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ABSTRACT
The free radical scavenging effects of baked and extruded wheat flour products were determined. Ferulic acid was selected
as a model phenolic compound and mixed with wheat flour at a level of 250 μg/g based on the flour weight. Free radical
scavenging activity (FRSA) against the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) was determined. In the baking
process, the most predominant change in activity was observed during fermentation, where increases in FRSA were
observed in both fermented doughs with and without added ferulic acid. In contrast, the FRSA of the baked bread crumb
decreased, despite the addition of ferulic acid. Additionally, FRSA differed with the cooking method. Cookies showed the
highest FRSA because of the Maillard products. In bread, there was a large increase in FRSA following the addition of
ferulic acid, and bread crumb was the most effective in retaining the free radical activity of the added ferulic acid.
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Introduction
Free radicals are factors that activate chemical reactions in
the body, causing numerous degenerative diseases. Antioxidants such as vitamins C and E, β-carotene, flavonoids, and
polyphenols that are found in grains, vegetables, and fruit may
scavenge free radicals, prevent various diseases, and promote
good health [1]. Wheat can be a major dietary source of antioxidants, and several studies have analyzed the antioxidant
potential of wheat [2-10]. However, most active antioxidant
components are in the bran; thus, attempts have been made to
fortify wheat flour products with antioxidants [11-18].
Most studies of antioxidant activity have focused on the
fresh tissues of plants. A few studies have examined the effects
of different cooking and processing methods on antioxidant
properties [11,12,14-16,19,20-24]. Processed fruits and vege-

tables are considered to have lower nutritional values than
fresh produce because of the loss of vitamin C during processing. However, various antioxidant components show different stabilities against heat and oxidation. Dewanto et al.
[20] reported that heat processing of sweet corn decreased its
vitamin C content, but increased free ferulic acid, increasing
the total antioxidant activity of the corn. The present study
focused on changes in the antioxidant effects of wheat flour
products before and after cooking. Ferulic acid was selected
as a model antioxidant and was added to baked and extruded
wheat flour products. Changes in free radical scavenging
activity (FRSA) and free ferulic acid contents before and after
cooking were then examined.
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Materials and Methods
1. Materials
Commercially milled untreated soft and hard wheat flours
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were selected. The hard wheat flour for bread-baking was
obtained from Mennel Milling Co. (Fostoria, OH, USA) and
contained 12.84% protein (N × 5.74) and 11.90% moisture.
Soft wheat pastry flour for crackers and cookies was obtained
from the Mennel Milling Co. (Fostoria, OH, USA). It contained 8.18% protein and 11.6% moisture. Ferulic acid and
DPPH (1,1-diphenyl-2-picryhydrazyl) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ingredients of bread,
cookies, crackers, and extrudates are shown at Table 1.

2. Sequential preparation of dough and bread
Hard wheat flour dough was prepared following the optimized straight-dough bread-making formula of the American
Association of Cereal Chemists (AACC) Method 10-10B [25]
without the addition of ascorbic acid. The formula for the
control dough calculated based on wheat flour weight (baker’s
%) was as follows: flour, 100%; water, 65%; sugar, 6%; salt,
1.5%; shortening, 3%; yeast, 1%. Ferulic acids were added at
a concentration of 250 μg/g of flour. This level of added ferulic acid was determined to induce rapid breakdown of hard
wheat flour dough by mixograph.
The dough was divided into three portions. The first portion
was immediately lyophilized and the second was fermented
and immediately lyophilized. The third portion was fermented,
baked, and immediately lyophilized. The lyophilized un-fermented dough, fermented dough, and bread crumb were analyzed immediately after grinding and sieving through a 60mesh screen.

3. Preparation of cookies and crackers
The preparation and baking of the cookie dough followed
AACC methods 10-54 [25] using soft wheat pastry flour. The
crackers were prepared in a modified one-stage fermentation
method [26] using soft wheat pastry flour as shown at Table 1.
Ferulic acid was mixed with the flour at a level of 250 μg/g
based on the flour weight of the baked product formula. After
baking, the cookies and crackers were cooled for 2 hr at ambient temperature, sealed in plastic bags, and frozen until analysis. The samples were analyzed immediately after grinding
and sieving through a 60-mesh screen. All analyses were conducted within three days after baking.

