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Effect of high-pressure
homogenization on maize
starch-stearic acid and maize
starch-stearic acid-whey protein
complexes

Kaijie Han', Yuewei Wu', Xiangyuan Peng', Binran Zhou,
Fang Wang and Xia Liu*

School of Public Health, Shandong First Medical University and Shandong Academy of Medical
Sciences, Jinan, Shandong, China

The maize starch (MS)-stearic acid (SA) and MS-SA-whey protein (WP) complexes
were prepared using the high-pressure homogenization (HPH). Results from
X-ray diffraction (XRD) showed that MS-SA complexes presented an increase in
the long-range molecular order with increasing the homogenization pressure,
and MS-SA-WP complexes showed only an increase with increasing the
homogenization pressure from 10 to 50 MPa. Results from differential scanning
calorimetry (DSC) and Raman spectroscopy showed that the amount of
complexes and the short-range order of both MS-SA and MS-SA-WP complexes
increased with increasing the homogenization pressure. The addition of WP to
MS-SA altered significantly the structure and digestion of complexes. Results
revealed that MS-SA-WP complexes have more ordered structure and lower
digestion than the corresponding MS-SA complexes. The digestibility of all
complexes decreased with increasing the homogenization pressure. There was
a significant correlation between the digestibility and structural characteristics of
complexes. Complexes with better structural stability have better anti-digestion
properties. The obtained results are helpful in understanding the structure and
digestibility of complexes prepared by HPH, which is valuable for controlling the
quality and nutrition of starchy food.

KEYWORDS

high-pressure homogenization, structure, maize starch-stearic acid complexes, maize
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1 Introduction

Starch is the main energy source of the human diet. It is a natural, renewable, inexpensive
and biodegradable raw material that can be widely used for thickener, stabilizer and binder
(Wang et al,, 2021, 2022). However, higher digestibility of starch was found due to the
disruption of starch structure after processing, leading to a higher glycemic index (Liu et al.,
2022). Based on the glucose release rate of starch, starch is divided into three types of rapidly
digestible starch (RDS, digest within 20 min), slowly digestible starch (SDS, digest within
20 min to 120 min) and resistant starch (RS, unable to be digested after 120 min; Englyst et al.,
1992). RS is not digested in the small intestine but fermented in the large intestine to produce
short-chain fatty acids beneficial for human. RS, which can be divided into five types
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depending on their interaction pattern with the starch digestive
enzymes and termed them as physically inaccessible starch (RSI),
natural resistant starch granules (RS2), retrograded starch (RS3),
chemically modified starch (RS4) and starch-lipid complexes (RS5;
Bojarczuk et al., 2022). The latter RS (RS5) was attracted and studied
widely due to its outstanding functional and nutritional properties
(Guo et al,, 2021). RS5, known as V-type complex, is a single-helical
inclusion formed by the insertion of lipids into the spiral cavities of
amylose (Putseys et al., 2010; Wang et al., 2020). The stable structure
V-type starch-lipid complex is resistant to enzyme hydrolysis, which
is effective in stabilizing postprandial blood glucose (Gutié¢rrez and
Tovar, 2021). The addition of protein to the mixture of starch and
lipids facilitates the further formation of complexes with lower
digestibility (Zheng et al., 2018; Gutiérrez and Tovar, 2021).

There are many methods for preparing V-type complexes, such as
extrusion cooking, frying, steam cooking, ultrasound, microwave and
high-pressure homogenization (HPH; Liu et al., 2018; Cervantes-
Ramirez et al., 2020; Shi et al., 2020; Guo et al., 2021; Li et al., 2021).
Recently, HPH has received much attention due to environment-
friendly and low-cost. High speed shear generated by HPH can
degrade starch polymers to release more amylose, improve the
dispersion of lipid with low water solubility and enhance the chances
of reaction between lipid and amylose (Shuang et al., 2014; Chen et al,
2017). Previous studies found that as increased homogenization
pressure and the addition content of lipids, the complex index
increased generally (Shuang et al., 2014; Chen et al., 2017; Cui et al,
2021). Following the HPH treatment, starch-lipid complexes showed
an obvious decrease in the hydrolysis content (Chen et al., 2018).
Protein can also interact with starch and lipids by hydrophobic forces
and van der Waals forces to form starch-lipid-protein complexes
(Wang et al., 2022). And the starch-lipid-protein ternary complex has
lower digestibility than that of the corresponding starch-lipid binary
complex (Zheng et al., 2018; Duan et al., 2023).

