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A B S T R A C T   

The effect of high hydrostatic pressure (HHP) and heating on the molecular structure of corn starch were firstly 
studied using classical experimental methods and molecular dynamics (MD) simulation. Heat-treated (HT) 
starches showed more amorphous content further than pressure-treated (PT) starches at similar DGs, further 
confirming that a higher level of gelatinization occurred after heating. Compared with PT starches, longer 
external B2 and B3 chains (DP > 25) degraded more into A chains (DP 6–12) in HT samples at a similar degree of 
gelatinization (DG). Heating increased the breakage of α-1,4-glycosidic bonds and significantly reduced mo
lecular weights even one third of the native corn starch at 100% DG. On the other hand, MD results showed that 
HHP triggered a greater number of amylose-water inter-molecular hydrogen bonds which agreed well with the 
higher the freedom degree of water molecules in PT starches. Regarding to various energy changes, PT starches 
exhibited lower bonding-related energies, but higher Van der Waals and electrostatic forces than HT ones. This 
study adds to understanding of the different molecular features of heating and HHP gelatinization and provides a 
molecular tool to assist the starch industry in selecting better modification parameters.   

1. Introduction 

Starch is a cheap and accessible plant component, which acts as the 
main carbohydrate in the human diet (Rca et al., 2017). Starch has lower 
solubility in cold water, gel syneresis and poor stability, limiting its 
application range in its native form (Zhu 2017). These disadvantages are 
eliminated by modifying native starch with diverse physical, chemical, 
and enzymatic methods to meet demands for industrial uses (Monroy, 
Rivero, & García, 2018). In terms of an international report about starch, 
modified starch will occupy 13.18 billion dollars by 2024 in the global 
market (Schafranski, Ito, & Lacerda, 2021). Among these modifications, 
physical modification techniques have become increasingly attractive in 
recent decades, in pursuit of the aim of reducing potential harm towards 
consumers and the environment (BeMiller & Huber, 2015). Heating 
treatment is the most common physical modification, during which an 
order-disorder phase transition named “gelatinization” occurs (Jacobs & 
Delcour, 1998, Liu, Wang, Liao, & Shen, 2020). Compared with tradi
tional hydrothermal processing, non-thermal physical processing with 

high hydrostatic pressure (HHP) as a novel and green modification 
method can more effectively avoid the degradation of starch and result 
in less granule swelling and amylose leaching (Pei-Ling, Xiao-Song, & 
Qun, 2010). Motivated by these features, the application of HHP to 
gelatinize starch has become a research hotspot. 

Various research has evidenced that HHP modification was different 
from heating on the multi-scale structure and physicochemical proper
ties of starches. For example, at the macroscopic properties level heat 
and HHP can change the thermal properties, rheological capacities in 
different ways (Sandhu, Kaur, Punia, & Ahmed, 2021), and texture 
properties (Larrea-Wachtendorff, Di Nobile, & Ferrari, 2020) of starch. 
At the micron-sized granule level, heat-treated (HT) starch granules 
exhibited more disruption with a combination of endo- and 
exo-corrosion compared with pressure-treated (PT) starches (Liu et al., 
2020). Furthermore, at the crystalline structure level, our previous 
research (Liu et al., 2020) suggested that pressure-gelatinization had a 
significant impact on both less stable and more stable crystallites, 
whereas less stable crystallites were preferentially disrupted during 
heat-gelatinization. At the lamellar structure level, HHP promoted the 
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growth of the transition layer, and maize starch (0.3 nm) showed more 
obvious change than quinoa starch (0.1 nm) (Li, Zhu, Mo, & Hemar, 
2019). However, it is believed that even lower levels of starch structure, 
such as helical and molecular structure, play essential roles in deter
mining higher level starch structure (Takeda, Takeda, Mizukami, & 
Hanashiro, 1999; Yu et al., 2020), and thus gelatinization processing (Li 
& Gong, 2020). Hence, in the present work, the comparative study on 
the molecular structure of heat and pressure-treated corn starch at 
similar degree of gelatinization (DG) was needed to better understand 
basic HHP gelatinization mechanisms deduced by the molecular struc
ture changes. 

Furthermore, molecular dynamics (MD), as a promising method, can 
simulate the interaction of molecules over a specific time period under 
the influence of the laws of physics, including quantum and classical 
mechanics theories (Feng et al., 2015). It is considered to provide a 
direct insight towards the molecular interaction and energy state of the 
polymer-based systems, which recently has been employed to establish 
and model the starch-based complexes (Cheng et al., 2018; Chen et al. 
2020). Cui et al. studied the changes in hydrogen bonds interaction and 
the distribution of starch fragments in the presence of urea and water 
using MD combined with traditional characterization methods (Cui, Zi, 
Liu, Zhang, & Yuan, 2020). Owning to inaccuracy and limitations of 
existing experimental approaches to explore the molecular interactions 
and configurations between starch and water molecular on atomic scale, 
MD has been employed to study the detailed characteristics of 
amylose-water systems under various heating and HHP conditions. 
Gelatinization of starch granules is a vital and complex process, and the 
mechanisms of heat and HHP gelatinization at the molecular level are 
unclear and a matter of much debate, such as why heat and HHP 
treatment causes similar change trends but the degree of change differs 
for multi-scale structural features (Liu et al., 2020). This lack of infor
mation hinders further understanding of starch structure-function re
lationships. The objectives of the present study were to explore (i) the 
effect of heating and HHP on the molecular structure of corn starch at 
similar DG with traditional characterization methods, (ii) the molecular 
interactions and energy states of amylose-water systems after heating 
and pressurizing via MD, and (iii) the mechanisms of heating and 
pressure gelatinization deduced by the molecular structure changes. It 
would be helpful to reveal the molecular mechanism of heating and HHP 
gelatinization and give a new perspective on the correlation between 

molecular structure changes and intermolecular and intramolecular in
teractions of starch-water system. 

2. Experimental section 

2.1. Materials and sample preparation 

The corn starch was isolated from corn kernel (cultivar: Qiangsheng 
62) donated by the China Grain Reserves Corporation following the 
method of (Liu et al., 2020). Its average composition was 91.08% car
bohydrate, 8.18% moisture, 0.23% ash, 0.51% crude protein and lipid 
(undetected). All the chemical reagents used in this study were of 
analytical grade. 

