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Quinoa is a pseudo-cereal with great nutritional and functional qualities, serving as an excellent substitution to
develop quinoa-containing foods. This study aimed to explore the influence of quinoa flour substitution on
quality characteristics of wheat flour (WF). WF was substituted with different level of quinoa core flour, ground
quinoa whole flour and recombined quinoa whole flour. Increasing levels of quinoa flour in WF declined dough
swelling index, while increased falling number of composite flours. Besides, quinoa flour substitution consid-
erably decreased the chemical forces of gluten in composite flours. The proportions a-helix and p-sheets reduced,
while the random coil proportion increased in gluten secondary structure. SEM images revealed that the gluten

network structure was severely damaged. Our findings indicated that substitution of WF with quinoa flours was
promising to be developed as an ingredient for food products.

1. Introduction

Quinoa (Chenopodium quinoa Willd) is a pseudo-cereal and has
recently become popular in human diets, owing to its high nutritional
and nutraceutical value (Xu et al., 2019). It can be employed as an
ingredient in the development of functional food products owing to its
functional and rheological qualities, sensory features, and nutritional
profiles. Quinoa has attracted considerable attention in recent years for
its nutrient-dense profiles and remarkable adaptability to challenging
growing conditions as it is considered to be a whole plant protein and
whole grain carbohydrate with high quality oils and minerals, numerous
vitamins, polyunsaturated fatty acids, bioactive compounds and dietary
fiber (Abugoch James, 2009).

Wheat (Triticum aestivum) is the most commonly utilized and best-
studied cereals, partially due to its rheological and baking qualities of
gluten. Over the past several years, a growing number of studies on
potential applications of quinoa in food product creation and evaluation
have emerged (Gostin, 2019; Tiga et al., 2021; Wang et al., 2021). The
suitability of quinoa flour and wheat flour (WF) blend for bakery
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products was studied. Alizadehbahaabadi et al. (2021) incorporated
49% (w/w) quinoa flour into white flour (100 g). Their results showed
that quinoa appeared to be able to formula breads with high loaf volume
and softness, and acceptable sensory characteristics. Czekus et al. (2019)
reported also that adding 20% quinoa flour increased protein level of
bread by 16%, when compared with those of WF-bread. These docu-
mented clearly that quinoa flour addition improved the nutritional
qualities of wheat-based products. Besides, studies have reported that
the quinoa addition could obviously affect the physicochemical char-
acteristics of WF-bread (Azizi et al., 2020; Ballester-Sanchez et al., 2019;
Romano et al.,, 2018). A desired consuming quality and acceptable
physicochemical attributes is vital for quinoa application in creating the
unique food products. Consequently, products made with quinoa flour
should either have good sensory qualities or be equivalent to products
made with WF.

Quinoa is known as a super grain nutritionally and could be utilized
in the bakery sector to improve the quality of final products or to pro-
duce unique goods, and the starch in quinoa seeds has similar qualities
to wheat starch. Several studies on the replacement of WF with quinoa
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flour have been conducted. However, no previous studies, if any, con-
cerning the effects of different processing ways (e.g., grinding mill and
flour mill) of quinoa flour on qualities, rheological properties, and
chemical structures of WF, have been done.

The objectives of this study were: 1) to produce three types of quinoa
flours using grinding mill and flour mill facilities separately to obtain
WF-quinoa flour composite flours with different levels; 2) to investigate
the influence of quinoa flour substitution on qualities and gluten
structures of composite flours. The findings of this study would be useful
for further food industrial research, and for the development of quinoa
flour as an ingredient for such products as bakery and noodle with
improved nutritional profiles and quality characteristics.

2. Materials and methods
2.1. Materials and reagents

All-purpose wheat flours were bought from Jinmailang Food Co.,
LTD in Baoding, China. Quinoa seeds were obtained by a plantation in
Zhangjiakou, China. Total starch (AA/AMG) assay kit was bought from
Megazyme International Co., Ltd (Bray, Wicklow, Ireland). Grinding
mill 3100 and flour mill GLU-202 were bought from Penten Co., LTD
(Germany) and Buller Machinery Manufacturing Co., LTD (Wuxi,
China), respectively.

2.2. Preparation of composite flours

According to Fig. 1, in order to produce quinoa whole flour (GQWF),
quinoa seeds were pulverized with a grinding mill and passed through a
100-mesh sieve. In addition, quinoa seeds were tempered for 24 h and
stored in a moist warehouse for 12 h before being ground with a flour
mill to produce quinoa shorts, quinoa core flour (QCF) that was passed
via a 100-mesh sieve, and quinoa bran. These three were mixed
(2.5:1.5:1) to produce the recombined quinoa whole flour (RQWF). QCF
(10, 20, 30 and 40%), GQWF and RQWF (10, 20, and 30%) were
substituted WF with different levels separately. The obtained composite
flours, including QCF, GQWF and RQWF, were stored in a refrigerator at
4 °C prior to analysis.

Quinoa

5 §¢ Tempering 24 h
—_—

Tempered quinoa
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===
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(GLU-202, Wuxi, China)
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Recombining quinoa whole flour
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Fig. 1. Preparation of composite flours.
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2.3. Proximate analysis and protein compositions of flours

According to AACC method (Method 56-81.04), the moisture, pro-
tein, fat, dietary fiber and ash content in flours were evaluated (AOAC,
2017). The protein level was determined by applying a factor of 6.25.
The total starch level was determined by the total starch (AA/AMG)
assay kit (Gu et al., 2019). The protein compositions of flours were
extracted and quantified. Albumin: Five grams of sample was added to
10 mL of distilled water. The mixture was shaken in a water bath at 50 °C
for 0.5 h. After cooling to ambient temperature, the mixture was
centrifuged at 21,000xg for 15 min at 4 °C. The residue was twice
rinsed. The supernatant was combined to reach a total volume of 50 mL.
Salt-soluble protein: 10 mL of 10% NaCl was added to the above res-
idue to wash, then centrifuged at 17,000xg for 15 min at 4 °C. The su-
pernatant was collected to make the volume up to 50 mL. Prolamin: 10
mL of 75% ethanol was added to the above residue. The mixture was
shaken at a 50 °C water bath for 5 min, and then reacted at room tem-
perature for 30 min. Afterwards, the extraction method was carried out
as followed by the extraction method of albumin. Gluten: 10 mL of 0.2%
NaOH was added to the above residue to extract gluten. The method was
the same as albumin. The protein concentration was determined by
Kjeldahl method.

