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Vacuum impregnation as a sustainable technology
to obtain iron-fortified broad bean (Vicia faba)
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Iron-fortified broad bean flours were obtained by vacuum impregnation during soaking. The impact of
vacuum impregnation and iron fortification on the hydration kinetics of broad beans, as well as the pro-
cessing (soaking, autoclaving, and dehulling) on the iron-absorption inhibitors (phytic acid and tannins),
iron content, iron bioaccessibility, and physicochemical and techno-functional properties of flours was
investigated. Results showed that the use of vacuum impregnation during soaking reduced the broad
beans' soaking time by 77%, and using iron solution instead of water did not affect the hydration kinetics.
After soaking, iron-fortified broad bean flours increased twice (without hull) or more (with hull) the iron
and bioaccessible iron content regarding non-fortified flours. Cooking broad beans by autoclaving
modified the tannin content, the iron content and its bioaccessible fraction, and the physicochemical and
techno-functional properties of the flours. Autoclaving increased the water holding capacity and absorp-
tion rate, swelling capacity, bulk density, and particle size, while decreased the solubility index, whiteness
index, emulsifying capacity, emulsion stability, and gelling capacity. Finally, dehulling did not practically
affect the physicochemical and techno-functional properties of flours, but showed a decrease in iron
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content, although increased iron bioaccessibility was observed, occurred mainly due to the reduction in
tannin concentrations. The results obtained in this study demonstrated that vacuum impregnation is a
useful technology for obtaining iron-fortified broad bean flours with different physicochemical and
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1. Introduction

The broad bean is a nutrient-rich legume since it is high in
protein, complex carbohydrates, and dietary fibre. It also con-
tains antinutritional factors such as lectins, phytic acid,
tannins, vicine, and convicine, which reduce its biological
value," although these compounds can be reduced with simple
treatments or bioprocessing techniques like dehulling,
soaking, cooking, extrusion, germination, or fermentation.”
Dry broad beans can be consumed in different ways, either
whole after soaking and cooking treatments or as flour after a
milling process.® The flour offers a versatile and highly nutri-
tious source of protein and can be easily added to many food
products such as pasta, crackers, mayonnaise, sausages, and
meat analogues.”® To produce flour, the seeds can be directly
milled or pretreated, for example by soaking or cooking, to
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techno-functional properties depending on the production process used.

improve their nutritional, physicochemical, and organoleptic
properties.® Soaking is one of the most common pretreatments
because it shortens the cooking time and reduces the content
of antinutritional factors through activation of endogenous
enzymes or leaching into the soaking medium.'? Likewise,
cooking is also widely used because inactivates thermolabile
antinutritional factors, increases protein and starch digesti-
bility, reduces the beany flavour, and changes the physico-
chemical and techno-functional properties of flours.?

Soaking is a time-consuming part of the processing, so it
would be interesting to shorten it by using technologies such as
ultrasounds, high hydrostatic pressures or vacuum
impregnation.®” This latest technology is based on depressuri-
sation and, later, the reestablishment of the atmospheric
pressure of a solid product-solution system. During depressuri-
sation, the air inside the product is expelled through the pores.
When the atmospheric pressure is reestablished, the solution
flows into the pores as a result of the pressure gradient gener-
ated, accelerating the entry of the solution into the product.®

Even though the soaking is shortened, it takes up a signifi-
cant amount of time that can be used to incorporate water-
soluble compounds and fortify legumes.’ In this sense, iron is
an interesting compound as iron deficiency is one of the main
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causes of micronutrient malnutrition worldwide.'%"!
Nevertheless, adding iron to legumes may not have the
expected effect because they contain iron-absorption inhibitors
such as phytic acid and tannins that could chelate it and form
insoluble complexes. In these cases, it is advisable to add
already chelated iron, such as NaFeEDTA, which has been
shown to have two to three times greater absorption level than
ferrous sulphate.'*?

Iron fortification of staple food such as cereals, legumes,
flours, and bread made from these flours would be an effective
way to treat or prevent iron deficiency.'® Furthermore, foods of
high nutritional value, such as legumes and their flours, could
help to prevent protein-energy malnutrition and to ensure an
optimal uptake of essential micronutrients.****

Thus, the main purpose of this study was to obtain iron-for-
tified broad bean flours using vacuum impregnation during
soaking. The specific objectives were (a) to evaluate the effect
of vacuum impregnation and iron fortification on the
hydration kinetics of broad beans, and (b) to study the impact
of processing on the iron-absorption inhibitors, iron content,
iron bioaccessibility, and the physicochemical and techno-
functional properties of the flours.

2. Materials and methods
2.1 Samples and reagents

Broad beans (Vicia faba), purchased from a supermarket
(Madrid, Spain), were manually cleaned to remove damaged
seeds and foreign materials, and stored in plastic bags until
use.

Enzymes a-amylase (A3171) and pancreatin (P7545) from
porcine pancreas and pepsin from porcine gastric mucosa
(P7012), bovine bile extract (B3883), ethylenediaminetetraace-
tic acid iron(m) sodium salt hydrate (NaFeEDTA), hydroxyl-
amine monohydrochloride, 1,10-phenanthroline, 5-sulfosa-
licylic acid dihydrate, tannic acid, and phytic acid sodium salt
hydrate were purchased from Sigma-Aldrich, Co. (St Louis,
MO, USA). Trichloroacetic acid (TCA) and sodium acetate trihy-
drate were purchased from Labbox Labware S.L. (Premia de
Dalt, Barcelona, Spain). Folin-Ciocalteu’s reagent was pur-
chased from Panreac Quimica S.L.U. (Castellar del Valles,
Barcelona, Spain) and ferric chloride was purchased from MP
Biomedicals (Illkirch, France). All other reagents and chemi-
cals were of analytical grade.

2.2 Broad bean hydration kinetics during soaking

The determination of the hydration rate of the broad beans
during soaking was carried out at atmospheric pressure
(atmospheric soaking, AS) and using vacuum impregnation
during the first 5 min of soaking and re-establishing the
atmospheric pressure after that time (vacuum soaking, VS). In
both cases, broad beans were soaked in a ratio of 1:3 (w/v)
with deionised water at room temperature (22 + 2 °C) and were
periodically removed, superficially dried with paper and
weighed. For AS, the beans were immersed in deionised water
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for 16 h and the water gain was measured for the initial 6 h (at
1 h interval) and up to 10 h (at 2 h interval). Likewise, for VS,
the beans were soaked for 3 h and the water gain was
measured for the first hour (at 10 min interval), for the second
hour (at 30 min interval), and finally at 3 h. The absorbed
water was calculated using eqn (1).