2.2. Heat and HHP treatment of corn starch 

The slurries were made by suspending native corn starch in distilled 
water with a concentration of 20 wt%. The HT and PT corn starches were 
prepared in the same way referring to our previous paper which were 
presented as below (Liu et al., 2020). (1) The HHP treatments were 
conducted under 400–600 MPa for 10–20 min by a high static pressure 
press (type HPP-1700-2; KeFa High- Pressure Technology Co., Ltd., 
Baotou, China). During the HHP experiments, the pressure boost pro
cedure would not exceed 2 min, and the depressurization time would be 
less than 2 s, respectively. The initial temperature of PT corn starches 
was around 25 ◦C. The maximum temperature of each PT corn starches 
was not over 35 ◦C, which was below the heat gelatinization tempera
ture. (2) The heating treatments were conducted in a glass vessel with 
constant stirring at 65–75 ◦C for 10–20 min by digital heating circulating 
water bath. Afterward, the treated corn starch suspension was frozen at 
− 80 ◦C and freeze-dried. The dried powder was pulverized using an 
electric beater and sifted through a 100-mesh sieve. The obtained 
powder was placed in sealing bag and stored in a desiccator until further 
analysis. 

2.3. DSC analysis 

The DG of the HT and PT corn starches was measured by DSC-60 
(Shimadzu Corporation, Japan). 3 mg of native or treated corn starch 
suspension and 12 μL distilled water were sealed in a standard 
aluminum pan (AL-HERMETIC, S201-53090), and an empty pan was 
performed as a reference. Tests were performed in triplicate in a tem
perature range of 30–100 ◦C with a heating rate of 10 ◦C/min. The 
melting enthalpy (ΔH) associated with starch gelatinization was ob
tained from the area of the peak endotherm as described by (Zhong & 
Sun, 2005) and values for the DG were calculated as: 

DG%=
ΔHns − ΔHts

ΔHns
× 100%  

where ΔHns and ΔHts referred to the melting enthalpies of native and 
modified corn starches, respectively. 

Five various DGs were achieved under heating and HHP treatment, 
including that DG1was approximately 20% which corresponded to 
65 ◦C/10 min and 400 MPa/10 min, DG2 was approximately 50% which 
corresponded to 70 ◦C/10 min and 500 MPa/10 min, DG3 was 
approximately 70% which corresponded to 73 ◦C/10 min and 550 MPa/ 
10 min, DG4 was approximately 85% which corresponded to 75 ◦C/10 
min and 600 MPa/10 min, DG5 was approximately 100% which cor
responded to 75 ◦C/20 min and 600 MPa/20 min. 

2.4. 13C CP/MAS NMR analysis and Peak-Fitting procedure 

Solid-state 13C NMR measurements were determined using a Bruker 
AVIII-400 spectrometer equipped with a 4 mm CP/MAS detection probe 
(Bruker Co. Ltd., Germany). The spectra were acquired using a13C 

Abbreviations 

DSC Differential scanning calorimeter 
HHP High hydrostatic pressure 
HT Heat-treated 
PT Pressure-treated 
DG Degree of gelatinization 
Solid-state 13C CP/MAS NMR solid-state 13C cross polarization/ 

magic angle spinning nuclear magnetic resonance 
HPAEC-PAD High-performance anion-exchange 

chromatography equipped with a pulsed amperometry 
detector 

DP Degree of polymerization 
GPC-MALLS-RI Gel permeation chromatography assisted with 

multiangle laser-light scattering detector and refractive 
index detector 

Mw Weight-average molecular mass 
Rz Z-average radius of gyration 
LF-NMR Low field nuclear magnetic resonance 
T2 Transverse relaxation time 
MD Molecular dynamics 
VDW Van der Waals  
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frequency of 104.29 MHz and a spectral width of 50 kHz 200 mg dry and 
sieving samples were packed in a 4 mm ZrO2 rotor sealed with a Kel-F 
cap and spun at the magic angle (54.7◦) with 12 kHz of spin rate. 
Tests were performed at a contact time of 2 ms and a total of 10,240 
scans were recorded with a recovery period of 5 s per sample. All 13C CP/ 
MAS chemical shifts were referenced to the resonance of adamantane 
(C10H16) standard (δCH2 = 38.4). The areas of the amorphous and or
dered subspectra relative to the total area of the spectrum at the C1 re
gion yielded the proportion of amorphous and ordered components. The 
spectra were peak fitted by using PeakFit 4.12 (Jandel Scientific Soft
ware, CA). Finally, the proportions of double and single helical struc
tures and amorphous phase in the starch samples were calculated 
according to the method described by Tan (Tan, Flanagan, Halley, 
Whittaker, & Gidley, 2007). 

2.5. Branch chain-length distribution of amylopectin using HPAEC-PAD 

The chain length distribution was acquired according to the method 
of (Li, Oh, Lee, Baik, & Chung, 2017) with some modifications. Briefly, 
precisely 5 mg of each sample was heated in a boiling water-bath with 
occasional stirring for 60 min, and then 2.5 mL of gelatinized sample 
was added to a mixture of 125 μL sodium acetate buffer and 5 μL NaN3. 
After cooling to room temperatre, 5 μL of isoamylase was added and 
incubated in a shaking water bath (100 r/min) at 37 ◦C for 24 h. Aliquots 
of 600 μL were placed in centrifuge tubes and dried with nitrogen at 
room temperature. The samples were dissolved in 600 μL mobile phase 
and centrifuged at 12,000 rpm for 5 min. Approximately 20 μL of su
pernatant were injected into a high-performance anion-exchange chro
matography (HPAEC) system (ICS500+, Thermo Fisher Scientific, USA) 
equipped with a pulsed amperometry detector (PAD) at 30 ◦C and 
assisted with a chromatographic column (Dionex™ CarboPac™ PA10). 

2.6. Molecular weight analysis using GPC-MALLS-IR 

Molecular weight distributions were measured following a method 
(Al-Ansi et al., 2021) with some modifications. Briefly, approximately 5 
mg of corn starch was dissolved in 1 mL of 99.5 wt% dimethyl sulfoxide 
(DMSO) and 0.5 wt% lithium bromide (LiBr) solution and placed in a hot 
water bath at 60 ◦C for 24 h with continuous stirring. Samples were 
centrifuged at 14000 rpm for 10 min and then 300 mL of supernatant 
were injected into a GPC instrument (U3000, Thermo, USA) equipped 
with a multiangle laser-light scattering (MALLS) and refractive index 
detectors (Wyatt Technology, CA 93, USA) and two organic SEC columns 
Ohpak SB-805 HQ (300 × 8 mm). The temperature was maintained at 
65 ◦C for all columns. The eluent was 99.5 wt% DMSO and 0.5 wt% LiBr 
solution at a flow rate of 0.4 mL/min. 

