Food Chemistry: X 24 (2024) 101919

Contents lists available at ScienceDirect

Food Chemistry: X SEEELS

journal homepage: www.sciencedirect.com/journal/food-chemistry-x —=

ELSEVIER

Investigation of physicochemical properties and structure of ball milling
pretreated modified starch-ferulic acid complexes

Zongwei Hao ", Shengjun Han®, Zhongyun Zhao*, Zongjun Wu ", Hui Xu®, Chao Li",
Mingming Zheng ", Yibin Zhou®, Yiqun Du®", Zhenyu Yu®"

@ Key Laboratory of Jianghuai Agricultural Product Fine Processing and Resource Utilization, Ministry of Agriculture and Rural Affairs, Anhui Engineering Research
Center for High Value Utilization of Characteristic Agricultural Products, State Key Laboratory of Tea Plant Biology and Utilization, College of Food and Nutrition, Anhui
Agricultural University, Hefei 230036, China

Y Key Laboratory of Oilseeds Processing, Ministry of Agriculture and Rural Affairs, Wuhan 430062, China

ARTICLE INFO ABSTRACT

Keywords: In this study, the formation mechanism, physicochemical properties, and intermolecular interactions of ball
Ferulic acid milling pretreated high amylose corn starch (HACS)-ferulic acid (FA) complexes were elucidated by density
Starch

functional theory (DFT) calculations, and examined their structural and digestive properties. The results showed
that the average molecular weight decreased to 92.155 kDa during ball milling pretreatment. The complexation
degree of the ball milling pretreated HACS-FA complexes was increased, the relative crystallinity was increased
by 11.74 %, and the short-range ordering was significantly improved. Notably, the content of single helix and
double helix showed an increasing trend, indicating that HACS-FA complexes had a more compact V-type
structure, which corresponded to a 22.39 % increase in resistant starch. DFT calculations further showed that the
intermolecular interactions between HACS and FA were mainly hydrophobic, hydrogen bonding, and van der
Waals forces. This study is expected to provide a new method for the efficient preparation of HACS-FA

Multi-scale structure
Lower digestion efficiency
Density functional theory calculations

complexes.

1. Introduction

Starch is a plant polysaccharide found widely in cereal grains, corn,
wheat, and other plants, which is the main source of daily carbohydrate
intake for humans (Li et al., 2018; Liu et al., 2021). It consists mainly of
amylose of a linear polymer (linked by a-1,4 glycosidic bonds) and
amylopectin of a branched polymer (linked by a-1,4 and «-1,6 glycosidic
bonds) (Zhang et al., 2021). In addition, different starch sources,
amylose/amylopectin ratio, and structure all have a great effect on their
digestibility (Li, 2023). Based on the rate of starch hydrolysis, starch can
be classified as rapidly digested starch (RDS), slowly digested starch
(SDS), and resistant starch (RS) (Englyst et al., 1992). RDS is detrimental
to health due to the rapid rate of digestion and absorption, which can
lead to a range of metabolic disorders, such as rapidly rising blood
glucose after meals, insulin resistance, and obesity (Alatrach et al., 2019;
Zheng et al., 2020). Conversely, SDS and RS help to maintain glycaemic
stability and increase satiety, potentially reducing the risk of obesity and
type II diabetes (Gao et al., 2024). Regarding starchy staple foods, they
constitute the source of intake for almost half of the world’s population
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(Yi & Li, 2022). However, the intake of such refined starches often leads
to the above health problems. Therefore, how to slow down the diges-
tion of starch and increase the SDS or RS content has become a hot topic
in current research in food science and nutrition.

Currently, research and development on starches with slow di-
gestibility mainly focus on improving RS content through physical,
chemical, or enzymatic modifications. Among them, resistant starch
type 5 (RS5) has attracted much attention due to its ability to inhibit the
swelling of starch granules and reduce the rate of starch digestion. As the
RS5 type starch-polyphenol complex, recently more popular in research,
where the guest molecule (polyphenol) binds to starch by occupying the
hydrophobic helical structural domains in starch to form a tighter
structure, thus effectively slowing down starch hydrolysis (Bharati et al.,
2019; Sun & Miao, 2020). This mode of interaction, which includes CH-n
interactions and hydrogen bonding interactions of «-1,4 glycosidic
bonds, can significantly increase the RS content (Amoako & Awika,
2019; Liu et al., 2019).

In general, the conventional methods in preparing starch-polyphenol
complexes usually involve the use of chemicals, high temperatures, or
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adjustment of pH, which may inadvertently compromise the quality and
stability of these complexes (Raza et al., 2024). In addition, the tradi-
tional preparation of starch-polyphenol complexes by conduction
heating produces relatively small amounts of V-type complexes, which
are predominantly non-inclusion complexes (Lorentz et al., 2012). On
the other hand, there is a growing interest in exploring alternative
chemical or thermomechanical techniques that can enhance the yield of
starch-polyphenol complexes while maintaining their structural integ-
rity. Among these methods, ball milling pretreatment has attracted
much attention due to their ability to induce structural changes in starch
and polyphenols in food systems. It is a new method of applying friction,
shear, collision, impact and various other mechanical forces to change
the microstructure of solid particles, which is valued by the food in-
dustry for its environmentally friendly properties (Wang et al., 2021),
efficient and low-cost features. It has been shown that the mechanical
forces of ball milling can alter the structure and properties of starch
(Kerr et al., 2001). Furthermore, the improvement of the starch structure
by ball milling pretreatment supports the ability to form complexes with
other guest molecules, resulting in more stable V-type complexes.

