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Mature wheat kernels contain three main parts: endosperm, bran, and germ. Flour milling results in multiple
streams that are chemically different; however, the distribution of antioxidants and phenolic compounds has not
been well documented in terms of conventional milling by-product streams. In this study, multiple analytical
methods were used to investigate antioxidant activity and phenolic compound compositions of hard red winter
wheat (whole ground wheat), the parts of a wheat kernel (bran, flour, germ), and wheat by-product streams (mill
feed, red dog, shorts) for the first time. For each mill stream, phenolic compounds (total, flavonoid, and
anthocyanin contents) were determined and antioxidant activities were evaluated with 1,1-diphenyl-2-picrylhy-
drazyl (DPPH) radical-scavenging activity, ferric reducing/antioxidant power (FRAP), and total antioxidant
capacity assays. Significant differences (P < 0.05) were observed in phenolic concentrations among fractions of
bran, flour, and germ milled from the same kernels and noted that germ accounts for the majority of antioxidant
properties, whereas bran contains a substantial portion of phenolic compounds and anthocyanins. Mill feed was
high in phenolic content (5.29 mg FAE/g), total antioxidant capacity (866 mg/g), and antioxidant activity (up to
75% DPPH inhibition and 20.26 pmol FeSO4/g). The comprehensive information on distribution of antioxidants
and phenolic compounds provides insights for future human consumption of commonly produced co-products
from flour milling, and for selecting and using different milling fractions to make foods with improved nutri-
tional properties.

1. Introduction bran) [4] are also produced during milling and sold as feed products.
Due to the differing chemical compositions and functions of bran, germ,
Wheat (Triticum aestivum L.) is a staple of human diet and is culti- and endosperm from the kernel, milling streams are chemically different

vated worldwide [1] due to its ease of growth, diverse uses, and long- [7].

term storage. The annual total for global production of wheat is 762
million tons in 2019-2020 [2]. In the United States, approximately 50%
of the domestic wheat crop is exported, 36% is consumed by Americans,
while 10% and 4% go to livestock and seeds, respectively [3]. A wheat
kernel is composed of approximately 85% endosperm, 13% bran, and
2% germ [4]. Kernel endosperm is used as flour, whereas kernel germ
contains high concentrations of lipids that are extracted for oil or pro-
cessed as higher value feed components [5].

Milling separates bran from endosperm. To optimize yield, millers
aim to produce large bran pieces (>2000 pm) and a minimum amount of
shorts (broken bran pieces) [4]. Red dog (flour containing high pro-
portions of bran) [6] and mill feed (low quality, highly contaminated

* Corresponding authors.

Phenolic compounds are the main antioxidant constituents found in
wheat [8,9] and ferulic acid is the dominant phenolic acid in hard red
winter wheat [10,11]. The ferulic acid content is approximately 0.8-2.0
g/kg wheat dry weight [12] and is always higher in bran than in flour
from the same kernel by 10-20 times [10]. Phenolic compounds are
predominantly found in the outer layers of wheat bran as a structural
component of the cell wall and provide protection from natural ele-
ments, pathogenic organisms, and ultraviolet rays [13,14]. Phyto-
chemical content and availability are affected by environment, farming,
mutation, and processing [11,15-17]. In addition, wheat variety is an
important factor affecting phenolic acid composition [18].

Many studies have evaluated the variability of nutrients in different
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parts of wheat kernels [19-21]. Studies have investigated bran and germ
together as one sample [22,23], bran, flour, and grain [24,25], various
compositional differences of select milling streams [26-28], and the
distribution of ash and antioxidant capacities for the improvement of
flour [29]. Prior investigations have shown that bran and germ serve as
possible sources for antioxidants with potential health benefits [26] and
even the particle size from milling can change the extractability of these
compounds [30]. We should note that different methods have been used
to separate different parts of wheat in the literature. In this study, we
used a pilot-scale experiment milling system (Fig. 1), which is similar to
large-scale commercial dry milling of wheat. Bran, flour, germ, mill
feed, red dog, and shorts from the same wheat kernels were obtained and
that allowed us to determine the distribution of antioxidants and
phenolic compounds in the parts of a wheat kernel (bran, flour, germ),
and wheat by-product streams (mill feed, red dog, shorts).

Antioxidants are distinguished as multiple compounds, have the
ability to act in vivo via multiple mechanisms [31], and no single mea-
surement can express ability, activity, and capacity of antioxidants
present in solution [32]. In this study, the detailed distribution of anti-
oxidants and phenolic compounds (total, flavonoid, and anthocyanin
contents) in flour milling fractions from hard red winter wheat (HRW)
was studied for the first time. HRW wheat is popular in the US and
widely used to make breads, hard rolls, croissants, and flat breads. It is
also an ideal choice of wheat for some types of Asian noodles, general
purpose flour, and as an improver for blending, according to the U.S.
Wheat Association. Using a pilot-scale experiment milling system, we
separated components of the wheat kernel into different fractions and
determined the available antioxidant activity and concentration of
phenolic compounds in each wheat kernel fraction and common by-
product mill stream produced by dry-milling for enhanced under-
standing of lesser valued fractions. The bioavailability of these bioactive
components could be affected by many factors, including their levels in
the original grain and fractions [33-35]. The information gained in this
study could provide insights for future human consumption of
commonly produced co-products from flour milling, and for selecting
and using different milling fractions to make foods with improved
nutritional properties.

Whole ground wheat

“
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2. Materials and methods
2.1. Wheat and milled wheat fractions

Mixed Kansas hard red winter wheat [36] was tempered to 16%
moisture and milled (70% extraction; patent flour contained 0.50% =+
0.00% ash) in the Kansas State University (KSU) Shellenberger Hall
industrial-scale milling system (Manhattan, KS). The milling system has
been previously described [36,37]. Bran, flour, germ, mill feed, red dog,
and shorts were collected from one mill run in the industrial milling
system by adjusting mill settings for optimum percentage of the desired
fraction. In addition, whole wheat kernels that were collected from the
mill run after cleaning were ground on a Burr Mill (Falling Number
grinder, Perten Instruments, Springfield, IL) to have less than 2% overs
on a 150 pm screen to represent a whole ground wheat sample. Photo-
graphs of each fraction were taken for reference, and each wheat sample
is described in Fig. 1. Prior to any chemical assay, all samples were
ground to pass through a 150 pm screen.

2.2. Chemicals

All chemicals, reagents, and standards were ACS grade. Ascorbic and
phenolic acid standards were purchased from Sigma-Aldrich, Inc. (St.
Louis, MO).

2.3. Soluble and bound phenolic acids

A two-part extraction for soluble and bound phenolic content was
performed for each sample as previously described [22]. Each sample
(1.000 g) was extracted for 10 min with 10 mL 80% methanol (V/V) at
25 °C under constant stirring. After 10 min, the extract was removed and
the extraction procedure was repeated twice on the residual pellet. Ex-
tracts were pooled and evaporated under continuous nitrogen gas. Each
extracted sample was lyophilized and weights were recorded prior to
dissolving in 5 mL methanol. Determination of bound phenolic acids was
conducted as previously described [23]. The above pellet was hydro-
lyzed with 2 M sodium hydroxide at 25 °C for 1 h under continuous
nitrogen gas. The extraction was neutralized with 2 M hydrochloric acid
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Fig. 1. Sketch of the milling schematic with image located at the fraction output stream. All samples were derived from the same kernels within the mill run.
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and extracted with pure hexane. After hexane removal, the hydrolysis
was extracted five times with ethyl acetate. Ethyl acetate extracts were
pooled together and evaporated to dryness under continuous nitrogen
gas. Dried extracts were dissolved in 10 mL methanol and stored at —20
°C until use. Determination of total phenolic content (TPC) in each
fraction was conducted as previously described [38]. The reduction of
Folin—Ciocalteu reagent in the presence of phenolates was measured
spectrometrically on a Perkin-Elmer Lambda 800 UV-Vis spectropho-
tometer (Perkin-Elmer, Inc., Waltham, MA). Using ferulic acid as the
standard, TPC was expressed as ferulic acid equivalents (FAE) per gram
of mill fraction. A ferulic acid standard solution or extract sample (125
pL) was added to 0.5 mL deionized water and 125 pL Folin—Ciocalteu
reagent in a test tube and vortex-mixed. Samples were allowed to stand
for 6 min. Subsequently, 1.25 mL 7% sodium carbonate and deionized
water were added to adjust final volume to 3 mL. After 90 min at 25 °C,
absorbance was measured at 760 nm against the blank and compared
with various concentrations of ferulic acid standards for quantification.

