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This study investigated the effects of ultrasonic, freeze-thaw, and combined pretreatments on corn starch oil
absorption. Low-field nuclear magnetic resonance (LF NMR) was used to study the oil absorption changes after
frying of corn starch (CS) subjected to different treatments. The structural characteristics of samples were
evaluated using various techniques. Scanning electron microscopy, contact angle, and particle size analysis
showed that corn starch subjected to combined ultrasonic and freeze-thaw treatment generated larger, coarser

particles with a denser structure. Furthermore, X-ray diffraction, Fourier transform infrared spectroscopy, and
differential scanning calorimetry showed that combined treatment improved the order and thermal stability of
CS molecules, thereby inhibiting oil absorption during frying. The results showed that combined ultrasonic and
freeze-thaw pretreatment significantly reduced the oil absorption of corn starch before and after frying.

Introduction

Starch is a polymer carbohydrate mainly composed of amylose and
amylopectin (Timm et al., 2020). Starch can be directly hydrolyzed by
enzymes in the human body to provide energy. Therefore, starch is
among the most important natural polymers in daily life. With the rapid
development of the modern food industry, starch has become the main
raw material for food processing. Frying is a cumbersome process,
involving heat transfer and the interaction between food and oil. Owing
to the complicated and fast frying process, various problems can emerge
that seriously affect consumer health. A diet rich in high-oil foods can
increase the risk of obesity, diabetes, and even cardiovascular and ce-
rebrovascular diseases (Ching et al., 2021). Considerable research effort
has focused on reducing the oil content of fried food. The approaches
used can be divided into coating treatment (Aminlari, Ramezani, &
Khalili, 2016; Hua, Wang, Yang, Kang, & Yang, 2015), frying pretreat-
ment and post-treatment, and the reconfiguration of products (Debnath,
Bhat, & Rastogi, 2003; Fauster et al., 2018; Zeng et al., 2016).

Previous studies have shown that pretreatment before frying is an
effective strategy for reducing the oil content of starch-based fried foods.
Presently, starch is mainly modified by crosslinking, chemical, and
physical methods. Han, Lee, and Lim (2007) observed that the addition

of crosslinked starch can inhibit oil absorption during frying. Chemical
modification is quick and simple, but is not usually environmentally
friendly, and can easily cause chemical residues in the product (Hu et al.,
2013). Enzymatically modified starch is often used to prepare absorbent
starch (Guo et al., 2021), which is difficult to apply to reduce oil ab-
sorption. Furthermore, enzymes are sensitive to temperature, pH, and
ions, and controlling enzymatic modification is difficult, resulting in its
rare use in food. Accordingly, physical modification remains the domi-
nant strategy among current methods.

Ultrasonic treatment is a physical method used to modify starch.
Soundwaves with a frequency higher than 20 kHz causes the collision of
liquid particles, which creates pressure through cavitation, resulting in
particle-to-particle interactions (Wang et al., 2020). As a nonthermal
pretreatment, ultrasonic treatment is widely used in food processing and
commercial applications. Studies have shown that ultrasonic treatment
had a great influence on the granular structure of starch (Zhu, Li, Chen,
& Li, 2012), particle size (Sujka, 2017), and swelling degree (Jambrak
et al., 2010). Zhang et al. reported that low-power ultrasonication
significantly reduced the oil content of potato chips (Zhang, Yu, Fan, &
Sun, 2021b). Freeze-thaw treatment is another method for processing
modified starch. For starch samples above 0 °C, water between particles
penetrates through channels between surface gaps and pore sizes, while

* Corresponding authors at: College of Food Science and Engineering, Jilin Agricultural University, Changchun, Jilin 130118, China.
E-mail addresses: Zhengmzhu@163.com (M. Zheng), liujs1007 @vip.sina.com (J. Liu).

https://doi.org/10.1016/j.fochx.2022.100410

Received 23 April 2022; Received in revised form 21 July 2022; Accepted 4 August 2022

Available online 8 August 2022

2590-1575/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:Zhengmzhu@163.com
mailto:liujs1007@vip.sina.com
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2022.100410
https://doi.org/10.1016/j.fochx.2022.100410
https://doi.org/10.1016/j.fochx.2022.100410
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Zhang et al.

for samples below 0 °C, the internal water freezes, expands, and
squeezes the starch particles. During this freeze-thaw process, the sur-
face becomes rough and cracks can appear. Studies have shown that
multiple freeze-thaw treatments affect the granular structure of starch
and leaching of amylopectin, and hinder the increase in its relative
crystallinity (Tao et al., 2015).

