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A B S T R A C T

This study investigated the effect of the molecular weight (Mw) of potato soluble dietary fiber (PSDF) on potato 
starch (PS) gelatinization. Crude PSDF delayed gelatinization, and significantly improved the viscoelasticity and 
structure orderliness of the gel. However, PSDFs of different Mws had different effects on these physicochemical 
properties of PS. High-Mw PSDF (PSDF-H) mainly adhered to the surface of the starch granules, limiting their 
bursting and reducing their size, thereby decreasing starch viscosity and reducing its storage modulus and loss 
modulus. By contract, low-Mw PSDF (PSDF-L) significantly increased the gel's storage modulus and loss modulus, 
resulting in a more uniform and dense gel and enhancing compressive resistance by 35.7 %. Moreover, PSDF-L 
increased the lamellar thickness of starch granules and inhibited starch hydration, thereby increasing gelatini
zation onset temperature from 61.6 to 64.1 ◦C, whereas PSDF-H had no significant effect (from 61.6 to 61.8 ◦C). 
Therefore, PSDF-L was more effective than PSDF-H in delaying gelatinization. Furthermore, large amplitude 
oscillatory shear analysis indicated that the PSDF-L/PS gel possessed superior gel strength. These findings pro
mote the high-value utilization of PSDF and elucidate how starch gelatinization and dietary fiber regulate the 
starch gelatinization and gel properties.

1. Introduction

Consumers have shown a preference for starch gel foods with a high 
moisture content, such as cold jelly [1] and Liangpi (a traditional Chi
nese food) [2], with distinctive chewy textures that depend on starch 
gelatinization and subsequent retrogradation [2]. A consecutive three- 
step mechanism occurs during starch gelatinization in the production 
process: water absorption, swelling, and eventually bursting out to form 
a gel. However, the utilization of natural starch is limited due to its 
susceptibility to instability under diverse temperature and shear con
ditions [3]. Other components in food, such as protein, fat, dietary fiber 
(non-starch polysaccharides), and phytochemicals will affect starch 
gelatinization [4]. Of these, non-starch polysaccharides are frequently 
used to modulate starch gel pasting, gelation, retrogradation, and 
structural properties of starch gels [5–7]. Several studies have demon
strated that more than one gel structure-enhancing mechanism within 
non-starch polysaccharides-starch systems [8]. According to previous 

research, scientists speculated that they mainly occur via two mecha
nisms: (1) non-starch polysaccharides adhere around the surface of 
starch granules, forming a physical barrier around the starch granules, 
and (2) the embedding of non-starch polysaccharides into starch gran
ules effect limits the gelatinization [9,10]. However, only a limited 
number of studies have validated both mechanisms using specific 
methodologies. For example, Matignon et al. [11] investigated the 
interaction between carrageenan and adhered cross-linked waxy starch 
granules using a confocal laser scanning microscope (CLSM), while they 
quantified the residual carrageenan in solution through rheometer vis
cosity measurement. Chen et al. [12] demonstrated that pectin could 
adsorb onto and penetrate potato starch granules via pectin adsorption 
isotherms. Nevertheless, the current characterization methods have 
limitations, and few relevant studies have revealed the causes and 
influencing factors underlying the action mechanism of soluble dietary 
fiber embedded in starch pores. Some have proposed that macromo
lecular chains are capable of penetrating small pores under conditions of 
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static diffusion or stretched flow fields, with lower molecular weight 
(Mw) chains exhibiting greater ease in this process [13]. Therefore, the 
Mw of dietary fiber may be a key factor influencing the “embedding” 
theory. Further exploration is required to determine how dietary fiber 
interacts with starch and understand its effect on the gelatinization 
process.

Mw of dietary fibers can influence their aggregation state in water 
and the hydration and thermal gelatinization of starch during processing 
[10,14]. Studies have shown that different Mws of highland barley non- 
starch polysaccharides have varying effects on the physicochemical 
properties of rice starch [15]; medium-Mw (1.58 × 105 Da) shiitake 
soluble dietary fiber can bridge starch chains, forming a rigid, ordered, 
three-dimensional network structure and solid materials with low 
fluidity [16]; low-Mw (5.67 × 104 Da) arabinoxylans can more effec
tively hinder wheat starch gelatinization [17]. During gelatinization, 
dietary fiber affects the network structure of the dietary fiber-starch 
mixture through physical entanglement and electrostatic adsorption 
[9,18]. This mechanism ultimately leads to the formation of a more 
ordered and compact gel matrix in systems compared to native starch 
[19]. Zhang et al. [15] thought that the lower Mw polysaccharides tend 
to align and bind more readily with amylopectin chains. Consequently, 
it is hypothesized that, soluble dietary fibers with varying Mws in the 
mixed system may lead to distinct starch-dietary fiber interaction 
mechanisms, resulting in starch paste in different states during gelati
nization, thereby influencing the starch gelatinization process.