The starch-lipid complexes prepared by HPH have been studied
extensively, but studies on the interactions among starch, lipid and
protein using the HPH are still limited. Protein often coexists with
starch and lipids in starchy foods. Therefore, the influence of HPH
on maize starch-stearic acid and maize starch-stearic acid-whey
protein complexes were investigated. Furthermore, correlations
between the structural properties and digestibility of complexes
were established. The dates from the present study are helpful to
better understand the interactions among starch, lipid and protein
under HPH treatment, as well as to process and prepare starchy
food with controllable digestibility.

2 Materials and methods

2.1 Materials

The maize starch (MS, 11.9% water content, 0.36% protein content,
0.11% lipid content, 0.02% ash content, 23.7% amylose content) was
purchased from the Shandong Rising Group Co., Ltd. (Shandong
province, China). Whey protein (Hilmar9410, WP, 90.4% protein
content, 1.4% lipid content, 0.3% ash content) was acquired from the
Hilmar Ingredients Company (Hilma, California, United States).
Stearic acid (SA, lab grade) was obtained from the Maclin Biochemical
Technology Co., Ltd. (Shanghai, China). a-amylase (Sigma, EC 3.2.1.1,
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type VI-B from porcine pancreas, 10 units/mg) were purchased from
Sigma Chemical Co. (St. Louis, MO, United States). Maltose was
acquired from China National Medicines Co., Ltd. Other chemical
reagents were all of analytical grades.

2.2 Preparation of MS-SA and MS-SA-WP
complexes

The MS-SA and MS-SA-WP complexes were prepared by the
high-pressure homogenizer according to a previous method with
slight modifications (Guo et al., 2021). MS was mixed with SA (5%,
w/w, dry starch base) and/or WP (10%, w/w, dry starch base) to
achieve a weight ratio of 20: 1: 2, and deionized water was added to
make the water content of 92%. Then the starch slurry was constantly
stirred for 2h at 25°C to make the SA and WP better disperse in starch
slurry. The MS-SA-WP mixtures were incubated at 95°C for 30 min,
and then cooled to 60°C for another 30 min. The mixed slurry was
homogenized using a laboratory-scale high-pressure homogenizer
(GYB 40-10S; Donghua Technology Co., Ltd., Shanghai, China) at 10,
30, 50, 70, and 90 MPa for three passes. Samples were collected, freeze-
dried, ground into powder and passed through a 100-mesh sieve.

2.3 Differential scanning calorimetry

According to previous research with minor modifications as
follows (Chao et al., 2020; Liu et al., 2021), the thermal properties of
the MS, MS-SA and MS-SA-WP complexes were examined using a
differential scanning calorimeter (204, Netzsch, Germany). 3mg
samples were weighed into a 40 pL aluminum pan, and 9 pL distilled
water was added. The pans were sealed and allowed to stand overnight
at room temperature before measurement. The samples were heated
from 20 to 130°C at a heating rate of 10°C/min. An empty aluminum
pan was used as the reference. The onset (T,), peak (T,), conclusion
(T,) temperatures and enthalpy change (AH) of complexes were
obtained through data recording software.

2.4 X-ray diffraction analysis

The MS, MS-SA and MS-SA-WP complexes were analyzed using
a Bruker D8 Advance X-ray diffractometer (Bruker, Germany)
operating at 40kV and 40 mA. The samples were scanned from 5° to
35° (20) with a speed of 2°/min and a step size of 0.06°. The relative
crystallinity of samples were calculated using the TOPAS
V.5.0 software.

2.5 Laser confocal micro-Raman
spectroscopy

Raman spectra were obtained using a Renishaw Invia Raman
microscope system equipped with a Leica microscope (Leica
Biosystems, Wetzlar, Germany); a 785 nm green diode laser source was
used. The MS-SA and MS-SA-WP complexes were pressed into a flat
surface using two glass slides. Spectra were collected at least six
different spots in the range of 3,200-100cm™" with a resolution of
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approximately 7cm™". The full width at half maximum (FWHM) of
the band at 480 cm™ was calculated using the WiRE 2.0 software to
characterize the short-range ordered structure in complexes (Wang
etal., 2017a).