The physical modification of starch particles by freeze-thaw treat-
ment has been extensively studied, but its effects on the oil absorption of
starchy fried foods have rarely been investigated. As for the topic of
ultrasonic treatment to reduce the oil content in fried foods, most studies
used potato or whole flour as material. Other chemical compounds, such
as proteins and lipids would affect the physicochemical properties of
starch during the treatments. Although a single treatment has been
successfully applied to starch modification, few reports have combined
two or more treatments to prepare modified starch with improved
functional properties. An efficient, fast, and low-cost method to reduce
the oil content of fried food is extremely necessary. Therefore, the pre-
sent study aimed to investigate the effect of combined ultrasonic and
freeze-thaw pretreatment on the oil absorption of starch granules.
Furthermore, the physicochemical characteristics and structure of
normal corn starch (CS) affected by combined ultrasonic and freeze-
—thaw treatment were analyzed. With increasing attention being paid to
food health, studying the influence of combined ultrasonic and freeze-
—thaw treatment on the performance of corn starch is important. This
also provides a theoretical basis for the production of healthy low-fat
starch-based fried foods in the food processing industry.

Materials and methods
Materials

Corn starch was provided by Yuanye Co. ltd. (Shanghai, China).
Soybean oil was purchased at a Walmart supermarket (Changchun,
China). All solutions were prepared with deionized water. All chemicals
and reagents were of analytical grade.

Sample preparation

Ultrasonic treatment

Corn starch was dispersed in distilled water in a 1:9 (w/v) ratio and
fully mixed with magnetic stirring for 10 min. Samples were prepared
using a 1200-W ultrasonic breaker (Ningbo, China). The vibrating tita-
nium tip probe (diameter, 13 mm) was immersed in the starch solution
intermittently (repeated cycles of ultrasonication for 2 s and no ultra-
sonication for 2 s) for 20 min. During this process, the starch sample was
immersed in a water bath at a constant temperature of 25 + 0.5 °C.
Ultrasonic power levels of 60, 120, 180, 240, and 300 W were used, with
the corresponding samples denoted as U1-U5, respectively.

Freeze—thaw treatment

Starch samples were subjected to freeze-thaw treatment according to
the method of Liu et al. (Liu et al., 2019), with a slight modification.
Corn starch (10 g) and deionized water (15 mL) were mixed in a
centrifuge tube at a temperature of 25 + 0.5 °C, then frozen at — 20 °C
for 22 h and thawed at 30 + 0.5 °C for 2 h. This freeze-thaw cycle was
conducted 1-5 times, with the corresponding samples denoted as
FS1-FS5, respectively.

Combination treatment

In previous trials, the lowest oil absorption rate was obtained by
treatment with an ultrasonic power of 60 W. Therefore, this ultrasonic
treatment was combined with freeze-thaw treatment, as described
above, for 1-5 cycles, with the corresponding samples denoted as Ul-
FS1, U1-FS2, U1-FS3, U1-FS4, and U1-FS5, respectively.
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Simulated fried starch

Fried starch samples were prepared according to the method of Chen
(Chen et al., 2018a), with a slight modification. The starch sample (1 g)
and soybean oil (10 mL) were mixed thoroughly in a 100-mL beaker
with magnetic stirring for 10 min, and then placed in an oil bath pre-
heated at 180 °C for 20 min. Unbound oil was separated from the sample
by vacuum filtration to obtain the final samples.