2.4. Phytochemical extraction (flavonoids)

Phytochemicals were extracted from each sample as previously
described [23]. Each sample (600 mg) was weighed with 60 mg mag-
nesium carbonate in a loosely closed screw-capped test tube. Solids were
blended prior to a rapid extraction with 2 mL 1:1 (V/V) methanol/
tetrahydrofuran mixture in a water bath at 75 °C for 5 min. Extracts were
cooled and centrifuged at 2500 g for 5 min, and the organic phase was
removed. The pellet was extracted two additional times with methanol/
tetrahydrofuran (2 mL) in a water bath at 75 °C for 5 min then cooled
and centrifuged at 2500 g for 5 min. Pooled organic phases were dried
with anhydrous sodium sulfate and evaporated under continuous ni-
trogen gas at 35 °C. Residues were dissolved in 1 mL methanol/tetra-
hydrofuran, stored at —20 °C, and analyzed within 2 weeks.

2.5. Total flavonoid content

Determination of total flavonoid content in each fraction was con-
ducted as previously described [39]. Extracts from the phytochemical
extraction (0.25 mL) were mixed with 1.25 mL distilled water in a test
tube. Seventy—five microliters of 5% sodium nitrite solution was added,
test tubes were held at 25 °C for 6 min, 150 pL 10% aluminum chloride
was added, and test tubes were held at 25 °C for 5 min. Subsequently,
0.5 mL 1 M sodium hydroxide was added and solutions were brought up
to 2.5 mL with distilled water, then mixed. Samples were immediately
measured against a blank at 510 nm on a spectrophotometer. Flavonoid
content was calculated as microgram of catechin equivalent (CE) per
gram of sample (ug/g CE) against a standard curve of catechin [39].

2.6. Anthocyanin content

Extraction and determination of anthocyanin content in each milling
fraction were conducted as previously described [40]. Samples (3.000 g)
were extracted twice by turbulent-mixing with 24 mL acidified meth-
anol [1 N hydrochloric acid (85:15, V/V)] for 30 min. The pH was
adjusted to 1.0 before timing and rechecked after 15 and 30 min of
extraction. Extracts were centrifuged at 21,000 g (4 °C) for 20 min and
refrigerated for 2 d to precipitate. Again, extracts were centrifuged
21,000 g (4 °C) for 20 min and concentrated to 2 mL under continuous
nitrogen. For total anthocyanin content determination, the concentrated
supernatant was poured into a 50-mL volumetric flask and made up to
volume with acidified methanol. Absorbance was measured on a spec-
trophotometer at 535 nm, and anthocyanin content calculated as mi-
crograms per gram according to the original method [40].

2.7. Total antioxidant capacity

Determination of total antioxidant capacity in each fraction was
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conducted as previously reported [41]. In one test tube, 0.3 mL from the
soluble/bound phenolic extraction and 3 mL of reagent (0.6 M sulfuric
acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate) were
incubated at 95 °C for 90 min. After the mixtures cooled to 25 °C,
absorbance of the solutions were read at 695 nm against a blank on
spectrophotometer and calculated against a reference of the total anti-
oxidant capacity of ascorbic acid.

2.8. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) assay

Determination DPPH radical absorbance in each fraction was con-
ducted as previously reported [42]. DPPH reagent (0.004% DPPH in
methanol) was prepared the day of analysis. In one test tube, 1.9 mL
DPPH reagent and 100 pL extract from the soluble/bound phenolic
extraction were mixed. Tubes were kept in a dark room to react. After
30 min, absorbance was tested at 517 nm on a spectrophotometer. ICsq
value was used to calculate DPPH value and is defined as the concen-
tration of the sample necessary to have 50% inhibition as determined
with interpolated linear regression, where a lower ICsq value is associ-
ated with a higher radical scavenging activity. All DPPH values are re-
ported as ‘% inhibition’.

2.9. Ferric ion reducing antioxidant power (FRAP) assay

Determination of FRAP for each extract was conducted as previously
reported [15]. FRAP reagent was prepared the day of analysis and kept
in a water bath at 37 °C when not in use. The FRAP reagent contained
acetate buffer 300 mM pH 3.6, 2, 4, 6-tripyridyl-s-triazine (10 mM in 40
mM hydrochloric acid) and iron (III) chloride hexahydrate (20 mM) in a
ratio of 10:1:1 [43]. To determine FRAP of each sample, 1.8 mL FRAP
reagent, 300 pL extract from the soluble/bound phenolic extraction, and
180 pL distilled water were combined in one test tube and incubated at
37 °C for 4 min. Absorbance was measured at 593 nm on a spectro-
photometer and reported in micromole ferrous sulfate (FeSO4) per gram
defatted material.

2.10. Statistical analysis

All tests were performed in triplicate. Means and standard deviations
were calculated for all analyses. All values are expressed as mean plus or
minus the standard deviation. Significance of differences between
groups was compared using two-sample t-tests (Excel 2003). P values
(two-tailed) of less than 0.05 were considered to be a sign of statistical
significance. N is provided as the number of assays per sample.

3. Results and discussion
3.1. TPC of wheat fractions

Extraction yield of soluble phenolic compounds refers to free and
conjugated phenolic acids extracted with 80% methanol, whereas that
of bound phenolic compounds refers to those derived by alkaline-
hydrolyzed extraction. TPC is expressed as milligram FAE per gram of
wheat fraction in Table 1. The highest soluble TPC concentration was
observed in germ extract (0.92 mg FAE/g of defatted material), and the
lowest was determined in flour extract (0.29 mg FAE/g of defatted
material). The order of TPC for soluble extracts was: germ > whole
ground wheat > mill feed > bran > red dog > shorts > flour. Similarly,
bound extract TPC of wheat fractions was highest in germ (5.43 mg FAE/
g of defatted material), and the lowest TPC was found in flour (1.95 mg
FAE/g of defatted material). The order of TPC for bound extracts was:
germ > whole ground wheat > mill feed > bran > red dog > shorts >
flour.

The main components of the wheat kernel were measured in order to
correlate the portions of the wheat kernel to that of the wheat milling
and by-product streams which contained them. Germ extract contains
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Table 1
Total phenolic acid content of wheat fractions milled from the same kernels.

Total phenolic compounds’?
(mg FAE/g of defatted material)

Wheat fraction

Soluble Bound
Bran 0.57 + 0.03¢ 3.81 +0.17°
Flour 0.29 + 0.01° 1.95 + 0.01¢
Germ 0.92 +0.11% 5.43 + 0.89%
Mill feed 0.69 + 0.08° 4.60 + 0.56"
Red dog 0.56 + 0.024 3.73 £ 0.13¢
Shorts 0.34 + 0.05° 2.57 + 0.044
Whole ground wheat 0.75 + 0.06" 4.87 +0.97%

Note: ! Column data with like superscript letters are not significantly different
(P> 0.05); n=3.
2 The total phenolic contents are expressed as ferulic acid equivalents (FAE).

the highest portion of oils and antioxidants [44,45], thereby accounting
for the high TPC of germ. High TPC values have been reported with the
presence of the antioxidant rich pericarp and aleurone layers [46],
thereby explaining the TPC value obtained for bran. Subsequently, mill
feed and whole ground wheat (which contain relatively high concen-
trations of bran and germ) also have high TPC values for the same reason
[47]. Flour, which contains little bran or germ, had minor detectable
phenolic compounds and was found to have low levels of phenolic
compounds in previous research [22,41], which complies with the
previous theory.