M; — M,

0

H, (%) = X 100 (1)
where H; is the water absorbed at time ¢, M, is the weight of the
sample at time ¢, and M, is the initial weight of the sample.

To study if the iron solution affected the hydration kinetics,
the VS was repeated but replacing the soaking water with an
iron solution, which contained 0.5 mg NaFeEDTA per mL. The
selected concentration was 0.5 mg NaFeEDTA per mL since the
EFSA recommends not exceeding the amount of 1.9 mg EDTA
per kg b.w. per day, which is established as safe, and the
maximum amount of NaFeEDTA allowed in foodstuff is not
legislated in the European Union.'”> All soaking tests were
duplicated, and independent samples (50 g of dry broad
beans) were prepared each time.

The Peleg’s equation was used to model the hydration kine-
tics of broad beans because it is one of the most common
equations used to model the hydration or rehydration of
different food products.®'® However, the water gained by the
beans instead of the moisture content was modelled as shown
in the eqn (2):®

Ht :H0+t/(k1 +k2t) (2)

where H, is the water absorbed at time ¢ (g H,O per g sample);
H, is the water absorbed at ¢ = 0 min (considered 0 g H,O per g
sample); ¢ is the soaking time; k; is the Peleg constant 1 (min g
sample per g H,0), which is inversely related to the initial
water absorption rate; k, is the Peleg constant 2 (g sample per
g H,0), which is inversely associated with the maximum water
absorption capacity.

2.3 Broad bean flours processing

Fig. 1 shows the processing of the broad bean flours. Broad
beans were vacuum soaked (1:3, w/v) with water or with the
iron solution (0.5 mg NaFeEDTA per mL) until reached 100%
hydration. After draining the soaking medium, half of the
water-soaked beans and half of the iron-soaked beans were
cooked by steaming using an autoclave for 5 min at 121 °C. To
obtain the flours, the soaked and soaked-autoclaved broad
beans were dried in a convection dryer at 50 °C until constant
weight, and then milled using a ball mill (Mixer Mill MM400,
Retsch GmbH, Haan, Germany). Flours were processed with
and without hull. A total of 8 types of flour, 4 non-fortified
flours (soaked broad bean flour, BS; soaked broad bean flour
with hull, BS-H; soaked-autoclaved broad bean flour, BSA;
soaked-autoclaved broad bean flour with hull, BSA-H) and 4
fortified flours (iron-soaked broad bean flour, BSFe; iron-
soaked broad bean flour with hull, BSFe-H; iron-soaked-auto-
claved broad bean flour, BSFeA; iron-soaked-autoclaved broad

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Broad bean flours processing. BS, soaked broad bean flour;
BS-H, soaked broad bean flour with hull; BSA, soaked—autoclaved broad
bean flour; BSA-H, soaked—autoclaved broad bean flour with hull; BSFe,
iron-soaked broad bean flour; BSFe-H, iron-soaked broad bean flour
with hull; BSFeA, iron-soaked—autoclaved broad bean flour; BSFeA-H,
iron-soaked—autoclaved broad bean flour with hull.

beans flour with hull, BSFeA-H) were obtained. Two batches
per flour were processed.

2.4 Phytic acid and tannin determination of broad bean
flours

The phytic acid content was determined following the method
described by Embaby'” with some modifications. For that,
5 mL of HCI (2.4%) were added to 0.1 g of broad bean flours in
tubes of 15 mL, and incubated with agitation for 1 h at room T
for phytic acid extraction. Then, the samples were centrifu-
gated at 6000g, 4 °C for 10 min and 0.75 mL of the super-
natants were mixed with 0.25 mL of wade reagent (0.03% solu-
tion of FeCl;-6H,O containing 0.3% sulfosalicylic acid in
water). The mixture was centrifuged at 7000g for 10 min and
the absorbance of the collected supernatant was measured at
500 nm using a UV-Visible spectrophotometer (Helios Zeta,
Thermo Scientific, UK). Results were expressed as mg phytic
acid per g flour.

The determination of tannins was performed according to
the method standardised by the AOAC."® So, 0.2 g of flour were
mixed with 70 mL of acetone 70% and incubated with agita-
tion for 24 h at room T for tannins extraction. Samples were
then centrifuged at 8000g for 10 min, and 0.1 mL of these
supernatants were mixed with 0.2 mL of Na,CO3; 20%, 1.6 mL
of distilled water and 0.1 mL of Folin-Ciocalteu reagent. After
30 min of incubation, the absorbance was measured at
760 nm. Results were expressed as mg tannic acid per g flour.

For the extractions of both compounds, an Intelli-Mixer™
RM-2 (ELMI Ltd, Riga, Latvia) at 30 rpm was used to agitate
the samples. The extractions were performed in duplicate and
the determinations were done in triplicate.

This journal is © The Royal Society of Chemistry 2023
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2.5 Iron determination of broad bean flours

The iron content was determined spectrophotometrically
according to the method of Kosse et al.'® slightly modified by
Zunin et al.”® Kosse et al."® proved that the total Fe** determi-
nation provides an accurate measure of iron content in most
fortified and unfortified foods.

The iron-extracting solution was prepared by dissolving
10 g of hydroxylamine monohydrochloride in 40 mL of water
and adding 20 mL of concentrated HCI and 20 g of TCA to the
solution, which was finally brought to 200 mL with water. Note
that Fe** is reduced to Fe** with an excess of hydroxylamine
monohydrochloride. To prepare the chromogen solution,
36 mg of 1,10-phenanthroline were added to 10 mL of water
and heated to dissolve it. After cooling, the solution was
brought to 100 mL with 3 M sodium acetate and cold stored in
the dark until use. To obtain the standard curve, iron standard
solutions of 0, 5, 10, 20, 25 and 50 pg Fe per mL were prepared
from an iron stock solution of 0.5 mg Fe per mL using
NaFeEDTA.

In order to extract iron from samples, 0.5 g of flour and
5 mL of iron-extracting solution were added to glass tubes and
mixed. The tubes were put in a boiling water bath for 15 min.
After incubation, the tubes were cooled and centrifuged at
8228g, 8 °C for 10 min, and the supernatant was filtered.

