents.

3.5. Statistical Analysis

In this work, for the first time, a correlation was calculated between the content of phenolic
compounds in the grass pea extracts and their antioxidant activity. The correlation coefficients
between the total phenolics content and the results of the ABTS and FRAP assays were 0.881 and
0.781, respectively. This correlation was also observed in the results of both assays (r = 0.842)
(Figure 3). A similar relationship between the content of total phenolics in leguminous extracts and
their antioxidant activities was previously reported by Amarowicz et al. [39] and Orac et al. [28,40].

(a) (b)

(c)

Figure 3. Correlation between (a) the total phenolics content and the results of 2,2′-azinobis-(3-ethylb
enzothiazoline-6-sulfonic acid) (ABTS) assay, (b) total phenolics content and the results of the
ferric-reducing antioxidant power (FRAP) assay, and (c) results of the two antioxidant assays.

In the principal component analysis (PCA) (Figure 4), the two first components accounted for
90.3% of the total variability between the grass pea varieties. The considerable variability in terms of
the analyzed traits expressed jointly with the greatest Mahalanobis distance was recorded for Italian
samples 3, 4, 9, 10, and 13 (LAT 4053/99, LAT 4054/99, LAT 4064/01, LAT 4065/01, and LAT 4070/01,
respectively). According to Figure 2, discrimination of the sample geographical origin by PCA was
rather difficult.
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Figure 4. Results of the principal component analysis (PCA).

The hierarchical cluster analysis (Figure 5) shows several pairs of grass pea accessions
(e.g., LAT 4053/99 and LAT 448; LAT 4061/01 and LAT 4006/84). Several of these pairs are, in turn,
similar to each other (e.g., pair LAT 4061/01 and LAT 4006/84 and pair LAT 4063/10 and LAT 1706/92),
whereas LAT 4054/99 is entirely different from all the others. The presence of similar pairs of grass
peas accessions from different countries confirms the limitation of the hierarchical cluster analysis for
the discrimination of the sample geographical origin.

Figure 5. The hierarchical cluster analysis.

4. Conclusions

Grass pea seeds with reduced content of β-ODAP after technological processing can be a source
of phenolic compounds in a vegetarian or vegan diet, and in the general population. The contents of
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total phenolics in grass pea extract are correlated, as demonstrated by the results of the ABTS and
FRAP assays. The correlation was also observed between results of both assays. Two derivatives of
p-coumaric acid were the dominant phenolic compounds of the Derek cultivar of grass pea. In future
studies, the bioavailability of grass pea phenolic compounds will be investigated in vitro.
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Abstract: The food industry has been challenged to develop new healthy food products. Tempeh,
originating in Indonesia and produced by fungal fermentation, would be an alternative healthy
food for the Brazilian population. This study was designed to produce white bean (cv BRS Ártico)
tempeh burger, to determine and compare its nutritional and sensory properties with conventional
soybean-based tempeh burger. The production and the analyses of proximal composition and
microbiological contamination were determined in the tempeh, following reference methods. For the
sensory analysis, a nine-point hedonic scale test was performed with 82 untrained evaluators, and at
the end, a question of purchase intent was answered. The results indicated significant differences
in the nutritional value of the tempehs, which is justified by the difference in the composition of
the raw materials used. The samples did not present a risk of microbiological contamination for
consumption. The white bean tempeh burgers showed similar appearance and crispy consistency,
but received lower scores for flavor, compared to the soybean burgers, probably due to their residual
beany flavor. The beany flavor could be minimized by increasing the cooking time of the beans.
White bean tempeh can be a good alternative for healthy eating, and its manufacture could promote
the production of new products made from beans, giving a new focus to the Brazilians’ traditional
food. It is still necessary to improve the techniques of production and test new ingredients for the
preparation of tempeh burgers to obtain higher acceptability.

Keywords: tempeh; Phaseolus vulgaris L.; nutritional value; sensory analysis; Glycine max L.

1. Introduction

The food industry has targeted healthy and diversified food for the development of new products
in the market all over the world. The fermented food is one example of recent products demanded by a
considerable population group whose interest in variability and new foods with functional, nutritional,
and tasty attributes has increased lately [1]. Tempeh is a traditional Indonesian food, produced by
fermentation of soybeans using Rhizopus species, having nutritional qualities and metabolic regulation
functions [2]. It can also be produced from other substrates, such as beans, corn, rice, lentils, and barley.
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Brazil, being one of the largest producers, consumers and holders of technologies for bean production,
could engage in this promising field by encouraging research on beans [3].

Phaseolus vulgaris L. (common beans) is one of the primary sources of protein and one of the
essential foods for the Brazilian population. It presents an average protein content of 28% and has
all the essential amino acids in its composition; it is rich in lysine, but limiting in sulfur amino
acids—methionine and cysteine [4]. Although there is a regional preference for a specific type of beans,
those from the Carioca group are the 16 most cultivated in Brazil, representing 70% of the national
consumption, cultivar Pérola being the most consumed [5]. There is also a growing potential for types
of beans with different characteristics of color, shape, and size, attracting gourmet gastronomy for
different culinary preparations and in the food industry, not only as the traditional cooked beans [6].
Fermentation of leguminous seeds as beans has several advantages, since it reduces non-nutritional
factors, improves nutrient digestibility, reduces allergenicity, activates antioxidant activity, and the
concentration of phenolic compounds can be increased during the fermentation process, in addition to
being associated with the reduction of chronic diseases risk. Therefore, there is a growing interest in
promoting the production of fermented leguminous seeds [7].

The 68th United Nations General Assembly declared 2016 the International Year of Pulses to
raise public awareness of the nutritional benefits, sustainable production, food security, nutrition,
creating an opportunity to encourage better utilization of plant proteins, crop rotation and the trade of
“pulses” [8]. In this context, there are countries in Africa and Asia, such as Indonesia and India, where
tempeh, due to its nutritional and sensory properties and versatility in the preparation in pure form
or as an ingredient in a number of other food preparations (hamburgers—“green meat”, vegetarian
products, lyophilized or roasted tempeh flour for biscuits), has been stimulated in public policies,
as an alternative in the multimixtures to fight the malnutrition of deprived populations, especially in
mothers and children undergoing weaning [9].

The objective of this work was to develop tempeh and tempeh burgers from white beans (cv
BRS Arctic) without tegument by solid fermentation and to compare their nutritional and sensorial
characteristics with conventional soybean tempeh burgers.

2. Materials and Methods

2.1. Acquisition of the Material

Beans of cultivars BRS Arctic and conventional soybeans BRS 284 used in this study were from
the 2015 harvest season at Fazenda Capivara, Embrapa Arroz e Feijão/GO/Brazil. The Rhizopus
oligosporus strain was purchased from the Tropical Cultures Collection of André Tosello Research and
Technology Foundation, Campinas/SP. Samples of soybean tempehs, commercial products of the same
lot, were purchased from Totale Tempeh manufacturer at Rezende/RJ/Brazil and used as reference.

2.2. Raw Material Preparation

Dry beans and soybeans were homogenized, sorted manually, and only the whole and healthy
ones were selected, placed in polyethylene bags, and stored in a cold room until use.

2.3. Rhizopus oligosporus Multiplication

Rhizopus oligosporus strains were transferred to Petri dishes with PDA (Potato Dextrose Agar)
medium for increased spore production. After mycelial growth and spore formation, the surface
of each plate was scraped with a platinum handle and the mycelium transferred to an Erlenmeyer
flask containing 100 mL of sterile distilled water and counting performed in the Neubauer chamber,
as reported by Miyaoka [10]. To determine the ideal culture medium for inoculum production,
the Rhizopus strain was seeded in Petri dishes containing the following media: Potato Agar Dextrose
(PDA), PDA + rice flour, PDA + bean flour, PDA + 50% rice flour + 50% bean flour. The autoclaved
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culture media were inoculated in a laminar flow chamber and incubated in an oven at 30 ◦C for 48 h.
The medium presenting the best fungus development was chosen for inoculum preparation.

2.4. Spore Counting

Spore counts were performed using the Neubauer chamber (Global Trade, Double
Improved—BSN 020; Hatfield, PA) where 0.2 mL of the suspension was homogenized and transferred
to a test tube and 0.6 ml of 0.2% trypan blue dye was added. A 0.5 mL aliquot was then placed
on a cover plate for spore counting under the microscope. For calculation of number of cells/mL,
Equation (1) was used:

Number of cells/mL = (total number of cells × dilution factor × 10,000)/number of quadrants counted (1)

2.5. Inoculum Preparation

For the production of the flour inoculum, 100 g of type 1 rice were grounded and sieved on
a BERTEL® vibrating sieve (Caieiras, SP, Brazil) using 200 mesh sieves. The flour was placed in
glass containers with metal lid, sterilized, and cooled at room temperature. Twenty milliliters of the
inoculum was inoculated into each vessel and incubated in an oven at 30 ◦C for 5 days. After this
period, the containers were refrigerated and used for up to 30 days.

2.6. Tempeh Production

Tempehs were prepared following the methodology used by Starzynska-Janiszewska et al. [11].
Two hundred grams of beans were cleaned in running water, submerged in 1000 mL of sterilized water
at room temperature for hydration/maceration with the addition of 20 mL of commercial alcohol
vinegar containing acetic acid (5%) for 20 h. For the removal of surface water, beans were dried
on paper towels at room temperature and the tegument removed manually. Heat treatment was
performed by conditioning the beans in beakers capped with laminated paper, autoclaving them for
15 min at 121 ◦C, and then draining them and cooling at room temperature. After those procedures,
beans were placed in polyethylene bags and inoculated with 20 g of the inoculum previously produced
with rice flour and strain of Rhizopus oligosporus. The bags were sealed and small holes were made
with a fork to allow the contact of the fungus with oxygen. Finally, beans were incubated in an oven at
30 ◦C and visually monitored to follow up on the development of the mycelium (about 30 h) (Figure 1).

 

Figure 1. Tempeh of white beans after mycelium total development.

2.7. Analytical Determinations

White bean and soybean tempehs samples were dehydrated by lyophilization in a LIOTOP® L101
lyophilizer equipment (São Carlos, SP, Brazil) for 48 h until all material was completely dehydrated.
The nutritional characterization was performed by official methods according to the Association of
Official Analytical Chemists (AOAC) 2010 [12]. The moisture content was determined by oven-drying
at 105 ◦C until constant weight; the ash content was evaluated by the gravimetric method of
incineration in a muffle oven at 500 ◦C; the lipid content was determined by continuous extraction
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in a Soxhlet apparatus using ethyl ether as solvent; the total nitrogen content was obtained by the
micro-Kjeldahl method using the factor 6.25 for conversion into protein; the total dietary fiber was
analyzed by the gravimetric-enzymatic method established by AOAC 2005 [13] and adapted by
Embrapa Agroindústria de Alimentos [14], and the carbohydrate content was calculated by difference,
as provided by the Resolution of the Collegiate Board of Directors (RDC) No. 360, December 2, 200,315
by Equation (2):

% carbohydrate = 100 − (% ash + % protein + % lipid + %fiber) (2)

The energy value of the product was estimated using Atwater conversion factors of 4 kcal/g for
protein and carbohydrate and 9 kcal/g for lipid [15].

2.8. Microbiological Analysis

The presence of the following microorganisms in the ready-made tempehs was analyzed as follows:
Coliforms, Staphylococcus positive coagulase and Salmonella sp. at 45 ◦C. The microbiological protocol
followed the methodology established by the Compendium of Methods for the Microbiological
Examination of Foods [16]. For all analyzed microorganisms, a control test (incubation of the culture
medium in a petri dish, without inoculation) was performed to verify the innocuity.

2.9. Hamburgers Preparation

For the sensorial analysis, hamburgers were chosen as an alternative for using tempeh, because
that food is easy to handle and popular among the surveyed public. The same additional ingredients
and amounts (Table 1) were used in the formulation of both tempehs. They were homogenized in a
Mondial® culinary multiprocessor (Brasília, DF, Brazil), manually molded, and grilled in a nonstick
frying pan with olive oil until golden brown on both sides. Each 100 g of tempeh yielded an average of
11 small burgers.

Table 1. Additional ingredients for 100 g tempeh burger preparation.

Ingredients Amount

Salt 2 g
Pepper 2 g

Dehydrated onion 3 g
Dehydrated garlic 3 g

Dehydrated parsley 4 g
Dehydrated green onions 4 g

Olive oil 50 mL

2.10. Tempeh Burgers Sensory Evaluation

Tempeh burgers were evaluated by 82 nontrained participants for their appearance, aroma, flavor,
and overall impression, using a nine-point hedonic scale (9—I liked very much, 8—I liked it a lot,
7—I liked it moderately, 6—I liked it slightly, 5—I did not like it or disliked, 4—I disliked it slightly,
3—I Disliked it moderately, 2—I did not like it much and 1—I did not like it very much). The tasters
were also asked about their purchase intent (I would definitely buy this product, I would probably
buy this product, I’m not sure if I would buy this product, I probably would not buy this product,
I certainly would not buy this product). The participants were students from the Department of
Pharmacy of the Metropolitan College of Anápolis—GO, employees of the Embrapa Rice and Beans
Research Center and students from the Federal University of Goiás. They were over 18-year-old
nonsmokers, healthy nonpregnant women and men, randomly selected. The participants filled out
a Term of free consent and the Consolidated view of the research ethics committee of the Federal
University of Goiás, and before receiving the samples were instructed how they should conduct the
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test. The sensorial analysis was carried out in the Food Technology Laboratory at the Metropolitan
College of Anápolis, GO and in the Experimental Kitchen Laboratory at Embrapa Rice and Beans
Research Center, Santo Antônio de Goiás, GO. The laboratories have sensory booths for analysis,
as well as adequate lighting and kitchen support.

Two samples were made available, the first one being of white bean tempeh and the second of
soybean tempeh. A questionnaire was distributed along with a glass of water and samples served in
disposable dishes. The project was submitted to the evaluation and approval of the Research Ethics
Committee of the Federal University of Goiás under protocol No. 60631116.6.0000.5083.

2.11. Statistical Analysis

Results were analyzed by ANOVA and F test using SISVAR® software, followed by independent
2-group t-test using software-R (p < 0.05) for comparison of the mean values obtained in the different
treatments. For sensory evaluation of mean descriptive values, Tukey test (p < 0.05) was applied instead.

3. Results and Discussion

3.1. Microbiological Analysis

Hygienic-sanitary care during the food manufacturing process is a preventive measure of
microbiological contamination and has been a concern of the sanitary inspection agencies. All food
must have its quality proven by tests that justify its innocuity [17]. After the production of the tempehs,
the microbial investigation of the samples was carried out and the results found are expressed in
Table 2.

Table 2. Evaluation of the microbiological contamination of tempehs.

Identification Coliforms 45 ◦C/g Staph. Positive Coag./g Salmonella sp./25 g

White bean Tempeh ≤10 CFU ≤10 CFU Absence in 25 g
Soybean Tempeh ≤10 CFU ≤10 CFU Absence in 25 g
Microbiological

Reference Limits * 102 CFU/g 102 CFU/g Absence in 25 g

* Source: Adapted from Resolution of the Collegiate Board of Directors (RDC) No. 12, 2 January 2001,
for fermented foods.

From the data obtained, it can be observed that results for the three microorganisms studied were
within the standards established by RDC No. 12, which includes values for Colony-Forming Units
(CFU) in fermented foods, thus proving that there was no significant growth of typical colonies
of bacteria that could affect the microbiological quality of the product, making tempeh safe for
consumption. Autoclaving and acidification of the medium, steps used in this study, are useful
techniques to control tempeh contaminating agents, but it is worth mentioning that good manufacturing
practices also contribute to the absence of pathogenic bacteria, as well as storage conditions.

3.2. Nutritional Characterization

The nutritional value of the tempehs is naturally different due to the composition of the raw
material (Table 3).

Table 3. Proximal composition * and calories content of white bean and soybean tempehs.

