Food Science and Biotechnology (2023) 32:1901-1911
https://doi.org/10.1007/510068-023-01353-7

RESEARCH ARTICLE q

Check for
updates

Impact of pH on physicochemical properties of corn starch by dry heat
treatment

Hwi Won Jung’ - Hyun-Seok Kim-2

Received: 4 May 2023 / Revised: 17 May 2023 / Accepted: 22 May 2023 / Published online: 15 June 2023
© The Korean Society of Food Science and Technology 2023

Abstract

This study investigated the effects of temperature, pH, and starch genotype on starch characteristics after dry heat treatment
(DHT). DHT starches were prepared according to 19 DHT conditions, constructed using a D-optimal design, and analyzed
with respect to apparent amylose (AAM) content, X-ray diffraction (XRD) pattern, relative crystallinity (RC), solubility and
swelling power (SP), thermal properties, and pasting viscosity. The DHT starches maintained their granular structures even
after DHT at pH 3, although there was some damage to their granular surfaces. The DHT starches showed lower amylose
content, RC, SP, gelatinization temperature and enthalpy, degree of retrogradation, and pasting viscosity, but higher solubil-
ity, compared to those of native starches. These DHT effects were more pronounced as pH decreased at each temperature,
regardless of the starch genotype. Overall, DHT can be used to expand the physical functionality of high-amylose and highly

crystallized starches with poor properties.

Keywords Physical starch modification - Dry heat treatment - Dry heat-treated starch - Physicochemical property -

D-optimal design

Introduction

The chemical modifications (etherification, esterification,
crosslinking, and oxidation) of starch are prevalent in the
food and starch industries for improving and expanding
their physical, thermal, and rheological properties (Choi and
Kim, 2022). Recently, the food industry has attempted to
avoid the use of chemically modified starches because of the
strong opposition of consumers to chemically synthesized
food additives (Kim and Kim, 2021). However, chemically
modified starches cannot be completely excluded from pro-
cessed foods because they significantly contribute to food
processing, storage, and end-use quality (Obadi and Xu,
2021; Yousif et al., 2012). Thus, food manufacturers have
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sought clean materials and technologies to replace chemi-
cally modified starches and their preparations.

Starches can be physically modified by heating, hydra-
tion, pressurization, shearing, or their combinations, without
chemicals (e.g., catalysts and reacting agents) or chemical
reactions (BeMiller and Huber, 2015; Fonseca et al., 2021).
Thus, physical starch modification is of great interest as an
alternative to chemical starch modification (BeMiller and
Huber, 2015; Kim and Kim, 2021). For physically modi-
fied starches, native starches are subjected to heat-moisture
treatment, dry heat treatment (DHT), annealing, heat- and
pressure-induced pregelatization, extrusion, high-pressure
homogenization, and ultra-fine pulverization (BeMiller and
Huber, 2015; Ye et al., 2018). These commonly deform
the inherent granular/crystalline structure and molecular
arrangement of starches, ultimately altering their physical,
thermal, and rheological properties (BeMiller and Huber,
2015; Ye et al., 2018). The commercial products of physi-
cally modified starches are currently known as clean-labeled
starches and are frequently used as thickening and stabiliz-
ing agents for several food systems (e.g., sauce, yogurt, and
instant soup premix) (Arocas et al., 2009; Park and Kim,
2021). This is because the functions of physically modified
starches do not correspond to or exceed those of chemically
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modified starches (Kim and Kim, 2021). Therefore, many
studies have been conducted on physical modification meth-
ods to improve the physicochemical properties of physically
modified starches.

DHT is mainly involved in the semi-dry heat reaction
(SDHR) for the preparation of phosphorylated (Sitohy et al.,
2000), carboxylated (Hong et al., 2020), and pyroconverted
(Weil et al., 2020) starches and starch-anionic hydrocolloid
composites (Lim et al., 2002; 2003). However, the modifica-
tion efficacy of modified starches subjected to SDHR based
on DHT is either underestimated or overestimated because
of the lack of information on the effects of DHT on starch
characteristics. Therefore, it is difficult to develop a modifi-
cation method that is acceptable in the food industry. DHT,
as a physical modification method for starch, is simple, safe,
and inexpensive and does not require any specific reactors
or equipment (Gou et al., 2019; Liu et al., 2019; Qiu et al.,
2015; Qin et al., 2016; Sun et al., 2014; Zhou et al., 2021).
Several studies have investigated the effects of DHT on the
physicochemical properties of quinoa (Zhou et al., 2021),
proso millet (Sun et al., 2014), sweet potato (Gou et al.,
2019), waxy potato (Liu et al., 2019), and waxy rice (Qiu
et al., 2015; Qin et al., 2016) starches. They reported that
DHT significantly affected the relative crystallinity, solubil-
ity, swelling power, gelatinization temperature and enthalpy,
and pasting viscosity of starch. However, the effects of tem-
perature and time on these characteristics differed between
the starch sources. These inconsistent results may be because
starch pH is not considered a factor in DHT. pH directly
affects the pasting viscosities of native starches (Shi and
BeMiller, 2002) and the formation and characteristics of
starch-anionic hydrocolloid composites (Lim et al., 2003).