Finally, for iron determination, 0.5 mL of filtrated sample
or standard solution was mixed with 1.5 mL of chromogen
solution and incubated at room temperature in the dark for
15 min. The absorbance was measured at 510 nm against a
blank containing 0.5 mL iron-extracting solution and 1.5 mL 3
M sodium acetate. A sample blank was also prepared for each
sample by adding 0.5 mL filtrated sample to 1.5 mL 3 M
sodium acetate. The absorbance obtained was subtracted from
the absorbance obtained for the corresponding sample. Iron
extraction and determination was done in duplicate, and the
results were expressed as mg Fe per 100 g flour.

2.6 Iron bioaccessibility of broad bean flours

In order to determine the bioaccessible iron content of broad
bean flours, a simulation of gastrointestinal digestion (GID)
was performed following the INFOGEST protocol,>** and the
soluble iron content in the supernatant digest was determined
by inductively coupled plasma mass spectrometry (ICP-MS)
using an Agilent 7900 ICP-MS (Agilent Technologies, Inc.
Headquarters, Santa Clara, California, US).

The GID was performed in duplicate at 37 °C under con-
stant gentle mixing using an Intelli-Mixer™ RM-2 and an incu-
bator chamber Selecta (JP Selecta, S.A., Barcelona, Spain).
Simulated salivary fluid (SSF), simulated gastric fluid (SGF),
and simulated intestinal fluid (SIF) were prepared.>’ For the
oral phase, 0.5 g of flour was reconstituted with 0.5 g of water,
and the paste was diluted 1:1 (w/v) with SSF containing
a-amylase enzyme (75 U mL™"). After 2 min, the phase was
stopped by decreasing the pH to 3 with 2 M HCI, and the
gastric phase was started by diluting the oral bolus 1:1 (v/v)
with SGF containing pepsin (2000 U mL™"). After 120 min, the
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gastric phase was stopped by increasing the pH to 7 with 1 M
NaOH. Lastly, for the intestinal phase, the gastric chyme was
diluted 1:1 (v/v) with SIF containing pancreatin (based on
trypsin activity to achieve 100 U mL™") and bovine bile extract
(10 mM). The digestion was stopped after 120 min by heating
(100 °C, 5 min), and the samples were cooled in an ice bath
and centrifugated at 8228g, 4 °C for 10 min. The supernatants
were lyophilised, and the total iron was determined by ICP-MS
after digestion in a microwave oven because the spectrophoto-
metric method presented interferences probably resulting
from the compounds added during GID. To obtain blank
samples of the digestion, 0.5 g of flour was replaced by 0.5 g of
water.

2.7 Physicochemical properties of broad bean flours

2.7.1 Colour. A Minolta CM-700d spectrophotometer
(Konica Minolta Sensing, Inc., Osaka, Japan) was used to
measure, in triplicate, the colour of the different broad bean
flours. CIELAB colour coordinates L*, a*, and b* were obtained
using the standard light source D65 and standard observer
10°. The whiteness index (WI) was calculated using eqn (3).>

WI = 100 — \/(100 — L*)+a*? + b*? (3)

2.7.2 Particle size distribution. The particle size distri-
bution of broad bean flours was measured using a Mastersizer
2000 laser scattering (Malvern Instruments, Malvern, UK)
equipped with a dry powder unit Scirocco.** The measurement
conditions were an absorption index of 0.1 and a refractive
index of 1.52. Six replicates of each sample were analysed.
Results were expressed as the maximum particle diameter
below 50% of sample is contained (d(0.5)) and equivalent
spherical diameter (D[4,3]).

2.7.3 Bulk density. The bulk density (BD) of broad bean
flours was determined according to Du et al>® The flour
sample was transferred into a 10 mL graduated cylinder that
was previously tared. The cylinder was gently tapped on a flat
surface several times until the sample level was not dimin-
ished after filling to the 10 mL mark. BD was measured in
triplicate and calculated as the weight of the sample (g) per
volume (mL).

2.7.4 Water absorption index, water solubility index, and
swelling power. The water absorption index (WAI), water solu-
bility index (WSI), and swelling power (SP) were determined
following the methods of Du et al.>® and Cornejo and Rosell*®
with some modifications. Briefly, 0.83 g of bean flour was
mixed with 10 mL of deionised water and cooked in a water
bath at 60 °C for 15 min. The cooked flour was cooled at room
temperature and centrifuged at 3000g, 4 °C for 10 min. The
supernatant was transferred into a pre-weighed recipient, lyo-
philised, and weighed to determine the solid content, and the
weight of the sediment was taken. WAI, WSI, and SP were
measured in triplicate and calculated using eqn (4)-(6).

_ Weightof sediment

-1
WAL(gg ) = Sample weight )
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Weight of dissolved solids in supernatant

I 1 =
WSl (gper100g) Sample weight
(5)
SP(gg™!) =
Weight of sediment
Sample weight — Weight of dissolved solids in supernatant
(6)

2.8 Techno-functional properties of broad bean flours

2.8.1 Water-holding capacity and oil-binding capacity.
Water-holding capacity (WHC) and oil-binding capacity (OBC)
were determined according to Setia et al®” in triplicate. To
measure the WHC, 1 g of flour was suspended in 5 mL of deio-
nised water in a centrifuge tube and kept vertically for 20 min,
with agitation for 10 s at time intervals of 5 min. After the
20 min, the suspension was centrifuged at 1000g, 22 °C for
15 min and the supernatant was carefully decanted. The
weight of the sediment was recorded, and WHC was expressed
as the weight of retained water over the dry weight of flour (g
water per g sample).

The procedure to determine OBC was very similar to that of
WHC, but 1 g of flour was suspended in 10 mL of sunflower
oil and kept for 30 min. After agitation and centrifugation, the
sediment was weighted and OBC was expressed as the weight
of bound oil over the dry weight of flour (g oil per g sample).