2.4. Determination of swelling index of gluten (SIG) and falling number
of flours

Using the procedure described from a previous study (Wang and
Kovacs, 2002), SIG value was calculated. Each flour sample (0.4 g, dry
basis) was added to 0.8 mL of distilled water to mix for 5 s to create
suspension, and then placed in the thermomixer at 4000xg for 10 min at
room temperature. Following that, 0.4 mL of an isopropanol-lactic acid
stock solution was added. Suspension was vortexed for 5 s before being
put in a thermomixer at 4000xg for 10 min at 25 °C. The suspended
sample was centrifuged at 100 xg for 5 min. Supernatant was poured out,
and the tube was drained. Th weight of the tube weight was evaluated
(W3). SIG value was computed as a percentage of the initial flour weight
on the basis of the moisture content. The falling number test was eval-
uated to be in accordance with the procedure 56-81.04 (AACC, 2000).

W, - W,

F

SIG (%) = x 100%

Where W; depicts the tube weight after draining; W refers to the empty
tube weight; Wy is the original flour sample.

2.5. Pasting properties of flours

Pasting properties of samples were determined (standard code: GB/T
14490-2008) using a Brabender Viscograph-E (Brabender, Germany).
The pasting temperature (PT), peak viscosity (PV), minimum viscosity
(MV), breakdown value (BV), final viscosity (FV) and setback value
(SV=FV-TV) were recorded.

2.6. Determination of chemical forces of gluten

Following preparation in the farinograph, 16 g of dough samples
were washed, centrifuged, and dried with Glutomatic 2200, Centrifuge
2015; Glutork 2020 (Perten Instruments, USA), respectively. Gluten was
extracted from the dough by passing it through a fine sieve for 2 min and
then a coarse sieve for 3 min. Gluten was freeze-dried for 72 h prior to
further analysis.

Chemical forces experiments were carried out according to the
methods of Gomez-Guillén et al., (1997). The lyophilized gluten was
treated as following chemicals: SA:NaCl (0.05 mol/L), SB:NaCl (0.6
mol/L), SC:NaCl (0.6 mol/L) + urea (1.5 mol/L), SD:NaCl (0.6 mol/L) +
urea (8 mol/L). 0.2 g of the sample was weighed to mix well with 10 mL
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of the solution above separately. The mixture was stood at 4 °C for 1 h,
and then centrifuged at 10,000xg for 10 min to obtain the supernatant.
The protein concentration was calculated using an Automatic Kjeldahl
nitrogen analyzer K1100 (Haineng Instrument Co., LTD, Jinan, China).
Ionic bond contribution = SB-SA; Hydrogen bond contribution = SC-SB;
Hydrophobic interaction contribution = SD-SC. The level of
sulfhydryl-groups was measured as described by Chang et al. (2021).

2.7. Fourier transform infrared spectroscopy (FT-IR) analysis

Protein secondary structures of the flour samples were estimated
using FT-IR spectrophotometer (Ocean Optics, Inc, FL, USA) following
the method of a previous study (Mollakhalili Meybodi et al., 2019).
Spectra were the averages of 64 scans. The wavenumber resolution was
4 cm™! for range of 400-4000 cm™!. Peakfit software was used to
analysis data. The secondary structures were quantified using the ratio
between a specific region and the entire area of the amide I band.

2.8. Scanning electron microscopy (SEM)

The gluten was made into thin slices and then coated with gold
particles in an automated critical point dryer (model SCD 050, Leica
Vienna). Gluten samples were analyzed by SEM (LEO EVO 40, Zeiss,
Germany) at 20 kV acceleration voltage and 2000x magnification for
microstructure.

2.9. Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-
PAGE) of gluten samples

SDS-PAGE analysis of gluten samples was conducted as described by
Jideani et al. (1994). Gluten sample (10 mg) was added to 1 mL of
Tris-HCI buffer (pH = 7.0) in a 1.5 mL of centrifuge tube for 2 min.
Afterwards, sample was mixed well with the loading buffer at a ratio of
4:1 in 100 °C water bath for 10 min. The mixture was centrifuged at
8000xg for 5 min. Vertical plate electrophoresis was used. 7 pL of
sample and marker was added to the sample well separately. The voltage
(constant voltage mode) was set to 130 V. 50 mL of Foto SDS-PAGE dye
was used to stain for 15 min and was then put into deionized water for
decolorization. Gels were analyzed using AlphaEase software.

2.10. Statistical analysis
Values were mean =+ standard deviation (mean + SD, n = 3). Data
was processed through one-way analysis of variance with Minitab Sta-

tistical Software 14.12.0 (MINITAB, State College, PA, USA). Statistical
significance was set at a probability level of p < 0.05.

Table 1
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3. Results and discussion
3.1. The basic compositions and protein components in composite flours

The basic compositions of WF, QCF, GQWF, and RQWF are depicted
in Table 1. The fat, ash, and starch content of QCF were considerably
greater (p < 0.05) as compared with those of WF. The moisture content
of the flours ranged from 11.50 + 0.02 to 14.34 + 0.26%. The low
moisture observed in GQWF and RQWF was a good indicator of their
potential for longer shelf life (Gautam et al., 2021). The ash contents
ranged between 0.39 + 0.04 and 2.30 + 0.01%. The higher values were
observed in GQWF (2.29 4 0.07%) and RQWF (2.30 & 0.01%). The ash
content is closely related to the morphological structure. Concentrations
of minerals found in quinoa are greater than those reported for the
majority of grain crops (Wieme et al., 2020). High ash content, due to
the substitution of WF with QCF, may include an increasing amount of
minerals in the composite flours. The crude protein levels in WF and
QCF differed considerably (p < 0.05) from one another. The greatest
crude protein content was found in GQWF (13.42 + 0.67%) and RQWF
(14.20 £ 0.66%). This observation indicated that substituting WF with
quinoa flour enhanced the protein level of the final products. The fat
content of composite flours varied between 0.51 + 0.07 and 5.96 +
0.12%. Quinoa flour substitution in WF dramatically enhanced its fat
content. Besides, the starch content varied between 52.35 + 0.52 and
80.01 + 0.52%. When the protein and ash content in the flours rose,
their starch content in the flour samples decreased.