Identification Moisture (%) Ash (g/100 g) Lipid (g/100 g) Protein (g/100 g) CHO (g/100 g) Kcal/100 g

White bean
tempeh 3.94 ± 0.10 a 2.40 ± 0.08 a 1.29 ± 0.04 b 23.34 ± 0.21 b 55.45 a 326.77 b

Soybean
tempeh 2.57 ± 0.12 b 2.03 ± 0.01 b 24.88 ± 0.30 a 43.74 ± 0.28 a 10.39 b 440.44 a

* Means from three determinations ± standard deviation followed by the same lowercase letter in the same column
do not differ by the t-test at 5% significance (p < 0.05).
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It is important to emphasize the significant difference observed in the lipid analyses, where the
soybean tempeh presented 24.88 g/100 g, while that of white bean 1.29 g/100 g, and this difference
impacts and explains the significantly different caloric values of both tempehs. The white bean tempeh
sample showed fewer calories because of the lower lipid and intermediate protein contents compared
to the soybean tempeh. According to Astuti et al. [18], the protein content of soybean tempehs and
soybeans are practically the same. Due to the action of the protease enzyme produced by the fungus
during fermentation, the soluble protein content increases markedly. The soluble nitrogen content in
unfermented soybeans is 3.5 mg/g, compared to 8.7 mg/g in tempehs. Beans are an excellent food,
providing essential nutrients, such as iron and calcium, carbohydrates, and fibers. They are the primary
source of protein for the Brazilian low-income population, but the digestibility of these proteins is
relatively low. According to Mesquita et al. (2007), the protein value of the white bean tempeh does
not increase significantly after fermentation, and the value here was 23.34 g/100 g [19]. However,
it is reported in the literature that Rhizopus uses amino acids as a source of nitrogen for its growth.
This might suggest that the total amino acid content decreases, but free amino acids increase, making
white bean tempeh protein probably more digestible than cooked beans.

3.3. Total Food Fiber

Regarding total fiber content, white bean and soybean tempehs showed no significant difference,
except for the insoluble fiber fraction (Table 4).

Table 4. Dietary fiber fractions in white bean and soybean tempehs *.

Identification Soluble Dietary Fiber (g/100 g) Insoluble Dietary Fiber (g/100 g) Total Dietary Fiber (g/100 g)

White bean Tempeh 4.11 a 13.40 b 17.52 a

Soybean Tempeh 2.18 a 16.80 a 18.96 a

* Same lowercase letters in the same column do not differ by the t-test at 5% significance (p < 0.05).

According to FAO/WHO, an adult individual needs about 25 grams of fiber per day, which makes
tempeh products interesting for fiber supply, and they may also act in the control of intestinal transit
and the treatment of comorbidities such as obesity.

4. Sensory Analysis

Hamburgers of both tempehs presented a firm and consistent shape, similar appearance, pleasant
odor, a brownish crust and a certain degree of crunchiness (Figure 2).

For appearance, 68.29% of the participants liked the white bean tempeh burger, and 23.17% liked
it very much. Not very dissenting results were obtained for the soy burger, where 74.39% of the
participants reported liking the appearance of the product, and 28% liked it very much. Among these,
16 evaluators disliked the white bean tempeh hamburger and eight, the soy one. The aesthetic parameter
is one of the central questions taken into account by the consumer when assessing the safety of food,
which incorporates a different concept of food safety, taking into account technical concepts such as
odor, nutritional value, and appearance. The appearance of the tempeh burgers was considered to be
nice, resembling chicken burgers.

For flavor, 47.56% of the participants reported liking the white bean tempeh burger, with only
6% of the individuals showing a great liking for the product; a very different result for the soy
tempeh hamburger, where 68.29% liked the product at different intensities, and 24.39% showed great
liking. Of the total participants, 34.15% disliked the white bean tempeh burger and 20.73% the soy
one. This can be explained by the fact that the aroma of the bean is not part of the olfactory memory
linked to the aroma of hamburgers. When one imagines or visualizes a food, the aroma, and the
flavor are automatically sought in the subconscious, and when one tastes it one expects an aroma that
is already similar to the known [20]. The storage conditions of the beans and even the ready-made
tempeh may have resulted in the loss of quality causing the off flavor due to the oxidation of the beans’
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unsaturated fatty acids. The unpleasant taste and odor in the soy products are attributed to the action
of lipoxygenase enzymes, which form hydroperoxides from polyunsaturated fatty acids [21].

 

Figure 2. White bean tempeh burger.

For flavor evaluation, 39.02% of the participants said they liked the white bean tempeh burger,
and 53% liked the soy one. Of the total participants, 35 of them disliked the white bean tempeh burger,
and only 17 disliked the soybean. The same considerations regarding aroma are applied to flavor
since this attribute is a mixture of olfactory, gustatory, and tactile sensations. There were reports of the
presence of a residual flavor in both burgers. The remaining taste in the mouth sometime after the food
has been swallowed seems to be more noticeable in the white bean burger. The autoxidation of the
fatty acids present in the soybean generates several classes of volatile compounds, which contribute to
the residual taste of ‘green grass’. One hypothesis for the low acceptance of the soy and white bean
tempeh burgers would be their manufacturing process, which had a shorter cooking time compared to
soybeans and home-cooked beans. The overall impression (Table 5) depicts a collection of prejudged
elements that define the appraiser’s appreciation of the product as a whole. In this case, the soy tempeh
burger obtained higher scores than the white bean tempeh one, presenting a higher performance in
all attributes.

Table 5. Overall scores of the sensorial analysis of white bean and soybean tempeh burgers *.

Identification Appearance Aroma Flavor Overall Impression

White bean tempeh 6.22 a 4.00 b 3.55 b 5.10 b

Soybean tempeh 6.93 a 6.54 a 6.35 a 6.40 a

* Same lowercase letters in the same column do not differ by the Tukey test at 5% significance (p < 0.05).

In general, the soybean burger had a higher average score for all attributes, but there was no
significant difference in appearance, demonstrating that both burgers were similar. Figure 3 shows
that the buying intention for the soy tempeh burger was higher than that for the white bean tempeh
burger, which is consistent with the attributes previously analyzed.

Burgers can be one of several options for the use of tempeh. The low purchase intent may be
associated with the fact that the consumers connect the hamburger with characteristics of succulence,
meat flavor, frying smell, and darker color. Shurtleff et al. [22], in the mid-1980s, mentioned that
soybean burgers were used in campaigns in Europe to promote the consumption of soy-based products
as a beef substitute and as a healthy food. When faced with the bean samples, the expectation created
for the consumption of this food is dissolved by the difference from traditional hamburgers.
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Figure 3. Purchase intention for the tempeh burger.

5. Conclusions

White bean tempeh is an innovative food; it has good nutritional value, with a considerable
amount of protein; may be an alternative and eventually an option for meat, and can be consumed by
vegetarians and sympathizers. It also has a high content of carbohydrates, calories, and a good source
of fibers, being an excellent product for energy intake, and if inserted in a balanced diet, it may act as
intestinal regulator. The soybean tempeh burger showed higher scores in all attributes evaluated in the
sensory analysis, demonstrating the need for further research to either improve tempeh production
techniques and to use other ingredients for the preparation of hamburgers or other tempeh products
to provide greater acceptance of this new product. White bean tempeh could be a good alternative
for healthy eating, but its recommendation should be based on scientific studies which demonstrate
its beneficial effects. Continuous scientific research is necessary to identify beneficial components,
their mechanisms of action, function, nutritional aspects. The production of legume-based tempeh
can promote the creation of new products made from common beans, giving an alternative to the
traditional Brazilian food.

Finally, we believe that this study has some potential social and economic impacts such as
the contribution to the advancement of scientific knowledge regarding the pioneering process of
manufacturing tempeh in Brazil; it gives nutritionists the opportunity to explore the versatility of
common beans in gastronomy; improves the bean production chain as well as the small farmer’s
techniques, and gives them the opportunity to explore different common bean cultivars.
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Abstract: Mesquite (Prosopis laevigata) is a legume tree widely distributed in Aridoamerica.
The mature fruit of this legume is a pod, which is currently underutilized and has high nutritional
potential. In the present work, mesquite seed flour is described in terms of its nutritional value, as well
as the effect of extrusion cooking on its bioactive components. Mesquite seed flour is rich in fiber
(7.73 g/100 g) and protein (36.51 g/100 g), with valine as the only limiting amino acid. Total phenolic
compound contents in raw and extruded seed flour were 6.68 and 6.46 mg of gallic acid equivalents/g
(mg GAE/g), respectively. 2-2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity values
in raw and extruded seed flour were 9.11 and 9.32 mg of ascorbic acid equivalent/g (mg AAE/g),
respectively. The absorbance at 290 nm, as an indicator of generation of Maillard reaction product
(MRP), was the same for raw and extruded samples. Apigenin was the only flavonoid found in
mesquite seed flour (41.6 mg/kg) and was stable in the extrusion process. The water absorption index
(WAI) and water solubility index (WSI) were changed significantly during extrusion. The expansion
of mesquite seed flour extrudates was null due to the high protein and fiber content in the sample.
Extrusion cooking of mesquite seed flour is a useful form of technology for the industrialization of
this underutilized and nutritionally valuable legume.

Keywords: mesquite; Prosopis laevigata; extrusion; phenolic compounds; radical scavenging
capacity; apigenin

1. Introduction

Legumes have been an essential part of the human diet for centuries, with a major role in
global food security, environmental challenges, and healthy diets [1]. Legumes have mastered
symbiotic nitrogen fixation, leading to significant advantages for agricultural sustainability; however,
they contribute to just a small portion of staple foods worldwide compared with cereals [2]. A shift in
land use towards grain legumes would substantially lower the carbon footprint of the production of
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protein for human consumption [2]. Consumption of legumes seeds contributes to reduced risk
of mortality because of their benefits against major chronic diseases and their risk factors due
to their bioactive components [3,4]. Orphan crops are minor crops with regional importance that
have been largely neglected by researchers and industry due to limited economic importance in the
global market [2]. Orphan food legumes are usually grown in arid regions, often on marginal land
unsuitable for major crop species. They have heat- and drought-tolerant traits and high nutritional
value [2,4]. Wild and underutilized legumes with high nutraceutical value should be explored for
overcoming protein energy malnutrition. The presence of anti-nutrients in legume seeds might not
be an impediment, as proper processing methods can make them edible for a safe use [5]. Extrusion
cooking technology is a high-temperature, short, and versatile food operation that converts agricultural
raw materials into fully cooked and shelf-stable food products with enhanced nutritional attributes [6].
Legume extrusion cooking eliminates anti-nutritional factors and improves protein digestibility at
a cost lower than other cooking systems [6,7]. Legumes could be included as protein sources in the
extrusion process to formulate nutritionally enhanced functional food products [6].

The genus Prosopis is comprised of a group of nitrogen-fixing trees belonging to the Fabaceae
family distributed in arid and semiarid regions of Asia, Africa, and America. Prosopis species were
a major staple food for indigenous peoples in arid regions of America before the arrival of Europeans [8].
The mature fruit of the genus Prosopis is an indehiscent pod formed of an exocarp, a developed
mesocarp, and a woody endocarp which protects the seed [8]. Pod flour of Prosopis is a versatile
ingredient with high potential for the food industry. It is rich in protein, sugars, and fiber, and is
gluten-free [8–10]. Pods of the Prosopis species have been reported as a source of bioactive compounds
with antioxidant, inflammatory, and antihypertensive activities [8,11–13]. Seed flour of Prosopis alba
showed high levels of proteins, minerals, fiber, and phenolic compounds, mainly flavones, with low
content of total carbohydrates and fats [9,14]. Pod flour of Prosopis laevigata is a good source of lysine,
sulfur-containing amino acids, and total phenolic compounds, with higher radical scavenging capacity
than soybeans and common beans [15]. Thermal treatment of P. laevigata flours (for example in a baking
process) increases the apparent total phenolic compound content and radical scavenging capacity,
an effect associated with the generation of Maillard reaction products (MRPs) [15]. In order to increase
the description of the nutritional value of the Prosopis genera, and explore technological options
for its processing, in the present work the seed flour of the specie P. laevigata, widely distributed in
Aridoamerica, is described in its nutritional value, and the bioactive compounds content is analyzed
in raw and extruded mesquite seed flour.

2. Materials and Methods

2.1. Chemicals

Gallic acid, 2-2-diphenyl-1-picrylhydrazyl (DPPH), Folin–Ciocalteu’s phenol reagent, daidzein,
genistein, myricetin, quercetina, kaempferol, and apigenin were from Sigma (St. Louis, MO, USA).

2.2. Plant Material and Preparation of Mesquite Seed Flour

Dry mature pods were collected from trees of P. laevigata at the experimental field of the
Universidad Politécnica de Francisco I. Madero in the semiarid region of the Mezquital Valley
in Hidalgo, Mexico. Collected yellow-brown mature pods were ground using a 900-W blender
(Nutribullet, Los Angeles, CA, USA). Milled pods was sieved in a 30 mesh, retaining the intact
endocarp. The intact endocarp was submitted to a second milling process, producing seed flour which
passed through an 80 mesh and the retained brans.
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2.3. Seed Flour Chemical Composition

Crude fat, protein, moisture, fiber, and ash contents of seed flour were determined according to
the procedures described in the Association of Official Analytical Chemists (AOAC), methods 920.39,
992.15, 925.09, 991.43, and 923.03, respectively [16].

2.4. Seed Flour Amino Acid Profile

The amino acid content in raw flour was analyzed after hydrolysis with 6 N HCl, using a cation
exchange separation column (LCA K06/Na, 4.6 × 150 mm; Sykam GmbH, Eresing, Germany)
with ninhydrin postcolumn derivatization, in an amino acid analyzer (Sykam GmbH, Eresing,
Germany) [15]. The same method was used for sulfur-containing amino acids, using performic acid
oxidation before hydrolysis [17]. Tryptophan was determined at 620 nm, after enzymatic hydrolysis
with papain, and reaction with p-dimethylaminobenzaldehyde [18].

2.5. Seed Flour Extrusion

Seed flour was conditioned with purified water to obtain a moisture content of 16%. Seed flour
was extruded in single screw extruder (Brabender 19/25DN, Duisburg, Germany) equipped with
a 19-mm diameter and 3:1 compression ratio screw, working at 170 rpm. Barrel temperatures were
80, 100, 120, and 150 ◦C for zones 1, 2, 3, and 4, respectively. Feeder rate was set at 30 rpm and the
diameter of the exit die was 3 mm. Seed flour extrudate was dried and ground until it passed through
80 mesh.

2.6. Preparation of Extracts

Raw seed flour and extruded seed flour were extracted with aqueous ethanol [15]. Samples of 100 mg
were extracted with one milliliter of 40% ethanol in water (v/v) and centrifuged at 12,000 rpm/10 min.
The extract was removed and the extraction process was done again with the residual pellet.
Both extracts were mixed and diluted with 40% ethanol to obtain a final volume of 25 mL. These extracts
were used for total phenolic compound content, radical scavenging capacity, and absorbance at 290 nm.
For flavonoids, a replicate was prepared for each obtained extract and they were submitted to HCl
hydrolysis with ethyl acetate aglycone recovery [19]. The ethyl acetate was evaporated at 45 ◦C and
the residue was diluted in absolute ethanol to obtain a final volume of 2 mL.

2.7. Total Phenolic Compounds

Total phenolic compounds content was determined in raw and extruded seed flour extracts by
the Folin–Ciocalteu reagent method [11]. The absorbance was measured at 760 nm and the results
were expressed as mg of gallic acid equivalents/g (mg GAE/g) of dry weight.

2.8. DPPH Radical Scavenging Capacity

The radical scavenging capacity of raw and extruded seed flour extracts was determined using
the DPPH synthetic radical method [11]. The absorbance was measured at 515 nm and the results were
expressed as mg of ascorbic acid equivalent/g (mg AAE/g) of dry weight.

