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Abstract

The present study aimed to investigate the effects of microfluidization on the functional properties of hull-
less barley flour (HLBF) and to evaluate its technological performance in cookie production. Hull-less
barley (cv. Yalin) was microfluidized at 20,000 psi, freeze-dried, milled, and incorporated into wheat flour
at substitution levels ranging from 0% to 100%. Microfluidization significantly enhanced -glucan, total
dietary fiber, total phenolic content, and antioxidant activity, while reducing phytic acid by nearly 80%
compared with untreated HLBF. In cookie formulations, increasing HLBF levels decreased diameter and
spread ratio, but increased thickness, and these effects were more pronounced with microfluidized HLBF
due to its higher water-binding ability. Color measurements showed a marked decrease in L and increases
in a, b*, and AE, indicating darker and more intense coloration at higher substitution levels. Although
functional properties improved substantially, sensory scores declined above 50% microfluidized HLBF,
mainly due to excessive darkening and a firmer texture. Overall, microfluidization effectively enhanced the
nutritional quality of HLBF, and moderate incorporation levels (<50%) provided the best balance between
functional enhancement and acceptable technological and sensory properties.
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Introduction

Functional foods have gained increasing attention
due to their potential roles in improving human
health through physiologically active components
such as dietary fiber, phenolic compounds and
antioxidants (Aguiar et al. 2019). Cereal grains
represent an essential group of functional
ingredients because they are rich in fiber, bioactive
compounds and micronutrients. Studies have shown
that phenolic compounds contribute not only to
sensory attributes but also to antioxidant, anticancer
and anti-inflammatory effects (Han et al. 2007).
Cereal antioxidants play a key role in eliminating
reactive oxygen species and chelating pro-oxidant
metal ions, thereby contributing to the prevention of
chronic diseases (Fox and Eberl 2002). Hull-less
barley is of particular interest due to its high B-
glucan content, balanced protein structure, soluble
and insoluble dietary fibres, and phenolics with
antioxidant capacity (Li et al. 2019; Zhao et al.
2008).

In addition to valuable bioactive constituents,
cereals contain phytic acid, an antinutritional factor
that forms insoluble complexes with essential
minerals, thereby reducing their bioavailability
(Zhou and Erdman 1995). Reducing phytic acid
while enhancing functional components is therefore
a desirable goal in developing functional cereal-
based products. Microfluidization, a high-pressure
homogenization technique, has emerged as an
effective method for modifying the structural and
functional properties of cereal materials. It reduces
particle size, increases surface area, and promotes
the release of bound phenolics and dietary fibers
(Ciron et al. 2011; Wang et al. 2012; Zhu et al.
2010).

Previous studies have examined microfluidization
in wheat bran, bulgur bran and chickpea bran,
demonstrating improved hydration properties,
increased phenolic content and reduced phytic acid
(Baumgartner et al. 2023). Comprehensive reviews
have also highlighted the technological and
functional significance of barley-based ingredients
in bakery applications (Stamatovska et al. 2023).
However, despite the nutritional potential of hull-
less barley, no published study has investigated the
direct effect of microfluidization on hull-less barley
flour or its incorporation into cookie formulations.

The present study aimed to enhance the functional
properties of hull-less barley flour through
microfluidization and to evaluate its chemical,
functional and technological performance in cookie
production at varying substitution levels. The goal
was to develop cookies with reduced phytic acid and
improved nutritional attributes - particularly -
glucan, dietary fiber, phenolic content and
antioxidant activity - while maintaining acceptable
physical and sensory quality.

Materials and Methods

Materials. Soft wheat flour (cv. Bayraktar 2000)
and hull-less barley (cv. Yalin) were obtained from
the Central Research Institute for Field Crops
(Ankara, Tiirkiye).

All chemicals and reagents used in analytical
procedures were of analytical or spectrophotometric
grade: Folin-Ciocalteu reagent (Merck, Germany),
DPPH radical (Sigma-Aldrich, USA), glucose
oxidase—peroxidase (GOPOD) reagent and -
glucan assay kit (Megazyme, Ireland), total dietary
fibres kit (Megazyme, Ireland), ammonium
bicarbonate (Merck, Germany), sodium bicarbonate
(Merck, Germany), vanadomolybdophosphoric acid
reagent (Sigma-Aldrich, USA), and iron(ll)
solution for phytic acid precipitation (Merck,
Germany). High-fructose corn syrup (HFCS) (food-
grade) and other cookie ingredients (shortening,
powdered sugar, non-fat dry milk, salt) were
purchased from local markets in Ankara.