Four component parts in flour protein, including albumin, salt-
soluble protein, prolamin, and gluten, were determined, and the re-
sults are depicted in Table 1. Albumin level in GQWF and RQWF were
5.81 + 0.55% and 6.84 + 0.23%, respectively, which were significantly
higher than that in WF (p < 0.05). Albumin level in QCF was the least
among four sample flours (1.77 + 0.22%, p < 0.05). Similarly, the
content of salt-soluble protein in GQWF and RQWF was dramatically
greater than that in WF (p < 0.05), but no obvious difference between
the content of salt-soluble protein in WF and QCF was found (p > 0.05).
Prolamin and gluten are the main components of gluten, among which
prolamin plays an essential role in the ductility, viscosity, and foaming
properties of dough (Kan et al., 2021). According to the results, the
prolamin content of WF was 3.61 + 0.14%, while the prolamin content
of composite flours ranged from 0.12 + 0.11% to 0.88 + 0.12%, which
was considerably lower than that of WF (p < 0.05). Gluten is responsible
for the elasticity and strength of dough by forming its linear structures
through intermolecular disulfide bonds (Guardianelli et al., 2021). The
content of gluten in WF was considerably higher than that in composite
flours (p < 0.05). Albumin and salt-soluble protein in quinoa are the
main storage proteins, accounting for approximately 70-80%, while the
content of prolamin and gluten is relatively low. Therefore, grains, such
as WF that rich in prolamin and gluten, are usually accompanied in those
QCF-enriched food products, such as QCF-noodles.

The basic compositions and protein components of wheat flour, quinoa flour and composite flours.

Samples Moisture (%) Fat (%) Ash (%) Starch (%) Protein (%) Dietary fiber Albumin Salt-soluble protein Prolamin Gluten (%)
(%) (%) (%) (%)

WF 14.26 + 0.51 + 0.39 + 70.66 + 10.75 + 3.43 +0.01° 3.35 + 0.58 + 0.07° 3.61 + 3.86 +
0.03° 0.07¢ 0.04° 1.39° 0.23° 0.29¢ 0.14° 0.16°

QCF 14.34 + 1.08 + 0.48 + 80.01 + 4.36 +0.13°  0.00 + 0.00¢ 1.77 + 0.96 + 0.34° 0.124+0.11° 1.20 +
0.26° 0.08° 0.02° 0.52° 0.22¢ 0.00°

GQWF 11.50 + 5.96 + 2.29 + 52.79 + 13.42 + 14.04 + 0.67°  5.81 + 3.88 + 0.15% 0.88 + 2.01 +
0.02¢ 0.12° 0.07° 1.19° 0.67° 0.55° 0.12° 0.19°

RQWF 12.77 + 5.78 + 2.30 + 52.35 + 14.20 + 12.60 + 0.36°  6.84 + 4.61 +0.17% 0.54 + 2.05 +
0.04° 0.09° 0.01° 0.52¢ 0.66° 0.23° 0.18° 0.20°

Values are mean =+ standard deviation. Values with different letters in the same column represent statistical difference between each other (p < 0.05). WF = wheat
flour; QCF = quinoa core flour; GQWF = quinoa whole flour obtained using a grinding mill; RQWF = quinoa flour obtained by recombining method using a flour mill.
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3.2. Falling number and SIG of composite flours

The falling number of composite flours has shown in Fig. 2a. The
falling number is negatively correlated with a-amylase activity and
damage starch content of flours (Delatte et al., 2019). Herein, the falling
number of WF was 445 s. Increasing substitutional amount of quinoa
flours increased the falling number of QCF, GQWF and RQWF, rising to
705, 558 and 644 s, respectively. This test was done by combining
ground wheat flour and water to create a slurry. Sound grain with a high
falling number always forms a thicky slurry since the starches are still
intact, whereas the sprout damaged grain may generate a flour/water
combination that is “thin” or non-viscous as the starches started to break
down owing to a-amylase activity (Kiszonas et al., 2018). Hence,
shortened time in the falling number test might reduce the viscosity of
the mixture, enhance a-amylase activity or cause sprout damage.
Herein, the increased falling number suggested that quinoa flour sub-
stitution could reduce the a-amylase activity and damaged starch level
in these composite flours.

The effect of quinoa flours on SIG was also investigated, and the
result is depicted in Fig. 2b. SIG is normally used to evaluate baking and
processing quality of flour products (Vanin et al., 2018). Herein, no
considerable difference in SIG between WF and QCF10-20 was observed.
When the substitutional level of QCF was >20%, SIG was significantly

(@)

800
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200

Falling number (s)

o

0 20 30
RQWF

(b)

44 S _—l—_bc

Gluten swelling index (%)

"—WF 10 20 30 40 1020 30
QCF GQWF

10 20 30
RQWF

Fig. 2. The effects of quinoa flour substitution on composite flours towards (a)
falling number; (b) gluten swelling index. Values are mean + standard devia-
tion. Bars with different letters represent statistical difference between each
other (p < 0.05). WF = wheat flour; QCF10-40 = substitution of wheat flour
with quinoa core flour at 10, 20, 30, and 40% levels, respectively; GQWF10-30
= substitution of wheat flour with quinoa whole flour using a grinding mill at
10, 20, and 30% levels, respectively; RQWF10-30 = substitution of wheat flour
with quinoa whole flour by recombining method using a flour mill at 10, 20,
and 30% levels, respectively.
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decreased (p < 0.05). SIG of GQWF20-30 and RQWF20-30 was signif-
icantly lower than that of WF (p < 0.05), mainly owing to the low gluten
level in composite flours. Increasing substitution amount of quinoa
flours declined the gluten content and swelling capacity of the com-
posite flours, thus leading to the decreased SIG of composite flours.

