Food Chemistry: X 14 (2022) 100347

ELSEVIER

Contents lists available at ScienceDirect
Food Chemistry: X

journal homepage: www.sciencedirect.com/journal/food-chemistry-x =

Appropriate microwave improved the texture properties of quinoa due to
starch gelatinization from the destructed cyptomere structure

a,b

Hongwei Cao®™", Rulian Sun®', Yu Liu®, Xiaoxue Wang?, Xiao Guan™"", Kai Huang*",

Yu Zhang *"

& School of Health Science and Engineering, University of Shanghai for Science and Technology, Shanghai, PR China
Y National Grain Industry (Urban Grain and Oil Security) Technology Innovation Center, Shanghai, PR China

ARTICLE INFO ABSTRACT

Keywords:
Microwave
Quinoa

Textual properties
Starch
Gelatinization

Texture characteristics of quinoa under microwave (MW) irradiation were studied from the perspective of starch
gelatinization. MW reduced the light transmittance and increased the hardness and stickiness of quinoa.
Microstructure showed that MW dispersed the vesicular structure of starch aggregates into separate starch
particles, resulting in the full hydration of starch and water molecules to form denser network structures. The
value of peak viscosity and setback decreased in RVA after MW treatment, but the gelatinization temperature

remained stable. DSC further proved that moderate MW treatment could reduce the gelatinization enthalpy of
starch and made quinoa accessible to gelatinize. However, XRD showed that the crystal structure of starch was
preserved, but the crystallinity increased. Finally, low field NMR showed that moderate MW stimulated the full
hydration of starch to form denser network structures, while excessive MW treatment made starch partially
gelatinize and form rigid structure, resulting in negative texture properties.

1. Introduction

Quinoa is native to the Andean mountain region on the west coast of
the American continent and has a long history of cultivation (Li & Zhu,
2018). Quinoa seeds are rich in six nutrients and bioactive substances
needed by the human body and have great potential for development,
such as starch, fat, protein, soluble sugar, cellulose and phenols (Le
et al., 2021). Quinoa, recommended by the Food and Agriculture Or-
ganization of the United Nations as the only perfect food, has high stress
resistance and rich nutritional characteristics. Quinoa is superior to most
grains in cultivation and food nutrition, which can meet all the basic
material needs of the human body. Quinoa has stronger antioxidant
activity with excellent health care effects to human body, just like pre-
venting diabetes, hypertension, hyperlipidemia, heart disease and can-
cer (Sekhavatizadeh, Hosseinzadeh, & Mohebbi, 2021). Quinoa also can
promote endocrine stability, improving immunity, and maintain a good
acid-base balance in the human body (Tafadzwa, Zvamaziva, Charles,
Amiel, Pepukai, & Shepherd, 2021). The average lipid content of quinoa
grain is 5-7.2%, which is higher than that of corn (4.7%) and other
general grains. Quinoa can be used as natural antioxidants to prevent the

rapid oxidation of quinoa oil (Mazaheri, Torbati, Azadmard-Damirchi, &
Savage, 2019). Starch is the main carbohydrate in quinoa, the content
varies according to species and region, but basically the content is in
between 38% and 61%. The amylopectin content of natural quinoa
accounted for a larger proportion of total starch (Li, Hemar, & Zhu,
2021). Quinoa starch has good anti-retrogradation ability and can be
widely used in food industry.

Quinoa can be used as staple food to replace the rice of daily life. The
saponin content of quinoa is relatively high. In industry, quinoa sapo-
nins are usually removed by water grinding and then dried. Traditional
high temperature drying method can inhibit the activity of key enzymes
in quinoa storage characteristics. However, due to high temperature and
long time, high temperature drying often faces the problem of negative
nutritional quality and poor volatile substances of quinoa. Therefore,
there is an urgent need for a convenient and efficient heating method for
drying treatment. As a short-term and efficient treatment method, MW
has been widely used in food processing industry and home cooking.
MW can generate hot spots in local materials and make the temperature
rise rapidly. The alternating electric field of MW can cause mechanical
damage to the molecular structure of enzyme, so that the enzymes can
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inactivated quickly, with little damage to the nutritional activity quality
of food, which can just meet the needs of quinoa processing. Moderate
processing of grain is a popular way to improve the development and
application of grain. In order to improve the storage stability of quinoa,
microwave treatment is often used to dry the water in quinoa and inhibit
the activity of its endogenous enzymes in the actual production and
application.

