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Kinetics of structural changes in starch retrogradation by SANS/FTIR-ATR
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Abbreviations: SANS, small-angle neutron scattering; FTIR, Fourier-transform infrared;

ATR, attenuated total reflection; SDD, sample-to-detector distance

ABSTRACT
Due to the complicated hierarchical structure of starch, it is customary to evaluate starch
retrogradation by combining several methods covering various spatial scales. However,
structural analyses are typically performed individually, making correlating the
structural changes at different spatial scales challenging. Therefore, this study applied a
simultaneous  measurement  system  of  small-angle neutron  scattering
(SANS)/Fourier-transform infrared (FTIR)-attenuated total reflection (ATR) to record
multiple structural changes in potato starch during retrogradation. The SANS patterns
show that the shoulder-like peak becomes more pronounced with time. The peak
intensity, Imax, representing the amount of ordered semicrystalline structures, increased
over time, indicating that starch reassembled orderly on the nanoscale upon
retrogradation. In the FTIR-ATR spectra, the ratio of absorptions (Rio42/1016) at 1042 and
1016 cm™!, indicating the short-range ordered structure in starch, increased during
retrogradation. This result indicates that the double-helix structures were reformed
during retrogradation. The rate constant of the kinetic change for Rio42/1016 Was larger
than for Imax, indicating that changes in the short-range ordered structure of starch
converged before the changes in the semicrystalline structure. These results indicate that
the formation of double-helix structures of the amylopectin side chain and the structural
change of its ordered arrangement could occur in stages during retrogradation.
Keywords: starch, retrogradation, small-angle neutron scattering, FTIR-ATR,
simultaneous measurement
INTRODUCTION

Starch retrogradation is where gelatinized starch recrystallizes over time [1-3]. It is
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an undesirable structural change in food processing because it significantly affects the
quality of starchy foods’ texture and shelf life. However, due to the complicated
structure of starch, retrogradation is yet to be completely elucidated. Starch has a
hierarchical structure at various spatial scales [4—6]. Starch granules are semicrystalline
and have a layered structure with alternating amorphous and semicrystalline growth
rings [7]. Semicrystalline growth rings have a structural periodicity comprising
crystalline and amorphous lamellae, and a pair is called a cluster [8]. The crystalline
regions are described by a short-range ordered structure, with a molecular order related
to the double-helix structure in starch studies [9,10], and a long-range ordered structure,
showing the overall order of starch crystals regarding the packing of the double-helix of
amylopectin side chains [11,12]. Due to the complex hierarchical structure of starch, it
is crucial to cover various spatial scales to investigate starch retrogradation.

In starch retrogradation studies, it is necessary to investigate the structural changes at
each scale using appropriate analytical methods. Then, clarifying the chronological
sequence of structural changes revealed in each analysis is essential for adequately
understanding the structural changes in starch retrogradation. However, each experiment
is typically performed individually. While gelatinization is easily controlled
reproducibly by temperature and moisture content, starch retrogradation is not easily
controlled. It changes over time, and it is challenging to completely replicate the results
even using the same sample because the conditions and environment significantly affect
the rate and degree of starch retrogradation [13]. Furthermore, it is challenging to
correlate the structural information with various methods during retrogradation in hour
units. To overcome this problem, freeze-dried starch samples where retrogradation is
stopped are used for evaluation, but this can only provide fragmentary information on
retrogradation. Therefore, monitoring starch retrogradation in real-time and natively

through simultaneous measurements is valuable.
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Researchers have used various simultaneous measurement systems in starch studies;
for example, small-angle neutron scattering (SANS) is applied because neutrons have
high penetration and low energy, avoiding damage to the sample. Doutch et al.
measured the loss in lamellar order and starch gel formation using a rapid visco analyzer
and SANS simultaneously [14]. Pullen et al. investigated structural and thermal changes
in starch using simultaneous SANS and differential scanning calorimetry measurements
[15]. Balacescu et al. developed a simultaneous SANS and Fourier-transform infrared
(FTIR) method by transmission [16]. Although they attempted to apply this method to
observe the starch structure, the infrared (IR) light could not penetrate the starch gel,
and the measurement was insufficient. FTIR—attenuated total reflection (ATR) is also
frequently used to measure structural changes in starch retrogradation [17-19].
Therefore, the ATR mode of FTIR effectively records the structural change of starch in
this study.