3.3. Pasting properties of composite flours

Pasting property affects both texture and appearance of noodle
products (Pasqualone et al., 2021). The pasting properties of QCF,
GQWF, and RQWF are depicted in Table 2. Peak viscosity (PV), mini-
mum viscosity (MV) and final viscosity (FV) of QCF were considerably
higher than those of WF due to its high starch content (p < 0.05), while
the PV, MV and FV of GQWF and RQWF were dramatically lower than
those of WF due to their low starch contents (p < 0.05). Pasting tem-
perature (PT) of GQWF and RQWF had no significant difference with
WEF, while PT of QCF was lower than that of WF (p < 0.05). Substitution
with different proportions of QCF significantly changed the pasting
properties of composite flours. Increasing QCF substitutional level
obviously improved the PV and MV when compared with that of WF (p
< 0.05), while the FV of QCF was lower than that of WF. Substitution
with quinoa flour significantly decreased the breakdown and backup
values of flours (p < 0.05), and the stability of starch became worse,
indicating that QCF substitution delayed the aging of starch. When the
amount of GQWF and RQWF was 30%, the PT was considerably greater
than that of WF (p < 0.05). GQWF and RQWF substitutions significantly
decreased PV, MV, and FV (p < 0.05). High dietary fiber content
reduced the starch concentration in composite flours, and superabsor-
bent of the dietary fiber prevented the combination of starch with
moisture, reducing the ability of starch to bind to water, thus affecting
the starch pasting properties. The breakdown values of GQWF20 and
RQWF20 were 296 + 10.61 and 373 + 5.66 BU, respectively, which
were dramatically lower than the that of WF (p < 0.05), indicating that
they had a better thermal stability than WF. The PV and setback values
of GQWF and RQWF were lower than that of WF (p < 0.05), indicating
that the aging degree of these composite flours was considerably lower
than that of WF. In conclusion, the substitution of quinoa flours had an
obvious effect on the pasting characteristics of flours (p < 0.05), which
made the worse stability of starch particles in flours.

3.4. The effects of quinoa flour substitution on chemical forces of
composite flours

Sulfhydryl (-SH) plays a vital role in gluten secondary structure. Its
quantity and distribution are related to the quality of dough (Cappelli
et al., 2020). The content of gluten sulfhydryl group in flours has shown
in Fig. 3a. Substitution with different proportions of quinoa flours
decreased the —SH group content in gluten of composite flours (p <
0.05), from 5.32 £ 0.05 to 1.15 + 0.10 pmol/g. The —SH group contents
in GQWF30 and RQWF30 decreased by 69.5 and 64.5%, respectively, as
compared to WF. The reason is that the gluten level in composite flours
is relatively low. Hence, the -SH group contents decreased as the sub-
stitution level of composite flours increased, thus leading to a negative
impact on processing of noodle products.

Non-covalent forces, including hydrogen bond, ionic bond and hy-
drophobic interaction, make great contributions in dough formation and
viscoelasticity, and are represented by the difference of protein solubi-
lity in different reducing solvents (Zhang et al., 2022). The gluten
strength has a correlation with ionic bond. As can be seen from Fig. 3b,
the contribution of ionic bond in QCF-40, GQWF-30 and RQWF-30
decreased significantly to 42.9%, 34.7% and 22.4%, respectively, as
compared with WF (p < 0.05). The result suggested that the presence of
quinoa flours interfered with electrostatic interaction between gluten
molecules, thus reducing the contribution of ionic bonds to stable pro-
tein molecular structures. When the amount of quinoa flour was too
high, the gluten network structure was easier to collapse, which could



J. Mu et al.

Current Research in Food Science 7 (2023) 100556

Table 2

The effect of quinoa flour on pasting properties of flours.
Samples Pasting temperature/°C Peak viscosity/BU Minimum viscosity/BU Final viscosity/BU Breakdown value/BU Setback value/BU
WF 61.3 + 0.28° 1416 + 6.36¢ 996 + 6.36a" 2065 + 6.36" 420 + 0.00¢ 988 + 7.07%
QCF 60.5 + 0.07¢ 2291 + 3.54° 1242 + 6.36%° 2190 + 14.85% 1049 + 9.90° 880 + 12.73°
GQWF 61.3 + 0.00° 554 + 4.241 461 + 4.24° 680 + 12.02) 93 + 0.00" 234 + 7.78
RQWF 61.5 + 0.07° 924 + 9.19" 729 + 7.78%° 1066 + 7.07° 195 + 1.418 338 + 0.00"
QCF-10 62.0 + 0.28° 1467 + 30.41¢ 984 + 9.19% 1917 + 5.66° 483 + 21.21° 883 + 8.49"
QCF-20 61.7 + 0.07"¢ 1540 + 5.66" 992 + 7.07% 1860 + 3.54% 548 + 12.73" 840 + 11.31¢
QCF-30 61.4 + 0.14° 1545 + 31.82° 977 + 15.56° 1835 + 29.70° 568 + 16.26" 851 + 3.54%4
QCF-40 61.8 + 0.07¢ 1572 + 12.73° 1010 + 3.54° 1885 + 7.07¢ 563 + 9.19" 866 + 2.83"
GQWF-10 61.7 + 0.35" 1342 + 21.92° 865 + 9.19% 1769 + 1.41° 477 +12.73¢ 859 + 7.07¢
GQWE-20 63.0 + 0.00% 1170 + 9.198 874 + 1.41° 1472 + 14.14' 296 + 10.61° 577 + 14.148
GQWE-30 62.6 + 0.42% 1202 + 14.858 768 + 2.83%° 1479 + 2.12i 434 + 17.68¢ 710 + 4.241
RQWF-10 61.6 + 0.21%° 1286 + 15.56 860 + 8.49% 1761 + 14.14 426 + 7.07¢ 856 -+ 7.78
RQWF-20 61.8 + 0.14" 1191 + 12,738 818 + 7.07* 1628 + 14.858 373 + 5.66° 778 + 9.90°
RQWF-30 62.7 +0.21% 1294 + 20.51° 823 + 15.56°" 1588 + 29.70" 471 + 4.95° 761 + 10.61°