Ferulic acid (FA) is a hydroxycinnamic acid widely found in many
fruits and vegetables and is sometimes referred to as a “chain-breaking”
antioxidant because of its free radical scavenging properties (Kumar &
Pruthi, 2014; Mancuso & Santangelo, 2014). Recently, research on FA
has indicated that it has good pharmacological effects and biological
activities such as antioxidants and anticancers in humans (Paiva et al.,
2013). In addition, it has been shown that FA reduced the rate of starch
hydrolysis by altering the secondary structure of digestive enzymes
(Zheng et al., 2020). At the same time, it has been found that poly-
phenols not only can form complexes with starch molecules and enhance
their structural density, but also inhibit the activity of digestive en-
zymes, thus slowing down the process of starch digestion (Karunaratne
& Zhu, 2016). The use of starch-polyphenol complexes not only im-
proves quality characteristics but also product acceptance. Although the
interaction of starch with some polyphenols affecting the physico-
chemical properties of their complexes has been studied, few studies
have been reported on the formation and properties of pretreated starch-
polyphenol complexes.

Therefore, this study aimed to explore the formation mechanism,
multi-scale structure and digestibility of ball milling pretreated modified
HACS-FA complexes, and to elucidate their mechanism of action
through density functional theory (DFT) calculations. Specifically, we
performed scanning electron microscopy, X-ray diffraction, Raman
spectroscopy, and Fourier transform infrared spectroscopy to analyze
the micromorphology, crystalline structure, and chemical bonding of
the high amylose corn starch (HACS)-ferulic acid (FA) complexes. The
findings of this study are expected to provide an important reference and
theory for the development and application of starch-polyphenol com-
plexes and to promote the development of highly efficient resistant
starch (e.g. RS5) and its application in food science and nutrition.

2. Materials and methods
2.1. Materials

High amylose corn starch with a 70 % amylose content was sourced
from Quanyinxiangyu Biotechnology Co., Ltd. (Beijing, China). Ferulic
acid with a purity of 99 % (CAS: 1135-24-6) was supplied by Aladdin
Co., Ltd. (Shanghai, China). a-amylase (CAS: 9000-90-2, >5 U/mg, from
porcine pancreas) was provided by Yuanye Biotechnology Co., Ltd.
(Shanghai, China). Amyloglucosidase (EC 3.2.1.3, 260 U/mL, from
aspergillus niger) was purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). All other reagents used in this study were procured
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and these
reagents were of analytical grade.
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2.2. Preparation of ball milling pretreated modified starch-polyphenol
complexes

2.2.1. Preparation of ball milling pretreated modified starch

50 g of HACS was modified using a ball mill (YD-YXQM-4 L,
Changsha, China) with a rotation speed of 500 r/min and 10 min
alternating rotation. The treatment times were 20, 40, 60, 120 and 180
min. In addition, the ball milling temperature was maintained at —18 to
—10 °C using liquid nitrogen. The prepared samples were named HACS-
”X". The “X” represented the treatment time.

2.2.2. Preparation of ball milling pretreated modified HACS-FA complexes

10 g (10 %, w/v) of HACS with the above different treatment times
was accurately weighed and dispersed in deionized water and gelati-
nized for 1 h at 130 °C in a high-pressure steam sterilizer (LDZX-50 KB,
Shanghai ShenAn Medical, Shanghai, China). Then, after adding 1 g of
FA dissolved in ethanol to the starch paste, keep stirring for 1 h at 95 °C.
Finally, the preparation was washed 2-3 times using 50 % alcohol and
centrifuged for 10 min at 5000 rpm. The precipitate was dried at 40 °C
overnight. The prepared samples were named HACS-"X"-FA and “X” was
the ball milling time.

2.3. Determination of amylose content

Slightly modified according to the method of Chan et al. (2021). Add
100 mg of sample, 1 mL of 95 % ethanol, and 9.0 mL of 1.0 mol/L NaOH
solution to a conical flask, shake well, and place for 10 min in a 100 °C
water bath. 5.0 mL of the above solution was cooled to room tempera-
ture, 1.0 mL of CH3COOH solution and 2.0 mL of iodine solution (so-
lution of 0.2 % I and 2.0 % KI) were added and water was added to 100
mL. The optical density at 620 nm was determined by a microplate
reader (VICTOR Nivo, PerkinElmer, U.S.A.)

2.4. Cold water solubility and selling power

Slightly modified based on the method of Wang et al. (2016). Specific
details were provided in the Supplementary material. The cold water
solubility and swelling power were calculated according to the following
equations.

Cold water solubility (%) = % x 100
0

w3

Wo % (100 — Cold water solubility) x 100

Swelling power (%) =

among them, W7 is the quality of the supernatant liquid after drying, Wy
is the quality of the starch, and W3 is the quality of the precipitate.