FTIR spectroscopy is suitable for investigating the short-range ordered structure of
starch, and small-angle scattering (SAS) is appropriate for examining the clusters of
lamellar structures in starch. FTIR can evaluate the amount of the short-range ordered
structures in starch using the absorption ratio of crystalline and amorphous regions in
starch [5,20,21]. FTIR observes the environment around the atoms, and the formation of
short-range ordered structures causes changes in the state of functional groups attributed
to these two regions. The changes in starch crystallinity on the atomic scale due to
retrogradation determined by FTIR are interpreted as changes in these two states.
However, the SAS pattern of starch shows several diffraction peaks related to the
periodic arrangement of clusters in the lamellar structure, and the cluster thickness or
lamellar spacing can be observed [8]. The changes in the semicrystalline structure, such
as clusters in starch on the nanoscale, due to retrogradation determined by SAS are

interpreted as changes in the double-helix arrangement in that structure. Note that, given
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the hierarchical nature of the starch structure, characterized by the structure on a wide
spatial scale, the structural information obtained by SAS differs from that obtained by
FTIR. Although many researchers have reported changes in short-range ordered and
semicrystalline structures of starch during retrogradation [22-24], the kinetic
relationship between them during retrogradation is unclear. Verifying these by
simultaneous SANS and FTIR-ATR measurements would be possible to clarify the
chronological sequence of structural changes in short-range order and semicrystalline
structures due to retrogradation.

This study performed simultaneous measurements to compare the kinetic
information of the semicrystalline structure in starch retrogradation obtained by SANS
with that of short-range ordered structures obtained by FTIR—ATR. This study revealed
the order of structural changes at different scales during starch retrogradation. It should
be emphasized that the simultaneous measurement method was effective in
quantitatively discussing the correlation between these structural changes associated
with retrogradation.

MATERIALS AND METHODS

Materials. Rice starch prepared from polished rice, Hitomebore (Miyagi, Japan, 2021),
using the cold alkaline immersion method [25], was used as the A-type starch. Potato
starch (Nacalai Tesque, Japan) was the B-type starch, and sweet potato starch (Wako
Pure Chemical, Japan) was the C-type starch.

Gelatinization of starch. Although DO is typically used as a solvent in SANS to avoid
the strong incoherent scattering of H2O, the starch retrogradation rate is faster when
gelatinized with D>O [26]. Thus, in this study, the samples were prepared with H>O to
evaluate the starch retrogradation under natural conditions. Distilled water (3.25 mL) at
25 °C was added to 2.5 g of the starch sample and mixed well. The sample was

gelatinized immediately for 60 min at 105 °C in an autoclave (HVE-50LB,
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HIRAYAMA Manufacturing Corp., Japan). The gelatinized sample was cooled at 25 °C
for 30 min and was used in the following experiments.

SANS. SANS experiments were performed using the SANS-J instrument at the Japan
Research Reactor 3 (JRR-3) at the Japan Atomic Energy Agency (JAEA), Japan [27]. To
find the specific structural changes of starch during retrogradation by observing a wider
spatial range, SANS was conducted at three sample-to-detector distances (SDDs): 2, 4,
and 10 m and neutrons A of 0.5 and 1 nm (AMA = 10%). The gelatinized starch samples
were placed in 1-mm path-length sample cells with demountable quartz windows and
measured after 1 h. The SANS measurements were performed with an SDD at 2 m in
the order of potato, rice, and sweet potato starches. Measurements were performed on
the same sample order with SDDs of 4 and 10 m without sample exchange and repeated
four times over 12 h to evaluate the structural changes in starch. Each raw scattering
dataset was corrected for detector sensitivity, electronic background, and empty cell
contribution and converted to scattering cross-section data using the software Igor Pro
9.