All samples were dried at 40 °C for 24 h, passed through a 100-mesh
sieve, and stored in a sealed state for further study. Untreated corn
starch was used as the control group.

Sample absorption

Total oil/water absorption of samples

The determination of starch oil/water absorption was based on the
method of Yousif (Yousif, Gadallah, & Sorour, 2012), with a slight
modification. The starch sample (1 g) was weighed into a 15-mL
centrifuge tube, mixed with oil/water (10 mL), and shaken for
10 min. The mixture was then centrifuged at 4000 rpm for 20 min. The
supernatant was discarded and inverted until oil no longer flowed out.
The test tube and mixture were then weighed. The oil/water absorption
was calculated using the following equation:

absorption % = W — Wy /W, x 100%

where Wy (g) is the weight of the starch sample before absorption
and W (g) is the weight of the mixture after absorption.

LF NMR determination of total oil amount in fried samples

The total oil content of fried starch was measured using the method
of Yang (Yang et al., 2020). A 23-MHz NMR analyzer (NMI20, Shanghai,
China) was used for quantitative analysis of the reference substance
(soybean oil) and samples. A sample of the certain quality was weighed
into a glass bottle and sealed to avoid evaporation. The sample was
transferred to an NMR tube, and the transverse spin relaxation (T5)
signal was collected by stimulation with the Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence at a constant temperature of 32 °C.

The oil calibration curve was established by linear regression anal-
ysis between the corresponding peak area of the NMR signal and the oil
mass in the tube. Pure soybean oil was used as the standard substance to
quantitatively analyze oil in samples. The oil content of the fried sample
was then calculated by measuring the NMR signal peak area and using a
calibration curve. Signals of all samples were obtained under the same
conditions.

Scanning electron microscopy (SEM)

The sample microstructure was observed using an electron micro-
scope (Sigma 300, USA). Samples were evenly dispersed on conductive
tape and vacuum sprayed with gold for 5 min. The acceleration voltage
was set to 15 kV, and samples were observed at 1000 x and
5000 x magnification.

Particle size determination

The starch particle size was analyzed according to the method of
Simkova (Simkova, Lachman, Hamouz, & Vokal, 2013). A particle size
analyzer (BT-9300HT, Dandong, China) was used to determine the
particle size distribution of starch granules. Distilled water was used as
the dispersion medium and dry sampling was performed. The particle
size distribution was measured by scanning for 30 s, with a measurement
range of 0.1-716 pm.

Contact angle

The contact angle (0) of samples was measured using a basic static
and dynamic contact angle meter (SL200KS, Shanghai, China). The
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starch samples were compressed into flakes and placed on a sample
slide. A high-precision sampler was then used to slowly drop 2 pL of oil
onto the sample slide, and images of the droplets were taken using a
high-speed camera.

Fourier transform infrared (FT-IR) spectroscopy

FT-IR analysis of the starch samples was performed using a VERTEX
70 FTIR instrument (Bruker, Germany). Samples (2 mg) were mixed
with KBr (0.2 g) and ground into a uniform powder in an agate mortar.
The resulting powder was pressed into thin sheets and measured in the
wavenumber range of 4000-400 cm ™! at 25 °C to obtain FT-IR spectra.

X-ray diffraction (XRD)

XRD analysis was performed according to the method of Qiao (Qiao
et al., 2017), with a slight modification. The crystal structure of starch
samples was determined using a D/MAX2500 X-ray diffractometer
(Rigaku Corporation) with Cu Ko radiation of 40 kV and 30 mA. The
scanning angle was in the range of 4-45°, and the scanning rate was 5°/
min. The relative crystallinity (RC) of samples was calculated using the
following equation:

relative crystilinity% = IC/(IC + IA) x 100%

where IC and IA are the cumulative diffraction intensities of the
crystalline and amorphous regions of the sample on the diffractogram,
respectively.

