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Abstract: Purple-colored wheat bran was blended with flour at different ratios. The dough mixing
characteristics of the flour–bran blends and quality characteristics and antioxidant activity of the
bread prepared with the blends were investigated. Additionally, response surface methodology
(RSM) was used to optimize the formula and processing conditions for the bread prepared with
the blend at 30% bran. Solvent retention capacity (SRC), as a quality characteristic of the blends,
showed that water absorption and damaged starch contribution increased proportionally as the bran
blending ratio increased. Dough mixing patterns of blends determined by a mixograph exhibited
deteriorated gluten strength by increasing the bran blending ratio. The total phenolic and anthocyanin
contents and antioxidant activity (ABTS and DPPH radical scavenging activity) of the bread increased
proportionally as the bran blending ratio increased. RSM analysis revealed that the best-fitted model
for the results was a quadratic polynomial model with regression coefficient values close to or more
than 0.900 for all responses. Optimized conditions were 68.1 g water, 4.0 min mixing time, and
67.3 min fermentation time. Overall, purple-colored wheat bran was successfully applied to produce
bread with healthy functional properties by controlling water and mixing time.

Keywords: purple-colored wheat bran; flour–bran blend; bread; antioxidant activity; response
surface methodology; optimization

1. Introduction

Wheat is one of the most widely consumed crops globally and is the most consumed
after rice, per capita, in Korea. Currently, the self-sufficiency rate of wheat production in
Korea is less than 1%, resulting in the import of approximately 99% of wheat from the
United States, Australia, and Canada [1]. Nevertheless, wheat consumption has continued
to increase recently, and the bakery market is expanding as a result of the westernization of
the diet [2]. The consumption of functional foods containing dietary fiber and antioxidants
has also increased because of increased consumer interest in health [3].

Wheat bran is a by-product generated during milling [4] and consists of a pericarp,
testa, and aleurone layer [5]. Depending on the type of wheat or milling method, wheat
bran usually contains 9–14% moisture, 4–6% fat, 14–18% protein, 5–7% ash, and 50–70%
carbohydrates, including 40–50% of dietary fiber [6]. It is known to have anticancer and
anti-obesity health benefits [7,8]. Wheat bran dominantly contains insoluble fiber as dietary
fiber and is mainly used in confectionery and bakery products [9]. Insoluble dietary fiber
helps prevent constipation and improves bowel function, contributing to the prevention of
intestinal diseases such as colon cancer [5].

For the development of value-added grains, the National Institute of Crop Science,
under the Rural Development Administration, has released a purple-colored wheat variety
“Ariheuk” to promote Korean domestic wheat production and consumption. This wheat
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variety has a ten times higher antioxidant capacity than regular wheat and is rich in miner-
als [10]. A white wheat variety, “Baekgang”, suitable for making bread, was also released
to increase the Korean domestic wheat self-sufficiency rate [11].

Numerous studies have been conducted on the application of whole wheat and bran in
bakery products. Yu and Beta [12] examined changes in the phenolic content or antioxidant
activity of breads during their production using colored whole wheat flour. In this study,
the levels of free phenolic compounds increased during mixing, but those of bound phenolic
compounds slightly decreased after fermentation for 30 min and significantly increased
after fermentation for 65 min and during baking. The total antioxidant activity also showed
a trend similar to that of the total phenol content. When making bread by adding up to
20% colored wheat bran, the dough weakens, moisture loss increases during baking, and
the bread volume decreases with increasing proportions of bran [13]. However, studies
using Korean domestic wheat flour and purple-colored wheat bran are scarce. Compared
to imported wheat, Korean domestic wheat has advantages in food safety due to its low
residual pesticide content, the short transportation distance, and the fresh consumption
without long-term storage. [10]. To improve the quality of products formulated with wheat
bran or whole wheat flour, dough improvers are commonly used, resulting in increased
production costs. However, consumers favor products with lean formulas because of clean
labeling. Thus, wheat bran pre-treatments such as hydration, extrusion, and fermentation
are also used [14–16], resulting in increased production costs. Studies on controlling the
primary ingredients or processing conditions are scarce. Therefore, it is worth investigating
the effects of the primary ingredient or processing factor on the quality of the final product,
for improving the quality of the flour–bran-blended bread.

In this study, the physicochemical and dough mixing properties and bread-making
performance of a blend of Korean domestic wheat flour with purple-colored wheat bran
at different blending ratios were determined. The antioxidant activity of the bread was
analyzed. In addition, significant processing factors were identified and optimized to
improve bread quality while increasing antioxidant activity.

