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Study on mechanism of starch phase transtion in wheat with different moisture content
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Abstract

Using Bainong 365 wheat starch as raw material, starch samples were preheated in a RVA to simulate DSC heating profiles. The
thermodynamic properties, long-range orderliness, short-range orderliness, and structure of wheat starch were determined by
DSC, XRD, FTIR, LF-NMR and SEM to explore the phase transformation mechanism of Bainong 365 wheat starch at different
water contents. The results show that at different moisture contents, when the endothermic transition temperature of starch
samples determined by DSC was reached or exceeded, the enthalpy of starch was 0, all free water was converted into uneasy
flowing water and bound water, and the surface structure of starch was severely damaged. At this time, starch was completely
gelatinized, but the short-range and long-range ordered structures of starch determined by FTIR and XRD still existed and
gradually decreased with increasing temperature. Therefore, it was concluded that the temperature range of the starch endothermic
transition does not represent the temperature range of complete gelation of starch, and the structure destroyed by complete
gelation of starch may not be simple short-range and long-range ordered molecular structures.

Keywords: wheat starch; phase transition mechanism; thermodynamic characteristics; long-range order; shart-range order;

water transport characteristic.

Practical Application: Mechanism of starch phase transformation in wheat.

1 Introduction

Wheat starch is a natural macromolecular polysaccharide
compound, and it is mainly divided into the two categories of
A-type starch and B-type starch. It is composed of amylose and
amylopectin. Amylose is linearly linked by a-1,4 glycosidic
bonds, while amylopectin has a highly branched structure
linked by a-1,4 and a-1,6 glycosidic bonds (Chen et al., 2011).
Wheat starch chains aggregated to form spiral structures, spirals
aggregated to form microcrystalline structures, and then these
microcrystalline structures form alternating amorphous and
crystalline lamellae (Gilbert et al., 2013).

Starch phase transformation refers to the infiltration of amylose
into starch molecules after starch gelatinization and the formation
of a three-dimensional network structure by intertwining with each
other in the form of a double helix. The fully gelatinized starch
particles are wrapped in this double helix. This process is called
phase transformation, namely, the gelation process (Donovan,
1979). Starch gelation is a complex process rather than a simple
particle transformation process from order to disorder (Chen etal.,
2015). In recent years, the theme of wheat starch research in China
and abroad has been increasingly in-depth, and a large number of
research results have been produced. It has been previously reported
that wheat starch maintains its original A-type crystal structure
after annealing, annealing treatment improves the crystallinity,
amylopectin short chain, viscosity and gelatinization temperature
of starch, and the annealing reduces the in vitro digestibility of
wheat starch (Su et al., 2020). The hydrothermal changes of starch
were monitored by nuclear magnetic resonance (NMR) and

differential scanning calorimetry (DSC), and it was found that
in the corresponding temperature range (55~70 °C), the change
in the first phase transition enthalpy of the starch-water mixture
was strongly correlated with the solid content loss measured by
NMR (Kovrlija & Rondeau-Mouro, 2017).

Studies have shown that moisture content and heating
temperature affect the variability of starch structure, thereby
affecting the functional properties of starch (Colussi et al., 2020;
Gercekaslan, 2021; Selma-Gracia et al., 2020). However, the specific
mechanism of this influence is not clear. Therefore, it is necessary
to conduct in-depth research on starch structure, moisture content
and heating temperature to further reveal the intrinsic relationship
among them. In this paper, Bainong 365 wheat starch was used as
the raw material, and the samples were prepared by RVA simulation
DSC. Differential scanning calorimetry (DSC), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), low-field
nuclear magnetic resonance (LF-NMR) and scanning electron
microscopy (SEM) were used to study the multiscal structures
and water migration characteristics of the samples. The results
obtained will help to better understand the mechanism of starch
gelation and starch structure.

2 Materials and methods

2.1 Materials

Bainong 365 wheat gains were provided by the Henan
Institute of Science and Technology (Xinxiang, China). All other
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chemical reagents utilized in this study were of analytical grade
and were used without further purification.

2.2 Starch isolation

The wheat starch was isolated using the method described
by Wang et al. (2015), with a slight modification.