Preparation of flours. The Wheat samples were
conditioned to 15% moisture and milled using a
Bithler MLU 202 laboratory mill (Uzwil,
Switzerland) according to AACCI Approved
Method 26-50 (AACCI 2010) to obtain soft wheat
flour suitable for cookie production.

Hull-less barley grains were milled using an ultra-
centrifugal mill (Retsch ZM 200, Germany)
equipped with a 500 um sieve. The resulting flour
was divided into two fractions. For
microfluidization, an aqueous dispersion containing
7.5% (w/w) HLBF was prepared and processed
using a microfluidizer (Microfluidics M-110P,
Newton, MA, USA) at 20,000 psi, with the sample
passing through a 100 pm “Z-type” interaction
chamber (ICi00) twice. The processed HLB
dispersions were freeze-dried, not the flours
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themselves, and then milled with a disc mill (Biihler
DLFU W22050, Beilngries, Germany).

Particle size distribution (D10, D50, D90) of the
microfluidized flour was determined using a
Bluewave Particle Size Analyzer (Microtrac, USA)
following Wang et al. (2012).

Cookie preparation. Cookies were prepared
according to a modified AACCI Method 10-54
(AACCI 2010). The base recipe included: 40.0 g
flour (13% moisture basis), 16.8 g powdered sugar,
16.0 g shortening, 0.5 g salt, 0.4 g sodium
bicarbonate, 0.2 g ammonium bicarbonate, 0.6 g
HFCS (high-fructose corn syrup), 0.4 g non-fat dry
milk, 8.8 mL water.

Dry ingredients were combined with shortening and
mixed with a KitchenAid Mixer (St. Joseph, MI,
USA). HFCS and ammonium bicarbonate were
dissolved in water and added to form a cream.
Wheat flour or blends containing 0%, 25%, 50%,
75% or 100% HLBF (both microfluidized and non-
microfluidized) were incorporated to form dough.
Doughs were sheeted to 6 mm thickness and cut into
60 mm diameter discs. Cookies were baked at
205°C for 11 min and cooled at room temperature.

Analytical methods. Total dietary fibres content
was determined using the AOAC 991.43 enzymatic-
gravimetric procedure (Megazyme kit) (AOAC
2012). Measurements were performed in triplicate
(n =3) and expressed on a dry basis.

Total phenolic content (TPC) was measured using
the Folin-Ciocalteu method (Gao et al. 2002).
Results were expressed as mg garlic acid equivalent
per kg dry sample (mg GAE.kg™).

DPPH radical scavenging activity was determined
according to Brand-Williams et al. (1995) and
expressed as umol Trolox equivalent per 100 g
(umol TE.100 g?).

B-glucan content was quantified enzymatically
using the Megazyme assay kit based on lichenase
and B-glucosidase hydrolysis, followed by GOPOD
measurement at 510 nm.

Phytic acid content was analysed using the Haug
and Lantzsch (1983) method, based on Fe(lll)
precipitation and spectrophotometric detection at
519 nm. Phytate phosphorus was calculated
stoichiometrically.

Total phosphorus was determined
spectrophotometrically using the
vanadomolybdophosphoric yellow complex method
(Ozkaya and Ozkaya 2005).

Diameter (W, mm) and thickness (T, mm) were
measured following AACCI Method 10-54. Spread
ratio was calculated as W/T. All measurements were
conducted in triplicate (n = 3).

The color values of the cookies were measured
using a colorimeter (Hunterlab MiniScan XE Plus,
USA) and expressed as L* value [(0) black — (100)
white], a* value [(+) red — (-) green], and b* value
[(+) yellow — (-) blue]. The L*, a*, and b* values of
barley flour-enriched cookies were subtracted from
the values of the control cookies to calculate the
total color difference (AE*), using the equation
provided below (Peressini and Sensidoni 2009).

AE"=/(L*- L*control)? + (a* — a*control)? + (b* — b*control)?