2.9. Ultraviolet Analysis of Maillard Reaction Products (MRPs)

Analysis of MRPs in extracts of raw and extruded flours was performed using the spectrophotometric
method reported by Yu et al. [20]. Appropriate dilutions of extracts were scanned from 240 to 320 nm
using an ultraviolet-visible (UV-VIS) spectrophotometer (Genesys 10 S, Thermo Scientific, Waltham,
MA, USA). The presence of MRP was evidenced by the increase in the UV absorbance at 290 nm.
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2.10. Flavonoids

The flavonoid content was determined by reversed-phase high-performance liquid
chromatography (RP-HPLC) using a Dionex Ultimate 3000-DAD system (Thermo Scientific) supplied
with an Acclaim 120 C-18 (4.6 × 100 mm) column [21]. For separation, solvent A was water adjusted
with acetic acid to pH 2.8, and solvent B was acetonitrile. For flavonoid elution, the gradient was linear
to 30% B in 5 min, 45% B in 8 min, and 55% B in 14 min; afterwards the column was washed with
95% B for 3 min and equilibrated for 3 min at 100% A to start the next sample. Total running time was
20 min. Injection volume was 20 μL, and flow rate was 1 mL/min. UV-visible spectra were used to
detect flavonoids, and absorbance at 254 nm was used for quantification.

2.11. Water Absorption Index (WAI), Water Solubility Index (WSI) and Expansion Index (EI)

The water absorption index (WAI) and water solubility index (WSI) were assessed before and
after the extrusion process [22]. The expansion index (EI) was assessed in seed flour extrudates [22].

2.12. Statistical Analysis

Assays were performed in triplicate, and expressed as means ± standard deviation. Data were
submitted to analysis of variance (ANOVA) and means were compared by Tukey test (p ≤ 0.05).

3. Results and Discussion

3.1. Mesquite Seed Flour Chemical Composition

The chemical composition of mesquite seed flour is shown in Table 1. The main component of
mesquite seed flour was nitrogen-free extract (NFE), followed by protein, moisture, crude fiber, fat,
and ash. This chemical composition is similar to other seeds of Prosopis species, rich in protein and
fiber and low in total fat. Previous studies have reported protein contents of 32.3, 62.1 and 30.9 g/100 g
in seeds of P. alba [9], cotyledons of P. alba [14], and seed flour of P. laevigata [15], respectively. Previous
reported fiber contents in cotyledons of P. alba [14], and the seed flour of P. laevigata [15] were 9 and
8.3 g/100 g, respectively. Total fat contents of 12.2 and 4 g/100 g have been reported for cotyledons of
P. alba [14], and seed flour of P. laevigata [15], respectively.

Table 1. Chemical composition of mesquite (Prosopis laevigata) seed flour.

Component g/100 g *

Moisture 8.28 ± 0.15
Ash 4.14 ± 0.03

Protein 36.51 ± 0.36
Fat 4.83 ± 0.04

Crude Fiber 7.73 ± 0.46
NFE 38.45 ± 0.66

NFE: nitrogen-free extract. * Values expressed as means ± standard deviation.

Considering legumes seeds from a different genera, the previously reported contents in white
lupine of protein, crude fiber, and fat were 34.6, 12.6, and 10 g/100 g, respectively [23]. These values
for lentils and common beans were 26.9 and 19.5, 3.1 and 4.4, and 0.8 and 2.4 g/100 g, respectively [23].
Seed flour of P. laevigata maintains the healthy nutritional traits, low fat content, and high content of
protein and fiber found in legumes, highlighting the potential industrialization of this underutilized
legume seed.

3.2. Mesquite Seed Flour Amino Acids Profile

The full amino acid profile of the mesquite seed flour is shown in Table 2. In the present work,
four amino acids (Glu, Arg, Asp, and Leu) represented more than 45% of total amino acids, a behavior
previously reported for seeds of P. alba [14], peas, and common beans [24], but not presented in the
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soybean [25]. Considering the Food and Agriculture Organization (FAO)-recommended amino acid
scoring patterns for humans aged older than 3 years [26], in the present work, Val was the only
limiting amino acid in mesquite seed flour. Meanwhile, in seeds of P. alba, Lys, Trp, and Thr have
been previously reported as limiting amino acids [14]. Trp and sulfur-containing amino acids have
been reported as limiting amino acids for peas and common beans, respectively [24]. The seed flour of
mesquite is a valuable plant material as a source of good quality protein.

Table 2. Amino acid (AA) profile of mesquite seed flour (mg/g protein).

AA Seed Flour * FAO, 2013

Asp 83.4 ± 1.27
Thr 29.8 ± 0.35 25
Ser 48.1 ± 0.15
Glu 177.2 ± 2.08
Pro 62.6 ± 0.95
Gly 50.6 ± 0.05
Ala 43.1 ± 0.29
Val 34.8 ± 0.31 40
Ile 29.2 ± 0.1 30

Leu 69.1 ± 0.45 61
Tyr 22.8 ± 0.61
Phe 35.6 ± 0.49
His 24.2 ± 0.3 16
Lys 54.8 ± 0.41 48
Arg 112.2 ± 1.93
Cis 25.9 ± 0.12
Met 9.1 ± 0.21
Trp 6.5 ± 0.22 6.6

Met + Cis 34.9 ± 0.34 23
Phe + Tyr 58.4 ± 1.10 41

* Food and Agriculture Organization (FAO)-recommended amino-acid scoring patterns for humans aged older than
3 years [24]. Values expressed as means ± standard deviation.

3.3. Total Phenolic Compounds, Radical Scavenging Capacity, and Absorbance at 290 nm

Total phenolic compound content, DPPH radical scavenging capacity, and absorbance at 290 nm
of seed flour are shown in Table 3. Total phenolic compound content reported here for mesquite
seed flour is similar to the previous reported value for P. laevigata [15], lower than the value reported
for cotyledons of P. alba [14], and higher than the respective values reported for lupine, peas, lentils,
and common beans [23]. In the present work, the extrusion cooking of mesquite seed flour decreases
the content of total phenolic compounds slightly but significantly. DPPH radical scavenging capacity
reported here for mesquite seed flour is similar to the previously reported value for P. laevigata [15]
and higher than the respective values reported for lupine, peas, lentils, and common beans [23]. In the
present work, the extrusion cooking of mesquite seed flour increase the DPPH radical scavenging
capacity slightly but significantly. The absorbance at 290 nm as an indicator of generation of Maillard
reaction products (MRP) was similar in raw and extruded seed flour, suggesting that the extrusion
process does not trigger the generation of MRP.

Table 3. Properties of raw and extruded mesquite seed flour.

Seed Flour * Extruded Seed Flour *

Total phenolics (mg GAE/g) 6.68 ± 0.05 a 6.46 ± 0.06 b

DPPH (mg AAE/g) 9.11 ± 0.11 a 9.32 ± 0.12 b

Abs 290 nm 0.13 ± 0.01 a 0.12 ± 0.01 a

Apigenin (mg/kg) 41.6 ± 0.51 a 39.52 ± 0.47 b

WAI 2.53 ± 0.01 a 3.47 ± 0.11 b

WSI (%) 36.36 ± 0.57 a 30.52 ± 0.99 b

Expansion index 1

* Values were expressed as means ± standard deviation (n = 3). Means accompanied by the same letter in the same line
indicate no significant difference between samples (p < 0.05). WAI—water absorption index; WSI—water solubility
index; GAE—gallic acid equivalent; AAE—ascorbic acid equivalent; DPPH—2-2-diphenyl-1-picrylhydrazyl.
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In previous works the generation of Maillard reaction products (assessed as changes in absorbance
at 290 nm) during thermal treatment have been associated with increases in the total phenolic
compound content and radical scavenging capacity in pods flours of P. laevigata [15], flours of carob
pods [27], and in synthetic media [20]. The reaction between reducing sugars and amines during
thermal treatments produces low molecular weight heterocycles, which can be detected by increases
in UV absorbance at 290 nm [20]. These Maillard reaction products have an important free radical
scavenging capacity, with reducing activity over the Folin–Ciocalteu reagent in the quantification of
total phenolic compounds [15,20]. In some cases, MRP may generate negative effects on human health,
resulting in anti-nutritional properties such as the loss of essential amino acids [28]. Flours of mesquite
pods have been described as a material very prone to Maillard reaction products generation during
baking process [15]. In the presented work the extrusion cooking conditions used for mesquite seed
flour processing involves high temperature (150 ◦C), short time periods (seconds), and low water
content (16%); these conditions have been previously suggested for control of MRP generation [28].
Mesquite seed flour is an important source of phenolic compounds with high radical scavenging
capacity compared with other legume seeds. Mesquite seed flour extrusion cooking does not affect
phenolic compound content or radical scavenging capacity, and does not promote the generation
of Maillard reaction products, supporting the use of extrusion technology as an excellent option for
mesquite seed flour processing and industrialization.

3.4. Flavonoids

The content of apigenin in raw and extruded mesquite seed flour is shown in Table 3. In the
present work, mesquite seed flour was investigated for the presence of myricetin, quercetin, kaempferol,
apigenin, daidzein, and genistein. From these flavonoids only the presence of apigenin was confirmed
by retention time and UV-VIS spectra. Given the used methodology, the apigenin found in mesquite
seed flours corresponds to O-glycosides of apigenin, which were stable to the extrusion cooking process.
Previous works reported the presence of C-glycosides of apigenin in pods flours of P. alba [11,13,14],
and Prosopis nigra [29] without quantification. Quercetin, myricetin, and luteolin glycosides have
been found in pods flours of P. alba [13], Legume seeds have been described as an excellent source
of flavonoids; soybean-daidzein and genistein; pea-quercetin, apigenin and kaempferol; common
bean-quercetin and kaempferol [21,30,31]. Dietary flavonoids from legumes, including apigenin,
have been related with healthy effects on human metabolism through modulation of oxidative stress,
hormone function, energetic metabolism, gene expression, and epigenetic process [32–35]. Mesquite
seed flour is a source of apigenin, an important active component with healthy implications for humans.

3.5. Water Absorption Index (WAI), Water Solubility Index (WSI) and Expansion Index (EI)

Water absorption index (WAI) and water solubility index (WSI) of raw and extruded mesquite
seed flour, together with the expansion index of extruded mesquite seed flour, is shown in Table 3.
No previous works were found with respect to Prosopis seed flour extrusion. In the present work the
extrusion cooking process of mesquite seed flour increases the WAI significantly. Water absorption
indicates the amount of water immobilized by the material, as the dispersion by denaturalization
of macromolecules such as proteins and starch during extrusion increase the WAI [36], an effect
previously described in common bean flours [37]. In the present work the extrusion cooking process of
mesquite seed flour decreases the WSI significantly. Water solubility indicates the amount of small
molecules solubilized in water, which can be components of the extruded material or can be generated
by molecular damage during the extrusion process [36]. Raw mesquite seed flour is a material with
water-soluble molecules trapped in the structure formed by the macromolecules denaturalized during
extrusion, decreasing the WSI. In the present work the extrusion cooking process of mesquite seed
flour produces an extruded material with a poor expansion index, which can be due to the high protein
and fiber content in the raw material. High contents of protein and fiber decreased the expansion index
of extrudates [38], an effect previously described in corn and common bean-extruded flour blends [39].
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Another reported effect of legume seed flour extrusion is the improvement of protein digestibility [40].
The extrusion cooking process of mesquite seed flour modifies the molecular structure of components,
improving the nutritional value of the material. Future studies must be conducted in order to develop
new extruded products based on mesquite seed flour or in blends with cereals.

4. Conclusions

Mesquite seed flour is a valuable plant food rich in good quality protein and active compounds.
The extrusion cooking process of mesquite seed flour is an optional and versatile technology useful in
the development of functional foods and industrialization of this underutilized legume.
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Abstract: Micronutrient deficiencies are a major public health problem. Beans are an important
plant-based source of iron, zinc and copper, but their absorption is reduced in the presence of
anti-nutrients such as phytates, polyphenols and tannins. Soaking and discarding the soaking
water before cooking is unanimously recommended, but this can result in mineral loss. Data on
the consequences for mineral bioaccessibility is still limited. This study aimed to evaluate iron,
zinc and copper bioaccessibility in black beans cooked (regular pan, pressure cooker) with and
without the soaking water. For that, three batches of black beans were investigated in triplicate,
each split in nine parts (raw grains and four different household processes in duplicate) and analyzed
by applying the quarter technique, resulting in a grand total of 164 samples. Minerals were quantified
by ICP-MS (inductively coupled plasma mass spectrometry), myo-inositol phosphates (InsP5, InsP6)
by HPLC (high-performance liquid chromatography) ion-pair chromatography, total polyphenols
using Folin-Denis reagent and condensed tannins using Vanillin assay. Mineral bioaccessibility was
determined by in vitro digestion and dialysis. All treatments resulted in a statistically significant
reduction of total polyphenols (30%) and condensed tannins (20%). Only when discarding the soaking
water a loss of iron (6%) and copper (30%) was observed, and InsP6 was slightly decreased (7%)
in one treatment. The bioaccessibility of iron and zinc were low (about 0.2% iron and 35% zinc),
but copper presented high bioaccessibility (about 70%). Cooking beans under pressure without
discarding the soaking water resulted in the highest bioaccessibility levels among all household
procedures. Discarding the soaking water before cooking did not improve the nutritional quality of
the beans.

Keywords: beans; iron; zinc and copper bioaccessibility; myo-inositol phosphates; anti-nutrients;
polyphenols; household processing

1. Introduction

Deficiencies of micronutrients are a major public health problem, in which iron and zinc
malnutrition affects more than half of the population worldwide [1,2]. Iron-deficiency anemia reaches
more than 30% of the world’s population, approximately 20% in European Union and up to 40% in
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developing countries [1,3]. It contributes to 20% of maternal deaths besides being related to low adult
productivity at work [3,4]. Outcomes of zinc deficiency are depressed growth, immune dysfunction,
lower respiratory tract infections, diarrhea, altered cognition and other clinical conditions [4,5]. Copper
deficiency may also lead to anemia, but features of human copper deficiency mechanisms are still
unknown [6], while most copper research is focused on soil, fruits and nuts e.g., [7,8].

The major reason for iron deficiency is a poor availability of iron from the diet. Mineral
deficiencies are not only caused by low dietary intake. Many other factors affect the absorption
such as the total content of the minerals and anti-nutrients, the processing applied and mineral
interactions [9,10]. The interactions concerning iron, zinc and copper appear to be especially important,
and the bioaccessibility is influenced differently depending on the mineral [11,12]. Dietary and human
factors, such as inflammation and disease, have been found to be the major factors influencing the
bioavailability of micronutrients. Dietary factors are related to food matrix structure and composition,
being mostly influenced by the interaction with other dietary compounds, such as fibers, lipids, proteins
and anti-nutrients during digestion and absorption. It is also important to consider not only the total
content of iron, zinc and copper in crops, but also the tissue localization (cotyledon and endosperm)
and specification (chelates and protein particles) [11,13]. Iron exists in two different forms in food:
hemic iron in animal products and non-hemic iron in plant foods which is generally poorly absorbed.
Iron is stored in plants and animals as the protein ferritin, and about 80% of the iron in beans is present
in the form of non-ferritin-bound iron which is possibly bound to myo-inositol phosphates [11,14].
Condensed tannins are able to form tannin-protein complexes that can chelate iron and calcium.
Animal studies have demonstrated that in the presence of phytate, calcium can impair zinc absorption,
probably by co-precipitation with phytate and zinc. Furthermore, digestibility and hence absorption of
micronutrients such as iron and zinc can be improved upon heat processing, which results in softening
of the food matrix, with release of protein-bound iron and zinc, thus facilitating its absorption. Studies
in human subjects have shown that zinc may stimulate iron absorption, and calcium can inhibit iron
absorption by inhibiting iron transport. Copper is essential for iron transport between tissues in which
iron and copper homeostases are linked by the inability to export iron to the systemic circulation in the
absence of copper. On the mechanistic level, neither zinc nor calcium seem to be as crucial for iron
absorption as copper, but there are only few studies about copper deficiency and sufficient copper
levels in the diet [6,11,12].

