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1 | INTRODUCTION

Abstract

A functional wheat bran (FWB) was obtained from wheat grains that were rich
in wheat aleurone. The effects of the microwave (MW) power (2.5, 5.0, 7.5, and
10.0 kW) and treatment time (15, 30, 60, 90, and 120 s) on the moisture and free
fatty acid (FFA) content, lipase activity, and antioxidant activity of the FWB were
investigated. The purpose of this study is to stabilize the FWB against lipid oxidation
and rancidity and as much as possible to retain its antioxidant activities. MW treat-
ment significantly decreased the FFA content, moisture content, and lipase activ-
ity of the FWB. Moreover, MW treatment significantly increased the total phenolic
content (TPC) and antioxidant activity of the FWB without drastically altering its
color. MW treatment at 7.5 kW and 120 s was found to be optimal for stabilizing the
FWB and increasing its antioxidant activity. The stabilized FWB was proven to be far
more stable than the control FWB during storage. Thus, MW treatment is an effec-
tive stabilization method for the storage and utilization of FWB. Additional research
is needed for the exact mechanism of the decrease of FFA content and increase of
antioxidant activity of FWB induced by MW treatment.
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of the processing quality and the final product quality, for exam-

ple, a lower volume, darker crust and denser crumb texture (Bagdi

There is growing evidence that whole grains that are rich in dietary
fiber (DF), micronutrients and phytochemicals play an important role
in lowering the incidence of cancers, cardiovascular diseases, diabe-
tes, and obesity (Reynolds et al., 2019; Xu et al., 2018). These com-
ponents are abundant in the germ and bran of wheat kernels (Wang
et al., 2016). The replacement of white flour with a percentage of
wheat bran is a common way to increase the phytochemical content
in wheat products (Blandino et al., 2013). Nevertheless, the incorpo-
ration of normal wheat bran into white flour results in deterioration

et al., 2014). Another concern regarding the replacement of white
flour with normal wheat bran is the potential risk of contamination
with mycotoxins, heavy metals and pesticides (Cheli et al., 2010; Liu
etal., 2018).

One of the greatest challenges in the development of whole
wheat foods is to minimize these negative effects and as much as
possible to improve the sensory acceptability and achieve higher
marketability. Preparation of wheat bran fractions that do not con-
tain the outermost layers of wheat kernel was a practical approach
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since the outermost layers are considered to be responsible for
the adverse effects of wheat bran addition. The inner bran frac-
tions that are rich in aleurone are believed to have better func-
tionality than whole wheat bran (Brouns et al., 2012). Thus, bran
fractions that are rich in aleurone could be used to develop safe
and healthy foods with similar whole grain nutrients and more ac-
ceptable color, flavor, and taste than whole grain products (Bagdi
et al., 2014, 2016; Blandino et al., 2013; Xu et al., 2020). However,
the aleurone-rich fractions tend to deteriorate due to the hydro-
lysis and oxidation of the lipids in aleurone and germ (Barnes &
Galliard, 1991; Xu et al., 2013). Hence, it is necessary and valuable
to stabilize the bran fractions via suitable methods to prolong their
shelf life under ambient conditions without significantly damag-
ing the nutritional profile. Although the separation, composition,
health aspects, and potential food use of aleurone-rich bran frac-
tions have been investigated (Brouns et al., 2012), the information
of stabilization method and their effects on antioxidant capacity
is still scarce.

In microwave (MW) heating, which is a dielectric heating
method, food materials absorb microwave energy and convert it
into heat, which occurs mainly via dipolar and ionic mechanisms
(Chandrasekaran et al., 2013). MW treatment has been widely ap-
plied in food processing over the past several decades, for exam-
ple, in the drying, pasteurization, sterilization, thawing, tempering,
and baking of food materials (Zhu et al., 2020). Compared with
other heating methods, MW heating is efficient, economical and
has a shorter processing time (Chandrasekaran et al., 2013). MW
heating has also been widely used to inactivate the lipase of many
cereal products, such as germ (Boukid et al., 2018), millet grains
(Yadav et al., 2012) and bran (Patil et al., 2016). MW treatment
decreased the lipase activity to 14.01% of that of the raw wheat
germ, and the acid value of the stabilized wheat germ increased
only 6.56% after 60 days of accelerated storage (Xu et al., 2013). In
addition, MW treatment has little effect on the nutritional value of
rice bran (Patil et al., 2016).