2.7. 1H nuclear magnetic resonance (NMR) spectroscopy 

The 1H NMR spectra was obtained by a Bruker Avance II 600 MHz 
spectrometer at the Center for Nuclear Magnetic Resonance, Tsinghua 
University. Prior to testing, 10 mg starch sample was completely dis
solved in 1 mL DMSO‑d6 heating at 40 ◦C for 1.5 h. Each mixture was 
transferred to a 5 mm NMR tube and tightly sealed before an NMR 
spectrum was recorded. And then the NMR data were measured for 16 
scans at 25 ◦C. The chemical shift scale was calibrated using the residual 
DMSO‑d6 signal at 2.549 ppm. Finally, the analysis was carried out on 
Delta 5.3.1 software. 

2.8. Measurements of the transverse relaxation time (T2) by LF-NMR 

The relaxation time was collected using a LF-NMR spectrometer 
(Niumag Electric Corporation, Shanghai, China), operated at a proton 
resonance frequency of 21.96 MHz and a magnetic field strength of 0.52 
T. The samples were balanced in a 10 mm LF-NMR tube sealed with film 
to prevent moisture loss. Firstly, turn on the nuclear magnetic 

instrument and preheat the magnet for 24 h and keep the temperature of 
the magnet constant at 32 ◦C. The standard soybean oil sample was used 
for instrument calibration. The magnetic field was homogenized and the 
instrument center frequency and instrument 90◦ pulse width of hard 
pulse were determined. Afterward, the exact mass 0.8 g of the sample in 
each tube was tested using the multi-pulse echo sequence named CPMG. 
The experimental parameters were set according to (Fan et al., 2013) 
with a slight modification. The pulse width was set to 90◦ and 180◦, with 
a 90◦ pulse time of 2.6 μs and a 180◦ pulse time of 5.12 μs. For the CPMG 
test, the half-echo time was 60 μs, the echo number was 1000, the cu
mulative number of scans was 128, the repeat time between two scans 
was 300 ms, the analog gain was 20, and the digital gain was three. 

2.9. Molecular dynamics simulation 

MD simulations and analysis were carried out using GROMACS, 
2018.3 (H., Berendsen et al., 1995, Spoel, Lindahl, Hess, Groenhof, & 
Berendsen, 2005; Mja et al., 2015). Normally, simple models are used to 
operate MD simulations. Cheng et al. (Cheng et al., 2018) used a V-type 
helix with 26 residues as the initial model. Based on this, a left-helix and 
V-type helix amylose model consisting of 25 glucose residues was con
structed in this study. The different temperature conditions of HT 
gelatinization were set at: 65 ◦C, 70 ◦C, 75 ◦C, and the various pressure 
conditions of PT gelatinization were set at: 400 MPa, 500 MPa, 600 MPa, 
with three parallel simulations of each simulation. Every simulation was 
performed using glycam 06 and tip3p force fields (Price & Brooks, 2004, 
Lu, Qiu, Baron, & Molinero, 2014). A leap-frog scheme, periodic 
boundary conditions and an appropriate 1.2 nm cutoff distance were 
used in the simulation process. All MD simulations were performed in an 
isothermal and isobaric ensemble with temperature and pressure 
controlled by the V-Resale and Parrinello-Rahman methods, respec
tively, with coupling constants of 0.1 and 0.5 ps. Simulation files were 
extracted every 0.01 ns to calculate the numbers of inter-, 
intra-molecular hydrogen bonds and energies. The presence of a 
hydrogen bond was determined by the criteria in which the maximum 
distance between the donor and acceptor atoms is 0.35 nm (Zhi-guang 
et al., 2020). The total simulation time was 100 ns. 

2.10. Statistical analysis 

All experiments were performed in triplicate and the data were 
expressed as mean ± standard deviation. Graphs were constructed in 
Origin 2018 (OriginLab Corporation, Northampton, MA). Statistical 
data analysis was carried out using IBM-SPSS-25 software (SPSS Inc., 
Chicago, USA) (p < 0.05). An independent two sample T-test between 
HT and PT starch under similar DG was also performed. 

3. Results and discussion 

3.1. Helical conformation 

Solid state 13C CP/MAS NMR has been used to quantify the 
arrangement of HT and PT corn starch chains. As shown in Fig. 1, the 13C 
CP/MAS NMR spectra of HT and PT corn starch are presented. There 
exists six partially overlapping lines which represents the chemical shifts 
of carbons in the starch. The resonance at 58–68 ppm is assigned to C6 
and the overlapping signal around 68–79 ppm is collectively associated 
with the C2, C3, and C5 sites. The signal intensities around 80–84 ppm 
and 90–110 ppm are related to the C4 and C1 sites, respectively, which is 
consistent to a previous report (Tan et al., 2007). As revealed by the 13C 
NMR patterns, distinct triplet peaks (with 100.1, 101.2, and 101.9 ppm) 
were observed in the C1 signal region of native corn starch which were 
found to be a sensitive indicator of the variations of A-type helical 
conformation (Fig. 1). The intensity of the triplet peaks in HT and PT 
starches showed weaker with increasing DG, and even for HT4, HT5 and 
PT5 starches, the triplet peaks became only a broad resonance at 103 
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ppm which corresponds to the distortion of crystal structure under 
heating and pressurization. The two characteristic peaks near 103 ppm 
in the C1 region and 82 ppm in the C4 region provides information about 
the amorphous and ordered components in corn starch (Paris, Bizot, 
Emery, Buzaré, & Buléon, 1999). Decomposition of the spectrum into 
sub-spectra related to phase composition is shown in Supplementary 
Fig. 1, including the proportion of the amorphous and ordered phase. 
For HT and PT starches, the signal representing the amorphous state 
gradually intensified. Moreover, HT starches showed more amorphous 
content further than PT starches at similar DGs, further confirming that a 
higher level of gelatinization occurred after heating. Referring to DSC 
results shown in Supplementary Table 1, it was reasonable that narrower 
gelatinization temperature range in HT starch occurred than that of PT 
one at a similar DG. 