Beans are highly nutritious and the most consumed leguminous grain worldwide, which are
an important plant-based source of iron, zinc and copper [15–17]. They are part of many traditional
diets, playing a major role in vegetarian diets in all countries, besides being consumed in different
dishes together with other food products [9,15,17,18]. Therefore, mineral bioavailability may also be
influenced by interference with other food constituents [9,10]. Common beans are a staple food in
Latin America and Eastern Africa [19,20] and Brazil is the most important consumer of beans in the
world, with up to 19 kg/year per capita consumption, 80% of which is common bean and black bean is
the second most consumed [17,21]. Approximately, a portion per meal of cooked beans (100 g) [15,17]
contains 6.52–10.00 mg iron, 0.93–1.21 mg copper and 3.18–3.60 mg zinc, which equals the daily
requirements for healthy adults for iron and copper and half of that of zinc (8 mg/day, 0.9 mg/day
and 8–11 mg/day, respectively) [22]. Therefore, a regular intake of beans could contribute to minimize
deficiencies of micronutrients [15,17]. The nutritional quality of beans, however, is usually reduced by
the presence of anti-nutrients, such as phytates, polyphenols and tannins [9,20]. Those compounds
bind to minerals such as iron, zinc, copper, calcium and magnesium, thus reducing bioavailability due
to the formation of extremely insoluble salts or very poorly dissociated chelates.

Phytates (InsP6), have especially been reported to affect iron and zinc absorption negatively
even at low concentrations [9,23–25]. Condensed tannins are able to form tannin-protein complexes,
which can chelate iron and calcium [9,26,27]. A reduction of mineral bioavailability was observed
when condensed tannins concentration was higher than 10% of the total dry weight of the samples or
ranging from 2.5 to 4.7 mg eq. CE g−1 [27,28]. With regard to polyphenolic compounds, it has been
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reported that they reduce bioavailability of some minerals. Although there is no consensus on the
quantity needed to decrease iron absorption in beans, a reduction in iron bioavailability was observed
above 50 mg of polyphenols [27,29]. Furthermore, the polyphenols in legumes have been extensively
correlated with health benefits in humans due to their potent anti-oxidant activities [30,31]. In common
beans, those bioactive compounds mostly comprise phenolic acids and condensed tannins which are
found in the cotyledons, and exhibit anti-diabetic, anti-obesity, anti-inflammatory, anti-mutagenic and
anti-carcinogenic effects [30–32].

In a recent study [33], polyphenols of black beans were individually examined for their
effect on iron uptake by Caco-2 cells. Half of the polyphenols studied were shown to inhibit
iron absorption, but the other half were found to clearly promote iron absorption. So far,
many studies [23,24,27,34] reported the link between a reduction of the total content of anti-nutrients
in food grains with a higher availability of iron and zinc. Food processing and food preparation
techniques like soaking, germination, hydrothermal treatment and fermentation can reduce the content
of anti-nutrients [9,25,34]. Soaking and discarding the soaking water before cooking beans has been
unanimously recommended due to a higher reduction of the anti-nutrients. An average reduction
of 20% to 30% of condensed tannins and total polyphenols can be obtained in legumes by applying
household processes [27,34,35]. The effect on mineral bioavailability was assessed in those studies
mainly by molar ratios and statistical correlations between the content of anti-nutrients and the mineral
content [27,34,35]. In general, digestibility and not bioavailability assays were applied in those studies.
Bioavailability and bioaccessibility are often used indistinctly [36].

Only direct feeding trials can fully determine biological efficacy and mineral interactions, but they
are long-lasting, cost intensive, and nonetheless the results need to be extrapolated to the human
organism. A simple method to estimate the effect of for example food processing on mineral
bioavailability is the use of bioaccessibility assays [19,24]. Although there is a substantial amount of
information about binding of iron and zinc, and anti-nutrients reduction by food processing, data on
the consequences for mineral absorption are still limited. Discarding the soaking water before cooking
beans can result in loss of minerals and anti-oxidants and thus the nutritional quality of cooked beans
is not necessarily improved. Thus, this study aimed to evaluate iron, zinc and copper bioaccessibility
in black beans cooked with and without the soaking water using traditional household processes
in order to expand knowledge about the nutritional value of this basic and accessible food and the
options to use beans in combating micronutrients deficiencies.

2. Materials and Methods

All glassware used in sample preparation and analyses was washed in distilled water and for
mineral analysis also immersed in a 5% nitric acid solution for more than 1 h and rinsed with ultrapure
water (Milli-Q, Millipore, Merck KGaA, Darmstadt, Germany). The following describes in details the
methods for analyzing three batches of black beans in triplicate, each split in nine parts (raw grains
and four different household processes in duplicate), which were studied by applying the quarter
technique, resulting in a total of 164 samples.

2.1. Samples

Three different batches of common beans (Phaseolus vulgaris L., black bean variety) from three
randomly selected markets in Rio de Janeiro, Brazil, were used in this study. All batches were from
commercial cultivation, geographic origin in the region of São Paulo, −23◦10′45” S, 45◦53′12” W,
and harvested in June–July of 2015. The procedures applied during growth of the crop were not
available. Moreover, the influence of the crop season on the black beans of this study is negligible [37].
The black bean samples were sent to Germany (Max Rubner-Institut, Karlsruhe, Germany), where the
study (including the household processing) was performed in a period of one year, in a controlled
environment to mitigate the influence of seasons to the experiment. The samples were stored at 4 ◦C
with an extra vacuum-packaging. The raw grains were cleaned before use. All dirt was removed
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manually and then the beans were washed with deionized water. After that, the beans were cooked.
For analyses the samples were freeze-dried (developed at the Max Rubner-Institut, Karlsruhe, Germany,
operating with an air temperature of −30 ◦C and air velocity of 6 ms−1) and finely ground in a stainless
steel analytical grinder (A10 Yellow Line, IKA-Werke GmbH & Co. KG, Staufen, Germany). Thereafter,
a quarter technique was applied to the raw grains and the cooked beans together with the broth in
order to obtain two final fractions properly homogenized. Each analytical determination was carried
out in triplicate for each fraction of cooked and raw samples.

2.2. Household Treatments

In order to simulate traditional household processes for cooking beans, an overnight soaking
(12 h) at room temperature was performed, followed by two cooking methods (boiling and pressure
cooking) in tap water. Three different batches of black beans were used. A proportion of 100 g of
the black beans and 400 mL of water were used for soaking. The following cooking strategies were
performed: (1) with the soaking water in a pressure cooker; (2) without the soaking water in a pressure
cooker; (3) with the soaking water in a regular pan; and (4) without the soaking water in a regular
pan. The regular pan had a capacity of 3 L and the beans were cooked for 35 min. 200 mL of tap
water were added during cooking to replenish the loss of evaporated water. The pressure cooker
had a capacity of 3 L and the beans were cooked for 5 min. No water was added during the cooking
process. The cooking times were chosen according to the results of a test cooking simulation. Before
cooking the black beans, either tap water was added to the soaking water to give a final volume of
600 mL or the soaking water was discarded and replaced by tap water to give a final volume of 600 mL.
All treatments were performed in duplicate for each batch of black beans. The same cooking methods
were also performed without bean samples to quantify the concentrations of the minerals in the water
before and after the cooking process.

2.3. Myo-Inositol Phosphates

Quantification of myo-inositol phosphates was performed by extracting 1 g of a freeze-dried
sample with 20 mL of 2.4% HCl for 3 h with constant shaking at room temperature. The resulting
suspensions were centrifuged (30 min, 15,000 rpm). The supernatant was collected and used for
myo-inositol phosphate quantification [38]; 2 mL of the supernatant were diluted with ultrapure water
to give a final volume of 60 mL. The entire solution was applied to a column (0.7 × 15 cm) containing
0.5 g of AG 1–X4 100–200-mesh resin (Bio-Rad Laboratories GmbH, München, Germany). The column
was washed with 25 mL of ultrapure water and 25 mL of 25 mM HCl. Then myo-inositol phosphates
were eluted with 25 mL of 2 M HCl. The eluates obtained were concentrated in a vacuum evaporator
(Rotavapor RE-120, BÜCHI Labortechnik AG, Flawil, Switzerland) (at 40 ◦C) and dissolved in 1 mL
of ultrapure water. Then 20 μL of the samples were chromatographed on Ultrasep ES 100 RP18
(2 × 250 mm). The column was run at 40 ◦C and 0.2 mL min−1 of an eluent consisting of formic
acid/methanol/water/tetrabutylammonium hydroxide (44:56:5:1.5 v/v), pH 4.25. A mixture of the
individual myo-inositol phosphate esters (InsP3–InsP6) was used as a standard [39]. The retention
times of InsP5 and InsP6 were 15 min and 23 min, respectively.

2.4. Total Polyphenols

Total phenols were extracted with water. An internal standard curve was prepared by adding
10 mL of 0–0.01% tannic acid to the flasks. The flasks were heated for 30 min at 70 ◦C with constant
shaking. Clear supernatants were collected after centrifugation at 2500 g for 15 min followed by
filtration. Polyphenols were determined using the Folin–Denis reagent [40].

2.5. Condensed Tannins

Condensed tannins were extracted with HCl:methanol (1:100 v/v) for 2 h with mechanical shaking
(Universal shaker SM, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) at 25 ◦C and centrifuged
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(Sorvall LYNX 6000, Thermo Scientific, Langenselbold, Germany) at 5000 g at 15 ◦C for 15 min. Aliquots
were immediately analyzed for tannins using the 0.5% vanillin assay [41].

2.6. Minerals

Iron (Fe), zinc (Zn), copper (Cu) and calcium (Ca) concentrations were measured. Therefore,
150 mg of each ground sample was microwave-digested in a MWS–1 (Berghof Products + Instruments
GmbH, Eningen, Germany) with 3 mL of concentrated HNO3 (65% v/v) and 0.75 mL of H2O2 (30% v/v).
Heating was performed in four successive steps: linear temperature increased up to 150 ◦C in 5 min
(80 W); 5 min at 150 ◦C (70 W); linear temperature increased up to 180 ◦C in 40 min (80 W); 10 min at
180 ◦C (80 W). All samples were analyzed in triplicate and a set of digestion blanks were prepared with
each sample batch. The data was expressed as mean ± standard deviation on dry matter (DM) basis.

Element analysis was performed by inductively coupled plasma mass spectrometry (ICP-MS),
iCAP Q (Thermo Scientific, Waltham, MA, USA). The ICP-MS operating conditions and measurement
parameters are given in Table 1. Standard addition was used for calibration. The limit of quantification
(LOQ) was calculated based on the measured values of the blanks (n = 152), where LOQ = mean + 10×
standard deviation. The extreme studentized deviate test was used to remove outliers from the data
set. Fresh kidney beans NCS ZC73019 (GSB–12) was used as reference material (n = 84) to determine
precision and accuracy of the method (Table 2). The relative standard deviations were less than 3% for
all investigated elements, and at a 95% confidence level showed that there was no significant difference
between the means of the certified and determined values for the analytes under investigation.

Table 1. ICP-MS operating conditions and measurement parameters.

Parameter Value

Radiofrequency power 1550 W
Argon flow rates

Cooling 13.8 L min−1

Auxiliary 0.65 L min−1

Nebulizer 1.05 L min−1

Sample cone Ni
Skimmer cone Ni

Analyte 43Ca, 56Fe, 65Cu, 66Zn
Internal standard 103Rh (Fe, Cu, Zn), 45Sc (Ca, Fe), 89Y (Fe, Cu), 72Ge (Ca, Zn), 115In (Cu, Zn)

Aquisition/scanning mode STD (Ca), KED (Fe, Cu, Zn)
Sweeps per reading 100

Dwell time 10 ms (Ca, Cu, Zn); 40 ms (Fe)
No. of runs 5

Replicate time 21 s
Sample uptake rate 0.2 mL min−1

Wash time between samples (2% HNO3) 30 s
Sample delay 50 s

Stabilization time 5 s

ICP-MS: Inductively Coupled Plasma Mass Spectrometry.

Table 2. ICP-MS precision and accuracy of the method.

Element LOQ (μg kg−1) Reference Material Measured Value (mg kg−1) Reference Material Certificate Value (mg kg−1)

Ca 29.8 0.66 ± 0.06 0.67 ± 0.04
Fe 1.8 306 ± 29 330 ± 20
Cu 7.2 8.4 ± 1.5 8.7 ± 0.5
Zn 6.6 34 ± 4 32 ± 2

LOQ: limit of quantification.

2.7. Iron, Zinc and Copper Bioaccessibility

In order to be able to quantify bioaccessibility in cooked black bean samples, a simplified
in vitro gastrointestinal digestion assay was carried out. Iron, zinc and copper bioaccessibilities
were determined based on in vitro digestion and dialysis method described by [42] with modifications.
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For gastric digestion, 10 g of ground sample were suspended in 60 mL of 20 mM glycine-HCl buffer,
pH 2.0. After, adjusting pH to 2.0 by with 2 M HCl, 1.3 mL of pepsin (porcine, Fluka Analytical,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) solution (1.6 g pepsin in 10 mL 20 mM
glycine-HCl buffer, pH 2.0) were added. The suspension was incubated at 37 ◦C for 2 h under
agitation. To simulate intestinal digestion, the pH of the gastric digestion was adjusted to 7.2 with 1 M
NaHCO3. 13 mL of a pancreatin (porcine, P1750, Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
solution (0.4 g pancreatin in 100 mL of ultrapure water) were added and a dialysis bag (cut of 10,000 Da;
Carl Roth GmbH + Co. KG, Karlsruhe, Germany, containing 2 mL of ultrapure water) was placed in the
digestion system. The system was incubated at 37 ◦C for 2 h, under agitation. Thereafter, the dialysis
bag was removed and iron, zinc and copper in the dialysate were analyzed by ICP-MS. Bioaccessibility
(%) was calculated as 100 × Y/Z whereby Y represents the dialyzable amount of the mineral per 100 g
DM of cooked beans and Z the total of the same mineral per 100 g DM of the cooked beans.

2.8. Statistical Analysis

All the analyses were conducted in triplicate and expressed as mean ± standard deviation of
three separate determinations. The results were evaluated for normality by the Shapiro–Wilk test.
The data generated was subjected to one-way analysis of variance (ANOVA) using the software Sigma
Plot version 13.0. A Tukey’s paired comparison test was used to determine statistically significant
differences (p < 0.05) among the batches and in between raw and treated samples mean values, at a 95%
confidence level.

3. Results and Discussion

3.1. Mineral Contents of Raw and Cooked Beans

The mean iron, zinc, copper and calcium contents of the three black bean batches are presented in
Figure 1. All batches were not significantly different (p > 0.05) among each other.

Black beans were confirmed to be a good source of iron, zinc and copper. Approximately a portion
per meal of cooked black beans (100 g) contains an average of 6.5 mg iron, 4 mg zinc and 1 mg copper.
Those contents are in good agreement with data published by the Food and Agriculture Organization
of the United Nations database [15] for common beans of the same origin. Thus, 100 g of black bean
meets the daily requirement for copper (0.9 mg/day), and partially that for iron (8 mg/day) and zinc
(8–11 mg/day) [22].

Discarding the soaking water before cooking the beans resulted in a lower content (p < 0.001) of
iron (6%) and copper (30%) compared to the raw beans (Figure 1A,B). According to Raes et al. [13],
the differences in leaching of micronutrients can be attributed to the fact that these minerals are bound
by different food constituents with different binding strength. Furthermore, their location within the
food matrix might be different. Zinc and calcium contents was found to be increased irrespective of
the household procedure applied (p < 0.001). The highest contents (Zn: 132–150%, Ca: 191%) were
found in black beans cooked in a regular pan (Figure 1C,D).

