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ARTICLE INFO ABSTRACT

Keywords: The corn starch-protein complexes before postharvest ripening (JD-0) and after postharvest ripening (JD-40)
Starch ) were subjected to protease treatment, and the influence of protein on starch retrogradation was studied. Kinetic
Retrogradation studies of starch retrogradation showed that protein reduced the retrogradation rate constant (k) of starch by
Protein . 25.46 % (JD-0) and 7.48 % (JD-40), respectively. This was mainly reflected in the inhibition of short-range order,
Postharvest ripening . s . .. . is .

Interaction relative crystallinity and helix structure formation in the retrogradation process. In addition, low field strength

nuclear magnetic resonance (LF-NMR) analyses also revealed that proteins inhibited starch retrogradation by
isolating the precipitation of free water during retrogradation, causing the decrease in the viscoelasticity and
firmness of the starch gel. Therefore, the inhibitory effect of proteins on starch retrogradation before postharvest
ripening of corn-based food products was more relevant.

1. Introduction

Corn has an important economic and social value as one of the high
yielding cereals globally. In 2023, global corn production reached 1.229
billion tons. Corn is a postharvest ripening crop. Newly harvested corn is
stored for several days to months before consumption and processing,
during which time its eating quality and processing characteristics are
improved. It had been demonstrated that post-ripened corn had
improved starch gel formation (Hu et al., 2023) and improved di-
gestibility of zein (Zhao et al., 2022).

Corn-based meals exhibit a greater tendency for retrogradation when
stored at low temperatures following cooking. Starch retrogradation was
often considered an undesirable phenomenon due to its negative impact
on the texture, viscosity, and water-binding properties of baked prod-
ucts. The water retention capacity of starch-rich meals was reduced due
to the process of starch retrogradation, which consequently resulted in a
decline in both shelf life and consumer acceptance (Zhang et al., 2014).
Nevertheless, starch retrogradation might be used in certain applica-
tions, such as the manufacturing of morning cereals, steaming cereal
rice, and rice flour (Wang et al., 2015). The retrogradation of starch was

typically influenced by the fine structure of starch molecules, encom-
passing the molecular size and chain length distribution of amylose and
amylopectin (Li et al., 2021; Zhang et al., 2021). Additionally, other
components in starch-based foods could also affect the retrogradation
properties of starch, such as water (Zhang et al., 2022) and protein
content.

Protein, as the second major constituent of corn kernels, had a sig-
nificant impact on starch retrogradation properties. The impact of pro-
teins on starch retrogradation also varied depending on the kind of
protein (source, amino acid sequence, structure, etc.), the type of starch
(source, ratio of amylose/amylopectin, etc.), and the ratio of protein to
starch. Lu et al. (2016) found that protein addition inhibited starch
solubilization, and DSC and rheological characterization showed that
low protein additions (5 % and 10 %) promoted amylopectin retrogra-
dation, but high protein additions (15 %) inhibited amylopectin retro-
gradation. Lian et al. (2014) showed that wheat gluten fractions
inhibited the retrogradation of wheat starch, whereas the albumin,
globulin, and zein fractions facilitated starch retrogradation. There were
still differing opinions on the impact of proteins on starch retrograda-
tion. Several researches have shown that the presence of proteins
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inhibits starch retrogradation (Lian et al., 2013; Zhang et al., 2019).
Proteins that had a greater number of hydrophilic groups or possessed a
high ability to bind water might hinder the process of starch retrogra-
dation by limiting the movement of water molecules. Additionally, these
hydrophilic groups might facilitate the establishment of hydrogen bonds
between starch and protein, hence inhibiting the creation of junction
zones. Using low-field NMR, Zhang et al. (2019) found that adding 10 %
of rice protein to rice starch would result in a reduction of the free water
fraction and an increase in the proportions of bound water and semi-
bound water. On the other hand, proteins were able to penetrate the
starch matrix and reduce the density of the starch structure, thereby
impeding the creation of hydrogen bonds between amylose molecules.
The presence of reactive polyhydroxyl groups in rice protein hydroly-
sates might effectively inhibit the retrogradation of rice/wheat starch.
This was achieved by blocking the formation of hydrogen bonds be-
tween starch molecules (Niu et al., 2017; Zhang et al., 2020). In addi-
tion, hydrophobic amino acid residues situated on the exterior surface of
proteins tend to repel water from starch granules. This interaction
limited both solubilization and the migration of water molecules,
thereby inhibiting starch retrogradation. Kuang et al. (2022) showed
that zein inhibited the starch retrogradation of amylose because the
production of amylose-zein complexes occurred via hydrophobic in-
teractions. And other studies had shown that proteins could promote
retrogradation (Chen et al., 2019; Scott & Awika, 2023). Proteins with
high surface hydrophobicity could promote starch retrogradation by
repelling water from starch granules during protein aggregation. When
hydrogen bonds were formed by aggregation between proteins, it could
lead to protein precipitation and also accelerate starch retrogradation
(Nicolai & Durand, 2013).

