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ABSTRACT

This study investigated the effects of plasma-activated water (PAW), extrusion, and their combination on the
physicochemical, rheological, and digestive properties of potato starch during cyclodextrin glycosyltransferase
(CGTase)-mediated modification. All treatments decreased the molecular weight and amylopectin chain length.
Differential scanning calorimetry results showed PAW treatment increased the gelatinization enthalpy of potato
starch from 12.61 J/g to 15.66 J/g and increased its gelatinization temperatures compared with native starch.
Low-field nuclear magnetic resonance results indicated both PAW and extrusion treatments altered water dis-
tribution, promoting the conversion of free and weakly bound water to tightly bound states. Rheological tests
indicated the combined PAW, extrusion, and CGTase treatment (EACG) yielded starch gel with the highest elastic
and viscous moduli. Furthermore, EACG modification enhanced the solubility and increased the resistant starch
content from 31.69 % to 61.38 %. This study developed a novel green method for modulating potato starch
properties, with potential applications such as low-glycemic index food ingredients and gelling agents.

1. Introduction

methods have been developed, including physical, chemical, and enzy-
matic approaches. Among them, enzymatic modification is valued for its

Potato starch is widely used in food and non-food industries due to its
excellent thickening, binding, gelling, and encapsulation properties
(Mahmood et al., 2017). However, native starch suffers from several
limitations, such as poor solubility, high retrogradation tendency, and
limited film-forming capacity, which restricts its functionality in tar-
geted applications. As a result, various modification techniques are
employed to enhance its functional properties and expand its potential
uses. To overcome these limitations, various starch modification

selectivity, while physical techniques such as extrusion and cold plasma
are gaining attention for their green and scalable characteristics (Ji
et al., 2021; Roman et al., 2016; Zou et al., 2025).

Cyclodextrin glycosyltransferase (CGTase), a member of the glyco-
side hydrolase family, catalyzes partial starch hydrolysis by cleaving
a-1,4-glycosidic bonds and transfers the resulting fragments to form
cyclodextrins (CDs) through a transglycosylation reaction. CGTase slows
starch retrogradation and aging in starch-based products by modifying

Abbreviations: NPS, Native starch; ETN, Twin-screw extruded starch; NPPA, NPS mixed with PAW; ETPA, ETN mixed with PAW; NPCG, NPS treated with CGTase;
ETCG, ETN treated with CGTase; NACG, NPS sequentially treated with PAW and CGTase; EACG, ETN sequentially treated with PAW and CGTase; PAW, Plasma-
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the starch structure, thereby enhancing the quality and shelf life of
baked goods, as well as increasing the levels of slowly digestible starch
(SDS) and resistant starch (RS) (Ji et al., 2021). CDs are cyclic oligo-
saccharides linked by a-1,4-glycosidic bonds, commonly including a-CD,
B-CD, and y-CD. CDs have a hydrophilic exterior and a hydrophobic
interior, allowing guest molecules to be embedded within their hydro-
phobic cavity through van der Waals forces (Ma et al., 2023). CDs enable
controlled release, increased solubility of guest molecules, improved
odor, and protection of sensitive food components. Therefore, CDs show
a wide range of potential applications in food (Lopez-Nicolas & Garcia-
Carmona, 2007) and packaging (Lopez-de-Dicastillo et al., 2010).

Cold plasma (CP) consists of electrons, ions, ultraviolet radiation,
free radicals, and excited molecules. Plasma-activated water (PAW) is a
liquid produced by CP interacting with water, characterized by high
oxidation-reduction potential (ORP), high electrical conductivity (EC),
and low pH. It contains reactive oxygen species (ROS) (Zou et al., 2025).
Chou et al. (2023) found that PAW treatment improved the solubility,
gel hardness, thermal stability, and reduced retrogradation of potato
starch. Despite its potential (Han et al., 2023; Zou, Shinali, et al., 2024),
few studies have explored the effects of PAW combined with other
technologies on starches.

Extrusion is a common starch modification method that applies high
pressure and mechanical energy to shear, heat, and shape starch. It alters
the structure, physicochemical properties, and digestibility of starch,
improving solubility and enzymatic hydrolysis rate, thus increasing its
industrial applicability (Sun et al., 2021). The degree of modification
influences the rheological properties, gelatinization behavior, and final
product quality (Roman et al., 2018). However, the effects and mecha-
nisms of combining PAW and twin-screw extrusion on CGTase-mediated
modified potato starch remain underexplored.

Numerous studies have reported the effectiveness of single treat-
ments using ETN, PAW, and CGTase in modifying the structure and
physicochemical properties (such as solubility, gel strength, thermal
performance, and digestibility) of starch. However, the use of synergistic
multiple modification strategies may hold greater potential. The pri-
mary aim of this study is to systematically evaluate the impact of PAW
and ETN on CGTase-mediated potato starch modification, focusing on
the structural, physicochemical, rheological, and digestive properties
following extrusion. We hypothesized that the synergistic integration of
PAW treatment and twin-screw extrusion would enhance the efficiency
of CGTase-mediated starch modification, thereby producing potato
starch with improved functional properties and resistance to digestive
enzymes. By comparing different modification strategies, the goal is to
provide scientific evidence and technical support for the functional
enhancement and industrial applications (such as encapsulation, stabi-
lizer, binding agent, film-forming, and gelling agent) of potato starch.

2. Materials and methods
2.1. Materials

Potato starch (No. S11004, amylose content 18.65 %, Biochemical
Reagent grade) was purchased from Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). The moisture content of the starch was 17.76 %,
determined by drying in a 105 °C oven (DHG-9240 A, Shanghai Jing-
hong Experimental Equipment Co., Ltd., Shanghai, China) for 4-6 h until
starch reached a constant weight (Daudt et al., 2014). Referring to our
previous study, the amylose content was measured using a spectro-
photometric method (Zuo et al., 2024). Cyclodextrin glycosyltransferase
(EC 2.4.1.19, declared activity: 3.0 KNU/g) from Thermoanaerobacter sp.
(Toruzyme 3.0 L) was supplied by Novozymes Co., Ltd. (Shanghai,
China). Pullulanase (EC 3.2.1.41, No. E-PULBL, 700 U/mL) from Bacillus
licheniformis and glucose oxidase-peroxidase (GOPOD) assay kit were
supplied by Megazyme International Ireland Ltd. (Wicklow, Ireland).
a-Amylase (EC 3.2.1.1, No. 10080, 50 U/mg) from porcine pancreas and
amyloglucosidase (EC 3.2.1.3, No. 10115, 70 U/mg) from Aspergillus
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niger were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). All other chemicals used were of analytical grade.