Differential scanning calorimetry (DSC)

The thermal properties of samples were measured by DSC (Q2000,
TA Company, USA). Starch samples (3 mg) and deionized water (9 pL)
were mixed in an aluminum pot and equilibrated for 12 h at 4 °C. An
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empty aluminum pot was used as the control. The temperature was
increased from 30 to 120 °C at a rate of 10 °C/min, and the nitrogen flow
rate was 50 mL/min. The onset temperature (T,), peak temperature (Tp),
conclusion temperature (T.), and gelatinization enthalpy (AH) of this
process were recorded.

Statistical analysis

All results were means + standard deviation of triplicate experi-
ments. One-way analysis of variance (ANOVA) was performed for each
sample using Tukey’s test in SPSS 24.0 software.

Results and discussion
The adsorption capacity of starch

The oil absorption of different corn starch samples is shown in Fig. 1.
The oil absorption rate of corn starch initially decreased and then
increased. When starch samples were treated with different amounts of
ultrasonic power, the oil absorption rate changed significantly
(p < 0.05). The oil absorption rate of corn starch decreased from 81.33 %
for CSto 75.33 % for U1 (Fig. 1A). Compared with the oil absorption rate
of natural corn starch (CS), different freeze-thaw treatment cycles also
significantly affected the oil absorption rate of starch (p < 0.05). For
sample FS3 (three freeze-thaw cycles) the oil absorption rate decreased
to 67.67 % (Fig. 1B). As Ul was determined to be the sample with the
lowest oil absorption from ultrasonic treatment, the oil absorption rate
of samples prepared by ultrasonic treatment at 60 W combined with
different numbers of freeze-thaw cycles was measured, as shown in
Fig. 1C. Starch subjected to combined ultrasonic and freeze-thaw
treatment gave a minimum oil absorption rate of 61.67 % (U1-FS2). The
oil absorption rates of Ul, FS3, and U1-FS2 had decreased by 7.38 %,
16.80 %, and 24.17 %, respectively, compared with CS. The oil
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Fig. 1. The total oil absorption rate of starches with different treatments. A, The oil absorption rate of starches treated with different ultrasonic power; B, The oil
absorption rate of starches treated by different freeze-thaw cycles; C, The oil absorption rate of starches treated by 60 W ultrasonic power combined with different

freeze-thaw cycles.
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absorption rate of corn starch decreased more significantly under the
combined treatment (p < 0.05). This might be due to the combined
treatment causing more damage to the starch granules than the single
treatment. In the combined treatment, ultrasonic treatment provided
channels in starch granules for the entry of water molecules during
subsequent freezing and thawing treatment. Furthermore, corn starch
subjected to ultrasonic treatment and only two freeze-thaw cycles gave
the lowest oil absorption rate. The reasons for this required further
investigation. Therefore, representative samples Ul, FS3, and U1-FS2
were selected for analysis.

As shown in Table 1, the total water absorption of samples CS, Ul,
FS3, and U1-FS2 was measured. Compared with untreated CS, the water
absorption rates of Ul, FS3, and U1-FS2 were increased by 27.31 %,
33.52 %, and 35.19 %, respectively. Therefore, the water absorption rate
of starch clearly increased after treatment, in contrast to the oil ab-
sorption rate. This showed that these treatments did not reduce the oil
absorption and water absorption of the sample simultaneously.

Fried starch oil content

The standard curve for oil and the linear regression equation are
shown in Fig. 2. The coefficient of determination (R?) of the linear
regression equation was higher than 0.999, confirming the high corre-
lation between the relative peak area of the relaxation spectrum and the
relative oil content.

The oil content of simulated fried starch is shown in Table 2. The oil
content of fried corn starch was 36.74 % (CS). Ultrasonic starch (U1) had
an increased oil content compared with CS, but the difference was not
significant (p > 0.05), in contrast to the results of previous studies
(Dehghannya, Naghavi, & Ghanbarzadeh, 2016). The oil content of Ul-
FS2 was reduced to 29.08 %, showing that combined ultrasonic and
freeze-thaw treatment was a more effective method for preparing low-
oil corn starch compared with single treatments. Frying involves com-
plex heat transfer and mass transfer processes. During frying, oil slowly
penetrates from the surface through to the interior. Therefore, the
decreased oil content might be related to the starch structure.