Starch and protein in natural corn kernels exist in a composite
structure. Our previous studies have demonstrated the presence of hy-
drophobic interactions and hydrogen bonding between the two, and a
tendency for this interaction to diminish after postharvest ripening (Hu
et al., 2024). Under the influence of this interaction, the effect of protein
in corn kernels on the retrogradation properties of starch after post-
harvest ripening is not yet clear. Therefore, this study examined the
mechanism of endogenous proteins on starch retrogradation of corn
before and after postharvest ripening. The aim is to offer reference and
guidance for the suitability of corn flour processing before and after
postharvest ripening and the prolongation of the shelf life of corn food
products.

2. Materials and methods
2.1. Materials

The corn used in this investigation was the same as that used in our
previous publication (Hu et al., 2024). Alkaline protease (S10154, 200
U/mg) was acquired from Shanghai Yuanye Biotechnology Co., Ltd.
(Shanghai, China).

2.2. Preparation of samples

Corn kernels that were not ripened after harvest and were ripened
after harvest were immersed in deionized water at a temperature of 4 °C
for a duration of 24 h. They were then stripped of their seed coat and
germ, freeze-dried, and crushed to get starch-protein complexes. The
resulting complexes were designated as JD-0 and JD-40, respectively.
The method of Li et al. (2023) was referenced and briefly modified.
Briefly, 10 g of the complex sample was weighed and added to 80 mL of
sodium carbonate buffer solution (0.02 M, pH 9.0) of alkaline protease
with an enzyme activity of 200 U/mL, and the proteins were removed by
continuous stirring for 8 h in a water bath at 40 °C. The suspension was
then centrifuged for 10 min at 4000 rpm, and stirring and centrifugation
were repeated twice. The precipitates were rinsed with distilled water
until they reached a neutral pH. The obtained protein-free samples were
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then desiccated at 40 °C for 48 h, ground, and labeled as JD-0-DP
(sample that had not undergone postharvest ripening) and JD-40-DP
(sample that had postharvest ripened at 15 °C for 40 days), respectively.

The above samples (JD-O, JD-0-DP, JD-40, and JD-40-DP) were
completely pasteurized by RVA and then stored at 4 °C for 1 and 21 days,
respectively, to determine the rheological, gel textural characteristics
and the laws of water migration of the samples with different retro-
gradation days. A portion of the samples with different retrogradation
times were freeze-dried, ground, sieved through an 80 mesh sieve, and
set aside.

2.3. Fourier transform infrared spectroscopy (FTIR)

A Fourier transform infrared spectrometer (VERTEX 70, Bruker,
Germany) was used to determine the infrared spectra of the lyophilized
samples with different retrogradation days. The method of determina-
tion was referred to the description by Xiao et al. (2021). The samples
and KBr were ground in an onyx mortar with a ratio of 1:100 and sub-
sequently scanned throughout the range of 400-4000 cm ™. All spectra
were deconvoluted by OMNIC 8.0 software (Nicolet, Inc., USA) to
calculate the peak intensity ratio at 1047,/1022 cm™!.

2.4. X-ray diffraction (XRD)

XRD spectra of lyophilized samples with different days of retrogra-
dation were determined using an X-ray diffractometer (D/MAX2500,
Rigaku, Japan). The X-ray source used was Cu-Ka, and the samples were
subjected to scanning at a rate of 5°/min, with a power of 40 kV, a
current of 40 mA, and a step size of 0.02°. The MDI-Jade 6.0 program
(Materials Data Ltd., USA) was used to compute the relative crystallinity
of the X-ray diffractograms within the 5-40° range.

2.5. 13C cross-polarization/magic angle spinning nuclear magnetic
resonance (CP/MAS NMR) spectroscopy

The helical structure of lyophilized samples with different days of
retrogradation was determined using a >C CP/MAS NMR (AVANCE
NEO 400 WB, Bruker, Germany). The NMR test parameters were set at a
speed of 6 kHz, a rotation angle of 54.7°, a crosspolarization contact
time of 1 ms and a delay time of 3 s. At least 2400 times were scanned for
each spectrum at room temperature to obtain a satisfactory signal-noise
ratio. Amorphous, single-helix, and double-helix starch contents were
computed using the procedure introduced by Tan et al. (2007).

2.6. Differential scanning calorimeter (DSC)

The retrogradation characteristics of the samples during storage at
4 °C were determined using DSC (Discovery SDT650, TA Instruments,
New Castle, DE, USA). Samples taken after complete pasteurization and
stored at 4 °C for 1, 7, 14 and 21 days were subjected to DSC mea-
surements as described by Ge et al. (2021).

In order to accurately assess the rate of recrystallization and the type
of nucleation of the samples during retrogradation, the enthalpy change
of retrogradation of all the sample gels during storage was further
analyzed using the following Avrami equation to resolve the retrogra-
dation kinetic process of the samples.