Therefore, the objective of this study was to investigate
the effects of pH on the physicochemical properties of DHT
starches. To achieve this objective, this study examined
the effect of interactions between pH and temperature and
between pH and starch genotype on the characteristics of
DHT starches using a D-optimal design and response surface
methodology (RSM). Normal and waxy corn starches were
used as starch sources in this study because they are widely
used in the food and starch industries worldwide.

Materials and methods

Materials

Normal and waxy corn starches, designated as NST and
WST, respectively, were purchased from Daesang Co. (Seoul,

Korea) and used without further purification. All chemicals
and reagents used in this study were of ACS grade.
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Experimental design

Nineteen experimental conditions were generated according
to a D-optimal design using Design Expert (version 8.0.6,
State-Ease, Inc., Minneapolis, MN, USA) to prepare the
DHT starches (Alimi et al., 2013). The design consisted of
two numerical factors (temperature and pH) and one cat-
egorical factor (starch genotype) as independent variables
to investigate the effect of pH and interactions between pH
and temperature and between pH and starch genotype on
the characteristics of DHT starches. The levels (determined
from the preliminary study) of the factors were 130-170 °C
for temperature, 3—7 for pH, and normal and waxy for starch
genotypes. The D-optimal design matrix with the factors
and their actual levels is listed in Table 1. The dependent
variables (response) were apparent amylose content, relative
crystallinity, solubility, swelling power, gelatinization tem-
perature and enthalpy, degree of retrogradation, and pasting
viscosity parameters. The measured responses are listed in
Table 1.

Dry heat treatment of starch

Starch (50 g, d.b or dry weight basis) was dispersed in deion-
ized water (DIW, 1000 mL) and adjusted to the predeter-
mined pH using 0.1 N HCl or 0.1 N NaOH. The starch was
recovered using a Biichnel funnel and dried at 45 °C until its
moisture content was below 7.5% (approximately 48 h). The
dried starch cake was blended, passed through a 60-mesh
standard sieve (No. 60; Chunggye Co., Seoul, Korea), and
heated for 4 h in a convection oven (OF-22; JeioTech, Dae-
jeon, Korea) at a predetermined temperature. To establish a
control for the DHT starch, starch was adjusted to pH 7 using
0.1 N NaOH and subjected to the same procedure, except for
the dry heat treatment.

Characteristics of DHT starch

The morphological characteristics of the starch were
observed using a scanning electron microscope (SNE-
3000 MB; SEC Co., Ltd., Suwon, Korea) at an accelerating
voltage of 30 kV and 600 X magnification (Kim and Kim,
2021). The apparent amylose content was measured using
a colorimetric method (Chrastil, 1987). X-ray diffraction
pattern and relative crystallinity were investigated using
an X-ray diffractometer (D8 Advance; Bruker, Billerica,
MA, USA) according to the method outlined by Bae et al.
(2020). The swelling power and solubility were measured
at 85 °C according to the method outlined by Hong et al.
(2020). Gelatinization and melting properties were investi-
gated using a differential scanning calorimeter (DSC4000;



1903

Impact of pH on physicochemical properties of corn starch by dry heat treatment

oIe)s uI0d AXeM JSM YoIels UI0d [RWIOU JSA ‘KISOISIA

yoeqles gs ‘A1soosia [euy A4 ‘KISOOSIA umopyealq g ‘A11soosia y3non A f ‘Asoosia yead Ad ‘uoneperdonar jo 90130p ¥ ‘Adreyus uoneziune[es gy ‘@ijerodwa) uono[dwos uonezuneos
°r ‘armeredwe) yead uonezmunees 47 ‘emyeradwa) jesuo uonezumeds °7 ‘romod Suroms J§ ‘Aiqnios jog ‘Aioedes Suipjoy 1o%em HEM KITUIEISAI0 oATR[aI DY ‘osojkwe jusredde vy