Values are mean =+ standard deviation. Values in the same column with different letters represent statistical difference between each other (p < 0.05). WF = wheat
flour; QCF10-40 = substitution of wheat flour with quinoa core flour at 10, 20, 30, and 40% levels, respectively; GQWF10-30 = substitution of wheat flour with quinoa
whole flour using a grinding mill at 10, 20, and 30% levels, respectively; RQWF10-30 = substitution of wheat flour with quinoa whole flour by recombining method

using a flour mill at 10, 20, and 30% levels, respectively.
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Fig. 3. The effects of different amount of quinoa flour
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have a negative impact on dough and was not conducive to the pro-
duction of flour products.

Gluten contains a large amount of glutamine, forming intermolecular
and intramolecular hydrogen bonds between glutamines. Hydrogen
bonds can make gluten structure more stable and have a favorable effect
on dough rheology (Liu et al., 2021). As can be seen from Fig. 3c,
compared to WF, the hydrogen bond contributions of QCF-40, GQWF-30
and RQWF-30 decreased from 1.54 4+ 0.01 to 0.79 + 0.05, 0.71 £ 0.00
and 1.02 + 0.03 mg/mlL, respectively, indicating that the structural
stability of gluten network deteriorated in composite flours. The

= ) Lo . .
E20 E,. grinding mill at 10, 20, and 30% levels, respectively;
g g RQWF10-30 = substitution of wheat flour with
s a = X .. .
D b S quinoa whole flour by recombining method using a
8 B flour mill at 10, 20, and 30% levels, respectively.
10 810
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3 ©
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(e)
120 3 randomcol B Ptums X1 fsheet B a-helix

hydrophobic interaction is related to the oxidation of -SH groups. A
relatively low hydrophobic interaction can stabilize protein, thus
improving the gluten strength and elasticity (Taylor et al., 2016). This is
the main reason for improving the dough toughness and elasticity. Ac-
cording to Fig. 3d, the contribution of hydrophobic interaction to gluten
in flours was significantly decreased due to QCF, GQWF and RQWF
substitution (p < 0.05), and contribution of hydrophobic interaction to
protein of QCF-40, GQWF-30 and RQWF-30 was decreased by 0.6, 0.69
and 0.9 mg/mlL, respectively, when compared with that of WF.
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3.5. FT-IR of gluten in composite flours

On the basis of the distinctive infrared absorption of certain func-
tional groups, FT-IR analysis is frequently used to examine the second-
ary structure and conformation of food biopolymers (Hosseini and
Jafari, 2020). The stretching vibration of the C=0 bond is the main
source of the vibration frequency of the amide I band in FT-IR spectrum,
which is the most valuable for the analysis of protein secondary struc-
ture. There are four main types of protein secondary structures, namely
B-sheet, random coil, a-helix and B-turns. The bands of their corre-
sponding amide I after crimping are 1615-1637 and 1682-1700 cm™,
1637-1645, 1646-1664 and 1661-1681 cm ™!, respectively, among
which a-helix and p-turns have the greatest influences on gluten network
structure formation as well as increase the dough elasticity. The impact
of quinoa on secondary structures of gluten has shown in Fig. 3e. Sub-
stitution of WF with quinoa flours decreased the a-helix and p-turns of
gluten, whereas the proportion of random coil was higher than that of
WF, and the B-sheet did not change significantly. p-Sheet and a-helix
contain more hydrogen bonds, which make the protein have a certain
rigidity and a more regular and compact structure. a-Helix is closely
associated with gluten network structure formation. This high starch
level in quinoa flours competed with protein for water, inhibiting gluten
network structure formation, while the dietary fiber in GQWF and
RQWF bran competed with gluten for moisture, decreasing the pro-
portion of a-helix, and weaken the hydrogen bonding between peptide
chains. p-Sheet has an influence on the viscosity and homogeneity of
dough through hydrogen bonds on the hydrophilic side chains. Herein,
the decreased o-helix and B-turns proportions indicated that quinoa
flours adversely affected the gluten network structure of dough. The
absence of hydrogen bond in random coil and p-turns makes the protein
molecule more flexible and loose structure (Cai et al., 2021). Substitu-
tion of WF with quinoa flours partially increased the proportion of
random coil, mainly owing to the low gluten level in quinoa flour.
Additionally, a serious shearing effect on gluten could occur due to the
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substitution of QCF, formatting more random coil structure and pre-
venting gluten development.

3.6. Microstructures of gluten with different substitution amount of
quinoa flours

Fig. 4 shows the representative SEM images. The continuous fibrous
aggregates of gluten form the “skeleton” of the network, which is filled
with gliadin. The gluten of WF exhibited smooth pore boundaries, and
had a relatively uniform size distribution, which may be due to the fact
that during the gluten formation, the peptide chain expanded and then
gathered via hydrophobic interactions and disulfide bonds to form a
tight three-dimensional network structure (Zhang et al., 2022). Quinoa
flours substitutions destroyed the smoothness and uniformity of the
gluten hole. The morphological structure of gluten was damaged and
presented a honeycomb structure, and it gradually became chaotic. The
gluten network structure was severely damaged as observed in GQWF30
and RQWF30. The holes became larger and more irregular than that in
WF. This destruction might be due to the interaction of dietary fiber with
gluten. The dietary fiber competed with gluten for the moisture,
resulting in the rearrangement of water in the dough. This made gluten
not fully react with water, and thus leading to the dehydration. Conse-
quently, the gluten network structure was damaged, among of which
would collapse.