2. Materials and Methods
2.1. Materials

Korean domestic wheat flour from the cultivar “Baekgang” and purple-colored wheat
bran from the cultivar “Ariheuk”, milled using a Buhler mill, were supplied by the National
Institute of Crop Science under the Rural Development Administration in Korea. The flour
yield of “Baekgang” was 70.0%, and the bran yield of “Ariheuk” was 15.2%. For the particle
size of the “Ariheck” bran, three sieves (0.5, 1.0, and 2.0 mm) were used, and the percentage
of each fraction passed through the sieves was: 3% ≥ 2.0 mm, 1.0 mm < 68% < 2.0 mm,
0.5 mm < 24% < 1.0 mm, 0.5 mm ≥ 5%. The bran yield was 15.3%. Sugar (CJ Jeiljedang,
Seoul, Korea), shortening (Lotte Foods, Seoul, Korea), yeast (Societe Industrielle Lesaffre,
Marcq, France), salt (CJ Jeiljedang, Seoul, Korea), and skim milk powder (Seoulmilk, Seoul,
Korea) were purchased from local markets. Sodium carbonate used for solvent retention
capacity (SRC) analysis was of reagent grade.

2.2. Analysis of the Physicochemical Properties of Flour–Bran Blends

“Baekgang” flour and “Ariheuk” bran were blended at ratios of 10:0, 9:1, 8:2, and 7:3,
and designated as F100/B0, F90/B10, F80/B20, and F70/B30, respectively. The moisture
contents of the flour alone, bran alone, and flour–bran blends were measured according to
the AACC method 44-15.02 [17]. The ash content in flour was also measured according to
the AACC Method 08-01.01 [17].

2.3. Solvent Retention Capacity Analysis of the Flour–Bran Blends

SRC analysis of the blends was performed according to Method 56-11.02 [17] to
evaluate the quality. The SRC values in only water and sodium carbonate solution were
measured because wheat bran could cause a significant error in the SRC values of lactic
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acid and sucrose solutions due to excessive swelling [18]. The flour or flour–bran blend
(5 g) was added to a pre-weighed 50 mL conical tube. Distilled water and 5% (w/w)
sodium carbonate solution were prepared, and 25 g of each solution was added to each
tube containing flour. After dispersing and hydrating the flour or flour–bran blend for
20 min, the tube was centrifuged at 1000× g for 15 min (LaboGene 1248, Gyrozen Inc.,
Daejeon, Korea). The supernatant was discarded, and the pellet and tube were weighed.
The % SRC values were calculated.

2.4. Determination of the Dough Mixing Property of the Flour–Bran Blends

The dough properties were evaluated using a 10 g mixograph (National Manufactur-
ing Co., Lincoln, NE, USA) according to Method 54-40.02 [17]. A flour or flour–bran blend
(10 g) was weighed and transferred to a mixing bowl of the mixograph. Based on the water
SRC values of the flour or flour–bran blend, 6.0–6.6 g of distilled water was added to the
bowl and mixed for 10 min. Mixograms of the samples were recorded to access the dough
mixing characteristics.

2.5. Preparation of Bread Made of Flour–Bran Blends at Different Bran Ratios

Bread-making was conducted using a slight modification of Method 10-10.03 [17].
The flour or flour–bran blend (100 g), salt (1.5 g), skim milk powder (4 g), and shortening
(3 g) were blended and placed in a micro pin mixer bowl. Pre-suspended sugar (6 g) and
yeast (2 g) in 60 g of distilled water (29 ± 0.5 ◦C) were added and mixed for 4 min using
a micro pin mixer (100 g, National Manufacturing Inc., Lincoln, NE, USA). The mixed
dough was folded into a dough sheeter (YT-160, Shanghai Huayuan Food Machinery Co.,
Ltd., Shanghai Huayuan Food Machinery Co., Ltd., Shanghai, China) to make dough with
a 0.47-cm thickness. The folded dough was placed in a baking pan and fermented in a
fermenter (Phantom M301 Combi, Samjung, Gyeonggi, Korea) at 35 ◦C and 85% relative
humidity for 105 min. The same fermentation time was used for baking bread regardless
of bran blending to simply compare the effect of bran, although the fermentation time was
appropriate for making bread with flour alone. The fermented dough was baked in an
oven (Phantom M301 Combi, Samjung, Gyeonggi, Korea) at 215 ◦C for 23 min. The bread
was allowed to cool at room temperature for 20 min, removed from the baking pan, and
allowed to cool down for 10 min. Bread appearance was compared, and crumb colors were
evaluated using a colorimeter (CR-20, Konica minolta, Tokyo, Japan). Breads were also
used to analyze the total phenolic and anthocyanin contents, and antioxidant activities.

2.6. Measurement of Total Phenolic and Anthocyanin Contents of Bread Made with
Flour–Bran Blends

To analyze any changes in total phenolic and anthocyanin contents of bread during
the bread-making process, the total phenolic and anthocyanin contents of the crust and
crumb of the bread prepared with the flour–bran blends at different blending ratios were
measured according to the method of Yu and Beta [12]. The bread was lyophilized for 48 h
and then ground to extract total phenolic compounds. A bread sample (2 g) was mixed
with 80% methanol (Duksan, Seoul, Korea) or 20 g of acidified methanol (pH 1) solution in
a 50 mL tube wrapped with an aluminum foil, stirred using a stirrer (CN/VM-80, Miulab,
Hangzhou, China) for 90 min, and then dispersed in an ultrasonicator (LK-U105, LK Lab
Korea, Namyangju, Korea) at 40 kHz for 30 min. The mixture was centrifuged at 12,000× g
for 15 min at 4 ◦C, and the supernatant was separated. The pellet was extracted again
using the above process, and the resulting supernatant was combined with the previous
one and stored at −20 ◦C. An extract of the bread sample with 80% methanol was used to
analyze total phenolic compound content, DPPH, and ABTS radical scavenging activity,
and the extract of the bread sample with acidified methanol was used to measure the total
anthocyanin content.