First, 500 g of wheat seeds were soaked in 2000 mL
ammonia solution (0.2 mol/L) for 12 h. Then, the supernatant
was discarded, and the soaked wheat seeds were mixed with
freshly prepared ammonia solution at a ratio of 1:3 (w/v) with
abeating machine (BARBOSA Babosa Brand Store, China) (the
beating machine was stopped for 2 minutes every 3 minutes to
prevent, overheating). The obtained slurry was filtered with a
150 pm filter to obtain filtrate 1. The remaining filter residue on
the filter screen was added to the ammonia solution, and the
slurry was filtered again. The filtrate was mixed with filtrate I,
and filtrate 2 was obtained. Then, the filtrate 2 was centrifuged
at 3600 r/m (low-speed centrifuge, L550, Hunan, China) for
15 min, the supernatant was discarded, and the upper yellow
precipitate was scraped. The obtained white precipitate was
resuspended in ammonia solution and centrifuged, and the
yellow precipitate in the supernatant and the upper layer was
discarded. This operation was repeated at least three times.
The obtained precipitate was suspended in acetic acid solution
(0.2 mol/L) and filtered through 75 um filter cloth to obtain
filtrate 3. Filtrate 3 was centrifuged at 3600 r/m for 15 min to
obtain crude starch. The obtained crude starch was repeatedly
washed and centrifuged with distilled water for more than three
times (until the pH value of the supernatant was determined to
be 7 with pH test paper). Finally, the obtained precipitate was
mixed with anhydrous ethanol and filtered, and this process was
repeated twice. The obtained starch was dried at room temperature
and stored in a closed container at 4 °C for further use.

2.3 Basic components

The moisture, ash, protein and fat in this starch were
determined using the AOCO method.

The amylose content was determined according to the
procedure of Chrastil (1987), with a slight modification.

2.4 Thermodynamic properties

The thermal properties of Bainong 365 wheat starch were
determined by differential scanning calorimeter (DSC, Q200,
TA, USA). Samples (3.0 mg) were accurately weighed into a
DSC crucible, and distilled water was added to obtain 33.3%,
50%, 60%, 75% and 80% starch-water mixtures. The starch
and water were mixed uniformly, sealed, and placed at room
temperature for 12 h before DSC measurement. During DSC,
the samples were heated from 20 °C to 95 °C at a rate of 10 °C/
min. The temperature of the starch phase transition was obtained
by the analysis software of the instrument, including the initial
temperature T, the peak temperature T, the termination
temperature Tc and the enthalpy AH.

2.5 Preparation of starch samples by RVA

The starch samples were prepared according to the procedure
of Wang et al. (2016) with slight modification. The starch sample
(3.0 g) was accurately weighed into RVA canisters, and distilled
water was added to obtain 33.3%, 50%, 66.7%, 75% and 80%
starch-water mixtures. The RVA barrel was sealed and marked
with a plug, and then placed at room temperature for 4 h, and
then the temperature of T -10, T, T, T and T +10 wulated

o o Tp c c

according to DSC. The prepared samples were heated to the
temperature measured by DSC in a RVA, that is, the initial
temperature of heating was 20 °C, the heating rate was 10 °C/
min, and the end temperature of heating corresponded to the
temperature by DSC. The samples were quickly placed into the
refrigerator at -18 °C for 24 h and then freeze-dried by a vacuum
freeze-drying machine (Aiphal-2LDplus, CHRIST, Germany)
and ground into powders that passed through a 100 um sieve.
The control sample was prepared with 80% moisture content.

2.6 Scanning electron microscopy

The particle morphologies of the starch samples were
measured by scanning electron microscope (SEM, Quanta 200,
FEI, USA). A small amount of starch particles were uniformly
adhered to the aluminum carrier with conductive adhesive
cloth, and the carrier table was placed into the gold plating
instrument. The sample was carbonized by ion sputtering coating
for 90 s and then observed using scanning electron microscopy
(Oliveira et al., 2021; Zhang et al., 2020).

2.7 X-ray diffraction

The samples were equilibrated over ultrapure water for
24 h, and then evaluated using an X-ray diffractometer (XRD,
D8 Advance A25, Bruker, Germany) operating at 40 kV and 30 mA.
The scanning range was from 4° to 40° (20), the scanning rate
was 2°/min, and the step size was 0.02°. The relative crystallinity
was calculated by Jade 6.0 software (Wang et al., 2017).