2.8.2 Emulsifying activity and emulsion stability. The
emulsifying activity (EA) and emulsion stability (ES) of broad
bean flours were determined in duplicated using the method
described by Stone et al.*® with slight modifications. Briefly,
1.75 g of flour was dispersed in 25 mL of deionised water. The
pH was then adjusted to 7 using 0.1 M HCI/NaOH and left
overnight stirring. The following day, the pH was readjusted to
7, and 25 mL of sunflower oil was added to the flour suspen-
sion. The mixture was homogenised for 1 min at level 4 speed
using an Ultra-Turrax, and then divided into four centrifuge
tubes. Two tubes were centrifugated at 1300g for 5 min to
measure the EA, and another two tubes were heated to 80 °C
in a water bath for 30 min, cooled to room temperature, and
centrifuged at 1300g for 5 min to determine the ES. EA and ES
were expressed in percentages and calculated as shown in
eqn (7) and (8).

BA (%) — Height of emulsified layer (cm)
v Height of entire layer in tube (cm)

x 100 (7)

Height of emulsified layer after heating (cm)
Height of entire layer in tube (cm)

ES (%) = x 100

(8)

2.8.3 Gelation capacity. The gelation capacity of flours was
determined in duplicate according to Sosa et al.>° Suspensions
between 2-20% (w/v) were prepared, and 5 mL of each suspen-
sion was put in a test tube and heated for 1 h in a boiling
water bath. After the incubation, the tubes were tempered with
running water and cooled at 4 °C for 2 h. The least gelation

This journal is © The Royal Society of Chemistry 2023
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concentration (LGC) was taken when the sample did not fall or
slip when the tube was inverted.

2.9 Statistical analysis

One-way analysis of variance (ANOVA) with Tukey’s honest sig-
nificance tests was carry out to evaluate the differences in
means of phytic acid, tannins, and iron content, and the
physicochemical and techno-functional properties studied,
while Pearson product moment correlations were carried out
to measure the strength and direction of the linear relation-
ship between the physicochemical and techno-functional pro-
perties of the broad bean flours. Both statistical analyses were
performed using Statgraphics Centurion XVII software
(Statgraphics Technologies, Inc., The Plains, VA, USA). Results
were expressed as the mean of replicates + standard deviations,
and differences were considered significant at p < 0.05.

3. Results and discussion

3.1 Effect of vacuum impregnation on broad bean hydration
kinetics

Water absorption curves of dry broad beans during AS and VS
are shown in Fig. 2A. Water absorption increased with soaking
time until reaching the equilibrium moisture, but the behav-
iour of the hydration kinetics was different depending on the
type of soaking (AS or VS). The hydration kinetics of atmos-
pheric-soaked broad beans had a sigmoidal shape probably
because the hull is impermeable to water and water would
only enter through the hilum. Nevertheless, once the hull is
hydrated from the inside, it becomes permeable to water and
the moisture content steadily increases until the equilibrium
moisture is reached.® Conversely, vacuum-soaked broad beans
had a downward concave shape and a faster water imbibition
in the initial phase than atmospheric-soaked broad beans. So,
during the first hour of soaking, vacuum-soaked broad beans
absorbed 85.7% water, while atmospheric-soaked beans

&
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reached only 15.5%. The rapid initial water absorption of
vacuum-soaked broad beans may be due to the internal struc-
ture of the seeds and the hydrodynamic mechanism generated
by the vacuum impregnation. At the initial stages of the
hydration, the water absorption is mainly through the hilum
to fill the spaces between the hull and the cotyledon, and later
the gap between the two cotyledons.®*° Broad beans are one of
the legumes with higher porosity, approximately 10.9 + 2.5%,*
probably because it is one of the largest legumes and the
spaces between the hull and the cotyledon and the two cotyle-
dons are bigger. The air occluded in these spaces and pores is
pressurised with the advance of the wetting front, which could
exert resistance to hydration. Therefore, when vacuum impreg-
nation is applied during soaking, the air occluded is expelled,
and when the pressure is restored, the water flows inwards
accelerating the legume hydration” and the permeation of the
hull. Therefore, as shown in Fig. 2A, broad beans with AS
required 840 min to reach the equilibrium moisture whereas
broad beans with VS required only 90 min, significantly short-
ening the soaking time. In this regard, few studies have
researched the effect of vacuum impregnation or vacuum
pressure soaking on the legumes’ hydration kinetics. Xiao
et al.*® studied the impact of vacuum soaking in soybeans
after 8 and 16 h of soaking, obtaining a significant increase in
the water absorption of vacuum-soaked soybeans with regard
to atmospheric pressure-soaked soybeans. Similarly, Zanella-
Diaz et al® studied the shortening of the soaking time of
tepary and pinto beans by applying pressure gradients at room
temperature, obtaining the best results at high-pressure gradi-
ents. Li et al®® and Tian et al>** used vacuum soaking to
hydrate rice, and both studies observed an increase in the
water absorption rate of vacuum-soaked rice during the first
hour of soaking compared to rice soaked at atmospheric
pressure.

The experimental hydration curves were modelled with
Peleg’s equation for predicting the water absorption rate at any
soaking time. Eqn (9) and (10) were obtained, which describe,

=
~

120
100 i

e

80

H—ig
e
—

40

Hydration rate (%)

20

0 50 100
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150 200

VS with Fe solution

Fig. 2 Hydration curves of dry broad beans during soaking. (A) Water absorption of broad beans during atmospheric pressure soaking (AS) and
vacuum pressure soaking (VS). (B) Water or Fe solution absorption of broad beans during VS.
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respectively, the hydration level (H;) of broad beans with AS
and broad beans with VS as a function of the soaking time.

t
— = 0.5605t + 267.09 (9)
H, — Hy

=0.9181¢ + 11.16 (10)

H, — H,

As seen in the equations, both constants were affected by
the vacuum impregnation, but k; to a greater extent. This con-
stant is inversely related to the initial water absorption rate,
which fits with the experimental results obtained. The broad
beans soaked at atmospheric pressure, with a k; value of
267.09, had a low initial water absorption rate. In contrast, the
broad beans soaked at vacuum pressure, with a k; value of
11.16, had a high initial water absorption rate (Fig. 2A). The k,
values obtained also agree with the experimental data. Broad
beans soaked at atmospheric pressure showed a k, value
slightly lower than broad beans soaked at vacuum pressure.
This means that atmospheric-soaked broad beans had a
higher maximum water absorption capacity than those
vacuum-soaked broad beans, as shown in Fig. 2A. In other
food matrices, the maximum water absorption capacity did
not change or increase after vacuum impregnation.**?*

Using the equations obtained after modelling (eqn (9) and
(10)), atmospheric-soaked broad beans required 608 min to
reach 100% water hydration rate, whereas vacuum-soaked
broad beans required only 136 min.