The dielectric property of a food material is the most important
factor that determines the effect of MW treatment. The moisture
content of a food material plays a key role for its dielectric property
since water is a satisfactory absorber of microwaves. In addition to
the dielectric property and moisture content, the MW oven design
(size and geometry) and MW frequency, along with the density,
composition, load, shape and size of the food materials, are also im-
portant factors (Chandrasekaran et al., 2013). The most important
conditions of MW treatment are MW power and treatment time
(Patil et al., 2016).

In this study, the effects of MW treatment conditions (MW
power and treatment time) on an aleurone-rich bran fraction, a
functional wheat bran (FWB), were investigated. The FWB was
obtained using traditional roller milling after debranning the out-
ermost layers (pericarp layers) of wheat kernels. The storage sta-
bility of the FWB, along with the free fatty acid (FFA) content,
total phenolic content (TPC), and antioxidant activity after MW

treatment, was analyzed.

2 | MATERIALS AND METHODS
2.1 | Materials

Wheat grains of a hard white winter cultivar (Jinan 17) were obtained
from Jiaogiao seed station. Soybean oil that had been extracted via
a leaching method was purchased from Yihai Grain and Oil Industry
Co., Ltd. All other chemicals were of analytical grade and purchased
from Chemical Reagent Co., Ltd.

2.2 | Preparation of the functional wheat bran
(FWB)

Wheat grains were cleaned and debranned to remove the outermost
layers (approximately 4% of the kernel weight) using a wheat debran-
ner (TPZ-20). Then, the debranned wheat grains were milled using a
laboratory wheat miller (JMFB 70 x 30) to obtain white flour, fine
and coarse brans. According to the micronutrient content and anti-
oxidant capacity (unpublished data), the coarse bran was regarded
as the FWB. Subsequently, the freshly produced FWB was treated
immediately under various MW conditions.

2.3 | Microwave (MW) treatment of FWB

A microwave dryer (LW-50HMV-6X, Shandong Liwei Microwave
Equipment Co., Ltd.) with a cooling system was used for the FWB
treatment. The belt speed and MW power were controlled by a con-
trol panel, and the treatment time was controlled by adjusting the
belt speed.

Each FWB sample was placed on the belt, spread evenly to a
thickness of 0.3 cm, and treated at a selected MW power (2.5, 5.0,
7.5, or 10.0 kW) for a specified treatment time (15, 30, 60, 90, or
120 s). Immediately after treatment and cooling, the samples were
ground and passed through an 80 mesh aperture sieve (180 pm)
using a hammer mill (JXFM110, Hangzhou Lvbo Instrument Co.,
Ltd. China). All samples were stored at a temperature of -18°C in a

freezer. Untreated FWB was used as a control.

2.4 | Moisture content

The moisture contents of the treated FWB and control samples were
determined via method 44-15A (AACC International, 2010).

2.5 | Color measurement

The color values of the FWB samples were measured using a col-
orimeter (Model CR-10 Plus, Keshengxing Instrument Co., Ltd.).

The CIE color values were recorded as L* (lightness), a* (redness),

and b* (yellowness). The total color differences (AE) between the



LIU ET AL.

control and treated samples were calculated using the equation
AE = (AL? + Aa? + Ab?)Y2 (Irakli et al., 2018).

2.6 | Lipase activity

The lipase activity was determined according to Zhang et al., (2020)
with modifications, and the final activity was expressed as mg of KOH
consumed by 1.0 g sample on a dry weight basis (d.b.). Briefly, 2.0 g of
FWB and 1 ml of soybean oil were placed into a mortar, in which 5 ml
of 0.05 mol/L phosphate buffer (pH 7.4) and a small amount of quartz
sand had been added in advance. The mixture was ground to form a
thin paste and transferred into a conical flask with 5 ml of water. The
conical flask was incubated at 30°C for 24 hr. After incubation, 50 ml
of an ethanol and ether (4:1) mixed solution was added to the conical
flask, and the flask was shaken vigorously. After filtration, the filtrate of
25 ml was titrated with a 0.05 mol/L potassium hydroxide solution, and
the volume of the consumed solution was recorded. The same proce-
dure was followed without incubation for the blank control.