2.8 Fourier transform infrared spectroscopy

The short-range order of the starch samples was determined
by Fourier transform infrared spectroscopy (FTIR, TENSOR 27,
Bruker, Germany). Samples (2 mg) were ground with KBr powder
(150 mg) in an agate mortar and then pressed into round tablets
(to prevent the grinding process from always occurring under
the infrared lamp). The spectra were scanned in the range of
400~4000 cm™. Spectra were analyzed by OMNIC 8.3 software.
The ratio of absorbances at 1047/1022 cm™ was obtained to
characterize the short-range molecular order of starch samples
(Su et al., 2020).

2.9 Low field nuclear magnetic resonance

The samples obtained by simulated DSC heating were cooled
for 15 min in a refrigerator at 4 °C. After stirring evenly, the
samples were poured into glass bottles with an inner diameter of
25 mm and height of 50 mm. Then the glass bottles were placed
in NMR tubes, and the NMR tubes were placed in the center
of the RF coil at the center of the low field nuclear magnetic
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resonance (LF-NMR, NMI120-040V-1, Suzhou, China), and the
CPMG sequence was applied, with three parallel determinations
for each sample. The sequence parameters were as follows:
magnet temperature, 32 °C; 90° pulse width, 6.25 us; 180°pulse
width, 13.04 us; analog gain DRGI, 20; digital gain width, 3;
sampling frequency SW, 200 kHz; repeat sampling points TD,
900008; and echo number NECH, 15000. Data inversion was
performed after the tests, and the number of inversions was
100000 (Jiang et al., 2021).

2.10 Analytical calculations

All data are presented as thr means + standard deviation
(SD), and the statistical analysis was performed using Origin
18 data analysis software.

3 Results and analysis

3.1 Basic components of wheat starch

The amylose content of Bainong 365 wheat starch was 26.3%
(Table 1), which was comparable to that usually reported for wheat
starch (An etal., 2021; Zhao et al., 2020). The water content, ash
content, protein content and fat content of Bainong 365 wheat
starch were 9.71%, 0.13%,0.18% and 0.17%, respectively.

3.2 Thermodynamic properties of native wheat starch

The DSC thermograms and corresponding thermal transition
temperatures (T, T, T) and enthalpy change (AH) of the
samples are shown in Figure 1 and Table 2, respectively. The T,
of the samplewith 50% moisture content (MC) is slightly higher
than that of the sample with 33.3% MC, which may be due to
pyrodextrinization of starch at a low moisture content (Wang &
Copeland, 2013). This may also be due to the fact that at lower
moisture content, there is less free water in the starch system
and thus the amount of energy available to destroy the crystal
structure of starch is increased, resulting in a higher starting
temperature (Schirmer et al., 2015). Overall with increasing
water content, T and T gradually increased, while T_changed
little. The enthalpy (AH) of the samples reached a maximum of
9.79]/g when the water content was 66.7%. As the water content

Table 1. Basic component content of wheat starch.

fat(%) amylose(%)
0.17+0.10 26.30 +0.70

Water(%) ash(%) protein(%)
9.71+0.2 0.13+0.07 0.18+0.12

Note: The values are mean + standard deviation.

Table 2. Thermal transition temperature of native wheat starch.

increased further, the enthalpy did not significantly change, which
was consistent with the research results of Wang et al. (2016).

3.3 Thermodynamic properties of prepared wheat starch
samples

Figure 2 represents the gelation of Bainong 365 wheat starch
samples RVA prepared at different temperatures. Only samples
with 66.7% moisture content showed an enthalpy of 1.545 J/g when
heated to T_(Figure 2d). When heated to T +10, no enthalpy
was detected, indicating that starch gelled completely at high
temperature. Under different moisture contents, the enthalpy
of wheat starch samples decreased with increasing preparation
temperature, indicating that the crystal structure of wheat starch
was destroyed more completely with increasing temperature
in the process of DSC heating, so the energy needed to destroy
the crystal structure was reduced, thus, the enthalpy decreased
(Hungetal., 2007). The AH of starch heated to t ~10 was higher
than that of T at 33.3%, 66.7% and 75% moisture contents,
which may be due to the low temperature. The unstable crystals
in starch gelatinized first, and some crystals may undergo the
traditional melting transformation, resulting in additional DSC
endotherms. Therefore, the AH of starch heated to T -10 was
slightly higher than that of starch heated to t (Walgh et al,
2000). When heated to T the AH of wheat starches with 75%
and 80% MC were 6.832 ]/ gand 6.969 J/g, respectively. However,
as the temperature increased to T _and T +10, the AH dropped