2.6 Fourier transform infrared spectroscopy

The FTIR data of MS, MS-SA, and MS-SA-WP complexes were
collected by a Fourier transform infrared spectroscopy (FTIR)
spectrometer (Bruker, Germany). The mixture of 2 mg samples and
100mg KBr powder were grinded using a quartz mortar and a
transparent pellet was obtained by pressing at a pressure of 150 MPa

1

for 30s. The scanning range is from 4,000 to 400cm™ with an

accumulation of 32 scans at a resolution of 4cm™.

2.7 Scanning electron microscope

The morphology of MS, MS-SA and MS-SA-WP complexes were
obtained using high resolution field emission scanning electron
microscope (SEC; Regulus8100, Tokyo, Japan) at an accelerating
voltage of 1kV. The representative micrographs were recorded at
1,000x magnifications.

2.8 In vitro starch digestion

The enzymatic hydrolysis of complexes was done using a previous
method with slight modifications (Xu et al., 2020). Starch (100 mg,
wet-weight basis) was suspended in 9.0 mL of sodium acetate buffer
(pH 6.0), and 1.0 mL of freshly prepared enzyme solution containing
10 units of a-amylase was added and mixed in a 50 mL centrifuge tube.
The centrifuge tubes were placed in a water-bath shaker (37°C, 2601/
min) and incubated for the corresponding times. At 20, 40, 60, 80, 100,
120, 160, 200, and 240 min, 100 pL of the hydrolysate was withdrawn
into 1mL centrifuge tube with 900pL of 0.5M Na,CO,. After
centrifugation at 13,000 x g for 3 min, the reducing sugar content in
the supernatant was determined using the PAHBAH method
described previously (Xu et al., 2020). Starch digestograms obtained
by plotting the percent of hydrolyzed starch as a function of hydrolysis
time. The content of RDS, RDS and RS were calculated.

2.9 Statistical analysis

Except for XRD, all the other experimental tests were repeated at
least three times. The mean values and standard deviation and the
significant differences of the data were calculated using SPSS 25.0
software (SPSS, Inc. Chicago, IL, United States). Data in the same
column labeled with different letters have significant differences.
3 Results and discussion

3.1 Long-range order of complexes

The long-range structural order of the MS, MS-SA, and
MS-SA-WP complexes prepared by different homogeneous pressure
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was characterized by the X-ray diffraction, and the results were shown
in Figure 1. Native MS displayed a typical A-type diffraction pattern
with peaks at 15.0, 17.0, 18.0 and 23.0° (20). The relative crystallinity
(RC) of MS was 22.1% (Table 1). After the treatment of high-pressure
homogenization, the main diffraction peaks of the MS disappeared.
Three distinct diffraction peaks at 19.7°,21.5°, and 24.1° (20) appeared
for the MS-SA complexes prepared under the pressure of 10 MPa and
30 MPa. With increasing pressure to 50 MPa, diffraction peaks at 12.7°
(20) appeared for MS-SA complexes. The peaks at 21.5° and 24.1° (20)
are attributed to free SA aggregates, and peaks at 12.7° and 19.7° (20)
are attributed to the formation of the V-type crystallites. The high-
pressure homogenization significantly affected the long-range order
of complexes. The RC increases from 3.36% to 17.92% with the
increasing pressure from 10 to 90 MPa (Table 1), suggesting that the
long-range order of MS-SA complexes significantly increase with the
increasing pressure. This is consistent with previous studies on the
effect of HPH on the long-range ordered structure of rice starch-fatty
acid complexes (Cui et al., 2021).

The MS-SA-WP complexes prepared by different homogeneous
pressures showed similar diffraction patterns with four obvious
diffraction peaks at 12.7°, 19.7°, 21.5°, and 24.1° (20). The relative
crystallinity of V-type crystallites also increased from 13.02% to
20.06% with the increasing homogeneous pressure from 10 to 50 MPa,
but it did not change significantly with increasing the pressure from
50 to 90 MPa (Table 1). The above results suggest that the long-range
ordered structure of MS-SA-WP complexes increases with the
increase of the homogeneous pressure within a certain pressure range
(10-50 MPa), which is attributed to the release of amylose and the
better dispersibility of SA in starch dispersion by the homogeneous
pressure (Chen et al., 2017). Despite an increase in homogeneous
pressure, the long-range order of the MS-SA-WP complexes remained
unchanged, suggesting that a sustained increase in the homogeneous
pressure does not consistently improve the long-range order of the
MS-SA-WP complexes. Under the same homogeneous pressure, the
peak intensity and relative crystallinity of the MS-SA-WP complexes
were significantly higher than that of the MS-SA complexes, which
can be explained that the increased dispersity of SA in the system
caused by the emulsification of whey protein.
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FIGURE 1