2.2. Preparation of PAW

In this study, PAW was generated by activating distilled water (DW)
with a dielectric barrier discharge plasma system (CTP-2000KP, Nanjing
Suman Electronics Co., Ltd., China). The distance between the plasma
source and water was set to 4 mm. The quartz reaction chamber con-
tained 60 mL of DW. The voltage regulator knob was adjusted to set the
input power to 50 + 1 W, with a discharge frequency of 10 kHz. The
activation time was set to 10 min.

The temperature of PAW was measured using a temperature sensor
(UT320D, UNI-T Co., Ltd., Guangdong, China). The pH and ORP of the
prepared PAW were measured with a pH/ORP meter (FE20, Mettler-
Toledo Instruments Co., Ltd., Shanghai, China), and the EC was
measured using a conductivity meter (Leici DDS-307 A, Shanghai,
China). PAW was used for analysis and experimentation immediately
after preparation.

2.3. Treatment of starches

2.3.1. Extrusion of potato starch

Potato starch was extruded using a twin-screw extruder (TwinLab-F
20/40, Brabender, Oberhausen, Germany) with a round die at the
extruder barrel outlet, with a length-to-diameter ratio of 40:1 and a die
diameter of 5 mm. The extruder was equipped with a modular screw
configuration featuring conveying elements and kneading blocks. The
starch was fed into the extruder at a constant rate of 56 g/min. The in-
barrel moisture content was maintained at 22 %. During extrusion, the
temperature in the five controlled zones was set to 50, 70, 90, 90, and
70 °C, respectively (Zhou et al., 2022). The specific mechanical energy
was approximately 168 kJ/kg. The samples were immediately freeze-
dried using a freeze dryer (LGJ-10E, Sihuan Scientific Instrument Fac-
tory, Beijing, China), then the modified starch was ground, sieved,
packaged, and stored for further study. NPS and ETN represent native
starch and twin-screw extruded starch, respectively.

2.3.2. PAW treatment

NPS and ETN were directly mixed with PAW at room temperature
(25 °C) and stirred (800 rpm) continuously for 10 min at a 1:2 (w/v)
ratio using a magnetic stirrer (Heidolph MR Hei-Standard, Schwabach,
Germany). The samples of NPS and ETN mixed with PAW were labeled
as NPPA and ETPA, respectively. The samples were immediately freeze-
dried, ground, sieved through a 150-pm screen, and stored fully sealed at
4 °C for further analysis.

2.3.3. Engymatic modification of starch by CGTase

Following the method of Roman et al. (2016), CGTase (0.2 U of
CGTase/g of starch) was dissolved in 40 mL of phosphate buffer (20 mM,
pH = 6.0) to prepare the enzyme solution. Then, pre-weighed NPS and
ETN starch (10 g each) were suspended separately in 40 mL of the
enzyme solution, with a solid-to-liquid ratio of 1:4 (w/v). The starch
suspensions were thoroughly mixed with a glass rod, covered with
plastic film to prevent drying, and incubated at 60 °C for 1 h. During
incubation, the starch suspensions were thoroughly stirred every 15 min
to prevent sedimentation of starch granules. The paste was then heated
to 100 °C and maintained for 60 min. Afterward, the samples were
immediately freeze-dried, ground into powder, and sieved through a
150-um screen. The powder was stored fully sealed at 4 °C for further
analysis. The NPS and ETN samples treated with CGTase were labeled
NPCG and ETCG, respectively.

2.3.4. Multiple modification
The NPS and ETN starches were transferred to a beaker and
sequentially modified with PAW and CGTase according to the conditions



F. Zou et al.

described in Sections 2.3.2 and 2.3.3. The samples were labeled as NACG
and EACG, respectively, and the freeze-dried samples were stored for
further analysis. All starch treatments were carried out sequentially. The
sequential application of these treatments enabled the individual effects
of each modification to be studied.

2.4. Molecular structure

2.4.1. Chain length distribution (CLD)

The CLD of native and modified starch samples was determined ac-
cording to the method of Su et al. (2020). Starch samples (40 mg) were
dissolved in 2 mL of sodium acetate buffer (0.01 mol/L, pH 4.5) and
heated in a boiling water bath for 20 min. After cooling, 7 pL of pul-
lulanase (700 U/mL) was added, and the mixture was incubated for 24
h. The reaction was terminated by boiling for 20 min, followed by
centrifugation at 4000 xg for 10 min, and filtration through a 0.22 pm
membrane. The filtrate was analyzed using high-performance anion-
exchange chromatography coupled with pulsed amperometric detection
(HPAEC-PAD, ICS-5000+, Thermo Fisher Scientific, USA) with a Dionex
CarboPac™ PA-100 column. The mobile phases were 0.15 mol/L NaOH
(eluent A) and 0.15 mol/L NaOH with 0.5 mol/L sodium acetate (eluent
B) at a flow rate of 1 mL/min and a column temperature of 25 °C.

2.4.2. Molecular weight (M,,)

The molecular structure of native and modified starches was char-
acterized using high-performance size-exclusion chromatography
coupled with multi-angle laser light scattering and refractive index
detection (HPSEC-MALLS-RI). A 60 mg sample was dispersed in 10 mL
of 90 % (v/v) dimethyl sulfoxide solution to achieve a final concentra-
tion of 0.5 % (w/v). The mixture was heated in a boiling water bath for 1
h to ensure complete dissolution, followed by shaking at 30 °C and 180
rpm for 48 h. Subsequently, 9 volumes of absolute ethanol were added to
the solution, and the mixture was centrifuged at 8000 rpm and 4 °C for
10 min. The precipitate was collected and washed twice with absolute
ethanol. Prior to analysis, residual ethanol was evaporated, and the
sample was redissolved in the mobile phase, then filtered through a 0.45
pm membrane filter (Maisinuo, Nanjing, China).

The solution was injected into an HPSEC system equipped with a
multi-angle laser light scattering detector and a refractive index (RI)
detector (Wyatt Technologies, Santa Barbara, CA, USA). Two columns
were used in series: Shodex OHpak SB-806 HQ and SB-804 HQ (Showa
Denko K.K., Kawasaki, Japan). The mobile phase consisted of 0.1 M
NaNOs, delivered at a flow rate of 0.6 mL/min. The column temperature
was maintained at 50 °C. Data analysis was performed using Astra
software (Version 5.3.4, Wyatt Technologies) (Kurdziel et al., 2022).

2.4.3. X-ray diffraction (XRD)

The crystal structure of native and modified starches was determined
using an X-ray diffractometer (XD-3, Purkinje General Instrument Co.,
Ltd., China) with Ni-filtered CuKa radiation at 36 kV and 20 mA. The
scanning range was set from 5° to 40° at a rate of 2°/min (Bragg & Bragg,
1913; Zuo et al., 2024). The relative crystallinity (RC) was calculated by
the following equation:

RC = Acrystalline (1 )

Acrystalline + Aamorphaus

where Acrystaliine Tepresents the area of the crystalline peaks in the XRD
pattern, and Agmorphous T€presents the area of the amorphous scattering.