80%

lEndo 75%

v‘?%
\/_/—%
33.3%

40 50 60 70 80 90 100
Temperature (°C)

~— Endothermic Heat Flow (mW/mg)

Figure 1. DSC curves of native wheat starch.

Water content(%) T (°C) Tp(°C) T.(°C) AH(J/g)
33.3 61.26 + 0.6a 65.96 + 0.7b 85.30 £ 0.0a 2.54 £0.2¢
50 59.19 £0.1c 66.43 + 0.7ab 85.54 £ 0.3a 7.40 £ 0.0b
66.7 59.61 + 0.1bc 66.71 £+ 0.3ab 85.19 £ .0.1a 9.79 £0.7a
75 60.33 + 0.1abc 68.25 + 0.3ab 85.21 £0.2a 9.60 £ 0.5a
80 60.48 + 0.3ab 68.47 £ 0.2a 85.01 £0.1a 9.44 £0.2a

Note: The values are mean + standard deviation, different letters in the same column indicated significant difference (P < 0.05).
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Figure 2. Thermal transition parameters of starch samples after pre-heating to different temperatures in RVA canisters (a:T, of starch samples;

b: T of starch samples; c: T_of starch samples; d: AH of starch samples).

to 0, indicating that when the moisture content was high, with
increasing temperature, the gelation rate of starch samples was
fast, and the gelation of starch was more complete (Ratnayake
& Jackson, 2007; Vermeylen et al., 2005).

3.4 Granule morphology of wheat starch samples

Figure 3 and 4 show the SEM images of wheat starch control
samples and prepared samples. Figure 3 shows that the wheat
starch control sample was disc-shaped, and some starch granules
had pits on the surface, which was consistent with previous
research results (Chen et al., 2011; Zhang et al., 2013). From
Figure 4, it can be found that with increasing moisture content,
when the sample preparation temperature wais T -10, the starch

granules swelled and the number of pits on the starch surface
increased. At the sample preparation temperature of T, except
for the sample with 33.3% moisture content, the adhesion and
apparent morphology of other starch granules were destroyed.
At 66.7% moisture content, the morphology of starch was
damaged most seriously, and there were essentially no complete
starch granules.

3.5 Long-range order of wheat starch samples

Figure 5a gives the XRD pattern of the Bainong 365 wheat
starch control sample, and the relative crystallinity is 18.74%.
The diffraction angle (20) of starch has obvious diffraction peaks
at 15°,17°,18°and 23°, including that it contains typical A-type
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crystals (Ee et al., 2020; Wang et al., 2017). The weak diftraction
peaks at 20° were attributed to complexes between amylose and
lipids (Chen et al., 2017; Sun et al., 2021).

It can be seen from Figure 5 that the samples prepared by
heating wheat starch to T -10, T, and T at different moisture
contents had obvious diffraction peaks at 15°,17°, 18° and 23°,
that is, the prepared wheat starch samples cantained A-type
crystals, and the relative crystallinity was 4.35~13.6%; When
the sample preparation temperature was T and T +10 at 75%
MG, the intensity of the peaks decreased obv10usly, and the
characteristic diffraction peaks even disappeared completely.
The minimum relative crystallinity was 3.31%, which indicates
that the crystal structure of the sample is damaged more seriously
with increasing temperature (Xu et al., 2020). However, it can

Figure 3. SEM images of the control samples. Magnification, 1600X.

Table 3. Relative crystallinity of wheat starch samples perpared.

be found from Table 3 that when the moisture content was 80%,
with increasing heating temperature, the relative crystallinity
decreased more slowly than that of starch with 75% moisture
content. However, when the preparation temperature was T +10,
the crystallinity was higher than that of the75% MC sample,
which may be because the influence of high moisture content
heating on the starch system was reduced by increased moisture.
Under the same heating temperature with different moisture
contents, the higher the moisture content is, the smaller the
relative crystallinity is, indicating that the influence of moisture
on the crystallinity of starch is particularly important.