The total phenolic compound content was determined using Folin–Ciocalteu reagent
(Sigma, St. Louis, MO, USA) diluted ten times immediately before use. Bread extract
(0.2 mL) was oxidized using 1.5 mL of diluted Folin–Ciocalteu reagent. The mixture was
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allowed to equilibrate for 5 min and neutralized with 1.5 mL of sodium carbonate solution
(60 g/L) at room temperature. The absorbance of the mixture was measured at 725 nm
using a spectrophotometer (X-ma 6100 PC, Human Corporation, Seoul, Korea) after 90 min.
Methanol (80%) was used as the blank and gallic acid (gallic acid, Sigma, St. Louis, MO,
USA) was used as the standard. The total phenolic content of the bread crust and crumb
on a dry weight basis (dwb) was expressed as mg GAE/100 g.

To determine the total anthocyanin content of bread crust and crumb, cyanidin-3-
glucoside, the main anthocyanin component in colored wheat, was used as a standard.
The bread extract and the solution with 10 mg of cyanidin-3-glucoside (C3G) instead of
bread were treated for 30 min with reagents. Absorbance was measured at 535 nm. The
total anthocyanin content of the bread crust and crumb on a dry weight basis (dwb) was
calculated by comparing with the absorbance of C3G and expressed as mg C3GE/100 g.

2.7. Measurement of the Antioxidant Activity of Bread Made with Flour–Bran Blends

To analyze any changes in the antioxidant activity of the bread during the bread-
making process, the total antioxidant activity of the bread crust and crumb was measured
by DPPH and ABTS radical scavenging activities according to the method described by
Yu and Beta [12]. To determine DPPH radical scavenging activity, DPPH (1,2-diphenyl-
1-picryl hydrazyl) solution (60 µmol/L) (3.9 mL) and bread extract (0.1 mL) were mixed
and reacted at 25 ◦C for 30 min (t = 30). The absorbance was measured at 515 nm using a
spectrophotometer (X-ma 6100 PC, Human Corporation, Seoul, Korea). For the sample-free
group, absorbance was measured by mixing 3.9 mL of DPPH solution and 0.1 mL of 80%
methanol. DPPH radical scavenging activity (%) was calculated using the absorbance
(Asample t = 30) value of the sample-added group and the absorbance (Asample t = 0)
value of the sample-free group. The graph of trolox concentration versus DPPH radical
scavenging activity was plotted as the standard curve, and the DPPH value on a dry weight
basis (dwb) was expressed as µmol TE (trolox equivalents)/100 g.

For determining ABTS radical scavenging activity, ABTS [2,2′-azino-bi (3-ethylben-
zothiazoline-6-sulfonic acid), 7 mm] (Sigma, Mannheim, Germany) solution and 2.45 mm
K2S2O8 (Sigma, St. Louis, MO, USA) solution were mixed 1:1 for 2 min and then reacted in
the dark for 12 h. After diluting 1 mL of ABTS solution to 50 mL, absorbance was measured
by mixing 1.85 mL of this solution with 0.1 mL of the extract of bread crumb and crust with
methanol. The ABTS radical scavenging activity (%) was calculated using the absorbance
(Asample t = 30) value of the sample-added group and the absorbance (Asample t = 0)
value of the sample-free group. The graph of trolox concentration versus ABTS radical
scavenging activity was plotted as the standard curve, and the ABTS value on a dry weight
basis (dwb) was expressed as µmol TE (trolox equivalents)/100 g (dryw).

2.8. Experimental Design for Optimizing the Processing Conditions of Bread Made of Flour–Bran
Blends at 30% Bran

Additionally, a response surface methodology with a Design Expert program (version
10.0, Stat-Ease, Inc., minneapolis, MN, USA) was used to identify significant processing
factors and optimize the water amount in formulation, dough mixing and fermentation
conditions to improve the quality of bread made with the flour–bran blend while enhancing
its antioxidant activity. The flour–bran blend with 30% bran was used because the bran
percentage in the blend was higher than that in the whole wheat flour (approximately
20%). Based on a central composite design for making bread with the flour–bran blend
at 30% bran, three factors as independent variables were selected and the levels for each
factor were: water amount (55, 75 g), mixing time (2, 5 min), fermentation time (50, 90 min).
A center point (65 g water, 3.5 min mixing time, and 70 min fermentation time) was also
included. Overall, bread baking under seventeen conditions (by setting α point to 1.5)
(Table 1) was conducted as described above and in random order. The bread quality was
analyzed by bread moisture, color, height, volume, and firmness.
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Table 1. Experimental design in formula and processing conditions for the preparation of bread with
flour–bran blend at 30% bran.

