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1 | INTRODUCTION

A healthy diet for healthy living has become a global trend.
Whole grain foods are experiencing increasing demand
because they are rich in dietary fiber and abundant in
nutrients such as vitamins, minerals, antioxidants, and
phytochemicals. The intake of these nutrients is crucial
for maintaining a balanced diet (Jacobs & Steffen, 2003;
Jensen et al., 2004; Rosa-Sibakov et al., 2015; Vignola et al.,
2016). Furthermore, consuming whole grains can help
prevent chronic diseases such as cardiovascular diseases,
diabetes, and obesity (Anderson et al., 2000; Ghanbari-
Gohari et al.,, 2022). Fiber in whole grains may also
contribute to the diversity of the gut microbiota (Jefferson
& Adolphus, 2019).

Wheat is the most common and widely consumed grain
and is often used as whole wheat flour (WWF) or wheat
bran in various products. However, bran in WWF nega-
tively affects the dough and final products. The addition
of wheat bran reduces the gas-holding and water-binding
capacities of dough, consequently lowering dough viscos-
ity and negatively affecting loaf volume and texture (Han
et al., 2019; Hemdane et al., 2016). Additionally, bread
made with bran had a lower volume than control bread
made without bran (Campbell et al., 2008).

WWEF is generally produced by milling the entire wheat
grain or grinding the bran and endosperm separately and
then combining them (Doblado-Maldonado et al., 2012).
Traditional methods, such as stone milling (SM) and roller
milling (RM), are commonly used to produce commercial
WWE. SM involves milling grains between large stones
using pressure or friction (Kihlberg et al., 2004), whereas
RM involves passing grains through smooth or grooved
metal rollers at each stage and gradually reducing their
size to obtain flour with the desired particle size (Carcea
et al., 2020). The particle size (d50) of commercial WWFs
varies from 22 to 176 um, depending on the milling method,
country, and wheat type (Moon, Xia, et al., 2021). Addi-
tionally, numerous laboratory mills are used to prepare
small-scale batches of WWF to study its quality character-
istics and applications. Among these, ultra-centrifugal mill
(UM) has proven to be a useful tool for producing high-
quality whole wheat flour. This mill works by combining
a high-speed centrifugal force and rapid rotor movement,
resulting in shearing, extrusion, and rubbing actions to
grind grains between the high-speed rotating rotor and
ring sieves, thereby reducing the particle size (Gu et al.,
2021; Khalid et al., 2017). The cutting mill (CM) can also be
used to grind grains, primarily through a shearing action
between the rotor and the stationary cutter bar. Both mills
can operate with the same sieve opening; however, their
speed limitations and rated powers differ. The UM can run

at much higher speeds (18,000 vs. 4000 rpm) but with less
power (760 vs. 1500 W) than the CM. Additionally, it is
expected to generate particle sizes similar to WWF, based
on the manufacturer’s information. However, questions
arise regarding the impact of the mean particle size and
particle size distribution of WWF produced by different
mills on quality characteristics and processing capabili-
ties. Therefore, it is worth investigating the impact of the
milling actions of both mills on the quality characteristics
of WWF, which affect the product attributes.

In addition to the mill type, milling conditions are cru-
cial for the quality of WWF. In particular, the particle
size of WWF is a vital parameter that must be controlled.
The particle size distribution of WWF varies based on the
type of wheat and milling method, which significantly
affects its suitability for cookies, crackers, bread, and noo-
dles (Barak et al., 2014; Vouris et al., 2018). Excessive
milling under harsh conditions can increase the amount
of damaged starch, which can negatively affect the prop-
erties of dough and cookies (Barak et al., 2014). A study
on the quality characteristics and bread-making perfor-
mance of Ariheuk WWF produced using an UM reported
that the sieve opening size and rotational speed of the
mill significantly affected the gluten strength and damaged
starch generation (Avarzed & Kweon, 2023; Avarzed et al.,
2022). Therefore, controlling the particle size of WWF is
crucial for producing better-quality flour and understand-
ing the resulting changes in flour characteristics. Addi-
tionally, optimizing milling through efficient operational
parameters enhances economic benefits by increasing
yield, controlling particle size, and reducing operational
costs for commercial WWF production (Saroja et al.,
2024).

Therefore, in this study, we hypothesize that both the
type of mill and milling conditions, in interaction with
wheat variety, significantly affect the physicochemical
properties and quality characteristics and WWF. We inves-
tigated how different mill types and conditions influenced
the quality characteristics of flour when wheat varieties
with different gluten strengths were ground as they were
in the mill.

2 | MATERIALS AND METHODS

2.1 | Materials

Three wheat varieties—Goso (GS), Hojoong (HJ), and
Joongmo (JM)—with protein contents of 9.9%, 10.9%, and
15.0%, respectively, were provided by the National Institute
of Crop Science, Korea. These varieties were developed
for specific applications: GS for cookies and cakes, HJ for
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noodles, and JM for bread. First-grade reagents were used
in all the experiments.