We found whole ground wheat to contain relatively higher [27], and
bran relatively lower [24] phenolic compounds than in previous reports.
In a previous study, 49 mill streams were investigated for phenolic con-
tent, antioxidant activity and iron content to understand the range of said
materials within flour streams derived from flour roller milling [29].
Within that study, TPC from flour streams was 0.76-3.69 mg FAE/g (d.w.)
which was in range of our reported value. The difference in values be-
tween studies may be entirely attributed to the extraction/quantification
method. Aprodu and Banu [29] utilized acidified methanol (1% hydro-
chloric acid)/water (80:10, V/V) and 70% ethanol separately to extract
antioxidant compound (for TPC and FRAP, respectively). The current
study utilized a two-part extraction: a nonacidic, alcohol soluble extrac-
tion and an alkaline bound extraction at room temperature for a relatively
short extraction time. By this method, we suspect that additional bound
phenolic compounds remained within the extracted material [23]. Pre-
vious studies have used different extraction solvents on various streams
from milling [8,29,48]. There is difficulty in comparing results from the
literature because of grave differences in extraction methods [29]; a
number of extraction methods have been shown to give various results on
the same material [49].

Whole ground wheat was used to represent the entire kernel and we
obtained a TPC value higher than previous studies. The TPC of common
wheat has been reported as 1.29 mg FAE/g defatted wheat when
extracted by 80% ethanol (V/V) [27] and 1.57 mg FAE/ g (d.w.) when
extracted with acidified methanol [29]. The wheat cultivar and sample
preparation may entirely account for the differences between studies.
Additionally, the Folin-Ciocalteu reagent used in the TPC method is not
specific to phenolic compounds and can also react with sugars and
peptides; many of which are soluble in aqueous solutions. We suspect
that these compounds partly account for the soluble extract quantities.
As the reagent is nonspecific, it measures all phenolic compounds, not
only ferulic acid. The value calculated from TPC is in FAE, yet the
method measures reducing capacity, and hence, antioxidant properties
of the material [32]; thereby explaining the relative order of values in
Table 1 and antioxidant activities discussed in Section 3.3. Phenolic
compounds may contribute directly to antioxidant action [50,51];
consequently, it is necessary to investigate TPC when measuring anti-
oxidant properties.

It is well known that there are many factors that have been reported
to influence the antioxidant properties of wheat and other cereals. The
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phytochemical profiles of wheat grains can be substantially influenced
by genotypes, environments, management factors, and their in-
teractions, as summarized by a previous study [1]. In addition, extrac-
tion and detection methods may also have an impact on bioactive
compounds and their biological activities [34]. The extraction, solubil-
ity, and separation properties of phenolics are influenced by their
complex structure, non-uniform distribution in plants, and high molec-
ular weight [52]. Consequently, the extraction procedure is critical to
phenolic extraction [53,54].

3.2. Flavonoid and anthocyanin concentration in wheat fractions

Total flavonoid content for each wheat fraction is reported in
Table 2. Mill feed had the highest concentration of flavonoid compounds
(360.68 pg/g CE), whereas flour contained the lowest (192.85 pg/g CE).
The measured flavonoid content for all wheat fractions was mill feed >
shorts > red dog > whole ground wheat > bran > germ > flour. Mixed
mill stream samples (whole ground wheat, shorts, mill feed, red dog)
were high in flavonoid concentrations compared with separated frac-
tions (bran, flour, germ), although samples did not differ significantly (P
> 0.05) in many instances. Flour and mill feed were the only samples
that were significantly different (P < 0.05) from all other samples. The
distribution of phenolic compounds in different parts of a wheat kernel
is genetically and metabolically determined by secondary metabolism of
different tissues in wheat [20,21]. In metabolomic analysis of pealed
wheat, Zhu et al. [21] also reported that flavonoid content was higher in
the outer layers of the wheat and lower in the kernel.

Anthocyanin content for each wheat fraction is reported in Table 2.
Bran had the highest anthocyanin content (72.7 pg/g), followed by red
dog (43.7 ug/g). The measured anthocyanin content by wheat fraction
was in the following order: bran > red dog > mill feed > shorts > germ >
whole ground wheat > flour. Germ and shorts anthocyanin contents did
not differ significantly. By using a pilot-scale experimental milling sys-
tem, anthocyanin content in different milling steams were quantified in
this study. Our findings are in general agreement with the metabolomic
studies that most bioactive compounds are accumulated in the outer
layers of wheat kernels [20].

Extract concentrations, measured with respect to the major plant
secondary metabolite catechin, were similar to previous research on the
wheat kernel [55]. Although flavonoids have antioxidant capability
[35], the assay used does not measure antioxidant properties, and
quantified this subset of phenolic compounds. Our study reiterated that
flavonoids in germ are highly concentrated and flavonoids in flour are
low in concentration and dispersed in red hard winter wheat, most likely
as present as phlobaphene or proanthocyanidin [56].

Anthocyanins are flavonoids that are concentrated in the outside
layers of the kernel, synthesized through a flavonoid biosynthetic
pathway and contain antioxidant ability [35,57,58]. Germ and mill feed

Table 2
Flavonoid and anthocyanin concentrations in wheat fractions milled from the
same kernels.

Wheat fraction Total contents

Flavonoid (ug/g CE of extracted Anthocyanin (ug/

material)'? g)1
Bran 293.80 + 4.19° 72.7 + 0.8%
Flour 192.85 + 0.58¢ 1.3+0.1¢
Germ 283.47 + 0.64° 22.4 + 1.0°
Mill feed 368.68 + 4.66% 24.1 + 0.5°
Red dog 321.71 + 2.92% 43.7 +£0.8"
Shorts 327.80 + 1.19° 22.6 + 0.4°
Whole ground 314.46 + 2.21% 45 +0.3¢
wheat

Note: ! Column data with like superscript letters are not significantly different
(P> 0.05); n=3.
2 Total flavonoid contents are expressed as catechin equivalent (CE).
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were high in flavonoids, but not in chemical compounds determined by
the total anthocyanin assay. Differentiating the two assays would derive
from the 3-phenyl-1,4-benzopyrone structures in these milling fraction
extracts that were present to represent phenol groups, but were distinct
by degree of unsaturation and oxidation [59]. Anthocyanin concentra-
tions differed from flavonoid concentrations in whole ground wheat and
mill feed for the same reason [60]. As anthocyanidin derivatives, these
flavonoids are differentiated by R-groups on the isoflavan structure;
therefore, total anthocyanin concentration reflects the polyphenol
population in a sample as the portion of anthocyanidins with glycosidic
compounds [59].

While total phenolic acid, flavonoid and anthocyanin contents in
different milling fractions were determined in this study, individual
bioactive compounds such as specific phenolic acids (e.g., ferulic acid,
vanillic acid, caffeic acid, syringic acid, and coumaric acid) and specific
flavonoids (e.g., rutin, quercetin, apigenin, kaempferol, luteolin, and
naringenin) were not analyzed. Nevertheless, Zhu et al. [21] conducted
an extensive analysis, quantifying 1202 metabolites in the metabolome
of dried mature kernels from six wheat varieties. Their research also
included an examination of the contributions of these metabolites
through Principal Component Analysis (PCA). The identified com-
pounds in wheat primarily consisted of flavonoids, sugars, polyphenols,
phenolamides, lipids, and vitamins. The data strongly indicate that
bioactive compounds accumulate more prominently in the outer layer
(bran) compared to other parts of the wheat grain. The variations in the
distribution of these antioxidants and/or metabolites across milling
fractions likely have implications for the flour and bakery industries,
and suggest health benefits of consuming whole grain products and
foods containing wheat bran.