2.5. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra was obtained using an FTIR spectrometer (Nicolet IS50,
Thermo Fisher, USA). The spectra was scanned from 4000 to 400 em !
at a resolution of 4 cm™!. Samples were diluted with anhydrous KBr and
pressed into thin sheets. The deconvoluted spectra was used to calculate
the absorbance ratio of 1047,/1022 cm ™! using Omnic software (Li et al.,
2024).

2.6. X-ray diffraction (XRD)

XRD patterns of samples were obtained using an X-ray diffractometer
(TTR-IIL; Rigaku Company. Ltd., Tokyo, Japan) operated at 40 kV. The
scan range was 5-40° at a rate of 5°/min with a step size of 0.02°. The
relative crystallinity (RC) was analyzed using MDI Jade 6.0 software
with the following equation:

RC (%) = A./(Ac + Aq) x 100%
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where A, and A, were the total areas of the crystalline and amor-
phous peaks, respectively, in the XRD patterns.

2.7. Gel permeation chromatography (GPC)

The molecular weight of samples was determined by GPC. Firstly, the
samples were dissolved in a suitable solvent and filtered through a 0.45
pm filter membrane to remove insoluble impurities. Then, the samples
were injected into a GPC system (Waters, USA) and separated using a gel
column (Waters Ultrahydrogel 250). The detection was performed using
a multi-angle laser light scattering detector (MALS) and an oscillometric
refractive detector (RI). The GPC results were manipulated using ASTRA
software.

2.8. Determination of FA content of the complexes

100 mg (dry basis) of the complex was dissolved in 5.0 mL of DMSO
and then centrifuged at 4000 xg for 10 min. Then, the polyphenol
content was determined by the forintol method. Briefly, 0.5 mL of the
solution was mixed with 1.5 mL of deionized water, 1.0 mL of forintol
reagent was added and mixed well and the reaction was carried out for
10 min, then 1.0 mL of 8 % (w/w) NayCO3 solution was added to it and
kept in darkness at room temperature for 3 h. The absorbance of the
solution at 760 nm was measured by a microplate reader (VICTOR Nivo,
PerkinElmer, U.S.A.)

2.9. Scanning electron microscope (SEM) of HACS-FA complex

The microscopic morphology of all samples was observed by SEM (S-
4800, Hitachi, Tokyo, Japan). The samples were mounted on conductive
adhesive and plated with gold, then examined at an accelerating voltage
of 3 kV (Liu et al., 2024).

2.10. Raman spectroscopy of HACS-FA complex

To characterize the short-range ordering of HACS and HACS-FA
complexes, we performed measurements using Raman spectroscopy
(LabRAM HR Evolution, Horiba/Jobin Yvon, France). The half peak
width at 480 cm ™! was obtained by using Peakfit software. In addition,
the test range was 3200-100 cm ! and the laser source was 785 nm.

2.11. 3¢ nuclear magnetic resonance (NMR) spectroscopy

200-300 mg of starch samples were placed in a rotating cylinder of 4
mm diameter and recorded with a spectrometer (AVANCE III 500,
Bruker Ltd., Karlsruhe, Germany). The number of scans was 3000 and
the interval between cycles was 2 s. The obtained spectra were processed
using the method of Tan et al. (2007).

2.12. H nuclear magnetic resonance (NMR) spectroscopy

An adequate quantity of the sample was dissolved in deuterated
dimethylsulfoxide, and spectral data were obtained using an Agilent
DD2-600 MHz spectrometer (Agilent Technologies, USA) at 500 MHz,
25 °C, with a pulse angle of 30°, a delay of 10 s, and an acquisition time
of 2 s. The relative contents of the a-1,4- and «-1,6-glycosidic bonds
were obtained by dividing the corresponding peak areas (5.11 and
4.94ppm, respectively) by the combined area of the peaks of both
moieties (Zhong et al., 2022). The degree of branching (DB) of starch
was obtained according to the following equation:

Ie—1,6

DB (%) = ——~ 22
(%) la—1,6+la—1,4

x 100

where Ia-1,6 represents the relative area of the a-1,6 glycosidic bond; Io-
1,4 represents the relative area of the o-1,4 glycosidic bond.
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2.13. In vitro digestion

The method of Englyst et al. (Englyst et al., 1992) was optimized for
the determination of RDS, SDS, and RS in starch. 0.2 g (dry basis) of the
starch sample was taken in a conical flask, 20 mL of 0.1 mol/L sodium
acetate buffer (pH 5.2) was added, and the mixture was boiled for 30
min. The mixture was then cooled to about 37 °C, 5 mL of enzyme so-
lution (a-amylase: 5 U/mg and glucosidase:260 U/mL), and placed in a
water bath shaker (37 °C, 170 stoke/min). After 20 min, 0.5 mL of the
mixture was taken and added to 20 mL of 70 % ethanol, then centrifuged
for 5 min (4000 r/min). Add 0.1 mL of the supernatant to 3 mL of
GOPOD solution (Nanjing Jianjian Institute of Bioengineering, Nanjing,
China) and incubate at 37 °C in a water bath for 10 min. Finally, the
absorbance was measured at 505 nm. After 120 min, the absorbance of
the sample was measured in the same way as above. The calculation was
as follows:

RDS (%) = [(Gap — Go) x 0.9]/TS x 100
SDS (%) = [(G120 — G20) x 0.9]/TS x 100

RS (%) = (1 —RDS — SDS) x 100

where 0.9 was the transformation coefficient from starch to glucose, and
Gyp and Gjgp represented the glucose contents at 20 and 120 min,
respectively. TS was the mass of the total starch dry base (mg).