2.2 | Milling and particle size analysis of
whole wheat flour

An experimental design was used to prepare whole wheat
flour under different milling conditions based on three fac-
tors: wheat type, mill type, and milling conditions. Each
factor had three, two, and two levels, respectively. For the
mill type, an UM and a CM were selected because both
are convenient laboratory mills capable of using the same
sieve size. They can produce similar maximum particle
sizes, but may yield different size distributions due to vari-
ations in milling actions and rotor speeds. Each of the GS,
HJ, and JM wheats was milled using an UM (POWTEQ
FM200) equipped with a 12-tooth rotor and sieve open-
ings of 0.5 (S) and 1.0 mm (L). The rotor speeds were set
to 6000 (L) and 14,000 rpm (H) to produce four WWFs:
UM-SL, UM-SH, UM-LL, and UM-LH. Additionally, a CM
(POWTEQ CM100 M Multi-functional CM) was used with
sieve sizes of 0.5 (S) and 1.0 mm (L), and rotor speeds set at
2000 (L) and 4000 rpm (H). The four WWFs were named
CM-SL, CM-SH, CM-LL, and CM-LH. All WWFs obtained
through milling processes were immediately sealed and
stored at —20°C. As a key quality indicator of WWFs, par-
ticle size distribution was determined using a particle size
analyzer (LS 13 320; Beckman Coulter) with a dry method,
conducted “as is” without dispersion in solvents.

2.3 | Analysis of physicochemical
properties of whole wheat flour

The moisture and ash contents of the WWFs were mea-
sured according to AACC methods 44-15.02 (AACCI, 2010)
and 08-01.01 (AACCI, 2010), respectively. The damaged
starch content of the WWFs was determined using a Starch
Damage Assay Kit (K-SDAM; Megazyme International).

2.4 | Analysis of solvent retention
capacity in water and sodium carbonate
solution

The solvent retention capacity (SRC) of the WWFs
was measured according to the AACC method 56-11.02
(AACCI, 2010) using water and sodium carbonate solu-
tions as solvents. Due to the tendency of wheat bran
contained in WWF to float in the supernatant without pre-
cipitation after centrifugation in lactic acid and sucrose
solutions, causing errors in the results of the SRC (Kweon
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etal.,2011), lactic acid and sucrose SRC were excluded from
the experiments.

2.5 | Measurement of gluten strength

To measure the sedimentation volumes of the WWFs in
sodium dodecyl sulfate (SDS)-lactic acid solution, the
AACC Method 56-70.01 (AACCI, 2010) was employed.
Five grams of WWF was placed in a 100-mL graduated
cylinder, to which 50 mL of distilled water was added, and
then sealed with a stopper. The WWF in the graduated
cylinder was shaken vertically and horizontally to hydrate.
Next, 50 mL of SDS-lactic acid solution (3%) was added,
followed by vertical and horizontal shaking for mixing.
After standing vertically for 20, 40, or 60 min, the sediment
volume (mL) of the sample was recorded.

2.6 | Analysis of pasting property

The pasting properties of the WWFs were measured using
a rapid viscoanalyzer (RVA 4; Newport Scientific). WWF
(3.5 g) and distilled water (25 mL) were placed in an RVA
canister and mixed well using an RVA plastic paddle to pre-
vent lump formation. The mixture was run in the RVA for
13 min using the Standard 1 method (heating from 50 to
95°C at a rate of 12.2°C/min; holding at 95°C for 2.5 min;
cooling from 95 to 50°C at a rate of 12.2°C/min; hold-
ing at 50°C for 2 min). The measured pasting parameters
were calculated using Thermocline for Windows (ver. 2.5;
Newport Scientific).

2.7 | Analysis of total phenolic content
and antioxidant activity

The total phenolic content (TPC) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity in WWF
were analyzed using a modified method from Yu and Beta
(2015). Two grams of milled WWF was extracted twice
with 10 mL of 80% methanol. The extract was sonicated
at 0°C with a frequency of 40 kHz for 15 min. Follow-
ing sonication, the mixture was centrifuged at 12,000 X g
and 4°C for 15 min to collect the supernatant, which was
then filtered through 90-mm qualitative filter paper (No.
2; ADVANTEC). The final volume was adjusted to 50 mL
with 80% methanol, and the extract was stored at —20°C
until further analysis.

For TPC analysis, 0.2 mL of the WWF extract was mixed
with 1.5 mL of 10-fold diluted Folin—Ciocalteu reagent and
allowed to oxidize for 5 min. Next, 1.5 mL of a sodium car-
bonate solution (60 g/L) was added, and the mixture was
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FIGURE 1
(JM). CM, cutting mill; UM, ultra-centrifugal mill.

neutralized for 90 min. The absorbance was measured at
725 nm using a spectrophotometer (X-ma 6100 PC; Human
Corporation). Gallic acid (Sigma) was used as the standard,
and TPC was expressed as mg of gallic acid equivalents per
100 g of WWF.