3.2 Effect of iron fortification on broad bean hydration
kinetics

To obtain iron-fortified broad beans, the water used during
soaking was replaced by an iron solution, and it was tested
whether the change of the soaking medium affected the
hydration kinetics. The iron salt used to prepare the iron solu-
tion was NaFeEDTA because it is water-soluble and has two to
three times better absorption than ferrous sulphate in food
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such as legumes."? Furthermore, it is stable during processing
and storage and causes few organoleptic problems.*®

Fig. 2B compares the hydration curves of broad beans using
water and Fe solution during vacuum soaking. According to
the results, the iron solution did not alter the hydration kine-
tics since there were no significant differences between the %
absorption of water and iron solution at any soaking time.
Similar results were obtained by Miano and Augusto® when
comparing the hydration kinetics of carioca kidney beans
soaked with water and soaked with ferrous sulphate solution.
Ferrous sulphate solution did not alter the hydration kinetic at
neither of the two concentrations tested (0.271% and 0.542%,
w/v), probably due to these concentrations did not modify vari-
ables that might affect the hydration kinetics, such as the pH
and ionic strength of the medium.’

3.3 Effect of processing on the phytic acid and tannin
content of broad bean flours

Phytic acid and tannins were determined due to they are able
to chelate and form insoluble complexes with iron, affecting
its bioaccessibility. The results obtained are shown in Fig. 3.
The phytic acid content was around 18.2 and 20.2 mg of phytic
acid per g of flour, so it was not greatly affected by processing
conditions neither with hull or without hull flours (indicated
by capital letters in Fig. 3A). Nevertheless, statistically signifi-
cant differences were observed between flours with hull and
without hull within the same treated flour (indicated by lower-
case letters in Fig. 3A). Dehulling significantly increased the
phytic acid content which could be due to this compound is
mainly located in the cotyledon.?”**

Regarding the tannin content, the results are presented in
the Fig. 3B. Dehulling also had the greatest impact on the
tannin content. The flours with hull presented between 2.68
and 3.63 mg of tannic acid per g of flour, whereas the flours
without hull showed between 1.68 and 2.42 mg g '. The
decrease observed with dehulling is due to tannins are mainly
located in the hull.*’*® Moreover, it was observed that after
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(A) Phytic acid content and (B) tannin content of broad bean flours. BS, soaked broad bean flour; BSA, soaked—autoclaved broad bean flour;

BSFe, iron-soaked broad bean flour; BSFeA, iron-soaked—autoclaved broad bean flour. Capital letters indicate significant differences between
treated flours within flours with hull or without hull, whereas lowercase letters indicate significant differences between flours with hull or without

hull within the same treated flour.
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autoclaving, the tannin content of flours with hull decreased
whereas the content of flours without hull increased. These
results could be due to hull’s tannins, during autoclaving,
diffused into the condensed steam around the beans and to
the cotyledon causing an increase in tannin content when the
hull was removed.

3.4 Effect of processing on the iron content and iron
bioaccessibility of broad bean flours

The iron content of the different types of broad bean flours
(BS, BSA, BSFe, BSFeA with hull and without hull) was deter-
mined to study how the production process of the flour
affected the iron content, and results are shown in Fig. 4A. In
all cases except in the iron-soaked-autoclaved flours, the iron
content of the flours decreased when the hull was removed,
which would mean that a significant part of the iron, both
naturally present and added, was found in the hull. Similar
results were obtained by Luo et al.,*® which showed that the
total iron content of hulls (5.26 mg per 100 g d.m.) was signifi-
cantly higher than that of dehulled broad beans (2.38 mg per
100 g d.m.). In the case of iron-soaked-autoclaved flours, it
was observed that the iron content of BSFeA flour was signifi-
cantly higher than that of BSFeA-H but lower than the content
of BSFe-H. This increase after dehulling could be because, as
the autoclaving was carried out on broad beans with hull, part
of the added iron in the hull diffuses towards the cotyledon.
Regarding how the soaking and cooking could affect the
iron content of broad bean flours (Fig. 4A), the content of iron
increased approximately twice in samples without hull (BSFe)
and almost three times in those with hull (BSFe-H) after
soaking with iron solution. Nevertheless, the results after
soaking and autoclaving were different in presence and
absence of hull. The iron content of BSFeA-H flour decreased
after autoclaving, probably because an amount of the iron con-
tained in the hull was lost through the steam condensed on
the beans. However, the iron content of BSFeA flour increased
because, as mentioned above, some of the iron contained in
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the hull could diffuse into the cotyledon. Even so, both forti-
fied flours after autoclaving (BSFeA-H and BSFeA) had higher
iron content than their controls (BSA-H and BSA), in particu-
lar, BSFeA-H twice as much as BSA-H and BSFeA almost three
times more than BSA. As regards non-fortified flours, the
cooking by steam-autoclaving did not affect the iron content of
broad bean flours neither with the hull (BS-H, BSA-H) nor
without the hull (BS, BSA).

Nevertheless, not all the iron in broad bean flours is usually
available to be absorbed because it could form insoluble com-
plexes with tannins and phytates.'®*® Therefore, the soluble
iron after GID was determined as it is a good indicator of
bioaccessibility, which is defined as the fraction of a com-
pound that is released from its food matrix in the gastrointesti-
nal tract and thus becomes available for intestinal
absorption.'>*! The results of bioaccessible iron in broad bean
flours are shown in Fig. 4B. As expected, the iron concen-
tration in the different flours after GID was much lower than
that before GID (Fig. 4). However, fortified flours maintained
higher iron content than non-fortified flours, specifically,
BSFe-H presented three times more bioaccessible iron than
BS-H, BSFeA-H almost three times more than BSA-H, BSFe two
times more than BS, and BSFeA four times more than BSA.
Moreover, dehulling significantly impacted on the bioaccessi-
ble iron content. Each flour without hull had a higher bioac-
cessible iron content than the flour with hull, except for
soaked-autoclaved broad bean flours (BSA, BSA-H) in which
no significant differences were observed. The reduction of
bioaccessible iron in the flours with hull could be due to the
large proportion of tannins present in the hull of broad beans
(Fig. 3B), which could act as chelating agents of iron and form
stable complexes reducing iron bioaccessibility.*>** Krishnan
et al.** studied the influence of dehulling on the iron bioacces-
sibility of finger millet, obtaining that the bioaccessible iron
increased in samples without hull. However, Gwala et al.*®
observed that dehulling did not reduce or improve the iron
bioaccessibility of Bambara groundnuts. In addition, the effect
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Iron content of broad bean flours (A) before gastrointestinal digestion and (B) after gastrointestinal digestion (bioaccessible iron). BS, soaked