3.3. Total antioxidant capacity of wheat fractions

Total antioxidant capacity (TAC) of each wheat fraction is reported
in Table 3. For the soluble extracts, the highest total antioxidant capacity
was observed in the whole ground wheat extract (193.59 mg/g of
defatted material). The order of total antioxidant capacity was: whole
ground wheat > mill feed > red dog > shorts > bran > flour > germ. For
the bound extracts, the highest total antioxidant capacity was observed
in the mill feed extract (710.16 mg/g of defatted material). The order of
total antioxidant capacity was: mill feed > germ > bran > whole ground
wheat > red dog > shorts > flour.

Table 3
Antioxidant activities of wheat fractions milled from the same kernels.

Wheat Total antioxidant Antioxidant activities'
fraction  capacity (equivalent  ppp oy iion)  FRAP (umol FeSO4/
to ascorbic acid [mg/
D g of defatted
& material)
Soluble Bound Soluble Bound Soluble Bound
Bran 78.63+  448.36 19.94+ 5283 2.73 + 15.75
0.05° +0.1°¢ 0.02° +0.15¢  0.02¢ +0.37°
Flour 70.34+  111.23 6.03 + 13.23 0.81 + 1.23 +
0.12f +0.18 0.06° +0.08"  0.01° 0.01°
Germ 35.84+  509.98 18.89+  87.12 6.57 + 25.13
0.108 +1.9° 0.144 +0.29° 0112 +0.03%
Mill feed  156.38 710.16 3836+  75.27 4.47 + 15.79
+0.21° +0.20°  0.14° +0.22°  0.02° +0.01°
Red dog 115.48 409.80 31.11+  73.60 3.57 + 13.36
+0.24° +0.29° 0.04° +0.29°  0.17° +0.01¢
Shorts 9737+  360.16 1860+  44.23 262 + 14.57
0.03¢ + 0.20f 0.10°¢ +0.17¢  0.02¢ +0.02°
Whole 193.59 444,94 1817+  30.86 435+ 11.42
ground  +£0.02°  +007¢  0.00 +0.44°  0.06" +0.09°
wheat

Note: ! Column data with like letters are not significantly different (P > 0.05); n
=3.
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Mill feed and whole ground wheat had approximately the same TPC
but different soluble extract contributions to total antioxidant capacity.
As observed in the TPC analysis, total antioxidant capacity in soluble
extracts were at least two times higher than in bound extracts from the
same material (Table 3), confirming the increased presence of reducing
compounds in the soluble fraction. Previous studies have also noted the
correlation between TPC and total antioxidant capacity values [46].
Total antioxidant capacity quantifies by cumulative capacity to scav-
enge free radicals [61] and the reagent in the TPC assay also allows for
continued reduction of all reducible material.

Aprodu and Banu [29] noted the highest antioxidant activity of the
flour streams analyzed derived from the streams at the last two break
rolls. From our milling schematic (Fig. 1), the last break roll is where the
bran fraction was obtained and flour obtained at that point would be
heterogeneous in size and lower quality than patent flour. A previous
study also found that bran and bran containing outlet streams have
significantly higher TPC and total antioxidant capacity over those
samples containing high amounts of endosperm [27]. Knowing the
composition of mill streams is important for producing the type of flour
desired [29] and knowing the composition of by-product streams is
important for enhanced utilization of by-products.

3.4. DPPH radical scavenging activity of wheat fractions

All wheat fraction extracts showed DPPH scavenging activities in
concentration measured by ICsy value (Table 3). As the standard,
ascorbic acid was measured at 96% DPPH inhibition with this sample
set. Soluble and bound germ extracts displayed significantly higher (P <
0.0001 and P < 0.0012, respectively) DPPH values than other fractions.
The order of ability to scavenge DPPH radicals by wheat fractions was:
mill feed > red dog > bran > germ > shorts > whole ground wheat >
flour for soluble extracts, and germ > mill feed > red dog > bran >
shorts > whole ground wheat > flour for bound extracts. Mill feed and
red dog demonstrated the highest abilities to scavenge DPPH radicals.

The ability to act as donors of hydrogen atoms in DPPH radical
transformation to a reduced form proved to be distinctive when
measuring antioxidants within mill streams. DPPH assay measures sin-
gle electron transfer to determine antioxidant reducing capacity by ICsq
[29]. Higher inhibition demonstrates stronger antioxidant activity [62],
as measured in the flouring milling waste streams. High DPPH activity in
mill feed and red dog is thought to derive from those mill streams
containing large amounts of germ and bran compared with other by-
products in milling streams. Differences between by-product mill
streams may be due to the DPPH assay reaction depending on the
structural conformation of the antioxidants being examined [63,64].
Although mill feed showed high concentrations of DPPH in our experi-
ment, note that milling products vary in composition when produced
from different mills, kernels, and operational conditions; therefore,
analysis from multiple mills and wheat cultivars should be compared in
future studies.

A previous study has investigated DPPH of milling fractions [46].
Common fractions used in our study and the previous publication
showed differences and commonalities. In the current study, shorts had
an insignificantly lower DPPH value than bran (Table 3), while a pre-
vious study reported the difference between the DPPH values of shorts
and bran to be significant [46] another by the same group reported the
difference as insignificant [46]. These results reiterate the diversity of
certain phytochemical compounds between varieties [65,66]. Liyana-
Pathirana and Shahidi [46] reported a trend with TPC and DPPH,
which noted a decrease in activity with decrease of bran contamination.
This trend was consistent in the current study when significant differ-
ences were observed.

3.5. FRAP of wheat fractions

Antioxidant activity of wheat fraction extracts was evaluated for
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power by FRAP assay (Table 3). Mill feed and red dog had similar (P =
0.41) soluble portions; however, the remaining samples had signifi-
cantly different abilities to reduce iron. Germ-soluble extracts (6.57
pmol of FeSO4/g defatted material) had significantly higher (P <
0.0001) FRAP values than other fractions, whereas flour extracts had
significantly lower FRAP values (0.81 pmol of FeSO4/g defatted mate-
rial). For wheat fraction soluble extracts, ability to reduce Fe>* to Fe?*
was in the order of germ > mill feed > whole ground wheat > red dog >
bran > shorts > flour. For bound extracts from different fractions of
wheat, germ extracts had significantly higher (P < 0.0001) FRAP values
(25.13 pmol of FeSO4/g defatted material) than other fractions, and
extracts from flour were the lowest (1.23 pmol of FeSO4/g defatted
material). For all samples, ability of bound extracts to reduce Fe>* to
Fe?t was in the order of germ > mill feed > bran > shorts > red dog >
whole ground wheat > flour.

In a previous study, FRAP activity correlated with TPC of brewers'
spent grain extracts [67], but in the current study only germ, whole
ground wheat, and mill feed had consistently higher TPC and FRAP
values. In a previous study utilizing the FRAP assay to investigate mill
streams, Aprodu and Banu [29] did not analyze any stream in the milling
process designated as germ (which had our highest FRAP value). The
range for the FRAP value of flour was vast (0.2 nmol Fe?*/mg to 7.1
nmol Fe?*/mg), as multiple flour streams were analyzed. Common
milling terms were not assigned to the streams reported in the study by
Aprodu and Banu; therefore, it is only assumed that patent flour in their
milling scheme would derive from reduction flour fractions. Although
various extraction methods and data interpretations (use of various
standards, etc.) were compared, this study and several previous studies
have confirmed the increase of antioxidant activity with increase in bran
concentration within the fraction [27,29,35]. Bran containing material
is high in nutritive value and may be accessible in human digestion
[27,35,66].