Potato starch (PS) has become the world's third-largest commercial 
starch, alongside corn and wheat starch [7]. Industrial potato proc
essing—such as the manufacture of chips, fries, and mashed pota
toes—generates a substantial amount of solid residue annually [20]. 
Starch production and other industries worldwide generate 70–140 
million tons of potato peels, accounting for approximately 15 % to 40 % 
of the initial raw materials [21,22]. However, most of these residues are 
underutilized—mainly discarded in landfills—posing potential negative 
environmental impacts or used as low-value animal feed [20]. Potato 
soluble dietary fiber (PSDF), an important by-product of potato pro
cessing, is a high-quality dietary fiber that contains various oligosac
charides and non-starch polysaccharides, which can increase the 
viscosity of gastric contents, delay gastric emptying, and thus prevent a 
sharp rise in blood sugar after meals [23,24]. Lattimer et al. [25] rec
ommended an average daily intake dose of 18 g soluble dietary fiber to 
lower fasting blood glucose. At present, potato dietary fiber is mainly 
used to improve the nutritional content of starch-based foods [19]. 
Previous studies have shown that PSDF inhibits amylose leaching and 
promotes molecular interactions during gelatinization [19,26]. How
ever, the exact mechanisms involved in the interaction between PS and 
PSDF during gelatinization remain to be elucidated. In this study, a 
mixed system of PS and PSDF was used to explore the interactions be
tween PSDF of varying Mws and PS during gelatinization as well as the 
impact of these interactions on the rheological properties and structural 
characteristics of the starch gel. This work aims to promote the high- 
value PSDF utilization by regulating the behavior of starch gel and 
enhancing its shear resistance.

2. Materials and methods

2.1. Materials

Potato starch (S112495; 11.91 % moisture, 87.37 % starch, 30.71 % 
amylose, 0.34 % ash, 0.20 % fat, and 0.18 % protein) was purchased 
from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 
Crude potato soluble dietary fiber (PSDF-C), high Mw potato soluble 
dietary fiber (PSDF-H), and low Mw potato soluble dietary fiber (PSDF- 
L) were obtained from Atlantic potato peels. All chemicals were of 
analytical grade.

2.2. Preparation of PSDF

2.2.1. Preparation of PSDF-C
Potato peels (material-to-liquid ratio of 1:20) were immersed in 

water at 80 ◦C for 3 h to extract the PSDF. After cooling the extract to 
60 ◦C, alkaline protease (BWZ7368–2016, 300–400 U/mL, 25 mL) was 
added for enzymatic hydrolysis at 60 ◦C for 30 min. The mixture was 
centrifuged and supernatant was concentrated to one-third of its original 
volume using rotary evaporation (50 ◦C, 0.09 MPa, 80 rpm). Then, the 
solution was then washed using Sevag reagent (chloroform and n- 
butanol mixed at a volume ratio of 4:1) with high-speed shaking. Sub
sequently, the mixture was centrifuged (8000 ×g, 5 min) to remove the 
precipitate (protein), and the supernatant was retained. This step was 
repeated 10 times to ensure the complete protein removal, followed by 
rotary evaporation to remove the organic solvents. The concentrate was 
re-dissolved by adding an equal volume of water, and any precipitate 
was removed by centrifugation (8000 ×g, 5 min). Subsequently, four 
volumes of 95 % ethanol were added to the supernatant, and the mixture 
was left to stand overnight. After another centrifugation at 8000 ×g for 
5 min, the precipitate was frozen at − 20 ◦C for 12 h and then lyophilized 
(0.01 atm, − 60 ◦C, 24 h) to obtain freeze-dried PSDF-C.

2.2.2. Preparation of PSDF with different Mws
PSDF-C (2 g) was dissolved in 20 mL of distilled water to prepare a 

0.1 g/mL solution. Subsequently, ethanol was added to the solution at 
different volume fractions of 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 
and 80 % (v/v), with thorough mixing after each addition to ensure the 
mixture was homogeneous. After each ethanol addition, the solution 
was precipitated at 4 ◦C for 12 h. Precipitates were harvested by 
centrifugation at 14000 ×g for 5 min at 4 ◦C. The supernatant was 
carefully removed and the precipitates were collected. The precipitates 
with ethanol final volume of 40 % and 60 % were named PSDF-H and 
PSDF-L, respectively. Each sample was washed twice with 15 mL of 95 % 
ethanol and acetone, followed by lyophilization.

The Mws of PSDFs were determined using a gel permeation chro
matographic system with a multi-angle laser light-scattering detector 
(MALS, Wyatt Technology DAWN EOS, California, USA). The chro
matographic conditions were as follows: column: Shodex806; mobile 
phase: 0.1 M NaCl; flow rate: 0.5 mL/min; injection volume: 100 μL. As 
the ethanol concentration increased from 10 % to 80 %, Mw of corre
sponding PSDF subfractions gradually decreased. The precipitation 
behavior of carbohydrate in polar organic solvents was dependent on 
the molecular structure highly related to aqueous solubility (hydration) 
[27]. Therefore, the separation of these PSDF precipitates with different 
Mws was based on the different solubility in water/ethanol solutions at 
different ratios [28]. The Mw of PSDF-C is peak1 = 4.24 × 104 Da, peak2 
= 3.70 × 103 Da, the Mw of PSDF-H is 4.97 × 104 Da, and the Mw of 
PSDF-L is 3.90 × 103 Da (Supplementary Table 1).