Therefore, it is particularly significant to study the effects of MW on
the quality characteristics of quinoa. MW heating is produced by the
interaction between microwave, charged ions and polar molecules.
Therefore, during MW treatment, the MW environment and the internal
tissue of food are heated rapidly at the same time. Studies have found
that MW can change the structure of the composition and the quality of
food, such as oil degradation (Ries, Srinivasan, Abida, Caufield, Liao, &
Lo, 2021), protein structure (Wang, Dong, Zhu, Shen, Wu, & Zhang,
2021) and starch crystallinity (Harasym & Oledzki, 2018). In the process
of cooking, quinoa is faced with such phenomena as granule rupture,
starch dissolution, starch gelatinization and retrogradation. Studies
have shown that MW heating can change the gelatinization character-
istics of starch and the order of its molecular structure. At high power
(for example, 10 W/g), MW will fully destroy the hydrogen bond and
interaction between glucose chains in starch molecules, resulting in the
improvement of rice texture (Li et al., 2019). At the same time, since
starch accounts for a large proportion in quinoa, it is very necessary to
study the quality characteristics of quinoa grains from the perspective of
quinoa starch. What’s more, studies have also shown that the properties
and content of quinoa starch have a significant correlation with the
texture characteristics of quinoa after cooking (Wu, Morris, & Murphy,
2017). At the same time, we are also eager to explore whether MW can
improve the quality of quinoa, and whether these changes are related to
the effect of MW on the properties of quinoa starch. Therefore, it is
necessary to study the effect of MW pretreatment on the textural prop-
erties of cooked quinoa from the perspective of starch gelatinization
properties in quinoa.

In order to study the effect mechanism of MW on the texture change
of quinoa, this research started with the largest quantity of starch in
quinoa and analyzed the internal causes of texture change from the
perspective of starch gelatinization. Therefore, this paper aims to study
the effect of MW on the texture characteristics and quality change
principle from the perspective of starch gelatinization, in order to pro-
vide theoretical basis for the utilization of MW pretreatment technology
in quinoa food processing.

2. Materials and methods
2.1. Materials

White quinoa (the moisture is 11.75%) was purchased from Ganzhou
Kangrui Agriculture Products CO. LTD. (Ganzhou Jiangxi Province,
China). Potassium iodide (KI), iodine (I3) and hydrogen chloride (HCL)
were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). All chemicals, reagents, and solvents were purchased and were
of analytical grade unless stated otherwise.

2.2. Microwave treatment of quinoa

According to the actual MW output power obtained by previous
methods (Benlloch-Tinoco, Igual, Rodrigo, & Martinez-Navarrete,
2013). Deionized water (1L) was heated at a certain microwave power
for a certain period of time t (the Water temperature difference should
be more than 20 °C), then stirred rapidly and determine temperature
difference (/\T). The actual output power of microwave is calculated as
following Equation (1-2). Quinoa was treated by MW Synthesis Plat-
form (XH-200A, Xianghu, Beijing, China) with 9 W/g power density for
different time (0 s, 10's, 20 s, 30 s, 40 s, 60 s), and the corresponding
temperature is (24 °C, 41.5 °C, 52.5 °C, 57.4 °C, 74.5 °C, 81.9 °C)
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respectively (Fig. s1). All samples are sealed and stored in a 4 °C
refrigerator for subsequent experiments.

_ mc,AT _ 4178AT

1
; ; (€]
Then the power level of certain weight of surimi (m) was calculated
as.
Powerlevel =2 @
m

2.3. Determination of moisture

Determination of moisture content in quinoa treated with 9 W/g MW
power density for different time by direct drying method (Covarrubias
et al., 2020). Quinoa was placed in a dry weighing dish and dried to
constant weight at 105 °C.

2.4. Determination of cooking time

MW treated quinoa (3 g) were weighed and placed in plate with a
diameter of 5 cm. According to the rice-water ratio of 1:2, distilled water
(6 g) was added and steamed at 100 °C. The best cooking time of quinoa
was the time when the white core disappeared (Thirumdas, Deshmukh,
& Annapure, 2015).

2.5. Water absorption index

MW treated quinoa (2 g, mg) was accurately weighed and placed in a
glass dish in water of 100 °C for the best cooking time. The weight of 50
mL centrifuge tube was recorded as mj, and the steamed quinoa was
dried with filter paper. After standing and cooling, it was poured into the
centrifuge tube to weigh the total mass of the centrifuge tube and cooked
quinoa (CQ) rice (recorded as my) (Thirumdas, Deshmukh, & Annapure,
2015).

(ma — my — my)

3

Water absorption index =
my

2.6. Cooking loss

Weigh exactly 2 g of MW treated quinoa (marked as mg) and cook it
in the same way described above. Rinse the quinoa and contents with
hot water and pour them into a 50 mL centrifuge tube, centrifuging at
4000 g for 6 min. Then pour the supernatant from the centrifuge tube
into a weighing dish (mass mg) and bake at 105 °C for 15 h until constant
weight, and weigh the total mass as m4 (Sirisoontaralak, Nakornpanom,
Koakietdumrongkul, & Panumaswiwath, 2015).