The sensory analysis of the cookie samples was
conducted in a well-lit sensory analysis laboratory
with 10 panellists, aged between 26 and 56,
consisting of researchers from the Field Crops
Central Research Institute and faculty members
from the Department of Food Engineering at
Ankara University. Before the sensory evaluation,
the panellists underwent a brief training on the
evaluation process. Each sample was assigned a
random three-digit code, and the panellists were
asked to score the samples based on appearance,
color, aroma, texture, taste, and overall
acceptability. A 9-point hedonic scale, ranging from
9 (extremely liked) to 1 (extremely disliked), was
used for evaluation (Hooda and Jood 2005). The
average score for each criterion was calculated, and
the results were presented as a polar coordinate
graph created using Microsoft Excel (Microsoft,
USA).

All analyses were performed in triplicate (n = 3)
unless otherwise stated. Results were expressed as
mean + standard deviation (SD). One-way ANOVA
was conducted using SPSS v.20 (IBM, Armonk,
NY, USA). Mean differences were compared using
Duncan’s multiple range test at P < 0.05.

Results and Discussion

Functional properties of flours. The chemical
characteristics of wheat flour, hull-less barley flour
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(HLBF) and microfluidized HLBF are presented in
Table 1. As expected, HLBF showed significantly
higher levels of total dietary fiber, phenolics,
antioxidant activity and B-glucan compared to

wheat flour. Microfluidization further enhanced
these components by reducing particle size and
exposing previously encapsulated cell-wall-bound
constituents.

Table 1. Chemical characteristics of wheat flour and hull-less barley flour

Analysis Wheat HLB Microfluidized
flour flour HLB flour
Total dietary fiber*, g.100 g* 3.48 £0.07 18.05+0.09 19.29+0.13
Total phenolic content*, mg GAE. kg 719.30+1.2 2413.51£23.4 2886.01£30.6
Total antioxidant activity*, pmol TE.100 g 86.93+£3.9 979.20+17.5 997.15+16.9
B-glucan content ,% 0.2840.01 5.11+0.08 5.54+0.06
Phytic acid*, mg.100 g* 159.50+3.7 1012.25+16.8 214.05+1.5
Phytate phosphorus*, mg.100 g* 44.98+1.7 285.46+2.5 60.36+2.3
Total phosphorus*, mg.100 g* 97.52+4.2 420.94+9.6 419.59+11.8

*GAE: Gallic acid equivalent HLB: Hull-less barley TE: Trolox equivalent *dry basis

An increase in B-glucan content from 5.11%
(HLBF) to 5.54% (microfluidized HLBF) was
observed. Similar improvements were reported in
barley and wheat bran subjected to high-energy
milling techniques, which promote the release of
soluble fibres fractions (Nakov et al. 2019; Mariotti
et al. 2014). Microfluidization increased total
phenolic content from 2413.51 to 2886.01 mg
GAE.kg™. This enhancement is attributed to high-
pressure disruption of the fiber matrix, which
increases surface area and facilitates the release of
bound phenolics. This mechanistic effect has been
widely documented in microfluidized cereal
fractions (Wang et al. 2012; Zhu et al. 2010).

Phytic acid decreased from 1012.25 mg.100 g to
214.05 mg.100 g! (= 78.6% reduction). The
substantial decline likely results from the hydrolytic
cleavage of phytate complexes under high shear and
cavitation, which enables the destabilization of
Fe(lll)-phytate. Such reductions were similarly
noted in microfluidized chickpea and bulgur brans
(Baumgartner et al. 2023).

Overall, microfluidized HLBF exhibited superior
nutritional functionality compared to untreated
HLBF, confirming the effectiveness of
microfluidization as a pre-processing method for
enhancing the nutritional value of barley-based
ingredients.

Physical properties of cookies. The physical
characteristics of cookies produced with HLBF and
microfluidized HLBF are shown in Table 2.

Substitution of wheat flour with HLBF significantly
decreased cookie diameter while increasing
thickness (P < 0.05). Consequently, the spread ratio
declined as the level of HLBF increased.

This trend can be explained by the high water-
binding capacity of B-glucan and dietary fiber,
which restricts dough spread during baking. The
results align with previous research, which reports
reduced spread in fiber-enriched cookies due to
limited dough flow and increased viscosity (Narwal
etal. 2017).