It is worth noting that the helical structure of starches can be used to 
interpret various process-induced changes. According to calculations 
based on the deconvolution by PeakFit 4.12, the relative proportion of 
double-helix and single-helix components gradually decreased and the 
amorphous content correspondingly increased with increasing DG in HT 
and PT starches (Table 1), indicating that heating and pressure 
contributed to degradation of the intermolecular hydrogen bonding 
within starches. The double helix and single helix might be converted 
into the amorphous phase either directly or dissociated into single 
chains (Šoltýs et al., 2019). For HT (DG1 = 20%), the amorphous starch 
accounted for 60.14%, V-type single helices 6.29%, and the proportion 
of double helices was 33.56%. In the sample of PT (DG = 20%), the 
content of amorphous starch was 57.12% and that of double helices was 
36.21%, while there were 6.66% V-type single helices. Compared with 
HT starch, PT starch at a similar DG showed higher single-helix and 
double-helix relative contents, suggesting that highly-ordered starch 
structure damaged limitedly under HHP. Additionally, the increase of 
V-type single helix content in PT starches was believed to be the result of 
high-pressure making V-type helices more stable compared to those in 

heat treated granules. In the future study, HHP could as a novel and 
green method to produce and preserve the V-type crystalline pattern. 

3.2. Chain-length distribution of amylopectin 

The profiles of amylopectin chain distribution of HT and PT corn 
starches were examined by HPAEC-PAD (Table 2). The fine structure of 
amylopectin was divided into four parts according to the degree of 
polymerization (DP), including A (DP 6–12), B1 (DP 13–24), B2 (DP 
25–36), and B3 (DP > 37) chains (Gayin, Abdel-Aal, Manful, & Bertoft, 
2016). The A chains as the outmost chains of amylopectin were the 
shortest and were linked to other chains by their reducing ends through 
α-1,6 linkages (Jeong, Ju, & Chung, 2021). Furthermore, it has been 
proposed that shorter amylopectin chains (A and B1) are responsible for 
the formation of double helices which involve in crystalline lamellar 
formation in the starch granules (Bertoft 2017). The B2, B3 chains are 
defined as internal segments and participate in forming the amorphous 
lamellae. The increasing A chain content occurred in the HT starch with 
increasing DG, whereas the B2 and B3 chains tended to decrease, this 
phenomenon was probably due to the cleavage of the longer chains by 
heating. This preferential cleavage suggested that internal B2 or B3 
chains might be broken at α-1,4 glycosidic linkages in amorphous areas 
rather than denser crystalline lamellae under heating energy. According 
to the cluster model proposed by Hizukuri (Hizukuri 1986), B2 chains 
penetrate through two clusters and B3 chains through three clusters, 
indicating each cluster is part of the repeating crystalline and amor
phous lamellae (Lee, Park, Jeong, Chae, & Oh, 2017). Moreover, a 
deceased proportion of amylopectin internal chains were related to the 
greater number of crystalline defects appearing in the crystalline 
lamellae (Witt & Gilbert, 2014). Thus, an increased proportion of A 
chains ranged from 25.13% to 26.84%, and a decreasing percentage of 
longer chains, especially B2 (from 13.01% to 12.09%) and B3 chains 
(from 10.64% to 10.09%), contributed to the increase in crystal defects. 

Fig. 1. 13C CP/MAS NMR spectra of HT and PT corn starch at different approximate DGs (HT1 and PT1, 20% DG; HT2 and PT2 50% DG; HT3 and PT3 70% DG; HT4 
and PT4, 85% DG; HT5 and PT5, 100% DG). 

Table 1 
Structural characteristic of HT and PT corn starch at different DGs determined by 13C CP/MAS NMR and 1H LF-NMR.  

Samples Relative proportion (%) T2 (ms) 

Amorphous phase Double helix Single helix 

HT PT HT PT HT PT HT PT 

DG1 = 20% 60.14 ± 0.05a*** 57.12 ± 0.17a 33.56 ± 0.13a** 36.21 ± 0.10a 6.29 ± 0.16a 6.66 ± 0.21a 0.266 ± 0.0a 0.404 ± 0.0a 

DG2 = 50% 67.36 ± 0.05b*** 65.22 ± 0.17b 28.62 ± 0.13b** 30.09 ± 0.07b 4.01 ± 0.17b* 4.67 ± 0.13b 0.305 ± 0.0b 0.464 ± 0.0b 

DG3 = 70% 75.49 ± 0.30c** 73.08 ± 0.05c 21.22 ± 0.20c** 23.16 ± 0.09c 3.29 ± 0.18c** 3.75 ± 0.12c 0.404 ± 0.0c 0.464 ± 0.0b 

DG4 = 85% 80.40 ± 0.21d*** 77.73 ± 0.30d 17.05 ± 0.07d** 19.32 ± 0.25d 2.54 ± 0.26d 2.94 ± 0.06d 0.464 ± 0.0d 0.464 ± 0.0b 

DG5 = 100% 88.86 ± 0.17e*** 84.72 ± 0.23e 10.51 ± 0.17e** 13.48 ± 0.26e 0.63 ± 0.35e* 1.79 ± 0.14e 0.464 ± 0.0d 0.534 ± 0.0c 

Results are the average of three replicates with standard deviations. 
Values in the same column of the same category with the different letters differ significantly (p < 0.05). 
*Indicates the difference is significant at the 0.05 level, **indicates significance at the 0.01 level, ***indicates significance at the 0.001 level between HT starch and PT 
starch at a similar DG. 
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These results could explain the decrease in double and single helices 
after heating gelatinization as verified by the 13C CP/MAS NMR results. 
This result was also in agreement with the changes in relative crystal
linity and da values determined by XRD and SAXS in our previous 
research (Liu et al., 2020). PT starches have chains that are on average 
longer than those of HT starches at similar DG and have more B2 and B3 
chains retained with restricted degradation. This result may be because 
pressure hinders the degradation of longer external segments compared 
to heating at a similar DG. HHP might promote the stability of the 
branching point of amylopectin which has been proposed to protect the 
integrity of crystal form in PT starches. Longer amylopectin chains could 
possibly promote more ordered packing of double helices and crystals 
inside starch granules (Vamadevan & Bertoft, 2018). We hypothesize 
that heating gelatinization might cause more breakage of α-1,4-glyco
sidic bonds than does high pressure. 