X-ray diffraction patterns of MS, MS-SA, and MS-SA-WP complexes
prepared at different homogeneous pressures. MS-SA-WP-n
represents the maize starch-stearic acid-whey protein complexes
prepared under n MPa homogeneous pressure. MS, maize starch; SA,
stearic acid; WP, whey protein.
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TABLE 1 The FWHM,4, and relative crystallinity of MS and complexes.

Relative
SENTRES FWHM 0 crystallinity (%)
MS 15.10+0.22" 221
MS-SA-10 19.84+0.348 3.36
MS-SA-30 18.81+0.14 4.28
MS-SA-50 16.96+0.43¢ 10.62
MS-SA-70 16.18+0.32% 14.70
MS-SA-90 14.70+0.11° 17.92
MS-SA-WP-10 18.22+0.49" 13.02
MS-SA-WP-30 16.25+0.27% 18.17
MS-SA-WP-50 15.520.66 20.06
MS-SA-WP-70 14.38+0.44° 19.40
MS-SA-WP-90 13.56+0.37° 20.68

Data in the same column labeled with different superscript letters have significant differences
(p<0.05). MS-SA-WP-n: the maize starch-stearic acid-whey protein complexes prepared
under n MPa homogeneous pressure. FWHM,, represents the full width at half maximum
of the band at 480 cm™".

3.2 Short-range order of MS and
complexes

The full width at half maximum of the Raman band at 480 cm™
(FWHM,,) can be used to characterize the short-range order of the
starch and starch-lipid complexes (Wang et al., 2017b; Qin et al,
2019). The FWHM,g, of MS is 15.10. There were obvious differences
in the FWHM,,, of the MS-SA complexes prepared by different
homogeneous pressures, so does the MS-SA-WP complexes (Table 1).
The larger value of FWHM,, corresponds to the smaller the short-
range molecular ordering of the complexes. With increasing
homogeneous pressure, the value of FWHM,g, decreases from 19.84
to 14.70 and from 18.22 to 13.56 for MS-SA and MS-SA-WP
complexes, respectively, indicating that the short-range order of
MS-SA and MS-SA-WP complexes increases with increasing
homogeneous pressure. The results of short-range order of MS-SA
complexes were consistent with the long-range order, but the changes
of the short-range order of MS-SA-WP complexes with the increasing
homogeneous pressure were different from the long-range order. This
may be due to the fact that in the presence of WP, the increase of
homogeneous pressure can only increase the short-range order of the
complex, which is not enough to further arrange to form more
ordered crystal structure. For MS-SA and MS-SA-WP complexes
prepared with the same homogeneous pressure, the MS-SA-WP
complexes had a smaller value of FWHM,y, indicating the MS-SA-WP
complexes have a greater short-range order, consistent with the
XRD results.

3.3 FTIR spectra

FTIR can be used to identify functional groups and the presence
of guest molecules in complexes. The FTIR spectra of MS and
complexes are shown in Figure 2. In comparison with native MS, the
bands at 2,857 and 1,710 cm™" were observed in the spectra of MS-SA
complexes, which were attributed to asymmetric C-H stretching and
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FIGURE 2

FTIR spectra of MS and complexes prepared at different
homogeneous pressures. MS-SA-WP-n represents the maize starch-
stearic acid-whey protein complexes prepared under n MPa
homogeneous pressure. MS, maize starch; SA, stearic acid; WP, whey
protein.

carbonyl groups stretching vibration of SA, respectively (Guillen and
Cabo, 1997). This finding suggests the formation of starch-lipid
complexes. However, the peak at 1,710cm™ was not observed in
MS-SA-WP complexes due to the formation of the MS-SA-WP
complexes attenuating the FTIR absorbance of the carbonyl group of
SA (Wang et al., 2017¢; Zheng et al., 2018; Niu et al., 2020). A new
absorption band in 1,542 cm™" appeared in MS-SA-WP complexes,
which was attributed to the deformation vibration of amino acids in
WP and the absorption of the amide II region (Zhen et al., 2022).