Standard
Order Run Order Water (g) Mixing Time

(min)
Fermentation Time

(min)

1 4 55 2.00 50
2 8 75 2.00 50
3 15 55 5.00 50
4 16 75 5.00 50
5 3 55 2.00 90
6 5 75 2.00 90
7 14 55 5.00 90
8 7 75 5.00 90
9 13 50 3.50 70

10 6 80 3.50 70
11 17 65 1.25 70
12 11 65 5.75 70
13 12 65 3.50 40
14 10 65 3.50 100
15 2 65 3.50 70
16 1 65 3.50 70
17 9 65 3.50 70

2.9. Measurement of Bread Quality

The bread crumb color was measured using a colorimeter (CR-20, Konica minolta,
Tokyo, Japan) for a piece of the bread with 1.5 cm thickness. Brightness (L*), redness (a*),
and yellowness (b*) of bread crumb were recorded.

The bread height was measured with a caliper (HDS-20C, Mitutoyo, Kanagawa, Japan).
The bread volume was measured by the rapeseed displacement method—AACC

Method 10-05.01 [17] with a slight modification. Waxy millet was filled in a 1.5 L volume
container and measured its weight. The specific volume (mL/g) of the waxy millet was cal-
culated. After placing a loaf of bread into the container, and the weight of spilled out waxy
millet was measured. The volume of the bread was calculated using the specific volume
(mL/g) of the waxy millet. The average value was calculated by repeated measurements at
least twice for each sample.

According to Method 74-09.01 [17], the firmness of the bread was measured using a
texture analyzer (CT3, Brookfield, Middleboro, MA, USA). A loaf of bread was cut into
2 pieces with a thickness of 1.5 cm from the center. The firmness of the pieces was measured,
and the average value was calculated. Conditions for measuring firmness are as follows:
test mode, measure force in compression; probe, TA-AACC36; pretest speed, 2.0 mm/s;
test speed, 2.0 mm/s; post-test speed, 5.0 mm/s; penetration distance, 10 mm.

2.10. Statistical Analysis

All measurements were performed at least in duplicate. The data were evaluated with
ANOVA and Tukey’s HSD test for mean comparison between samples using SPSS (ver. 25.0;
IBM Corp., Armonk, NY, USA). A significant difference was considered at p < 0.05, unless
otherwise specified. Using the Design Expert program, the data from RSM were analyzed
by ANOVA to identify the main factors affecting the quality characteristics of the bread and
to find a model suitable for each dependent variable as quality characteristics. The response
surface 3D plot was generated based on the optimized model for each dependent variable.
As the representative quality characteristics of the bread, the bread volume, height, and
firmness were selected to optimize the formula and processing conditions. The bread
volume and height were set as the maximum, and bread firmness was set as the minimum,
and the desirability was calculated to identify the optimum conditions. Additionally, the
prediction of the optimized formula and processing conditions was verified.
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3. Results and Discussion
3.1. Moisture and Ash Contents of the Flour–Bran Blends

The moisture and ash contents of the flour–bran blends are shown in Table 2. Before
blending, the moisture content of bran was 14.8%, which was significantly higher than
that of flour alone (12.1%). In general, bran is a by-product generated from the wheat
milling process, and flour is mainly produced from the endosperm, resulting in a relatively
lower moisture content than bran [19]. Although the flour and bran samples used in
this study were obtained from different wheat cultivars, they were milled under similar
conditions using the same mill. Thus, the trends in moisture content for flour and bran
were similar. The moisture content of the flour–bran blends was 12.9–12.9%, demonstrating
a proportional increase as the blending ratio of wheat bran increased because of the high
moisture content of bran. The moisture contents of flour and bran are positively correlated
with the amount of water added during the tempering step during wheat milling [20].

Table 2. Moisture and ash contents, and SRC values of the flour–bran blends at different ratios.

Moisture Ash SRC (%)

(%) (%) Water Sodium Carbonate

F100/B0 12.1 ± 0.0 a (1) 0.48 ± 0.00 a 65.2 ± 0.6 a 88.4 ± 0.0 a

F90/B10 12.4 ± 0.1 b 0.81 ± 0.00 b 70.5 ± 0.3 b 92.1 ± 0.4 b

F80/B20 12.7 ± 0.0 c 1.14 ± 0.01 c 76.3 ± 0.6 c 97.8 ± 0.5 c

F70/B30 12.9 ± 0.0 d 1.46 ± 0.01 d 81.7 ± 0.3 d 102.5 ± 0.1 d

(1) Results are expressed as mean ± SD. Values with the same letter within the same column are not significantly
different (p < 0.05) according to Tukey’s HSD test.