2.5. CDs content of starch samples

The composition of CDs from native and modified starches was
analyzed using high-performance liquid chromatography (HPLC) (Ji
et al., 2021). A 200 mg sample was dissolved in 5 mL ultrapure water,
centrifuged, and the supernatant was injected (20 pL) into a Waters
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€2695 HPLC system with a 2414 RI detector (Waters, Inc., Torrance, CA,
USA). An X-Bridge BEH Amide column (250 mm x 4.6 mm, Waters) was
used. The mobile phase was 65 % by volume acetonitrile solution at 0.8
mL/min and 30 °C. Quantitative analysis was performed using the
external standard method with known concentrations of a-CD, $-CD, and
v-CD standards. The concentration of each cyclodextrin was determined
by correlating the peak areas with the standard curves, and the total CD
content was calculated as the sum of a-CD, p-CD, and y-CD.

2.6. Granule morphology

2.6.1. Scanning electron microscopy (SEM)

The microstructure of native and modified starches was observed
using a scanning electron microscope (SU3500, Hitachi Co., Tokyo,
Japan). Samples were examined under vacuum mode with a voltage of
10 kV. The starch samples were dispersed onto the sample stage and
sputter-coated with gold prior to observation (Knoll & Ruska, 1932).

2.6.2. Confocal laser scanning microscopy (CLSM)

Each group of starch samples (10 mg) were mixed with 15 pL of 10
mmol/L APTS and 15 pL of 1 mol/L sodium cyanoborohydride, then
stabilized at room temperature for 20 h. The stained starch samples were
washed five times with 1 mL of DW and suspended in 100 pL of a 50 %
glycerol-water mixture. A drop of this suspension was placed on a
confocal laser scanning microscope (LSM900, Carl Zeiss AG, Germany)
to observe the microstructure of the starch (Zuo et al., 2024).

2.6.3. Polarized light microscopy (PLM)

Native and modified starches were mixed with a glycerol solution
(glycerol/H20, 1:1, v/v) to prepare a 1 % starch emulsion. A drop of the
starch emulsion was placed on a glass slide to observe the structural
properties of starch granules under a polarizing microscope (DM2700P,
Leica, Germany) (Su et al., 2020).

2.7. Thermal properties

2.7.1. Starch gelatinization

The gelatinization behavior of native and modified starches was
measured using a differential scanning calorimeter (DSC214, Netzsch,
Germany). Potato starch was placed into an aluminum pan, and DW was
added to achieve a starch-to-water ratio of 1:3. The pan was sealed and
equilibrated overnight. Before testing, the sample pan was equilibrated
at 20 °C for 3 min, then heated from 20 °C to 120 °C at a rate of 10 °C/
min (Akhila et al., 2024; Watson et al., 1964).

2.7.2. Thermogravimetric analysis (TGA)

Native and modified starch samples (8.00 + 0.02 mg) were weighed
and placed on a platinum sample holder. TGA was conducted using a
thermogravimetric analyzer (TGA5500, TA Instruments, USA), with a
constant heating rate of 10 °C/min from 30 °C to 600 °C. High-purity
helium gas (99.999 %, Air Products, USA) was used as carrier gas,
with a 25 mL/min flow rate (Wei et al., 2024).

2.8. Low-field nuclear magnetic resonance

The water distribution of native and modified starches was deter-
mined using a low-field pulsed nuclear magnetic resonance analyzer
(NMI20-025 V-I analyzer, Suzhou Niumag Analytical Instrument Cor-
poration, China). Starch samples (0.05 g) were tightly packed to prevent
water loss and placed in the magnet chamber. The Ty spectra were ob-
tained using the Carr-Purcell-Meiboom-Gill pulse sequence. The pa-
rameters for the measurements were set as follows: sampling point =
200,050, spectrum width = 200 kHz, waiting time = 1500 ms, time
echo = 0.5 ms, number of echoes = 2000, and number of scans = 8
(Bloch, 1946; Zhong et al., 2024).
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2.9. Solubility

The solubility of native and modified starches was determined over a
temperature range of 50-90 °C. 0.5 g of starch was weighed into a 50 mL
centrifuge tube and mixed with 25 mL of DW to prepare a 2 % (w/v)
starch suspension. The suspension was thoroughly mixed and incubated
in a shaking water bath at 50, 60, 70, 80, and 90 °C for 30 min. After
incubation, the samples were cooled to room temperature and centri-
fuged at 4000 rpm for 10 min. The supernatant was collected and dried
at 105 °C to a constant weight (Leach et al., 1959). The solubility was
calculated using the following equation:

Wi (Mass of supernatantin an aluminumbox after drying)
n W (Starchsampleweight)

Solubility (%)

x100%
2

2.10. Rheological properties

The rheological properties of native and modified starches were
measured using a rheometer (TA ARES G2, TA Instruments, USA)
equipped with parallel non-deformable steel plates. The starch was
dispersed in DW (10 % w/w). The sample was loaded onto the Peltier
plate, and a thin layer of silicone oil was applied to prevent evaporation.
Before measurement, the sample was equilibrated at 25 °C for 1 min.
Following the method of Singh et al. (2008), gelatinization was con-
ducted on the rheometer plate: the sample was first heated at 10 °C/min
to 90 °C, held at 90 °C for 3 min, and then cooled to 25 °C, where it was
equilibrated for 1 min. The linear viscoelastic region (LVR) was deter-
mined by strain sweep testing.

2.10.1. Small-amplitude oscillatory shear test

Frequency sweep tests were performed over a range of 0.1-100 rad/s
with a strain amplitude of 0.2 %. The storage modulus (G'), associated
with the gel’s elastic properties, and the loss modulus (G"), reflecting its
viscous properties, were obtained from the test results. The data were
fitted using power law egs. (3) and (4) to determine the frequency
dependence of the gel samples and to analyze the effect of modification
on the gel’s characteristics (An et al., 2023).

G =K-a" 3)
G =K-o" 4)

where K’ and K" are modulus constants, n’ and n” are frequency expo-
nents, and w is the angular frequency.

2.10.2. Large-amplitude oscillatory shear (LAOS) test

The LAOS experiment was conducted with a strain sweep range of
0.01 % to 1000 % at a frequency of 1 Hz. Original waveforms under
different strains were collected, and raw data on strain and stress were
recorded. The Lissajous curves were obtained using the MITlaos pro-
gram (MITlaos beta), representing the relationship between the raw
stress response and strain over the entire oscillation cycle. These curves
effectively describe nonlinear behavior and provide information on the
contributions of elastic and viscous stresses to the total stress (Wei et al.,
2024).