broad bean flour; BSA, soaked—autoclaved broad bean flour; BSFe, iron-soaked broad bean flour; BSFeA, iron-soaked—-autoclaved broad bean flour.
Capital letters indicate significant differences between treated flours within flours with hull or without hull, whereas lowercase letters indicate sig-
nificant differences between flours with hull or without hull within the same treated flour.
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of autoclaving depended on the presence of the hull. The
soaked-autoclaved flours with hull had higher bioaccessible
iron content than their corresponding soaked flours.
Nevertheless, the soaked-autoclaved flours without hull pre-
sented lower bioaccessible iron content than the soaked
flours. These results were in concordance with those of tannin
content (Fig. 3B) because flours with higher tannin content
had lower bioaccessible iron content. Hemalatha et al*®
obtained the same results when they studied the iron bioacces-
sibility of raw and pressure-cooked chickpeas with and without
hulls. Nevertheless, they showed an increased iron bioaccessi-
bility after pressure cooking the green gram in both with and
without hull.

3.5 Effect of processing on the physicochemical and techno-
functional properties of broad bean flours

The physicochemical properties of the different treated broad
bean flours, including colour through the whiteness index
(WTI), particle size distribution expressed as d(0.5) and D[4,3],
bulk density (BD), water absorption index (WAI), water solubi-
lity index (WSI) and swelling power (SP), were determined and
are presented in Table 1. Generally, all physicochemical pro-
perties have been affected by the thermal treatment but not by
iron fortification or dehulling.

The WI of broad bean flours varied between 70.2 and 86.9.
Although statistically significant differences were observed
between practically all samples, two groups of samples could
be differentiated. So, the WI of soaked-autoclaved flours were
lower than those of soaked flours whether or not flours had
added iron and/or hull. The darkening of soaked-autoclaved
flours could be due to the compounds derived from Maillard
reactions generated during the thermal treatment.>?

The particle size distributions of broad bean flours are rep-
resented in Fig. 5 and the results obtained of d(0.5) and D[4,3]
are shown in Table 1. Soaked-autoclaved flours had a bimodal
distribution with a small first peak in the region of 91 to 120 um
and a defined second peak in the region of 316 to 363 pm.
Soaked flours presented a trimodal distribution with a defined
first peak around 3-4 pm, a defined second peak around

Table 1 Physico-chemical properties of broad bean flours
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Fig. 5 Particle size distribution of broad bean flours. BS, soaked broad
bean flour; BS-H, soaked broad bean flour with hull; BSA, soaked—auto-
claved broad bean flour; BSA-H, soaked—-autoclaved broad bean flour
with hull; BSFe, iron-soaked broad bean flour; BSFe-H, iron-soaked
broad bean flour with hull; BSFeA, iron-soaked—autoclaved broad bean
flour; BSFeA-H, iron-soaked—autoclaved broad bean flour with hull.

23-26 pm, and a broader and less defined third peak in the
region of 240 to 417 pm. Taking into account the values of d(0.5)
and D[4,3], the flours with larger particle sizes were BSA and
BSA-H, followed by BSFeA and BSFeA-H, BSFe and BSFe-H, and
BS and BS-H, the latter being the smallest in particle size. Jiang

Flour WI d(0.5) (uwm) D[4,3] (nm) BD (gmL™") WAI (gg ") WSI (g per 100 g) SP(gg™)

BS 86.0 + 0.1° 54.9 +1.7° 106.1 + 1.89 0.763 + 0.007° 2.21 + 0.049 27.4+0.3% 3.05 + 0.05°
BSFe 85.9 +0.2° 64.0 + 2.3¢ 129.9 + 2.9° 0.791 = 0.024" 2.20 + 0.02¢ 27.7 £ 0.1 3.05 + 0.03°
BSA 73.5 + 0.2 164.9 + 8.1° 211.9 + 6.0% 0.955 + 0.008° 3.85 +0.03% 13.7 +0.1° 4.46 +0.03%
BSFeA 75.1+0.34 134.3 £ 2.3° 178.8 + 2.7° 0.944 + 0.003" 3.74 £ 0.01° 14.1 + 0.2% 4.36 +0.01*
BS-H 84.6 + 0.2° 44.7 + 3.3 132.1 + 6.4° 0.786 + 0.005" 2.59 +0.01¢ 25.0 +0.3° 3.45 +0.01°
BSFe-H 86.9 + 0.22 45.4 +5.2f 171.5 + 24.9° 0.776 + 0.014° 2.64 + 0.03° 24.0 + 0.5¢ 3.48 + 0.02°
BSA-H 70.2 +0.38 155.7 + 6.9° 212.7 + 4.0% 0.930 + 0.003% 3.80 + 0.04%° 14.1 + 0.29¢ 4.42 +0.04%
BSFeA-H 74.4 +0.3° 127.2 + 4.8¢ 180.3 + 4.4° 0.952 +0.0122 3.77 + 0.04° 14.7 £ 0.2¢ 4.42 + 0.06%

Physicochemical properties are: WI, whiteness index; d(0.5), maximum particle diameter below 50% of sample is contained; D[4,3], equivalent
spherical diameter; BD, bulk density; WAI, water absorption index; WSI, water solubility index; SP, swelling power. Flours are: BS, soaked broad
bean flour; BS-H, soaked broad bean flour with hull; BSA, soaked-autoclaved broad bean flour; BSA-H, soaked—-autoclaved broad bean flour with
hull; BSFe, iron-soaked broad bean flour; BSFe-H, iron-soaked broad bean flour with hull; BSFeA, iron-soaked-autoclaved broad bean flour;
BSFeA-H, iron-soaked-autoclaved broad bean flour with hull. Different letters in each column indicate significant differences between the types

of flour.
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et al.”* reported the particle size distributions of conventional
thermal treated and microwave treated broad bean flours,
showing a bimodal distribution and d(0.5) values in the range of
430-530 pm. These differences between results would be due to
the particle size distribution of flours depends not only on the
type of legume and the treatment carried out, but also on the
type of milling and the conditions used.*”

The BD of flours were in the range of 0.763-0.955 ¢ mL ™",
as shown in Table 1. Thermal treatment affected this property
since the values of soaked-autoclaved flours were higher than
those of the soaked flours. In fact, the first ones were in the
range of 0.930 to 0.955 g mL™", whereas the second ones were
between 0.763 and 0.791 g mL™". These results suggest that
soaked-autoclaved flours have a denser structure than soaked
flours.”>*® Kumar et al*® who measured the BD of soaked
broad bean flour and pressure-cooked broad bean flour,
obtained results with the same tendency but with lower values
(0.58 and 0.71 g mL™', respectively). Naiker et al”® also
reported the same tendency but with hyacinth bean flour.