The ash content of bran was 3.75%, which was approximately eight times higher than
that of flour alone (0.48%). Hwang et al. [6] reported that the ash content of imported wheat
bran is 5–7%. The “Ariheuk” bran used in this study showed a somewhat lower value
than the results from different wheat varieties and milling methods. In general, minerals
are located in the bran, which is the husk of wheat. Thus, the ash content of bran was
significantly higher than that of flour. In this study, as the blending ratio of bran increased,
the ash content increased proportionally to 0.48–1.46%. Katina [21] reported that the quality
of bread is affected by protein, ash, and pentosan among flour components. The higher
the ash content and the lower the protein content, the lower the bread volume, which
negatively affects the bread color. Therefore, it can be predicted that making bread with
flour–bran blends with an increasing blending ratio of bran significantly affects bread
volume and color.

3.2. Quality of Flour–Bran Blends Using SRC

The SRC analysis results of flour–bran blends with different blending ratios are shown
in Table 2. The water SRC values were 65.2–81.7%, and the sodium carbonate SRC values
were 88.4–102.5%. Both SRC values increased proportionally as the blending ratio of bran
increased. As an advantage of SRC, for flours produced from blends of wheat or flour, each
SRC value equates to the mathematical, linearly proportional, weighted average of the
corresponding SRC values for the 100% flour from each individual wheat in the blend [18].
The SRC values in water and sodium carbonate solutions are indicators of water absorption
and the contribution of damaged starch among the quality characteristics of wheat flour,
respectively [18]. These results of the SRC analysis suggest that an increased amount of
water is needed for dough formation during the bread-making process for the breads
made from flour–bran blends. Navrotskyi et al. [22] reported that the water retention
capacity of bran is negatively correlated with bread baking properties. The increased
sodium carbonate SRC values indicated an increase in the contribution of damaged starch.
Damaged starch in wheat flour also contributes to an increase in water absorption, and
excessively damaged starch delays the water absorption of gluten protein, lowers gluten
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formation, and negatively affects bread quality [23]. Farrand [24] reported that if flour with
the same protein content increased the damaged starch content, the moisture absorption
capacity of flour increased to a certain degree of homogeneity during dough mixing.
However, when the starch granules are damaged excessively, the interface between air
and dough becomes unstable during gelatinization, which results in the adhesion of the
internal gas cell during baking, a decrease in bread volume, and a negative impact on bread
crumb texture [25–27]. Thus, the water and sodium carbonate SRC results of the blends
can predict the impact of blending ratio on the bread-baking performance of the blends.

3.3. Dough Property of Flour–Bran Blends Using Mixograph

Mixograms of flour–bran blends with different blending ratios of bran are shown in
Figure 1. As the blending ratio increased, a noticeable change in the dough mixing pattern
was observed. Mixogram B (F90/B10), with a blending ratio of 10% bran, slightly decreased
the bandwidth after the peak compared to mixogram A (F100/B0) of flour without bran
blending, indicating no significant effect of the bran with such a low blending ratio.

1 
 

 

Figure 1. Mixograms of the flour–bran blends with different ratios: (A) F100/B0; (B) F90/B10; (C) F80/B20; (D) F70/B30.

On the other hand, mixograms C (F80/B20) and D (F70/B30) of the flour–bran blend
with blending ratios of 20% and 30% bran, respectively, showed that the bandwidth of the
dough sharply narrowed from 3 to 4 min after the start of mixing compared to mixogram
A, suggesting that gluten formation capacity rapidly deteriorated. As the added amount of
dietary fiber from rice bran to flour increases, the water absorption rate of the flour–fiber
blend increases [28]. The addition of wheat bran or whole grain wheat flour to refined
wheat flour generally increases the water absorption of the dough [29,30]. The water
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absorption rate of the flour–bran blends increased with an increase in the blending ratio
of bran, which contains a dietary fiber content of 40–50%. An increase in the insoluble
dietary fiber content in bread weakens the gluten matrix [31–33]. The bran mainly consists
of insoluble dietary fiber [34], and the gluten matrix will be significantly weakened [35]
when the blending ratio of bran is more than 20%, which results in a negative effect
on the bread-making process. Our results showed a trend similar to that observed in
previous studies.

3.4. Quality of Bread Prepared with Flour–Bran Blends at Different Blending Ratios

The side view and cross-sectional photographs of bread made with flour–bran blends
with different bran blending ratios are shown in Figure 2. As the blending ratio increased,
the dough height after fermentation and the height of the bread decreased, and the color of
the crumbs became darker. With the same fermentation time, decreased dough height by
increasing the bran blending ratio indicated weakened dough strength led to decreased
gas retention. As a result, the crumb porosity of bread became dense as the blending ratio
increased. Bread prepared with the flour–bran blend at 10% bran showed more porous
crumb than those at 20% or 30% bran, which close to the bread without bran addition.
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L* values showed a significant decrease from 74.1 to 50.8, and a* values showed a
significant increase from 1.1 to 6.9. However, the b* values decreased slightly from 14.1 to
13.3 when bran was blended with flour (Table 3). Similar to the dough properties measured
by the mixograph (Figure 1), the cross-section and the height of the bread prepared by
blending more than 20% bran decreased significantly.

Table 3. Height and color of bread made from the flour–bran blends at different ratios.