3.7. Gel electrophoresis of gluten in flours with different substitution levels
of quinoa

In Figs. 5 and 6, the electrophoretic profiles of gluten extracted from
WF, QCF, GQWF, and RQWF were reported. Fig. 5 shows the electro-
phoretic bands of gluten in the non-reduced state. No considerable dif-
ference in the location and color of the electrophoretic bands of each
sample was found, and the molecular weight (MW) of the samples was
mainly between 10 and 35 kDa, among which the bands were more

RQWF10

RQWF20

RQWF30

Fig. 4. Microstructures of gluten in composite flours by SEM analysis. WF = wheat flour; QCF10-40 = substitution of wheat flour with quinoa core flour at 10, 20, 30,
and 40% levels, respectively; GQWF10-30 = substitution of wheat flour with quinoa whole flour using a grinding mill at 10, 20, and 30% levels, respectively;
RQWF10-30 = substitution of wheat flour with quinoa whole flour by recombining method using a flour mill at 10, 20, and 30% levels, respectively.
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GQWF RQWF

KDa Marker 10 20 30 10 20 30

Fig. 5. SDS-PAGE patterns of non-reduction of gluten in composite flours. WF = wheat flour; QCF10-40 = substitution of wheat flour with quinoa core flour at 10,
20, 30, and 40% levels, respectively; GQWF10-30 = substitution of wheat flour with quinoa whole flour using a grinding mill at 10, 20, and 30% levels, respectively;
RQWF10-30 = substitution of wheat flour with quinoa whole flour by recombining method using a flour mill at 10, 20, and 30% levels, respectively.
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Fig. 6. SDS-PAGE patterns of reduction of gluten in composite flours. WF = wheat flour; QCF10-40 = substitution of wheat flour with quinoa core flour at 10, 20, 30,
and 40% levels, respectively; GQWF10-30 = substitution of wheat flour with quinoa whole flour using a grinding mill at 10, 20, and 30% levels, respectively;
RQWF10-30 = substitution of wheat flour with quinoa whole flour by recombining method using a flour mill at 10, 20, and 30% levels, respectively.

intense between 25 and 35 kDa. The bands between 10 and 15 kDa
became shallow or even disappeared when the quinoa powder was
added. The band at around 30 kDa became more intense. Fig. 6 depicts
the bands of reduced gluten. The MW of gluten was mainly distributed in
the range of 25-40 kDa. The bands between 10 and 25 kDa were less
intense. The bands at 15 kDa became lighter when substitution of WF
with quinoa flour. Compared with non-reduced gluten, the bands with
high MW (about 100 kDa) increased after addition of f-mercaptoetha-
nol, indicating that addition of p-mercaptoethanol resulted in the
reduction of macromolecule proteins. The bands of gluten did not
change significantly after substitution of quinoa flour, suggesting that
quinoa did not change protein conformation via covalent bond with
gluten.

4. Conclusion

This study explored the effect of quinoa flour substitution on quality
properties of wheat dough. The results showed that quinoa flour sub-
stitution significantly disrupted the gluten network structure. 10% and
20% were the ideal substitution levels to maintain the network struc-
tures of composite flours. On the whole, quinoa flour at certain levels
had a positive effect on dough quality, not only improved thermal sta-
bility (indicated in pasting properties), but also yielded promising re-
sults on healthy food (indicated in the increased contents of dietary
fibers and proteins, as well as the decreased starch content). These
findings would provide valuable guidance for the further development
of quinoa-based products in food industries, such as quinoa-based
muffin and instant noodles.



J. Mu et al.
CRediT authorship contribution statement

Jianlou Mu: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Resources, Validation, Writing — original
draft. Yiwen Qi: Conceptualization, Methodology, Project administra-
tion, Validation, Visualization, Writing — review & editing. Kexin Gong:
Validation, Methodology, Formal analysis, Investigation. zhizhou
Chen: Validation, Data curation, Writing — review & editing. Margaret
A. Brennan: Project administration, Supervision, Validation, Writing —
original draft, Writing — review & editing. Qianyun Ma: Validation,
Data curation, Writing — review & editing. Jie Wang: Writing — review &
editing. Charles S. Brennan: Conceptualization, Supervision, Data
curation, Formal analysis, Investigation, Validation, Visualization,
Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.

References

AACC, 2000. Method 56-81.04 Determination of Falling Number AACC Approved
Methods of Analysis, eleventh ed.

Abugoch James, L.E., 2009. Chapter 1 quinoa (Chenopodium quinoa Willd.):
composition, chemistry, nutritional, and functional properties. In: Adv. Food Nutr.
Academic Press, pp. 1-31.

Alizadehbahaabadi, G., Lakzadeh, L., Forootanfar, H., Akhavan, H.-R., 2021.
Optimization of gluten-free bread production with low aflatoxin level based on
quinoa flour containing xanthan gum and laccase enzyme. Int. J. Biol. Macromol.
200, 61-76. https://doi.org/10.1016/j.ijbiomac.2021.12.091.

AOAC, 2017. Association of Official Analytical Chemists. Methods of Analysis. AOAC. htt
ps://www.aoac.org/.

Azizi, S., Mohammad Hossein, A., Moogouei, R., Rajaei, P., 2020. The effect of Quinoa
flour and enzymes on the quality of gluten-free bread. Food Sci. Nutr. 8 (5),
2373-2382. https://doi.org/10.1002/fsn3.1527.

Ballester-Sanchez, J., Yalcin, E., Fernandez-Espinar, M.T., Haros, C.M., 2019.
Rheological and thermal properties of royal quinoa and wheat flour blends for
breadmaking. Eur. Food Res. Technol. 245 (8), 1571-1582. https://doi.org/
10.1007/500217-019-03265-5.