2.14. Computational details

We used the PubChem website to download the 3D structure of FA.
Since starch has a huge molecular weight as well as a multi-scale
structure, it is difficult to simulate the whole starch structure by DFT
calculations. Therefore, we selected a starch molecule fragment (DP =
10) of the starch model as the calculation model. The base group B3LYP/
6-311G'" used to optimize the molecular structure of starch with FA
was initiated by GaussView 6.0.16 and the analysis was implemented by
Gaussian output files. The electrostatic potential was then plotted using
Multiwfn (Lu & Chen, 2012) in combination with VMD. After that, 50
dockings of the HACS-FA complex were simulated using the AutoDock
program, and the structure with the smallest binding energy was
selected as the docking model, and the binding process was visualized
and analyzed using PyMol software (http://www.pymol.org/). At the
same time, the interaction between the both was further analyzed in the
Multiwfn program.

2.15. Statistical analysis

All numerical results are the average of at least three independent
replicates. Analysis of variance using Duncan’s test. Values in the same
column with different superscripts are significantly different (p < 0.05).

3. Results and discussion
3.1. Amylose content analysis

From Fig. 1A, the natural HACS had an amylose content of 71.44 %.
As the ball milling time increased, the content of amylose increased
significantly to 79.29 %. This was primarily associated with the change
of the original structure of starch granules under mechanical force. On
the one hand, the a-1,6 glycosidic bond was broken under the shear and
extrusion of ball milling, and amylopectin was stripped of the side chains
to produce short amylose starch (Hao et al., 2024). On the other hand,
the a-1,4 glycosidic bond of amylose was similarly broken under the
conditions of ball milling pre-treatment modification, and the long chain
of starch was cleaved into many linear short chains. As a result, the
amylose content of HACS increased significantly, depending on the
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Fig. 1. The amylose content (A), cold water solubility and swelling (B), XRD (C) and FT-IR (D) for HACS treated with different ball milling times. All the values are
the mean + standard deviations. The mean values with different superscripts in a column indicate significant differences (P < 0.05).

duration of the ball milling treatment.

3.2. Water solubility and swelling power analysis

A significant increase in the cold water solubility and swelling of
HACS was found in Fig. 1B, where the cold water solubility increased
from 0.28 % to 0.96 % as well as the swelling power improved from 0.08
% to 0.23 % after 180 min. This would be because ball milling caused
damage to the starch structure, and a large number of cracks appeared
on the surface of the granules. In this case, water molecules could more
easily penetrate the starch granules, and inter and intramolecular
hydrogen bonding of starch molecules could maintain the water
entering the starch granules, resulting in increased starch solubility and
swelling. On the other hand, ball milling gradually changed the semi-
crystalline to an amorphous state and reduced the content of double
helix in amylose, thus promoting the increase of starch solubility and
swelling.

3.3. Molecular structure analysis

The FTIR spectra of HACS treated with different ball milling times is
shown in Fig. 1C. By comparing the individual spectra, there was no
obvious change in the individual absorption peaks, and none of the
peaks were generated, indicating that ball milling modification caused
no new chemical bond or functional group formation in the starch
molecules. In addition, in the deconvolution analysis (Fig. S1A), we
found that the Rj047,1022 of ball milling pretreated HACS decreased from
0.783 to 0.712 (p < 0.05), indicating that the short-range ordering of
starch molecules was disrupted, changing the structure of the HACS

molecules, which laid the foundation for the complexation with FA. The
above results indicated that the ball milling pretreatment modified
starch belonged to a kind of physical modification, and would not
introduce new groups to be generated. Liu et al. (2021) who used ball
milling to treat different types of glutinous rice starch also gave the same
results.

3.4. Crystal structure analysis

Fig. 1D shows the XRD patterns of HACS pretreated by ball milling at
different times. The structure of HACS was typical of B-type starch, with
intense diffraction peaks appearing around 20 of 17° and 19°, and
smaller diffraction peaks appearing around 26 of 5.6°, 15°, 22° and 24°
(No & Shin, 2023). With the increasing treatment time, the diffraction
peaks gradually disappeared, indicating that the mechanical force of ball
milling destroyed the original arrangement between the molecular
chains of starch, weakened the intra- and intermolecular hydrogen
bonding interactions, resulting in the disorderly arrangement of the
molecular chains of starch (Lu et al., 2018). The changes of starch from
crystalline structure to amorphous state and the breakage of intermo-
lecular glycosidic bonds of starch ultimately resulted in the breakdown
of the starch crystal structure (Hao et al., 2023), which also indicated the
success of the preparation of ball milling pretreated starch, which will be
used for subsequent experiments.