Cookies containing microfluidized HLBF exhibited
greater reductions in diameter compared to non-
microfluidized  counterparts at  equivalent
substitution levels. Higher specific surface area and
hydration capacity of microfluidized HLBF produce
a firmer dough structure, reducing flowability and
decreasing spread.

At 100% substitution, cookies with microfluidized
HLBF maintained a spread ratio of 6.38 compared
to 5.27 in the non-microfluidized sample, indicating
that microfluidization altered the water—solids
interactions and dough matrix behavior differently
across addition levels.

Color characteristics of cookies. The color
characteristics of cookie products are given in Table
3, and the cookies’ photographs are shown in Fig. 1.
As seen in Table 3, the control sample's L*, a*, and
b* values were 71.95, 3.67, and 18.86, respectively.
The highest L* (lightness) and b* (yellowness)
values were observed in the control sample, while
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Table 2. Physical properties of cookies

. lementation
Cookie samples Supplementatio

Diameter (W),

Thickness (T), Spread factor,

level, g. 100 g* mm mm W/T

0 70.70°A 10.87% 6.50°A

25 68.850%A 11.24bA 6.130A

HLB flour 50 67.47A 12.24A 5.51°A
75 65.78% 12.31%9A 5.350A

100 65.18% 12,389 5.27%A

0 70.70A 10.87°A 6.50°

_ o 25 64.3498 12,39 5.20%8
Microfluidized 50 61.72® 11.25%® 5.48%A

HLB flour

75 60.4708 10.31%8 5.878

100 58.44%8 9.16% 6.38¢8

*HLB: Hull-less barley, *dry basis; Different small superscripts ‘a-e’ within the same column indicate significant differences
between the means of different incorporation levels of the same barley flour (P<0.05). Different capital superscripts ‘A-B’ within
the same column indicate significant differences between the means of the same incorporation level of the same barley flour with

different treatments (P <0.05).

the highest a* (redness) value was obtained from the
cookie made with 100% HLBF (4.34). The lowest
L* and b* values were found in the cookie made
with 100% microfluidized HLBF, while the lowest
a* value was reported in the cookie with 25%
microfluidized HLBF (3.27).

The decreases in L* and b* values were statistically
significant for all addition levels in cookies enriched
with HLBF and microfluidized HLBF (p<0.05). For
a* value, it was found that HLBF had an increasing
effect at the 50% and 75% Addition levels
compared to the 25% level (p<0.05).

When examining the color values (L*, a*, and b*)
of cookies made with HLBF and microfluidized
HLBF at the same addition levels, the differences in
L*, a*, and b* values were found to be statistically
significant across all addition levels (p<0.05). It was
observed that adding microfluidized HLBF reduced
the cookies' L*, a*, and b* values. In the literature,
it has been reported that the color of bread made
with barley flours of different particle sizes
darkened, and this darkening increased as particle
size decreased (Prasopsunwattana et al. 2009). In all
samples, as the amount of both microfluidized and
non-microfluidized HLBF increased, the AE* value
(indicating color difference) also increased,
meaning the color difference between the control

and the enriched samples became more pronounced.
The largest increase in color change was observed
in the cookies made with microfluidized HLBF,
where the AE* value reached 40.93 for the cookies
made with 100% microfluidized HLBF.

These findings agree with reports showing that
baked goods produced with finely milled barley
fractions become progressively darker as particle
size decreases (Prasopsunwattana et al. 2009; Frost
etal. 2011).

A

CONTROL 25% 50% 100%

25%

Figure 1. Cookie samples
A. Cookies Produced with HLBF

B. Cookies Produced with Microfluidized HLB
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Table 3. Color characteristics of cookies

i lementation
Cookie samples Supplementatio

Diameter (W),

Thickness (T), Spread factor,

Level, g.100 g* mm mm WIT

0 70.70%A 10.87%4 6.50%A

25 68.85%4 11.24A 6.139%

HLB flour 50 67.47°A 12.24°A 5.51¢A

75 65.78°4 12.31%A 5.35P

100 65.18%4 12.38% 5.27%

0 70.70%A 10.87¢A 6.50%A

_ o 25 64.34% 12.39¢8 5.20%

Microfluidized 50 61728 11 2508 5 4gbA
HLB flour ' ' '

75 60.4708 10.3108 5.87¢6

100 58.44% 9.16%8 6.38%8

*HLB: Hull-less barley; Different small superscripts ‘a-e’ within the same column indicate significant differences between the
means of different incorporation levels of the same barley flour (P<0.05). Different capital superscripts ‘A-B’ within the same
column indicate significant differences between the means of the same incorporation level of the same barley flour with different

treatments (P <0.05).