N X (m4 7m3)

Cooking loss(%) =
moy

@
N: 10000, unit conversion factor.
2.8. Transmittance and iodine blue value

MW treated quinoa flour sample (5 g) was accurately weighed, then
25 mL distilled water was added to vibrate and extract at 40 °C for 1 h,
and then the volume was fixed to 50 mL. Centrifuged at 3000g for 15
min. Record absorbance at 620 nm (Ma, Wang, Cheng, Zhang, & Lyu,
2020).

Transmittance(%) = 100" x 100 %)

A: the absorbance of samples at 620 nm.

Then taken 5 mL of supernatant, 0.5 mL KI-I5 solution and 0.5 mL
0.1 mol/L HCL were added, water was added to make total volume is 50
mL, then colorimetric determination at wavelength 620 nm after stan-
ded for 15 min, absorbance was expressed as iodine blue value. The
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blank solution was 0.5 mL iodine solution with 0.5 mL 0.1 mol/L HCI
solution and distilled water constant volume to 50 mL.

2.9. Texture properties

MW treated quinoa was weighed and cooked for 3 g. After cooking,
take them out and cool for 20 min. Randomly selected 15 CQ, measured
their texture properties by texture analyzer (Stable Micro System, TA.
XT-Plus, Surrey, UK) (Wu, Morris, & Murphy, 2014, 2017). The pa-
rameters for texture determination: The speed before test was 2.0 mm/s,
the test speed was 1.0 mm/s, the speed after test was 10.0 mm/s, the
compression distance was 10 mm, and the probe model was SMS P36R.

2.11. Scanning electron microscopy (SEM)

The MW treated quinoa and MW treated CQ were sliced, then the
samples (9 W/0s, 9 W/10's, 9 W/20's, 9 W/30 s, 9 W/40 s, 9 W/60 s)
were pasted on the black tape, placed the samples on the sample table
for gold spraying treatment, and observed under scanning electron mi-
croscope (Tescan 3 Brno, Chech) with an accelerating voltage of 30 kV,
and take clear photos under appropriate magnification(Contreras-
Jimenez, Torres-Vargas, & Rodriguez-Garcia, 2019; Li & Zhu, 2018).

2.12. Pasting properties

Accurately weighed 3.0 g powder of samples (dry basis) into RVA
(RVA4500, Perten Co., Australia) tank, distilled water was added to
obtain a total weight of 28.0 g, and adjusted the moisture content to
14%. Program selection: The quinoa flour sample was equilibrated at
50 °C for 1 min and heated to 95 °C at a heating rate of 12 °C/min. Keep
itat 95 °C for 2.5 min, cool it to 50 °C at 12 °C/min, and keep it at 50 °C
for 2 min. The paddle was stirred at 960 rpm for the first ten seconds and
160 rpm for other times. Record the peak viscosity, valley viscosity,
breakdown, final viscosity, setback, peak time and gelatinization tem-
perature (Li, Luo, Zhang, & Yu, 2020).

2.13. Differential scanning calorimetry (DSC)

Accurately weigh 3 mg of sample into DSC aluminum plate (DSC
3500 Sirius, Germany), press the tablet after adding 6 pL water and
balance it at room temperature for 24 h. The temperature was raised
from 30 °C to 100 °C in the procedure of 5 °C/min. Record the start
temperature (Ty), peak temperature (Tp), end temperature (T¢) and
gelatinization enthalpy (AH) (Bai et al., 2021).

2.14. X-ray diffraction (XRD)

Crystal structure of quinoa flour was determined by XRD (D2
PHASER, Bruker, Germany). Before the experiment, samples were
compacted. The experimental instrument adopts Cu Target and graphite
monochromator, and the diffraction scanning area is 5° to 60° (26). The
target voltage is 40 kV, the current is 30 mA, scanning speed is 2°/min,
step width is 0.02°. The X-ray diffraction spectrum of quinoa flour is
measured, and the spectrum is automatically completed by the instru-
ment itself, and the peak position and relevant parameters are deter-
mined (Pereira et al., 2017). The relative crystallinity of quinoa flour
refers to the methods of Tian (Tian et al., 2018).

.. AC
Crystallinity = m (6)
Ac:area of crystalline phase;
Ag:area of amorphous phase.

2.15. Determination of water distribution by low-field NMR

Moisture distribution of MW treated CQ was determined by low-field
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nuclear magnetic resonance spectrometer (NMI 20-025V-I, Suzhou
Niumag Analytical Instrument Co., Ltd., Suzhou, China). The parameters
were as follows: TD, 400200; TR, 500 ms; NS, 64; NECH, 1000. The T2
curves was inversed using SIRT model (Rolandelli, Farroni, & Buera,
2022).

2.16. Statistics analysis

All the experiments were repeated at least 3 times, the statistics
analysis and drawing were used by Origin 2018 software (Origin Lab
Corporation, USA), SPSS statistics 25 software (IBM Corporation, New
York, USA). Analysis of variance (ANOVA) was used to determine
whether there were significant differences in characteristics between
samples.