We should note that DPPH (2,2-diphenyl-1-picrylhydrazyl) and
FRAP (Ferric Reducing Antioxidant Power) are both methods used to
measure the antioxidant capacity of compounds, particularly in the
context of food and biological samples. DPPH method is based on the
reduction of a stable free radical (DPPH) by antioxidants [68], while
FRAP measures the ability of an antioxidant to reduce a ferric-
tripyridyltriazine (Fe>*-TPTZ) complex to its ferrous form (Fe?") [69].
DPPH analysis is commonly used for assessing radical scavenging ac-
tivity in various samples. FRAP is widely employed to measure the
overall reducing power and antioxidant capacity of samples. It is note-
worthy that both methods provide valuable information about the
antioxidant potential of compounds. However, the selection between
them depends on the specific needs of the study and the characteristics
of the samples under examination. Researchers frequently employ a
combination of assays to acquire a thorough comprehension of the
antioxidant activity.

To better understand the relationship between measured antioxidant
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capacity and certain types of antioxidants, statistical correlations be-
tween bioactive compounds and antioxidant activities in various wheat
milling fractions are analyzed (Table 4). Remarkably, a strong correla-
tion (P < 0.001) emerged between soluble and bound TPC in the present
investigation. TPC (both soluble and bound) had the strongest associa-
tion with the soluble FRAP assay (P < 0.01). These findings align with
the outcomes reported by Li et al. [70], underscoring the influence of
milling methods and distinct milling fractions on antioxidant properties
of wheat. Our finding corresponds with the observations of Benzie and
Strain [43], who identified a substantial positive correlation between
total phenolic content and the FRAP assay. However, our study did not
identify any significant correlation between total phenol content and
flavonoids, anthocyanin, soluble TAC, and soluble DPPH. Our analysis
also revealed that flavonoids exhibited correlations with bound TAC and
soluble DPPH. Conversely, no significant correlation was observed be-
tween anthocyanins and the other parameters examined. TAC bound
demonstrated a significant correlation (P < 0.05) with bound TPC and
flavonoids. These outcomes suggest that not only do milling fractions
exhibit variations in bioactive compounds, but each compound category
contributes differentially to biological activities through distinct
mechanisms or chemical reactions. Additional investigation is war-
ranted to enhance our understanding of the correlations among these
compounds and their associated biological activities, taking into
consideration various potential influencing factors.

4. Conclusion

Antioxidant activity, total phenolic content, flavonoid and antho-
cyanin concentrations varied among bran, germ, flour, and various mill
streams from hard red winter wheat. In addition, antioxidants did not
have the same distribution pattern throughout the flour milling frac-
tions. Germ extract was high in antioxidant ability and phenolic acids,
bran-containing fractions were high in anthocyanins, and flour extracts
had the lowest concentrations in all phenolic compounds and antioxi-
dant responses. The use of the same wheat kernels was implemented for
optimum fraction comparison in this study. This is the first compre-
hensive study on distribution of antioxidants and phenolic compounds
in flour milling fractions from US hard red winter wheat using an
industrial-scale milling system. The knowledge gained is useful when
selecting and using different mill fractions to enhance antioxidant ac-
tivity or other nutritional properties in foods. Antioxidant capacity, total
phenolic acid, flavonoid and anthocyanin contents in wheat fractions
milled for the same kernels were determined in this study and the in-
formation would be useful for making food products using those
different milling fractions. There are many phytochemicals in wheat;
specific phenolic acids such as ferulic, vanillic, caffeic, syringic, and
coumaric acids were not quantified in this study and merit further
studies. Additional work should also be conducted to study more hard
wheat cultivars and other types of wheat. Prospective research includes

Table 4
Correlations between bioactive compounds and antioxidant activities of different wheat milling fractions.
Items TPC soluble TPC bound Flavonoids Anthocyanin TAC soluble TAC bound DPPH soluble DPPH FRAP FRAP
bound soluble bound
TPC soluble 1
TPC bound 0.99%** 1
Flavonoids 0.39 0.50 1
Anthocyanin 0.06 0.10 0.28 1
TAC soluble 0.13 0.24 0.56 -0.25 1
TAC bound 0.71 0.78* 0.85* 0.29 0.37 1
DPPH soluble 0.39 0.48 0.87* 0.35 0.43 0.84* 1
DPPH bound 0.66 0.67 0.59 0.43 -0.18 0.75 0.73 1
FRAP soluble 0.94** 0.94** 0.50 0.01 0.06 0.74 0.46 0.77* 1
FRAP bound 0.75 0.75 0.54 0.38 -0.23 0.71 0.45 0.86* 0.86* 1

Note: *** P-value <0.001; ** P-value <0.01; * P-value <0.05.

TPC = Total phenolic compounds; TAC = Total antioxidant capacity; DPPH = 1,1-diphenyl-2-picrylhydrazyl radical-scavenging activity; FRAP = ferric reducing/

antioxidant power.
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utilization of by-product streams for higher profit uses, effects of
different milling fractions on quality and sensory properties of foods,
and investigation of antioxidant activity deterioration post-processing in
products for human consumption.

CRediT authorship contribution statement

Lauren Renee Brewer: Writing — review & editing, Writing — orig-
inal draft, Methodology, Investigation, Formal analysis. Jittawan
Kubola: Writing — original draft, Investigation, Formal analysis. Sir-
ithon Siriamornpun: Writing — review & editing, Supervision, Meth-
odology, Formal analysis. Yong-Cheng Shi: Writing — review & editing,
Supervision, Project  administration, Funding  acquisition,
Conceptualization.

Ethical statement

This study does not involve human or animal testing.

Declaration of competing interest

All authors consented to the publication of this work. The authors
declare that they have no competing interests. The author Yong-Cheng
Shi is an Editorial Board Members for Grain & Oil Science and Tech-
nology and was not involved in the editorial review or the decision to
publish this article.

Acknowledgements

We thank Mr. Riley Smith for taking photos of milling fractions and
Dr. Jeffery Gwirtz, a former faculty in the Department of Grain Science
and Industry at Kansas State University for his assistance in milling of
the wheat. Support for this student's (Lauren Brewer) training project is
provided by USDA National Needs Graduate Fellowship Competitive
Grant No. 2008-38420-04773 from the National Institute of Food and
Agriculture. This is contribution number 12-473-J from the Kansas
Agricultural Experiment Station. This research project was financially
supported by Mahasarakham University.

References
[1] W. Tian, F. Wang, K. Xu, et al., Accumulation of wheat phenolic acids under

different nitrogen rates and growing environments, Plant 11 (2022) 1-9, https://

doi.org/10.3390/plants11172237.

R. Sahu, P. Kundu, A. Sethi, In vitro antioxidant activity and enzyme inhibition

properties of wheat whole grain, bran and flour defatted with hexane and

supercritical fluid extraction, LWT 146 (2021) 111376, https://doi.org/10.1016/j.

1wt.2021.111376.

USDA Economic Research Service. https://www.ers.usda.gov/data-products/wh

eat-data/.

T.D. Sugden, Wheat flour milling: Part 1, in: D.A.V. Dendy, B.J. Dobraszczyk (Eds.),

Cereals and Cereal Products: Chemistry and Technology, Aspen Publishers Inc,

Maryland, 2001, pp. 140-163.

K.X. Zhu, C.X. Lian, X.N. Guo, et al., Antioxidant activities and total phenolic

contents of various extracts from defatted wheat germ, Food Chem. 126 (2010)

1122-1126, https://doi.org/10.1016/j.foodchem.2010.11.144.

J.M. Martin, F.D. Meyer, C.F. Morris, et al., Pilot scale milling characteristics of

transgenic isolines of a hard wheat over-expressing puroindolines, Crop Sci. 47

(2007) 497-506, https://doi.org/10.2135/cropsci2006.05.0342.

D.L. Wetzel, E.S. Posner, H. Dogan, InSb focal plane array chemical imaging

enables assessment of unit process efficiency for milling operation, Appl. Spectrosc.