SjuauwraInseaun oaaoﬁmo.m 93lIY} JO onjeA UedJN

SOTFS8I Y EIFSSHEL ILFOTIIIL  66F0€IEC  SOFTSS TOFECYl vOFL6L TOFTEL +OF9LY LOFS6 60F98C 10FLYT TOFOE LSM 2AnEN
SLEFSILY TLIFSI8YI L6TFOSION  LTPFSLOPL  OTFO0ES OTFLST €0F€9L T0F90L TOF+99 €0FSII 00F¢e SOFLIT €IFPoeE LSN 2AneN
TYF0901 9 SIFOT6E 86IF098C  9TTFOOIY  9TFOLE €OFLIT T0FOIL 10F0S9 10F019 10FIL TOFCIT 10FTLI TO0FI'LT ISN L oLl 61y
['TFS08  8TFO6PY L'0FS89¢ PIFOOLS  O00FOSH 90FLTI TOFECLL O00FS0L €0F8F9 00F€T LOFLSS T0FE6l 00FST ISmM S 0ST 814
TYFOEE  IYIFOT6 667085 TREFOIVL O TFOPE TOFOIL SOFSOL T0FTEY 10FE8S €0F6S LOF6Ye T0Fv6l 90FTST ISN ¢ 0LT  LTd
I'TFST1  THFOPES I'TFSILE T6FSO0I8  TOFLY9E SO0F6TI T'IFOEL T10FTL9 10F6T9 00F9L €OFFII T10F¥6l 00F9LT ISN S 0T 914
I'TFSSIT  THFOOPS I'TFSYLE T6FSET8  TOFF9E 60F6TI1 €TFIOL €0F699 TOF0E9 00F9L €O0FOIL 00F¥6l 00FLLT ISN ¢ 0S1  S1d
0SFSIl  TYFO8Y T6FSIE 0SFSI61 I'PF86E LOFOEl €IF66L 00F60L TOFSYY 10F90  90FS0S T0FL6I TOFSI ISmM ¢ 0¢l ¥IA
SIFYOC 6 EF8TION L'SF0'808 8TFOTOLI  TIFECHr +OFLST TOFFSL 00FITL T0FI99 00F61 00F88y [0FHET 00FLT ISM ¢ 0€r €14
SEFSEOT  SLFSSION CIIFO0TIS LSFOYOLL  TI1F8SH #O0FIST T[0FTSL O00FITL T0FT99 00F6T T[0FLSy [0FEET 10F9C ISM ¢ ocr  TId
00F00 00F00 00F00 00F00 YEF6ST 00F60 T0FETL SOFSI9 T[0FI0S 00FT0 60F0TS CTOFOSI 10F69 ISN ¢ oLl 114
LOFS8L  LOFSSS rIFOOr I'TFSE0l  8TFTCOr €0FI'6  €O0F8HPL T10F089 CTOFLI9 00F80 +0F8Sy 00F661 TOF6I ISM ¢ 0L 01y
TYFOY TYFOY 00F00 LOFSY FIFITT $OFYIT TOFYLL TOFFT9 00FE€SS T0FH0  TOFIIS T0FI6l €0FTI ISM ¢ 0ST 604
L'SFOSEl CTIFOCLE LSFOLET  OPCFOIH9  80FTTE TOFECEl O00FISL 10F889 TOF¥Y9 TOFE6 TOFIOI +0F9Ic 00F69C ISN ¢ 0€1 804
THYFOPIl  S8FOLES TYFOELE  FSIFOLIS  $0F99¢ SO0F6TI TIFIEL 10FTL9 T0F8T9 I10F9L 90FCTII TOF¥6l 10FLLT ISN ¢ 0ST  LOY
9YFE00C 6 EFSISO0I LOFSIS8 CEFSHYION  FIFYIS 00FETl O00FYLL O00FO0L 00F8EY T10F9T  +0F8SH T[0FL6I 10FCT ISM L 0ST 904
00F00 00F00 00F00 00F00 IIFOL  TO0FET FOFLLS TOFTIS 00FESy T[0FE0 SOFTSS T0F98I 00FLO ISM € 0L1  sod
LOFS8l  LOFSSS FIFO0p I'TFSEOl  8TFEIE €0FLS  €0FevL T0FYLY TOFOT9 00F60 vOFTSK 00F661 €0F0C ILSM S oLl v0d
YIFOEET TITFO09201 9TCFOE6L  LLIFSSSTL  €1F90F T0FOYL +OFIPL +O0F6LY €0F9€9 €0F6S 10F09 T10F06I 80F08C ISN L 0ST €04
T6FSEOT  §LFSHSOI FIFO1S8 ILFOLI9L  6TFH0S 00F€Tl 00FHLL 00F00L 00F6€9 T0FST +O0FTSF 00F86l TOFCTT ISM L 0ST  20d
FOEFS99E LYTFSSETT L'SF0698  9SIFOVerl LEFI6v TOFOHI SOFOSL TOFLYY TOFFH9 00FS0I €0F¥y  10FEC0T TOFH6T ISN L o€l 109
@Qp Qp (Do) o
(sequ) g (sedun) AJ (sequ) AL (sedw) Ad ®»)¥ya G/ HY (Do) °L 0oL Qo)L (B3 ds ‘%) 10S %) 04 ‘%) WYV odhiouwen HA  -edwol  uny