3. Results and discussion
3.1. Effect of MW on basic quality index of MW treated quinoa

Moisture content has great influence on texture characteristics of
quinoa. Water absorption is mainly achieved by starch leaching from the
cell gap of quinoa. The cell gap of the abdomen is different from the back
of quinoa; the abdominal cell gap is larger. When the moisture of quinoa
is low (14%), the abdomen will absorb water rapidly, which produced a
moisture content difference with the back. At the same time, in the
process of quinoa cooking, quinoa granules cracked on its surface due to
the existence of moisture difference, resulting in quinoa starch gushing
from the crack place, making quinoa viscosity increased. The moisture
content of raw quinoa was 11.75%. After 9 W/g MW treatment, the
moisture of quinoa decreased significantly, which was due to the com-
bination of thermal and non-thermal effects of MW electromagnetic
fields. In the MW process, for the existence of electromagnetic waves,
the internal material began to heat up, and the water migrated from the
internal material to the surface. Water continues to heat up and escaped
from the intercellular space, leading to a decrease of moisture content.
When treated with 9 W/g for 60 s, the moisture content of quinoa
declined from 11.75% to 8.77% (Table 1). MW slightly reduced the
cooking water absorption of quinoa, but there were no significant ef-
fects. Excessive MW pretreatment has a negative impact on the cooking
quality of quinoa, because the cooking loss increased at 60 s (Table 1).
The iodine blue value indicates the concentration of starch dissolved in
the quinoa soup during cooking. Iodine blue value was positively
correlated with edible quality. The object of this study is quinoa grains.
However, MW’ alternating electric field can only destroy the internal
molecules and some chemical bonds of quinoa, and it has lightly

Table 1
Effects of microwave treatment on basic quality index of quinoa.
Microwave Moisture Water Cooking Iodine Transmittancy
group content absorption loos blue
(%) index (mg/g) value
9 W/0s 11.75 + 1.62 + 0.27 + 0.10 £ 46.57 + 1.21*
0.08% 0.08% 0.01* 0.00?
9W/10s 11.61 + 1.56 + 0.31 + 0.10 £ 28.65 + 0.84"
0.02* 0.01* 0.01%¢ 0.00*
9W/20 s 10.59 + 1.52 + 0.29 + 0.11 + 23.02 + 0.60°
0.03° 0.09° 0.02° 0.01%
9W/30s 9.95 + 1.54 + 0.30 + 0.11 + 20.80 + 0.41°¢
0.06b° 0.10° 0.01° 0.00°
9W/40 s 9.56 + 1.56 + 0.28 + 0.11 + 21.33 + 0.49¢
0.49 < 0.06" 0.01% 0.00°
9 W/60 s 8.77 £ 1.56 + 0.33 + 0.12 + 20.51 + 0.00¢
0.21¢ 0.06° 0.00° 0.00°

Note: Values are mean + SD based on three times measurements. Values with
different letters in the same column are significantly different (P < 0.05). 9 W/
0s-9 W/60 s represents quinoa at different microwave times at the microwave
power density of 9 W/g.
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destroyed the surface structure of quinoa. This phenomenon led to that
there are no huge significant differences in some indexes, but the more
important is the change of their light transmittance. Transmittance is an
indicator of short-term retrogradation of starch. MW treatment pro-
moted the retrogradation of starch and reduced the light transmittance
of quinoa (Dalbhagat & Mishra, 2019). Dry noodles, bean vermicelli,
and bean jelly are taken the advantage of starch retrogradation (Zhang
et al., 2022). One reason might be that MW treatment leads to higher
starch dissolution and gelatinization degree. Another explanation was
that MW heating leads to the loss of water in quinoa and the decrease of
transmittance.