2.7 | Free fatty acid (FFA) content

The FFA content of each of the FWB samples was determined ac-
cording to a previous report (Wu et al., 2016) with modifications.
The value was expressed as mg KOH that was needed to neutralize
the free fatty acids in a 100 g FWB sample on a dry weight basis (mg
KOH/100 g d.b.).

2.8 | Total phenolic content (TPC)

To determine the phenolic content, FWB samples were extracted with
60% methanol and centrifuged, the supernatant was filtered through
filter paper, and the filtrate was analyzed with Folin Ciocalteu's reagent
at 745 nm using gallic as a standard (Irakli et al., 2018). The results were
expressed as mg of GA equivalents (GAE) per 100 g of the sample on a
dry weight basis (mg GAE/100 g d.b.).

2.9 | DPPH® radical scavenging capacity assay

Phenolic FWB extracts were mixed with a DPPH" reagent, and the
absorbance was measured at 517 nm according to Irakli et al., (2018)
with modifications. With 3.8 ml 0.1 mM methanolic solution of
DPPH, 0.2 ml extract was reacted. After 1 hr, the absorbance at
517 nm was recorded. The percentage of the scavenging effect was

calculated as follows:
Epppr (%) = [(1— (As _AR)/AO]

where Eqpp,, is the DPPH radical scavenging capacity, A is the absor-
bance of the mixture of 0.2 ml FWB extract and 3.8 ml 0.1 mM DPPH,

CWILEY- -2

Ay is the absorbance of the mixture of 0.2 ml FWB extract and 3.8 ml
methanolic solution, and A is the absorbance of the mixture of 3.8 ml
0.1 mM DPPH and 0.2 ml 60% methyl alcohol.

The results were expressed as mg Trolox equivalents per 100 g of
sample on a dry weight basis (mg TE/100 g d.b.)

2.10 | Accelerated storage test

Anaccelerated storage test was conducted in a constant-temperature
oven at 45°C for 4 weeks. The FWB that had been treated under op-
timal treatment conditions and the control were packed in aluminum
foil bags (50 g each). The moisture and FFA contents were assayed
at 1-week intervals.

2.11 | Statistical analysis

All experiments were conducted in triplicate. The results are re-
ported as the mean value + the standard deviation and subjected to
one-way analysis of variance, followed by least significant difference
calculations, to assess any differences between the group means
using the SPSS 20.0 software package. Significance was defined at
p <.05 by using Duncan's test.

3 | RESULTS AND DISCUSSION
3.1 | Effect of MW treatment on the moisture
content of the FWB

As shown in Figure 1, the moisture content of FWB decreased with the
increase of MW power and treatment time. MW power contributed

much more for the reduction of water content when treatment time

—a—2.5kW

Moisture content (%)

Treatment time (s)

FIGURE 1 Effect of the microwave treatment on the moisture
content of the FWB
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was more than 15 s. The moisture evaporation caused by MW treat-
ment led to the reduction of water content of FWB (Chandrasekaran
et al., 2013; Cheng et al., 2020). When treated at 7.5 kW for 90 s,
the moisture content of the FWB initially decreased from 10.56% to
3.10% and subsequently kept a relatively constant level. The effect of
MW treatment at 10.0 kW on the moisture content of the FWB was
similar to that at 7.5 kW from O to 90 s, while a significant decline was
observed when the FWB was treated at 10.0 kW for 120 s. This indi-
cated that simultaneously increasing MW treatment power and time
would further reduce the moisture content, which was similar to the
changes reported by Zhang et al., (2020). Lower moisture content is
beneficial for the safe storage of grain fractions, as water is necessary
for microbial reproduction and enzymatic activities (Liu et al., 2020;
Zhang et al., 2020). However, too low moisture content would lead to
scorching during heat treatment, indicating the MW power and treat-

ment time should not be excessive (Guiné et al., 2015).