Flour–Bran
Blend

Bread Ht
(mm)

Color

L* a* b*

F100/B0 77.2 74.1 ± 0.5 d (1) 1.1 ± 0.0 a 14.9 ± 0.4 b

F90/B10 65.4 63.4 ± 0.6 c 3.8 ± 0.6 b 13.4 ± 0.9 a

F80/B20 60.7 55.1 ± 0.7 b 5.2 ± 0.4 c 12.1 ± 0.7 a

F70/B30 53.7 50.8 ± 0.2 a 6.9 ± 0.3 d 13.3 ± 0.5 a

(1) Results are expressed as mean ± SD. Values with the same letter within the same column are not significantly
different (p < 0.05) according to Tukey’s HSD test.
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Liu et al. [29] showed that the incorporation of wheat bran into wheat flour by up
to 15% decreased the specific volume of Chinese steamed bread. Schmiele et al. [30] also
reported that the addition of wheat bran by up to 40% to refined flour decreased the specific
volume of pan bread. Wheat flour protein has a unique property for making bread, and
gluten is formed by the combination of gliadin and glutenin in the dough, which has
viscoelasticity. It forms a three-dimensional network structure that enables the capture
of gas generated during fermentation and maintains the bread structure. However, the
addition of wheat bran dilutes the gluten protein of the flour, resulting in weakened dough
strength, decreased bread volume, and deteriorated bread quality [36]. In a previous study,
the amount of bran added at a level that does not deteriorate the quality of bread was
reported to be 7–10% [37,38], which is consistent with the results of the present study.

3.5. Total Phenolic and Anthocyanin Contents of the Bread Prepared with the Flour–Bran Blends

The total phenolic and anthocyanin contents of the bread made from flour–bran blends
with different bran blending ratios are shown in Figure 3. The total phenolic content of the
bread prepared with the flour–bran blends was in the range of 110.6–258.9 mg GAE/100 g
for the bread crumb and of 298.8–487.4 mg GAE/100 g for the bread crust. The total
anthocyanin content of the bread prepared with the flour–bran blends was in the range of
2.68–4.07 mg C3GE/100 g for the bread crumb and of 1.97–2.61 mg C3GE/100 g for the
bread crust. As the blending ratio increased, the total phenolic and anthocyanin contents
significantly increased in both the bread crumb and crust. The total phenolic content of the
bread crust was higher than that of the bread crumb, which is consistent with the results
reported by Yu and Beta [12]. During the baking of wheat-based products, amino acids and
reducing sugars of wheat flour form phenolic compounds via the Maillard reaction. More
phenolic compounds are formed in the bread crust than in the bread crumb because of the
formation of pigments by the Maillard reaction [39,40]. However, the total anthocyanin
content was higher in the bread crumb than in bread crust, showing the opposite trend for
the total phenolic content. The results were consistent with those of previous studies, which
found that more anthocyanins were destroyed in the crust of bread. Anthocyanins are
relatively unstable to heat and lead to easy destruction during processing [41]. In particular,
the bread crust was much hotter during baking than the bread crumb [42]. Li et al. [41]
reported that anthocyanins in muffins prepared with purple wheat were destroyed entirely
during baking because of their high sensitivity to heat.

Phenolic compounds are mainly distributed in plants and have been reported to have
antioxidant, antibacterial, and anti-inflammatory activities. These can be used as indirect
indicators of the antioxidant activity [43,44]. The purple-colored wheat bran used in this
study contained anthocyanin pigment, unlike regular wheat bran. When bran was blended
at 30%, the total phenolic and total anthocyanin contents were the highest among the
blending ratios tested. The antioxidant activity of the bread can be enhanced by blending
with bran.
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3.6. Antioxidant Activity of Bread Prepared with Flour–Bran Blends

The DPPH and ABTS radical scavenging activities of the bread crust and crumb are
shown in Figure 4. The DPPH radical scavenging activity of the bread prepared with the
flour–bran blends was 25.8–85.9 µmol TE (trolox equivalents)/100 g for the bread crumb and
120.9–209.2 µmol TE (trolox equivalents)/100 g for the bread crust. The ABTS radical scaveng-
ing activity of the bread prepared with the flour–bran blends was 204.9–571.1 µmol TE (trolox
equivalents)/100 g for the bread crumb and 420.1–673.7 µmol TE (trolox equivalents)/100 g
for the bread crust. As the blending ratio of bran increased, both DPPH and ABTS radical
scavenging activities in the bread crumb and crust increased proportionally. The results
confirmed a higher scavenging activity for the crust than for the crumb. These results were
similar to those of studies on the antioxidant activities of the crumb and crust of the bread
prepared by adding black rice flour [45] and the antioxidant activities of the crumb and crust
of the bread prepared by adding three types of bran [12]. Melanoidin pigments produced
by the Maillard reaction during baking in bakery products are reported to have antioxidant
functions [46–48]. Besides the antioxidant properties of melanoidin pigments, other Maillard
reaction products such as acrylamide are classified by the International Agency of Research
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on Cancer (IARC) as potential carcinogenics [49]. Therefore, the formation of acrylamide
during baking should be cautious and controlled.
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In this study, the antioxidant activity increased more in the crust with an increase
in the bran blending ratio because of more melanoidin pigments produced in the crust.
Moreover, in the crust, owing to the total phenolic content being much higher than the total
anthocyanin content, the total phenolic composition could more significantly contribute to
the antioxidant activity than the total anthocyanin content.