3.3. Molecular weight measurement 

The molecular weight distribution of HT and PT corn starch showed 
a typical bimodal distribution pattern (Fig. 2). Amylopectin (Mw was 
about 1 × 107-5 × 108 g/mol) were eluted earlier, while the smaller 
components (Mw was about 1 × 105-1 × 106 g/mol) in the samples are 
eluted later (Bxa et al., 2020). As the DG increased, the second peak in 
the refractive index for HT and PT starch became broader and higher. 
This result means that the corn starch is degraded into smaller fractions 
after heating and pressurizing. As seen in Table 3, the weight-average 
molecular mass (Mw) of native corn starch was 1.03 × 108 g/mol. A 
significant decrease in the Mw value in the HT starches compared with 
the PT starches was exhibited. Heating significantly reduced molecular 
weights even one third of the native corn starch at 100% DG for 3.25 ×
107 g/mol. The Mw decrease in modified corn starch could be attributed 
to the depolymerization of starch molecules by breaking hydrogen 
bonds. Similar results were also found by (Yu et al., 2020). In terms of 
the molecular structure of HT starches, heating resulted in greater 
amylopectin breakage and degradation, and the destruction of ordered 

structure was more significant and drastic. Specifically, the Mw value of 
PT2 granules tended to be the highest for 6.56 × 107 g/mol (p < 0.05), 
which was probably due to the entanglement between amylose and 
longer amylopectin under lower pressure treatment. Hence, we postu
late that pressure gelatinization is not a simple and single-direction 
process which is unlike heat gelatinization. 

Polydispersity (PDI = Mw/Mn) is a criterion for reflecting the uni
formity dispersity of polymers based on the size (Hoyos-Leyva, Bel
lo-Pérez, Alvarez-Ramirez, & Agama-Acevedo, 2017). The differences in 

Table 2 
Chain length distribution of HT and PT corn starch at different DGs.  

Samples DP (6–12) A (%) DP (13–24) B1 (%) DP (25–36) B2 (%) DP (≥37) B3 (%) 

HT PT HT PT HT PT HT PT 

Native 24.71 ± 0.04f 50.95 ± 0.06f 13.47 ± 0.05f 10.85 ± 0.08f 

DG = 20% 25.13 ± 0.08a* 24.93 ± 0.05a 51.20 ± 0.19a 51.13 ± 0.04a 13.01 ± 0.01a* 13.25 ± 0.07a 10.64 ± 0.25a 10.68 ± 0.05a 

DG = 50% 25.48 ± 0.17b* 25.12 ± 0.05b 51.03 ± 0.03b 51.05 ± 0.04ab 12.77 ± 0.05b* 13.07 ± 0.07b 10.27 ± 0.03ab* 10.76 ± 0.12b 

DG = 70% 25.81 ± 0.05c* 25.23 ± 0.07b 51.08 ± 0.03b 51.00 ± 0.05b 12.53 ± 0.02c* 13.04 ± 0.10b 10.37 ± 0.14b* 10.75 ± 0.03b 

DG = 85% 26.24 ± 0.09d*** 25.45 ± 0.05c 51.07 ± 0.04b 51.01 ± 0.05b 12.28 ± 0.05d** 12.87 ± 0.02c 10.20 ± 0.09ab* 10.65 ± 0.07b 

DG = 100% 26.84 ± 0.06e** 25.85 ± 0.08d 50.97 ± 0.06c 50.93 ± 0.04c 12.09 ± 0.06e*** 12.77 ± 0.07c 10.09 ± 0.06c* 10.44 ± 0.09b 

Results are the average of three replicates with standard deviations. 
Values in the same column of the same category with the different letters differ significantly (p < 0.05). 
*Indicates the difference is significant at the 0.05 level, **indicates significance at the 0.01 level, ***indicates significance at the 0.001 level between HT starch and PT 
starch at a similar DG. 

Fig. 2. The molecular weight distribution and parameters of HT and PT corn starch at various approximate DGs determined by HPSEC-MALLS-RI (HT1 and PT1,20% 
DG; HT2 and PT2, 50% DG; HT3 and PT3, 70% DG; HT4 and PT4,85% DG; HT5 and PT5, 100% DG). 

Table 3 
Molecular parameters of HT and PT corn starch at different DGs.  

Samples Mw × 107 (g/mol) Polydispersity (Mw/ 
Mn) 

Rz (nm) 

HT PT HT PT HT PT 

Native 10.30 ± 0.21a 3.43 ± 0.02a 234.2 ± 1.34a 

DG =
20% 

6.23 ±
0.11b* 

6.25 
±

0.09a 

3.88 ±
0.03b** 

3.78 
±

0.03b 

193.1 ±
1.42b* 

197.7 
± 1.14b 

DG =
50% 

5.16 ±
0.13c*** 

6.56 
±

0.19b 

3.420 ±
0.02c* 

3.50 
±

0.02c 

172 ±
1.23c*** 

195.1 
± 1.24c 

DG =
70% 

5.08 ±
0.15d** 

5.42 
±

0.11c 

3.13 ±
0.05d*** 

3.82 
±

0.04d 

168.2 ±
0.84d*** 

186.6 
± 1.76d 

DG =
85% 

4.32 ±
0.14e*** 

5.37 
±

0.12d 

3.35 ±
0.03e** 

3.52 
±

0.05e 

154.8 ±
0.85e*** 

180.5 
± 0.35e 

DG =
100% 

3.25 ±
0.12f*** 

4.05 
±

0.12e 

2.30 ±
0.01f*** 

2.81 
±

0.06f 

145.7 ±
0.65f*** 

165.8 
± 1.09f 

Results are the average of three replicates with standard deviations. 
Values in the same column of the same category with the different letters differ 
significantly (p < 0.05). 
*Indicates the difference is significant at the 0.05 level, **indicates significance 
at the 0.01 level, ***indicates significance at the 0.001 level between HT starch 
and PT starch at a similar DG. 
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the molecular mass distributions of HT and PT corn starch can be con
ducted by comparing the molar mass dispersity. The PDI of HT and PT 
starches (DG from 20% to 100%) decreased from 3.88 to 2.30 and from 
3.78 to 2.81, respectively (Table 2). This phenomenon indicates that 
degradation after heating results in a more homogeneous molecular 
weight distribution. Similarly, the Mw/Mn ratio decreased from 3.43 for 
native corn starch to 2.30 for starch pressurized at 600 MPa in previous 
research (Szwengiel, Lewandowicz, Górecki, & Błaszczak, 2018). 