For DPPH radical scavenging activity, a DPPH solu-
tion was prepared in methanol at a concentration of
200 umol/L. A mixture of 2.0 mL of the DPPH solution and
0.5 mL of WWF extract was incubated at room temperature
for 30 min. The absorbance was measured at 515 nm. The
blank was 80% methanol, and Trolox (Sigma) served as the
standard. DPPH radical scavenging activity was expressed
as milligrams of Trolox equivalents per 100 g of WWF,
based on a standard curve.

2.8 | Statistical analysis

All the data were obtained through a minimum of three
repeated measurements. All statistical analyses were per-
formed using the SPSS Statistics (ver. 27.0; IBM), and an
analysis of variance (ANOVA) was conducted. Post hoc
testing was performed using Tukey’s honestly significant
difference (HSD) test to determine the significance of dif-
ferences among samples within each group at the p < 0.05
level. The significant factors and their interactions affect-
ing the quality characteristics were analyzed and identified
using ANOVA and model significance in the Design Expert
program (version 13; Stat-Ease Inc.).

Particle diameter (um)

0
100 1000 10,000 0.1 1 10 100 1000 10,000

Particle diameter (um)

Particle size distribution of whole wheat flour samples: (a) and (d) Goso (GS); (b) and (e) Hojoong (HJ); (c) and (f) Joongmo

3 | RESULTS AND DISCUSSION

3.1 | Particle size distribution of whole
wheat flours

The particle size distribution of the WWFs is presented in
Figure 1, with variations in the wheat variety and milling
method. The particle size distributions of the WWFs from
all varieties were UM-SH < UM-SL < UM-LH < UM-LL,
indicating that larger sieve opening sizes and slower rotor
speeds resulted in larger particle sizes, which is consistent
with the results reported in previous studies (Avarzed &
Kweon, 2023; Ha et al., 2023; Park et al., 2022). The parti-
cle size distribution of the WWFs exhibited unimodal or
bimodal shapes depending on the sieve opening size and
rotor speed within a wheat variety. The WWFs prepared
using a CM showed a more distinct bimodal shape than
those prepared using an UM, indicating the production of
higher proportions of small and large particles and a lower
proportion of medium particles. Additionally, the range
of the particle size distribution for the former (CM) was
broader than that for the latter (UM).

The particle sizes of the WWFs according to the milling
method are listed in Table 1. For the WWFs prepared
using an UM, the d10, d50, and d95 values were in the
order UM-SH < UM-SL < UM-LL < UM-LH for GS and
UM-SH < UM-LL < UM-SL < UM-LH for HJ and JM.
Additionally, similar trends were observed for the culti-
vars when considering the mean values. For the WWFs
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Average particle sizes of whole wheat flour samples.

TABLE 1

d90 (um)

GS

d50 (um)

GS

d10 (um)®

GS

JM

HJ

JM

HJY

JM

HJ

Flour

932.7 £+ 5.0eC

911.5 + 10.4eB
392.9 + 0.1aB

440.4 + 4.1aC
1303.6 + 3.1gC
10232 + 4.1eC

289.6 + 10.1eB 330.4 + 7.2eC 757.6 + 15.3dA

183.3 + 3.6cA

15.0 + 0.3bC

32.6 + 1.0eC

12.8 + 0.1bB

21.8 + 0.3eB

8.8 + 0.1aA

12.5 + 0.2cA

UM-SLP

3752 + 1.2aA
11932 + 3.5gA

86.7 + 2.6aB
548.9 + 6.5hA

94.4 + 1.2aC
624.7 + 10.9hC

70.6 + 1.0aA
570.3 + 3.2hB

74.8 + 2.1hB

87.6 + 4.7hC

31.7 + 2.8fA

UM-SH

1243.6 + 18.8gB

253.5 + 0.89F

34.5 + 0.1fC

22.7 + 0.3fB

15.1 + 0.0dA

UM-LL

926.0 + 15.4dB
661.0 + 0.5cB

265.6 + 0.1dC 885.9 + 5.5dA

245.5 + 2.2eA

13.2 + 0.1aC

1.4 + 0.3aB

10.4 + 0.0bA

UM-LH

+ 229.7 + 0.5dC 205.8 + 12.8cB 185.2 + 0.5cA 745.8 + 8.9cC 649.8 + 6.6CA
476.0 + 1.1bB

15.5 + 0.2cC

13.0 + 0.3cB

9.3 + 0.0aA

CM-SL

+ 109.6 + 1.4bA 122.2 + 4.6bC 113.9 + 2.3bB 516.4 + 0.4bC 464.0 + 4.0bA
5429 + 443 1379.7 + 5.8hC