3.7. Optimization of Processing Conditions for Bread Prepared with Flour–Bran Blends at
30% Bran

Based on the response surface methodology (RSM) to optimize the effect of water
amount, mixing time, and fermentation time on the quality of bread formulated with 30%
flour–bran blend, the bread’s cross-sectional photos are shown in Figure 5. Among the
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bread samples, the bread prepared with the center point: 65 g water, 3.5 min mixing time,
70 min fermentation time appeared the largest cross-section size.

Figure 5. Cross-sections of bread prepared with flour–bran blend at 30% bran at different water amounts, mixing times
and fermentation times based on response surface methodology: samples are indicated in terms of “water-mixing time–
fermentation time”.

The result (mean values) measured quality characteristics of bread was presented in
Table 4. The moisture content of the bread was 37.6–46.0%. The formula with a large amount
of water was larger than that with a small amount of water. This result is consistent with the
previous study reported by Jo et al. [50] that the moisture content of bread increased as the
added water amount increased in mixing. In the tested formula and processing conditions,
the moisture content of bread was the lowest at 37.6% at 50 g of water, 3.5 min of mixing
time, and 70 min of fermentation time. In comparison, the bread moisture content was the
highest (46.0%) at 80 g of water, 3.5 min of mixing time, and 70 min of fermentation time.
ANOVA analysis exhibited that the moisture content of bread was significantly affected by
both the water amount and the fermentation time.
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Table 4. Quality characteristics of bread prepared with flour–bran blend based on RSM.

Std
Order

Moisture
Content (%)

Crumb Color Height
(mm)

Volume
(mL)

Firmness
(N)L* a* b*

1 39.3 54.1 6.2 13.0 55.1 394 27.7
2 44.8 47.1 6.1 11.6 54.7 413 18.7
3 39.6 56.1 6.3 13.3 56.3 412 30.0
4 45.1 50.5 5.8 11.9 60.5 474 12.6
5 39.6 53.1 6.2 12.6 55.1 399 24.1
6 45.7 47.4 6.4 12.3 45.4 395 27.3
7 39.6 53.4 6.6 13.5 52.0 381 30.0
8 45.4 48.9 5.8 11.8 57.7 497 11.4
9 37.6 56.6 6.3 13.5 58.0 381 27.9

10 46.0 48.5 6.1 12.2 52.6 421 17.5
11 42.7 48.9 6.2 12.2 49.4 378 27.6
12 42.2 50.9 6.5 13.0 54.0 436 16.7
13 42.4 56.7 5.7 12.4 60.5 426 16.7
14 42.7 51.5 6.2 12.7 59.6 477 16.7
15 42.6 51.5 5.9 12.1 65.3 523 10.7
16 42.5 52.7 5.8 12.1 64.9 510 10.5
17 42.7 51.3 5.9 11.9 65.5 513 8.6

The bread crumb color was 47.1–56.7 for L*, 5.7–6.6 for a*, and 11.6–13.5 for b* (Table 4).
Kim et al. [51] reported that the pigment components were denatured during the fermentation
and baking process, affecting the bread crumb color. The purple-colored bran of “Ariheuk” in
this study contains functional components such as anthocyanins, tannins, and polyphenols,
which causes the change in the bread crumb color during fermentation and baking.

The bread height was 45.4–65.5 mm. In the tested formula and processing conditions,
the bread height was the highest at the center point: 65 g of water, the mixing time 3.5 min,
and the fermentation time 70 min. When the mixing time and fermentation time were
long, the bread height was low. ANOVA analysis exhibited that the bread height was
significantly influenced by the mixing time (Table 5). The result could be supported by
finding that gluten development had significantly deteriorated after 3–4 min of mixing
time when 30% of bran was added to the flour using a mixograph.

Table 5. Fitted model and significant factor identified based on p-values for the three representative
quality characteristics of bread prepared with flour–bran blend at 30% bran.

Response Factor (1) p-Value Model

Bread height
Water 0.3747

QuadraticMT 0.0360
FT 0.0844

Bread volume
Water 0.0281

QuadraticMT 0.0287
FT 0.5639

Bread firmness
Water 0.0030

QuadraticMT 0.0148
FT 0.3919

(1) MT: mixing time; FT: fermentation time.

The bread volume was 378–523 mL. ANOVA analysis showed that the bread volume was
significantly affected by the water amount and the mixing time (p < 0.05) (Table 5). Like the
bread height, the bread volume was the highest at the center point: 65 g of water, the mixing
time 3.5 min, and the fermentation time 70 min. The volume of bread is generally affected
by the protein quantity and quality of wheat flour, the degree of gluten development, and
the dough improvers [52]. When bran contained dietary fiber was blended for making bread,
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the gluten was diluted and led to form “weak dough,” resulting in reduced volume [37].
Therefore, in this study, the volume of bread can be increased by controlling the water and
mixing time.