3.5. Molecular weight analysis

The impact of the modification of the HACS molecular weight by the
ball milling pretreatment was analyzed using GPC, and the findings are
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presented in Fig. 2. Native HACS had a weight average molecular weight
(Mw) of 199.905 kDa. As the processing time increased, the molecular
weight gradually decreased. When the time reached 180 min, the mo-
lecular weight of HACS decreased to 92.155 kDa, indicating that
amylose and amylopectin were broken down during the pre-treatment
modification process. The starch molecule was mainly formed by a
long chain molecular structure of glucose units linked by a-1,4- and
a-1,6-glycosidic bonds. These glycosidic bonds were easily broken by
mechanical forces during ball milling pretreatment, especially the
relatively weak a-1,6-glycosidic bonds were more susceptible, which led
to the degradation of starch macromolecules into smaller molecular
fragments (Cavallini & Franco, 2010). In addition, the ball milling
treatment may also lead to the disruption of hydrogen bonds between
starch molecules, further affecting the molecular structure stability of
starch. The destruction of hydrogen bonds made starch molecular chains
more susceptible to breakage by external forces, thus accelerating the
reduction of molecular weight.
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3.6. FA content analysis

Table 1 shows the FA content in the HACS complexes. From the table,
it showed that the FA content in the HACS-FA complexes increased as
the ball milling treatment time increased. The value of FA increased

Table 1
The FA content in HACS-FA complexes treated with different
ball milling times.

Sample FA content (mg/g)
HACS-20-FA 18.33 + 0.15°
HACS-40-FA 21.62 + 0.60¢
HACS-60-FA 23.61 + 0.28°
HACS-120-FA 25.71 + 0.35°
HACS-180-FA 28.96 + 0.61%

All the values are the mean + standard deviations. The mean
values with different superscripts in a column indicate sig-
nificant differences (P < 0.05).
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Fig. 2. Effect of ball milling on molecular weight distribution of high amylose corn starch.
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from 18.33 mg/g to 28.96 mg/g after 180 min of treatment. We spec-
ulated that starch with longer ball milling times could capture more FA.
This was achieved by disrupting the structure of the double helix within
the starch molecules during the pre-milling process, causing the double
helix to disintegrate. FA was more readily accessible to the hydrophobic
cavity of the HACS through non-covalent interactions, which resulted in
a remarkable increase of the polyphenol content in the complex as the
duration of the ball milling treatment increased. We found that HACS-FA
complex formation is promoted by ball milling pretreatment
modification.

3.7. SEM analysis

The SEM of the FA, HACS, and HACS-FA complexes is shown in
Fig. 3. The surface of FA in the crystalline state was relatively rough and
irregularly stick-shaped, and HACS was elliptical or irregularly shaped
with a smooth surface. The HACS-FA complex was in the form of lumps
of varying sizes, and there were obvious cracks and grooves between the
starch granules. This was attributed to the fact that the surface of the
starch granules was cracked and grooved by the ball milling process, and
during the complexing process, the granular structure of the starch was
disrupted, forming plenty of short-chain linear amylose, which aggre-
gated and reformed into double helices during short-term retrogradation
(Van Hung et al., 2012). Moreover, the surface of the complex granules
was smooth after adding FA. This may be due to the fact that FA may be
trapped in the hydrophobic core of the double helix formed between
linear amylose molecules, thereby making the amorphous and semi-
crystalline regions more structured and dense (Maibam et al., 2023).

3.8. XRD analysis

The XRD patterns of the HACS and ball milling pretreated modified
HACS-FA complexes are presented in Fig. 4A. The native HACS had
intense diffraction peaks around 15°, 17°, 18° and 23.5°, indicating that
HACS belonged to type B starch, and the complexes showed intense
diffraction peaks at 13°, 17° and 20°, which shows a V-type crystal
structure (Hao et al., 2023). In Table 2, the relative crystallinity of the
HACS-FA complexes increased with the milling time, increasing from
22.52 % to 32.76 % after 180 min of milling. This suggested that HACS
and FA formed more ordered crystals through hydrogen bonding. This
was mainly achieved by destroying the crystalline regions of the starch
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molecules, resulting in starch being more susceptible to interactions
with other guest molecules. On the one hand, the addition of pre-
treatment would cause the starch to produce short amylose starches.
Short amylose starches were easily orientated in solution, easily regen-
erated, and therefore easy to bind to FA (Tian & Sun, 2020). On the other
hand, ball milling treatment made FA more accessible to the hydro-
phobic cavity of starch. The hydroxyl groups of polyphenols could bind
to the starch chains, thus enhancing the long-range ordering of the
starch molecules and making the crystalline regions more compact (Li
et al., 2021).

3.9. FITR and Raman spectroscopy analysis

The FTIR spectra of the HACS and ball milling pretreated modified
HACS-FA complexes is presented in Fig. 4B. The broad peak at 3385
em™! in the FTIR of HACS was attributed to the intermolecular -OH
stretching vibration, and the absorption peak at 2929 cm ™! was attrib-
uted to the anti-symmetric stretching vibration of methylene (-CHy).
Comparing the spectra of native HACS and HACS-FA complexes at
various processing times, we found that the HACS-FA complex showed
an additional peak at 1506 cm ™! (Fig. 4D), which could be attributed to
the C=C stretching vibration in the molecular structure of FA. In this
case, a peak at 1640 cm ™! was associated with the absorption of water in
the amorphous region of starch, where the FA molecules would enter the
hydrophobic cavity of the starch, exposing more polar groups to the
hydrophobic cavity, resulting in a weakening of the absorption peaks. At
1047 and 1022 cm ™}, which are sensitive to the ordered and amorphous
structures of starch, respectively, the ratio of the absorbance at 1047/
1022 cm™! (R1047/1022) could be used to quantify the degree of starch
ordering (Fig. 4C). In Table 2, R1g47,1022 Showed a marked change from
0.804 to 0.983 with increasing milling time, demonstrating that milling
treatment made FA more accessible to the hydrophobic cavities of the
starch and that intramolecular and intermolecular hydrogen bonding
between starch and polyphenols would lead to the formation of more
tightly bonded complexes, which further indicated that ball-milling
pretreatment induced a more compact and ordered structure.