19.8 + 0.1dC

17.0 + 0.498
423 + 0.1gB

15.3 + 0.1dA

CM-SH

1115.0 + 25.79fA 1123.0 + 20.7fB

1249.0 + 39.0hA 1265.8 + 3.9hB

481.0 + 17.4fA
506.0 + 13.8gB

gB

+ 4.4gC
491.6 + 17.2fA

558.9 + 4.4

54.8 + 1.2gC

23.3 + 2.3eA

CM-LL

519.8 + 6.8fC 1221.2 + 24.6fC +

CM-LH

Note: Values (expressed as means + SD) with different lowercase letters within the same column and those with different uppercase letters within the same row for the same parameter are significantly different (p < 0.05)

according to Tukey’s HSD test.

Abbreviations: GS, Goso; HJ, Hojoong; JM, Joongmo.

2d10, d50, and d90 indicate the median particle size diameters of 10%, 50%, and 90% in cumulative distribution.

YUM-SL and UM-SH: WWF milled with an ultra-centrifugal mill equipped with a 0.5-mm sieve at rotor speeds of 6000 and 14,000 rpm, respectively; UM-LL and UM-LH: WWF milled with an ultra-centrifugal mill

equipped with a 1.0-mm sieve at rotor speeds of 6000 and 14,000 rpm, respectively; CM-SL and CM-SH: WWF milled with a cutting mill equipped with a 0.5-mm sieve at rotor speeds of 2000 and 4000 rpm, respectively;

CM-LL and CM-LH: WWF milled with a cutting mill equipped with a 1.0-mm sieve at rotor speeds of 2000 and 4000 rpm, respectively.
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prepared using a CM, the d10 values were in the order
of CM-SH < CM-SL < CM-LL < CM-LH for GS, but
CM-SL < CM-SH < CM-LL < CM-LH for HJ and JM.
The d50 and d90 values of the WWFs were in the order
CM-SH < CM-SL < CM-LH < CM-LL for GS, HJ, and
IM, respectively. The results demonstrated the differences
between the two mill types and the complex particle size
distribution according to the milling conditions and wheat
cultivar. Differences in the milling time and force between
the two mill types could be a major factor in the variations
in the particle size of the WWFs. Overall, the mill types
and conditions, such as the sieve opening size and rotor
speed, significantly affected the particle size. Among the
wheat varieties, GS WWFs showed smaller average par-
ticle sizes for d10 and a mixed trend for d50 but larger
average particle sizes for d90, indicating a broader parti-
cle size distribution than HJ and JM WWFs. In contrast,
the JM WWFs exhibited the opposite trend, with larger
average particle sizes for d10, a mixed trend for d50, and
smaller average particle sizes for d90, indicating a nar-
rower particle size distribution than the GS and HI WWFs.
Additionally, GS WWFs generated a much larger propor-
tion of smaller particle sizes than J]M WWFs, reflecting the
impact of the wheat variety on the particle sizes of WWFs.
The quality of wheat-based products made with WWFs is
influenced by particle size. WWFs with fine or medium-
sized particles produce bread with greater volume and a
softer crumb (Bressiani et al., 2017; Lin et al., 2020). In noo-
dle production, WWFs with a fine bran fraction result in
higher firmness and improved sensory scores (Chen et al.,
2011). In contrast, WWFs with coarse particles enhance
product quality by yielding cookies with a larger diameter,
higher spread ratio, and lower hardness (Xia et al., 2021).

3.2 | Physicochemical property of whole
wheat flours

The moisture, ash, and damaged starch contents of the
WWFs are listed in Table 2. The moisture contents of
UM-SL and UM-SH were lower than those of UM-LL and
UM-LH, indicating the impact of the sieve opening size.
Additionally, the WWFs prepared using a CM exhibited a
similar trend (CM-SL and CM-SH < CM-LL and CM-LH).
As the particle size of the flour decreases, the surface area
increases, leading to increased interaction with external air
and ultimately resulting in high moisture loss (Protonotar-
iou et al., 2015). When comparing the mill types, the CM
resulted in WWFs with a lower moisture content for each
variety. This difference could be attributed to the varying
extent of moisture evaporation in the WWFs owing to heat
generation during milling. The initial moisture content of
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FIGURE 2 Solvent retention capacity in water and sodium carbonate solution of whole wheat flour samples: (a) and (d) Goso (GS); (b)

and (e) Hojoong (HJ); (c) and (f) Joongmo (JM). Ultra-centrifugal mill (UM) and cutting mill (CM) refer to ultra-centrifugal milling and

cutting milling, respectively. SL, SH, LL, and LH represent different milling conditions based on sieve size and rotor speed: sieve size: 0.5 mm
(S) and 1.0 mm (L) for UM and CM; rotor speed: 6000 rpm (L) and 14,000 rpm (H) for UM, and 2000 rpm (L) and 4000 rpm (H) for CM. Data
represent the means + standard deviations (n = 3). Different letters above the bars within the same flour are significantly different (p < 0.05)

according to Tukey’s HSD test. SRC, solvent retention capacity.

the wheat kernels before milling and the milling time also
affected the moisture content of the WWFs.