2.11. In vitro digestion

The contents of RDS, SDS, and RS in native and treated potato
starches were determined according to the method described by Englyst
et al. (1992). The intestinal simulation solution was prepared with
deionized water containing porcine pancreatic a-Amylase (150 U/mL)
and amyloglucosidase (80 U/mL). A 200 mg sample was suspended in
15 mL of 0.2 mol/L sodium acetate buffer, pre-equilibrated at 37 °C for
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5 min, then mixed with 5 mL of the simulation solution for enzymatic
hydrolysis in a constant-temperature water bath at 37 °C with agitation
at 200 rpm. Aliquots (200 pL) of hydrolysate were collected at O min, 20
min, and 120 min intervals and immediately mixed with nine volumes of
anhydrous ethanol to terminate the enzymatic activity. The resulting
mixtures were subjected to centrifugation at 10,000 xg for 5 min. The
amount of glucose released in the supernatant was measured using a
GOPOD assay kit. Starch content within 20 min, between 20 and 120
min, and after 120 min of digestion was defined as RDS, SDS, and RS,
respectively.

2.12. Molecular docking

2.12.1. Docking of CGTase with starch molecules was performed

The conformations of CGTase (receptor) used in this study were
obtained from the RCSB Protein Data Bank (ID: 1CYG) (https://www.
resb.org/). Initially, Discovery Studio 2019 was used to remove water
molecules and irrelevant heteroatoms, retaining only the protein
structure. The 2D structure of linear amylose (ligand) was drawn using
ChemDraw 20.0 (with four units), and the 3D structure of linear amylose
was constructed using ChemDraw 3D. The MM2 algorithm (Casewit
et al., 1992) was applied to optimize the conformation. Molecular
docking simulations were performed using the libDock module in Dis-
covery Studio 2019, and 3D visualization and analysis were conducted
using PyMol 2.41 (https://pymol.org).

2.12.2. Docking of a-CD, -CD, and y-CD with amylopectin and amylose

The crystal structures of a-CD, p-CD, and y-CD were extracted from
the RCSB Protein Data Bank with the IDs 2ZYM, 3CGT, and 2ZYK,
respectively (Gannimani et al., 2015). The models were then imported
into Autodock Tools (ADT, Version 1.5.7) for hydrogenation and charge
adjustment. Molecular docking of CDs (receptors) and starch (ligands)
was performed using Autodock Vina software (Trott & Olson, 2010). The
active site was set to cover the regions of amylopectin and amylose as
the docking box, and the optimal conformation was selected for binding
mode analysis. Visualization of the binding site and hydrogen bonds was
conducted using PyMol 2.41.

2.13. Statistical analysis

All experiments were performed at least in triplicate, with results
presented as mean + standard deviation. The data were analyzed using
SPSS 22.0 software (SPSS Inc., Chicago, USA). One-way analysis of
variance (ANOVA) was used to compare the relationships between
variables, and Duncan’s multiple range test was applied to determine
whether there were significant differences between the means (p <
0.05).

3. Results and discussion
3.1. Physicochemical characterization of plasma-activated water

Table S1 presents the physicochemical properties of distilled water
after CP treatment. CP treatment significantly altered (p < 0.05) the
physicochemical properties of the water. The CP treatment reduced the
pH of DW from 6.58 to 3.21, as CP facilitated the dissolution of nitrogen
oxides formed from N2 and O2, leading to water acidification (Akhila
et al., 2024). EC reflects the concentration of reactive ions in water, and
ORP indicates the redox potential of the water (Zou, Tan, et al., 2024).
CP treatment increased the water’s EC from 3.41 pS/cm to 325.72 pS/
cm and raised the ORP from 265 mV to 587.33 mV. This behavior could
be attributed to the increased presence of reactive ions and oxidizing
substances (Zou et al., 2025). No significant difference in DW temper-
ature was observed before and after activation, suggesting that CP
treatment had a minimal effect on water temperature.
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3.2. Molecular structure characterization

3.2.1. Chain length distribution

Based on the periodic distribution pattern of amylopectin chain
length proportions, the range was divided into five sections: DP < 6, DP
6-12, DP 13-24, DP 25-36, and DP > 36 (Ji et al., 2020). The proportion
of different chain lengths in starch reflects its intrinsic fine structure and
is closely related to its properties, such as gelatinization and digestion
characteristics (Benavent-Gil et al., 2021). The chain length distribution
of starch is shown in Fig. 1 and Table S2. NPS showed a typically high
proportion of DP 13-24 chains (64.85 %), reflecting its relatively long
branched structure, which favors the formation of well-ordered double-
helical structures and crystalline regions. Starch treated with extrusion
showed no significant differences from NPS (except for DP > 37). This
could be due to the large molecular chains of amylopectin, where shear-
induced breakage results in relatively fewer and smaller fragments (Sun
etal., 2021). The PAW-induced starch branch depolymerization through
reactive free radical action, leading to an increase in the short-chain
fraction. This was because the free radicals broke longer branches,
which is consistent with the findings reported by Sun et al. (2021). The
increase in short chains promoted the formation of double-helix struc-
tures, thereby enhancing the crystallinity of starch.

The EACG treatment had the most significant effect on the fine
structure of starch, with long chains (e.g., DP > 37) almost completely
degraded, resulting in a large increase in short-chain starch (DP < 6
accounted for 73.13 %). This indicates that extrusion and PAW treat-
ments effectively facilitated starch hydrolysis by CGTase (Li et al.,
2021). Extrusion treatment disrupted the crystalline structure of starch
through mechanical forces, improving molecular accessibility to CGTase
and generating shorter chains. The depolymerization of amylopectin
branches induced by PAW’s reactive free radicals was greater than the
degree of polymerization (Sun et al., 2021), also enhancing the effi-
ciency of enzyme-mediated short-chain production, consistent with
previously reported findings on changes in the fine structure of potato
starch (Li et al., 2021).

3.2.2. Molecular weight distribution analysis

The molecular structure of starch has a significant influence on its
properties, with molecular weight distribution being a key structural
characteristic. As shown in Table S2, compared to native starch, both
PAW and extrusion treatment reduced the M,, of starch. The ROS in
PAW attacks starch molecular chains, causing glycosidic bond cleavage
and subsequent chain shortening. Extrusion processing, which involves
high temperature, high pressure, and intense shear forces, disrupts the
granular structure of starch and breaks long chains into shorter ones
(Sun et al., 2021). Modification catalyzed by CGTase demonstrated the
most efficient regulation of My, with M, significantly reduced by 71.93
% (p < 0.05). This is attributed to the specific hydrolysis of glycosidic
bonds and the chain-shortening effect associated with cyclodextrin
formation (Ji et al., 2021). The number-average molecular weight (M)
is the statistical average molecular weight of polymer chains in the
sample. Extrusion treatment increased the M, value through cross-
linking and partial gelatinization, while PAW and CGTase treatments
decreased the M, value through free radical action, oxidation, and
enzymatic hydrolysis (Ji et al., 2021; Kurdziel et al., 2022).