The peak located at 480 cm™! in Raman spectra is related to the
vibration of the carbon skeleton, and the half peak width of this peak is
affected by the crystal structure of starch, in which the smaller the value
of the full width at half-maximum (FWHM), the higher the short-range
ordering of the starch molecular structure (Wang et al., 2017). Fig. 5A

Fig. 3. SEM images of FA, Native HACS and HACS-FA complexes treated with different ball milling times. (A: FA, B: HACS, C: HACS-FA, D: HACS-FA-20, E: HACS-
FA-40, F: HACS-FA-60, G: HACS-FA-120, H: HACS-FA-180. The magnification of A-H is 800x.).
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Fig. 4. The X-ray diffraction patterns (A), FT-IR spectra (B), deconvoluted FT-IR spectraand (C) and localised FT-IR spectra (D) for HACS and HACS-FA complexes
treated with different ball milling times.

Table 2

XRD, FT-IR, FWHM and In vitro digestibility of HACS and ball milling pretreated

modified HACS-FA complexes.

Sample Crystallinity Rio47 FWHM RDS SDS RS
(%) /1022 at 480
em !
HACS 21.02 + 0.729 26.594 15‘56 15‘70 38.74
f e a e
0.86 +0.00°  +0.07 0.58° 0.84¢ +1.41
HACS- 22.52 + 1‘804 19.160 10‘65 18‘12 11'23
f b
FA 0.44 0.00¢ +0.60 1.41° 0.61°% 1.74%¢
HI;(C)S' 24.58 + 1834 17.997 17'70 19.53 12'77
- e C C
FA 0.09 0.00% +0.29 0.81° 083 5
HACS- 26.95 1 0.845 16.369 32.04 23.57 44.39
40- 0.11¢ * +0.66¢ * + £
FA ’ 0.01¢ ) 0.81¢ 0.89%° 1.26¢
H:ES' 27.81 + 1869 15.525 17'40 12'36 49.56
- C e C
EA 0.22 0.01% +0.33 1319 0.96° +0.90
HACS- . 19. 25.2 .31
cs 3049 + 0.905 14.868 9.70 5.29 55.3
120- 0.38> + +0.02° + + +
FA ) 0.02° ) 1.76° 1.34° 1.33%
HACS- . 22. 1.1
123 32.76 + 1983 13.461 16.13 N 73 i s
- a f f
A 0.76 0.02% +0.20 £097° o 060

Means + standard deviations of repeated trials are given, and different lower-
case letters in the same column with significant differences (P < 0.05). RDS,
rapidly digestible starch (%); SDS, slowly digestible starch (%); RS, resistance
starch (%).

shows the Raman spectra of natural HACS and HACS-FA complexes. It
has been shown that the FWHM value of the 480 cm peak in spectra
can be used to calculate the short-range ordering of starch (Maibam
et al., 2023). The FWHM of HACS-FA complexes decreased noticeably

from 19.1599 to 13.4607 after 180 min (Table 2), indicating that HACS-
FA complexes greatly improved short-range ordering. This was caused
by the huge number of short amylose molecules produced during the
ball milling process, which self-assembled to form a better-ordered he-
lical structure. Meanwhile, through hydrophobic interaction, FA formed
a denser and more ordered complex with HACS. We found that new
diffraction peaks appeared at 1604 and 1630 cm ™! for the HACS-FA
complexes compared to HACS, corresponding to the stretching vibra-
tions of the aromatic ring and C—C side chain in FA, respectively (Chi
et al., 2019). In addition, there was a positive correlation between the
duration of the treatment, the amount of FA in the complexes, and the
intensity of the diffraction peaks, which further confirmed that ball
milling treatment could promote the formation of HACS-FA complexes
(Liuetal., 2021). A previous study also indicated that the intensity of the
bimodal peaks in the same band increased with increasing phenolic acid
substitution (Lu et al., 2023).