The ash content of the WWFs showed significant vari-
ations among varieties (HJ < GS < JM) (1.39%-1.63% Vvs.
1.45%-1.69% vs. 1.69%-1.86%), but no noticeable trend was
observed based on the milling conditions, although WWFs
milled with an UM exhibited lower ash content than those
milled with a CM. The three wheat varieties were grown
in the same environment, indicating varietal differences,
likely due to the relatively higher bran content of wheat
kernels (Shi et al., 2017).

Damaged starch content also exhibited significant vari-
ations among varieties (GS < JM < HJ) (1.5%-3.4% Vvs.
2.1%-6.0% vs. 2.3%-6.4%), mill types (UM < CM) (1.5%-
4.4% vs. 1.8%-6.4%), and milling conditions (LL and
LH < SL and SH for each mill) (1.5%-5.7% vs. 2.6%-6.4%).
Damaged starch can influence water absorption capacity
and dough-mixing properties, resulting in sticky dough
owing to the higher damaged starch content in the flour
(Bettge et al., 1995). This can be explained by the compe-
tition for water absorption between damaged starches and
other components of flour, such as proteins and arabinoxy-
lans. The increased milling time for preparing WWFs with

smaller particle sizes from harder kernels or with slower
rotational speeds could be associated with an increased
damaged starch content (Barrera et al., 2007). In addi-
tion, the mill blade shape and friction force can affect
the amount of damaged starch. In our study, damaged
starch content showed a significant negative correlation
with the particle size d25 of WWFs (r = —0.494, p < 0.05).
As the particle size of WWFs produced by SM decreased
(from 180 to 96 um), the damaged starch content increased
(from 29.9% to 32.3%) (Cai et al., 2023). Similarly, Lin et al.
(2020) reported an increase in damaged starch content
(from 4.68% to 7.22%) as the particle size of WWFs pro-
cessed using a pulverizing machine decreased (from 1315
to 199 um).

3.3 | Solvent retention capacity of whole
wheat flours

The water and sodium carbonate SRC values of the WWFs
are shown in Figure 2. WWFs with smaller particle sizes
had higher water and sodium carbonate SRC values, which
is consistent with previous findings (Bressiani et al., 2019).
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Moisture, ash, and damaged starch contents of whole wheat flour samples.

TABLE 2

Damaged starch content (%)

GS

Ash content (%)

GS

Moisture content (%)

GS

JM

HJ

JM

HJ

JM

HJ

Flour

3.5 + 0.0cB

4.4 + 0.0dB

3.9 + 0.1dC

4.4 + 0.3eB

2.6 + 0.2cA

2.9 + 0.0dA

1.74 + 0.00cC

1.73 + 0.00cC

1.49 + 0.00cB

1.48 + 0.00cA

1.45 + 0.00aA

1.55 + 0.00dB

11.8 + 0.1cA

12.2 + 0.1dB

11.6 + 0.5dA

11.3 + 0.0cA

11.8 + 0.0cA

12.3 + 0.1eB

UM-SL®

2.1 + 0.0aB

1.5 + 0.0aA 2.5 + 0.0bC

1.71 + 0.00bC

1.39 + 0.00aA

1.50 + 0.00bB

12.9 + 0.1fA

12.9 + 0.1fA

13.0 + 0.2gA

UM-SH

2.0 + 0.0aB

1.5 + 0.0aA 2.3 + 0.0aB

1.71 + 0.00bC

1.43 + 0.00bA

1.58 + 0.00eB

12.7 + 0.1eAB

12.4 + 0.0eA

UM-LL

5.7 + 0.0eB

6.1 + 0.1gC

9.8 + 0.1aA 1.63 + 0.00fB 1.52 + 0.00dA 1.83 + 0.00eC 3.4 + 0.0fA
6.4 + 0.0hC

10.2 + 0.2aB

10.9 + 0.1aC

12.8 + 0.1fB

UM-LH

6.0 + 0.0fB

3.2 + 0.0eA

1.80 + 0.00dC

1.53 + 0.00dA

1.69 + 0.00gB

1.59 + 0.00eA

10.9 + 0.1bA

11.1 + 0.1bAB

11.3 + 0.1bB

CM-SL

5.7 + 0.0eB

5.4 + 0.0fB

1.86 + 0.00fC

1.63 + 0.00eB

10.9 + 0.2bA

11.2 + 0.2bcA

12.0 + 0.0dB

CM-SH

2.8 + 0.0bB

3.4 + 0.0cC

+ 0.0dA

2.9

1.69 + 0.00aC

1.43 + 0.00bA

1.53 + 0.00cB

12.3 + 0.1dA

12.4 + 0.1eAB

12.7 + 0.1fB

CM-LL

+ e + + 1.8 + 0.0bA + +

CM-LH

Note: Values (expressed as means + SD) with different lowercase letters within the same column and those with different uppercase letters within the same row for the same parameter are significantly different (p < 0.05)

according to Tukey’s HSD test.