64 (2010) 1320-1324, https://doi.org/10.1366,/000370210793561583.

S.N. Onyeneho, H.S. Hettiarachchy, Antioxidant activity of durum wheat bran,

J. Agric. Food Chem. 40 (1992) 1496-1500, https://doi.org/10.1021/

JF00021A005.

L. Levakova, M. Lacko-Bartosova, Phenolic acids and antioxidant activity of wheat

species: a review, Agriculture (Polnohospodarstvo) 63 (2017) 92-101, https://doi.

org/10.1515/agri-2017-0009.

J. Klepacka, L. Fornal, Ferulic acid and its position among the phenolic compounds

of wheat, Crit. Rev. Food Sci. Nutr. 46 (2006) 639-647, https://doi.org/10.1080/

10408390500511821.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

77

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

Grain & Oil Science and Technology 7 (2024) 71-78

B. Verma, P. Hucl, R.N. Chibbar, Phenolic content and antioxidant properties of
bran in 51 wheat cultivars, Cereal Chem. 85 (2008) 544-549. https://doi.org/10.1
094/CCHEM-85-4-0544.

1. Lempereur, X. Rouau, J. Abecassis, Genetic and agronomic variation in
arabinoxylan and ferulic acid contents of durum wheat (Triticum durum L.) grain
and its milling fractions, J. Cereal Sci. 25 (1997) 103-110, https://doi.org/
10.1006/jcrs.1996.0090.

P. Mattila, J.M. Pihlava, J. Hellstrom, Contents of phenolic acids, alkyl- and
alkenylresorcinols, and avenanthramides in commercial grain products, J. Agric.
Food Chem. 53 (2005) 8290-8295, https://doi.org/10.1021/jf051437z.

C.D. Stalikas, Extraction, separation, and detection methods for phenolic acids and
flavonoids, J. Sep. Sci. 30 (2007) 3268-3295, https://doi.org/10.1002/
jssc.200700261.

L. Yu, J. Perret, M. Harris, et al., Antioxidant properties of bran extracts from
"Akron" wheat grown at different locations, J. Agric. Food Chem. 51 (2003)
1566-1570, https://doi.org/10.1021/jf020950z.

P. Gélinas, C.M. McKinnon, Effect of wheat variety, farming site, and bread-baking
on total phenolics, Int. J. Food Sci. Technol. 41 (2006) 329-332, https://doi.org/
10.1111/j.1365-2621.2005.01057.x.

A. Sharma, M. Yadav, A. Tiwari, et al., A comparative study of colored wheat lines
across laboratories for validation of their phytochemicals and antioxidant activity,
J. Cereal Sci. 112 (2023) 15661570, https://doi.org/10.1016/j.jcs.2023.103719.
N. Hernandez-Espinosa, B. Laddomada, T. Payne, et al., Nutritional quality
characterization of a set of durum wheat landraces from Iran and Mexico, LWT 124
(2020) 109198, https://doi.org/10.1016/j.1lwt.2020.109198.

P. Van Hung, T. Maeda, K. Miyatake, et al., Total phenolic compounds and
antioxidant capacity of wheat graded flours by polishing method, Food Res. Int. 42
(2019) 185-190, https://doi.org/10.1016/j.foodres.2008.10.005.

J. Zhi, J. Zeng, Y. Wang, et al., A multi-omic resource of wheat seed tissues for
nutrient deposition and improvement for human health, Scientific Data 10 (2023)
269, https://doi.org/10.1038/541597-023-02133-y.

A. Zhu, Q. Zhou, S. Hu, et al., Metabolomic analysis of the grain pearling fractions
of six bread wheat varieties, Food Chem. 369 (2022) 130881, https://doi.org/
10.1016/j.foodchem.2021.130881.

K.K. Adom, M.E. Sorrells, R.H. Liu, Phytochemical profiles and antioxidant activity
of wheat varieties, J. Agric. Food Chem. 51 (2003) 7825-7834, https://doi.org/
10.1021/jf0304041.

K.K. Adom, M.E. Sorrells, R.H. Liu, Phytochemicals and antioxidant activity of
milled fractions of different wheat varieties, J. Agric. Food Chem. 53 (2005)
2297-2306, https://doi.org/10.1021/jf048456d.

M. Vaher, K. Matso, T. Levandi, et al., Phenolic compounds and the antioxidant
activity of the bran, flour and whole grain of different wheat varieties, Proc. Chem.
2 (2010) 76-82, https://doi.org/10.1016/j.proche.2009.12.013.

O.M. Yilmaz, E. Bakkalbasi, R. Ercan, Phenolic acid contents and antioxidant
activities of wheat milling fractions and the effect of flour extraction rate on
antioxidant activity of bread, J. Food Biochem. 42 (2018) 12637, https://doi.org/
10.1111/jfbc.12637.

C.M. Liyana-Pathirana, F. Shahidi, Antioxidant properties of commercial soft and
hard winter wheats (Triticum aestivum L.) and their milling fractions, J. Sci. Food
Agric. 86 (2006) 477-485, https://doi.org/10.1002/jsfa.2374.

C.M. Liyana-Pathirana, F. Shahidi, Antioxidant and free radical scavenging
activities of whole wheat and milling fractions, Food Chem. 101 (2007)
1151-1157, https://doi.org/10.1016/j.foodchem.2006.03.016.

B.X. Fu, C. Chiremba, C.J. Pozniak, et al., Total phenolic and yellow pigment
contents and antioxidant activities of durum wheat milling fractions, Antioxidants
6 (2017) 78, https://doi.org/10.3390/antiox6040078.

1. Aprodu, I. Banu, Antioxidant properties of wheat mill streams, J. Cereal Sci. 56
(2012) 189-195, https://doi.org/10.1016/j.jcs.2012.05.005.

L.R. Brewer, J. Kubola, S. Siriamornpun, et al., Wheat bran particle size influence
on phytochemical extractability and antioxidant properties, Food Chem. 152
(2014) 483-490, https://doi.org/10.1016/j.foodchem.2013.11.128.

J. Lachman, M. Orsék, J. Pivec, et al., Antioxidant activity of grain of einkorn
(Triticum mono-coccum L.), emmer (Triticum dicoccum Schuebl [Schrank]) and
spring wheat (Triticum aestivum L.) varieties, Plant Soil Environ. 58 (2012) 15-21,
https://doi.org/10.17221/300/2011-PSE.

D. Huang, B. Ou, R.L. Prior, The chemistry behind antioxidant capacity assays,

J. Agric. Food Chem. 53 (2005) 1841-1856, https://doi.org/10.1021/jf030723c.
P.R. Shewry, G. Charmet, G. Branlard, et al., Developing new types of wheat with
enhanced health benefits, Trends Food Sci. Technol. 25 (2012) 70-77, https://doi.
org/10.1016/j.tifs.2012.01.003.

D.L. Luthria, Y. Lu, K.M.M. John, Bioactive phytochemicals in wheat: extraction,
analysis, processing, and functional properties, J. Funct. Foods 18 (2015) 910-925,
https://doi.org/10.1016/j.jff.2015.01.001.

J. Liu, L.L. Yu, Y. Wu, Bioactive components and health beneficial properties of
whole wheat foods, J. Agric. Food Chem. 68 (2020) 12904-12915.

R. Likes, R.L. Madl, S.H. Zeisel, et al., The betaine and choline content of a whole
wheat flour compared to other mill streams, J. Cereal Sci. 46 (2007) 93-95,
https://doi.org/10.1021/acs.jafc.0c00705.

R. Mahroof, B. Subramanyam, D. Eustace, Temperature and relative humidity
profiles during heat treatment of mills and its efficacy against Tribolium castaneum
(Herbst) life stages, J. Stored Prod. Res. 39 (2003) 555-569, https://doi.org/
10.1016/50022-474X(02)00062-0.