_ AH, — AH,
" AH, — AH,

AH,, B
ln<7ln<1 7@) ) = Ink +nint

where AH( was the enthalpy of retrogradation of the sample stored for 0
days (J/g); AH; was the enthalpy of retrogradation of the sample stored
for t days (J/g); AH,, was the maximum enthalpy of retrogradation of

X(¢) =1—exp(—kt")



N. Hu et al.

the sample measured (J/g); t was the number of days of storage (d); k
was the rate constant of starch retrogradation; and n was the Avrami
index.

2.7. Determination of dynamic viscoelastic

The way in which starch molecule chains came together during
retrogradation might also be seen in the alteration of the rheological
modulus. Sample gels with different retrogradation days were removed
and placed on a rheometer (MCR302, Anton Paar GmbH, Austria) with a
25 mm flat plate and a gap of 1 mm between the plate and the stage. The
strain conditions were specified as y = 1 %, and the frequency range was
defined as 0.1-100 rad/s to get the curves depicting the changes in the
energy storage modulus (G') and loss modulus (G") with respect to shear
frequency.

2.8. Determination of gel firmness

The textural properties of gels in samples with different retrograda-
tion times were determined using the TA-XT Plus Texture Meter In-
strument (Stable Micro Systems Co. Ltd., Godalming, Surrey, UK). The
gel underwent compression to 40 % of its original thickness using a
cylindrical probe (P/0.5) in the TPA measuring mode of the physical
analyzer. The test conditions were defined as follows: the pre-test, test,
and post-test speeds were set at 1.5, 1, and 1 mm/s, respectively. The
trigger type was automated with a force of 3 g, and the highest force
measured represented the hardness of the gel.

2.9. Determination of low field strength nuclear magnetic resonance (LF-
NMR)

The water mobility of the samples was assessed during storage for
different time periods using an LF-NMR analyzer (Meso MR23-040 V-I,
Niumag Electric Co., Shanghai, China) that operated at a proton reso-
nance frequency of 20 MHz. Prior to measurement, all samples reached
thermal equilibrium at a temperature of 25 °C for a duration of 30 min.
The gels obtained from the samples at different stages of retrogradation
were placed in glass NMR tubes of 40 mm in diameter. The transverse
relaxation time (T2) was calculated using a Carr-Purcell-Meiboom-Gill
(CPMG) sequence. This sequence involved applying 90° and 180° pul-
ses with durations of 10.40 and 21.20 ps, respectively. The waiting time
(TW) between pulses was set to 4000 ms. The number of echoes (NECH)
was 12,500, and the time to echo (TE) was 0.16 ms. The experiment was
repeated 8 times (NS = 8), and the inversion spectrum of Ty was ob-
tained using MultiExp Inv Analysis software.

2.10. Statistics and analysis of data

SPSS 21.0 software (IBM, USA) was used to process the experimental
data. The Duncan significance test was used to ascertain significant
disparities in all statistical studies, and the program Origin 2022 (Origin
Lab, Inc., USA) was utilized for the purpose of graphing.

3. Results and discussion
3.1. Analysis of short-range ordered structures

Fig. 1A displays the FTIR spectra of all the samples throughout the
retrogradation period of 1 and 21 days. No further absorption peaks
emerged or vanished throughout the retrogradation of the samples,
suggesting that no novel functional groups were generated and no fresh
covalent connections were established over the 21-day retrogradation
period. The samples exhibited a characteristic C—H stretching vibration
peak at 2930 em ! and a well defined wide peak at 3600-3000 em™?,
indicating the presence of an O—H stretching vibration peak (Yang,
Tang, et al., 2021).
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The short-range ordered structure of starch might be defined by the
fingerprint feature band at 1200-800 cm ™!, and the deconvolution
spectra are displayed in Fig. 1B. The peak observed at a wavenumber of
1047 cm ™! was associated with the crystalline regions of starch, while
the absorbance at 1022 cm™! indicated the presence of amorphous
areas. Thus, the short-range ordered structure of starch was character-
ized by the ratio of absorbance at the two specific locations. Usually, the
degree of starch retrogradation increased as the Rjp47,1022 ratio became
bigger (Osevenou and J. R. M, 2002). The 1047,/1022 cm~! absorbance
ratios of all samples are shown in Table 1. Proteins significantly affected
the short-range ordered structure during starch retrogradation before
and after postharvest ripening. The degree of short-range order
increased by 0.252 % (JD-0) and 0.481 % (JD-40) for the samples with
protein removed at 1 day of storage, respectively. The decline of short-
range order of starch molecules was linked to the interactions between
the starch molecules and the protein functional groups (Zhang et al.,
2019). The presence of postharvest ripening reduced the extent to which
proteins inhibited the short-range order in short-term starch retrogra-
dation. This was because the interactions between starch and proteins
weaken after postharvest ripening.