3.4 Thermal properties of complexes

The thermograms of MS, MS-SA and MS-SA-WP complexes are
presented in Figure 3. The native MS presented an obvious
gelatinization endothermic transition, with thermal transition
temperatures in the range of 68.4-78.3°C and enthalpy change (AH)
of 11.2]/g. This endothermic transition was not observed in the
complexes prepared by the high-pressure homogenization, suggesting
the complete gelatinization of starch. Other two endothermic
transitions were showed for all complexes samples, the transitions at
65°C-75°C represents the melting of the recrystallized SA, and the
one at 96°C-113°C attributed to the dissociation of complexes.
Thermal transition parameters of the MS-SA and MS-SA-WP
complexes were obtained by analyzing thermograms, as shown in
Table 2. With the homogenization pressure increasing from 10 to
90 MPa, the thermal transition peak temperature (T,) of MS-SA
complexes and MS-SA-WP complexes increased from 103.6°C to
107.6°C, and from 104.9°C to 108.3°C, respectively, suggesting that
the thermal stability of the complexes improved with the increasing
homogeneous pressure. With the increasing homogeneous pressure,
the enthalpy change (AH) of MS-SA complexes and MS-SA-WP
complexes increased from 1.2 to 3.3J/g, and from 1.6 to 3.5]/g,
respectively, indicating that the number of complexes also increases
with the increasing homogeneous pressure. The AH of the MS-SA-WP
complexes is higher than corresponding MS-SA complexes prepared
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FIGURE 3
DSC spectra of MS and complexes prepared at different
homogeneous pressures. MS-SA-WP-n represents the maize starch-
stearic acid-whey protein complexes prepared under n MPa
homogeneous pressure. MS, maize starch; SA, stearic acid; WP, whey
protein.

TABLE 2 Thermal parameters of MS and complexes.

Samples T. AH(3/g)
MS 68.4+0.1° 72.6+0.1° 78.3+0.1° 11.2+0.48
MS-SA-10 98.3+1.2¢ 103.6+1.2° 107.8+0.6° 1.2+0.1°
MS-SA-30 97.6+1.3b<¢ 105.1 2.6 111.7+1.3¢ 1.6+0.1°
MS-SA-50 96.0+0.2° 107.1+0.5¢ 111.4+2.3¢ 2.1+0.1°
MS-SA-70 97.6+0.9b< 107.0+0.5¢ 110.0+0.6>¢ 2.6+0.1¢
MS-SA-90 96.3+0.8" 106.7+1.6" 108.9+0.8" 33+0.1°
MS-SA-WP-10 95.9+0.3" 104.9+0.8" 115.0+2.1¢ 1.6+0.1°
MS-SA-WP-30 97.8+0.6 108.2+0.3¢ 111.5+1.1¢ 2.1£0.1¢
MS-SA-WP-50 97.940.9< 108.2+1.7¢ 112.8+1.3% 23+0.1°
MS-SA-WP-70 98.8+0.5¢ 107.6+0.7¢ 110.5+0.6>¢ 3.1£0.1¢
MS-SA-WP-90 98.0+0.5¢ 108.3+0.9¢ 111.5+0.1%¢ 3.5+0.1°

Data in the same column labeled with different superscript letters have significant differences
(p<0.05). MS-SA-WP-n: the maize starch-stearic acid-whey protein complexes prepared
under n MPa homogeneous pressure; MS, maize starch; SA, stearic acid; WP, whey protein.

with the same homogeneous pressure, for example, the AH of the
MS-SA complexes and the MS-SA-WP complexes prepared with
10MPais 1.2 and 1.6]/g, respectively, which can be explained that the
increasing emulsifying ability due to the presence of WP facilitate the
formation of the complexes among MS, SA and WP (Du et al,, 2023).
The AH results of the MS-SA-WP complexes are consistent with the
result of short-range order but inconsistent with the result of long-
range order. That is, the higher homogeneous pressure (50-90 MPa)
only forms more complexes with better short-range order, but those
does not further arrange into a crystal structure with better long-
range order.