Abbreviations: GS, Goso; HJ, Hojoong; JM, Joongmo.

2UM-SL and UM-SH: WWF milled with an ultra-centrifugal mill equipped with a 0.5-mm sieve at rotor speeds of 6000 and 14,000 rpm, respectively; UM-LL and UM-LH: WWF milled with an ultra-centrifugal mill

equipped with a 1.0-mm sieve at rotor speeds of 6000 and 14,000 rpm, respectively; CM-SL and CM-SH: WWF milled with a cutting mill equipped with a 0.5-mm sieve at rotor speeds of 2000 and 4000 rpm, respectively;

CM-LL and CM-LH: WWF milled with a cutting mill equipped with a 1.0-mm sieve at rotor speeds of 2000 and 4000 rpm, respectively.

The SL and SH groups prepared with smaller sieve open-
ings in both UM and CM exhibited relatively higher SRC
values than the LL and LH groups prepared with larger
sieve openings. Water SRC is an indicator of the water
absorption capacity of flour. When comparing UM and
CM, WWFs milled with UM showed lower SRC values
in water and sodium carbonate solution than the corre-
sponding WWFs milled with CM. Additionally, the WWFs
milled with UM showed a clearer distinction in SRC val-
ues between groups with small and large particle sizes in
both solvents than those milled with CM. The SRC trend of
the WWFs mirrored the trend observed for damaged starch
content, as shown in Table 2. Damaged starch content and
sodium carbonate SRC serve as practical indicators of flour
quality, helping to predict the processing performance of
wheat-based products and the quality of the final product
(Kweon et al., 2011).

In general, WWFs with a high damaged starch content
are not preferred for soft wheat-based bakery products,
which typically have a low final moisture content. The
damaged starch content in soft white winter wheat flour
from the Pacific Northwest ranges from 2.76% to 4.77% (Lin
& Czuchajowska, 1996). For bread production, a certain
amount of damaged starch that contributes sugars to suf-
ficient fermentation of bread dough is desirable. However,
excessive damaged starch can hinder gluten formation by
competing for water absorption, thereby adversely affect-
ing bread quality. Belderok (2000) reported that a damaged
starch content exceeding 9% in refined flour is undesirable,
as it leads to sticky dough. Therefore, to meet specific prod-
uct requirements, the damaged starch content of WWFs
needs to be controlled by selecting the appropriate mill
type and milling conditions. With respect to the dam-
aged starch content of WWFs, UM, and CM, a large sieve
opening size and high rotor speed could be suitable for
preparing GS WWFs for cookies and crackers, with UM
being potentially more effective. Conversely, UM and CM
with small sieve openings can be used to prepare J]M WWFs
for bread regardless of the rotor speed.

3.4 | SDS sedimentation volume of whole
wheat flours

The SDS sedimentation volume of the WWFs, an indica-
tor of flour gluten strength, is shown in Figure 3. Wheat
variety, mill type, and milling conditions significantly
influenced the SDS sedimentation volume. However, the
impact of wheat variety was particularly pronounced.
Among the wheat varieties, JM, characterized by high pro-
tein content, was significantly influenced by mill type and
milling conditions. In contrast, GS and HJ showed no
significant effects. WWFs milled with UM showed more
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Hojoong (HJ); (c) and (f) Joongmo (JM). Data represent the means + standard deviations (n = 3). CM, cutting mill; UM, ultra-centrifugal mill.
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TABLE 4 Total phenolic content and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of the whole wheat flour samples.

Science

WHOLE WHEAT FLOURS WITH VARIED MILLING CONDITIONS

DPPH radical scavenging activity (mg TE/100 g)

TPC (mg GAE/100 g)

Flour GS HJ M

UM-SL? 279.5 + 8.7cA 400.6 + 7.2bC 325.8 + 10.8bB
UM-SH 273.0 + 4.5abcA 431.2 + 5.5¢cC 335.8 + 8.8Bb