The concentrations of the minerals in the water before and after the cooking process were
measured and hence either present in the tap water or released from the pressure cooker or pan.
Iron and copper concentrations of the tap water before and after cooking were below the LOQ
(mg 100 g−1): Fe (0.14), Cu (0.56). Zinc mean concentrations were determined to be below the LOQ
(0.51 mg 100 mL−1) in the tap water. In the boiled water samples, it ranged from 0.75 ± 0.06 mg
(pressure cooker) to 1.92 ± 0.32 mg (regular pan). Therefore, the increase in the Zn contents was found
to be due to a leaching of zinc ions from the pan surface. A smaller increase (p < 0.05) in Zn content
(123–125%) was also observed during pressure cooking (Figure 1C). Katzenberg et al. [43], also reported
higher zinc concentrations in beef as an effect of the cooking method and Quintaes et al. [44],
have shown the migration of metal ions from cookware into foods.
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Figure 1. Black bean contents of iron (A), copper (B), zinc (C) and calcium (D). Data expressed as
mean ± standard deviation (dry matter). Values marked by different letters are significantly different
(p < 0.05).

The mean Ca concentration in the tap water was determined to be 16.83 ± 1.38 mg 100 mL−1.
Thus, the theoretical amount of calcium added was 100.98 mg 100 g−1 for pressure cooking and
134.64 mg 100 g−1 in the regular pan. The observed increases in calcium were found to be
97.00 ± 1.57 mg 100 g−1 (with soaking water) and 109.27 ± 0.61 mg 100 g−1 (without soaking water)
for pressure cooking, and 134.66 ± 7.23 mg 100 g−1 (with soaking water) and 136.95 ± 0.80 mg 100 g−1

(without soaking water) using the regular pan (Figure 1D). Therefore, the increase in Ca contents was
due to the addition of tap water during cooking.

3.2. Anti-Nutrients

The mean contents of InsP6, InsP5, total polyphenols and condensed tannins are presented in
Figure 2. All traditional household processes applied resulted in a statistically significant reduction
in total polyphenols (about 30%) and condensed tannins (about 20%) compared to raw black bean
(Figure 2C,D). Discarding the soaking water before cooking the beans resulted in a greater reduction
of polyphenols and tannins, which is in good accordance with the majority of studies [27,34].
Since polyphenols of legumes have been extensively correlated with health benefits in humans due
to their potent anti-oxidant activities [30–32], their reduction during processing does not necessarily
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improve the nutritional quality of beans. With regard to myo-inositol phosphates, only with beans
cooked without the soaking water in a pressure cooker a slightly decrease (7%) in InsP6 content was
observed. InsP5 contents, however, increased with all cooking procedures applied. Furthermore,
no statistical difference was observed among the three batches of the black bean samples regarding the
contents of anti-nutrients.

Figure 2. Black bean anti-nutrients content of InsP6 (A), InsP5 (B), total polyphenols (C) and condensed
tannins (D). Data expressed as mean ± standard deviation (dry matter). Values marked by different
letters are significantly different (p < 0.05).

3.3. Bioaccessibility of Iron, Zinc and Copper

The mean levels (%) of iron, zinc and copper bioaccessibility in cooked black beans are shown
in Table 3. The determination of the micronutrient bioaccessibility makes it possible to estimate
the percentage of absorption of those minerals with a simple and affordable assay compared to
bioavailability assessment. Beans are highly nutritious legumes that have been reported as one
of the best plant-based sources of bioaccessible iron and zinc [18–20]. In this study however,
iron bioaccessibility levels were found to be low with all household processes (Table 3). On the
other hand, copper showed high bioaccessibility, followed by zinc (Table 3).
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Table 3. Bioaccessibility levels (%) of iron, zinc and copper in black bean cooked with traditional
household processes.

Household Processes Iron (%) Zinc (%) Copper (%)

Regular pan with soaking water 0.18 a 33.94 a 71.53 a

Pressure cooker with soaking water 0.33 b 44.66 b 73.35 a

Regular pan without soaking water 0.17 a 31.55 a 66.42 b

Pressure cooker without soaking water 0.22 a 35.04 a 68.16 b

In each column, values marked by different letters are a significantly different (p < 0.05).

Recent reviews [27,34] reported a link between iron and zinc availability from common beans and
cooking soaked beans without the soaking water. This was reported to be due to the reduction of the
content in anti-nutrients during food processing [9]. In this present study, however, black bean cooked
with the soaking water in a pressure cooker resulted in the highest bioaccessibility for all three minerals
in spite of higher total anti-nutrients reduction in beans cooked without the soaking water. According
to Hoppler et al. [14], 70–85% of the iron in beans is present in the form of non-ferritin-bound iron
and it is possibly bound to myo-inositol phosphates. Phytate is abundant in legumes, cereals and nuts,
being considered to be the most powerful anti-nutrient due to their high binding capacity for metals
and also their ability to form large insoluble aggregates [23,25].

Discarding the soaking water was shown to have a negative effect on the bioaccessibility of all
three minerals in regular pan. Assessing mineral bioavailability in those studies mainly by molar
ratios and statistical correlations between the content of anti-nutrients and the mineral content might
be responsible for the observed differences in the obtained results [27,34,35]. In addition, details on the
cooking methods applied were not reported. Pereira et al. [19], studied the effect of household cooking
methods on the bioaccessibility of iron and zinc in different beans cultivars. Iron bioaccessibility of
beans cooked with the soaking water in a pressure cooker were higher (6.46–40.68%) compared to
beans cooked in a regular pan (2.42–8.92%). In the present study, the same tendency was observed.
Even if lower Fe bioaccessibilities were found in this study, Zn bioaccessibilities were observed to
be always higher than Fe bioaccessibilities. Bioaccessibility studies are a useful method to estimate
the general trend of a household procedure on mineral bioavailability, but the absolute data obtained
in those studies do not represent the situation in a human digestive tract. Neither active mineral
uptake nor the interaction of minerals with respect to binding to food constituents or interaction
with mineral transporters in the small intestine can be considered through bioaccessibility studies.
The interactions concerning iron, zinc and copper appear to be of utmost importance in respect to
their bioavailability [11,12]. Since micronutrient uptake has been successfully studied by Caco-2 cells
models due to their exclusive ability to model human absorption characteristics [45–47], the data
obtained in this study should be confirmed using a Caco-2 cell model.

4. Conclusions

Black beans were confirmed to be a good source of iron, zinc and copper with a high
bioaccessibility of copper (about 70%) from cooked beans. The bioaccessibility of iron and zinc,
however, were found to be low (about 0.2% for iron and 35% for zinc). Cooking beans under pressure
without discarding the soaking water resulted in the highest bioaccessibility levels among all household
procedures applied. Although a reduction in anti-nutrients’ content was observed, the myo-inositol
phosphate content did not change significantly. In addition, discarding the soaking water before
cooking the beans did not improve their nutritional quality. This procedure resulted in a loss of iron,
copper and bioactive compounds.

Data on the consequences for iron, zinc and copper absorption are still limited. Thus, improving
knowledge about the influence of traditional household processes on the nutritional value of this
basic and accessible food is important. Further work is necessary to increase especially iron
availability in home-cooked beans. Since phytate is the constituent with the highest impact on
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mineral bioavailability in common beans, applying the most efficient household procedures combined
with phytase application might be a promising approach.
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Abstract: The intake of adulterated and unhealthy oils and trans-fats in the human diet has had
negative health repercussions, including cardiovascular disease, causing millions of deaths annually.
Sadly, a significant percentage of all consumable products including edible oils are neither screened
nor monitored for quality control for various reasons. The prospective intake of adulterated oils
and the associated health impacts on consumers is a significant public health safety concern,
necessitating the need for quality assurance checks of edible oils. This study reports a simple,
fast, sensitive, accurate, and low-cost chemometric approach to the purity analysis of highly refined
peanut oils (HRPO) that were adulterated either with vegetable oil (VO), canola oil (CO), or almond
oil (AO) for food quality assurance purposes. The Fourier transform infrared spectra of the pure
oils and adulterated HRPO samples were measured and subjected to a partial-least-square (PLS)
regression analysis. The obtained PLS regression figures-of-merit were incredible, with remarkable
linearity (R2 = 0.994191 or better). The results of the score plots of the PLS regressions illustrate pattern
recognition of the adulterated HRPO samples. Importantly, the PLS regressions accurately determined
percent compositions of adulterated HRPOs, with an overall root-mean-square-relative-percent-error
of 5.53% and a limit-of-detection as low as 0.02% (wt/wt). The developed PLS regressions continued
to predict the compositions of newly prepared adulterated HRPOs over a period of two months,
with incredible accuracy without the need for re-calibration. The accuracy, sensitivity, and robustness
of the protocol make it desirable and potentially adoptable by health departments and local
enforcement agencies for fast screening and quality assurance of consumable products.

Keywords: peanut-oil; food-analysis; peanut-oil-adulteration; infrared-spectroscopy; partial-least-
regression-analysis; food-quality-assurance

1. Introduction

An increase in world population and industrial development has resulted in high demand for
consumable products including edible oils. Edible oils are used for domestic cooking, deep frying
in fast food restaurants, and for other industrial applications [1,2]. Edible oils are composed of
triglyceride molecules, which are required, in certain amounts, in the human diet for energy production
and energy storage [3,4]. However, high demand for edible oils such as highly refined peanut
oils (HRPOs) has resulted in adulteration of edible oils with cheap, unhealthy, or synthetic oils.
Municipalities, health departments, and regulatory agencies, including the United States Food and
Drug Administration (FDA), the United State Department of Agriculture, the European Commission,
the European Food Safety Authority, and the World Health Organization, are relentless in their efforts
to curtail the sales of fake, substandard, and/or adulterated consumable products [5–14]. For instance,
efforts have been made by FDA and World Health Organization to prohibit the sale of unhealthy
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oils and to eliminate trans-fats in the human diet by 2018 and 2023 [15]. Nonetheless, a significant
percentage of all consumable products, including edible oils, are neither screened nor monitored for
quality control and quality assurance for various and diverging reasons.

Counterfeiting and/or the adulteration of consumable products is even more problematic,
rampant, and worrisome in developing countries, where most regulatory agencies lack the
infrastructure, skilled inspectors, and/or financial resources to enforce the screening of consumable
products. The loopholes and deficiencies in the global monitoring scheme make numerous consumable
products highly susceptible to and easy targets for adulteration and/or trafficking. The prospective
adulteration of edible oils raises concern about the production of safe edible oils for human
consumption. The potential intake of fake and adulterated oils and its associated health impacts
are also a nightmare, raising a public health safety concern. For instance, the intake of adulterated
and unhealthy oils, and trans-fats in the human diet has had negative health repercussions,
including cardiovascular disease, causing millions of deaths annually [15].

To address these concerns, efforts have been devoted to the development of analytical strategies
including the use of a high performance liquid chromatography (HPLC), mass spectrometry,
electronic nose, isotopic dilution, biomarkers and sensors, nuclear magnetic resonance,
deoxyribonucleic acid (DNA) barcoding, and electroanalytical techniques for quality control and
assurance of consumable products and edible oils [16–29]. Regardless of the high sensitivity and
good accuracy of these techniques, they have inherent challenges and drawbacks such as long
analysis times, high cost of instrumentation, and required special training. In addition, some of
these methods are not portable, limiting their wider applicability for routine in situ field screening of
consumable products. Raman and infrared spectroscopy are non-destructive and rapid techniques
that require a small sample size and are capable of solid and liquid sample analysis with little or no
sample preparation, making them ideal for fingerprinting, determination of authenticity, and quality
assurance of consumable products including edible oils [30–50]. Besides, Raman and infrared
spectrometers are portable and fairly inexpensive, allowing affordable and fast in situ field screening
of consumable products. Moreover, a combined use of molecular spectroscopy, including Raman,
infrared, and fluorescence spectroscopy, and multivariate analyses, has increasingly been used in recent
years for sample and instrument calibrations, purity analysis, and quality assurance of consumable
products [30–50].

Research from our laboratory [51,52] and from other research laboratories [30–50] has revealed the
potential utility of the combined use of molecular spectroscopy and multivariate regression analysis
for food purity analysis and quality assurance of adulterated edible oils and essential oils. However,
numerous edible oils of high dietary importance and market values such as highly refined peanut oil
(HRPO) that are susceptible to adulteration and/or trafficking are yet to be investigated. This study
reports a simple, fast, sensitive, accurate, and low-cost chemometric approach to the quality assurance
of HRPOs that were adulterated either with edible vegetable oil (VO), canola oil (CO), or almond oil
(AO). Specifically, the combined use of Fourier transform infrared spectroscopy (FTIR) and multivariate
partial-least-square (PLS) regression for detection, purity analysis, and quality assurance of adulterated
HRPOs was investigated.

Peanut oil is derived from the peanut (Arachis hypogaea), a legume that is rich in proteins, vitamins,
phytochemicals, anti-oxidants, polyphenols, polyunsaturated, and fiber [53–56]. In addition to edible
oil production, peanuts have a wide range of other industrial utilities, including the production of
peanut butter, peanut flour, animal feed, groundnut cakes, animal protein supplements, and poultry
rations [55,57]. The global production of peanut oil is estimated at 5.88 million metric tons in 2018
with multimillion dollar annual global peanut oil sales [55,57]. Highly refined peanut oil is a healthy
choice and is widely used for domestic cooking, deep frying in fast foods restaurants, and as salad oils
around the world. For instance, Chick-fil-A, one of the leading North American fast-food restaurants,
with approximately 2200 restaurants in USA and Canada with $8 billion dollar in revenue, only uses
100% refined peanut oil for all of its cooking and deep frying. Other notable fast-food restaurants
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including Five Guys, Jimmy Johns, and Subway only use HRPO on their French fries, kettle cooked
chips, and carved turkey, respectively. Highly refined peanut oil undergoes several industrial processes
including the extraction of protein allergen, discoloration through bleaching, and deodorization [55],
making it relatively more expensive than the crude peanut oil. The sale of fake-peanut oil and
adulterated HRPO with edible vegetable oils or synthetic oil with a peanut aroma is quite frankly a
global challenge, causing economic losses to producers of authentic HRPO.

2. Materials and Methods

2.1. Material and Supplies: Regression Analysis

Highly refined (100%) peanut oil (HRPO) and adulterant vegetable oil (VO), canola oil (CO),
and almond oil (AO) were purchased from a local grocery store in Fort Smith, Arkansas, USA.

2.2. Preparation of Adulterated HRPO Samples, FTIR Measurement, PLS Regression, and Multivariate
Data Analysis

Twenty-five training sets and calibration samples of adulterated peanut samples were used
for each study conducted with vegetable oil, canola oil, and almond oil adulterants. The training
set and calibration samples (n = 25) of varying compositions of adulterated HRPO with either VO,
CO, or AO, ranging from 1–90% (wt/wt), were prepared in sample vials. The samples were kept
at room temperature for approximately 48 hours to facilitate homogenization of HRPO and the
adulterant oils. The FTIR spectra of the adulterated HRPOs were measured using an ATR-FTIR
spectrometer (Thermo Scientific NiCOLET iS5, Waltham, MA, USA). The FTIR spectrum of each
sample was scanned 25 times with a resolution of 4 cm−1 over a 600 cm−1 to 4000 cm−1 wavenumber
range. Partial-least-regression and chemometric data analysis was performed using the software The
Unscrambler (CAMO Software, 9.8, Oslo, Norway).

3. Results and Discussion

3.1. Physical Examination and FTIR Property of Pure and Adulterated HRPO Oils

The initial study involved the physical and FTIR spectroscopic examination of pure edible highly
refined peanut oil (HRPO), vegetable oil (VO), canola oil (CO), almond oil (AO), and adulterated
HRPOs. Highly refined peanut oil is pale-yellow, with no apparent peanut odor. The physical
appearance and the color of pure HRPO, VO, CO, and AO are very similar and indistinguishable.
Similarly, the physical appearance, including the color, of pure HRPO and adulterated HRPOs
counterparts is identical, making it challenging to use ordinary visual examination for the detection of
a suspected adulterated HRPO.