The Z-average radius of gyration (Rz) can be affected by the structure 
as well as the length of branched amylopectin chains (Wei, Cai, Xu, Jin, 
& Tian, 2018). The reduction of Rz in HT and PT starches reflected the 
decrease in the extent of branching, indicating that heat and pressure 
modification damaged not only α-1,4 glycosidic linkages but also α-1,6 
glycosidic linkages of starch. The Rz value in PT starch was higher than 
that of HT starch at similar DG, which may be related to a greater loss of 
branching in HT starch. The presence of amylopectin with a larger ratio 
of long branched chains in PT starch might increase Rz. The Mw and Rz 
changes are in good agreement with the results from HPAEC-PAD 
analysis. 

3.4. 1H NMR spectroscopy 

1H NMR analysis was conducted to determine the molecular struc
ture of HT and PT corn starch, and the spectra was presented in Fig. 3. 
Due to the high sensitivity of 1H NMR, the resolution of the anomeric 
proton resonances of starch was detected when the chemical environ
ment of hydrogen is changed (Liu, Adhikari, Guo, & Adhikari, 2013). 
The residual DMSO signal (2.49 nm) was used to calculate the chemical 
shift scale. Typically, the α-1,4-glycosidic bonds corresponded to 5.11 
ppm and the chemical shift of α-1,6-glycosidic bonds was 4.75 ppm 
(Tizzotti, Sweedman, Tang, Schaefer, & Gilbert, 2011). Starch is a 
simple molecule which have many glucose units linked by α-(1, 4) 
linkages with branching by α-(1, 6) linkages (Pérez & Bertoft, 2010). 
Compared to the spectrum of native corn starch, the anomeric signals of 
α-1,4-linkages in HT and PT starches were weaker to various degrees, 
showing that heat and pressure modification changed proton chemical 
environments. Furthermore, the relative intensity of peaks (α-1, 
4-glycosidic bonds) in HT starches were lower than in PT starches, 
indicating that heating could partially crack the amylose and amylo
pectin into shorter chains through the α-1,4-glycosidic bonds. This 
conclusion was consistent with chain length distribution results 
(Szwengiel et al., 2018). found that in pressurized waxy maize starch, 
the α-1,6 bonds are most often split compared with α-1,4 bonds. This 
may be attributed to that HHP resulted in strong interactions between 
amylose and amylopectin which contributed to a compact structure. In 
this study, the signals of α-1,6 glycosidic bonds were not detected in HT 
and PT corn starches, which might be due to higher sensitives than α-1,4 
bonds under heating and HHP. 

3.5. Water distribution (LF-NMR spectroscopy) 

LF-NMR spectroscopy is used as an effective and convenient tech
nique to investigate the distribution and migration of water in food 
matrices (Chen et al., 2019). Measurements are focused on the trans
verse relaxation spectra (T2) of the HT and PT corn starch, obtained from 
CPMG tests (Fig. 4). T2 is the time required for an excited spin-spin 
proton to reach dynamic equilibrium after energy exchange with the 
surrounding protons, which excludes effects of the heterogeneous 
magnetic field (Pitombo & Lima, 2003). In starch granules, T2 is domi
nated by fast exchange of protons between water and starch hydroxyl 
groups. The right shift of T2 suggested that the water molecules had 
higher degrees of freedom, i.e., the water and starch molecules were 
weakly combined (Fig. 4). There was a general increase in T2 for HT and 
PT starches with increasing DG (Table 1), meaning that high tempera
ture and pressure constantly disrupted the internal network structure of 
the starch molecules and that the immobilized water molecules might 
become more flexible. This indicated that fragmentation and melting of 
the ordered structure facilitating the interaction between starch and 
water molecules. In the HT (DG2 = 50%, DG3 = 70%, DG4 = 85%) 
samples, T2 values presented a dynamically upward trend (from 0.305 to 
0.464 ms) with increasing DG, indicating that starch molecules would 
dissociate and disaggregate step by step during heating gelatinization. 
However, T2 values stayed constant and were always 0.464 ms for PT 
((DG2 = 50%, DG3 = 70%, DG4 = 85%). Only one single peak for bound 
water could be detected for A-type starch due to the small size of A-type 
starch, as described by (Tang, Godward, & Hills, 2000). Compared with 
HT starch, PT starch at similar DG exhibited a higher value of T2, which 
suggested that HHP reduced the binding of immobilized water and 
raised freedom degree of water. According to the previous study (Luo, 
He, Fu, Luo, & Gao, 2006), A-type starch might transform into B-type 
where double helices were packed with 36 inter-helical water molecules 
at a pressure of 600 MPa, generating a hydrated central cavity. However, 
in A-type starch crystallites, double helices are tightly packed with only 
four inter-helical water molecules and the center of the lattice contains a 
pair of double helices (Pérez & Bertoft, 2010). The stronger HHP energy 
would be expected to make more regions available for binding with 
water molecules, whereas binding capacity of PT starch was weaker than 
that of HT starch, which may result from its looser double helices 
packing mode. 

4. Molecular dynamics simulation 

4.1. Hydrogen bonds 

MD is a useful computer simulation method for studying hydrogen 
bonding interaction in macromolecules (Yu et al., 2020). Since starch 
gelatinization depend on the existence of hydrogen-bonding solvent 
such as water molecules, which has a high number of hydroxyl groups to 

Fig. 3. 1H NMR spectra of HT and PT corn starch at various approximate DGs (HT1 and PT1, 20% DG; HT2 and PT2,50% DG; HT3 and PT3 70% DG; HT4 and PT4 
85% DG; HT5 and PT5,100% DG). 
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form hydrogen bonds (Özeren, Olsson, Nilsson, & Hedenqvist, 2020). 
Hydrogen bonding plays a critical role in the structural and physico
chemical properties of starch. The effect of heating and HHP treatment 
on the inter- and intra-molecular hydrogen bonds of left-hand helix and 
V-type amylose are presented in Table 4 and Table 5. In HT and PT 
amylose, the ordered helix transitioned to a disordered coil during the 
gelatinization process, and the typical conformations of amylose mole
cules using MD simulation under different temperature and pressure 
were shown in Supplementary Fig. 2. 