3.2 | Effect of MW treatment on the color
values of the FWB

The influences of various MW treatment conditions on the color
of FWB were presented in Table 1. The control had L, a* and

TABLE 1 Effect of MW treatment on the color of the FWB

b* values of 80.73, 4.80 and 18.90, respectively. All color values
(L*, a*, b*) were significantly affected by the MW treatment. The
FWB samples treated for 15 s at all treatment powers exhibited
significantly higher L* values but lower a* and b* values compared
with the control. As the treatment time increased, the L* values
decreased while the a* and b* values increased in comparison with
the control. This trend was in agreement with a report by Zhang
et al., (2020). At low MW intensity, the main reaction inside the
FWB was pigment degradation, which induced an increase in the
L* value and decreases in the a* and b* values. With the increase of
MW power and treatment time, nonenzymatic browning (Maillard
reaction and caramelization reaction) occurred due to high tem-
perature and the presence of proteins and reducing sugars in FWB,
thereby resulting in a decrease in the L* value and increases in the
a* and b* values.

The maximum total color difference (AE) during the MW treat-
ment was only 4.05. Moreover, significant decreases in browning
were observed at all MW powers for 90 s and 120 s during the MW
treatment, which were characterized by higher L* values and lower
a*, b* and AE values than those at 30 s and 60 s. The MW treatment
might be an effective approach to reduce undesirable impacts of
nonenzymatic browning without drastically altering the color of the
raw FWB (Zhang et al., 2020).

Color
Power/kW Time/s L
Control 80.73 + 0.06 cd
2.5 15 81.33 + 0.17%
30 78.57 +0.15¢
60 78.80 + 0.20*
90 79.83 + 0.418"
120 80.97 + 0.25"¢
5 15 81.50 + 0.10°
30 79.13 + 0.25"
60 78.53 +0.32"
90 80.23 + 0.06°f
120 80.83 +0.21
7.5 15 81.53 +0.23°
30 7917 +0.12"
60 78.30 + 0.17'
90 80.77 + 0.12
120 80.53 + 0.15%
10 15 81.68 +0.28?
30 79.48 +0.35"
60 78.63 +0.23"
90 80.2 +0.17°8
120 79.93 +0.42'

a* b* AE

4.80 + 0.00' 18.90 + 0.00% -

4.60 + 0.08! 18.65 + 0.174 0.68 + 0.248"
6.23 + 0.06° 21.40 + 0.10% 3.60 +0.18%°
6.20 + 0.10° 21.43 + 0.15"¢ 3.48 +0.26"
5.30 + 0.16° 20.00 + 0.428 1.51 +0.59°
4.97 + 0.068" 19.37 + 0.211 0.60 + 0.14"
4.50 + 0.00/ 18.53 + 0.06' 0.91 +0.07™"
5.90 + 0.10° 21.13 + 0.12¢% 2.96 +0.23¢
6.27 + 0.06° 21.73 +0.15%® 3.88 + 0.29%
5.13 + 0.06 19.87 +0.218" 1.14 + 0.21°°8
4.83 +0.06" 19.27 + 0.21 0.43 +0.18"
4.57 + 0.06) 18.67 + 0.06" 0.87 + 0.24Fh
5.73 + 0.06° 20.87 + 0.06°f 2.68 +0.12%
6.33 + 0.05° 21.75 + 0.14° 4.05+0.14°
4.87 +0.06" 19.63 + 0.06" 0.75 + 0.058"
4.80 + 0.10' 19.77 + 0.318" 0.90 + 0.32F"
4.50 + 0.00' 18.48 + 0.05' 1.09 + 0.23°°¢
5.58 +0.15¢ 20.63 +0.26' 2.28 + 0.40¢
6.20 + 0.00° 21.63 + 0.06*¢ 3.72+0.08%°
5.10 + 0.00' 19.80 + 0.108" 1.09 +0.12°°8
5.10+0.17% 19.87 + 0.158" 1.31 + 0.39°f

Note: All data are expressed as the mean + the standard deviation (n = 3). Mean in a column with different lowercase letters differ significantly

(p < .05).
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3.3 | Effect of MW treatment on the lipase
activity of the FWB

Measuring the alteration of lipase activity was a convenient and
practicable way to evaluate the stabilization efficacy of stabilization
methods (Yu et al., 2020). The results of different MW treatments
on the lipase activity were shown in Figure 2. The lipase activity of
the raw FWB was 24.4 mg KOH/g d.b. Lipase was significantly in-
activated after MW treatment at all powers and treatment times.
The lipase activity of FWB treated with 2.5 kW for 60 s, 5.0 kW
for 60s, 7.5 kW for 120 s and 10.0 kW for 30 s decreased by 27%,
43%, 50% and 49%, respectively. Over time, the lipase activity of
FWB initially decreased substantially and subsequently leveled off
or decreased slightly, which was in agreement with a report of Rose
et al.,, (2008). Moreover, the higher the MW power was, the lower
the lipase activity. From the results presented, it is evident that MW
power and treatment time were crucial and the former contributed
more for inactivating lipase, which was similar to a previous report
(Zhang et al., 2020).