3.2. Textural properties

The texture of quinoa is closely related to the quality of quinoa, the
most important parameters of texture are hardness and stickiness. A
high hardness value means a harder and more chewable quality. Quinoa
with stickiness less than 0.3 gf*s belongs to weak viscosity. Grains with
too small stickiness are often accompanied by dry characters. Especially
when the stickiness is less than 0.2 gf*s, the shape of CQ is scattered and
has poor palatability. The optimum stickiness of quinoa is about 0.6 gf*s,
at which quinoa has moderate stickiness and good quality. It was
showed in Table 2 that the hardness of CQ increased after MW treat-
ment. When treated for 20 s, the hardness of quinoa reached to 577.21 gf
which may be related to the loss of water and the change of internal
microstructure of quinoa during MW treatment (Gu et al., 2021). Yu
et al. (2017) claimed that low water absorption ratio would lead to
higher hardness of cooked rice, which was consistent with water ab-
sorption index result (Table 1). The exudation of amylose molecules
during cooking formed a rigid structure on the surface of quinoa during
cooling and retrogradation, which increased the hardness of quinoa. It is
obviously that there were no significant differences between the elas-
ticity of CQ and control group (Table 2). The range of elasticity is 0.58 to
0.62, which has little changed. Because the part produces elasticity was
the endosperm part of quinoa, the endosperm of quinoa was preserved
after MW treatment, so there was no difference in elasticity. The stick-
iness of cooked grain is an important index to evaluate the taste quality
and consumer acceptance (Bai et al., 2021). As shown in Table 2, with
the increase of MW treated time, the stickiness of quinoa increased. After
MW treated for 20 s, the stickiness of CQ tended to be stable, and the
difference became insignificant. Higher stickiness is not only related to
the starch, but also to the lipids and proteins inside quinoa. During MW
and cooking heat treatment, proteins and lipids easily form complexes
with starch exuded from quinoa, which increased the stickiness and
affected quality characteristics. In addition, dry matter leaching during
cooking also affected the stickiness of CQ (Wu, Morris, & Murphy,
2017), and the increase of stickiness of MW treated quinoa (Table 2) was
consisted with the previous results of cooking loss (Table 1). Cohesive-
ness refers to the contraction force inside the food. There is a positive
correlation between stickiness and food chewing resistance. The cohe-
siveness and elasticity of CQ did not change significantly after MW
treatment, indicating that MW could not destroy the original quality of
quinoa, but it was beneficial to maintain the original quality of quinoa
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while improving its hardness and stickiness. Therefore, MW treated for
20 s has the best effect on improving the texture properties of quinoa.

3.3. SeM

The starch particles in natural quinoa were polygonal, irregular and
angular, and the shape were small (Fig. 1a). The starch of natural quinoa
gathered into vesicles to form large starch aggregates. Compared with
natural starch, under the action of MW alternating electric field, the
molecular interaction and chemical bonds such as van der waals force
and hydrogen bond of quinoa starch molecules were destroyed. Starch
aggregates began to disintegrate gradually, the internal starch molecules
dispersed with the destruction of the shape of starch aggregates. But the
general shape of starch still can be seen (Fig. 1b). After MW treatment
for 20 s, most of the starch molecules were dispersed and large starch
particles began to rupture. Due to the increase of MW time, continuous
thermal effects of MW caused the loss of moisture inside quinoa. At the
same time, the alternating electric and thermal effect of MW acted
together on quinoa, resulting in the destruction of the chemical bonds
among starch molecules, and between starch and water molecules. The
double helix ordered structure of starch disappeared, resulting in the
destruction of starch particles morphology. Many starches were no
longer regular polygons, but irregular slightly gelatinized forms (Fig. 1c-
e). However, as the MW treated time increased continuously, starch
molecules began to paste with each other into a frit (Fig. 1f), which
might be related to the starch melting transition during the glassy
transition phase cause by MW thermal effect and non-thermal effect of
MW electromagnetic filed (Zou, Xu, Tang, Wen, & Yang, 2020).

Microstructure of CQ was shown in Fig. 1 (g-i). Raw quinoa has a
loose internal structure after cooking. Large holes were caused by the
infiltration of water into quinoa during cooking, water filled entire
quinoa and expanded quinoa tissues. As the cooking continues, further
evaporation of the water led to larger holes left behind. It was obviously
that MW heating can make the structure and holes inside quinoa denser
and more uniform, which promoted the formation of starch hydration
gel network. The dense and tidy structure of quinoa may also be
contributing to the increase of hardness. However, as MW time con-
tinues to 60 s, MW was heated directly inside the material by electro-
magnetic waves immediately. Temperature inside quinoa rose rapidly
when excessive MW treating was carried, which caused a small part of
the internal starch to gelatinize, thus forming a rigid shell near the
surface of the quinoa. This made it difficult for quinoa to absorb water
during cooking and absorbing water, the infiltrate of moisture was not
excessively. Therefore, moderate MW treatment could make the interior
of quinoa forms a structure which was beneficial to the gelatinization of
starch and the quality of quinoa. However, excessive MW treatment
caused the formation of frit, which affected the gelatinization and
quality characteristics of quinoa, at which point the gelatinization of
quinoa was more thorough.

At the same time, we also treated quinoa by hot air heating with
different temperature gradients. It can be clearly seen that when the hot
air heating temperature is 35 °C, the morphology of quinoa starch ve-
sicular aggregates hardly changed, and the starch particles were closely

Table 2

Effects of microwave treatment on textural properties of quinoa.
Microwave group Hardness Stickiness(gf * s) Chewiness Gumminess Elasticity Cohesiveness