Simultaneous SANS/FTIR-ATR measurements. Simultaneous SANS/FTIR-ATR
measurements were performed using the SANS-J instrument at the JAEA, Japan, as
described in Section of SANS [28]. SANS measurements were performed using an SDD
of 4 m and neutrons A of 0.5 and 1 nm (AMA = 10%) to achieve a maximum dynamic
QO-range of 6 x 102-0.8 nm™!. In situ FTIR investigations were conducted during the
SANS measurements using an FTIR spectrometer (VIR 200, JASCO Co.) installed at a
sample position in an appropriate geometry, enabling simultaneous sample irradiation
using IR and neutron coaxial beams (Fig. 1). The IR beam (the white arrows in Fig. 1)
from the FTIR instrument on the right side, whose direction is adjusted by a mirror, is
incident on the ATR prism in the center at 45°, is reflected five times on the sample

surface, and exits to the IR detector on the left side. The neutron beam (the black arrows
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in Fig. 1) is irradiated on the sample. The scattered neutron beam passes through the
ATR prism to the neutron detector. The ATR sample holder is made of copper and is
divided into a lid and a body part. An O-ring between them seals the sample space. A
trapezoidal ZnSe prism (base angle: 45°, length: 30 mm, width: 10 mm, thickness: 3
mm, refractive index: 2.4) for ATR measurements is attached to the lid, and a circular
ZnSe window (diameter: 22 mm, thickness: 2 mm) to the body. The sample thickness is
adjusted to 1 mm. One hour after completing the cooling, the gelatinized potato starch
sample was placed on the ATR crystal surface. The SANS measurement was repeated

12 times continuously, alternating 30 min sample and 3 min transmittance
measurements (Fig. 1). Section of SANS describes the SANS data analysis. The FTIR
measurement was repeated 37 times every 15 min continuously, with a scan range of
400-4000 cm™! at a resolution of 4 cm™'. We determined the peak positions by the
second derivative of the obtained spectra using the spectra manager analysis software
provided by JASCO (3rd polynomial order and 15 smoothing points of
Savitzky-Golay).

RESULTS AND DISCUSSION
Changes in the SANS patterns for all starches.

The starches are classified into A-type, B-type, and C-type based on X-ray diffraction
(XRD) patterns, each differing in retrogradation rate [25]. This study measured rice
starch showing A-type, potato starch showing B-type, and sweet potato starch showing
C-type for SANS to select starch samples that change hourly. Fig. 2 shows the SANS
patterns (/, Q) of the starch samples, where / and Q represent the scattering intensity and
amplitude of the scattering vector, respectively. No change in the rice starch scattering
pattern with time was observed in all Q ranges in an hour. However, the potato and
sweet potato starch scattering intensities increased with time in the Q ranges from 0.08

to 0.6 nm™! and 0.03 to 0.5 nm ™!, respectively. The retrogradation rate is the fastest for
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B-type starch and the slowest for A-type starch [25]. This trend correlates with a
previous XRD study [25]. The sweet potato starch scattering intensity increased in the
lower Q region compared with that of potato starch, and the changes in the SANS
patterns differed. The intensity gradually decreases from the low Q region to high O
region, reflecting changes in the aggregated structures in the starch samples [29]. SANS
intensity is correlated with the density of nuclei, and the strong SANS intensity reflects
enhanced ordered aggregated structures. Thus, the increase in intensity in the lower O
region indicates that the aggregates formed by retrogradation grew for sweet potato
starch. A shoulder-like peak appeared at Q = 0.2-0.3 nm™! in potato starch, consistent
with that of starch recrystallization due to retrogradation reported by small-angle X-ray
scattering (SAXS) [23,30]. Although the restored structure differs from the native one,
this result indicates that semicrystalline-like structures are formed. Simultaneous
measurements using potato starch were conducted to investigate the relationship
between lamellae and short-range order during retrogradation. Simultaneous
SANS/FTIR-ATR measurements were performed in the subsequent section using an
SDD of 4 m for potato starch to focus on the shoulder peak of starch because the change

can be observed in the Q region.

Changes in SANS patterns during simultaneous measurements.
Fig. 3A shows potato starch SANS patterns (/, Q) for simultaneous SANS and FTIR—
ATR measurements. As in Section of Changes in the SANS patterns for all starches, the
scattering intensity gradually increases, and a shoulder-like peak appears at O = 0.2-0.3
nm!. The shoulder-like peak becomes more pronounced with time, indicating that the
semicrystalline-like structure appears during retrogradation, the same as Fig. 2B-2.