V. Dewanto, X.Z. Wu, K.K. Adom, et al., Thermal processing enhances the
nutritional value of tomatoes by increasing total antioxidant activity, J. Agric. Food
Chem. 50 (2002) 3010-3014, https://doi.org/10.1021/jf0115589.


https://doi.org/10.3390/plants11172237
https://doi.org/10.3390/plants11172237
https://doi.org/10.1016/j.lwt.2021.111376
https://doi.org/10.1016/j.lwt.2021.111376
https://www.ers.usda.gov/data-products/wheat-data/
https://www.ers.usda.gov/data-products/wheat-data/
http://refhub.elsevier.com/S2590-2598(24)00021-9/rf0020
http://refhub.elsevier.com/S2590-2598(24)00021-9/rf0020
http://refhub.elsevier.com/S2590-2598(24)00021-9/rf0020
https://doi.org/10.1016/j.foodchem.2010.11.144
https://doi.org/10.2135/cropsci2006.05.0342
https://doi.org/10.1366/000370210793561583
https://doi.org/10.1021/JF00021A005
https://doi.org/10.1021/JF00021A005
https://doi.org/10.1515/agri-2017-0009
https://doi.org/10.1515/agri-2017-0009
https://doi.org/10.1080/10408390500511821
https://doi.org/10.1080/10408390500511821
https://doi.org/10.1094/CCHEM-85-4-0544
https://doi.org/10.1094/CCHEM-85-4-0544
https://doi.org/10.1006/jcrs.1996.0090
https://doi.org/10.1006/jcrs.1996.0090
https://doi.org/10.1021/jf051437z
https://doi.org/10.1002/jssc.200700261
https://doi.org/10.1002/jssc.200700261
https://doi.org/10.1021/jf020950z
https://doi.org/10.1111/j.1365-2621.2005.01057.x
https://doi.org/10.1111/j.1365-2621.2005.01057.x
https://doi.org/10.1016/j.jcs.2023.103719
https://doi.org/10.1016/j.lwt.2020.109198
https://doi.org/10.1016/j.foodres.2008.10.005
https://doi.org/10.1038/s41597-023-02133-y
https://doi.org/10.1016/j.foodchem.2021.130881
https://doi.org/10.1016/j.foodchem.2021.130881
https://doi.org/10.1021/jf030404l
https://doi.org/10.1021/jf030404l
https://doi.org/10.1021/jf048456d
https://doi.org/10.1016/j.proche.2009.12.013
https://doi.org/10.1111/jfbc.12637
https://doi.org/10.1111/jfbc.12637
https://doi.org/10.1002/jsfa.2374
https://doi.org/10.1016/j.foodchem.2006.03.016
https://doi.org/10.3390/antiox6040078
https://doi.org/10.1016/j.jcs.2012.05.005
https://doi.org/10.1016/j.foodchem.2013.11.128
https://doi.org/10.17221/300/2011-PSE
https://doi.org/10.1021/jf030723c
https://doi.org/10.1016/j.tifs.2012.01.003
https://doi.org/10.1016/j.tifs.2012.01.003
https://doi.org/10.1016/j.jff.2015.01.001
http://refhub.elsevier.com/S2590-2598(24)00021-9/rf0175
http://refhub.elsevier.com/S2590-2598(24)00021-9/rf0175
https://doi.org/10.1021/acs.jafc.0c00705
https://doi.org/10.1016/S0022-474X(02)00062-0
https://doi.org/10.1016/S0022-474X(02)00062-0
https://doi.org/10.1021/jf0115589

L.R. Brewer et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

M. Liu, X.Q. Li, C. Weber, et al., Antioxidant and antiproliferative activities of
raspberries, J. Agric. Food Chem. 50 (2002) 2926-2930, https://doi.org/10.1021/
jf0111209.

E.S.M. Abdel-Aal, P. Hucl, A rapid method for quantifying total anthocyanins in
blue aleurone and purple pericarp wheats, Cereal Chem. 76 (1999) 350-354,
https://doi.org/10.1094/CCHEM.1999.76.3.350.

K.K. Adom, R.H. Liu, Antioxidant activity of grains, J. Agric. Food Chem. 50 (2002)
6182-6187, https://doi.org/10.1021/jf0205099.

L. Yu, S. Haley, J. Perret, et al., Free radical scavenging properties of wheat
extracts, J. Agric. Food Chem. 50 (2002) 1619-1624, https://doi.org/10.1021/
jf010964p.

LF. Benzie, J.J. Strain, Ferric reducing/antioxidant power assay: direct measure of
total antioxidant activity of biological fluids and modified version for simultaneous
measurement of total antioxidant power and ascorbic acid concentration, Methods
Enzymol. 299 (1999) 15-27, https://doi.org/10.1016/S0076-6879(99)99005-5.
K.X. Zhu, C.X. Lian, X.N. Guo, et al., Antioxidant activities and total phenolic
contents of various extracts from defatted wheat germ, Food Chem. 126 (2010)
1122-1126, https://doi.org/10.1016/j.foodchem.2010.11.144.

O. Parenti, L. Guerrini, B. Zanoni, Techniques and technologies for the bread
making process with unrefined wheat flours, Trends Food Sci. Technol. 99 (2020)
152-166, https://doi.org/10.1016/].tifs.2020.02.034.

C.M. Liyana-Pathirana, F. Shahidi, Antioxidant and free radical scavenging
activities of whole wheat and milling fractions, Food Chem. 101 (2007)
1151-1157, https://doi.org/10.1016/j.foodchem.2006.03.016.

L. Zhang, P. Garcia-P’erez, E. Martinelli, et al., Different fractions from wheat flour
provide distinctive phenolic profiles and different bio accessibility of polyphenols
following in vitro digestion, Food Chem. 404 (2023) 134540, https://doi.org/
10.1016/j.foodchem.2022.134540.

T. Beta, S. Nam, J.E. Dexter, et al., Phenolic content and antioxidant activity of
pearled wheat and roller-milled fractions, Cereal Chem. 82 (2005) 390-393,
https://doi.org/10.1094/CC-82-0390.

K. Zhou, L. Yu, Effects of extraction solvent on wheat bran antioxidant activity
estimation, Food Sci. Technol. 37 (2004) 717-721, https://doi.org/10.1016/j.
Iwt.2004.02.008.

J.M. Awika, L.W. Rooney, X. Wu, et al., Screening methods to measure antioxidant
activity of sorghum (Sorghum bicolor) and sorghum products, J. Agric. Food Chem.
51 (2003) 6657-6662, https://doi.org/10.1021/jf034790i.

X. Lou, H. Xu, M. Hanna, et al., Identification and quantification of free, esterified,
glycosylated and insoluble-bound phenolic compounds in hawthorn berry fruit
(Crataegus pinnatifida) and antioxidant activity evaluation, LWT 130 (2020)
109643, https://doi.org/10.1016/j.1wt.2020.109643.

O.R. Alara, N.H. Abdurahman, C.I. Ukaegbu, Extraction of phenolic compounds: a
review, Curr. Res. Food Sci. 4 (2021) 200-214, https://doi.org/10.1016/j.
crfs.2021.03.011.

R. Sahu, S. Mandal, P. Das, et al., The bioavailability, health advantages, extraction
method, and distribution of free and bound phenolics of rice, wheat, and maize: a
review, Food Chem. Adv. (2023) 100484, https://doi.org/10.1016/j.
focha.2023.100484.

W. Tian, Y. Zheng, W. Wang, et al., A comprehensive review of wheat
phytochemicals: from farm to fork and beyond, Compr. Rev. Food Sci. Food Saf. 21
(2022) 2274-2308, https://doi.org/10.1111/1541-4337.12960.

Y. Feng, C.E. McDonald, Comparison of flavonoids in bran of four classes of wheat,
Cereal Chem. 66 (1989) 516-518, https://doi.org/10.1007/s13197-011-0276-5.