The polydispersity index (PDI) of starch molecules can also effec-
tively reflect the distribution characteristics of the starch molecular
weight. The PDI of the modified starches was significantly reduced (p <
0.05), indicating a more uniform molecular chain length distribution.
This is consistent with an increased proportion of short chains and a
decrease in long chains within the CLD. The narrowing of molecular
weight distribution and enhanced structural regularity may improve the
functional performance of starch by modulating digestion rate (making
it more easily encapsulated by CDs), thereby enhancing its application
potential in low-glycemic index (GI) food additives or drug sustained-
release carriers. These results provide a theoretical basis for the
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precise design of functional starch materials (Ab’lah et al., 2023).

3.2.3. Crystal structure

According to the XRD patterns (Fig. 2A and Table S2), potato starch
exhibits a B-type crystalline structure, with main peaks at angle 20
values of 17.2° and a double peak at 22-24°. The RC values of all
starches ranged from 21.45 % to 23.89 %. Compared to native starch,
the RC of the ETN group was significantly reduced by 2.3 % (p < 0.05),
whereas the PAW-treated group showed a significant increase of 8.8 %
(p < 0.05). Extrusion is a mechanical disruption process that directly
damages starch granules and molecular arrangement through high
pressure and shear, transforming the original B-type crystalline struc-
ture into an amorphous structure (Akhila et al., 2024). PAW treatment
may induce starch molecule rearrangement by generating ROS. This
effect may enable some amorphous regions to regain a degree of crys-
tallinity, thereby increasing the starch’s crystallinity (Yan et al., 2024).

The RC values of CGTase hydrolyzed starch (NPCG group) decreased
to zero, and a relatively broad amorphous peak appeared at 20.5° in the
XRD spectra of potato starch in the ETCG and EACG groups. This was
due to extrusion disrupting the B-type crystalline structure of the starch,
breaking hydrogen bonds within the potato starch granules, and
enabling water to bind to free hydroxyl groups. Subsequent CGTase
hydrolysis rendered the starch amorphous, eliminating its crystalline
characteristics (Liu et al., 2009).

3.3. Water distribution

The water distribution in starch is closely related to its properties,
including gelatinization, gelation, retrogradation, and structural char-
acteristics (Zhuang et al., 2023), Fig. 2B shows the transverse relaxation
(T5) spectrum of starch, corresponding to three peaks (Ta1, To2, and Ta3).
Shorter relaxation times indicate more restricted water mobility due to
substrate binding. Accordingly, To; (0.1-10 ms) represents bound water,
T2 (10-100 ms) represents weakly bound water, and T»3 (100-10,000
ms) represents free water (Zhuang et al., 2023).

The T5; peak of extruded starch was higher than that of native starch,
while the Ty3 peak was lower, a similar phenomenon observed in the
PAW group. This indicates a water transition from a free to a bound
state, likely due to the breakage of starch molecular chains during
extrusion, which exposed many hydrophilic hydroxyl groups (Zeng
et al., 2022). PAW may alter the hydrogen-bonding structure or mo-
lecular polarity of water, enhancing hydrogen bonding between water
molecules and starch chains, thus promoting the formation of bound
water (Sun et al., 2021). The ETPA group showed the highest Ty peak
and the lowest To3 peak under the synergistic effects of PAW and
extrusion. The increase in bound water enhances starch adhesion and
texture stability in food, which in turn improves food texture and
mouthfeel. This is beneficial for applications in fields such as baking and
frozen foods (Wang & Copeland, 2013). The NMR T, spectrum of
CGTase-treated potato starch shows a decrease in bound water and an
increase in free water. The CDs formed after CGTase treatment may
reduce direct contact between water and starch structure through
encapsulation, causing water to more readily exist as free water
(Benavent-Gil et al., 2021).

3.4. Composition analysis of CDs in modified starches

To investigate the effects of CGTase, extrusion, and PAW on starch
modification, the composition of CDs in the modified products was
analyzed. As shown in Fig. 2C, the CDs yield from starch pretreated with
extrusion and PAW was significantly higher (p < 0.05) than that of the
NPCG group. Extrusion disrupts the crystalline structure of starch,
making the starch molecules more amorphous through high tempera-
ture, pressure, and shear, thereby increasing enzyme binding sites and
facilitating CGTase attack on the starch chains. This enhances the yield
of a-, B-, and y-CDs (Roman et al., 2016; Yan et al., 2024). PAW can alter
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the physicochemical properties of starch, increase its surface activity
and solubility, making it easier for CGTase to act on the starch molecules
and thereby promoting the production of a-, -, and y-CDs (Sun et al.,
2021). Among all groups, the EACG group had the highest CDs yield,
attributed to the synergistic effect of extrusion and PAW.

3.5. Granule morphological structure
As shown in Fig. 3, A1-A8 were SEM images of potato starch. The
surface of NPS granules was smooth, with a circular or oval shape of

varying sizes. However, after treatment with PAW and extrusion, the
starch surface became rough, eroded, and damaged. PAW treatment

20 pm

73 20 um 20 um
L |

20 um S0jum
—

20 pm

caused damage due to the etching action of PAW, where ROS in PAW
reacted with molecules on the starch surface, leading to structural
erosion (Zuo et al., 2024). The starch in the ETN group exhibited greater
damage, with granules becoming irregular in shape. This could be
attributed to the exposure of starch granules to high temperatures, shear
forces, pressure, and rapid moisture changes during the extrusion pro-
cess (Ali et al., 2020). Due to the synergistic effects of PAW and extru-
sion, the ETPA group starch exhibited more severe granule structure
disruption than single modifications. The granules appeared as irregular
blocks with noticeable pits and cracks. In the SEM images of CGTase-
modified starch, irregular polyhedral or flaky shapes were observed.
This semi-crystalline structure is related to intramolecular and

20 pum

20im 20 um

20 um

20 um’ 20 pum

Fig. 3. Scanning electron micrographs (500x, A1-A8), confocal laser scanning micrographs (20 pm, B1-B8), and polarized light micrographs (20 pm, C1-C8) of
native and modified potato starches. For Al, B1, C1, NPS; A2, B2, C2, ETN; A3, B3, C3, NPPA; A4, B4, C4, ETPA; A5, B5, C5, NPCG; A6, B6, C6, ETCG; A7, B7, C7,

NACG; A8, B8, C8, EACG.