SONSLIIORIRYD JI3Y) PUR SAYDIL)S pajealt-jeay AIp oy} Jo uoneredard 1oy xewr usisep rewmndo-q | 9jqeL

pringer

a's



1904

H.W.Jung, H.-S. Kim

PerkinElmer, Waltham, MA, USA) according to the method
outlined by Choi and Kim (2022). The degree of retrogra-
dation was calculated as the percentage ratio of melting
to gelatinization enthalpy (Bae et al., 2020). Pasting vis-
cosity profiles and characteristics were examined using
Rapid Visco Analyzer (RVA-3D; Newport Scientific, NSW,
Australia) according to the operating conditions and pro-
grammed temperature profiles described by Hong et al.
(2020).

Statistical analysis

The DHT starch was prepared three times in every experi-
mental condition, and its physicochemical properties were
analyzed twice for each DHT starch. One-way analysis of
variance was performed using the measured data, and the
significance of the physicochemical properties between the
DHT starches was investigated using Tukey’s HSD multiple
range test at p < 0.05. Statistical computations and analyses
were performed using Minitab 18 (Minitab Inc., State Col-
lege, PA, USA). In addition, RSM was conducted with the
mean values of each physicochemical property of the DHT
starch using Design Expert (version 8.0.6, State-Ease, Inc.,
Minneapolis, MN, USA).

Results and discussion
Morphological characteristic

The scanning electron microscope (SEM) images of the
native and DHT starches are shown in Fig. S1 (in the Sup-
plementary Data). The native NST and WST showed polyg-
onal and round granules with smooth surfaces, consistent
with the literature (Choi and Kim, 2022). Uneven erosion,
bumps, dents, and cracks were observed on the surfaces of
the DHT starch granules. These changes were more pro-
nounced as the temperature increased at each pH and the pH

decreased at each temperature (Fig. S1). These results were
consistent with those reported by Gou et al. (2019), Liu et al.
(2019), Mao et al. (2021a; 2021b), Qiu et al. (2015), Sun
et al. (2014), and Zhou et al. (2021). Liu et al. (2019) sug-
gested that the distinct surface structures could be attributed
to the discharge of hot vapor from the relatively moisture-
rich region of the granules during DHT, leading to partial
swelling and gelatinization in those regions. Distorted sur-
face structures were more frequently observed in DHT-WST
than in DHT-NST (Fig. S1). This may be because WST has
no or very low amylose that enhances granule rigidity (Kim
et al., 2012), being easily damaged by DHT. Overall, damage
to the granular structure of the starch by DHT was evident,
which might weaken the stability and integrity of the starch
granules.

Apparent amylose (AAM) content

The AAM contents of the DHT starches are listed in
Table 1, and the interaction plots from the RSM analysis
are shown in Fig. 1. The AAM contents were in the ranges
of 6.9-29.4% and 0.7-2.7% for the DHT-NST and DHT-
WST, respectively, and were significantly lower than those
of their native counterparts (36.4% for NST and 3.0% for
WST) (Table 1). This result indicates that DHT degrades
amylose molecules (Mao et al., 2021a; 2021b). A quadratic
regression model was fitted to explain the effects of the DHT
parameters (temperature, pH, and genotype) on the AAM
content of the DHT starches (Table 2). The AAM content
was significantly affected by the main factors (temperature,
p<0.05; pH, p<0.01; genotype, p<0.01) and the interac-
tions (p <0.01) between temperature and pH, temperature
and genotype, and pH and genotype (Table 2). The AAM
content of the DHT-NST decreased with decreasing pH at
each temperature, and this trend became more pronounced as
the temperature increased (Fig. 1). This suggests that starch
pH affects the dextrinization of amylose molecules by DHT
(Mao et al., 2021a; 2021b). A similar trend was observed in
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Fig. 1 Interaction plots describing the effects of dry heat treatment
on the apparent amylose content of starch (NST, normal corn starch;
WST, waxy corn starch). Solid lines indicate the predicted apparent
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the DHT-WST depending on the combination of temperature
and pH; however, the variation was much less pronounced
than that observed in DHT-NST, owing to the lower AAM
content of WST (Fig. 1). This implies that the degradation of
starch molecules by DHT dominates that of amylose rather
than amylopectin (Mao et al., 2021a; 2021b).