Lipase was unstable and easy to be inactivated at high tem-
peratures (Sharma et al., 2017). Thermal effects played a key role
in inactivation of lipase by MW treatment (Chen et al., 2017) The
temperature of materials treated by MW was influenced by mois-
ture content since water is a satisfactory absorber of microwaves
(Chandrasekaran et al., 2013). Thus, lipase activity significantly de-
creased at first and then leveled off due to the decrease of mois-
ture content of FWB with the increase of treatment time. However,
none of these treatments could completely inactivated lipase (the
highest rate was 52%). The crude enzymes that are extracted from
the treated FWB might contain phospholipase, esterase, or carbohy-
drase, which are present in the wheat germ, and some have higher
thermal tolerance and are difficult to completely deactivate (Erika
et al., 2010).

27
—m—25kW
——50kW
24 —A—7.5kW

—v—10.0 kW

214

Lipase activity (mg KOH/g d.b.)
=
1

15
3 3
12 I b4 4 —7Y
9 T T T T T T T T T
0 15 30 60 90 120

Treatment time (s)

FIGURE 2 Effect of microwave treatment on the lipase activity
of the FWB
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Similar lipase activity of FWB was obtained after treatment at
7.5 kW for 120 s and 10.0 kW for 30 s, which were close to the
lowest lipase activity obtained in this study. In addition, the FWB
sample treated at 7.5 kW for 120 s exhibited less color variation and
lower moisture content than that at 10.0 kW for 30 s. Therefore,
7.5 kW for 120 s was selected as the optimal treatment conditions
for stabilization of FWB.

3.4 | Effect of MW treatment on the FAA
content of the FWB

The FFA content is used as an indicator of the degree of hydrolytic
rancidity of wheat bran. The FFA contents of FWB samples were
determined immediately after grinding. The results are presented in
Figure 3. The FFA content of the raw FWB was 90 mg KOH/100 g
d.b., which was lower than the maximum value (120 mg KOH/100 g
d.b.) that is considered acceptable for human consumption. A similar
result was obtained by Hu et al., (2018), who reported that the FFA
content of raw wheat bran was 81.87 mg KOH/100 g d.b.

Compared to the raw FWB, lower FFA contents were observed
in all treated FWB samples. The FFA content decreased with the
increase of treatment time and was significantly influenced by the
MW power. The higher the MW power (2.5 ~ 7.5 kW), the lower
the FFA contents after treatment for the same period of time. The
effect of MW treatment at 10.0 kW on the FFA content of the FWB
was similar to that at 7.5 kW. The lowest FFA content was 44.3 mg
KOH/100 g d.b. (approximately 49% that of the raw FWB) after
MW treatment for 120 s. Zhao et al., (2007) reported that the FFA
content of rice decreased with an increase of MW energy consump-
tion. Similarly, Adebowale et al., (2020) reported that the FFA con-
tent of MW-treated whole grain sorghum flour was approximately
50% lower than that of an untreated sample. More FFAs might
be degraded into hydroperoxides at higher MW power (Malheiro
et al., 2011). These unstable peroxides decomposed swiftly into
volatile compounds, which reduced the FFA content of the samples
(Doblado-Maldonado, 2012).