Functional properties of cookies. The functional
properties of cookie samples are given in Table 4.
In cookies, adding barley flour increased the B-
glucan and total dietary fibres content depending on
the addition ratio. This increase was found to be
statistically significant (p<0.05). The lowest values
for B-glucan and total dietary fibres were found in
the control samples, while the highest values were
observed in  cookies made with 100%
microfluidized HLBF.

The B-glucan content in the control sample was
0.11%, whereas it reached 2.91% in the cookies
made with 100% microfluidized HLBF. Similarly,
the total dietary fibres content increased from 2.09%
in the control sample to 13.21% in the cookies made

with 100% microfluidized HLBF. It was observed
that the microfluidization process enhanced both the
B-glucan and total dietary fibres content. This
increase is attributed to the microfluidization
process, which breaks down cell wall components
(hemicellulose, cellulose, and lignin) into smaller
particles, converting them into a more soluble form
(Zhu et al. 2010). As a result, there is an increase in
the soluble fibres fraction, specifically B-glucan,
which subsequently leads to a rise in the total dietary
fibres content.

When comparing the values of cookies with barley
flour and microfluidized HLBF at the same addition
levels, the differences between the incorporation
ratios were also statistically significant (p<0.05). In
a study conducted by Skrbic and Cvejanov (2011),

the total B-glucan content of cookies made by
adding different proportions (30%, 50%) of hull-
less barley flour to refined and whole wheat flours
was found to range between 1.30% and 2.06%. The
highest B-glucan content was reported to be
achieved by incorporating 50% hull-less barley
flour into the refined wheat flour.

The total phenolic content of the cookies made by
adding HLBF to the wheat flour samples ranged
from 498.68 to 1594.97 mg GAE.kg?, while the
total antioxidant activity values varied between
74.97 and 457.40 umol TE.100 g (Table 4).

The highest phenolic content was found in the
cookies made with 100% microfluidized HLBF,
which contained approximately 2.2 times more total
phenolic compounds than the control sample. These
cookies also exhibited the highest antioxidant
activity among all samples, with a value of 457.40
umol TE.100 g*. The addition of barley flour,
depending on the addition level, increased both the
total phenolic content and total antioxidant activity,
and this increase was statistically significant across
all levels (p<0.05). This is attributed to the higher
antioxidant activity of the HLBF as compared to
wheat flour. This increase is thought to result from
the  high  pressure applied during the
microfluidization process, which releases phenolic
compounds bound within the fibres matrix of the
product (Wang et al. 2012). In a study by Gupta et
al. (2011), it was reported that as the proportion of
barley flour (0%, 10%, 20%, 30%, 40%) replaced
wheat flour in flour blends, the total phenolic
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Table 4. Functional properties of cookies

Supplemen-  p-glucan  Total Total Total antioxidant ~ Phytic Phytate Total
Cookie tation level, content*,  dietary phenolic activity*, acid*, phosphorus phosphorus*,
samples g.100g* % fibers*, content*, pmol TE.100 g* mg.100g* amount*, mg.100 g*
%  mgGAE.kg! mg.100 g*
0 0.11%A 2.0924 498.6824A 74.97%A 86.45%4 24.38A 49.04%A
25 0.755%A 43107 687.020A 186.200A 202.10°A 56.995A 97.56"A
HLB flour 50 1.42°A 6.46°A 965.60% 261.75%A 356.20%A 100.45¢A 138.71¢%A
75 1.949A 8.789%  1129.86% 387.709A 504.65% 142.329A 182.269%
100 2.45¢%A 12.68%4  1303.43¢%A 447 .50°A 703.75%A 198.46°4 233.41¢A
0 0.11%A 2.0924 498.682A 74.97%A 86.45%4 24.38A 49.04%A
25 0.878 5.20P8 753.63% 208.43% 106.70°8 30.09%8 99.15%8
Microfluidize 50 160  7.5%®  1060.35% 279.46° 11530 32528 13181
d HLB flour
75 2.15% 9.35%8  1272.391 412.40% 132.70%® 37.42°8 150.5598
100 2.91¢8 13.21°8  1594.97¢8 457.40°8 120.5548 34,0048 238.74¢%®