After 21 days of starch retrogradation, the short-range ordered
structure in all samples increased significantly. The starch molecular
chains underwent rearrangement during storage, which caused recrys-
tallization and ultimately led to a rise in the short-range ordered
structure. The absorbance ratios of JD-0 and JD-0-DP samples increased
by 0.0086 and 0.0109 at 21 days of starch retrogradation, respectively,
compared with 1 day of retrogradation. And the removal of protein
samples significantly improved the short-range ordered structure of
starch during long-term retrogradation. It indicated that the molecular
chains of the protein removal samples were more likely to undergo
rearrangement and produce more crystalline structures.

3.2. Crystalline structure analysis

XRD is commonly used to measure starch crystal properties and long-
range ordered structures. Fig. 1D represents the XRD patterns of starch-
protein complexes at 1 and 21 days of starch retrogradation and starch
after protein removal. Usually, natural corn starch has significant peaks
in the 26 peaks at 15.3°, 17.3°, 18°, and 23°, which are typical of A-type
starches. After pasting, the crystalline peaks of the starch partially dis-
appeared, and all samples had a distinct peak at 17°, which presented a
different XRD pattern from that of natural corn starch, demonstrating a
characteristic B-type starch arrangement (Wu et al., 2023). Further-
more, a distinct peak at 20 about 20° was seen in all samples, indicating
a V-shaped XRD pattern. This was likely caused by the production of a
complex consisting of amylose and lipids. By forming hydrogen bonds
with the hydroxyl and water groups of the starch, the hydrophilic groups
of the protein probably prevented hydrophobic interactions between the
starch chains (Niu, Zhang, et al., 2018).

The relative crystallinity of all samples was determined using Jade
software fitting, as shown in Table 1. The samples showed a significant
increase in relative crystallinity during the 1-21 day period of starch
retrogradation. This increase could be attributed to the binding of
amylose and amylopectin molecules, and the formation of the double
helix structure during long-term retrogradation (Soler et al., 2020).

As the duration of retrogradation increased from 1 to 21 days, the
relative crystallinity of the complexes increased by 28.89 % (JD-0) and
20.81 % (JD-40), respectively. Similarly, the removal of proteins led to
an increase in the relative crystallinity of the samples by 33.87 % (JD-0-
DP) and 36.76 % (JD-40-DP), respectively. This was because the pres-
ence of proteins might impede the establishment of intermolecular
hydrogen bonds in starch molecules during the process of retrograda-
tion. In addition, corn proteins had a high content of zein, which had
poor hydration characteristics and whose presence limited the contact
between starch molecules and water molecules. Removal of the protein
also led to an increase in the specific surface area of the starch granules,
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Fig. 1. (A) FTIR spectra; (B) deconvolution spectra of FTIR; (C) 13¢c cP/MAS NMR spectra; (D) XRD plots of all samples during the storage period.
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Table 1
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Parameters of short-range order, relative crystallinity, and helical structure of samples during retrogradation.

Samples Retrogradation days 1047,/1022 cm™! Relative crystallinity (%) Single helix content (%) Double helix content (%) Amorphous starch content(%)
JD-0 1d 0.7554 + 0.0001° 4.88 + 0.34¢ 1.87 + 0.324 8.27 + 1.43¢ 89.86 + 1.11%
21d 0.7640 + 0.0002¢ 6.29 + 0.47° 2.27 +0.17* 15.24 4+ 2.60¢ 82.49 + 2.74°
JD-0-DP 1d 0.7573 + 0.0001°¢ 5.64 + 0.27° 2.05 + 0.14% 17.45 + 0.51¢ 80.50 + 0.45¢
21d 0.7682 + 0.0007¢ 7.55 + 0.57° 2.94 + 0.15° 25.25 + 1.64% 71.81 + 1.65°
JD-40 1d 0.7479 + 0.0003" 5.19 + 0.43 1.93 £ 0.17¢ 6.28 + 0.71°¢ 91.79 + 0.87°
21d 0.7889 + 0.0015*  6.27 + 0.17° 2.54 + 0.08" 11.87 + 0.72¢ 85.59 + 0.67"
JD-40-DP 1d 0.7515 + 0.00078 5.74 + 0.36* 2.19 + 0.21% 16.49 + 0.73¢ 81.32 + 0.69¢
21d 0.7760 + 0.0012° 7.85 + 0.34% 3.01 + 0.07° 20.58 + 0.84° 76.41 + 0.784

Different letters in the same column indicate significant differences (p < 0.05).

and the open starch granule structure accelerated the penetration of
water molecules. During the starch pasting process, starch rapidly
absorbed water and swelled. Amylose was easily leached out during
shearing. Amylose and amylopectin lost the restriction of protein in-
teractions, increasing the mobility of starch chains, and hydrogen
bonding between starch chains was more likely to be formed during
starch retrogradation, which promoted recrystallization of starch mol-
ecules. This outcome also demonstrated that the interaction between
starch and protein significantly inhibited the retrogradation of starch.
Thus, it could be seen that proteins had a stronger inhibitory effect on
the recrystallization of samples that had not been ripened during the
retrogradation process.