Cai, B., Gu, H., Wang, F., Printon, K., Gu, Z., Hu, X., 2021. Ultrasound regulated flexible
protein materials: fabrication, structure and physical-biological properties. Ultrason.
Sonochem. 79, 105800 https://doi.org/10.1016/j.ultsonch.2021.105800.

Cappelli, A., Bettaccini, L., Cini, E., 2020. The kneading process: a systematic review of
the effects on dough rheology and resulting bread characteristics, including
improvement strategies. Trends Food Sci. Technol. 104, 91-101. https://doi.org/
10.1016/j.tifs.2020.08.008.

Chang, L., Lin, F., Cheng, K., Li, J., Sun, X., Figeys, D., Liu, J., 2021. A simultaneous
identification and quantification strategy for determination of sulthydryl-containing
metabolites in normal- and high-fat diet hamsters using stable isotope labeling
combined with LC-MS. Anal. Chim. Acta 1184, 339016. https://doi.org/10.1016/j.
aca.2021.339016.

Czekus, B., Peéinar, 1., Petrovi¢, 1., Paunovié¢, N., Savi¢, S., Jovanovi¢, Z., Stiki¢, R., 2019.
Raman and Fourier transform infrared spectroscopy application to the Puno and
Titicaca cvs. of quinoa seed microstructure and perisperm characterization.

J. Cereal. Sci. 87, 25-30. https://doi.org/10.1016/j.jcs.2019.02.011.

Delatte, S., Doran, L., Blecker, C., De Mol, G., Roiseux, O., Gofflot, S., Malumba, P., 2019.
Effect of pilot-scale steam treatment and endogenous alpha-amylase activity on
wheat flour functional properties. J. Cereal. Sci. 88, 38-46. https://doi.org/
10.1016/j.jcs.2019.05.002.

Current Research in Food Science 7 (2023) 100556

Gautam, R.K., Kakatkar, A.S., Mishra, P.K., Kumar, V., Chatterjee, S., 2021. Development
of shelf-stable, ready to cook (RTC) intermediate moisture (IM) shrimp and its shelf
life extension using hurdle technology. J. Agric. Res. 6, 100199 https://doi.org/
10.1016/j.jafr.2021.100199.

Gomez-Guillén, M.C., Borderias, A.J., Montero, P., 1997. Chemical interactions of
nonmuscle proteins in the network of sardine (sardina pilchardus) muscle gels. LWT
30 (6), 602-608. https://doi.org/10.1006/fstl.1997.0239.

Gostin, A.L, 2019. Effects of substituting refined wheat flour with wholemeal and quinoa
flour on the technological and sensory characteristics of salt-reduced breads. LWT
114, 108412. https://doi.org/10.1016/j.lwt.2019.108412.

Gu, F., Gong, B., Gilbert, R.G., Yu, W., Li, E., Li, C., 2019. Relations between changes in
starch molecular fine structure and in thermal properties during rice grain storage.
Food Chem. 295, 484-492. https://doi.org/10.1016/j.foodchem.2019.05.168.

Guardianelli, L., Puppo, M.C., Salinas, M.V., 2021. Influence of pistachio by-product
from edible oil industry on rheological, hydration, and thermal properties of wheat
dough. LWT 150, 111917. https://doi.org/10.1016/j.1wt.2021.111917.

Hosseini, H., Jafari, S.M., 2020. Chapter Eleven - fourier transform infrared (FT-IR)
spectroscopy of nanoencapsulated food ingredients. In: Jafari, S.M. (Ed.),
Characterization of Nanoencapsulated Food Ingredients. Academic Press,
pp. 347-410.

Jideani, I.A., Owusu, R.K., Muller, H.G., 1994. Proteins of acha (Digitaria exilis Stapf):
solubility fractionation, gel filtration, and electrophoresis of protein fractions. Food
Chem. 51 (1), 51-59. https://doi.org/10.1016/0308-8146(94)90047-7.

Kan, X., Chen, G., Zhou, W., Zeng, X., 2021. Application of protein-polysaccharide
Maillard conjugates as emulsifiers: source, preparation and functional properties.
Food Res. Int. 150, 110740 https://doi.org/10.1016/j.foodres.2021.110740.

Kiszonas, A.M., Engle, D.A., Pierantoni, L.A., Morris, C.F., 2018. Relationships between
Falling Number, a-amylase activity, milling, cookie, and sponge cake quality of soft
white wheat. Cereal Chem. 95 (3), 373-385. https://doi.org/10.1002/cche.10041.

Liu, S., Liu, Q., Li, X., Obadi, M., Jiang, S., Li, S., Xu, B., 2021. Effects of dough resting
time on the development of gluten network in different sheeting directions and the
textural properties of noodle dough. LWT 141, 110920. https://doi.org/10.1016/j.
1wt.2021.110920.

Mollakhalili Meybodi, N., Mortazavian, A.M., Mirmoghtadaie, L., Hosseini, S.M.,
Yasini, S.A., Azizi, M.H., Mousavi Nodoushan, S., 2019. Effects of microbial
transglutaminase and fermentation type on improvement of lysine availability in
wheat bread: a response surface methodology. Appl. Food Biotechnol. 6 (3),
151-164. https://doi.org/10.22037/afb.v6i3.24359.

Pasqualone, A., Costantini, M., Labarbuta, R., Summo, C., 2021. Production of extruded-
cooked lentil flours at industrial level: effect of processing conditions on starch
gelatinization, dough rheological properties and techno-functional parameters. LWT
147, 111580. https://doi.org/10.1016/j.lwt.2021.111580.

Romano, A., Masi, P., Bracciale, A., Aiello, A., Nicolai, M.A., Ferranti, P., 2018. Effect of
added enzymes and quinoa flour on dough characteristics and sensory quality of a
gluten-free bakery product. Eur. Food Res. Technol. 244 (9), 1595-1604. https://
doi.org/10.1007/s00217-018-3072-x.

Taylor, J.R.N., Taylor, J., Campanella, O.H., Hamaker, B.R., 2016. Functionality of the
storage proteins in gluten-free cereals and pseudocereals in dough systems. J. Cereal.
Sci. 67, 22-34. https://doi.org/10.1016/j.jcs.2015.09.003.