3.6 Short-range order of wheat starch samples

The short-range order of starch was determined by Fourier
transform infrared spectroscopy. The absorption peaks at
1047 cm™ and 1022 cm™ represented the characteristic peaks
of the crystalline region and noncrystalline region of starch,
respectively. R, represents the crystal short-range order
structure of starch The larger the ratio, the higher the short-range
order of the starch molecule, and the more prevalent double
helix structure (Van Soest et al., 1995).

The infrared spectra of different wheat starch preparation
samples are shown in Figure 6, and the ratio of R, . is shown
in Table 4. The infrared spectra of wheat starch samples prepared
with different water contents were similar. With increasing
heating temperature, the ratio of R, = gradually decreased,
and the relative order gradually decreased, indicating that the
higher the temperature was, the more the ordered structure
of starch was destroyed. These results are consistent with the

resules obtained by DSC and XRD.

3.7 Water migration characteristics of wheat starch RVA
prepared samples

Low-field nuclear magnetic resonance (LF-NMR) technology
is often used in the field of food science due to its rapid and

K5y B (%) T -10 T, T T. T+10
33.3 13.60 + 0.05a 13.53 +0.10a 10.94 + 0.10a 9.80 + 0.00a 6.11 £ 0..02a
50 12.21 £ 0.13b 12.80 + 0.01b 9.23 + 0.06b 4.67 £ 0.05b 3.32+0.10b
66.7 11.03 + 0.08c 10.95 + 0.06¢ 8.60 + 0.03¢ 4.72 £ 0.04c 3.50 + 0.06¢
75 10.50 + 0.01d 10.23 £ 0.04d 4.35 +0.04d 3.50 £ 0.07¢ 3.31+£0.04d
80 9.98 + 0.06d 9.70 + 0.04d 6.74 £ 0.01e 6.06 +0.01d 3.77 £ 0.02e
Note: The values are mean + standard deviation, different letters in the same column indicated. significant difference (P < 0.05).
Table 4. The ratios of absorbances at 1047/1022 cm™! of starch samples.
1047/1022cm™!
Water content(%)
T-10 T, Tp T T+10
33.3 0.8615 + 0.004* 0.8596 + 0.003* 0.8517 + 0.010° 0.8498 + 0.007° 0.8419 + 0.000¢
50 0.8592 + 0.002* 0.8529 + 0.004° 0.8517 + 0.012¢ 0.8340 + 0.005¢ 0.7983 + 0.017¢
66.7 0.8641 + 0.005° 0.8577 +0.007° 0.8516 + 0.010¢ 0.8427 + 0.00¢ 0.8380 + 0.009¢
75 0.8639 + 0.000* 0.8576 + 0.003° 0.8564 + 0.003¢ 0.8478 + 0.000¢ 0.8418 + 0.002¢
80 0.8726 £ 0.015* 0.8660 + 0.001° 0.8593 + 0.003¢ 0.8429 + 0.001¢ 0.8329 + 0.007¢

Note: The values are mean + standard deviation, different letters in the same line indicated significant difference (P < 0.05).
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Figure 4. SEM images of wheat starch samples after preheating to different temperatures. Magnification, 1600X.
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Figure 5. The XRD patterns of control samples(A) and starch samples(a~e).
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nondestructive detection characteristics. LF-NMR mainly reflects
the state distribution and molecular binding of the sample by
measuring the relaxation time (Hansen et al., 2009; Yao & Ding,
2002). When starch is heated to form a gel at a certain moisture
content, there are many states of water inside it. Therefore, the
spin-spin relaxation time (also known as transverse relaxation
time and relaxation time, T ) is very accurate for monitoring of
the state distribution of water in a starch gel system. T, depends
on the microenvironment of protons and is closely related to
the binding force and degree of freedom of protons (Li et al.,
2017), Relaxation time T, can distinguish bound water (T, ),
uneasy flowing water (T,, and T,,) and free water (T,,).
The corresponding peak areas of relaxation time are A, A,
A and A . T, is positively correlated with the mobility of water
molecules (Fan et al., 2013).