(gh) (gD (gh

9 W/0s 443.26 + 33.27° 0.30 + 0.08% 174.09 + 23.84%° 279.17 + 33.21%° 0.62 + 0.03% 0.63 + 0.04°
9W/10s 456.71 + 47.53° 0.80 + 0.3° 158.74 + 26.75% 257.69 + 41.38% 0.62 + 0.05% 0.56 + 0.04°
9W/20s 512.85 + 38.08" 0.66 + 0.22° 174.71 + 25.63%° 300.52 + 38.20° 0.58 + 0.03* 0.58 + 0.05%
9W/30s 577.21 + 48.02¢ 0.38 + 0.12% 222.21 + 25.86° 360.60 + 24.65¢ 0.62 + 0.04° 0.63 + 0.03°
9 W/40 s 535.03 + 47.83% 0.42 + 0.09* 198.32 + 31.37" 311.43 + 33.57° 0.62 + 0.05% 0.60 + 0.03%
9W/60 s 538. 01 + 58.85" 0.46 + 0.06% 186.28 + 31.73% 310.90 + 42.91b 0.60 + 0.04* 0.58 + 0.04°

Note: Values are mean + SD based on three times measurements. Values with different letters in the same column are significantly different (P < 0.05). 9 W/0s-9 W/
60 s represents quinoa at different microwave times at the microwave power density of 9 W/g.
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Fig. 1. Scanning electron microscopy images of raw and cooked quinoa treated with 9 W/g microwave at different time points. QS: quinoa starch; GQS: quinoa starch
aggregates; DQS: dispersed quinoa starch; PQS: pasting quinoa starch; BQS: bulk quinoa starch. Fig. a-f is microwave treated quinoa; Fig. g-1 is microwave treated

cooked quinoa.

connected (Fig. s2A). Therefore, when there is no effect of microwave
alternating electric field, the chemical bond between starch molecules
cannot be destroyed only by conventional hot air heating. When heated
to 45 °C (Fig. s2B), the structure of quinoa starch aggregates were
persevered, there were still many starch vesicular aggregates, and the
shape of individual quinoa starch particles showed a natural hexagonal
state. On the contrary, when treated with 9 W/g microwave for 10 s
(which temperature is 41.5 °C), the vesicular of starch aggregates were
cracked (Fig. 1b). However, when conventionally hot air treatment
heated to 55 °C (Fig. s2C), individual starch aggregates were partially
destroyed and disintegrated into separate starch particles. When mi-
crowave treatment reaches a similar temperature (9 W/20 s, 52.5 °C),
quinoa starch has been completely dispersed into separate scattered
starch particles, which undoubtedly shows that the effect of microwave
alternating electric field has a significant impact on the starch properties
gelatinization properties of quinoa starch (Figs. s1, s2).

3.4. Gelatinization characteristics

Gelatinization characteristic is an important index reflecting the
quality of quinoa, and it is also an important parameter affecting the
cooking quality of quinoa. As can be seen from Table s1, there is little
fluctuation in the final viscosity and pasting temperature. Peak viscosity
refers to the equilibrium viscosity value between the increase of starch
gelatinization viscosity and the decrease of starch particle fracture vis-
cosity under the action of mechanical shear force. According to Table s1,
the peak viscosity of quinoa in the control group was 1433.50 + 65.76
m Pa/s, which was decreased by MW, especially to 1313.40 + 55.86 m
Pa/s after MW for 40 s. The slightly decrease of peak viscosity was
related to the formation of porous morphology. The formation of porous
morphology contributed the starch particles easily hydrolyzed and
loosened their resistance to swelling (Gutierrez-Osnaya et al., 2020).
Studies had shown that the reduction of peak viscosity improved
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cooking resistance and quality of grain. Wang et al. (Wang, Wu, Wang,
Yang, & Zhou, 2019) found that after MW treatment of rice, due to the
heating effect of MW, the complex reaction between starch-lipid com-
plex and nitrogen-containing compounds inside the grain, which could
improve the stability of starch clusters inside the grain in the cooking
process. Therefore, the decrease of peak viscosity indicating that MW
treatment for 20 s has the potential to improve the cooking properties of
quinoa. However, when the MW time reached 60 s, the peak viscosity
increases significantly again, which might be related to the dual effects
of electromagnetic effect and thermal effect of MW. As this time, the
temperature of MW treated quinoa achieved 81.9 °C (Fig. s1), while
quinoa’s gelatinization temperature is around 61°C. Polar water mole-
cules and glycosidic bonds of starch in quinoa have electromagnetic
introduction to MW field, and some water molecules are very close to
starch, even combined with starch. The starch inside quinoa partially
gelatinized after MW, possibly accompanied by protein denaturation,
caused a sharp decline in the cooking quality of quinoa. Furthermore,
this is also related to the production of starch lipid complex promoted by
MW (Fig. s3).

The value of breakdown is the most sensitive index of gelatinization
properties, which represents the degree of breakage of starch particles.
High breakdown value is often accompanied by more starch rupture
during heating, and the internal starch molecules will be released.
Devraj et al.’s (2020) study showed that the breakdown of rice during
gelatinization was significantly related to the amylopectin content and
microstructure in rice. As the MW time increased, the decrease of
breakdown may be due to the evaporation and immigration of free water
in quinoa under MW field. However, the hydroxyl groups in the starch
combined more closely with the weak water and strengthened the
double helix structure of the starch. Thus, the microcrystalline structure
of amylopectin was strengthened which decreased the outflow of starch
during cooking and aggrandize the hardness of quinoa. When MW
treatment lasted for 60 s, the breakdown increased significantly. For the
MW field caused the high frequency vibration of the polar groups such as
hydroxyl on starch molecules during the cooking process of quinoa,
which generated heat energy and destructed the hydrogen bonds. The
microcrystalline structure of the starch was destroyed; a rigid structure
was formed within the starch. This structure was manifested as break-
down and hardness increase.