NPS: Native starch; ETN: Twin-screw extruded starch; NPPA: NPS mixed with PAW; ETPA: ETN mixed with PAW; NPCG: NPS treated with CGTase; ETCG: ETN
treated with CGTase; NACG: NPS sequentially treated with PAW and CGTase; EACG: ETN sequentially treated with PAW and CGTase.
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intermolecular hydrogen bonding between amylose and amylopectin
chains (Aguado et al., 2021). In the EACG group, swollen starch granules
were observed to adhere to one another, resulting in increased viscosity.
This phenomenon may be due to the dual modification by PAW and
CGTase under extrusion, which likely caused entanglement between
amylose chains or between amylose and amylopectin side chains,
forming an amylose gel network (Wu et al., 2022).

CLSM was used to further characterize microstructure and morpho-
logical changes, as shown in Fig. 3B1—B8. Native potato starch
exhibited distinct growth rings and hilum. The growth rings displayed
alternating light and dark regions, representing the alternating amor-
phous and crystalline zones. APTS was used to label the reducing ends of
starch molecules. Since amylose contains more reducing ends, there is a
positive correlation between amylose content and fluorescence intensity
in starch observed by CLSM (Parker & Ring, 2001). The fluorescence
intensity at the center of potato starch granules was higher than at the
periphery, indicating that the hilum region contains more amylose. The
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PAW-treated starch showed distinct growth rings, suggesting that the
etching effect of PAW occurred primarily on the starch surface, with
minimal damage to the internal structure. In contrast, the growth rings
and hilum structures of starch modified by extrusion and CGTase were
disrupted. This disruption resulted from the breakdown of crystalline
and amorphous regions caused by CGTase hydrolysis, high tempera-
tures, and shear forces (Liang et al., 2024).

Fig. 3C1—C8 shows PLM images of starch. The high degree of order
in the crystalline regions of starch gives these areas different refractive
indices for light in various directions, resulting in birefringence and
forming a Maltese cross (Xie et al., 2013). In the non-CGTase-treated
groups, the Maltese cross of the starch granules was clearly observed,
with their position and brightness being essentially unaffected by PAW
and extrusion treatments. This indicates that PAW and extrusion treat-
ment do not completely disrupt the order of all starch crystals, which is
consistent with the results of Srangsomjit et al. (2022). After modifica-
tion with CGTase, the Maltese cross of the starch disappeared, indicating
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Fig. 4. DSC (A) and TG (B) thermograms of native and modified starches. NPS: Native starch; ETN: Twin-screw extruded starch; NPPA: NPS mixed with PAW; ETPA:
ETN mixed with PAW; NPCG: NPS treated with CGTase; ETCG: ETN treated with CGTase; NACG: NPS sequentially treated with PAW and CGTase; EACG: ETN

sequentially treated with PAW and CGTase.
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that CGTase treatment severely disrupted the double-helix structure of
amylopectin in the crystalline lamellae, reducing the molecular order
(Wang et al., 2022). Bright needle-like particles were observed in the
CGTase-treated group, indicating that CDs possess a certain degree of
crystallinity. However, due to the dispersed state of CDs within the
samples, XRD did not detect crystalline peaks in the CGTase-treated
samples.

3.6. Thermal performance analysis

Fig. 4A and Table S3 show the thermal properties of the samples.
Gelatinization temperature reflects the thermal stability of starch
granules, while the AH is directly related to the retrogradation tendency
of starch. Both NPS and PAW-treated starches exhibited endothermic
peaks, while no peak was observed in the extrusion-treated starch,
indicating that its double helix structure was severely disrupted. As the
amorphous regions of the starch increased, there was no distinct melting
point or phase transition during heating, resulting in the absence of a
significant endothermic signal in DSC measurements. These findings
align with the XRD and microstructural results. Compared to native
starch, the gelatinization temperature and enthalpy (increased from
12.61 J/g to 15.66 J/g) of PAW-treated starch significantly increased (p
< 0.05). The corn starch treated with PAW also showed a similar trend,
with a decrease in gelatinization temperature and enthalpy after treat-
ment (Zuo et al., 2024). This increase is likely due to the ROS in PAW
enhancing the crystalline structure. The increase in T,-T, indicates a
decrease in crystalline uniformity. For CGTase-modified starch, the
endothermic peak and T,-T, shifted to higher temperatures, while AH
significantly decreased (p < 0.05) compared to native starch. This may
be due to the shortening of starch molecular chains after CGTase treat-
ment, with shorter chains being more prone to molecular movement
during thermal processing. The structural changes increase the energy
required to disrupt the remaining starch structure, leading to a higher
gelatinization temperature (Ji et al., 2020).

TG was used to further characterize the thermogravimetric proper-
ties of the samples (Fig. 4B). The thermal decomposition process of the
samples exhibited three main regions. The first weight loss peak
appeared in the range of 60 °C to 130 °C, mainly attributed to the
vaporization of water in the starch samples, marking a physical weight
loss process. The second thermogravimetric weight loss peak, occurring
between 230 °C and 360 °C, was attributed to the degradation of starch.
The third weight loss peak, observed in the range of 380 °C to 460 °C,
was due to the decomposition of CDs (Wu et al., 2020). Extrusion, PAW,
and CGTase significantly reduced the weight loss rate and velocity. This
may be due to PAW and extrusion strengthening intermolecular in-
teractions within the starch, thereby decreasing the weight loss rate and
enhancing the starch’s thermal stability (Wei et al., 2024). After CGTase
treatment, part of the starch was converted into CDs. These cyclic mo-
lecular structures exhibit high stability due to the formation of an in-
ternal hydrogen-bond network, which enhances their resistance to
thermal decomposition and slows the rate of weight loss (Ji et al., 2020).

3.7. Solubility

As shown in Table S3, the solubility of all samples increased signif-
icantly with rising temperature, indicating that higher temperatures
promoted starch dissolution. This may be attributed to the enhanced
migration of amylose from the crystalline regions of amylopectin, pro-
moting leaching and solubilization (Ge et al., 2021). Compared with
native starch, the solubility of extrusion, PAW, and CGTase-modified
starches was significantly higher (p < 0.05). This improvement may
result from the disruption of the ordered crystalline regions by high
temperature and shear during extrusion, which increases the availability
of water-binding sites, thereby enhancing solubility. The ROS in PAW
can oxidize and cleave the starch chains, generating smaller and more
soluble fragments (Zuo et al., 2024). Sun et al. (2021) reported that both
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cold plasma and twin-screw extrusion treatments can increase the sol-
ubility of potato starch, with the combined treatment of cold plasma and
extrusion showing a more significant synergistic effect.

The CGTase-modified group exhibited significantly higher solubility
compared to the individual physical modification groups (extrusion and
PAW). CGTase specifically hydrolyzes starch chains and catalyzes the
formation of CDs, generating short-chain cyclic products whose hydro-
philic exterior structures enhance intermolecular hydration, thereby
improving solubility (Li et al., 2014). In addition, the EACG group
demonstrated the highest solubility (84.55 % at 90 °C), suggesting that
the synergistic effect of extrusion/PAW and CGTase treatment may
disrupt the crystalline regions of starch granules through mechanical
shearing and oxidative actions. This process likely produces smaller
soluble fragments and exposes more enzymatic binding sites, thus
facilitating the efficient synthesis of CDs (Roman et al., 2016).