X-ray diffraction (XRD)

The XRD patterns of the DHT starches are shown in Fig. S2
(in the Supplementary Data). The relative crystallinity (RC)
of the DHT starches is listed in Table 1, and a one factor plot
from the RSM analysis is shown in Fig. S3 (in the Supple-
mentary Data). The native NST and WST exhibited typical
A-type crystal packing arrangements with strong peak inten-
sities at 15°, 17°, 18°, and 23° 260 (Hong et al., 2020). How-
ever, in the DHT starches, the split peaks observed in the
native NST and WST at 17-18° 26 became blunt and finally
combined to form one peak as the temperature increased at
each pH condition. In addition, the intensities of all crys-
tal peaks were significantly reduced. The observed patterns
were more pronounced as the pH decreased (Fig. S2 in the
Supplementary Data). This result is similar to that of the
DHT starches reported by Liu et al. (2019) and Mao et al.
(2021a; 2021b) but differs from that of the crystalline struc-
tures of rice (Qiu et al., 2015; Qin et al., 2016), quinoa (Zhou
et al., 2021), and proso millet (Sun et al., 2014) starches,
which remained unchanged after DHT. This inconsistency
may be because of the differences in the number of crystals
within the starch before and after DHT. For example, the
RC of the proso millet starch decreased to 36.3-37.9% after
DHT compared with that (41.2%) of the untreated starch,
indicating some alterations in the crystalline structure after
DHT (Sun et al., 2014). However, the A-type XRD pattern
was still observed in the DHT starches (Sun et al., 2014).
This implies that there were sufficient intact crystals to rep-
resent the A-type crystalline pattern by XRD. Accordingly,
the distorted XRD patterns observed in this study might be
attributed to the lack of intact crystals in the DHT-NST and
DHT-WST, with an RC of 17.2-21.6% and 18.6-23.4%,
respectively (Table 1).

As previously described, the RCs of the DHT-NST and
DHT-WST were lower than those of the native NST (21.7%)
and WST (24.7%) (Table 1). A quadratic regression model
was used to describe the effects of DHT on the RCs of the
DHT starches (Table 2). RC was significant in the linear
(»<0.01) and quadratic (p <0.05) terms of temperature and
the quadratic term of pH (p <0.01); however, no interaction
was observed between the main factors (Table 2). The RC
of the DHT starches decreased with increasing temperature,
regardless of the starch genotype (Fig. S3 in the Supplemen-
tary Data). This result is consistent with those reported by
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Liu et al. (2019), Mao et al. (2021a; 2021b), and Sun et al.
(2014). They attributed the RC reduction of DHT starches to
the disintegration and movement of amylopectin double heli-
ces, along with the evaporation of water molecules deposited
within amylopectin clusters by DHT. In contrast, Qiu et al.
(2015), Qin et al. (2016), and Zhou et al. (2021) reported
a significant increase in the RC of DHT starches resulting
from the rearrangement and recrystallization of disrupted
amylopectin double helices during and after DHT. Previous
studies indicated an early event in which DHT damaged the
crystalline structure of starch. Moreover, DHT, in the pres-
ence of an acid or under acidic pH conditions, invariably
reduces the RC of starch (Mao et al., 2021a; 2021b; Weil
et al., 2020). Accordingly, it is clear that pH contributes to
the reduction of starch RC by DHT, although the effect of
pH on RC was not significant in this study.