Scanning electron microscopy

The SEM micrograph of starch samples is shown in Fig. 3. The un-
treated CS particles had an irregular polygonal structure with a smooth
surface, which was similar to the conclusion of Diop (Diop, Li, Xie, & Shi,
2011). The surface of Ul was roughened and tiny holes had formed,
which might be due to the cavitation effect of ultrasonic waves. It was
observed that a rough surface could greatly improve the oleophobicity
(Zhu, Li, Xing, & Gui, 2021). Ultrasonic treatment could roughen the
surface of starch, resulting in the reduction of the total oil absorption.
Individual U1 starch granules were damaged, and the broken starch
granules caused the oil to overflow. Although there were small pores on
the surface of starch granules under ultrasonic treatment, oil was
removed from the pores with centrifugation. The surface of FS3 from
freeze-thaw treatment was also very rough with a denser structure. Zhao

Table 1
The water absorption and frying oil absorption of starches with different
treatments.

Samples Total water adsorption (%) Fried starch oil content (%)
CS 64.67 + 1.86a 36.56 + 0.27c
Ul 82.33 + 1.20b 36.90 + 0.60c
FS3 86.35 + 1.45bc 32.50 + 0.27b
U1-FS2 87.43 + 0.67c 29.08 + 0.33a

CS, corn starch; Ul, 60 W ultrasonic power treatment starch; FS3, 3 cycles of
freeze-thaw treatment starch; U1-FS2, 60 W ultrasonic treatment combined
with 2 cycles of freeze-thaw treatment starch. Different letters in the same
column indicate significant differences (p < 0.05).
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et al. (Zhao, Law, & Sambhy, 2011) previously observed that increased
surface roughness inhibited oil absorption. In the freeze-thaw process,
water flowed into the sample interior through gaps between starch
granules. When water formed ice crystals during freezing, pressure was
exerted on nearby particles, which formed a dense structure that effec-
tively reduced the contact area with oil. When the ice crystals melted
into water during thawing, dents were formed on the particle surfaces.
In the combined treatment, starch granules were first subjected to ul-
trasonic treatment to form surface cavities, which was conducive to the
penetration of water molecules. After freeze-thaw treatment, more
water molecules acted on the starch particles, which significantly
affected the surface and structure of starch granules. This might be the
main reason for sample U1-FS2 showing the lowest oil absorption rate.
Notably, the dense starch structure made oil absorption more difficult.
These starch granules with a dense structure showed some thermal
stability and resisted destruction of the granular structure during frying.
This might also be a key reason for the decreased oil content after the
frying process.

Contact angle of starch samples

The contact angle, which defines the wetness of liquid spreading on
the solid surface, is an important intuitive parameter for analyzing the
surface absorption of starch (Vadgama & Harris, 2007). Therefore, the
size of the contact angle directly reflects the interaction between the oil
phase and starch sample. The contact angles between oil droplets and
the starch surface are shown in Fig. 4. All angles were<90°, which
indicated that starch had natural lipophilicity. The contact angle of the
untreated starch was 21.96°, while those of modified starches had
increased to 24.45° (U1), 25.74° (FS3), and 28.45° (U1-FS2). Zhu et al.
(Zhu et al., 2021) reported that the increased roughness might not be
conducive to the spreading of oil droplets. This might be due to the
surface roughness of the sample being relatively large after combined
treatment, which inhibited oil spreading on the starch surface. This was
consistent with SEM results above. The increased contact angle proved
that the lipophilicity of treated starch was reduced. The contact angle of
U1-FS2 was largest, which was consistent with the total oil absorption
results.