3.3. Helix structure analysis

The 13C CP/MAS NMR spectra and helical structures of all samples
during retrogradation are shown in Fig. 1C and Table 1. The C1 and C4
peaks seen in the NMR spectrograms were closely linked to the helical
and amorphous structures of starch retrogradation, respectively (Gidley
& Bociek, 1985). After 1-21 days of retrogradation for all samples, the
ratios of single helix and double helix increased significantly, whereas
the proportion of amorphous content decreased significantly. The con-
clusions agreed with the outcomes of prior investigations about the ratio
0f 1047,/1022 cm ™! and the relative crystallinity. This was caused by the
recrystallization that occurred during retrogradation and the increase in
ordered structures. Starch retrogradation was split into short-term
retrogradation stage and long-term retrogradation stage. Immediately
after starch pasting, there was a temporary process called short-term
retrogradation. This process mostly included the amylose molecules
connecting to each other by hydrogen bonding, resulting in the forma-
tion of a three-dimensional gelatinous mesh structure. The nuclei
generated by amylose during the first step of starch retrogradation
provided a crystalline seed source for long-term aging, allowing the
amylopectin crystalline zone to grow and form crystals centered on this
nucleus (Liu et al., 2024).

At 1 day of retrogradation, the double helix content of the samples
was 8.27 % (JD-0), 17.45 % (JD-0-DP), 6.28 % (JD-40) and 16.49 % (JD-
40-DP). The double helix concentration of the samples at 21 days of
retrogradation increased by 84.28 % (JD-0), 44.70 % (JD-0-DP), 89.01
% (JD-40), and 24.80 % (JD-40-DP), respectively, compared to 1 day of
retrogradation. Proteins primarily hindered the formation of hydrogen
bonds between amylose, which was essential for the development of
crystalline nuclei, through hydrophobic interactions. This interaction
affected the formation of the double helix during starch retrogradation
(Hu et al., 2020; Kuang et al., 2022; Niu, Han, et al., 2018), ultimately
resulting in the inhibition of the entire aging process. On the other hand,
hydrogen bonding (Xiao & Zhong, 2017; Yang et al., 2019) and elec-
trostatic interactions (Lu et al., 2016) between proteins and amylopectin
retarded double helix generation during starch retrogradation. Chen
et al. (2021) showed that positively charged lysine inhibited the retro-
gradation of corn starch. Nevertheless, the direct electrostatic contacts
between starch and protein were feeble as a result of the low phosphate
level present in corn starch. More probably, strongly soluble amino

acids, including aspartic acid and lysine, formed hydrogen bonds with
the starch to prevent it from recrystallizing.

After protein removal, the double helix content of the samples after
1 day of retrogradation increased by 1.11 times (JD-0) and 1.63 times
(JD-40), respectively. The double helix concentration of the samples
after 21 days of retrogradation increased by 65.68 % (JD-0) and 73.38 %
(JD-40), respectively, which was consistent with the previous XRD
analysis. The findings demonstrated that the proteins had a greater ef-
fect on preventing the retrogradation of starch before postharvest
ripening compared to after postharvest ripening. This was because the
hydrophobic interactions and hydrogen bonding between starch and
proteins were weakened in the postharvest ripened samples.

3.4. Enthalpy of retrogradation and retrogradation kinetic analysis

The enthalpy of retrogradation of the samples during storage is
shown in Table 2. The enthalpy of retrogradation for all the samples
exhibited a substantial rise as the retrogradation period increased. The
enthalpy of retrogradation increased to 3.206 J/g (JD-0), 4.93 J/g (JD-
0-DP), 3.503 J/g (JD-40), and 4.876 J/g (JD-40-DP) for all samples at
retrogradation times of 1-21 days, respectively. The observed phe-
nomena might be explained by the reorganization of the molecular
chains of starch retrogradation that occurred during storage. This
finding was in line with the XRD data.

At 1 day of retrogradation, the enthalpy of the sample JD-0-DP after
protein removal increased to 1.2839 J/g, which was 1.014 times higher.
The enthalpy of JD-40-DP was increased by 51.98 % compared to the
complex. The presence of the protein inhibited the ability of amylose to
form nuclei through hydrogen bonding during short-term retrograda-
tion, reducing the rate of recrystallization. At 7 days of retrogradation,
the enthalpy of the samples increased by 1.10 times (JD-0) and 95.43 %
(JD-40) after the removal of protein. At 14 days of retrogradation, the
enthalpy of the samples increased by 90.80 % (JD-0) and 82.01 % (JD-
40) after the removal of protein. At 21 days of retrogradation, the
enthalpy of the samples increased by 53.74 % (JD-0) and 39.19 % (JD-
40) after the removal of protein. The protein prevented the long-term
retrogradation of amylopectin, which was the process of intermolec-
ular hydrogen bond formation between amylopectin molecules and the
recrystallization of starch molecules. The enthalpy of heat absorption of
starch increased more significantly in samples without postharvest
ripening compared to samples that underwent postharvest ripening.
This was because postharvest ripening reduced the interactions between
starch and protein, leading to a narrower tendency for amylopectin to
change between complexes as well as between samples with proteins
removed (Hu et al., 2024).