Solubility and swelling power (SP)

The solubility and SP of the DHT starches are presented in
Table 1, and their interaction plots obtained from the RSM
analysis are shown in Fig. 2. The solubilities of the DHT-
NST and DHT-WST were in the ranges of 4.4-52.0% and
45.2-55.7%, respectively, and were significantly higher than
those of the native NST (3.3%) and WST (28.6%) (Table 1).
A two factor interaction (2FI) model well explained the
effects of the DHT parameters on the solubility of the DHT
starches (Table 2). Solubility was significantly affected by
the main factors (temperature, p <0.01; pH, p <0.01; geno-
type, p <0.01) and the interactions between temperature and
pH (p <0.01), temperature and genotype (p <0.01), and pH
and genotype (p <0.05) (Table 2). At each temperature, the
solubility of the DHT-NST increased as pH decreased, and
this pattern became more pronounced with increasing tem-
perature (Fig. 2). In the DHT-WST, solubility exhibited only
minute changes depending on the pH at 130 °C and 150 °C,
whereas solubility noticeably decreased with pH at 170 °C
(Fig. 2). This may be because of the narrower range of the
solubility of the DHT-WST (45.2-55.7%) than that of the
DHT-NST (4.4-52.0%). Overall, these results are in good
agreement with those reported by Gou et al. (2019), Liu et al.
(2019), Mao et al. (2021a; 2021b), and Zhou et al. (2021).
The higher solubility of the DHT starches in this study may
be ascribed to the dextrinization of starch molecules (pre-
dominantly amylose) and destruction of starch crystallites by
DHT, facilitating the leaching of starch molecules and their
hydrolysates from the swollen granules (Gou et al., 2019;
Liuetal., 2019; Mao et al., 2021a; 2021b; Zhou et al., 2021).

The SPs of the DHT-NST and DHT-WST were in the
ranges of 0.2-10.5 g/g and 0.3-1.9 g/g, respectively, and
were significantly lower than those of the native NST
(11.8 g/g) and WST (9.8 g/g) (Table 1). Similar to their
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solubilities, the 2FI model well described the effects of
the DHT parameters on the SP of DHT starches (Table 2).
SP was significantly affected by the main factors (temper-
ature, p <0.01; pH, p <0.05; genotype, p <0.01) and the
interaction between temperature and genotype (p <0.01)
(Table 2). A dramatic change in SP was observed only
in the DHT-NST; its SP decreased with the temperature
at each pH and increased with pH at each temperature
(Fig. 2). However, the DHT-WST exhibited no pro-
nounced changes in SP with changing temperature or pH
(Fig. 2). This may be because of the lower SP and nar-
rower SP range of the DHT-WST compared with those of
the DHT-NST. The lower SP values of the DHT starches
in this study are consistent with those reported by Gou
et al. (2019), Liu et al. (2019), Mao et al. (2021a; 2021b),
and Zhou et al. (2021). The DHT starches retained their
granular structures, but the granules showed surface
erosion, partial swelling in certain areas, and irregular
cracks, indicating damage to the granular structures by
DHT (Fig. S1 in the Supplementary Data). DHT dextrin-
izes amylose molecules that restrict starch swelling and
ensure the integrity of swollen starch granules (Choi and
Kim, 2022; Kim and Huber, 2010) and partially destructs
starch crystallites that also inhibit starch swelling (Liu
et al., 2019; Mao et al. 2021a; 2021b), destabilizing the
granular structure of DHT starches. Consequently, the
weakened granular structure of DHT starches facilitates
the rupture of their granules during heating in water,
resulting in lower SP and higher solubility (Liu et al.,
2019; Mao et al., 2021a; 2021b). This was noticeable

T T T T T T T T T T
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when the starch was subjected to DHT at a high tempera-
ture and low pH.