As regards the results of WAI, WSI and SP, it can be seen in
Table 1 that WAI and SP were higher in soaked-autoclaved
flours than in soaked flours. The values of WAI and SP were,
respectively, in the range of 2.2-2.64 g ¢”' and 3.05-3.48 g g "
in soaked flours and in the range of 3.74-3.85 g g and
4.36-4.46 g g in soaked-autoclaved flours. The WAI is related
to the capacity of flour to be associated with water molecules,
which in turn is related to the hydrophilicity and gelation
capacity of biomolecules.”>*® The increase in WAI and SP
values after the soaking-autoclaving treatment could be due to
starch gelatinisation ~during the heat treatment.’™"
Gelatinised starch loses the crystalline structure and increases
the number of amorphous structures, leading to an increase of
sites and groups taking part in water binding.>* The WSI pre-
sented an opposite tendency to WAI and SP. Soaked flours had
a WSI of 24-27.7 g per 100 g, whereas soaked-autoclaved
flours presented a WSI of 13.7-14.7 g per 100 g. The WSI is an
indicator of the degree of leaching of soluble compounds from
flour.”* The lower WSI of soaked-autoclaved flours may be
attributed to the denaturation of proteins and the fact that
before obtaining the flour, during the cooking of seeds, the

Table 2 Techno-functional properties of broad bean flours
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soluble compounds of the broad beans could be leached out
in the steam that condenses around them.’>”* Results with
the same tendency were reported by Naiker et al.*® and Simons
and Hall.>> Naiker et al.*® determined the WSI and SP of
soaked and soaked-autoclaved hyacinth bean flours at
different temperatures, and Simons and Hall**> determined the
WAI and WSI of raw and cooked pinto bean flours.

Table 2 presents the determined techno-functional pro-
perties (water-holding capacity (WHC), oil-binding capacity
(OBC), emulsifying activity (EA), emulsion stability (ES) and
gelation capacity expressed as least gelation concentration
(LGQ)), and Table 3 the Pearson’s correlation coefficients of
physicochemical and techno-functional properties of the
broad bean flours. As with the physicochemical properties, the
techno-functional properties are mainly affected by the heat
treatment.

The WHC is the water that 1 g of flour imbibes and retains
under low-speed centrifugation. Results obtained (Table 2)
showed that the thermal treatment increased the WHC. In for-
tified flours, the WHC increased around 1.26 times whereas in
non-fortified flours increased 1.67 times in samples without
hull and 1.37 times in those with hull. These results are in
agreement with several previous studies where flours from
pigeon pea, dolichos bean, jack bean, cannellini bean,
common bean, and hyacinth bean were analysed.**>>>” WHC
was positively correlated with WAI (r 0.9563, p < 0.001) and SP
(r 0.9611, p < 0.001), and negatively correlated with WSI (r
—0.9477, p < 0.001) (Table 3). Furthermore, samples with hulls
presented slightly higher values than samples without hulls.
BSA-H had the highest WHC with 1.84 g ¢”*, and BS had the
lowest WHC with 1.07 g g”". Similar results were obtained by
Kumar et al.*® The increase of WHC after autoclaving could be
related to protein denaturation and starch gelatinisation.*®
During denaturation, proteins are unfolded and some polar
side chains and hidden peptide bonds are exposed, which
could increase the ability to hold water. Moreover, as men-
tioned above, gelatinised starch loses its crystalline structure,
favouring water-holding.>’

The high values of WHC, WAI, and SP of the soaked-auto-
claved flours would make them suitable for doughs and meat

Flour WHC (g g™ OBC (g g™} EA (%) ES (%) LGC (%)
BS 1.07 + 0.05¢ 0.80 % 0.04%° 46.5 + 0.8% 68.3 +0.7% 8P

BSFe 1.28 + 0.09° 0.84 + 0.05% 45.5 + 0.4° 65.4 = 0.1% gP

BSA 1.79 + 0.10%° 0.86 + 0.14% 8.6 + 0.3 5.5 +0.4° 202
BSFeA 1.65 + 0.04° 0.78 + 0.05%° 4.5 +0.4¢ 3.5 +0.0° 20%
BS-H 1.34 + 0.09¢ 0.81 + 0.04%° 43.9 + 3.4% 55.7 +1.3° 8P
BSFe-H 1.44 £ 0.02¢ 0.83 + 0.03% 46.5 + 0.8° 53.9+2.1° gP
BSA-H 1.84 + 0.05° 0.66 + 0.02° 10.3 + 0.9° 6.0 +0.1° 202
BSFeA-H 1.80 + 0.02%° 0.69 + 0.04%° 10.1 + 0.8° 6.0 +0.1° 20%