The crystallographic data were modeled using the Avrami equation
by fitting the experimental data of retrogradation enthalpy to the non-
linear regression equation. The results are shown in Fig. 2A-D. The
starch retrogradation kinetic parameters were acquired by evaluating
the retrogradation kinetic curves of the samples before and after post-
harvest ripening, and the findings were reported in Table 2. Previous
research had acknowledged the Avrami equation as a useful method for
analyzing the kinetics of starch recrystallization (Niu et al., 2017).
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Table 2
Enthalpy of retrogradation and kinetic parameters of retrogradation of the sample during retrogradation process.
Samples Retrogradation enthalpy AH(J/g) Avrami equation n Ink k R?
1d 7d 14d 21d
JD-0 —0.6374 + —1.8310 + —2.4890 + —3.2060 + y =0.71628x- 0.7163 + —1.5178 + 0.21920 0.99696
0.0715% 0.1115°¢ 0.2126¢ 0.1785¢ 1.51778 0.0280 0.0529
JD-0-DP —1.2839 + —3.8370 £ —4.7490 + —4.9300 + y = 0.88953x — 0.8895 + -1.2239 + 0.29407 0.98975
0.3206" 0.4206° 0.2886% 0.3746% 1.22394 0.0639 0.1209
JD-40 —0.7389 + —1.9260 + —2.6097 + —3.5030 + y = 0.65535x — 0.6554 + -1.4527 + 0.23393 0.99538
0.2149° 0.3749¢ 0.4626¢ 0.5226° 1.45272 0.0315 0.0597
JD-40- —1.1230 + —3.7640 + —4.7500 + —4.8760 + y = 0.97531 x- 0.9753 + —1.3750 £ 0.25284 0.98432
DP 0.1226%° 0.2785° 0.3165% 0.1775% 1.37498 0.0867 0.1641

Different letters in the table indicate significant differences (p < 0.05).
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Fig. 2. Sample retrogradation kinetic curves (A. JD-0; B. JD-0-DP; C. JD-40; D. JD-40-DP), dynamic rheological properties of the samples during retrogradation (E.

1d; F. 21d), and (G) gel firmness.

The Avrami parameters are shown in Table 2. The R? values of all the
samples were higher than 0.98, suggesting a relatively good fitting
outcome. The Avrami index n measured the crystal nucleation and
growth process. All the samples had an index n less than 1, which was
consistent with the results of Niu et al. (2017). This indicated that all of
their nucleation mechanisms were primary nucleation (Chen et al.,
2021). The parameter k denoted the rate constant for crystal develop-
ment, with larger values of k indicating a faster rate of starch crystalli-
zation. The findings revealed that the value of k of the samples
containing protein were lower than that of the samples from which
protein had been removed. This demonstrated that the presence of
protein slowed down the rate of recrystallization of starch molecules.
After protein removal, the k values of the samples exhibited a 34.16 %
rise before postharvest ripening (JD-0) and an 8.1 % increase after
postharvest ripening (JD-40), suggesting that protein inhibited starch
retrogradation more significantly before postharvest ripening. In
conclusion, the presence of proteins slowed down the rate of starch
retrogradation, and corn proteins might be a potential anti-
retrogradation additive to extend the duration of freshness for food
products made from corn starch.