Particle size analysis

The particle size distribution diagram of the samples showed that all
samples contained large, medium, and small starch granules (Fig. 5).
Compared with CS, the content of medium and small particles had
increased in sample Ul after ultrasonic treatment, while the change in
the content of large particles was not significant. This might be attrib-
uted to low-power ultrasonication having a greater impact on medium
and small starch particles, which could be decomposed into relatively
small particles. However, the small and medium particle contents of FS3
and U1-FS2 were significantly decreased, while their large particle
contents had increased considerably. This was probably due to liquid
water forming solid ice during the freezing processes, causing the sam-
ple particles to swell and increase in volume. Compared with single
ultrasonic and freeze-thaw treatments, the combined treatment affor-
ded more large particles. Ultrasonic pretreatment not only increased the
number of small particles in the starch, but also ruptured the surface of
particles, thereby increasing the penetration of water molecules.
Therefore, more small molecular particles absorbed water and swelled
into large molecules during freeze-thaw cycling, which was the main
reason for the increased particle size. Compared with large particles, the
small starch particles showed a larger surface area and more readily
absorbed water and swelled. Furthermore, the small particles had
smaller voids, which increased the oil holding capacity. The swelling
property of small starch particles was also stronger (Vamadevan &
Bertoft, 2015). The more open structures of these expanded starch
granules were expected to make them more conducive to oil absorption
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Fig. 2. A is the transverse relaxation spectrum of oil CPMG proton; B is the standard curve of oil quantitative analysis.

Table 2
Analysis of particle size of starches with different treatments.

Samples Dyo(pm) Dso(pm) Dgo(pm) Dy, 3(pm) Specific surface area (m? /kg)
CS 1.98 + 0.40b 12.80 &+ 0.19b 27.54 + 0.46b 20.99 + 0.11a 276.10 + 0.06bc

U1l 1.78 £ 0.25a 11.62 £+ 0.33a 26.42 + 0.83a 20.34 £+ 0.49a 279.23 £ 0.28c

FS3 2.49 £+ 0.50c 14.08 £+ 0.25¢ 108.04 £ 0.26¢ 32.56 + 0.41b 258.00 + 0.95b

U1-FS2 3.38 + 0.17d 14.69 + 0.17d 128.17 + 0.19d 40.95 + 0.11c 237.63 £+ 0.97a

CS, corn starch; U1, 60 W ultrasonic power treatment starch; FS3, 3 cycles of freeze-thaw treatment starch; U1-FS2, 60 W ultrasonic treatment combined with 2 cycles
of freeze-thaw treatment starch. Different letters in the same column indicate significant differences (p < 0.05).

during frying. Therefore, the starch granules subjected to combined
treatment (U1-FS2) had a larger content of large particles and showed
the lowest oil content (Table 1).

The particle size and specific surface area of samples are shown in
Table 2. Different treatments had significant effects on the particle size
and specific surface area of samples (p < 0.05). Dy 3 represents the
average particle size. With a limited moisture content, the state of par-
ticles after frying remained unchanged. Therefore, the particle size
played a leading role in the oil absorption process, which explained why
the smallest particles had the highest oil absorption rate. The specific
surface area represents the total area per unit mass of an object.
Although the specific surface area of sample Ul after ultrasonic treat-
ment was increased compared with that of CS, the difference was not
significant (p > 0.05). It showed that starch granules were looser after
ultrasonic treatment. The frying process is accompanied by complex
heat and mass transfer reactions, and the loose structure may increase
the penetration of grease during frying. When measuring the starch
adsorption capacity, the surface roughness of starch is one of the main
reasons for inhibiting its absorption of oil. Therefore, the oil absorption
of ultrasonic treated starch before and after frying had different trends.
The specific surface areas of freeze-thaw treated starch (FS3) and
combined-treatment starch (U1-FS2) were significantly reduced. The
contact area between the sample and oil was also proven to be reduced,
resulting in reduced oil absorption by starch. Generally, a rougher sur-
face on starch granules results in a larger surface area. However, the
increase in particle size had a more significant impact on the surface
area.