Fig. 3B illustrates the transmittance transition over time. The transmittance values,

which remained unchanged at approximately 36%, confirm the hermeticity of the
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sample cell. The very low transmittance values might result from the incoherent
scattering of H>O. As mentioned in Section of Gelatinization of starch, in this study, the
samples were prepared with H>O to evaluate the starch retrogradation under natural
conditions. The incoherent scattering of H2O has a constant intensity irrespective of Q,
meaning that the O dependence of the obtained SANS profile can be attributed to
coherent scattering from the starch structure and can be used for structural analysis.

The shoulder-like peak based on the semicrystalline model was quantitatively
analyzed by model fitting the SANS profile based on the Cauchy and Power law

functions (Eq. 1) [8,24],

1Q) = Iax [1 + 4(QA‘—3)2]_1 + AQ~ + B (1)

where Imax 1s the peak intensity, 01 is the maximum peak position, AQ is the full width
at half maximum of the peak, a is the fractal coefficient, and 4 and B are positive
adjustable parameters.

Many SAXS studies have focused on /Imax, which relates to the amount of
semicrystalline structures, Q1, reflecting the lamellae spacing, and a, representing the
fractal dimension [24,31,32]. When the data were initially fitted without the parameter
fixed, AQ, A4, and B were near constant regarding time. This study improved the
accuracy of the Imax, Q1, and a values by fitting the SANS patterns with AQ, 4, and B
fixed with the averaged values of all fitting data (AQ = 0.317802 nm!, 4 = 0.62911,
and B = 2.722267) (Fig. 3A). Furthermore, 01 was obtained by fitting the SANS
patterns with Imax and a fixed to improve accuracy. Fig. 4 shows the changes in the Inax,
01, and a values obtained by Eq. (1) over time. The Imax value was initially 1.42 but
increased over time and reached 6.01. /max depends on the amount of ordered
semicrystalline structures and enables a qualitative comparison of the degree of order of
starch molecules [8,32]. This result shows that the amount of regularly arranged double

helical structures increased over time, indicating that the starch was regularly
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reassembled at the nanoscale during retrogradation. The Q1 value decreased slightly
from 0.273 at the beginning to approximately 0.206 at the end, indicating that the peak
position shifted from the high to low Q regions. This result indicates that the spacing
between lamellae gradually increases slightly during retrogradation. In previous studies,
the o value was used as an indicator to evaluate the compactness of the starch structure
[23,24]. The a value increased slightly from 1.44 to approximately 1.52, which is
inferred to be the increased compactness of the starch structure by retrogradation. These

results correlate with the trends observed in previous SAXS studies [24].

FTIR-ATR spectral changes during simultaneous measurements.
Fig. 5A shows the FTIR spectral changes of potato starch during retrogradation. The
FTIR spectrum shape was similar to that of the starch hydration samples in a previous
study [19]. Absorbance at 1047 cm™' and 1022 cm™!' reflects the crystalline and
amorphous regions of starch, respectively [9]. These bands indicate the bending of the —
COH and —CH: of starch. The intensity ratio of the 1047 peak to the 1022 one, R1047/1022,
is frequently used to evaluate the crystallinity and the short-range order in starch
samples [5,20,21]; in this study, the peak positions were determined at 1042 and 1016
cm ! by the second derivative (Fig. 5B). The Rio421016 value increased over time (Fig.
5C), confirming that the short-range ordered structure in starch increases during
retrogradation, consistent with previous studies [22,33-35]. Bai et al. reported that the
decrease in the Rjo47/1022 value indicates a reduction in the formation of double-helix
structures [35]. The changes in Rios2/1016 indicate that the formation of double-helix
structures in starch during retrogradation, which led to a change in the frequency of the
bending of the -COH and —CH> of starch.