*HLB: Hull-less barley, GAE: Gallic acid equivalent, TE: Trolox equivalent, *dry basis

Different small superscripts ‘a-e” within the same column indicate significant differences between the means of different incorporation levels of the
same barley flour (P<0.05). Different capital superscripts ‘A-B’ within the same column indicate significant differences between the means of the
same incorporation level of the same barley flour with different treatments (P <0.05).

content in both the cookie dough and cookies
increased. In cookies, the addition of barley flour
increased the phytic acid and total phosphorus
content in a manner dependent on the addition level,
and this increase was found to be statistically
significant (p<0.05). The control samples obtained
the lowest values, with phytic acid, phytate
phosphorus, and total phosphorus contents of 86.45
mg.100 g, 24.38 mg.100 g, and 49.04 mg.100 g
! respectively. The highest phytic acid content,
703.75 mg.100 g, was found in cookies with 100%
HLBF (Table 4).

The differences were statistically significant when
comparing the phytic acid and total phosphorus
contents of cookies made with HLBF and
microfluidized HLBF at the same addition levels
(p<0.05). The microfluidization process
significantly reduced the phytic acid content while
increasing the total phosphorus content. The
reduction in phytic acid is attributed to the high
pressure applied during the microfluidization
process, which breaks down phytic acid
compounds.

Sensory evaluation. Sensory evaluation has
studied the parameters of appearance, color, aroma,
texture, taste, and overall acceptability. Fig. 2 and

Fig. 3 present the polar coordinate charts for the
cookie sensory evaluation scores.

In the context of the sensory analysis results, the
averages of the scores provided by the panelists for
each cookie sample were considered. Upon
reviewing the results, it was observed that the
highest acceptability scores were obtained from the
control sample. When the cookies were evaluated
regarding appearance, texture, and taste, the
preference scores generally decreased as the
proportion of barley flour increased. However,
except for the texture score of the cookie made with
100% barley flour (5.8), all cookies received scores
above 6 (“slightly liked”).

In cookies made with micro fluidized HLBF, the
color darkened as the addition level increased,
negatively impacting the preference for color and
appearance. Therefore, it is recommended that
microfluidized HLBF not be added at levels higher
than 50% in cookie formulations.

Literature studies on the sensory properties of
cookies with barley flour have reported that adding
5-30% barley flour significantly improves the
sensory quality of the cookies, and cookies with
30% barley flour were preferred over the control
sample (Hassan et al. 2012).
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Cookies containing HLBF

Appearance
9.0

Overall
acceptability

Taste

Texture

Color

Odor

=o- Control

—o—HLBF 25%
HLBF 50%

—o—HLBF 75%

=0— HLBF 100%

Figure 2. Polar coordinate graphics of the sensory properties of cookies with HLBF (Cookies containing
HLBF)

Cookies containing microfluidized HLBF

Appearance
9.0

Overall
acceptability

Texture

Color

=8-—Control

=8— Microfluidized HLBF 25%
Microfluidized HLBF 50%

=8— Microfluidized HLBF 75%

=0- Microfluidized HLBF 100%

Figure 3. Polar coordinate graphics of the sensory properties of cookies with HLBF (Cookies containing
microfluidized HLBF)

Conclusions

The  present  study  demonstrated  that
microfluidization is an effective pre-treatment for
enhancing the nutritional functionality of hull-less
barley flour and improving its applicability in
cookie formulations. Microfluidization
significantly increased B-glucan, total dietary fibres,
phenolic content and antioxidant activity while
reducing phytic acid by nearly 80%. When

incorporated into cookies, microfluidized HLBF
improved the functional composition more
effectively than untreated HLBF, although higher
substitution levels intensified darkening and
reduced  sensory  acceptability. Moderate
incorporation levels (<50%) offered the best
balance between functional enhancement and
acceptable technological and sensory properties.
Overall, microfluidized hull-less barley flour
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represents a promising ingredient for developing
fibres and phenolic-rich functional bakery products
and its use in other soft-textured cereal products
such as cakes or muffins warrants further
investigation.
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