FT-IR spectra of starch samples

FT-IR spectroscopy is a method used to quickly determine the short-
range ordered structure of starch, which is sensitive to changes in starch.
The FT-IR spectra of corn starch and modified starch are shown in Fig. 6.
The functional groups had not changed, with no new functional groups
generated. However, the absorption peak of modified starch had
changed compared with that of the original starch. Absorption peaks in
the range of 1200-800 cm™! were due to C—C and C—O vibrations
(Jeroen, Soest, Tournois, Wit, & Vliegenthart, 1995). Furthermore, the
ratio of absorption peak heights at 1047 and 1022 em™! (R1047,1022)

represented the relative contents of short-range ordered structures in
starch (Sevenou, Hill, Farhat, & Mitchell, 2002). The Rj47,1022 value of
increased from 1.256 for CS to 1.278 for U1, indicating that the short-
range order of starch molecules increased after ultrasonic treatment.
This might be attributed to the recrystallization of short chains
increasing the ordered structure (Zhang et al., 2021a), or low-power
ultrasonication mainly affecting the amorphous area, but having little
effect on the crystalline area (Bonto, Tiozon, Sreenivasulu, & Camacho,
2021). For these reasons, the Rj47,1022 value had increased. The Rj47,
1022 value of FS3 after freeze-thaw treatment had decreased to 1.253.
During the freeze-thaw treatment, water molecules generated ice crys-
tals in the crystalline and amorphous areas, resulting in severe damage
to both areas, which reduced the order of starch molecules. After com-
bined treatment, the Rjo47,1022 value of U1-FS2 had increased to 1.299.
The results showed that combined ultrasonic and freeze-thaw treatment
helped to improve the short-range ordered structure of starch.

The intensity of the absorption peak at 995 cm™! represented the
number of hydrogen bonds in molecules. Therefore, the height ratio of
the absorption peaks at 1022 and 995 cm™! (R1022/995) represented the
interaction between starch and water molecules (Chen et al., 2021). The
R1022/995 values of Ul (0.998), FS3 (1.014), and U1-FS2 (1.030) were
increased compared with that of CS (0.986). Therefore, treatments had
enhanced the interaction between starch and water molecules, which
was consistent with our previous water absorption results for starch.

The peak at 2928 cm ™! corresponded to the stretching vibration of
polysaccharide methylene groups (CHy), which is related to the lip-
ophilicity of starch (Santha, Sudha, Vijayakumari, Nayar, & Moorthy,
1990). U1, FS3, and U1-FS2 showed reduced absorption peak intensities
for polysaccharide methylene groups compared with CS, proving that
the starch lipophilicity was reduced, which explained the decrease in
starch oil absorption.

XRD analysis of starch samples

XRD was used to analyze changes in the long-range ordered structure
of starch. As shown in Fig. 6, both the original and modified starches
showed single peaks at around 15° and 23°, and adjacent shoulder peaks
at 17° and 18°, which were characteristic of A-type crystals (Ye, Liu,
Luo, Hu, & McClements, 2018). Therefore, ultrasonic and freeze-thaw
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treatment starch; G and H, U1-FS2, 60 W ultrasonic treatment combined with 2 cycles of freeze-thaw treatment starch.
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Fig. 4. The contact angles with oil of starches with different treatments.

treatment methods did not change the crystal form of the starch, with respectively, which were lower than that of CS (30.11 %). The decrease
the A-type structure maintained after treatment. However, the crystal- in crystallinity was mainly related to destruction of the crystal structure
linity of starch had changed. The relative crystallinity (RC) values of (Liu, Wang, Liao, & Shen, 2020). This showed that both ultrasonic and
modified Ul, FS3, and U1-FS2 were 26.08 %, 25.45 %, and 21.39 %, freeze-thaw treatments affected the starch crystallization area. The
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Fig. 5. The particle size distribution diagram of starches with

different treatments.

decreased RC of Ul was attributed to low-power ultrasonic treatment
mainly affecting the amorphous area (Bonto et al., 2021). The short-
term decreased was also limited. The RC of FS3 after freeze-thaw
treatment had decreased. This might be due to water entering the starch
granules and forming ice crystals during the freezing cycle. The granules
swelled with the formation of ice crystals, causing hydrogen bonds be-
tween molecules to break and crystal alignment to be lost (Liu et al.,
2019). Compared with the results of single ultrasonic and freeze-thaw
treatments, U1-FS2 from combined treatment showed the smallest RC
value, which was related to ultrasonic pretreatment leading to more
water molecules entering the starch granules, resulting in further
destruction of the crystalline area.