3.10. 13C CP/MAS NMR spectra analysis

Fig. 5B shows the NMR spectra of HACS and ball milling pretreated
modified HACS-FA complexes. The characteristic peak of C1 region was
located at 98-105 ppm, and the resonances at 68-78 ppm were ascribed
to C2, C3, and CS5 sites, and resonances at 77-86 ppm and 58-65 ppm
corresponding to C4 and C6 sites, respectively. Of which C1 and C4 were
suggested to be sensitive to the helical structural alternation of starch
(Hao et al., 2023). After ball milling pretreatment, the typical peaks of
starch (C1, 2, 3, 5) did not change significantly, while new peaks at
around 31 ppm were observed, which became more obvious with
increasing pretreatment time. This indicated that the starch-polyphenol
complex was characterized by a typical V-type structure. In order to
investigate the content of the helical structure and amorphous region of
HACS and ball milling pretreated HACS-FA complexes, the 13C CP/MAS
NMR spectra were solved to calculate the correlation area to obtain the
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Fig. 5. The Raman spectra (A), '3C NMR CP/MAS spectra (B) and hydrogen nuclear magnetic resonance spectra (GC—D) for HACS and HACS-FA complexes treated

with different ball milling times.

content of double helical structure, single helical structure, and amor-
phous region (Brewer et al., 2012). Changes in the amorphous and he-
lical structures of these samples are shown in Table S1. Under ball
milling pretreatment conditions (increasing treatment time), the addi-
tion of FA resulted in a slight increase in the content of single and double
helices formed due to complexation, with a tendency for the amorphous
region to show a decrease (p < 0.05). FA may enter the cavities of
amylose or long side chains of amylopectin to form starch-polyphenol
complexes with single helical structure (Li et al., 2022). At the same
time, ball milling pretreatment disrupted the glycosidic bonds in starch
and increased the proportion of amylose, thus allowing more FA to enter
the hydrophobic cavities of these chains to form single helical structure
(He et al., 2020). On the other hand, the ball milling process shortened
the starch chains and promoted the formation of hydrogen bonds be-
tween FA and HACS, contributing to the formation of the double helix
structure (Zheng et al., 2021). This resulted in a more ordered and dense
HACS-FA complex, which was also consistent with their corresponding
the XRD.

3.11. 'H NMR spectra analysis

The interaction between starch and polyphenols at the molecular
level was analyzed using 'H NMR spectroscopy. The 'H NMR spectra for
HACS and HACS-FA complexes are illustrated in Fig. 5C-D. Signal peaks
corresponding to DMSO and water molecules were observed at 2.49 ppm
and 3.33 ppm, respectively, across all samples. Proton signals for starch
appeared at 5.49 ppm (3-OH), 5.40 ppm (2-OH), 5.11 ppm (1-H), and
4.57 ppm (6-OH). The proton signals detected in the range of 4.5-5.6
ppm were attributed to the isomeric and hydroxyl protons of starch
monomers (Maibam et al., 2023). Additional signal peaks appeared in
the NMR hydrogen spectra of the complexes compared to HACS, and the
presence of a pair of vinyl proton signal peaks at 6.7 and 7.8 ppm

confirmed the presence of FA molecules in the complexes. Aromatic
protons in the structure of the FA molecule are observed in the range of
6.9-7.4 ppm, and the weak peak at 9.73 ppm was associated with
phenolic hydroxyl groups in the structure of the FA molecule (Fang
et al., 2020; Maibam et al., 2023), and the intensity of the signal peaks
becomes more and more pronounced with increasing pretreatment time.
In addition, TH NMR spectra were used to determine the ratio of a-1,6
and o-1,4 glycosidic bonds of HACS to determine the degree of
branching in the molecular structure of starch (Li et al., 2023). As can be
seen from Fig. S1B, DB gradually decreased with the increase of ball
milling pretreatment time, from 1.96 % to 0.93 %, indicating that
amylopectin linked by a-1,6 glycosidic bonds is more easily damaged
than amylose linked by a-1,4 glycosidic bonds (Liu et al., 2019). In
addition, the ball milling treatment may also lead to the breakage of the
original long amylose into short amylose, consistent with the amylose
content analysis described above. On this basis, the greater the degree of
binding of FA and ball milling pretreated HACS.

3.12. Invitro digestibility

The content of RDS, SDS, and RS of HACS and HACS-FA complexes is
shown in Table 2. The RDS, SDS and RS content of HACS were 45.56 %,
15.70 %, and 38.74 %, respectively. As we expected, the addition of FA
significantly decreased the starch digestibility while increasing the
content of RS. In addition, the addition of FA increased the crystallinity
of HACS and enhanced the short-range ordering structure of the com-
plexes, as can be seen from the XRD spectra. At the ball milling treat-
ment time of 180 min, the RDS content of the complex decreased from
40.65 % to 16.13 %, while the RS content rose from 38.74 % to 61.13 %.
This indicated that, on the one hand, the complex of starch and FA
molecules resulted in a denser structure, which enhanced the resistance
to enzymatic hydrolysis and slowed down the rate of starch hydrolysis
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(Romero Hernandez et al., 2022). On the other hand, the relevant paper
suggested that FA in the complex led to conformational changes in the
digestive enzymes, thus further inhibiting the starch digestibility, which
was another important factor that would be further investigated in
future work (Sun & Miao, 2020). It was shown that the starch-
polyphenol complex was a novel resistant starch (RS5), in which poly-
phenols occupied the hydrophobic helical cavity of starch through CH-n
and hydrogen bonding interactions and bound to starch to form a V-
shaped complex. The structure of the complex was more dense, thus
effectively slowing down the rate of starch hydrolysis and significantly
increasing the RS content. In addition, it has been shown that FA
decreased the rate of starch hydrolysis by inhibiting the activities of
a-amylase and a-glucosidase (Zheng et al., 2020), leading to changes in
the structure of digestive enzyme secondary proteins. The new finding
that starch-gallate alkyl ester complexes similarly inhibit starch
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digestion was consistent with the analyses in this study (Gutierrez et al.,
2020).