MW had no significant effect on the final viscosity of quinoa, which
represents the gelatinization degree during cooling, and is also related to
the formation of sticky paste and gelatinization function of starch after
cooking and cooling (Thuengtung & Ogawa, 2020). Pasting temperature
refers to the irreversible expansion temperature of starch particles in the
process of quinoa cooking (Huang & Lai, 2014). MW treatment has no
obvious effect on the pasting temperature of quinoa, which was
61.88 °C. The setback indicated the stability and aging trend of starch
paste. A high setback value is interrelated to the retrogradation and
negative quality of quinoa. When MW treatment time was 20 s, the
setback reached the minimum value (238.50 + 31.82 m Pa/s), which
was 91.5 m Pa/s lower than that of the control group. Suggesting that 9
W/20 s MW reduced the retrogradation ability of quinoa and improved
its quality. Because quinoa is a mixed system, MW can enhance the di-
sulfide bond bridging force between the proteins in the starch, leading to
the decrease of protein-starch crosslinking and inhibit the aging of
starch (Wang, Wu, Wang, Yang, & Zhou, 2019).

3.5. Thermal analysis

Fig. 1 and Table s2 shows the thermodynamic parameters of natural
and MW quinoa. The starting temperature (T,), peak temperature (T}),
final temperature (Tf) and temperature range (Tf - Ton, /\T) reflects the
gelatinization characteristics of starch. Those with small parameter
values are more prone to gelatinize (Xing et al., 2021). Gelatinization
enthalpy (AH) is related to the crystal structure of crystalline region
and amylose double helix structure of amorphous region and it
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represents the energy of dissociation of double helix structure. After MW
treatment of quinoa, the AH decreased first and then increased. The
decrease of /\H illustrated that the content of double helix structure was
reduced, and molecular arrangement of starch particles became disor-
derly, which was caused by the partial gelatinization of starch particles
(Huang, Zhou, Jin, Xu, & Chen, 2016). It also signified that quinoa
starch tended to gelatinize after MW. The increase of /\H was due to the
increase of MW time, which led to recrystallization between starch
molecules, so that the structure of starch molecules were re-stabilized,
more energy was needed to destroy crystallization zone of quinoa.
MW had little effect on the thermodynamic parameters of quinoa (T,
Tp, Tp), To was around 61 °C, but the temperature transition range ( AT
was lower than natural quinoa. The transition temperature (To. Tp. Tf)
represents the ordered double helix structure of starch, T, and Tt rep-
resents the melting temperature of the weakest and strongest crystal
structure. The T, of MW treated quinoa was little higher than that of the
natural quinoa though there is no significant difference, which man-
ifested that the order of the weakest crystal structure was protected and
the thermal stability of the sample was enhanced in the MW process.
Whereas, excessive MW treatment contributed to the destruction of
thermal stability. The endothermic peak of the starch-lipid complex
occurred at 100 °C (Zhou et al., 2021). The level of starch-lipid complex
in MW treated quinoa less than 30 s was very low, and no endothermic
process occurred (Fig. 2). Conversly, an endothermic peak was observed
at 100 °C when MW was treated for 40 s to 60 s. This implied that
excessive MW treatment increased the strength and content of starch-
lipid complex in quinoa, which was consistent with XRD’s results.

3.6. Crystal type and crystallinity

X-ray diffraction results of MW treated quinoa were shown in Fig. 3.
There were no new peaks and no significant shifts in peak location. After
9 W/g MW treatment, the intensity of each absorption peak of quinoa
increased, the absorption peak intensity of quinoa treated by MW for 20
s was the highest, and then gradually declined to the same intensity as
the control group with the increase of MW time. Apparently, experi-
mental group and the control group have absorption peak in 15.10°,
17.30°, 18.02 °and 23.00°, these peaks represented the A crystal type
which is no difference from natural quinoa. Meanwhile, a small ab-
sorption peak could be seen at 20 = 20.04° (V-type), which was caused
by the presence of starch-lipid complex. The crystal of A-type and V-type
were typical cereal starches (Xing et al., 2021). No change of crystal
shape and peak position testified that the change of properties of quinoa
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Fig. 2. Thermodynamic curves of microwave-treated quinoa.
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Fig. 3. XRD diffraction patterns of quinoa at 9 W/g microwave treatment.

starch was mainly owing to the change of amorphous region (Zhou et al.,
2021).