4. Extrusion cooking
Hard wheat flour extrudates were produced using a laboratory-scale co-rotating and intermeshing twin-screw extruder

Table 1. Ingredients of wheat flour-based products
Products

Ingredients

Bread

Hard wheat flour, Yeast, Shortening, Salt,
Sugar, Water

Cookie

Soft wheat flour, White & brown sugar,
Non-fat dry milk, Salt, Sodium bicarbonate,
Ammonium bicarbonate, Fructose, Water

Cracker

Soft wheat flour, Yeast, Sodium bicarbonate,
Shortening, Salt, Water

Extrudate

Hard wheat flour, Water

(MP19TC-25, APV Baker Inc., Grand Rapids, MI, USA). The
barrel diameter and its length to diameter ratio were 19.0 mm
and 25 : 1, respectively. The flour and 250 μg/g of ferulic acid
were dry-mixed in a mixer (N50, Hobart, Northyork, ON,
Canada) for 15 min. Process variables were selected to provide
optimum wheat flour expansion and minimize inactivation of
ferulic acid based on ferulic acid’s melting point (174°C). The
total process moisture was controlled to 30% and barrel temperature profiles were maintained at 40, 60, 80, 110, and
125°C for zones 1, 2, 3, 4, and 5, respectively. The extruded
products were immediately placed in a forced-air drier (Blue
M Electric, Blue Island, IL, USA) and dried at 50°C for 3 hr
and stored in a freezer. Analyses were completed within three
days after extrusion; the samples were ground and sieved
through a 60-mesh screen and immediately analyzed.

5. Radical scavenging activity using the
1,1-diphenyl-2-picryhydrazyl (DPPH) method
Antioxidant activity was determined using the DPPH method
as described by Yu et al. [8] with some modifications. The
freshly ground sample (1 g) was dispersed in 10 mL of methanol and sonicated for 2 hr with occasional vortexing without
light and air. The extract was then filtered through filter paper
(Whatman paper, #1). The methanol extract (1 mL) and 1 mL of
a freshly prepared 1 mM DPPH methanolic solution were thoroughly mixed and stored in the dark for 2 hr. The absorbance of
the reaction mixture was read at 517 nm with a spectrophoto
meter (UltrospecIII, Pharmacia-LKB, Uppsala, Sweden). The
blank was prepared by replacing the extract with methanol (1
mL). Radical scavenging activity was calculated as follows:
% radical scavenging activity = [(absorbance blank - absorbance sample)/absorbance blank] × 100.

Scavenging activity was calculated based on the product
moisture content.
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6. HPLC determination of free-ferulic acid
6.1 Ferulic acid extraction

Freshly ground sample (1 g) was added to a 20-mL capped
tube with 10 mL n-hexane, shaken for 30 min (60°C), and filtered (Whatman paper #1) to remove the fats in the sample.
The defatting process was repeated twice and the residue was
dried under a hood. Defatted sample powder was dispersed in
10 mL methanol and sonicated for 2 hr with occasional shaking without light and air. The extract was filtered through filter paper (Whatman paper, #1). Methanol extract was filtered
through a 0.45-μm nylon filter and analyzed by high-performance liquid chromatography (HPLC) [2,27].
6.2 HPLC analysis

Chromatography was performed on an HPLC workstation
consisting of a Waters 600E multisolvent delivery system
(Millipore, Billerica, MA, USA) and Waters 470 scanning fluorescence detector (Millipore), which was operated with an
excitation wavelength of 312 nm and filter passing wavelength
beyond 418 nm on the emission side of the flow cell. Separation was performed using a Phenomenex (Torrance, CA, USA)
reverse phase C18 column (250 × 4.6 mm, packed with ODSHypersil) connected to a guard column (4 × 3 mm, packed with
ODS-Hypersil, Phenomenex). The elution profile of the mobile
phase was a 1 mL/min linear gradient from 5% A : 95% B to
30% A : 70% B, over 35 min. Solvent A consisted of 0.1% (v/v)
trifluoracetic acid in acetonitrile; solvent B was 0.1% (v/v) trifluoracetic acid in HPLC-grade water. The flow rate was 1
mL/min at ambient temperature and samples were loaded
every 1 hr. A ferulic acid standard was run with each sample.
The chromatograms were automatically analyzed using Nelson Analytical software (version 4.1, Manchester, NH, USA).

7. Data analysis
The data were obtained by random samples of five measurements from each wheat flour product. All processing
methods are obviously different by nature, and thus all data
are just summarized by the mean and standard deviation.
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Table 2. Free radical scavenging activities (%) of hard wheat flour,
dough, and bread with and without ferulic acid
Flour
Dough
Fermented dough
Baked bread

Control

Ferulic acid added

38.1±6.5
34.2±10.8
55.6±1.4
41.5±3.4

76.5±11.8
92.6±2.1
78.2±6.2

Free radical scavenge activity = [(abs blank - abs sample)/abs blank] × 100.
Equal amounts (250 μg/g) of ferulic acid were added.