The FTIR spectra of pure HRPO, VO, CO, and AO samples showing the notable and characteristic
C–CH2 asymmetric stretch (C–H) stretching (~2921 cm−1); CH2 symmetric stretching (C–H)
(~2853 cm−1); ester C=O stretching (~1745 cm−1); CH2 wagging (~1160 cm−1); symmetric H–C–H
bending (~1380 cm−1); and CH2 scissoring (~1460 cm−1) of triglyceride component of HRPO, VO,
CO, and AO [32,33] are shown in Figure 1. Expectedly, pure HRPO, VO, CO, and AO have similar
FTIR absorption profiles, primarily because all edible oils contain the triglyceride molecules that are
responsible for FTIR absorptions [32,33]. Also, edible oils contain triglyceride molecules that are
required, in certain amounts, in the human diet for energy production, utility, and energy storage [3,4].
Figure 2 shows the cross sections of FTIR spectra of the training set and calibration samples with
varying % composition of HRPO adulterated with VO, CO, and AO adulterants. Although the physical
appearance of the pure HRPOs and adulterated HRPOs are indistinguishable, the profile of FTIR
spectra of pure HRPO and adulterated HRPO differ and vary with the percentage compositions of the
adulterated HRPO samples. The observed variations and changes of FTIR spectra with compositions
of adulterated HRPOs is an indicative of interactions of the HRPO with adulterant oils as a result
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of hydrophobic interactions and/or through hydrogen bonding involving the triglyceride carbonyl
group. Differences in the FTIR spectra profile of pure HRPO and adulterated HPPO can, therefore,
be used for quick screening for the detection of adulterated peanut oils.

 

Figure 1. FTIR spectra of pure highly refined peanut oil, vegetable oil (VO), canola oil (CO), and almond
oil (AO).

Figure 2. Cross section of FTIR spectra of the training set and calibration samples of: (A1,A2) highly
refined (100%) peanut oil (HRPO) adulterated with vegetable oil, (B1,B2) HRPO adulterated with
canola oil, (C1,C2) HRPO adulterated with almond oil.
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3.2. PLS Regression Modeling

The complexity, variation, and spectral overlapping at multiple wavenumbers observed in Figure 2
preclude the likely use of ordinary visual examination for adulterated HRPO pattern recognition or the
use of univariate spectral analysis (spectral analysis at one wavenumber) to achieve any meaningful
sample calibrations or regression analysis for purity analysis and determination of percent composition
of adulterated HRPO samples. The use of multivariate analysis (spectral analysis over a range of
wavenumbers) such as partial-least-square (PLS) is more desirable and capable of complex spectral
data analysis for sample calibration. The PLS can capitalize on the changes and variability, such as
those observed in Figure 2, to extract the most valuable information that is required for sample
calibration and for PLS regression modelling to determine the compositions of adulterated HRPOs.
The most valuable information in the spectral data set is invariably accompanied with the directions
that contains the most substantial variability. The detailed PLS mathematical expressions have been
comprehensively discussed and reported elsewhere [58–62].

Generally speaking, the goal of any PLS regression is to decompose the original data matrix
A into two components, a “structure component” and a “noise component” that can be represented by
Equation (1).

A = TPT + E (1)

where A is the original k × n data matrix of FTIR % transmittance data of adulterated HRPOs
in this study, T and P are two new matrices that must be evaluated and determined, and E is a
k × n residual matrix that represents the unexplained variance or “noise component” in the model.
The “structure component” of A is given by TPT where the superscript T denotes the transpose of P,
achievable by substituting rows for columns. Each PLS component is a variance-scaled vector that
accounts for a certain amount of variability in the data set.

Partial-least-regression modelling also aims to determine a regression vector, which constitutes
the mathematical model that relates the FTIR spectral data in this study to the % compositions of
adulterated HRPOs. In the case of a single sample, the relationship between the dependent variable
(y-variable, % composition of adulterated HRPOs) and the independent variable (x-variables, the FTIR
spectral data) can be expressed mathematically using Equation (2).

yi = b0 + x1bi1 + x2bi2 + x3bi3 + . . . . . . . . . xnbin (2)

where yi is the value of y predicted by the PLS regression model for the ith sample, the bi are the
regression coefficients that constitute the regression vector, and the xiλ terms represent the FTIR
intensities for the ith sample over the wavenumber index from 1 to n. Equation (2) can further be
expressed in matrix notation as shown in Equation (3).

Y = Xb (3)

where Y contains the matrix values of the dependent variables for all samples, X is a matrix composed
of values of the independent variables of all samples, and b contains the regression vector. As soon as
a regression model has been established and optimized, it can be utilized to calculate yi for any series
of unknown samples exclusively from their spectra using Equation (3).

The predictive ability of any PLS regression model for the y-variable invariably relies on the
assumption of no co-linearity among the x-variables, which is an invalid assumption for a PLS
regression involving spectral data analysis. Hence, the initial task in any PLS regression modeling
is to carefully eliminate any inherent co-linearity in the spectral data or x-variables. Removal of
co-linearity among x-variables is achievable by transforming the original data matrix A from the initial
xyz-coordinate system (made up of n variables) into a new variance-scaled eigenvector coordinate
system with fewer variables, where each new variable is orthogonal to the others. The use of PLS
is desirable because it reduces the data dimensionality from n to a significantly smaller value.
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Additionally, the actual number of vectors required to construct the new variable space is adjustable
to fit the expected “noise” level of the original data matrix A. The new variance-scaled eigenvector
coordinate system is thus composed of a smaller number of orthogonal vectors known as the partial
least square (PLS) component. The first PLS component of a dataset usually accounts for most of
variance in the data. Each successive PLS component accounts for a lesser variance in the dataset.
Therefore, only a few PLS components often contain the most valuable information in a dataset.
After the first few PLS components are evaluated and determined, the remaining variance is summed
together into the E matrix (noise component) that is not accounted for by the PLS model is eliminated.

3.3. Figures-of-Merit of PLS Regression Model, Limit-of-Detection (LOD), and Limit-of-Quantitation (LOQ)

The result of the PLS regression models developed for adulterated HRPOs using VO, CO, and AO
adulterants using a full cross validation is shown in Figure 3. In Figure 3, plots A1, A2, and A3
illustrate the regression coefficients as a function of wavenumber for the PLS regression models
constructed for adulterated HRPO with VO, CO, and AO adulterant, respectively. The contribution
of the magnitude of the coefficients according to wavenumber varies widely. Some wavenumbers
contributed positively to the PLS regression, while other wavenumbers contributed negatively to the
PLS regression model. The score plot of PLS1 versus PLS2 is shown in Figure 3B. The number of the
adulterated HRPO samples (n = 25 in this study) used for the training set and calibration samples
is small in comparison with the FTIR spectral data points (>3600). In theory (n − 1), PLSs can be
used for data analysis, therefore 24-PLSs can be used in this study. However, the first two PLSs
accounted for 100% of the variability in the FTIR spectral data (x-variable) and 97% of the percent
composition of adulterated HRPO samples. Thus, 2-PLS components are appropriate to represent the
data, thereby significantly reducing the data dimensionality. Interestingly, the score plots of PLS showed
the grouping of the adulterated HRPO samples into two notable and different categories. The samples
containing higher percent compositions of VO in the adulterated HRPOs were conspicuously grouped
on the right hand side corner (first and second quadrants) of the score plot. In contrast, the samples
containing higher percent compositions of HRPO in the adulterated samples were grouped on the
left hand side (third and fourth quadrants) of the score plot. Figure 3(C1) shows the plot of the actual
versus the percent compositions of adulterated HRPO with VO determined by the PLS regression.
Obviously, the predicted percentage compositions of adulterated HRPO samples favorably compared
with the actual percentage composition of adulterated HRPO of the training set and calibration samples.
The outcomes of the PLS regression including the score plot of the adulterated HRPO with CO and AO
adulterants showed similar pattern recognition data.

A summary of the developed PLS regression models figures-of-merit including the square
correlation coefficients (R2), limits-of-detection (LOD), and limits-of-quantification (LOQ), are shown
in Table 1. The figures-of-merit of the PLS regressions were incredible, with remarkable linearity
(R2 = 0.994191 or better). The LOD and LOQ values were calculated as 3 s/m and 10 s/m, respectively,
where s is the standard deviation of the FTIR intensity of the blanks and m is the slope of the PLS
regression calibration curve. The LOD ranged between 0.02% wt/wt for HRPO adulterated with CO
and 0.27 % wt/wt for HRPO adulterated with VO, demonstrate the capability of the developed PLS
regressions for detection of adulterated HRPO at low levels of adulteration.

Table 1. Figures-of-merit of partial least squares (PLS) regression calibration curves.

Wavenumber
(cm−1)

Offset Slope R2 LOD
(%wt/wt)

LOQ
(%wt/wt)

HRPO-VO 2235–3300 0.572672 0.988415 0.994191 0.27% 0.90
HRPO-CO 2235–3300 0.075944 0.998477 0.999238 0.02% 0.05
HRPO-AO 400–4000 0.154691 0.996644 0.998321 0.02% 0.07

R2—correlation coefficients; LOD—limits-of-detection; LOQ—limits-of-quantification. HRPO—highly refined (100%) peanut
oil; VO—vegetable oil; CO—canola oil; AO—almond oil.
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Figure 3. Summary of the partial least square (PLS) regression: (A1) regression coefficient of PLS
versus wavenumber of HRPO adulterated with vegetable oil; (A2) regression coefficient of PLS
versus wavenumber of HRPO adulterated with canola oil; (A3) regression coefficient of PLS versus
wavenumber of HRPO adulterated with almond oil; (B1) score plot of PLS regression of HRPO
adulterated with vegetable oil; (B2) score plot of PLS regression of HRPO adulterated with canola
oil; (B3) score plot of PLS regression of HRPO adulterated with almond oil; (C1) plot of predicted
versus actual composition of HRPO adulterated with vegetable oil; (C2) plot of predicted versus actual
composition of HRPO adulterated with canola oil; (C3) plot of predicted versus actual composition of
HRPO adulterated with almond oil.

3.4. Determination of Percentage Compositions of Adulterated HRPO Samples

The validation studies were conducted to assess the performance and predictive ability of the
PLS regression models for the determination of the percent composition of adulterated HRPO samples.
Twenty (22) validation samples each were used for HRPOs that were adulterated with VO and CO.
However, 21 validation samples were used for HRPOs adulterated with AO. The FTIR spectra of
the adulterated HRPO validation samples using VO, CO, and AO adulterants are shown in Figure 4.
It must be highlighted that while the range of the percent compositions of adulterated HRPO in
the training set and validation samples are the same, the compositions of adulterated HRPO of
the training set and validation samples are totally autonomous. The summary of the results of the
validation study conducted for adulterated HRPO showing the actual and the determined compositions
of adulterated HRPOs using VO, CO, and AO adulterants are shown in Tables 2–4, respectively.
The obtained low percent relative error (%RE) of the determined compositions of adulterated HRPOs
obviously demonstrates the accuracy of the protocol. The predictive ability of the PLS regression model
was further assessed by root-mean-square-relative-percent-errors (RMS%RE) for the determination
of percent compositions of adulterated HRPOs. The PLS regression models determined percent
compositions of adulterated HRPO with VO, CO, and AO with low RMS%RE of determination of
2.77%, 5.51%, and 8.32%, respectively, with an overall average RMS%RE of 5.53%.
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Figure 4. Cross section of FTIR spectra of validation samples of the following: (A1,A2) HRPO
adulterated with vegetable oil, (B1,B2) HRPO adulterated with canola oil, (C1,C2) HRPO adulterated
with almond oil.

Table 2. Validation conducted for highly refined peanut oil (HRPO) adulterated with vegetable oil (VO).

Sample % HRPO Predicted Actual % HRPO %RE % VO Predicted Actual % VO %RE

V1 90.8 89.1 −1.95 9.2 10.9 15.9
V2 85.6 85.1 −0.58 14.4 14.9 3.30
V3 82.5 82.4 −0.07 17.5 17.6 0.33
V4 77.8 79.1 1.63 22.2 20.9 −6.19
V5 72.0 74.0 2.62 28.0 26.0 −7.45
V6 69.2 69.8 0.88 30.8 30.2 −2.02
V7 63.8 64.4 1.04 36.3 35.6 −1.88
V8 61.1 60.4 −1.12 38.9 39.6 1.72
V9 56.5 57.7 1.98 43.5 42.3 −2.69

V10 56.0 54.4 −2.90 44.0 45.6 3.47
V11 52.2 51.6 −1.06 47.8 48.4 1.13
V12 49.3 48.4 −1.96 50.7 51.6 1.84
V13 46.2 45.1 −2.51 53.8 54.9 2.06
V14 43.0 42.7 −0.87 57.0 57.3 0.65
V15 38.6 39.7 2.53 61.4 60.3 −1.66
V16 37.0 37.8 1.94 63.0 62.2 −1.18
V17 34.5 35.8 3.67 65.5 64.2 −2.04
V18 31.4 32.8 4.29 68.6 67.2 −2.09
V19 27.7 29.7 6.76 72.3 70.3 −2.85
V20 27.2 27.2 −0.23 72.8 72.8 0.09
V21 22.9 23.5 2.51 77.1 76.5 −0.77
V22 19.6 20.8 5.79 80.4 79.2 −1.52

RMS%RE 2.77 4.37

RE—relative error.
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Table 3. Validation conducted for highly refined peanut oil (HRPO) adulterated with canola oil (CO).

Sample % HPPO Predicted Actual % HPPO %RE % CO Predicted Actual % CO %RE

V1 89.8 87.9 −2.07 10.2 12.1 15.1
V2 84.0 84.3 0.37 16.0 15.7 −2.01
V3 80.2 82.7 2.96 19.8 17.3 −14.1
V4 77.9 77.2 −0.91 22.1 22.8 3.08
V5 71.0 74.0 4.03 29.0 26.0 −11.5
V6 68.7 70.8 3.00 31.3 29.2 −7.29
V7 63.7 64.3 1.04 36.3 35.7 −1.88
V8 60.5 61.1 0.88 39.5 38.9 −1.38
V9 55.5 58.0 4.36 44.5 42.0 −6.03
V10 54.6 56.0 2.45 45.4 44.0 −3.12
V11 51.5 51.2 −0.68 48.5 48.8 0.71
V12 49.4 48.4 −2.09 50.6 51.6 1.96
V13 46.2 46.4 0.38 53.8 53.6 −0.33
V14 46.3 43.5 −6.45 53.7 56.5 4.97
V15 40.0 41.0 2.31 60.0 59.0 −1.61
V16 37.7 38.5 1.98 62.3 61.5 −1.24
V17 33.8 36.9 8.47 66.2 63.1 −4.96
V18 32.8 34.4 4.64 67.2 65.6 −2.43
V19 29.6 31.5 5.89 70.4 68.5 −2.70
V20 26.3 28.6 8.07 73.7 71.4 −3.23
V21 26.0 25.0 −3.96 74.0 75.0 1.32
V22 20.8 20.9 0.66 79.2 79.1 −0.17

RMS%RE 5.51 5.87

Table 4. Validation conducted for highly refined peanut oil (HRPO) adulterated with almond oil (AO).