The broad absorption from 3000 to 3700 cm™! derives from the O—H stretch modes of

starch and water [22,36-38]. As in a previous study, the water adsorption band in the
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hydrated starch were overlapped with the peaks related to the starch from 3000 to 3700
cm ! [19]. Although it can be seen that the absorbance increased over time in this
frequency range (Fig. 5A), it is difficult to distinguish whether this spectral change is
due to starch and/or water. On the other hand, the absorption peak at approximately
1640 cm™! is related to the water content of the sample and represents the OH-bending
vibration of water molecules without overlapping with absorbance of the starch [36,39].
This absorbance increased over time as well (Fig. 5A). The peak position was
determined at 1642 cm™' by the second derivative (Fig. 5D). And then, the second
derivatives of absorbance at 1642 cm™! (Di42) were calculated to eliminate the effect of
the baseline, and the Diss> value decreased over time (Fig. 5C). Because the ATR
method observes the surface of the sample, the decrease in Dies2 should mean an
increase in the observed water absorbance. In addition, the no change in the SANS
transmittance confirms the hermeticity of the sample cell (Fig. 3B); therefore, there is
no influence from water evaporation during the measurement, and then the change in
Die42 suggests that water in the starch is leaving the sample and collecting on the
surface of ATR prism. Furthermore, potato starch recrystallizes in hour units [25]. The
recovery of the crystalline structure means that the hydrogen bonds between the starch
and water are broken, and this implies the release of water. For these reasons, water
release can occur within the measurement time of this study, and the change in Die42 is
considered to represent water release due to recrystallization. It was also observed that
retrogradation expels the water from the gelatinized starch [40]. Zhang et al. reported
that in LF-NMR imaging, the water in starch gel migrated outward from the center of
the gel with storage time [41]. These are consistent with our results. Fig. SE shows that
absorbance at 1042 cm™! and 1016 cm™! was reduced, which could be due to the
aggregation of starch and the release of water by retrogradation, reducing the starch

density on the sample surface. However, this phenomenon contributes less to these
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ratios and does not influence the quantification of short-range ordered structures as
determined by FTIR-ATR. The FTIR-ATR results showed an increase in the
short-range ordered structures and water release of the sample by retrogradation.
Simultaneous SANS/FTIR-ATR measurements with a tightly sealed sample cell allow
us to track the structural changes in starch and changes in water release over time

simultaneously.

Relationship between structural changes at different spatial scales and dehydration.
The rate constants of structural changes for each parameter can be determined using /max
from SANS and Rio42/1016 and Dies> from FTIR-ATR. Analyzing them could provide
information on the order in which each structural change occurs in starch retrogradation.
Fig. 6 plots the /max determined by SANS and Rio42/1016 and Diss2 determined by FTIR—
ATR. Many researchers have used the Avrami equation to evaluate the kinetic changes
in the ordered and crystalline structures of retrograded starch [42,43]. The
retrogradation degree of potato starch converges to equilibrium [25]. Therefore, we
easily compared these rate constants by fitting the data using a modified version of the
Avrami equation (Eq. 2), where the exponent was considered equal to 1, as in previous
studies [44,45], and calculated the time to obtain half the equilibrium value,

“= = exp(—kt) )

a-y;

where a is the equilibrium value, y is Imax for SANS and Rio42/1016 and Dies2 for FTIR—
ATR, yi is the initial of y, k is the rate constant, and  is the storage time.

The rate constant k values were 0.0018 + 0.0006 min" for /max, 0.0050 + 0.0006 min ™!
for Riosazi016, and 0.0064 £+ 0.0010 min ! for Disso. The time to obtain half the
equilibrium value was 383.3 min for /max, 138.0 min for Rio42/1016, and 108.3 min for
Die42. The double-helix formation, regular helix alignment, and water release proceed

simultaneously after gelatinization but at different rates. The time required to obtain half
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the equilibrium value for Rio42/1016 was less than for /max, indicating that the changes in
the short-range ordered structure in starch observed by FTIR—-ATR converge before
changes in the nanostructure observed by SANS. These results show that the formation
of the double-helix structures in the amylopectin side chain and the structural change of
its ordered arrangement could occur in stages. In other words, there is a transient state
during retrogradation where double helixes are formed but with disordered
arrangements. Half the equilibrium of Dissz is faster than the other two due to the
structural changes in starch. Water release from the gelatinized starch was completed