Thermal property

The gelatinization temperatures and enthalpies of the
DHT starches are listed in Table 1. The gelatinization
onset, peak, and completion temperatures of the DHT-
NST and DHT-WST were significantly lower than those
of their native NST and WST, respectively (Table 1).
This result is consistent with those reported by Gou et al.
(2019), Liu et al. (2019), and Zhou et al. (2021). The
downward shift in the gelatinization temperature was
attributed to the weakened granular structure of the DHT
starches and damage to starch crystallites by DHT, as
previously explained (Gou et al., 2019; Liu et al., 2019;
Zhou et al., 2021). The gelatinization onset temperature
was well explained by the quadratic regression model
(p<0.01), whereas the gelatinization peak (p <0.01) and
completion (p < 0.05) temperatures were fitted to the lin-
ear regression model (Table 2). The gelatinization onset
temperature was significantly affected by temperature
(p<0.01), pH (p <0.01), the interaction between tem-
perature and pH (p <0.01), and the quadratic term of pH
(p<0.01) (Table 2). Regardless of the starch genotype,
there was no significant change in the gelatinization onset
temperature at pH 7, whereas a dramatic reduction was
found at pH 3 (Fig. 3). The gelatinization peak tempera-
ture was significantly affected by temperature (p <0.01)
and pH (p <0.01) (Table 2). It decreases with increasing
temperature and increases with increasing pH (Fig. 3).
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The gelatinization completion temperature was signifi-
cantly affected only by temperature (p <0.01) (Table 2),
and it decreased with increasing temperature (Fig. 3).
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native NST (15.7 J/g) and WST (18.3 J/g) (Table 1). This is
attributed to the lower RC of the DHT starches (Gou et al.,
2019; Liu et al., 2019; Mao et al., 2021a; 2021b; Zhou et al.,
2021). The gelatinization enthalpy was well explained by
the quadratic regression model (p <0.01) and was signifi-
cantly affected by the linear term of temperature (p <0.01),
linear and quadratic terms of pH (p <0.01), and interac-
tion between temperature and pH (p <0.01) (Fig. 2). There
was no significant change in the gelatinization enthalpy
with changing temperature at pH 7, regardless of the starch
genotype. However, the gelatinization enthalpy dramati-
cally decreased with increasing temperature at pH 3, and
its altitude was higher for the DHT-WST than for the DHT-
NST (Fig. 3). Considering that the gelatinization enthalpy
is directly associated with starch RC (Choi and Kim, 2022;
Kim and Huber, 2010), it is evident that fatal damage to the
crystalline structure of starch is caused by DHT at acidic pH,
although no direct relationship was found between pH and
RC in this study (Table 2).

The DRs of the DHT-NST and DHT-WST were in the
ranges of 25.9-49.1% and 7.0-51.4%, respectively, and were
significantly lower than those of the native NST (53.0%)
and WST (55.2 J/g) (Table 1). The DR was well fitted to
the 2FI regression model (p <0.01) and was significantly
affected by the linear terms of temperature (p <0.05) and pH
(»<0.01) and the interaction between pH and starch geno-
type (p <0.05) (Fig. 2). The DR of the DHT-NST gradually
increased with increasing pH at each temperature, whereas
a dramatic increase in DR was observed in the DHT-WST
(Fig. 3). Regardless of the starch genotype, the DR decreased
with the temperature at each pH (Fig. 3). The DR measured
in this study can indirectly explain the effect of DHT on the
rearrangement and recrystallization of amylopectin rather
than the reassociation of amylose, owing to the long-term
retrogradation of the native and DHT starch pastes subjected
to storage for 4 weeks at 4 °C. As mentioned previously,
DHT hydrolyzes amylose and amylopectin molecules via
pyroconversion and destroys the crystal packing arrange-
ment and starch crystallites. These phenomena became more
pronounced as the pH of the starch decreased. Thus, the
lower DR of the DHT starches may be attributed to the sig-
nificant damage to starch molecules and crystallites, result-
ing in the retardation or restriction of the rearrangement
and recrystallization of amylopectin molecules and crystal
remnants (Han et al., 2018; Mao et al., 2021a; 2021b; Weil
et al., 2020).

Pasting viscosity property

The pasting viscosity profiles and characteristics of the DHT
starches are shown in Fig. S4 (in the Supplementary Data)
and Table 1, respectively. The pasting viscosity profiles of
the DHT starches were successfully obtained at the tested

temperatures at pH 5 and 7, but not at pH 3, except for the
DHT-NST, which was tested at 130 °C and pH 3 (Fig. S4
in the Supplementary Data). The altitude of the pasting vis-
cosity profile decreased as the temperature increased and
the pH decreased (Fig. S4 in the Supplementary Data).
This result was consistent with those reported by Gou et al.
(2019), Lim et al. (2002), Sun et al. (2014), and Qiu et al.
(2015). The DHT-NST and DHT-WST exhibited lower peak,
trough, breakdown, final, and setback viscosities than did
their native NST and WST (Table 1), except for the setback
viscosity of DHT-WST prepared at 130 °C and pH 5 (R12
and R13 in Table 1) and at 150 °C and pH 7 (R02 and R06
in Table 1). The 2FI regression model well explained the
effects of DHT on the peak, trough, breakdown, final, and
setback viscosities of starch (p <0.01) (Table 2). The peak,
trough, and final viscosities were significantly affected by
the linear terms of temperature (p <0.01) and pH (p <0.01)
and the interactions between temperature and pH (p <0.05
for peak viscosity and p <0.01 for trough and final vis-
cosities) and between pH and starch genotype (p <0.01 for
peak viscosity and p <0.05 for trough and final viscosi-
ties) (Table 2). The breakdown viscosity was significant
in the linear terms (p <0.01) of temperature and pH and
the interaction between pH and starch genotype (p <0.01)
(Table 2). The setback viscosity was significant in the linear
terms (p <0.01) of temperature, pH, and starch genotype
and the interaction between temperature and pH (p <0.01)
(Table 2). The interaction plots of the peak, trough, break-
down, final, and setback viscosities obtained from the RSM
analysis showed that the viscosities decreased as tempera-
ture increased and pH decreased (Fig. 4). This is because
the dextrinization of starch molecules, partial destruction
of starch crystallites, and weakening of starch granules by
DHT result in the rapid and easy rupture of swollen granules
by continued shear during RVA testing, finally reducing the
pasting viscosities (Gou et al., 2019; Lim et al., 2002; Sun
et al., 2014; Qiu et al., 2015).