3.5 | Effects of MW treatment on the TPC and
antioxidant activity of the FWB

The phenolic compounds in wheat bran have demonstrated po-
tent antioxidant and free radical scavenging properties (Abozed
et al., 2014). The TPC of FWB samples are presented in Figure 4a.
The TPC of the control was 1.21 mg GAE/g d.b. Compared to the
control, the TPC of the FWB samples were slightly influenced
by the MW treatment during the period of O ~ 60 s at all pow-
ers (p >.05). Significant increases in the TPC were observed after
MW treatment for 90 s and 120 s (p <.05), regardless of the MW
power. The increase in TPC of the treated FWB ranged between
9% and 37%. The maximum value (1.66 mg GAE/g d.b.) was ob-
tained from the FWB sample treated at 7.5 kW for 120 s. The
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results demonstrated that the TPC of FWB increased as a result
of MW stabilization. Similar observations were reported by Saji
et al,, (2020) and Irakli et al., (2018) wherein stabilized rice bran
had higher free and bound TPC compared to nonstabilized rice
bran. During stabilization, the MW heating might lead to break-
down of cell wall structure and the liberation of the bound phe-
nolic compounds. On the contrary, Rose et al., (2008) reported
that MW treatment with 1.0 kW for 120 s had no significant ef-
fect on the TPC of wheat bran. This might indicate that the MW
power contributed more than the treatment time for the release
of phenolic compounds. However, too high treatment temperature
and too long treatment time would lead to the loss of phenolics via
thermal degradation (Rodchuajeen et al., 2016).

The effect of MW treatment on the antioxidant activity of the
FWB was presented in Figure 4b. The antioxidant activity of the
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FIGURE 3 Effect of microwave treatment on the FFA content of
the FWB
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control was 3.43 mg TE/100 g d.b. The antioxidant activity of the
MW-treated FWB significantly increased with increasing treatment
time compared to that of the control (p <.05). The highest value of the
antioxidant activity was 14.76 mg TE/100 g d.b. for the FWB sample
that was treated at 7.5 kW for 120 s, which was approximately 4.3
times higher than that of the control. This could be explained by the
strong correlation between the TPC and the antioxidant capacity
(Verma et al., 2009). Nevertheless, the trend of antioxidant activity
of the FWB was not completely consistent with that of TPC. This
demonstrated that other nonphenolic antioxidants (such as Maillard
reaction products) might also contribute to the antioxidant activity
of the FWB (Liu et al., 2016). Therefore, MW treatment may be an
effective technology that could simultaneously stabilize the FWB
and increase its antioxidant activities.

3.6 | Moisture and FFA contents of the stabilized
FWB during storage

Based on the above results, 7.5 kW for 120 s was identified as the
optimal MW treatment conditions to prepare the sample for the ac-
celerated storage test. The moisture and FFA contents are shown
in Figure 5 for the MW-treated FWB samples and the control dur-
ing storage. With the increase of the storage time, the moisture
contents of the control and stabilized FWB slightly increased from
7.43% and 3.94% to 7.96% and 4.39%, respectively. All of them sat-
isfy the moisture content standard of edible wheat bran (<12%).
FFA content continuously increased as the storage time in-
creased (Figure 5). Lipase exhibits maximum activity in wheat at
about 17% moisture content (Rose & Pike, 2006). However, lipase
activity of MW-treated samples (3% ~ 4% moisture) was about
50% of the control FWB sample (Figure 2). Hydrolysis of lipids by
lipase resulted in the release of FFAs. The increase of FFA con-

tent for the treated FWB sample was much lower than those for

(b)
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~ 15 1 [J25kw
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Y 7.5 xWv
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S 12 4
=
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FIGURE 4 Effects of MW treatment on the TPC (a) and antioxidant activity (b) of the FWB
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FIGURE 5 Changes inthe moisture and FFA contents of the raw FWB and stabilized FWB during 4 weeks of storage in an oven at 45°C

(the raw FWB was used as the control)

control because of the lower moisture content and lipase activ-
ity. As shown in Figure 5, the FFA content in the treated FWB
after storage for 4 weeks at 45°C was 80.3 mg KOH/100 g d.b.,
which was more suitable for human consumption than the control
(278 mg KOH/100 g d.b.). The MW treatment could effectively
retard FFA formation during storage of FWB. These results are in
agreement with the findings reported by Rose et al., (2008) and
Patil et al., (2016).

4 | CONCLUSIONS

The effects of microwave treatment on the stability and antioxidant
capacity of functional wheat bran were investigated. MW treat-
ment significantly decreased the FFA content, moisture content,
and lipase activity of the FWB and improved the TPC and antioxi-
dant activity of the FWB without drastically altering the color. The
MW power contributed more than the treatment time, and 7.5 kW
for 120 s was identified as the optimal MW treatment condition.
The results of this study show that MW treatment can increase the
storage stability and antioxidant capacity of the FWB and could
provide a scientific foundation for application of MW in industrial
production of FWB.
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