before the structural changes in the starch during retrogradation.
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CONCLUSIONS
This study evaluated multiple structural changes during potato starch retrogradation
using a simultaneous SANS/FTIR-ATR measurement system. The SANS shoulder-like
peak becomes more pronounced over time, indicating that retrogradation forms
semicrystalline-like structures. The SANS analysis results based on the Cauchy and
Power law functions showed that Imax increased over time, revealing that starch
reassembled orderly on the nanoscale upon retrogradation, increasing the amount of
orderly arranged double helical structures. In the FTIR-ATR spectra, Rio42/1016 increased
and D142 decreased over time, confirming an increase in the short-range ordered
structures in starch and water release of the sample during retrogradation. Comparing
the time required to obtain half the equilibrium value showed that water release was
completed before the structural changes in the starch during retrogradation. Furthermore,
changes in the short-range ordered structures of starch observed by FTIR-ATR
converged before changes in the semicrystalline structure observed by SANS. These
simultaneous SANS/FTIR-ATR measurement results show that the formation of the
double-helix structures of the amylopectin side chain and the structural change of its
ordered arrangement could occur in stages during retrogradation. It should be
emphasized that the simultaneous measurement method was effective in quantitatively
discussing the correlation between these different structural changes associated with

retrogradation, which is a remarkable result in the technical aspect of this study.

ACKNOWLEDGMENTS
The neutron experiment at the JRR-3 was performed using a user program (proposal nos.
2022A-A41, D458, D463 and D615). This work was partly supported by the JSPS

KAKENHI Grant Numbers 24KJ1210, JP20H02944 and 20KK0350.

14



348

349

350

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382

DECLARATION OF COMPETING INTEREST

The authors declare no conflict of interests.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

[11]

[12]

REFERENCES
Chang Q, Zheng B, Zhang Y, Zeng H. A comprehensive review of the factors influencing the
formation of retrograded starch. International Journal of Biological Macromolecules. 2021;
186: 163-73.
Donmez D, Pinho L, Patel B, Desam P, Campanella OH. Characterization of starch—water
interactions and their effects on two key functional properties: starch gelatinization and
retrogradation. Current Opinion in Food Science. 2021; 39: 103-9.
Karim AA, Norziah MH, Seow CC. Methods for the study of starch retrogradation. Food
Chem. 2000 Oct 1;71(1):9-36.
Bertoft E. Understanding starch structure: Recent progress. Agronomy. MDPI AG; 2017,
7(3): 56.
Chi C, Li X, Huang S, Chen L, Zhang Y, Li L, et al. Basic principles in starch multi-scale
structuration to mitigate digestibility: A review. Trends Food Sci Technol. 2021 Mar 1; 109:
154-68.
Junejo SA, Flanagan BM, Zhang B, Dhital S. Starch structure and nutritional functionality —
Past revelations and future prospects. Carbohydr Polym. 2022 Feb 1; 277(3—4): 118837.
Blazek J, Gilbert EP. Application of small-angle X-ray and neutron scattering techniques to
the characterisation of starch structure: A review. Carbohydrate Polymers. 2011; 85: 281-93.
Yuryev VP, Krivandin A V., Kiseleva VI, Wasserman LA, Genkina NK, Fornal J, et al.
Structural parameters of amylopectin clusters and semi-crystalline growth rings in wheat
starches with different amylose content. Carbohydr Res. 2004 Nov 15; 339(16) :2683-91.
van Soest JJ, Tournois H, de Wit D, Vliegenthart JF. Short-range structure in (partially)
crystalline potato starch determined with attenuated total reflectance Fourier-transform IR
spectroscopy. Carbohydrate Research. 1995; 279: 201-214.
Mutungi C, Onyango C, Doert T, Paasch S, Thiele S, Machill S, et al. Long- and short-range
structural changes of recrystallised cassava starch subjected to in vitro digestion. Food
Hydrocoll. 2011; 25(3) :477-85.
Lu H, Tian Y, Ma R. Assessment of order of helical structures of retrograded starch by
Raman spectroscopy. Food Hydrocoll. 2023 Jan 1; 134: 108064.
Pozo C, Rodriguez-Llamazares S, Bouza R, Barral L, Castafio J, Miiller N, et al. Study of the
structural order of native starch granules using combined FTIR and XRD analysis. Journal of

Polymer Research. 2018 Dec 1; 25(12).