3.5. Dynamic viscoelastic analysis

The dynamic rheological profiles of the samples during retrograda-
tion are presented in Fig. 2E-F. During the cooling and early gelatini-
zation of starch, the swelling of starch granules and the three-
dimensional network structure formed by amylose produced the elas-
ticity and strength of the gel, so G' usually reflected the degree of
retrogradation of amylose. Fig. 2E showed the viscoelasticity of the
starch gels when the samples were stored for 1 day, and the G’ of all the
samples were ordered from largest to smallest as JD-0-DP, JD-40-DP, JD-
0, and JD-40, and the results were consistent with those of the short-
range ordered structures. The higher elasticity of the samples with
proteins removed compared to the complexes was hypothesized to be
the result of a combination of two mechanisms. The first possible
mechanism was that proteins obstructed the process of starch gelation
by reducing the surface area of starch molecules in contact with water,
increasing the spacing between starch chains, and impeding the for-
mation of hydrogen bonds between starch molecules. The second
possible mechanism was the interference of proteins with the movement
of starch molecular chains in the system via hydrophobic interactions.
This interference brought about a decrease in the mobility of the starch
chains and hindered the recrystallization process (Chen et al., 2019). In
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addition, Wu et al. (2023) examined the impact of rice proteins on the
pasting and starch retrogradation characteristics of rice starch and
discovered that the presence of proteins could reduce the degree of
damage to starch gels, forming a more compact network structure,
increasing the thickness of the pore wall of the starch network structure,
and making the pore size of the starch network structure smaller and
more uniform. In contrast, in the composite system of corn starch and
protein, there was a lack of compatibility between the two components.
Protein restrained the rearrangement of starch molecules, and enhanced
the water retention ability of the starch gel, and facilitated the devel-
opment of the network structure. Corn zein reduced the density and
homogeneity of the gel, and inhibited the aggregation of protein and
starch macromolecules through intermolecular interactions, weakening
the gel network and resulting in a decrease in the elasticity of the starch
gel. Kuang et al. (2022) also discovered that the addition of recon-
stituted gluten fractions inhibited the formation of elastic components in
the three-dimensional networked starch gel structure of wheat starch by
suppressing amylose gelatinization, which was a key factor in delaying
short-term retrogradation. The loss modulus (G") of the sample retro-
gradation for 1 day in Fig. 2E represented the rheological analysis that
represented the transient molecular network structure of the pasted
starch and its viscous characteristics. Corn proteins decreased the vis-
cosity of starch gels undergoing short-term retrogradation.

Fig. 2F showed the gel viscoelasticity of all samples stored for 21
days. Compared with Fig. 2E, both G’ and G” of the 21-day retrograda-
tion samples exhibited a considerable rise, suggesting a continuous
enhancement in gel strength and hardness throughout the retrograda-
tion process. The elevated G' and G” values were a result of the reag-
gregation and entanglement of starch molecules (Zeng et al., 2022).

3.6. Gel firmness analysis

The increase in firmness of the pasted starch during storage was
strongly associated with retrogradation and was commonly employed to
assess the degree of retrogradation (Wang et al., 2015; Yang, Dhital,
et al., 2021). Starch retrogradation could result in an increase in the
hardness of starch-based foods. Fig. 2G showed the effect of protein on
the gel firmness of the samples before and after post ripening retrogra-
dation for 1 and 21 days. The gel firmness of all samples enhanced with
time during storage. At 1 day of retrogradation, the gel firmness of
starch and protein complexes JD-0 and JD-40 was 151.41 g and 146.37
g, respectively, which showed no significant variation between the
samples but was significantly lower than the samples with protein
removed, JD-0-DP and JD-40-DP. After protein removal, JD-0-DP and
JD-40-DP increased to 241.60 g and 275.64 g, respectively. Starch gels
with proteins removed had a stronger firmness during starch retrogra-
dation, and starch molecules were more readily bonded to each other by
hydrogen bonding, which contributed to the creation of a relatively
ordered and stable crystalline structure and boosted the strength of the
gel. Hu et al. (2020) also showed that the reduction in the stiffness of
starch gels with the addition of whey isolate protein hydrolysate was
caused by the interaction between starch molecules and protein hy-
drolysate products. This interaction hindered the formation of hydrogen
bonds between starch chains, resulting in alterations to the overall
structure of the starch gels at both the long-range and short-range levels.
Moreover, through Fig. 2G, we found that after postharvest ripening, the
gel strength of the protein-removed samples increased to different ex-
tents. This suggested that the ripening process facilitated the entangle-
ment and interaction of starch molecular chains, thereby forming a
stronger gel network structure, which was in line with our previous
research results (Hu et al., 2023).

3.7. Moisture migration analysis

The use of LF-NMR proved to be a very efficient method for inves-
tigating the movement of water inside starch systems. In addition to the
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recrystallization of starch molecules, the retrogradation process also
involved the dehydration contraction of gels, which was mainly re-
flected in the fluidity of water. The spin relaxation time (T3) obtained
from LF-NMR analysis could reply the difference in the degree of
freedom of water molecules. The impact of protein on water migration
during retrogradation of samples before and after postharvest ripening
was shown in Fig. 3A-B. Generally, pasted starch demonstrated four
CPMG proton clusters: Tap, (0.05-5 ms), Ta; (5-45 ms), T2 (50-300 ms),
and T3 (1000-4000 ms), which represented strongly bound water,
semi-bound water, weakly bound water, and free water, respectively. All
samples showed a gradual decrease in the peak value of weakly bound
water and an increase in the peak value of free water as the retrogra-
dation time increased. This was due to the starch molecules reorganizing
during retrogradation, which weakened their ability to bind water
molecules and caused the starch gel to lose water and contract, leading
to an increase in free water over time.