In conclusion, this study investigated the effects of DHT
parameters (temperature, pH, and starch genotype) on starch
characteristics. DHT reduced the AAM content, XRD pat-
tern, RC, SP, gelatinization temperature and enthalpy,
DR, and pasting viscosity of the starch, whereas it enhanced
starch solubility. This was much more pronounced as the
starch pH decreased. Therefore, pH should be considered the
most important factor when using starch materials as thick-
eners in food preparation. DHT is a modification method
used to improve the characteristics of high-amylose and
highly crystalline starches, which commonly exhibit poor
properties. In addition, DHT starch prepared under acidic
conditions has high solubility and low viscosity, similar to
those of oxidized starch. In the noodle industry, oxidized
starch is commonly dusted on fresh noodles to prevent their
adhesion and is completely removed during the washing of
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Fig.4 Interaction plots describ-
ing the effects of dry heat treat-
ment on the pasting viscosity
property of starch (NST, normal
corn starch; WST, waxy corn
starch). Solid lines indicate

the predicted pasting viscos-

ity properties from the RSM
analysis and the dashed lines
around the solid line represents
the confidence interval of the
predicted regression plot

@ Springer

Final viscosity (mPa-s) Breakdown viscosity (mPas) Trough viscosity (mPa-s) Peak viscosity (mPas)

Setback viscosity (mPa-s)

T
1300

T T T
1400 150.0 160.0

Temperature (°C)

T
1700

T T T
140.0 150.0 160.0

Temperature (°C)

T
1700

00 130°C WsT _- 00 150°C %00 470°C
@ 0
2000 g 2000 WST 6_‘7 2000
E £
=2 =
1000 @ 1000 @ 1000
o 1=
2 2
> >
X x
[ © 0 © 0
o) o}
a a
-1000{ 1000~ 41000
T T T T T T T T T T T T T T T
30 40 50 60 7.0 30 40 50 60 7.0 30 40 50 60 70
pH pH pH
2000-{ 130°C 2000 150°C 2000 170°C
0 0
@ ©
1375 o 1375+ o 1375
E wst | E
> >
= - =
750 8 750 8 70| WST
3 3 -
s =
= =
125 2 125 2 125
° °
= = -
500 -500 | -500 |
T T T T T T T T T T T T T T T
30 40 50 60 7.0 30 40 50 60 7.0 30 40 50 60 70
pH pH pH
1500 430°C P 1500 450°C 1500 170°C
@ @
a <
WST
1000~ £ 1000+ . £ 1000
2z ) 2
= £ wsT
g g '
500-| 3 & 500
> >
c c
B3 3
<) o
0| k] o 0|
X x
© ©
4 j -
m s3] -
-500 500 500 |
T T T T T T T T T T T T T T T
30 40 50 60 7.0 30 40 50 60 7.0 30 40 50 60 7.0
pH pH pH
2009 130°C wsT 2004 150°C 2009 170°C
n o
1375 | $ rars- § s
E £
= 2
750 g 70 g 70| WsT
o o
2 2
> >
125 S 125 S 125
ic ic
500 | 500 500
T T T T T T T T T T T T T T T
30 40 50 60 70 30 40 50 60 7.0 30 40 50 60 70
pH pH pH
00 wsT
v O
§ |
275 275 - -
£
2
‘@
150 3 150
2
>
x
S
25 8 =
o3
%]
100 100



Impact of pH on physicochemical properties of corn starch by dry heat treatment 1911

cooked noodles. Accordingly, the DHT starch can be used
as an alternative to oxidized starch as a dusting agent in
noodle making.

Supplementary Information The online version contains supplemen-
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