Sample % HRPO Predicted Actual % HRPO %RE % AO Predicted Actual % AO %RE

V1 89.6 88.3 −1.50 10.4 11.7 11.3
V2 85.7 85.9 0.24 14.3 14.1 −1.44
V3 82.3 83.7 1.66 17.7 16.3 −8.54
V4 77.9 79.8 2.45 22.1 20.2 −9.71
V5 76.0 76.7 0.89 24.0 23.3 −2.92
V6 70.3 71.4 1.51 29.7 28.6 −3.76
V7 62.1 64.9 4.25 37.9 35.1 −7.85
V8 58.4 58.7 0.43 41.6 41.3 −0.62
V9 51.3 51.8 0.99 48.7 48.2 −1.06
V10 46.3 44.4 −4.17 53.7 55.6 3.33
V11 39.8 42.5 6.47 60.2 57.5 −4.79
V12 37.3 36.9 −0.97 62.7 63.1 0.57
V13 34.1 33.0 −3.56 65.9 67.0 1.75
V14 28.1 29.4 4.22 71.9 70.6 −1.75
V15 28.1 23.2 −20.77 71.9 76.8 6.29
V16 23.5 20.9 −12.34 76.5 79.1 3.27
V17 21.2 17.7 −19.46 78.8 82.3 4.19
V18 16.8 16.3 −3.13 83.2 83.7 0.61
V19 14.2 14.7 3.42 85.8 85.3 −0.59
V20 11.5 12.3 6.51 88.5 87.7 −0.91
V21 8.3 10.0 17.42 91.7 90.0 −1.95

RMS%RE 8.32 4.86

Although AO is relatively more expensive than HRPO, our study has demonstrated that the purity,
authenticity, and percent compositions of adulterated HRPOs can be accurately determined regardless
of the edible oil used as adulterant. It must be highlighted that our protocol was not only capable of
determining the percentage composition of HRPO in adulterated HRPOs with AO with good accuracy,
but it was also capable of determination of the compositions of AO in the adulterated HRPOs with
an RMS%RE of 4.86% (Table 4). This capability is commendable and appealing, demonstrating the
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extensive applicability of the protocol for purity analysis of a wide range of edible oils of high dietary
and market values.

In order to assess the robustness and reliability of the developed PLS regressions for the
determination of percent compositions of future samples of adulterated HRPOs, a set of newly
prepared adulterated HRPO samples was prepared over a period of two months. The FTIR spectra
of the samples were collected and the originally developed PLS regressions were used to predict
the percent compositions of adulterated HRPOs. Interestingly, the developed PLS regression models
continued to predict the compositions of newly prepared adulterated HRPOs over a period of two
months with incredible accuracy without the need for re-calibration, indicating the robustness of the
protocol for purity analysis of adulterated HRPOs.

The result of the study is adoptable and can possibly be used by municipal health departments
and local enforcement agencies for rapid, in situ, and field screening of a suspected adulterated HRPO.
For instance, the FTIR spectra of pure and adulterated HRPOs can be collected and stored in the
database. Hand-held IR spectrometers can be used in situ on the field to rapidly obtain an IR spectrum
of a suspected adulterated HRPO. The FTIR spectrum profile of a suspected adulterated HRPO can
then be compared with the FTIR spectrum of the adulterated HRPO in the database for similarities or
differences. The obtained FTIR spectrum of the adulterated HRPO can be subjected to PLS regression
on a laptop computer in the field and optimized. The location of the suspected adulterated HRPOs
on the PLS regression score plot can be further used for rapid pattern recognition. The developed PLS
regression can subsequently be used for purity analysis of the suspected adulterated HRPO samples
on the field.

4. Conclusions

The result of the combined use of Fourier transform infrared spectroscopy and multivariate
partial-least-square (PLS) regression models for rapid purity analysis of highly refined peanut oils
(HRPO) that were adulterated with either vegetable oil (VO), canola oil (CO), or almond oil (AO) for
food quality assurance purposes is reported. The figures-of-merit of the PLS regression models were
incredible with desirable linearity, sensitivity, and robustness. The results of the score plots of the PLS
regressions illustrate pattern recognition of the adulterated HRPO samples. The PLS regression models
determined compositions of adulterated HRPO with excellent accuracy and low-detection-limits,
allowing detection of adulterated HRPO in small quantities. Most importantly, the developed PLS
regression models continued to predict the compositions of newly prepared adulterated HRPOs over
a period of two months with incredible accuracy without the need for re-calibration, indicating the
robustness of the protocol for purity analysis of adulterated HRPOs. The low-cost, non-destructive
property; the small sample requirement, high accuracy, and sensitivity; and the simplicity of the
protocol make it appealing for quick, in situ, and field screening of suspected adulterated oils by
municipalities, health departments, and local enforcement agencies for quality assurance and safety of
consumable products.
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Abstract: Epicotyls from germinated soybeans (EGS) have great potential as sources of endogenous
β-glucosidase. Furthermore, this enzyme may improve the conversion of isoflavones into their
corresponding aglycones. β-Glucosidase may also increase the release of aglycones from the cell
wall of the plant materials. Therefore, the aim of this work was to optimize both the extraction
of β-glucosidase from EGS and to further examine its application in defatted soybean cotyledon
to improve the recovery of aglycones, which were evaluated by ultra-high performance liquid
chromatography (UHPLC). A multistep optimization was carried out and the effects of temperature
and pH were investigated by applying a central composite design. The linear effect of pH and the
quadratic effect of pH and temperature were significant for the extraction of β-glucosidase and
recovery aglycones, respectively. Optimum extraction of β-glucosidase from EGS occurred at 30 ◦C
and pH 5.0. Furthermore, the maximum recovery of aglycones (98.7%), which occurred at 35 ◦C and
pH 7.0–7.6 during 144 h of germination, increased 8.5 times with respect to the lowest concentration.
The higher bioaccessibility of aglycones when compared with their conjugated counterparts is well
substantiated. Therefore, the data provided in this contribution may be useful for enhancing the
benefits of soybean, their products, and/or their processing by-products.

Keywords: endogenous enzyme; phenolic compounds; ultra-high performance liquid chromatography;
response surface methodology

1. Introduction

Isoflavones are recognized in human health due to several biological properties, whereas in plants
these bioactive compounds also have antifungal properties, thus protecting the plants against plant
pathogens [1]. Epidemiological studies have shown that isoflavones may help reduce the risk of some
chronic diseases [2]. In humans, a higher incidence of some types of cancers (e.g., breast and colon
cancer) and heart disease has been observed in Western populations that consume lower amounts of soy
isoflavones compared with the Asian population [3]. According to Brandi [4], isoflavones may reduce
bone loss, decrease the risk of development of osteoporosis, and attenuate the symptoms of menopause
in women. Because of their structural and molecular weight similarity to the group of female hormones
secreted by ovarian cells (estrogens), isoflavones are also known as phytoestrogens [5].

Soybean isoflavones can be found in 12 different forms: β-glycosidics, which have a glucose
unit linked to the benzene ring (e.g., daidzin, genistin, and glycitin); β-glycosidic conjugated forms,
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acetylglycosidics (e.g., acetyldaidzin, acetylgenistin, and acetylglycitin), and malonylglycosidics
(e.g., malonyldaidzin, malonylgenistin, and malonylglycitin); and the aglycone forms (e.g., daidzein,
genistein, and glycitein), which are not linked to glucose [6]. However, the contribution of the
conjugated forms in soybeans are higher compared with that of the aglycone counterparts [7].
Furthermore, soybeans are regarded as the only high-level edible source of isoflavones. The distribution
and content of different isoflavones are influenced by multiple factors, such as genetic variety, growth
location, and crop year [8]. Likewise, isoflavone contents may vary among different soybean seed
components. In fact, only minor amounts of isoflavones are present in the seed coat whereas the
hypocotyls contain high concentrations and the cotyledons have been reported to contain 80–90% of
the total isoflavones in the seed [9]. However, despite all these variations, the potential health benefits
of soybeans as sources of isoflavones are well substantiated.

Walsh et al. [10] conducted an in vitro experiment to screen the stability and bioaccessibility
of isoflavones from soy bread. According to these authors, micellarization may be required for
optimal bioaccessibility of isoflavones in the aglycone forms. Furthermore, they suggested that the
bioavailability of isoflavones from foods containing fat and protein may exceed that from supplements
due to enhanced bile secretion. Therefore, due to the high protein content in soybeans, soybean
products may be better sources of bioaccessible isoflavones. Isoflavones in the aglycone form are
absorbed faster than their conjugated counterparts; therefore, they may render higher biological
activities than the latter ones [11,12].

β-glucosidase catalyzes the hydrolysis of conjugated isoflavones, thus generating their respective
aglycones. During the hydration of soybeans, this enzyme hydrolyzes glycosidic isoflavones, which
affords their respective aglycones [13]. β-Glucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21),
which is commonly found in plants or as part of the metabolism of fungi and bacteria [14], catalyzes
the hydrolysis of β-glycosidic di- and/or other glycoside conjugates and oligosaccharides from
phenolic compounds, thus releasing both the sugar moiety and the aglycone. Because of this
property, a high interest in applying β-glucosidase to increase the amount of aglycone isoflavones in
soybean and soy products has been noted [15,16]. In intact plant tissues, β-glucosidases are stored in
compartments separated from the substrate, thus playing an important role in the physiology of the
plant. During germination, these enzymes act during the process of degradation and lignification of
the cell walls of the plant material. Furthermore, they also act as plant growth regulators and during
the activation of compounds related to the plant defense [17,18].

The activation of enzymes (e.g., β-glucosidase) occurs during germination [19]. Therefore, germinated
soybean components may be a good source of endogenous β-glucosidase which can be extracted and
further applied in soy products, thus improving the final products due to higher contents of highly
bioaccessible phenolic bioactives [20]. In epicotyls from germinated soybeans (EGS), the specific activity
of the crude β-glucosidase extract has been reported to be 72-fold higher than that of the cotyledon
extract from ungerminated soybeans and 5.8-fold higher than that of the crude cotyledon extract from
germinated soybeans under the same conditions. Therefore, epicotyls have been recommended as a
potential industrial source of endogenous β-glucosidase for hydrolysis of conjugated isoflavones to
obtain aglycones [21].

The extraction of endogenous β-glucosidases and the use of this enzyme for isoflavone conversion
have not yet been well explored in comparison to those of enzymes of microbial origin. Furthermore,
the central composite design (CCD) method is an important experimental design used in response
surface methodology to construct a second-order model for the response variable without needing a
complete three-level factorial experiment, thus reducing the number of experiments while providing
trustworthy results. Response surface methodology (RSM) has been successfully used for developing,
improving, and optimizing different processes, including the procurement and/or extraction of
phenolic compounds [22–24]. Therefore, due to the importance of β-glucosidase, and the existing
knowledge gap in the literature, the objective of this work was to use CCD to optimize both the
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extraction of β-glucosidase from EGS and to establish the best conditions to convert glycosidic
isoflavones into their corresponding aglycones by treatment with extracts containing β-glucosidase.

2. Materials and Methods

2.1. Materials

Soybeans (cv. BRS 257) were developed by Embrapa Soybean (Londrina, PR, Brazil). Aglycones
(daidzein, glicitein, and genistein) and acetylglucosides standards (daidzin, glycitin, genistin) were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). The remaining solvents and chemicals were of
analytical or HPLC grade.

2.2. Soybean Germination Process

A previous study was used to select the germination conditions [21]. In this process, 15 germination
paper rolls with 50 seeds each were placed in a germination chamber (Marconi, MA 835, Brazil).
The seeds were then subjected to a photoperiod of 10 h of light per day. The temperature was kept at
35 ◦C (±1 ◦C) and controlled relative humidity (100%) for 144 h [21]. The epicotyls were manually
separated, freeze-dried (Christ, ALPHA 1-4 LD plus, Germany), ground (A11 Basic Mill, Ika, Brazil),
and stored at −26 ◦C until analysis.

2.3. CCD-Based Optimization of Extraction of Active β-Glucosidase

The effect of temperature (X1 = 23, 25, 30, 35, and 37 ◦C) and pH (X2 = 3.6, 4.0, 5.0, 6.0, and
6.4) on the extraction of active β-glucosidase from EGS was evaluated by applying the CCD with
5 levels of variation in a total of 11 assays (Table 1). Therefore, the response function (Y) stems from the
β-glucosidase activity. The extraction procedure was performed as described by Carrão-Panizzi and
Bordingnon [25] using 0.1 mol L−1 sodium citrate buffer with 0.1 mol L−1 NaCl at various pH values
(X1) and temperatures (X2), according to the experimental design. The extraction procedure (100 mg of
EGS in 1.5 mL sodium citrate buffer) was conducted under agitation for 50 min. After centrifugation
at 2500× g (Cientec, CT 600, Piracicaba, Brazil) for 15 min, the extract so obtained was used for
determination of β-glucosidase activity.

Table 1. Independent variables and variation levels for the central composite design for optimization
of the extraction of active β-glucosidase from epicotyls from geminated soybeans.

Independent Variables
Variation Levels

−1.41 −1 0 +1 +1.41

X1 = Temperature (◦C) 23 25 30 35 37
X2 = pH 3.6 4.0 5.0 6.0 6.4

2.4. CCD-Based Optimization of β-Glucosidase-Assisted Conversion of Conjugated Isoflavones into Their
Corresponding Aglycones

Extracts with the highest β-glucosidase activity were used in this step of the experiment. A CCD
with 2 variables (X3 = temperature and X4 = pH) and 5 variation levels (Table 2) in 2 blocks was used.
The first block consisted of a 22 factorial design, a total of 7 assays (assays 1–7), and 2 variables with
3 variation levels (X3 = 20, 35, and 50 ◦C and X4 = pH 4.0, 5.5, and 7.0). The second block, with a total
of 6 assays (assays 8–13) containing the axial points of the CCD (X3 = 13.9 and 56.2 ◦C and X4 = pH
3.39, and 7.61), was performed to verify the quadratic effects. Previous experiments were conducted
(data not shown) and the maximum conversion was achieved at 14 h of hydrolysis. The assays were
performed randomly with defatted soybean cotyledon flours in 3.0 mL buffer (1:10 w/v). According to
each design, the pH values were adjusted with 0.1 M sodium phosphate and 0.1 M citric acid solutions.
To each test tube, 5.0 units of β-glucosidase activity from EGS were added and shaken for 14 h at
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temperatures described in Table 2. The samples were freeze-dried and used for identification and
quantification of isoflavones by ultra-high performance liquid chromatography (UHPLC). The response
function stems from the percentage of aglycones (W = % aglycones) obtained in relation to the total
isoflavone content present in each sample.

Table 2. Independent variables and variation levels for the central composite design for optimization
of the conversion of conjugated isoflavones into their corresponding aglycones.

Independent Variables
Variation Levels

−1.41 −1 0 +1 +1.41

X3 = Temperature (◦C) 13.9 20.0 35.0 50.0 56.2
X4 = pH 3.39 4.00 5.50 7.00 7.61

2.5. Determination of β-Glucosidase Activity

The enzymatic activity was determined according to the method described in the literature [26]
with slight modifications. Briefly, 0.4 mL of 16 mM p-nitrophenyl-beta-D-glucopyranoside and 0.1 M
phosphate–citrate buffer (pH 5.0) were transferred to a test tube and placed in a water bath at 30 ◦C
for 10 min. The sample (0.1 mL) was added and the test tubes were placed in a water bath at
30 ◦C for 30 min more. The reaction was terminated with the addition of 0.5 M sodium carbonate
(0.5 mL). The concentration of p-nitrophenol released during the reaction was determined by reading
the absorbance at 420 nm with a spectrophotometer (Biochrom Libra S22, Cambridge, England).
For quantification, a p-nitrophenol (20–160 mM) calibration curve was prepared. One unit of enzyme
activity (UA) was defined as the amount of β-glucosidase that releases 1 mM p-nitrophenol min−1.
The results were expressed as units of β-glucosidase activity (UA mL−1) per milliliter of extract.