3.8. Rheological properties analysis

3.8.1. Small-amplitude oscillatory shear test

The gel properties of NPS and modified potato starches are shown in
Fig. 5A-B, indicating different frequency dependencies among the
samples. For all starch gels, G is greater than G’, indicating elasticity-
dominant characteristics, manifesting a solid-like or gel-like structure
(Wei et al., 2024). The G’ and G” values of all treated groups were higher
than those of the control group, with the EACG group showing the
highest G'and G” values. This indicates that PAW, extrusion, and CGTase
treatments can enhance the viscoelasticity and mechanical properties of
starch gels. This may be because PAW, by initiating oxidation reactions,
increases intermolecular interactions within the starch. Extrusion
treatment disrupts the crystalline structure of starch granules through
high temperature and pressure, promoting gelatinization or hydrolysis
and enhancing rheological properties (Sun et al., 2021), and CGTase, by
catalyzing glycosyl transfer, alters the arrangement or crosslinking of
starch molecular chains, forming a stronger molecular network
(Benavent-Gil et al., 2021).

The frequency sweep results were fitted using a power law model,
with the fitting results listed in Table S4. K' and K" reflect the gel’s
elasticity and viscosity, respectively. The increased K’ and K" values for
modified starches indicate stronger elastic networks and enhanced
viscous properties. n’ and n” represent the frequency dependence of G'
and G’, respectively; smaller n values indicate lower frequency depen-
dence of G (An et al., 2023). The n values for all samples were close to 0,
indicating that all samples exhibited non-Newtonian fluid characteris-
tics (Zhong et al., 2024).

3.8.2. Large-amplitude oscillatory shear (LAOS) test

As shown in Fig. 5C, LAOS was used to further evaluate the visco-
elastic properties of the gels under complex strain amplitudes. Within
the LVR, G’ was greater than G” for all samples, indicating that strain or
stress in this region did not cause disruption or reorganization of the gel
network, with the gel exhibiting primarily elastic behavior. As strain
amplitude increased, G’ declined rapidly, and G’, after a brief increase,
also began to decrease. This represented type III nonlinear viscoelastic
behavior (weak strain overshoot), typical of many soft glassy materials
(An et al., 2023). At lower stress levels, the internal structure of the gel
undergoes rearrangement due to shear stress, causing G’ to increase
gradually. As stress continues to increase, the supporting structure of the
gel network is disrupted, leading to a rapid decrease in G, with shear
energy being converted into the loss modulus. This results in the over-
shoot behavior of G" (Wei et al., 2024).

In this study, the viscoelastic properties of starch gels were primarily
attributed to the disruption and reorganization of the gel network
(Fig. 5D). Region 0 shows the heating process of starch, during which
starch molecular chains are released from within granules and dissolve
in water. As the temperature decreases, these molecular chains rear-
range through intermolecular interactions, such as hydrogen bonding, to
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form a three-dimensional network structure, ultimately resulting in a gel
with certain elastic and viscous properties upon cooling (Zheng et al.,
2024). In Region 1 of all treated sample groups, as the strain increased,
the rate of network formation (a) exceeded the rate of disruption (b),
meaning that the overall network structure increased. Molecules form a
complex, large-pore network structure through intermolecular in-
teractions (Fan et al., 2019). A local maximum in G” appeared in Region
2, where the disruption and network formation rate were approximately
balanced (a ~ b). At this point, the gel network structure was most dense
and porous (Hyun et al., 2011). However, as strain continued to in-
crease, the disruption rate exceeded the formation rate (a < b), leading
to irreversible structural damage, with both the G’ and G” beginning to
decline, displaying softening behavior (Region 3). The strain point at
which the G' and G” of NPS began to decline lagged behind that of
modified starch, with Regions 1, 2, and 3 also shifting relatively later.
This may be due to the more stable molecular structure of native starch,
with stronger intermolecular interactions and greater resistance to
deformation (Yu et al., 2022).

3.8.3. Lissajous curve analysis

Lissajous plots can be used to visualize the relationship between total
stress, elasticity, and viscosity of the samples as they transition from the
linear to the nonlinear region (An et al., 2023). Fig. 6 shows the Lissajous
plots of the samples. The red loop represents total stress, while the blue
lines in Fig. 6A-B represent elastic and viscous stress, respectively. In the
LVR in Fig. 6A, total stress is closer to the elastic component (blue line),
indicating that the starch gel is primarily elastic. As amplitude gradually
increases and the samples enter the nonlinear region, the narrow

10

elliptical shape of the plot broadens, indicating that the gel system ex-
hibits viscosity-dominated shear-thinning behavior (Wei et al., 2024).

In Fig. 6B, when strain is at a lower value, the total stress line of the
Lissajous curve appears elliptical, indicating that the gel exhibits pri-
marily elastic behavior. As the stress amplitude increases, the curve
gradually narrows from a circular shape, suggesting that viscous stress
progressively dominates the total stress. The elastic Lissajous loop area
of the EACG group is the largest, indicating that more energy is required
to complete the oscillatory shear of the sample. This suggests that the
mechanical properties of the EACG-modified gel have been enhanced
(Wei et al., 2024). This may be due to the introduction of CD structures
through CGTase treatment, which promotes additional bridging in-
teractions between molecular chains (Cheng et al., 2024).

3.9. In vitro digestive analysis

Fig. 7 shows the contents of RDS, SDS, and RS in starch. Native starch
contained 36.15 % RDS, 32.16 % SDS, and 31.69 % RS. Extrusion, PAW,
and CGTase treatments increased the SDS and RS contents while
reducing the RDS content. This may be attributed to extrusion disrupting
the weaker crystalline structures in starch, leaving the remaining crys-
talline structures more stable and less susceptible to rapid degradation
by digestive enzymes. The reactive species in PAW increased the ordered
structure of starch, making it more resistant to hydrolysis by digestive
enzymes. This is consistent with the results of the XRD analysis.

The slow-digestion and resistant-digestion properties of CGTase-
modified starch were significantly enhanced (p < 0.05), likely due to
CDs having a certain resistance (Li et al., 2019). Additionally, the unique
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cyclic structure of CDs hydrophobically encapsulated the glucose resi-
dues of starch, making them more resistant to enzymatic hydrolysis. The
molecular mechanism underlying this reaction will be further analyzed
through molecular docking in Section 3.9. The resistant starch content of
potato starch was significantly increased by EACG modification, rising
from 31.69 % to 61.38 %. This was due to the combined effects of ex-
trusion’s mechanical force and PAW’s oxidation, which created a
structure more amenable to CGTase modification. Additionally, the long
chains of amylopectin were degraded into shorter chains, which are

11

more easily encapsulated by CDs. This will help in producing foods with
lower glycemic index and higher resistant starch content.