3.13. Correlation analysis

Pearson correlation analysis was used to analysis the correlation
between multi-scale structure and digestive properties (Fig. S1C) The
results showed that the RDS of the complex was negatively correlated
with XRD (P < 0.001), Ryg47,1022 (P < 0.001), single helix (P < 0.001),
and double helix (P < 0.001), and positively correlated with amorphous
starch (P < 0.001) and FWHM (P < 0.001). The RS of the complex was
positively correlated with XRD (P < 0.001), Rio47/1022 (P < 0.001),
single helix (P < 0.001), and double helix (P < 0.001), and negatively
correlated with amorphous starch (P < 0.001) and FWHM (P < 0.001).
This indicated that the HACS-FA complexes pretreated by ball milling
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Fig. 6. The distribution of electrostatic potential (ESP) on the molecular surface of starch (DP = 10) (A) and ferulic acid (B); the red spheres represent oxygen atoms,
cyan spheres represent carbon atoms and white spheres represent hydrogen atoms in the molecular structure. The RDG scatter (C) and the distribution of non-
covalent interactions in real space (D) for the HACS-FA complex system; Where the red spheres represent oxygen atoms, the cyan spheres represent carbon
atoms, and the white spheres represent hydrogen atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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had a higher content of long-range ordering structure and helical
structure, which helped to slow down the digestion rate. Pearson cor-
relation analysis showed that long—/short-range ordering, helical
conformation, and fine structure affected the physicochemical proper-
ties and in vitro digestibility of the HACS-FA complexes.

3.14. DFT calculation analysis

To further understand the interaction mechanisms between HACS-
FA complexes and elucidate the molecular basis of their structural al-
terations and digestive behavior, we performed DFT calculations and
IGM analysis (Zhang et al., 2023). The ESP distributions for the HACS
(DP = 10) and FA are depicted in Fig. 6A-B. The ESP distribution of free
monomers in the figure can be visualized by the scale, i.e., the darker the
blue colour represents a significant increase in the electron cloud density
and the more negative charges in the corresponding region, whereas the
darker the red colour represents the lower the electron cloud density and
the more positive charge here. Our findings showed that the highest and
lowest ESP values were located near the hydroxyl and carboxyl groups of
HACS and FA (Zheng et al., 2022), suggesting these regions were key
sites for molecular interactions. Molecular docking (Fig. 6C) showed the
stabilization of FA molecules bound to HACS by hydrogen bonding. The
results of IGM (Fig. 6C) analysis further showed that starch molecules
appeared as thin and wide isosurfaces with FA molecules, indicating the
mode of interaction between them. The green region indicated the
presence of van der Waals forces and the blue region (Qiu et al., 2023)
indicated the presence of a partial hydrogen bonding link between
starch and FA. It could be seen that non-covalent interactions such as
hydrogen bonding (confirmed by FTIR spectroscopy), van der Waals
forces, and spatial steric drag effects were present in the complex system
(Hao et al., 2024). In addition, FA entered the hydrophobic cavity of
starch through hydrophobic interactions and formed a single helix
complex, promoting the formation of the internal helical structure of
starch, which was not a negligible factor. The specific HACS and FA
complex systems non-covalent interactions in real space are shown in
Fig. 6D. The hydrogen bonding between them (green plot) was mainly
distributed between the hydroxyl, carboxyl of THE and starch mole-
cules, which following the results of the above ESP analysis of the main
interaction sites for the stable structure of this complex systems.

4. Conclusion

In this study, the formation mechanism, physicochemical properties,
and the relationship between the multi-scale structure and digestive
properties of ball milling pretreated HACS-FA complexes were investi-
gated, and elucidated the intermolecular interactions by DFT calcula-
tions. The results showed that the amylose content of HACS was
significantly increased (p < 0.05) and the average molecular weight was
reduced to 92.155 kDa at the modification time of ball milling pre-
treatment from O to 180 min, which laid the foundation for the subse-
quent experiments. The FA content in the ball milling pretreated HACS-
FA complex increased from 18.33 mg/g to 28.96 mg/g, and the degree of
complexation was improved. The SEM results showed that the
morphology of the complexes changed to irregular lumps. In addition,
the crystallinity of the HACS-FA complexes increased by 11.74 % with
increasing time of ball milling pretreatment, and the short-range
ordering increased significantly. Notably, the contents of single and
double helices in HACS-FA-120 were 10.50 % and 27.90 %, respectively,
which showed an increasing trend (p < 0.05), indicating that the ball
milling pretreated HACS-FA complexes had a more compact V-type
structure. In terms of digestibility, the RS of HACS-FA complexes
increased by 22.39 %, and the presence of FA inhibited starch di-
gestibility. DFT calculations further suggested that the intermolecular
interactions between HACS and FA were mainly hydrophobic, hydrogen
bonding, and van der Waals forces. This study is expected to provide a
new method for the efficient preparation of HACS-FA complexes and
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provide some insights into the relationship between their multi-scale
structure and digestibility.
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