2.6. Extraction and Determination of Isoflavones by Ultra-High-Performance Liquid Chromatography (UHPLC)

Defatted cotyledon soy flours subjected to enzymatic conversion were used for extraction.
Water/ethanol/acetone (1:1:1 v/v/v) was used for the extraction of isoflavones. The samples (250 mg)
were mixed with 6 mL of solvent and the extraction was performed under sonication at 60 ◦C for
10 min [27]. After centrifugation and filtration (Millex–LH filters; 0.20 μm) of the supernatant, the
extracts (1.4 μL) were injected into the UHPLC (Acquity UPLC®System), with automatic system
injection, oven with controlled temperature at 35 ◦C, and a diode array detector (Waters, Milford,
MA, USA). A reversed-phase column, BEH C18 (Waters, 2.1 mm × 50 mm, 1.7 μm particles), was
used. The binary mobile phase consisted of acidified water (glacial acetic acid, pH 3.0)—mobile phase
A—and acetonitrile—mobile phase B. The elution gradient used was as follows: 0 min, 90% A and
10% B; 8 min, 0% A and 100% B. The initial condition was re-established at 9 min. The total run
took 12 min and the flow rate was 0.70 mL min−1. The temperature was kept constant (35 ◦C) and a
diode array detector (Waters) with a wavelength set at 260 nm was used. Isoflavones, namely daidzin,
glycitin, genistin, daidzein, glicitein, and genistein, were identified and quantified by comparing their
retention times and UV spectra with coded and authentic standards under the same conditions as the
samples. The presence of acetyldaidzin, acetylgenistin, and acetylglycitin was also investigated with
coded and authentic standards. However, they were not detected in any of the samples tested and/or
treatments; this is common for raw soybeans [6]. According to the literature [28], malonylglucosides
(malonyldaidzin, malonylglycitin, and malonylgenistin) were quantified based on the standard curves
of the corresponding β-glycosidic isoflavones (daidzin, glycitin, and genistin, respectively) using the
similarity of the extinction coefficients. Limits of detection and quantification for listed compounds
ranged from 0.003 to 0.0239 and from 0.009 to 0.725μg/mL, respectively. Regression coefficients of the
plotted graphs had R2 ranging from 0.9988 to 0.9996.
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2.7. Statistical Analysis

STATISTICA 8.0 software (StatSoft, Palo Alto, CA, USA) was used to determine the effects of
independent variables, calculate the regression coefficient (R2), perform analysis of variance (ANOVA),
and build the response surfaces at 5% significance. Data were adjusted to a second-order polynomial
model (Equation (1)):

y = β0 + β1x1 + β2x2 + β11x2
1 + β22x2

2 + β12x1x2 (1)

where y is the response variable; x1 and x2 are the coded process variables; and β0, β1, β2, β11, β22, and
β12 are the regression coefficients.

To evaluate and validate the mathematical models, a new assay was performed under the
conditions (X1 = ◦C and X2 = pH) that yielded the extracts with higher activity of β-glucosidase from
EGS and the highest conversion of conjugated isoflavones into their respective aglycones (X3 = ◦C and
X4 = pH). The observed model was obtained under experimental conditions, and the calculated values
(ŷ and ŵ) were determined using the proposed model. The model was validated and the observed
responses were within the confidence interval of the model.

3. Results and Discussion

3.1. Optimization of β-Glucosidase Extraction from Germinated Soybean Epicotyls

The linear effect of the variable X1 (temperature) on the response function y (β-glucosidase activity)
was not significant, whereas the linear effect of the variable X2 (pH) was significant. In contrast, the
quadratic effects of the variables X1 and X2 were significant but the interaction between the variables
X1 and X2 was not significant (Table 3). These results indicated that variable X2 (pH between 3.6
and 6.4) was essential to obtaining extracts with high β-glucosidase activity from epicotyls from
germinated soybeans.

Table 3. Analysis of variance (ANOVA) for the β-glucosidase activity of extracts obtained from
epicotyls from germinated soybeans.

Variation Source SS DF MS F Test p R2

X1 (T) (linear) 0.558 1 0.558 0.659 0.428 0.94
X1 (T) (quadratic) 19.038 1 19.038 22.492 0.002
X2 (pH) (linear) 62.340 1 62.340 73.650 0.000

X2 (pH) (quadratic) 137.038 1 137.038 161.900 0.000
Interaction X1X2 0.120 1 0.120 0.142 0.711

Error 13.543 16 0.846

Total 214.527 21

SS = sum square. DF = degrees of freedom. MS = mean square. T = temperature in ◦C.

The determination coefficient (R2) of 0.94 indicates that 94% of the experimental data fitted the
model. The polynomial model (Y) representing the activity of β-glucosidase of extracts from EGS is
described below:

Y = 11.39 + 0.18x1 − 1.29x1
2 − 1.97x2 − 3.48x2

2 + 0.12x1x2 (2)

where x1 and x2 are the coded variables representing the temperature and pH, respectively, for the
optimum recovery of high-activity β-glucosidase extracts from EGS.

According to the results in Table 4, extracts obtained at 30 or 35 ◦C and low pH values of 3.6 or 4.0
(assays 10 and 3, respectively) showed lower β-glucosidase activity. In contrast, higher β-glucosidase
activity was found in extracts obtained at 23 ◦C and pH 5.0 (assay 8), 25 ◦C and pH 6.0 (assay 2),
30 ◦C and pH 6.4 (assay 11), and 37 ◦C and pH 5.0 (assay 9). Finally, the response surface (Figure 1)

67



Foods 2018, 7, 110

shows that the highest β-glucosidase activity was obtained when the extractions were performed
at the central point, i.e., at 30 ◦C and pH 5.0 (assays 5, 6, and 7). Furthermore, extracts with high
β-glucosidase activity could also be obtained at temperatures ranging from 27.5 to 33.5 ◦C and pH from
4.9 to 5.5. The conditions used as the central point were also in good agreement with the desirability
parameter of the proposed model (Figure 2), thus supporting the procurement of extracts with a high
β-glucosidase activity at 30 ◦C and pH 5.0.

Figure 1. Surface response for the activity of β-glucosidase (UA mL−1) from epicotyls from
germinated soybeans.

Figure 2. Profiles for predicted values and desirability for β-glucosidase activity of extracts from
epicotyls from germinated soybeans.
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Table 4. Central composite design with two coded (x1 and x2) and decoded (X1 and X2) variables and
the response function (Y) for the activity of β-glucosidase from epicotyls from germinated soybeans.

Assays
Coded Variables Decoded Variable Response Function (Y)

x1 x2 T (◦C) (X1) pH (X2) β-Glucosidase Activity (UA mL−1)

1 −1 −1 25.0 4.0 8.16
2 −1 1 25.0 6.0 17.7
3 1 −1 35.0 4.0 6.22
4 1 1 35.0 6.0 16.7
5 0 0 30.0 5.0 22.4
6 0 0 30.0 5.0 23.0
7 0 0 30.0 5.0 23.0
8 −1.41 0 23.0 5.0 16.5
9 1.41 0 37.0 5.0 20.7

10 0 −1.41 30.0 3.6 5.76
11 0 1.41 30.0 6.4 13.9

Matsuura and Obata [26] extracted, partially purified, and characterized β-glucosidases from
soybean cotyledons under different conditions including lower temperatures (between −10 and 5 ◦C).
Although the extraction of β-glucosidase from cotyledons has been studied by these authors, to the
best of our knowledge, the procurement of extracts with high β-glucosidase activity from germinated
soybean epicotyls has not been reported in the literature. Furthermore, our proposed model proved
to be advantageous to establish the best conditions to obtain extracts with high enzyme activity.
In addition, working at 30 ◦C offers more operational advantages compared to the lower temperatures
(between −10 and 5 ◦C) reported in the literature [26]. The proposed model was validated with an
additional experiment under optimal conditions and the results (Figure 4) fell within the confidence
interval of the estimated response, thus confirming the validity of the model.

3.2. Optimization of the Recovery of Aglycones Using β-Glucosidase from Germinated Soybean Epicotyls

According to variance analysis (ANOVA), the linear effect of the variable X4 (pH) and quadratic
effects of the variables X3 (◦C) and X4 (pH) were significant. However, the effects of the block, linear
variable X3 (◦C), and the interaction of the variables X3 (◦C) and X4 (pH) on the response (W = %
aglycones) were not significant (Table 5). Therefore, nonsignificant terms were excluded from the
model which did not affect the R2. The coefficient of determination (R2) was 0.86, in other words, 86%
of experimental data can be explained by the model. Therefore, Equation (3) is described as follows:

W = 81.938 + 22.328x4 − 11.231x4
2 − 13.8562x3

2 (3)

where W = % aglycones and x3 and x4 are the coded variables representing the temperature and
pH, respectively.

Table 5. Analysis of variance (ANOVA) for the conversion of conjugated isoflavones into their
corresponding aglycones.

Variation Source SS DF MS F test p R2

Block 22.050 1 22.050 0.17864 0.683680 0.86
(X4) pH (Linear) 4217.201 1 4217.201 34.16513 0.000385

(X4) pH (Quadratic) 872.759 1 872.759 7.07055 0.028848
(X3) T (Quadratic) 1328.402 1 1328.402 10.76189 0.011179

Error 987.486 8 123.436

Total 7231.600 12

SS = sum square. DF = degrees of freedom. MS = mean square. T = temperature in ◦C.
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The aglycone content of the soybean cotyledon flour (BRS 257) devoid of β-glucosidase addition
was 2.9% and, regardless of the temperature (X3), reached values higher than 47% (Table 6) with
greater pH (X4) values (0, +1, and +1.41). This suggests a greater pH influence on the response function
(W = % of aglycones), thus supporting the screening of the main effects.

Table 6. Central composite design with two coded (x3 and x4) and decoded (X3 and X4)
variables and the response function (W) for the conversion of conjugated isoflavones into their
corresponding aglycones.

Assays Block
Coded Variables Decoded Variables Response Function (W)

x3 x4 T (◦C) (X3) pH (X4) % Aglycones *

1 1 −1 −1 20.0 4.00 47.5
2 1 +1 −1 50.0 4.00 44.6
3 1 −1 +1 20.0 7.00 68.6
4 1 +1 +1 50.0 7.00 84.0

5 (c) 1 0 0 35.0 5.50 88.6
6 (c) 1 0 0 35.0 5.50 79.0
7 (c) 1 0 0 35.0 5.50 88.6

8 2 0 −1.41 35.0 3.39 11.6
9 2 0 +1.41 35.0 7.61 98.7
10 2 −1.41 0 13.9 5.50 48.6
11 2 +1.41 0 56.2 5.50 47.1

12 (c) 2 0 0 35.0 5.50 85.0
13 (c) 2 0 0 35.0 5.50 88.3

* % aglycone isoflavones relative to total isoflavones extracted, determined by ultra-high-performance liquid
chromatography (UHPLC). High-aglycone defatted soybean cotyledon flours were produced by treatment with
β-glucosidase from germinated soybean epicotyls. “c” is central point.

The response surface (Figure 3) shows a region at which more than 80% of the isoflavones
recovered were in the aglycone form, i.e., a pH range between +0.5 and +1.5 (6.25 < pH < 7.75) and
a temperature between −0.5 and +0.5 (27.5 < T < 42.5). Furthermore, an optimum region at which
the maximum percentage of isoflavones in the aglycone form was recovered could be determined.
The desirability parameter indicates two optimal points of maximum (W = 98.7% aglycones), i.e., when
x3 = 0 (35 ◦C) and x4 = +1 or +1.41 (pH = 7.00 and 7.61). One of these test points coincides with assay 9
(Z = 98.7% aglycones). These results are distinct from the optimum conditions of pH (between 5.2 and
6.0) and temperature (50 ◦C) for β-glucosidase activity from soybean cell tissue described by Hosel
and Todenhagen [29] and by Matsuura and Obata [30] who reported optimal activity at pH 4.5 and a
temperature of 45 ◦C for a soybean β-glucosidase. However, the proposed models were validated for
both response functions which were within the confidence interval of the model (Figure 4).

A complete conversion of glycosidic isoflavones into their aglycones has been described by
other authors [31]. However, their study was conducted with β-glucosidase from microbial origin
(Lactobacillus (L.) rhamnosus CRL981). Furthermore, Song and Yu [32] applied β-glucosidase from
Thermotoga maritima to recombinant soybean flour and obtained an almost complete conversion of all
isoflavone glycosides. Endogenous β-glucosidases represent a more secure source of β-glucosidases
than microbial sources. However, endogenous β-glucosidases have been poorly explored when
compared with the microbial conversion of conjugated isoflavones into their aglycone forms.
As mentioned before, in the present study, the maximum aglycone isoflavones obtained was 98.7%
when endogenous β-glucosidase from EGS was used under the two conditions described above,
therefore providing strong evidence on the potential use of EGS as a great source of endogenous
β-glucosidase.
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Figure 3. Surface response for the conversion of glycosidic isoflavones into their corresponding
aglycones. High-aglycone defatted soybean cotyledon flours were produced by treatment with
β-glucosidase from germinated soybean epicotyls.

 

Figure 4. Validation of the models proposed for the procurement of extracts with β-glucosidase from
epicotyls from germinated soybeans and high-aglycone defatted soybean cotyledon flours. Means with
the same lower case (β-glucosidase) or capital (aglycones) letters: results fall within the confidence
interval of the generated model.

Several pieces of evidence have demonstrated that different plant parts may present different
phenolic compounds [33–39], therefore suggesting that the expression of genes associated with the
production of some enzymes may be tissue specific. Likewise, not only the absorption of the
phenolics is important but also their structure/activity [40–42]. Perera et al. [40] demonstrated
that epigallocatechin gallate derivatives procured via lipophilization showed enhanced antioxidant
properties compared with those of epigallocatechin gallate. Likewise, Oh and Shahidi [42] reported
that several lipophilized resveratrol derivatives had better hydrogen peroxide scavenging activity
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than resveratrol. In addition, Oldoni et al. [41] demonstrated that minor changes such as the position
of the hydroxyl group in flavonoids may be responsible for major changes in their final effects.
According to their study, the concentration of procyanidin A2 necessary to scavenge 50% of the
DPPH radical was 1.7-fold higher than that of procyanidin A1. Besides the antioxidant activity,
which may be related to the inhibition of low-density lipoprotein cholesterol oxidation and DNA
damage [43,44], phenolic compounds have been regarded as potential inhibitors of enzymes related to
the absorption of carbohydrates and lipids [38,45]. In a bioactivity-guided isolation and purification
study to identify α-glucosidase inhibitors, Sun et al. [46] suggested that C1-OH of the saccharide moiety
in phenolic glycosides are necessary for a potent inhibition of intestinal α-glucosidases. According
to Bustanji et al. [47], the inhibitory effect towards lipase activity was in the order of gallic acid
> caffeic acid > chlorogenic acid > rosmarinic acid. A recent study [37] also demonstrated that
whereas proanthocyanidin-rich extracts showed higher antioxidant activity, the extracts containing
only phenolic acids showed higher antimicrobial effects. Finally, inflammation has been linked to
several health issues, including those related to oxidative stress. A myriad of phenolic compounds have
been reported to act as potential anti-inflammatory and antioxidant compounds [39,48–50] and the link
between inflammatory responses and several diseases is well recognized. According to Lee et al. [51],
fermented soymilk with greater contents of isoflavones in the aglycone form also showed higher
antioxidant properties. The importance of natural product characterization in studies related to their
bioactivity has long been discussed [52,53]. Therefore, by understanding the best conditions to produce
β-glucosidase from EGS as well as its further application in the procurement of high-aglycone defatted
soybean cotyledon flours, the present study contributes to both basic and applied science related to
food bioactives and health.

4. Conclusions

EGS was demonstrated to be of great potential as a source of endogenous β-glucosidase.
Furthermore, two models were optimized, both for the extraction of β-glucosidase from EGS and for
further application in defatted soybean cotyledon flour. Optimum extraction of β-glucosidase from
EGS was procured at 30 ◦C and pH 5.0 whereas the maximum recovery of aglycones (98.7%) occurred
at 35 ◦C and pH ranging from 7.0 to 7.6. The higher bioaccessibility of aglycones when compared with
their conjugated counterparts has already been discussed by other authors [54,55]. Furthermore, the
structure/activity has also been in the spotlight. Therefore, by reporting the best conditions to obtain a
high-aglycone soybean feedstock, the present contribution may be useful for enhancing knowledge
about the potential benefits of soybean products and/or processing by-products.
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