A faint characteristic peak was observed at 20°, which represented
the V-type complex (Chanvrier et al., 2007). Starch is mainly composed
of amylose and amylopectin, in which amylose and lipid molecules
easily form V-type complexes (Chen et al., 2018). Compared with CS, the
peak intensity of the sample after treatment at 20° showed no obvious
change (Fig. 6), which indicated that ultrasonic and freeze-thaw treat-
ments had little effect on the complexation between amylose and lipid
molecules in the sample.

Food Chemistry: X 15 (2022) 100410

Thermal characteristics of starch samples

To verify the effect of ultrasonic and freeze-thaw treatments on the
thermal properties of corn starch, DSC measurements were performed
on samples CS, U1, FS3, and U1-FS2. The results are shown in Table 3,
which summarizes the DSC parameters of samples subjected to different
treatments. Starch swells and splits at high temperatures to form a paste
solution, in a process known as starch gelatinization. The onset tem-
perature (T,) represents the degree of starch gelatinization. Compared
with single physical treatment methods, the T, of U1-FS2 after combined
treatment was significantly increased, indicating that the gelatinization
process was delayed. U1-FS2 required a higher temperature to gelati-
nize, which might reduce the oil absorption by U1-FS2 during simulated
frying, resulting in a reduced oil content during frying (Table 1). This
was related to dissolution of the weak crystal structure in starch gran-
ules, which might make the structure of starch molecules more ordered
(Tao, Wang, Wu, Jin, & Xu, 2016). The gelatinization enthalpy (AH)
reflects the energy required to dissociate the double helix structure in
the starch crystal region (Luo et al., 2021). The decrease in AH indicated
that less energy was needed to destroy the double helix structure,
proving that double helix structures in the starch crystallization zone
were lost after ultrasonic and freeze-thaw treatments. This result was in
agreement with the results of XRD (Fig. 6). The DSC results again
confirmed that ultrasound combined with freeze-thaw treatment
reduced the breakdown of the starch structure during frying, thus
inhibiting the penetration of oil.

Conclusions

This study investigated the effects of ultrasonic, freeze-thaw, and
combined treatments on normal corn starch (CS) oil absorption and
structural changes. Combined ultrasonic and freeze-thaw treatment
significantly reduced oil absorption by corn starch. The results of SEM,
CA, particle size analysis, XRD, FT-IR, and DSC showed that combined

Table 3

Analysis of thermal properties of starches with different treatments.
Samples To(°C) Tp(°C) T.(°C) AH (J/g)
CcS 65.34 + 0.26a 68.32 + 0.45a 75.33 + 0.26ab 10.13 + 0.19¢
U1l 65.78 £ 0.16a 69.24 + 0.33a 74.58 + 0.17a 8.98 + 0.23b
FS3 66.00 + 0.26a 68.79 + 0.38a 75.00 + 0.32a 8.72 + 0.20b
U1-FS2 67.34 £ 0.27b 71.45 + 0.29b 76.15 + 0.23b 8.05 £ 0.11a

T,, onset temperature; T, peak temperature; T., conclusion temperature; AH,
gelatinization enthalpy. Different letters in the same column indicate significant
differences (p < 0.05).
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Fig. 6. The short-range and long-range ordered structures of starches with different treatments. The FT-IR characteristics of starches with different treatments (A).

The X-ray diffraction patterns of starches with different treatments (B).



S. Zhang et al.

ultrasonic and freeze-thaw treatment produced a larger and denser
starch structure, and reduced contact with oil. Furthermore, the order
and thermal stability of starch were improved, and the oil absorption
capacity of starch during frying was inhibited. The results of this study
provide a basis for the production of corn starch with low oil absorption
by physical modification, which might help to develop healthier fried
starch foods with lower oil contents.
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