15



383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Wang S, Li C, Copeland L, Niu Q, Wang S. Starch Retrogradation: A Comprehensive Review.
Compr Rev Food Sci Food Saf. 2015 Sep 1; 14(5): 568-85.

Doutch J, Bason M, Franceschini F, James K, Clowes D, Gilbert EP. Structural changes
during starch pasting using simultaneous Rapid Visco Analysis and small-angle neutron
scattering. Carbohydr Polym. 2012 Apr 15; 88(3): 1061-71.

Pullen SA, Booth N, Olsen SR, Day B, Franceschini F, Mannicke D, et al. Design and
implementation of a differential scanning calorimeter for the simultaneous measurement of
small angle neutron scattering. Meas Sci Technol. 2014; 25 (5).

Balacescu L, Brandl G, Kaneko F, Schrader TE, Radulescu A. Light scattering and
absorption complementarities to neutron scattering: In situ ftir and dls techniques at the
high-intensity and extended q-range sans diffractometer kws-2. Applied Sciences
(Switzerland). 2021 Jun 1; 11(11).

Yang S, Dhital S, Shan CS, Zhang MN, Chen ZG. Ordered structural changes of retrograded
starch gel over long-term storage in wet starch noodles. Carbohydr Polym. 2021 Oct 15; 270:
118367.

Wang S, Li C, Zhang X, Copeland L, Wang S. Retrogradation enthalpy does not always
reflect the retrogradation behavior of gelatinized starch. Sci Rep. 2016 Feb 10; 6(1).

Warren FJ, Gidley MJ, Flanagan BM. Infrared spectroscopy as a tool to characterise starch
ordered structure—a joint FTIR-ATR, NMR, XRD and DSC study. Carbohydr Polym. 2016
Mar 30; 139: 3542.

Wang H, Ding J, Xiao N, Liu X, Zhang Y, Zhang H. Insights into the hierarchical structure
and digestibility of starch in heat-moisture treated adlay seeds. Food Chem. 2020 Jul 15; 318:
126489.

Li Y, He Z, Tu Y, Chen L, Li X. Understanding synchronous regulating effects of
starch-protein interactions on starch digestion and retrogradation under thermal shear
processing. Carbohydr Polym. 2024 Apr; 329: 121767.

Lu H, Ma R, Chang R, Tian Y. Evaluation of starch retrogradation by infrared spectroscopy.
Food Hydrocoll. 2021 Nov 1; 120: 106975.

Ma Z, Ma M, Zhou D, Li X, Hu X. The retrogradation characteristics of pullulanase
debranched field pea starch: Effects of storage time and temperature. Int J Biol Macromol.
2019 Aug 1; 134: 984-92.

Zhang L, Li X, Janaswamy S, Chen L, Chi C. Further insights into the evolution of starch
assembly during retrogradation using SAXS. Int J Biol Macromol. 2020 Jul 1; 154: 521-7.
Taguchi T, Onishi M, Katsuno N, Miwa N, Oomoto C, Sato M, et al. Evaluation of starch
retrogradation by X-ray diffraction using a water-addition method. LWT. 2023 Jan 1; 173:
114341.

Hirata Y, Nakagawa H, Yamauchi H, Kaneko K, Hagihala M, Yamaguchi H, et al. Effect of

16



420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

starch retrogradation on molecular dynamics of cooked rice by quasi-elastic neutron
scattering. Food Hydrocoll. 2023 Aug 1; 141: 108728.

Kumada T, Motokawa R, Oba Y, Nakagawa H, Sekine Y, Micheau C, et al. Upgrade of the
small-angle neutron scattering diffractometer SANS-J at JRR-3. J Appl Crystallogr [Internet].
2023 Dec 1; 56(6): 1776-83.

Kaneko F, Radulescu A, Nakagawa H. Simultaneous SANS/FTIR measurement system
incorporating the ATR sampling method. J Appl Crystallogr. 2023 Sep 27; 56: 1522-7.