UM-LL 264.9 + 6.4abA 3745 + 7.0aC 296.0 + 8.0aB

UM-LH 281.9 + 3.0cA 393.0 + 7.6bC 299.5 + 6.7aB

CM-SL 276.1 + 3.0abcA 397.0 + 6.0bC 363.9 + 6.4cB

CM-SH 285.7 + 4.9cA 394.6 + 5.4bC 358.9 + 4.7cB

CM-LL 276.8 + 6.6bcA 396.1 + 7.4bC 359.5 + 4.8¢cB

CM-LH 262.4 + 8.2aA 398.2 + 10.5bC 370.6 + 10.0cB

GS
1351 + 7.7bcA
140.4 + 4.0cA

116.5 + 21.1abcA
130.8 + 6.9abcA
133.9 + 19.8bcA

134.8 + 3.5bcA
99.9 + 2.7aA
105.7 + 7.7abA

HJ

143.4 + 1.3abA
152.4 + 23.9bA
129.9 + 3.2abA
140.4 + 4.6abA
134.2 + 6.6abA
143.7 + 7.5abA
116.3 + 9.6aA
121.7 + 6.2aAB

+

JM
141.4 + 14.7abcA
165.8 + 24.2cA
131.2 + 2.8abA
141.3 + 2.7abcA
133.6 + 2.5abA
149.8 + 7.7bcA
115.7 + 5.3aA
131.6 + 8.2bAB

Note: Values (expressed as means + SD) with different lowercase letters within the same column and those with different uppercase letters within the same row
for the same parameter are significantly different (p < 0.05) according to Tukey’s HSD test.

Abbreviations: GS, Goso; HJ, Hojoong; JM, Joongmo; TPC, total polyphenol content.

2UM-SL and UM-SH: WWF milled with an ultra-centrifugal mill equipped with a 0.5-mm sieve at rotor speeds of 6000 and 14,000 rpm, respectively; UM-LL and
UM-LH: WWF milled with an ultra-centrifugal mill equipped with a 1.0-mm sieve at rotor speeds of 6000 and 14,000 rpm, respectively; CM-SL and CM-SH: WWF
milled with a cutting mill equipped with a 0.5-mm sieve at rotor speeds of 2000 and 4000 rpm, respectively; CM-LL and CM-LH: WWF milled with a cutting mill

equipped with a 1.0-mm sieve at rotor speeds of 2000 and 4000 rpm, respectively.

cooling (Nishita & Bean, 1979). The higher setback viscosi-
ties of GS WWFs are associated with a greater extent of
rapid starch retrogradation (Chung et al., 2012). In addi-
tion, UM-LL for all varieties showed distinctively lower
peak viscosities than the corresponding UM-LH, UM-SL,
and UM-SH WWFs. In contrast, CM-LL and CM-LH, for all
varieties, have lower peak viscosities than CM-SL and CM-
SH, suggesting variations in starch-adhering brans and
particle sizes caused by different mill types. Smaller par-
ticles can swell due to greater water absorption and paste
more easily during heating than larger particles (Bressiani
et al., 2017), which affects product quality during process-
ing (Jo et al., 2021). No significant impact of wheat variety,
mill type, or milling conditions on the pasting temperature
values of WWFs was observed.

3.6 | Total phenolic content and
antioxidant of whole wheat flours

The total phenolic content (TPC) and DPPH radical-
scavenging activities of the WWFs are presented in Table 4.
The TPC values of the WWFs milled using both mill
types (UM and CM) varied significantly by wheat variety,
increasing in the following order: GS < JM < HJ. How-
ever, the wheat varieties had no significant difference in
DPPH radical-scavenging activity. Antioxidant activity is
influenced not only by polyphenols but also by various
compounds such as flavonoids, carotenoids, and ferulic
acid (Hatcher & Kruger, 1997), which may explain why
the TPC and DPPH results do not always align. Among
the wheat varieties, HJ exhibited the highest nutritional
benefits based on TPC compared to GS and JM. The mill

type significantly influenced the TPC of HJ and JM but
did not affect GS. Additionally, DPPH radical-scavenging
activity was consistently higher in WWFs milled with UM
than those milled with CM. The milling conditions also
affected the DPPH radical-scavenging activity, with higher
rotational speeds and smaller sieve openings leading to
increased activity. WWFs with smaller particle sizes exhib-
ited relatively higher TPC and DPPH radical-scavenging
activities, with the effect being more pronounced in HJ
and JM WWFs milled with UM. This observation aligns
with previous findings that TPC values increase with
smaller particle sizes (Zhou et al., 2021), likely because
of the greater surface area, enabling enhanced phenolic
compound extraction. In contrast, for the WWFs milled
with CM, the TPC values showed no significant dif-
ference, although the DPPH radical-scavenging activity
varied significantly.

3.7 | Significant factors and interactions
affecting quality characteristics of whole
wheat flours

The significant factors and interactions influencing the
quality characteristics of the WWFs are summarized in
Table 5. Wheat variety affects moisture and ash con-
tent, damaged starch content, SDS sedimentation volume,
sodium carbonate SRC, RVA pasting viscosity, TPC, and
DPPH radical-scavenging activity. The mill type influenced
particle size, moisture and ash content, damaged starch
content, water and sodium carbonate SRC, RVA pasting
viscosities, TPC, and DPPH radical-scavenging activity.
Milling conditions affect particle size, moisture content,
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Analysis of variance mean squares by linear model procedure for quality responses of whole wheat flour samples with various milling conditions.