In amylose-water systems, the carbon atoms on single glucose units 
are generally labeled as C1, C2, C3, C4, C5, C6 respectively, whereas the 
corresponding oxygen atom connected with the relative carbon atoms is 
labeled O1, O2, O3, O5, O6 (Błaszczak et al., 2011; Cui et al., 2020). The 
O2–O3 and O6–O6 intramolecular hydrogen bonds in neighboring 
glucose units was formed, and their detected number in both HT and PT 
left-hand and V-type helix exhibited a declined trend with increasing 
temperature and pressure levels (Table 4). However, the extent of 
decrease was not significant indicating that O2–O3 and O6–O6 intra
molecular hydrogen bonds were less affected by different temperature 
and pressure. The starch-water gel modified by heating and HHP 
treatment was not only through hydrogen bonds along adjacent chains 
but also Van der Waals forces (VDW). Thus, the unwinding of amylose 
helical structure might be mainly due to the VDW changes. Besides that, 
it can be speculated that the inter-molecular hydrogen bonding inter
action have a bigger impact on the integrity of amylose. 

In terms of intermolecular hydrogen bonds, the total amylose-water 
hydrogen bonds (both as acceptors and donors) of both HT and PT 
amylose were predicted to amplify gradually when heating from 65 to 
75 ◦C and pressurizing from 400 to 600 MPa (Table 5). Furthermore, it 
was obvious that PT amylose built more amylose-water hydrogen 

bonding than did HT amylose. This difference appeared to be caused by 
hydrating the amorphous region more serious owning to that pressure 
was beneficial to force the water into the phase comprised of amylose 
molecules. In addition, HHP more than heating tended to make water 
serve as a plasticizer of the amorphous region. These results agreed with 
the T2 values acquired by 1H LF-NMR. On the other hand, the inter
molecular hydrogen bonds between the starch chains and the water 
molecules restrict the movement of the molecular chains, hence, which 
could explain the stabilization and less degradation of the starch chains 
under HHP conditions. 

4.2. Energies 

The stability of starch molecules can be determined by bond 
stretching, angle bending, dihedral angle torsion, VDW, and electro
static energies (Zhi-guang et al., 2020). It is believed that the lower the 
total energies are, the more stable the model will be. In the present 
study, to verify the mechanisms of heating and HHP gelatinization, three 
temperatures (65, 70, 75 ◦C) and three pressures (400, 500, 600 MPa) 
were applied in the simulation. In both the PT left-hand and V-type 
helices, the bond stretching vibration and angle bending energies, which 
were classified into bonding-related energies, reduced slightly from 400 
to 600 MPa (Table 5), suggesting that HHP stabilizes the bonds of the 
starch molecule. In contrast, an obvious rise is seen with increasing 
temperature. Compared to PT starches, the HT starches had higher bond 
stretching vibration, angle bending, and dihedral angle torsion ampli
tude energies, but lower VDW and electrostatic forces. This result could 
explain why heating had a greater impact on degradation of starches, 
and caused a preferential breakage α-1,4-glycosidic bonds and α-1, 
6-glycosidic bonds. Additionally, the stabilization of double-helices 
formed by sidechains of amylopectin or amylose was maintained via 
not only hydrogen-bonding interaction but also by VDW and electro
static forces. Furthermore, 60% of the stabilization was from VDW 
forces (Imberty, Chanzy, Pérez, Bulèon, & Tran, 1988). The higher VDW 
in PT starches resulted from amylose helix unwinding facilitated by 
HHP. This unwinding could also explain why PT starches exhibited more 
amylose-water hydrogen bonds instead of intramolecular hydrogen 
bonds between starch molecules. Thus, the mechanisms of gelatinization 
differed between HT and PT processing. These results are consistent with 
previous research, namely that the gelatinization mechanisms of heating 
and HHP differ (Chen et al., 2019). The schematic diagrams (Fig. 5) 
reveal various molecular mechanisms of HT and PT gelatinization which 
may assist food industry scientists in designing starch granules with 
specific structures. 

5. Conclusions 

In the present study, the combination of 13C CP/MAS NMR, HPAEC- 
PAD, GPC-MALLS-RI, 1H NMR and LF-NMR used here could estimate 
that the molecular structure of HT and PT corn starches varied at similar 

Fig. 4. The LF-NMR transverse relaxation spectrum of HT and PT corn starch at various approximate DGs (HT1 and PT1, 20% DG; HT2 and PT2,50% DG; HT3 and 
PT3 70% DG; HT4 and PT4 85% DG; HT5 and PT5,100% DG). 

Table 4 
The numbers intramolecular hydrogen bond of HT and PT left-hand and V-type 
helices modified under different temperature and pressure.  

Left-hand 
helix 

O2–O3 O6–O6 V-type O2–O3 O6–O6 

65 ◦C 107.67 ±
0.56a 

140.33 ±
0.49a 

65 ◦C 107.67 ±
0.47a 

144.0 ±
0.23a 

70 ◦C 103.67 ±
0.32b 

132.67 ±
0.23b 

70 ◦C 103.33 ±
0.56b 

132.67 ±
0.51b 

75 ◦C 101.67 ±
0.45c 

130.67 ±
0.75c 

75 ◦C 101.67 ±
0.29c 

131.33 ±
0.74c 

400 MPa 111.33 ±
0.76ab 

142.33 ±
0.34ab 

400 
MPa 

111.33 ±
0.78ab 

142.67 ±
0.89ab 

500 MPa 108.67 ±
0.43bc 

136.67 ±
0.29bc 

500 
MPa 

108.67 ±
0.67bc 

135.67 ±
0.34b 

600 MPa 105.33 ±
0.63cd 

133.67 ±
0.33cd 

600 
MPa 

105.33 ±
0.45cd 

136.0 ±
0.61cd 

Results are the average of three replicates with standard deviations. 
Values in the same column of the same category with the different letters differ 
significantly (p < 0.05). 
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DGs. Compared with PT starches, a higher proportion of A chains but a 
larger drop in longer B2 and B3 chains were observed due to drastic 
degradation by heating. Moreover, the α-1,4-glycosidic bonds were 
broken more frequently with lower molecular weight in HT starches. 

Our results also indicate that HHP reduces the binding of immobi
lized water and raises freedom degree of water molecules. MD simula
tion was employed to provide supporting evidence on the intra- and 
inter-hydrogen bonding interactions in HT and PT amylose-water sys
tems. HHP tends to make water serve as a plasticizer of the amorphous 
region more than heating. The differences regarding to energy change 
during heating and HHP gelatinization which can be summarized as 
follows: higher bonding-related energies, but lower VDW interactions 
occurred in heating gelatinization than in HHP gelatinization, which 

agreed well with the experimental data. 
In summary, the experimental data combined with MD simulation 

have the potential to be valuable methods to investigate the various 
mechanisms of heating and HHP gelatinization. HHP gelatinization is 
not a constant process like heating one with a single trend and there may 
be a critical point or threshold from “zero” to “perfect” gelatinization 
during HHP gelatinization. This research probably opens a new avenue 
to design given starch-based products in an environmental-friendly and 
energy-efficient way. 