3.5 Granules morphology

The SEM micrographs of MS, MS-SA and MS-SA-WP complexes
are shown in Figure 4. Native maize starch is composed of granules
with different shapes, such as spherical and polyhedral. And the pores
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and holes with different sizes were observed on the surface of some
granules. The starch granules in all the complex samples were
completely destroyed into debris with different sizes due to the high
temperature and pressure during the preparation of the complex. The
debris were getting smaller gradually with the increase of
homogeneous pressure from 10 to 90 MPa for MS-SA complexes, and
the surface of debris were covered with some irregularly-shaped
fragments (red arrows). This observation was in accordance with
previous studies, which represented the appearance of the V-type
complex (Chen etal,, 2017, 2018). Differently, MS-SA-WP complexes
prepared with different homogeneous pressure showed relatively
uniform debris, this can be attributed to the fact that the presence of
WP makes MS and SA better dispersed and then more evenly
subjected to shear forces by high-pressure homogenization. The
regularly-shaped fragments (green arrows) were still observed for
MS-SA-WP complexes.

3.6 In vitro digestibility of complexes

Figure 5 displays the digestion curves of the MS-SA and the
MS-SA-WP complexes prepared with the different homogenization
pressure. The digestion curves of all complexes are similar, but
digestion extent at each digestion time shows differences. All samples
showed a gradual increase in the degree of digestion at 0-240 min,
with a rapidly increased digestion rate for the first 60 min, subsequently
slowly increased rate and leveled off at 200 min. The MS-SA complexes
prepared by 10-90 MPa showed no significant difference in the
digestion degree within 40 min. The degree of digestion of MS-SA
complexes prepared at different homogeneous pressures showed
increasingly distinct differences with increasing digestion time. The
degree of hydrolysis reached 83.55%, 82.37%, 79.59%, 79.28%, and
77.48% at 240 min, respectively, for MS-SA complexes prepared with
10-90 MPa. That is, the final digestion extent of the MS-SA complexes
was gradually decreased with increasing pressure. These results were
in agreement of XRD, DSC and Raman results, suggesting that the
digestion of MS-SA complexes is correlated with the degree of
structural order. And the digestion degree of MS-SA-WP complexes
prepared by different homogeneous pressures showed similar changes
trends to that of the MS-SA complexes, but the digestion degree at
240 min were lower. Moreover, the MS-SA-WP complexes have lower
hydrolysis content than the corresponding MS-SA complexes
prepared with the same homogenization pressure, indicating that the
addition of WP increased enzymatic resistance of complexes.

To further analyze the digestion of the complexes, the content of
RDS, SDS and RS of the complexes were calculated based on the
digestion curves, and the results are appeared in Table 3. For the
MS-SA complexes prepared with different homogeneous pressures,
the RDS content has no significant difference, but the amount of SDS
decreased from 31.55 to 26.62 and RS increased from 28.08 to 33.15
with increasing pressure from 10 to 90 MPa, and the MS-SA-WP
complexes showed a similar change pattern. The amount of RDS, SDS
and RS show obvious differences between the MS-SA and MS-SA-WP
complexes prepared with the same homogeneous pressure. Specifically,
the MS-SA-WP complexes had less RDS and SDS and more RS
compared to the MS-SA complexes. These results can guide us to
design anti-digested starchy foods by regulating homogeneous
pressure and components, which is very beneficial for slow the rising
of postprandial glycemia index, especially for diabetics.
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The scanning electronic micrographs of MS and complexes prepared at different homogeneous pressures at 1,000x magnification. MS-SA-WP-n
represents the maize starch-stearic acid-whey protein complexes prepared under n MPa homogeneous pressure. MS, maize starch; SA, stearic acid;

4 General discussion

In this study, the effect of HPH on structure and digestibility of
MS-SA and MS-SA-WP complexes were studied. Results of XRD
and Raman showed that the degree of short-range order and long-
range order of MS-SA increased with increasing the homogeneous
pressure. The result of DSC analyses suggested that greater amounts
of MS-SA complexes with better thermal stability were formed as
the homogeneous pressure increased. These can be attributed to the
strong shear force generated by the higher pressure homogenization,
which makes MS and SA better dispersed so that they can interact
better (Guo et al., 2021). For MS-SA-WP complexes, the short-
range order, amount and thermal stability also increased with
increasing the homogeneous pressure, but the long-range order
only increased with increasing the homogeneous pressure from 10
to 50 MPa. It is considered that the emulsification of whey protein
and the shear action of high-pressure will synergically increase the
solubility of lipid (Shuang et al., 2014; Zheng et al., 2018), and the
better shear action at higher homogeneous pressure and
emulsification of whey protein are sufficient to disperse the lipids
well, so the increasing continuously the homogeneous pressure in
the presence of WP will not significantly increase the diffraction
peak intensities of V-type crystallites. This also suggested that the
simply increasing the homogeneous pressure cannot always
improve the long-range order of the MS-SA-WP complexes, and
other preparation conditions, such as treatment temperature, can
be considered if necessary. The MS-SA-WP complexes presented
the better short-range and long-range order and higher enthalpy
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change compared with MS-SA complexes prepared with the same
homogeneous pressure, which can be attributed to the
emulsification of whey protein.