The crystallinity of quinoa was between 21.5%-43.03% (Li & Zhu,
2018). In this experiment, the crystallinity of quinoa treated with 9 W/g
for0s,10s,20s,30s,40s, 60 s were 35.04%, 35.57%, 42.44%, 35.00%,
34.30% and 35.42%, respectively. After MW treatment for 20 s, the
crystallinity of quinoa reached maximum. MW increased the crystal-
linity of quinoa starch, indicating that the moderate MW would make
the crystal structure of quinoa starch more complete, the double helix
structure of moderately damaged starch rearranged into a more orderly
crystal structure. The amylose content was negatively correlated with
crystallinity (Li & Zhu, 2018). What’s more, the chain length distribu-
tion of amylopectin also affects its crystallinity. Excessive MW treatment
had degraded and destroyed the crystal structure of starch that has been
rearranged, leading to a decrease of crystallinity (Oh, Bae, & Lee, 2018).
Because quinoa is high in amylopectin, amylopectin has a higher mo-
lecular weight and steric resistance, so the starch molecules would not
be destroyed by MW quickly. However, with the increase of MW time,
the crush effects of MW electromagnetic on amylopectin were enhanced.
Microwave vibration destroyed the chemical bond between starch
molecules, promotes the hydration of starch during heating, and
generated the gelatinization of quinoa. Starch molecules cannot recover
into a new unstable crystal quickly, resulting in a decrease in crystalli-
zation, but also accompanied by a decrease in water absorption capacity
(Table 1).

3.7. Moisture distribution of microwave-treated quinoa

To1a (0.01-0.75 ms) and Ta1, (1-4 ms) in low-field NMR refers to the
relaxation time of strongly bound water, which is the strongest combi-
nation of quinoa ingredients and the weakest mobility of water. Tay
(10-30 ms) stands for immobilized water and refers to the relaxation
time of water whose fluidity can be detected between bound water and
free water (Chen et al., 2019). T3 (50-140 ms) represents free water
(Fig. 4). After MW treatment, the peak position of T31, (0.3 ms) did not
change, but the peak area decreased slightly, a small amount of moisture
migrated to the relaxation time of Ta;p, indicating that the tightness of
the smallest structure inside the material with water had not destroyed,
but this part of moisture content was lower than that of natural quinoa
under microscopic conditions. Peak position of Ta1p (2.3 ms) moved
towards the direction of weakening fluidity after MW treatment, but it
was still tightly bound water, and the content of this part of bound water
tended to increase. This might because the appropriate expansion of the
double helix structure of starch molecules in quinoa caused by MW
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Fig. 4. Low field NMR moisture distribution of 9 W/g microwave-
treated quinoa.

alternating electric field, shortening the distance between starches and
water. Starch molecular network embeds some weak flowing water into
starch microstructure, which enhanced the ability of starch micro-
structure to bind water (Tang et al., 2018). The relaxation time of Toy
water moved left when MW was less than 20 s, and then moved to right
when MW was longer than 20 s. The corresponding peak area had
similar trends. This meant that the fluidity of the less mobile water in
quinoa decreased and then increased with the increasing of MW time.
Network structure of quinoa shown in the electron microscope images
also reflected such a phenomenon. Proper MW treatment ( < 20 s) made
the pores between the tissues of quinoa became denser and more regu-
lar. Therefore, it was easier for water to enter the interstitium of quinoa
cells and form a three-dimensional gel during cooking and heating.
However, with the increase of MW time, the electromagnetic effect and
heating effect of MW pretreatment would lead to excessive gelatiniza-
tion of quinoa, forming a rigid structure inside quinoa. The rigid struc-
ture would weaken the ability of binding water in the interstitium of
quinoa during subsequent cooking. By observing the relaxation time of
free water Ta3, it can be found that appropriate MW treatment had no
effect on the binding capacity of free water, but the peak position moves
towards the direction of weakened mobility when treated for 40 s, which
may also relate to the forms of rigid structures. With the increase of MW
time, free water content showed a decreasing trend, which was closely
related to the gelatinization and texture properties of quinoa starch such
as the increasing of hardness (Yan & Lu, 2021).

4. Conclusion

With the extension of MW treatment time, the texture characteristics
of quinoa first increased and then decreased. The alternating electro-
magnetic field of MW destroyed the original vesicular aggregation
structure of starch particles, so that the starch dispersed into separate
particles from the aggregation state. However, high intensity MW
treatment for a long time was prone to cause partial gelatinization of
quinoa starch and form a rigid structure, these changes have impacts on
the gelatinization and thermodynamic properties of quinoa starch, but
there was no difference in gelatinization temperature. MW could affect
the rotational state of double helix structure of starch, resulting in the
increase and decrease of starch crystallinity. MW alternating electric
field could also change some chemical bonds on amylopectin branches,
making starch tends to combine with water to form an ordered gel
network structure, which is conducive to the enhancement of quality of
quinoa.
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