shown in Table 2. The wheat flour extract showed an FRSA of
38%, while the mixed dough showed an activity of 34%. During the baking process, the most predominant change in activity occurred in the fermented dough. After fermentation, the
FRSA was increased to 55.6%. The FRSA of baked bread
crumb was higher than that of unfermented dough and lower
than that of fermented dough. This increase in fermentation
may be explained by the fermentation process during which
bound antioxidant components are hydrolyzed and released as
free forms, which are then active to scavenge free radicals
[28] and increase the FRSA of fermented dough. It has been
reported that bound antioxidants are also released by sprouting,
and an increase in free antioxidants and FRSA was observed
in sprouted cereal [29]. During the baking process, high temperatures may affect the activities of free radical-scavenging
compounds, causing the FRSA of the bread crumb to decrease
compared to that of fermented dough. However, the baked
bread crumb showed some degree of FRSA. FRSA of the
bread can be explained by the Maillard reaction products
[19,30]; previously, Maillard reaction products were shown to
lower lipid oxidation in a flour-lipid dough mixture [31].
The addition of 250 μg/g of ferulic acid increased the FRSA
of the un-fermented and fermented doughs, as well as the
baked bread crumb, compared to the FRSA of the control
products (Table 2). The control showed a similar pattern of
increasing FRSA as the products with added of ferulic acid,
where the fermented dough showed the highest activity, and
the activity of the baked bread crumb decreased compared to
that of the dough.

2. FRSA of baked or extruded products

Results and Discussion
1. FRSA during the baking process
The FRSAs determined at each step of the bread baking
process, with and without the addition of ferulic acid, are

Changes in the FRSA for different cooking methods are
shown in Table 3. All processing methods are obviously different by nature, and thus all data are just summarized by the
mean and standard deviation. The control cookies showed the
highest FRSA compared to any other product. This may be
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Table 3. Free radical scavenging activities (%) of wheat flour products
Control
Hard wheat flour
Soft wheat flour
Bread
Cookie
Cracker
Extrudate

38.1±6.5
33.9±2.1
41.5±3.4
87.6±8.2
31.0±1.2
16.4±1.5

Ferulic acid added
78.2±6.2
87.2±7.0
39.3±1.0
26.8±2.2

Free radical scavenge activity = [(abs blank - abs sample)/abs blank] × 100.
Equal amounts (250 μg/g) of ferulic acid were added.

because of the Maillard reaction products in the cookies
[19,29]. The bread crumb, crackers, and extrudate showed little or no browning (data not shown). Particularly, the extrudate had no Maillard color development, and its FRSA was
rather low compared to the hard wheat flour.
The increase in FRSA by adding ferulic acid was large in
the bread. The differences in FRSA with and without the addition of ferulic acid were small among the cracker or cookie
products, and these differences were lower than in the other
products. The thin and small shapes of the cookies and crackers may have allowed for more direct heat contact, causing a
decrease in FRSA although they contained ferulic acid.

3. Residual free ferulic acid content
Ferulic acid contents of flour and products are shown in
Table 4. Before processing, the concentration of ferulic acid
in hard wheat flour was 2.8 μg/g. Hard wheat flour contained
more endogenous ferulic acid than soft wheat flour. Bread
contained more free ferulic acid than hard wheat flour, which
may have been released from the bound ferulic acid during
fermentation. The baking process affected the residual free
phenolic acid content of the flour. Residual ferulic acid content was slightly increased to 4.9 μg/g in bread supplemented
with ferulic acid. In general, phenolic acids are known to be
susceptible to heat, which causes their oxidation and degradation [32]. However, our data showed that the residual ferulic
acid content after baking at high temperature was increased
rather than decreased. A previous study [33] showed a recovery rate of 73.8~80.9% of added phenolic acids after baking.
This result suggests that bread retains some of its antioxidant
activity despite the baking process. Cracker contained a lower
amount of free ferulic acid compared to cookie and bread.
Cracker showed higher FRSA than the extrudate, as shown in
Table 3, but the free ferulic acid content of cracker was lower
than that in the extrudate.

Table 4. Free form ferulic acid content (μg/g) of cereal products
Flour

Products

Control

Ferulic acid added

Hard wheat

Flour
Bread
Extrudate

2.8±0.3
4.9±0.8
3.8±0.0

72.9±9.1
45.83±5.5

Soft wheat

Flour
Cookie
Cracker

0.9±0.0
2.8±0.4
1.8±0.0

65.1±10.7
12.9±0.5

Equal amounts (250 μg/g) of ferulic acid were added.

Conclusions
Antioxidants are added to food because of their potential
health benefits in reducing free radicals. However, some
active compounds of antioxidants are sensitive to heat and
oxygen, and determining their activity after cooking is difficult. When ferulic acid was added to baked and extruded
wheat flour products in this study, the baked bread crumb was
most effective in retaining the FRSA of the compound. In
contrast, the cookies and crackers were not effective in retaining the FRSA of added ferulic acid. During the bread-baking
process, fermentation increased the FRSA of the dough.
Residual ferulic acid content after baking at high temperature
increased rather than decreased and some of the added ferulic
acid remained after baking.
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