CRediT authorship contribution statement 

Zhenyu Liu: Methodology, Formal analysis, Writing – original draft, 

Table 5 
The numbers of amylose-water hydrogen bond and energies of HT and PT left-hand and V-type helices modified under different temperature and pressure.  

Left- 
hand 
helix 

Acceptor 
O2 

Acceptor 
O3 

Acceptor 
O6 

Acceptor 
O5 

Donor 
O2 

Donor 
O3 

Donor 
O6 

Bond 
stretching 
vibration 

Angle 
bending 

Dihedral 
angle 
torsion 
amplitude 

Electrostatic 
energy 

VDW 

HT 
65 ◦C 121.33 ±

0.54a 
134.33 ±
1.05c 

166.67 ±
0.56a 

41.67 ±
0.37a 

95.67 ±
1.21a 

94.67 ±
0.24a 

173.33 
± 0.67a 

632.14 ±
1.60a 

1394.42 
± 1.21a 

3253.99 ±
2.72a 

− 8435.94 ±
2.81a 

− 320.678 
± 1.13a 

70 ◦C 121.33 ±
0.94a 

138.33 ±
0.63b 

169.33 ±
0.24b 

42.67 ±
0.45b 

99.33 ±
1.07b 

98.33 ±
0.45b 

174.67 
± 0.76b 

637.58 ±
1.73b 

1410.99 
± 4.26b 

3257.37 ±
2.31b 

− 8429.18 ±
4.59a 

− 315.737 
± 1.05b 

75 ◦C 125.67 ±
1.08b 

139.67 ±
0.78a 

172.33 ±
0.71c 

44.33 ±
0.75c 

100.67 
± 1.54c 

102.33 
± 0.35c 

176.33 
± 0.66c 

643.92 ±
0.44c 

1431.28 
± 0.56c 

3259.20 ±
1.27c 

− 8431.12 ±
5.81a 

− 308.595 
± 1.11c 

PT 
400 

MPa 
137.67 ±
1.68a 

160.67 ±
1.34a 

180.0 ±
0.24a 

45.67 ±
1.00a 

114.67 
± 0.46a 

120.0 ±
1.03a 

187.33 
± 0.63a 

587.53 ±
1.92a 

1289.46 
± 5.90a 

3221.86 ±
3.27a 

− 8428.95 ±
0.64a 

− 303.83 ±
1.67a 

500 
MPa 

139.0 ±
0.67a 

160.67 ±
0.90a 

186.67 ±
0.34b 

46.67 ±
1.05a 

116.67 
± 0.77b 

123.33 
± 0.87a 

188.33 
± 0.45a 

584.42 ±
0.59b 

1284.30 
± 5.88a 

3223.51 ±
3.83a 

− 8424.96 ±
1.11b 

− 296.98 ±
0.65b 

600 
MPa 

147.33 ±
1.24b 

162.67 ±
0.35b 

190.33 ±
0.22c 

50.33 ±
0.82b 

117.0 ±
0.35b 

126.0 ±
0.43b 

191.67 
± 1.33a 

582.83 ±
1.40b 

1282.93 
± 3.34a 

3224.63 ±
2.86a 

− 8416.88 ±
1.22c 

− 295.14 ±
1.96b 

V-type 
HT 
65 ◦C 83.67 ±

0.56a 
84.67 ±
0.46a 

103.67 ±
0.92a 

67.67 ±
0.95a 

155.67 
± 0.74a 

112.67 
± 0.43a 

165.0 ±
0.67a 

644.45 ±
0.86a 

1484.89 
± 4.70a 

3068.21 ±
1.21a 

− 8624.72 ±
9.90a 

− 344.68 ±
7.02a 

70 ◦C 87.0 ±
1.95b 

86.67 ±
0.28b 

105.67 ±
0.45a 

69.0 ±
0.57a 

160.0 ±
0.89b 

117.67 
± 0.83b 

168.33 
± 0.83b 

654.83 ±
2.16b 

1502.80 
± 8.15b 

3072.66 ±
1.81a 

− 8597.89 ±
8.21ab 

− 326.19 ±
1.49ab 

75 ◦C 89.67 ±
1.90b 

87.33 ±
0.31b 

111.67 ±
0.32b 

72.0 ±
0.29b 

162.0 ±
0.22c 

123.67 
± 0.35c 

169.67 
± 0.73b 

661.55 ±
3.15c 

1520.68 
± 5.66c 

3085.77 ±
4.01b 

− 8585.21 ±
5.71b 

− 314.00 ±
6.13b 

PT 
400 

MPa 
100.0 ±
1.38a 

89.0 ±
0.13a 

120.33 ±
0.22a 

71.33 ±
0.45a 

173.0 ±
0.64a 

124.33 
± 0.64a 

179.67 
± 0.88a 

599.18 ±
2.02ab 

1375.80 
± 2.26a 

3050.85 ±
9.94a 

− 8605.23 ±
1.04a 

− 320.384 
± 1.67a 

500 
MPa 

103.67 ±
1.77b 

91.67 ±
0.33b 

124.67 ±
0.78b 

75.33 ±
0.81b 

182.33 
± 0.35a 

136.67 
± 0.46b 

181.67 
± 0.82a 

600.07 ±
1.23b 

1372.09 
± 6.32ab 

3043.34 ±
9.78a 

− 8595.08 ±
0.67b 

− 310.932 
± 2.01b 

600 
MPa 

107.67 ±
1.40c 

94.67 ±
1.03c 

128.67 ±
1.52c 

77.33 ±
0.78c 

183.33 
± 0.34a 

139.33 
± 0.59c 

183.33 
± 0.38b 

594.61 ±
3.13a 

1365.02 
± 3.13b 

3055.36 ±
5.06a 

− 8579.62 ±
1.01c 

− 305.286 
± 1.07c 

Results are the average of three replicates with standard deviations. 
Values in the same column of the same category with the different letters differ significantly (p < 0.05). 

Fig. 5. Schematic diagrams of starch-water interaction under the HT and PT starch gelatinization.  
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