To gain more insight into water mobility during gel retrogradation,
relaxation times (Tap, To1, Too, and Ta3) and peak area ratios (Agp, Az,
Ao, and Apsz) were calculated from NMR data obtained from multiple
exponential fits. As can be seen from Fig. 3A-C, following starch retro-
gradation, the peaks associated with semi-bound water and highly
bound water shifted towards shorter relaxation durations, suggesting
that the fluidity of water decreased, and the system became more
restrictive towards water molecules. This effect tended to align with the
process that led to the formation of intertwined double helix structures
in starch molecules, thus restricting the mobility of water. The increase
in the peak area of free water in the sample with a long retrogradation
time compared to the sample with a short retrogradation time might be
due to the loosening of the starch network after retrogradation, which
attenuated the number of water molecules bound. In addition, the
presence of proteins restricted the intermolecular cross-linking of starch,
thereby limiting the creation of ordered structures, a conclusion that was
consistent with the trend of ordered structure studies. Proteins caused a
reduction in the strength of the bonds between water and the starch
network, thereby increasing water mobility. The pasting treatment
could unfold the proteins, thereby exposing hydrophobic residues (Li
et al., 2020), which might potentially cause water to be repelled by the
starch granules, restricting their swelling and molecular movement.
Kuang et al. (2022) discovered that hydrophobic gluten polypeptides
could limit retrogradation of amylopectin by this mechanism. Therefore,
proteins might enhance the ability of gels to retain water by preventing
retrogradation. After the removal of protein, the increase in the pro-
portion of free water Ap3 in the sample without postharvest ripening was
higher than that in the post-ripened sample. This indicated that proteins
played a larger role in enhancing the water-holding ability of the starch
gels in the sample that did not undergo postharvest ripening during
retrogradation process.

3.8. Mechanisms of endogenous protein effects on starch retrogradation
characteristics of corn before and after postharvest ripening

Fig. 4 revealed the mechanism by which endogenous proteins affect
the starch retrogradation characteristics of corn before and after post-
harvest ripening. The presence of proteins in corn, whether or not it had
been post-harvest ripened, prevented the enlargement and bursting of
starch granules during the process of pasting, thus slowing down the
process of starch pasting and starch retrogradation. This was, on one
hand, due to the fact that corn proteins existed between starch granules,
which created a spatial site-blocking effect on the forming of starch gel,
reducing the area of starch molecules in contact with water molecules
and increasing the spacing between starch polymer strands, thus slowing
down the recrystallization of starch. On the other hand, our previous
studies had confirmed that there were mainly hydrophobic interactions
and hydrogen bonding between starch and proteins (Hu et al., 2024).
The complex samples underwent gelatinization, and the zein unfolded,
exposing hydrophobic residues such as alanine, leucine, proline, and
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Fig. 3. Moisture migration of samples during retrogradation (A. 1d; B. 21d) and (C) percent relaxation area.

phenylalanine. These hydrophobic amino acids would repel the water in
the starch granules, restricting swelling and molecular migration,
thereby inhibiting the retrogradation of starch. Secondly, the presence
of hydrogen bonding between starch and protein effectively hindered
the process of starch retrogradation. Consequently, the existence of
proteins reduced the relative crystallinity and double helix formation
during retrogradation (Table 1), impeded intermolecular hydrogen
bonding of starch, and inhibited recrystallization of starch chains,
leading to a weakening of the viscoelasticity and firmness of the starch
gels (Fig. 2E-G). After the sample underwent retrogradation, starch
molecules formed intercross-linked double helix structures, reducing the
mobility of water. However, the presence of protein weakened the
transformation of bound water into free water, enhanced the water-
holding capacity, and inhibited the shrinkage of starch gel during stor-
age (Fig. 3).

Postharvest ripening brought about a decrease in the interaction
between starch and protein (Hu et al., 2024). Therefore, in the samples
that had undergone postharvest ripening, the inhibitory effect of pro-
teins on the increase in short-range order, relative crystallinity, and
double helix structure of starch during retrogradation was lower than
that in the samples that had not undergone postharvest ripening.

4. Conclusions

This work investigated the impact of endogenous proteins in corn on
the retrogradation characteristics of starch before and after postharvest
ripening, and explored the underlying mechanisms. Protein-starch in-
teractions could hinder the formation of intermolecular hydrogen bonds
in starch molecules during retrogradation and inhibit the formation of
short-range order, relative crystallinity, and double-helical structures
during recrystallisation. The aggregation of protein and starch

macromolecules was inhibited through intermolecular interactions,
weakening the gel network, which led to a decrease in gel viscoelasticity
and firmness. Furthermore, proteins could inhibit starch retrogradation
by preventing cross-linking between starch molecules, restricting the
migration of water molecules, enhancing the water-holding capacity of
starch gels. In summary, corn protein could be used as an anti-starch
retrogradation additive to extend the shelf life of corn starch-based
foods. In particular, the role of corn proteins was more significant in
corn that was not ripened post-harvest. Further studies should focus on
the effect of the structure and properties of endogenous proteins in corn
on starch retrogradation and their stability under various processing
conditions. The results of this study provided strong evidence for the
effect of protein on starch retrogradation in corn-based food processing
before and after postharvest ripening. It contributed to the development
of healthy and nutritious starch products by elucidating the underlying
mechanisms of this process.
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