Lu P, Li X, Janaswamy S, Chi C, Chen L, Wu Y, et al. Insights on the structure and
digestibility of sweet potato starch: Effect of postharvest storage of sweet potato roots. Int J
Biol Macromol. 2020 Feb 15; 145: 694-700.

Dang Y, Imaizumi T, Nishizu T, Anandalakshmi R, Katsuno N. Effect of the addition of
pregelatinized rice starch paste on the retrogradation of rice starch gel. Food Hydrocoll. 2023
Dec 1; 145: 109159.

Yu M, Zhu S, Zhong F, Zhang S, Du C, Li Y. Insight into the multi-scale structure changes
and mechanism of corn starch modulated by different structural phenolic acids during
retrogradation. Food Hydrocoll. 2022 Jul 1; 128: 107581.

Liu W, Zhao R, Liu Q, Zhang L, Li Q, Hu X, et al. Relationship among gelatinization,
retrogradation behavior, and impedance characteristics of potato starch. Int J Biol Macromol.
2023 Feb 1; 227: 354-64.

An H, Ma Q, Zhang F, Zhai C, Sun J, Tang Y, et al. Insight into microstructure evolution
during starch retrogradation by infrared and Raman spectroscopy combined with
two-dimensional correlation spectroscopy analysis. Food Hydrocoll. 2024 Jan 1; 146:
109174.

Huang S, Chao C, Yu J, Copeland L, Wang S. New insight into starch retrogradation: The
effect of short-range molecular order in gelatinized starch. Food Hydrocoll. 2021 Nov 1; 120:
106921.

Bai J, Zhang L, Jia X, Ye Q, Pei J, Song Q, et al. Multi-scale structural changes and
mechanistic analysis of wheat starch gels with common proteins in short-term retrogradation
at low temperature. Food Hydrocoll. 2024 Jan 1; 146: 109160.

Zhang X, Chen Y, Huang R, Zhang J, Xiong C, Huang G. Study on the effect of different
concentrations of choline glycine ionic liquid-water mixtures on debranched starch
butyrylation reaction. Carbohydr Polym. 2023 May 15; 308: 120680.

Ye Q, Meng X, Pang L. D,O assisted FTIR spectroscopic analysis of moisture in edible oil.
Food Chem X. 2023 Jun 30; 18: 100679.

Nie H, Li C, Liu PH, Lei CY, Li J Bin. Retrogradation, gel texture properties, intrinsic
viscosity and degradation mechanism of potato starch paste under ultrasonic irradiation.

Food Hydrocoll. 2019 Oct 1; 95: 590—600.

17



457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

474

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Xiong J, Li Q, Shi Z, Ye J. Interactions between wheat starch and cellulose derivatives in
short-term retrogradation: Rheology and FTIR study. Food Research International. 2017 Oct
1; 100: 858-63.

Chakraborty I, Govindaraju I, Kunnel S, Managuli V, Mazumder N. Effect of Storage Time
and Temperature on Digestibility, Thermal, and Rheological Properties of Retrograded Rice.
Gels. 2023 Feb 1; 9(2): 142.

Zhang Y, Yang T, Zhou J, Yu J, Wang J, Qiang S, et al. Effect of Water Content on Rice
Starch Gel during Retrogradation. Starch/Staerke. 2024 May 1; 76(5-6).

Hu Y, He C, Zhang M, Zhang L, Xiong H, Zhao Q. Inhibition from whey protein hydrolysate
on the retrogradation of gelatinized rice starch. Food Hydrocoll. 2020 Nov 1; 108: 105840.
Zhang H, Sun B, Zhang S, Zhu Y, Tian Y. Inhibition of wheat starch retrogradation by tea
derivatives. Carbohydr Polym. 2015 Aug 24; 134: 413-7.

Berski W, Ziobro R, Witczak M, Gambu§ H. The retrogradation kinetics of starches of
different botanical origin in the presence of glucose syrup. Int J Biol Macromol. 2018 Jul 15;
114: 1288-94.

Dang LTK, Imaizumi T, Nishizu T. Effects of transglutaminase on the retrogradation of
wheat flour. Food Hydrocoll. 2024 Jul 1; 152: 109924.

18