TABLE 5

SDS-20

SCSRC

15.4*

WSRC

Ash DS
3.8

Moisture
0.5%*

D90

DF D10 D50

Source

2749.1%%*
0.0

0.2%%%
0.0*
0.0
0.0
0.0
0.0

8658.1

1230.6

629.0*
693.4

15.4%%* 325.1%** 833.8%**

1.2%*
0.2

6.0***

9636.0

10,546.2*

MT

118.1*
12.1

315.2%**

105.4%**

11.7*
1.4

766,394.7***
3000.0

228,028.5%**
2348.5

1061.9*
92.6

MC

31.9**
4.8

0.3*
0.1

2
6
3

WV xMT
WV xMC

37.7

3297.0

1048.7

92.6

16.4

46.9**

20.0**

1.0%*

0.8**

39,673.8™*

31,753.5%**
SDS-60

1091.9*

MT x MC

Source

Setback Pasting TPC DPPH

Final

Breakdown
viscosity

Peak viscosity

SDS-40

DF

viscosity
63,473.8%*
9087.0

viscosity

temperature

1.6

435.2%*

30,325.8***

1412.2*
383.4

1,011,348.2%**
235,620.2***

579,670.3***
88,938.4%**

1602.8*** 532,670.5%**
1.5

1930.9%**

0.2

907.7%**

0.4
4.7*
1.6
1.5

473,766.0%**

MT

943 1%*+*
0.1

22233

160,567.4***

20.7

181,765.3***
4921.9

725,882.3%**

585.1

64.9*
5.6

75.3%
8.5

MC
WV x MT

WV xMC

1701.4*
37.5

8099.5

2
6
3

353

6393.0 11,782.6 3952.0

16,724.5

21.6
8.0

26.9
9.4

41.5

285.0

0.5

29,919.6* 11,190.2

19,900.6*

98,181.7**

MT xMC

Abbreviations: MC, milling conditions; MT, mill type; SDS, sodium dodecyl sulfate; WV, wheat variety; WSRC, water solvent retention capacity; SCSRC, sodium carbonate solvent retention capacity.

ik #E % indicate significance at p < 0.001, p < 0.01, p < 0.05, respectively.

damaged starch content, water and sodium carbonate
SRC, RVA pasting viscosity, and DPPH radical-scavenging
activity. Among these interactions, the wheat variety and
mill type affected the moisture content, damaged starch
content, water and sodium carbonate SRC, and TPC. Addi-
tionally, the type of mill and milling conditions influence
the particle size, moisture content, damaged starch con-
tent, water and sodium carbonate SRC, and RVA pasting
viscosities.

4 | CONCLUSION

This study highlights the significant impact of the mill
type, conditions, and wheat variety on the mean parti-
cle size and distribution, physicochemical properties, SDS
sedimentation volume, pasting characteristics, TPC, and
antioxidant activity of WWFs. UM and CM produced
distinct particle size distributions, with CM producing a
broader range and more pronounced bimodal distribution.
The type of mill also influenced the moisture, ash, and
damaged starch contents, which in turn affected water
absorption and dough properties. The SRC and SDS sed-
imentation volume further emphasize the role of particle
size in determining flour quality, with smaller particles
leading to higher water absorption and stronger gluten
formation. The pasting properties revealed varietal differ-
ences, with GS demonstrating higher viscosities and JM
showing lower peak viscosities.

Based on the quality results of WWFs, UM and CM with
large sieve openings and high rotor speeds (e.g., LH) are
suitable for preparing cookies and crackers due to their
lower damaged starch. In contrast, those with small sieve
openings and high rotor speed (e.g., SH) are better suited
for bread as well as noodles due to their higher gluten
strength. Additionally, further tests should be conducted to
evaluate the processability of WWFs in bread, cookies, and
noodles, which were not addressed in this study, consider-
ing variations in particle size and damaged starch content
due to wheat variety, mill type, and milling conditions.

In summary, the particle size and water/sodium carbon-
ate SRC were significantly influenced by the mill type and
conditions. Moisture and damaged starch content, RVA
pasting viscosities, and DPPH radical-scavenging activ-
ity were primarily influenced by the wheat variety, mill
type, and milling conditions. However, the SDS sedimen-
tation volume and TPC were more strongly influenced
by the wheat variety than by the mill type or milling
conditions. Selecting suitable mill types, conditions, and
wheat varieties is essential for optimizing the properties
of WWFs with higher gluten strength from high-protein
wheat varieties for specific applications such as breads or
noodles. Future studies should explore a broader range of
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wheat varieties to validate these findings, which are more
relevant to milling and baking industries.
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