Table 5 and Figure 7 show the changes in the total moisture
T, of wheat starch gels with different moisture contents. Under
the same moisture content, with increasing heating temperature,
the relaxation time of starch samples on the whole showed a
gradually decreasing trend, even disappearing completely, and

the free water peak area also gradually decreased or reached 0,
indication its transformation into bound water and nonflowable
water (Ozel etal., 2017; Zhang et al., 2019). At To-10 temperature
and 33.3% MC, the peak time of T, increased, which may be
because the low moisture content at that heating temperature
did not fully combine with the starch. At T +10 (water content
66.7%), Tp, T, T+10 (water content 75% and 80%) temperatures,
the T,, peak disappears, that is, there is no free water. It may
be that with the increase in temperature, higher water volume
makes the interaction between starch and water more fully
occur, and the molecules are rapidly tightly cross-linked and
recombined, resulting in the conversion of free water into low
fluidity bound water and nonflowable water, indicating that
the gelation of starch is more complete and the water holding
capacity is enhanced (Shang et al., 2021; Zhang et al., 2020).

Table 6 shows the changes in the total moisture peak area of
wheat starch gels with different moisture contents. The relaxation
time corresponds to water in different states, relative moisture
content and peak area. It can be seen from the table that with
the increase in temperature at 33.3% and 50% water content, the

Table 5. Changes in the total moisture T2 of wheat starch gels with different moisture content.

T, (ms)
TZI TZZ T23 T24

33.3%

TO—IO 0.38 £0.1a 7.01 £ 1.2a - 705.48 + 3.6d
Tn 0.04 + 0.0b 6.14 + 1.6b - 613.59 £+ 2.3¢
Tp 0.03 +0.0b 5.34 +2.0c - 533.67 + 1.4a
Tc 0.03 £ 0.0b - 2848 £ 1.7a 533.67 + 1.6a

Tc+10 0.03 +0.0b - 24.77 + 1.3b 464.16 + 2.8b

50%

T-10 0.03 £ 0.0a 9.33 +2.0a 200.92 + 1.7a 1417.47 £ 0.0a
T0 0.03 £ 0.0a 6.14 + 1.7b 151.99 + 0.9b 1417.47 £ 0.0a
TP 0.03 £ 0.0a - 132.19 + 1.4c 613.59 + 1.7b
T 0.03 £ 0.0a - 120.45 + 1.7d 464.16 £ 2.1c

Tc+10 0.03 £ 0.0a - 107.36 + 2.0e 305.39 + 3.0d

66.7%

TO-IO 0.03 £ 0.0a 24.77 + 1.1b - 705.48 + 2.5a
T0 0.05 + 0.0b 18.74 + 2.4¢ - 613.59 + 3.2b
TP 0.03 £ 0.0a 12.33 £2.1d - 533.67 £ 1.2¢
TC 0.03 £ 0.0a 14.18 £ 0.0a - 300.45 + 1.7d

Tc+10 0.03 £ 0.0a 14.18 £ 0.0a -

75%

TO—IO 0.03 £ 0.0a 4.64 + 1.3b 37.65 £ 2.5a 811.13 £ 0.0a
TO 0.03 £ 0.0a 7.01 £ 2.1c 32.75 + 1.6b 811.13 £ 0.0a
Tp 0.03 £ 0.0a 1.32 + 0.4a 21.54 £ 1.8c
TC 0.03 £ 0.0a 1.75+£0.3a 16.30 +2.3d

Tc+10 0.03 £ 0.0a 2.01+0.2d 12.33 + 2.4e

80%

TO—IO 0.33 +0.0b 6.14 + 1.4b 75.65 £+ 1.0c 1232.85 + 0.0a
T0 0.03 £ 0.0a - 37.65 +2.3b 1072.27 + 0.0b
TP 0.03 £ 0.0a 1.32 £0.2a 16.30 £ 0.0a --

TC 0.03 £ 0.0a 1.32 £0.3a 16.30 £ 0.0a -

T+10 0.03 £ 0.0a 1.75+0.2¢ 37.65 + 1.2b -

Note: The values are mean + standard deviation, different letters in the same column indifcated significant difference (P < 0.05).
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Table 6. Changes in the total moisture peak area of wheat starch gels with different moisture content.