78

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Grain & Oil Science and Technology 7 (2024) 71-78

T. Miyamoto, E.H. Everson, Biochemical and physiological studies of wheat seed
pigmentation, J. Agron. 50 (1958) 733-734, https://doi.org/10.2134/
agronj1958.00021962005000120005x.

R.L. Warner, D.A. Kudrna, S.C. Spaeth, et al., Dormancy in wheat-grain mutants of
Chinese spring wheat (Triticum aestivum L.), Seed Sci. Res. 10 (2000) 51-60,
https://doi.org/10.1017,/50960258500000064.

E.S.M. Abdel-Aal, P. Hucl, Composition and stability of anthocyanins in blue-
grained wheat, J. Agric. Food Chem. 8 (2003) 2174-2180, https://doi.org/
10.1021/jf021043x.

C. Cavaliere, P. Foglia, E. Pastorini, et al., Identification and mass spectrometric
characterization of glycosylated flavonoids in Triticum durum plants by high-
performance liquid chromatography with tandem mass spectrometry, Rapid.
Commun. Mass. Spectrum. 19 (2005) 3143-3158, https://doi.org/10.1002/
rcm.2185.

P. Geng, J. Sun, M. Zhang, et al., Comprehensive characterization of C-glycosyl
flavones in wheat (Triticum aestivum L.) germ using UPLC-PDA-ESI/HRMSn and
mass defect filtering, J. Mass Spectrum. 51 (2016) 914-930, https://doi.org/
10.1002/jms.3803.

N. Pellegrini, M. Serafini, B. Colombi, et al., Total antioxidant capacity of plant
foods, beverages and oils consumed in Italy assessed by three different in vitro
assays, J. Nutr. 133 (2003) 2812-2819, https://doi.org/10.1002/jms.3803.

S. Butsat, S. Siriamornpun, Antioxidant capacities and phenolic compounds of the
husk, bran and endosperm of Thai rice, Food Chem. 119 (2010) 606-613, https://
doi.org/10.1016/j.foodchem.2009.07.001.

L.L. Mensor, F.S. Menezes, G.G. Leitao, Screening of Brazilian plant extracts for
antioxidant activity by the use of DPPH free radical method, Phytother. Res. 15
(2001) 127-130, https://doi.org/10.1002/ptr.687.

M.B. Mielnik, K. Aaby, G. Skrede, Commercial antioxidants control lipid oxidation
in mechanically deboned Turkey meat, Meat Sci. 65 (2003) 1147-1155, https://
doi.org/10.1016/5s0309-1740(02)00345-5.

A.A.M. Andersson, A. Kamal-Eldin, A. Fras, et al., Alkylresorcinols in wheat
varieties in the HEALTHGRAIN diversity screen, J. Agric. Food Chem. 56 (2008)
9722-9725, https://doi.org/10.1021/jf8011344.

P.R. Shewry, V. Piironen, A.M. Lampi, et al., The HEALTHGRAIN wheat diversity
screen: effects of genotype and environment on phytochemicals and dietary fiber
components, J. Agric. Food Chem. 58 (2010) 9291-9298, https://doi.org/
10.1021/jf100039b.

A.L. McCarthy, Y.C. O’Callaghan, A. Connolly, et al., Phenolic extracts of brewers’
spent grain (BSG) as functional ingredients assessment of their DNA protective
effect against oxidant-induced DNA single strand breaks in U937 cells, Food Chem.
134 (2012) 641-646, https://doi.org/10.1016/j.foodchem.2012.02.133.

Y. Shimoji, Y. Tamura, Y. Nakamura, et al., Isolation and identification of DPPH
radical scavenging compounds in kurosu (Japanese unpolished rice vinegar),

J. Agric. Food Chem. 50 (2002) 6501-6503, https://doi.org/10.1021/jf020458f.
L.F.F. Benzie, J.J. Strain, The ferric reducing ability of plasma (FRAP) as a measure
of “antioxidant power™: the FRAP assay, Anal. Biochem. 239 (1996) 70-76,
https://doi.org/10.1006/abio.1996.0292.

Y. Li, D. Ma, D. Sun, et al., Total phenolic, flavonoid content, and antioxidant
activity of flour, noodles, and steamed bread made from different colored wheat
grains by three milling methods, Crop J. 75 (2015) 328-334, https://doi.org/
10.1016/j.¢j.2015.04.004.


https://doi.org/10.1021/jf0111209
https://doi.org/10.1021/jf0111209
https://doi.org/10.1094/CCHEM.1999.76.3.350
https://doi.org/10.1021/jf0205099
https://doi.org/10.1021/jf010964p
https://doi.org/10.1021/jf010964p
https://doi.org/10.1016/S0076-6879(99)99005-5
https://doi.org/10.1016/j.foodchem.2010.11.144
https://doi.org/10.1016/j.tifs.2020.02.034
https://doi.org/10.1016/j.foodchem.2006.03.016
https://doi.org/10.1016/j.foodchem.2022.134540
https://doi.org/10.1016/j.foodchem.2022.134540
https://doi.org/10.1094/CC-82-0390
https://doi.org/10.1016/j.lwt.2004.02.008
https://doi.org/10.1016/j.lwt.2004.02.008
https://doi.org/10.1021/jf034790i
https://doi.org/10.1016/j.lwt.2020.109643
https://doi.org/10.1016/j.crfs.2021.03.011
https://doi.org/10.1016/j.crfs.2021.03.011
https://doi.org/10.1016/j.focha.2023.100484
https://doi.org/10.1016/j.focha.2023.100484
https://doi.org/10.1111/1541-4337.12960
https://doi.org/10.1007/s13197-011-0276-5
https://doi.org/10.2134/agronj1958.00021962005000120005x
https://doi.org/10.2134/agronj1958.00021962005000120005x
https://doi.org/10.1017/S0960258500000064
https://doi.org/10.1021/jf021043x
https://doi.org/10.1021/jf021043x
https://doi.org/10.1002/rcm.2185
https://doi.org/10.1002/rcm.2185
https://doi.org/10.1002/jms.3803
https://doi.org/10.1002/jms.3803
https://doi.org/10.1002/jms.3803
https://doi.org/10.1016/j.foodchem.2009.07.001
https://doi.org/10.1016/j.foodchem.2009.07.001
https://doi.org/10.1002/ptr.687
https://doi.org/10.1016/s0309-1740(02)00345-5
https://doi.org/10.1016/s0309-1740(02)00345-5
https://doi.org/10.1021/jf8011344
https://doi.org/10.1021/jf100039b
https://doi.org/10.1021/jf100039b
https://doi.org/10.1016/j.foodchem.2012.02.133
https://doi.org/10.1021/jf020458f
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1016/j.cj.2015.04.004
https://doi.org/10.1016/j.cj.2015.04.004

	Distribution of antioxidants and phenolic compounds in flour milling fractions from hard red winter wheat
	1 Introduction
	2 Materials and methods
	2.1 Wheat and milled wheat fractions
	2.2 Chemicals
	2.3 Soluble and bound phenolic acids
	2.4 Phytochemical extraction (flavonoids)
	2.5 Total flavonoid content
	2.6 Anthocyanin content
	2.7 Total antioxidant capacity
	2.8 1,1-Diphenyl-2-picrylhydrazyl (DPPH) assay
	2.9 Ferric ion reducing antioxidant power (FRAP) assay
	2.10 Statistical analysis

	3 Results and discussion
	3.1 TPC of wheat fractions
	3.2 Flavonoid and anthocyanin concentration in wheat fractions
	3.3 Total antioxidant capacity of wheat fractions
	3.4 DPPH radical scavenging activity of wheat fractions
	3.5 FRAP of wheat fractions

	4 Conclusion
	CRediT authorship contribution statement
	Ethical statement
	Declaration of competing interest
	Acknowledgements
	References