Techno-functional properties are: WHC, water-holding capacity; OAC, oil-binding capacity; EA, emulsifying activity; ES, emulsion stability; LGC,
least gelation concentration. Flours are: BS, soaked broad bean flour; BS-H, soaked broad bean flour with hull; BSA, soaked-autoclaved broad
bean flour; BSA-H, soaked-autoclaved broad bean flour with hull; BSFe, iron-soaked broad bean flour; BSFe-H, iron-soaked broad bean flour with
hull; BSFeA, iron-soaked-autoclaved broad bean flour; BSFeA-H, iron-soaked-autoclaved broad bean flour with hull. Different letters in each

column indicate significant differences between the types of flour.
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Table 3 Pearson'’s correlation coefficients of physicochemical and techno-functional properties of broad bean flours
WAI WSI SP BD WI d(0.5) D[4,3] WHC OBC EA ES LGC
WAL 1
WSI —0.9987 1
SP 0.9989 —0.9956 1
BD 0.9739 —0.9761  0.9655 1
WI —0.9555  0.9570 —0.9470 —0.9574 1
d(0.5) 0.9318 —0.9399 0.9164 0.9599 —0.9689 1
D[4,3]  0.8966 —0.8944  0.8994 0.8304 —0.8431  0.8483 1
WHC 0.9563 —0.9477  0.9611 0.9217 —0.9134  0.8799 0.9493 1
OBC —0.5406  0.5330 —0.5430 —0.5104  0.6438 —0.4655 —0.3959 —0.5545 1
EA —0.9731  0.9794 —0.9630 —0.9911  0.9576 —0.9547 —0.8100 —0.8924 0.5221 1
ES —0.9965 0.9978 —0.9927 —0.9847 0.9587 —0.9391 —0.8767 —0.9463 0.5473 0.9867 1
LGC 0.9777 —0.9826  0.9678 0.9926 —0.9740  0.9675 0.8333 0.9127 —0.5655 —0.9944 —0.9876 1

WAL water absorption index; WSI: water solubility index; SP: swelling power; BD: bulk density; WI: whiteness index; d(0.5), maximum particle
diameter below 50% of sample is contained; D[4,3], equivalent spherical diameter; WHC, water-holding capacity; OBC, oil-binding capacity; EA,
emulsifying activity; ES, emulsion stability; LGC, least gelation concentration. Values in bold type correspond to p < 0.05.

products because it probably imbibes water without proteins
dissolution, thereby attaining a thickening and viscous body.>®
Moreover, the low WSI would make them suitable for pasta
processing as they will have less soluble solids losses in the
cooking water.”®

The OBC is related to mouthfeel and flavour retention.’®
The OBC of broad bean flours was around 0.8 g ¢~ (Table 2),
which was lower than the values reported in other legume
flours.*>>*” This would make them suitable for preparing
fried products as they would not cause a greasy mouthfeel.>®
No significant differences were observed between the samples
except for the BSA-H, which had lower OBC, 0.66 g g™ '. The
obtained results are close to those of Kumar et al,*® who
measured the OBC of soaked and thermal treated broad bean
flours and obtained results around 0.6 g g~'. The OBC has
been attributed to the physical entrapment of oil within the
protein through non-covalent bonds such as hydrophobic,
electrostatic, and hydrogen bonds.>” The differences between
samples could be related to the protein conformation change
due to flour processing.

The EA and ES results of broad bean flours are also pre-
sented in Table 2. The EA is a techno-functional property
related to the ability of proteins and other surface-active mole-
cules to adsorb the oil-water interface, contributing to the for-
mation of emulsions, whereas ES is a property related to the
stability of this adsorbed layer over a period of time.>®> Both
properties were strongly affected by the autoclaving process
carried out during the processing of flours. The soaked flours
had an EA of approximately 45%, with and without hull and
iron, which is similar to that obtained by Setia et al.>” (47.2%).
After autoclaving, the EA was reduced by 78 to 89%, depending
on the type of flour, which has been reported in previous
studies.’>**>® As regards ES, soaked flours without hull pre-
sented values of 65-68%, and soaked flours with hull of
53-55%, which is similar to the result (54.2%) of Setia et al.*’
Soaked-autoclaved flours had a much lower ES, around 5%.
Other studies with colourful beans (Phaseolus vulgaris L.) and
hyacinth beans have also shown a decrease in ES after thermal

5438 | Food Funct, 2023, 14, 5429-5441

treatment, but not as abruptly.*>® The high EA and ES of
soaked flours could be attributed to starch and fibre, which
increase the viscosity of the continuous phase, as well as to the
strength of the protein adsorbed in the interface.’® Likewise,
the low EA and ES of soaked-autoclaved flours may be due to
the protein denaturation resulting from the autoclaving
process.”® These results agree with the correlations obtained
as EA and ES were negatively correlated with WAI, SP, and
WHC but positively correlated with WSI (Table 3).

Finally, the gelation capacity of broad bean flours was
measured through the LGC. The lower the value of the LGC of
the flour, the better its gelation capacity. The LGC of soaked
and soaked-autoclaved flours were 8% and 20%, respectively
(Table 2). This property was positively correlated with WAI, SP,
and WHC, while it was negatively correlated with WSI, EA, and
ES (Table 3). However, it means the opposite because the
higher the LGC, the lower the CG. Like other techno-functional
properties, gelation capacity was affected by the thermal treat-
ment of the flours, but fortification and dehulling did not
affect it. Kumar et al.*® and Aguilera et al.>* observed the same
effect after thermal treatment. However, Kumar et al.,*8
studied the LGC of soaked and pressure-cooked broad bean
flour, obtained lower LGC, with values of 6 and 10%, respect-
ively. The decrease in the gelation capacity after autoclaving
might be due to the denaturation and aggregation of
proteins.>

who

4. Conclusions

Results of hydration kinetics showed that the use of vacuum
impregnation during soaking reduced by 77% the time to
reach 100% hydration of the broad beans in comparison to
soaking without vacuum impregnation. Furthermore, using
iron solution as a soaking medium did not affect the hydration
kinetics of the broad beans. Iron content and its bioaccessibil-
ity are influenced by flour processing. Soaking with iron
increased iron content and its bioaccessibility, whereas auto-

This journal is © The Royal Society of Chemistry 2023
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claving process affects tannin, iron content, and its bioaccessi-
ble fraction. Finally, dehulling showed a decrease in iron
content, although increased iron bioaccessibility was observed,
occurred mainly due to the reduction in tannin concen-
trations. Regarding the physicochemical and techno-func-
tional properties of flours, autoclaving was responsible of sig-
nificant changes whereas iron fortification and dehulling did
not affect practically any of them. The thermal process
increased the water holding capacity and absorption rate,
swelling capacity, bulk density, and particle size, while
decreased the solubility index, whiteness index, emulsifying
activity, emulsion stability, and gelling capacity of the flours.
This study shows that vacuum impregnation can be used as a
suitable technology to obtain iron-fortified broad bean flours
with a higher amount of bioaccessible iron. Physicochemical
and technological properties of the flours will depend on the
applied processing conditions, which could be selected
depending on the desired characteristics when the flours are
added to food products.
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