A, (%)
A21 AZZ A23 A24

33.3%

T-10 46.73 £ 0.0a 55.52+1.3a - 0.75+0.1b
T 47.37 +1.2a 51.15+ 1.2b - 1.14+0.3a
TP 58.33 £ 1.2b 40.45 + 1.0c - 1.09 £ 0.0a
T 98.68 + 0.0c - 0.58 £ 1.3a 0.72 +0.1b

T+10 98.63 + 0.0c - 0.85 £ 1.0b 0.47 +0.1c

50%

T-10 34.19 + 1.5b 59.35+2.1a 6.15+ 1.4a 1.40 £ 0.0a
T 3523 +2.1b 60.54 + 1.3a 3.98 £ 1.0b 0.93 £0.0a
Tp 98.60 + 1.5a . 8.83 £ 0.4c 0.76 + 0.0c
T 99.03 +0.0a - 1537 +1.3d 0.31 + 0.0b

T+10 99.16 £ 0.0a - 18.49 £ 0.5¢ 0.26 £ 0.1b

66.7%

T-10 20.42 £ 1.0b 75.82 +2.3b - 3.76 £0.3a
T 19.10 £ 1.7¢ 77.43 + 1.6¢ - 3.47 £0.0a
Tp 16.55 + 1.5d 82.68 +1.2d - 0.77 £ 0.1b
T 30.75 +2.0a 68.15 + 1.5a - 1.09 £ 0.1c

T+10 30.83 +1.0a 69.07 + 1.2a -

75%

T-10 11.77 + 1.3b 2.57 £ 0.1b 7891 = 1.0a 6.47 £ 0.2b
T 12.57 £ 1.0c 3.32+£0.0a 79.43 +2.0a 4.69 +1.2¢
Tp 1.03 £ 0.1c 9.79 £ 2.1c 88.94 + 0.0b
Tc 350+ 1.2a 7.67 +1.3d 88.45+ 0.0b

T+10 3.72 £0.0a 327+ 1.1a 88.77 £ 1.3b

80%

T-10 7.93 £0.4a 2.15+ 1.5b 84.05 + 0.0b 587 +1.2a
T 1.44 +£0.1b 15.01 £ 2.0c 80.59 + 1.6¢ 4.40 £ 1.6b
Tp 0.33 £0.0c 559 +1.3a 94.09 £ 1.7a -

T 1.67 £ 0.2b 514+ 1.5a 93.15+2.1a -

T+10 2.06 +0.3d 5.57 £ 1.0a 92.37 +1.3a -

Note: The values are mean + standard deviation, different letters in the same column indifcated significant difference (P < 0.05).

peak area of bound water increases gradually. At this time, the
peak area of free water and non-flowable water changes little;
When the moisture content was 66.7%, the free water gradually
decreased to 0, the bound water gradually increased, and the
uneasy flowing water first increased and then decreased. It may
be the case that when the temperature was low, free water was
mainly converted to nonflowable water, and when the temperature
was high, free water was mainly converted to bound water; When
the water content was 75% and 80%, and samples were heated to
T, T, T+10, the free water content was 0. The combined water
peak area decreases first and then increases, and the uneasy
water peak area increases first and then decreases.

4 Conclusion

The phase transition of Bainong 365 wheat starch under
different moisture content was studied by preheating samples
in a RVA to simulate DSC heating profiles. When heating to
the end temperature of the endothermic transformation or
beyond, the enthalpy was 0, all free water was converted into
uneasy flowing water and bound water, the granular structure

Food Sci. Technol, Campinas, 42, 106521, 2022

on the starch surface was severely damaged, and DSC, NMR
and SEM results showed that starch gelled completely. However
theR . ratioand relative crystallinity were not 0, including
that the short-range and long-range structure of starch was not
completely destroyed, FTIR and XRD results showed that the
starch did not gel completely. We believe that the endothermic
transition temperature range of starch does not represent the
complete gelation temperature range of starch, Moreover, the
structure destroyed by starch gelation may not simply refer
to the short-range and long-range ordered structure of starch
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