3.10. Molecular docking analysis of CGTase and CDs with starch

3.10.1. Analysis of the docking mechanism between CGTase and starch
CGTase primarily acts on the a-1,4-glycosidic bonds of starch mol-

ecules, making amylose an ideal model to display CGTase’s binding sites

and catalytic mechanism (Ji et al., 2021). To investigate this, molecular
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Fig. 6. Lissajous curves of different potato starch gels, elastic Lissajous curves (A) and viscous Lissajous curves (B). NPS: Native starch; ETN: Twin-screw extruded
starch; NPPA: NPS mixed with PAW; ETPA: ETN mixed with PAW; NPCG: NPS treated with CGTase; ETCG: ETN treated with CGTase; NACG: NPS sequentially treated

with PAW and CGTase; EACG: ETN sequentially treated with PAW and CGTase.
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Fig. 6. (continued).

docking was used to study the specific binding relationship between
amylose and CGTase (Fig. 8). Using the LibDock module, the highest-
scoring ligand-receptor interaction yielded a LibDockScore of 166.454.
Five amino acid residues (ASN270, ASP311, GLU573, GLY607, and
GLU605) formed stable hydrogen bonds with starch residues, creating
six hydrogen bond pairs within a spherical docking region of 10 A, with
bond lengths ranging from 1.8 to 2.74 A. Additionally, TYR267,
GLU271, and LYS613 formed weak carbon-hydrogen interactions with
the glucose residues of amylose. These results indicate a stable

interaction between amylose and CGTase, showing a high binding af-
finity (van der Veen et al., 2000).

ASN270, TYR267, GLU271, and ASP311 are in the A domain of
CGTase, which is the primary catalytic region responsible for substrate
binding and conversion. GLU573, GLU605, GLY607, and LYS613 are in
the E domain, a unique CGTase feature containing two maltose-binding
sites. These sites interact with glycosyl groups on the substrate through
hydrogen bonding and hydrophobic interactions, aiding in the posi-
tioning and stabilization of amylose at the binding site (Lawson et al.,
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Fig. 7. Contents of RDS, SDS, and RS in native and modified starches. NPS:
Native starch; ETN: Twin-screw extruded starch; NPPA: NPS mixed with PAW;
ETPA: ETN mixed with PAW; NPCG: NPS treated with CGTase; ETCG: ETN
treated with CGTase; NACG: NPS sequentially treated with PAW and CGTase;
EACG: ETN sequentially treated with PAW and CGTase.
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1994). With the assistance of surrounding amino acid residues, gener-
ating CDs that subsequently separate rapidly from the enzyme. A new
amylose molecule immediately binds to the CGTase, initiating the next
reaction cycle (Lin et al., 2024).

3.10.2. Analysis of the docking mechanism between CDs and starch
Based on the hydrogen bonding interactions and pose score results in
Fig. 8 (data not reported), the binding energies of all starch glucose
residues with CDs were negative, indicating that the binding between
them is spontaneous (Xu et al., 2024). In amylose, the binding energies
of y-CD, B-CD, and a-CD increase sequentially (—7.1, —5.2, and — 4.4
kcal/mol), indicating that amylose residues have the highest affinity for
y-CD (Dai et al., 2024). The smaller cavity of a-CD limits its ability to
encapsulate amylose residues, resulting in a lower binding energy
(Fig. 8B1). In contrast, the larger cavity of y-CD can more effectively
accommodate parts of the amylose structure, enhancing hydrophobic
encapsulation through the formation of multiple hydrogen bonds,
thereby increasing the overall stability of the complex (Fig. 8B5). A
similar trend was observed for amylopectin, where the cavity volume of
y-CD (with the lowest binding energy of —9.0 kcal/mol) was well-suited
to accommodate the complex branched structure of amylopectin. It
formed multiple stable hydrogen bonds, with each branch fitting into
the hydrophobic cavity of y-CD. The hydrogen bond distances between
y-CD and amylopectin residues ranged from 2.2 to 2.8 A (Fig. 8B6). In
contrast, the smaller cavity of a-CD could not fully accommodate the
branched structure of amylopectin (Fig. 8B2), resulting in weaker

A3

H-Bonds
Donor

Interactions

[ Conventional hydrogen bond
[ cCarbon hydrogen bond
[ Unfavorable donor-donor

Acceptor Ml

Fig. 8. Overview of the binding model between CGTase and glucose residues (A1-A3). B1-B6 represents molecular docking analysis of a-CD, $-CD, and y-CD
interacting with amylose and amylopectin, with dashed lines indicating hydrogen bond interactions. CGTase: Cyclodextrin glycosyltransferase; CD: Cyclodextrin.
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binding and less effective hydrophobic encapsulation.

Overall, y-CD demonstrated the tightest binding with starch residues,
making it superior in enhancing the solubility, stability, and bioavail-
ability of starch, which supports the development of novel materials
with enhanced stability, solubility, and controlled-release properties.
This explains the significant improvement in the resistant digestion
properties of CGTase-modified starch. Fig. 8 B1-B6 show the surface
forms of a-, -, and y-CD. The surface representation highlights the larger
hydrophobic cavity and internal structural features of y-CD, which can
accommodate segments of amylose and amylopectin residues within its
cavity. Through the encapsulating effect of y-CD, starch fragments are
partially protected, reducing their exposure to external factors such as
enzymatic degradation (Zhang et al., 2024).

4. Conclusion

In this study, potato starch was modified through the combined ef-
fects of PAW, extrusion, and CGTase. The results demonstrated that the
modification led to changes in the structural, thermal, water distribu-
tion, rheological, and digestibility properties of potato starch. PAW
produced only etching effects on the starch surface, while extrusion and
CGTase disrupted the internal growth ring structure. CGTase modifica-
tion reduced long-chain starch content, increasing short-chain starch
(DP < 6 accounted for 73.13 %), with no crystalline peaks observed. It
also decreased bound water by reducing water-binding sites. The EACG-
modified starch exhibited the highest thermal stability and gel modulus,
making it suitable for frozen and canned food applications. In vitro
digestion results indicated that CGTase modification, enhanced by
extrusion and PAW, produced more short-chain starch and increased
resistant starch from 31.69 % to 61.38 %. Molecular docking revealed
that CDs produced during modification bound with starch residues
through hydrogen bonds and other intermolecular forces, with y-CD
most effectively encapsulating glucose residues. This study developed a
novel method for modifying potato starch using the combined technol-
ogies of PAW, extrusion, and CGTase, improving its functional, gel, and
digestive properties, and supporting the development of low-GI potato-
based functional foods. Future research could explore the effects of
modification on final structure, safety, storage characteristics, and mi-
crobial inactivation of starch.
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