The bread firmness was 8.6–30.0 N. The firmness was the lowest at the center point:
65 g of water, 3.5 min of mixing, and 70 min of fermentation time, where the bread height
and volume were the largest. The firmness of bread is related to the moisture content of
bread, the degree of air cell development, and the bread volume. The firmness of bread
decreased as the moisture content of bread was high, the air cell was well developed, and
the volume increased [50]. On the other hand, the highest firmness value was observed at
55 g of water, 5 min of mixing time, and 50 or 90 min fermentation time because of low air
cell development and small bread volume led by a small water amount. ANOVA analysis
showed that the bread firmness was significantly affected by the amount of water and the
mixing time (p < 0.05) (Table 5).

The representative characteristics of bread (bread height, volume, and firmness) were
quadratic models (Table 5). For bread height, only the mixing time showed a significance
at p < 0.05. For bread volume and firmness, water and mixing time showed significance at
p < 0.05. Among the three factors, fermentation time did not significantly affect the quality
characteristics of height, volume, and firmness. Overall, mixing time was identified as the
most significant factor in the quality of bread prepared with the flour–bran blend.

Three-dimensional response surface plots for each quality characteristic of bread
are shown in Figure 6. For the representative quality attributes of bread, such as height,
volume, and firmness, excellent quality of bread with higher height and volume and lower
firmness appeared as the water amount and mixing time were closer to the center point.
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All three bread characteristics were found to have the highest significance with volume
p < 0.05, height p < 0.01, and firmness p < 0.01. R2 referred to the degree of model fit, and
confirmed the suitability in the height of 0.911, volume of 0.888, and firmness of 0.912
(Table 6).

Table 6. Analysis of variance of the quadratic models for height, volume, and firmness of bread
prepared with flour–bran blend.

Response Source DF Sum of Squares Mean Square F Value R2

Bread
height

Model 9 450.93 50.10 8.00 ** 0.911
Residual 7 43.82 6.26

Total 16 494.75

Bread
volume

Model 9 36,822.12 4091.35 6.17 * 0.888
Residual 7 4642.61 663.23

Total 16 41,464.73

Bread
firmness

Model 9 758.65 84.29 8.03 ** 0.912
Residual 7 73.52 10.50

Total 16 832.17
*, ** indicated significance at p < 0.05 and 0.01, respectively.

For optimizing formula and processing conditions for bread prepared with flour–bran
blend at 30% bran, the volume and height were set as the maximum value, and the firmness
was set as the minimum value. With the determined reaction equations, the desirability
analyzed by Design Expert Software was 0.960, and the identified optimum conditions
were 68.1 g water, 4.0 min mixing time, and 67.3 min fermentation time. For verifying the
predicted values based on the models, actual values based on experiments are shown in
Table 7.

Table 7. Predicted and experimental values of response at optimized conditions.

Optimum Condition

Water (g) 68.1 68.1
Mixing time (min) 4.0 4.0

Fermentation time (min) 67.3 67.3

Response Predicted value Experimental value

Bread height (mm) 64.6 64.7 ± 1.5
Bread volume (mL) 513.2 530.5 ± 9.0
Bread firmness (N) 8.8 8.2 ± 0.5

The optimized formula and processing conditions were verified well. Compared with
the bread height obtained from the previous test for the effect of bran blending ratio, bread
formulated with optimum conditions showed a height of 64.7 mm, which was close to
the height of the bread (65.4 mm) with 10% bran. The results demonstrated a significant
improvement in bread quality by controlling the formulation of basic ingredients and
processing conditions without adding additional dough improvers.

4. Conclusions

To develop healthy functional foods formulated with purple-colored bran, the quality
and dough properties of flour–bran blends with different blending ratios and the quality
and antioxidant activity of bread prepared with the blends were investigated in this study.
Additionally, optimizing processing conditions for bread with the blend at 30% bran
was conducted using response surface methodology. Increasing the blending ratio of
bran resulted in increased water absorption and the contribution of damaged starch, and
decreased gluten formation. With more than 20% bran, the weakening effect of gluten
development was significantly noticeable. As the blending ratio of bran increased, the
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bread-making performance of the flour–bran blends decreased. However, the total phenolic
compound and total anthocyanin contents and the DPPH and ABTS radical scavenging
activities as indicators of antioxidant activity significantly increased. The results were
best fitted into a quadratic polynomial model with regression coefficient values close to
or more than 0.900 for all responses based on RSM analysis. Optimized conditions were
close to a center point: 68.1 g water, 4.0 min mixing time, and 67.3 min fermentation time.
Overall, this study provides fundamental data for developing bread to promote health
benefits through purple-colored wheat bran’s excellent antioxidant activity. In particular,
controlling the amount of water and mixing time could improve bread quality without
requiring any additional ingredients.
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