Tiga, B.H., Kumcuoglu, S., Vatansever, M., Tavman, S., 2021. Thermal and pasting
properties of Quinoa—wheat flour blends and their effects on production of extruded
instant noodles. J. Cereal. Sci. 97, 103120 https://doi.org/10.1016/j.
js.2020.103120.

Vanin, F.M., Lucas, T., Trystram, G., Michon, C., 2018. Biaxial extensional viscosity in
wheat flour dough during baking. J. Food Eng. 236, 29-35. https://doi.org/
10.1016/j.jfoodeng.2018.05.007.

Wang, C., Kovacs, M.L.P., 2002. Swelling index of glutenin test. I. Method and
comparison with sedimentation, gel-protein, and insoluble glutenin tests. Cereal
Chem. 79 (2), 183-189. https://doi.org/10.1094/CCHEM.2002.79.2.183.

Wang, X., Lao, X., Bao, Y., Guan, X,, Li, C., 2021. Effect of whole quinoa flour substitution
on the texture and in vitro starch digestibility of wheat bread. Food Hydrocolloids
119, 106840. https://doi.org/10.1016/j.foodhyd.2021.106840.

Wieme, R.A., Reganold, J.P., Crowder, D.W., Murphy, K.M., Carpenter-Boggs, L.A., 2020.
Productivity and soil quality of organic forage, quinoa, and grain cropping systems
in the dryland Pacific Northwest, USA. Agric. Ecosyst. Environ. 293, 106838 https://
doi.org/10.1016/j.agee.2020.106838.

Xu, X., Luo, Z., Yang, Q., Xiao, Z., Lu, X., 2019. Effect of quinoa flour on baking
performance, antioxidant properties and digestibility of wheat bread. Food Chem.
294, 87-95. https://doi.org/10.1016/j.foodchem.2019.05.037.

Zhang, M., Ma, M., Yang, T., Li, M., Sun, Q., 2022. Dynamic distribution and transition of
gluten proteins during noodle processing. Food Hydrocolloids 123, 107114. https://
doi.org/10.1016/j.foodhyd.2021.107114.


http://refhub.elsevier.com/S2665-9271(23)00124-7/sref1
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref1
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref2
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref2
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref2
https://doi.org/10.1016/j.ijbiomac.2021.12.091
https://www.aoac.org/
https://www.aoac.org/
https://doi.org/10.1002/fsn3.1527
https://doi.org/10.1007/s00217-019-03265-5
https://doi.org/10.1007/s00217-019-03265-5
https://doi.org/10.1016/j.ultsonch.2021.105800
https://doi.org/10.1016/j.tifs.2020.08.008
https://doi.org/10.1016/j.tifs.2020.08.008
https://doi.org/10.1016/j.aca.2021.339016
https://doi.org/10.1016/j.aca.2021.339016
https://doi.org/10.1016/j.jcs.2019.02.011
https://doi.org/10.1016/j.jcs.2019.05.002
https://doi.org/10.1016/j.jcs.2019.05.002
https://doi.org/10.1016/j.jafr.2021.100199
https://doi.org/10.1016/j.jafr.2021.100199
https://doi.org/10.1006/fstl.1997.0239
https://doi.org/10.1016/j.lwt.2019.108412
https://doi.org/10.1016/j.foodchem.2019.05.168
https://doi.org/10.1016/j.lwt.2021.111917
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref17
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref17
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref17
http://refhub.elsevier.com/S2665-9271(23)00124-7/sref17
https://doi.org/10.1016/0308-8146(94)90047-7
https://doi.org/10.1016/j.foodres.2021.110740
https://doi.org/10.1002/cche.10041
https://doi.org/10.1016/j.lwt.2021.110920
https://doi.org/10.1016/j.lwt.2021.110920
https://doi.org/10.22037/afb.v6i3.24359
https://doi.org/10.1016/j.lwt.2021.111580
https://doi.org/10.1007/s00217-018-3072-x
https://doi.org/10.1007/s00217-018-3072-x
https://doi.org/10.1016/j.jcs.2015.09.003
https://doi.org/10.1016/j.jcs.2020.103120
https://doi.org/10.1016/j.jcs.2020.103120
https://doi.org/10.1016/j.jfoodeng.2018.05.007
https://doi.org/10.1016/j.jfoodeng.2018.05.007
https://doi.org/10.1094/CCHEM.2002.79.2.183
https://doi.org/10.1016/j.foodhyd.2021.106840
https://doi.org/10.1016/j.agee.2020.106838
https://doi.org/10.1016/j.agee.2020.106838
https://doi.org/10.1016/j.foodchem.2019.05.037
https://doi.org/10.1016/j.foodhyd.2021.107114
https://doi.org/10.1016/j.foodhyd.2021.107114

	Effects of quinoa flour (Chenopodium Quinoa Willd) substitution on wheat flour characteristics
	1 Introduction
	2 Materials and methods
	2.1 Materials and reagents
	2.2 Preparation of composite flours
	2.3 Proximate analysis and protein compositions of flours
	2.4 Determination of swelling index of gluten (SIG) and falling number of flours
	2.5 Pasting properties of flours
	2.6 Determination of chemical forces of gluten
	2.7 Fourier transform infrared spectroscopy (FT-IR) analysis
	2.8 Scanning electron microscopy (SEM)
	2.9 Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) of gluten samples
	2.10 Statistical analysis

	3 Results and discussion
	3.1 The basic compositions and protein components in composite flours
	3.2 Falling number and SIG of composite flours
	3.3 Pasting properties of composite flours
	3.4 The effects of quinoa flour substitution on chemical forces of composite flours
	3.5 FT-IR of gluten in composite flours
	3.6 Microstructures of gluten with different substitution amount of quinoa flours
	3.7 Gel electrophoresis of gluten in flours with different substitution levels of quinoa

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