To gain a better understanding of structure-digestion relationships
for these complexes, Pearson correlation analyses were performed
(Figure 6). The in vitro digestibility is closely related to the amount and
structural order of complexes. The complexes with better long-range
and short-range ordered structures had greater barrier effect on
enzyme access and better enzymatic resistance. Results of correlation
analyses showed the content of RS was positively correlated with the
gelatinization peak temperature (T,; r=0.765, p<0.01), the enthalpy
change (AH; r=0.775, p<0.01), the relative crystallinity (r=0.919,
p <0.01), negatively correlated with the FWHM,y, (r=—0.876,
p<0.01). The content of SDS was negatively correlated with T,
(r=—0.736, p<0.05), AH (r=—0.93, p<0.01) and RC (r=—0.819,
p<0.01), but positively correlated with FWHM,, (r=0.933, p<0.01).
The RDS content was negatively correlated with RC (r=-0.71,
p<0.05). These results indicate that complexes with better structural
stability prepared by HPH have better anti-digestion properties rather
than the slow digestion, and the MS-SA-WP complexes have more RS
than the MS-SA complexes.

5 Conclusion
In conclusion, high-pressure homogeneity can affect the structure

of MS-SA and MS-SA-WP complexes, further affecting the digestion.
With increasing homogeneity pressure, the amount, short-range order,
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FIGURE 5

In vitro starch digestograms of complexes prepared under different
homogeneous pressures. MS-SA-WP-n represents the maize starch-
stearic acid-whey protein complexes prepared under n MPa
homogeneous pressure. MS, maize starch; SA, stearic acid; WP, whey
protein.

TABLE 3 Starch hydrolysis fractions of MS-SA and MS-SA-WP complexes.

Samples RDS SDS RS

MS-SA-10 40.36+0.83 31.55+0.68¢ 28.08 +0.66°
MS-SA-30 41.00+0.54 30.87+£0.51¢ 28.38+0.45°
MS-SA-50 39.94+1.10° 29.08 +1.44 29.63+£2.33%
MS-SA-70 40.62+0.82° 27.92+0.34%¢ 31.34+0.39%
MS-SA-90 40.23+1.23 26.62+3.15% 33.15+1.91%¢
MS-SA-WP-10 38.23+0.62° 29.40+1.11<¢ 32.36+1.28"¢
MS-SA-WP-30 37.85+0.24° 28.05 + 1.49>¢ 34.10+ 1.54%
MS-SA-WP-50 37.23+0.25° 28.66 +3.79>¢ 34.79 +2.67%
MS-SA-WP-70 38.48+£0.43 24.13+£1.49° 35.49+3.27%
MS-SA-WP-90 38.12+0.21° 2334+1.21° 38.67 £ 1.19¢

Data in the same column labeled with different superscript letters have significant differences
(p<0.05). MS-SA-WP-n: the maize starch-stearic acid-whey protein complexes prepared
under n MPa homogeneous pressure; MS, maize starch; SA, stearic acid; WP, whey protein.

long-range order and thermal stability of MS-SA complexes increased

and the in vitro digestibility decreased. The amount, short-range order
and thermal stability of MS-SA-WP complexes also increased with
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075
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--050

FIGURE 6

Pearson correlation coefficient matrix among the variables of MS-SA
and MS-SA-WP complexes. * and ** represent significance at the

p < 0.05and p < 0.01 levels, respectively.

increasing homogeneity pressure, but the long-range order of
MS-SA-WP complexes does not show a continuous improvement as the
increased homogeneity pressure. Compared with MS-SA complexes,
the addition of WP could form more MS-SA-WP complexes with more
stable ordered structure. The MS-SA-WP complexes have a lower
digestibility than corresponding MS-SA complexes prepared with the
same homogenization pressure. This study deepens the understanding
of the structure and digestibility of starch-lipid and starch-lipid-protein
complexes prepared by high-pressure homogenization.
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