The total sugar, protein, and reducing sugar contents of the PSDFs 
were quantified using the phenol–sulfuric acid method, Coomassie 
Brilliant Blue staining, and the DNS method, respectively (Supplemen
tary Table 1). Besides, chromatographic analysis was conducted to 
determinate their monose composition (Supplementary Table 1).

2.3. Preparation of different PSDF/PS mixture samples

2.3.1. Preparation of PSDF/PS suspensions
Based on the model with a starch–polysaccharide ratio of 10:1 [29], 

and considering that 10 % potato starch can form a stable gel, this study 
selected a 10 % (m/v) starch concentration and a 1 % (m/v) PSDF 
concentration. PSDFs were dissolved in deionized water to prepare 1 % 
PSDF-C, PSDF-H, and PSDF-L solutions. Then, 10 % PS was added to 
each PSDF solution and soaking for 1 h to form PSDF/PS suspensions.

2.3.2. Preparation of PSDF/PS paste
Four equal PSDF/PS suspension samples were simultaneously heated 
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from 25 to 95 ◦C at 1000 rpm using a ThermoMixer (Eppendorf AG, 
Hamburg, Germany). At each target temperature (65, 75, 85, and 95 ◦C), 
one sample was promptly removed for further analysis.

2.3.3. Preparation of PSDF/PS mixed gels
PSDF/PS suspensions were heated at 95 ◦C for 20 min with agitation 

at 1000 rpm. After that, the tubes were equilibrated for 20 h at 4 ◦C to 
form PSDF/PS mixed gels (30 × 10 mm). After freeze-drying these gels 
and grinding them into powder, they were passed through a 120-mesh 
sieve to obtain lyophilized PSDF/PS powder.

2.4. Confocal laser scanning microscopy (CLSM)

The relationship between starch granules and PSDF in the PSDF/PS 
suspensions was observed using a CLSM (LSM T-PMT 880; Carl Zeiss, 
Germany) equipped with a 40 × objective [30]. Nile blue A (0.05 %, w/ 
v) and fluorescein isothiocyanate (FITC, 0.10 %, w/v) were prepared to 
locate PS and PSDF in the sample. In brief, 10 μL of Nile blue A solution 
was added to 1 mL of 10 % PSDF/PS suspension. After 5 min of dyeing 
via shaking, 10 μL of FITC was added to the suspension for 1 min and 
observed immediately. As the two dyes formed covalent bonds with 
target molecules, they will not cross-color during this a short period. A 
droplet of the dye sample was drawn using a disposable plastic pipette, 
was placed on the slide and covered with a cover slip. Its edges were 
sealed with glycerol diluent to prevent moisture evaporation. PS (red) 
and PSDF (green) were visualized using excitation wavelengths of 638 
and 495 nm, respectively.

2.5. Small angle X-ray scattering (SAXS)

The influence of the presence of PSDF before and during gelatini
zation on the supramolecular structure of PS was observed by SAXS 
(Anton Paar SAXS point 2.0, Austria). The 10 % PSDF/PS suspensions 
were thoroughly mixed, soaked for 12 h at 4 ◦C, and then repeatedly 
washed with deionized water (≥10 times). Starch particles were 
collected and dried at 45 ◦C. The starch samples were then formulated 
into a 50 % (w/v) suspension and soaked for 12 h at 4 ◦C. Finally, the 
starch sediment and PSDF/PS pastes (prepared under different temper
ature conditions) were respectively loaded into a specialized sample 
holder for SAXS testing. Each sample was prepared in triplicate.

X-ray diffraction was performed using a Cu-Kα X-ray (λ = 0.154 nm) 
operated at 50 kV and 0.6 mA with an exposure time of 6 min [31]. 
Background scattering and smeared intensity were removed by using 
SAXSquant 3.0 to analyze the SAXS data. A one-dimensional scattering 
curve representing the variation in scattering intensity (I) as a function 
of the scattering vector (q) was generated and normalized.

Bragg's law (Eq. (1)) was applied to determine the periodic thick
nesses of the amorphous and crystalline lamellae in each set of samples: 

dBragg = 2π
/
q (1) 

where dBragg represents the periodic thickness and q represents the 
scattering vector of the scattering peak in the scattering curve.

2.6. Optical microscopic observation of the appearance of starch granules

One drop from each PSDF/PS paste prepared under different tem
perature conditions was immediately transferred onto individual mi
croscope slides. An iodine solution was then added to each slide and 
subsequently rinsed with distilled water. The edges of the slides were 
sealed with a glycerin–water (1:1) mixture. The prepared slides were 
examined under an optical microscope at 10× magnification to visualize 
the samples [32].

2.7. Size distribution and zeta potential analysis

Particle size distribution and zeta potential of the starch paste after 
adding PSDFs were observed. Two mL of the PSDF/PS pastes prepared 
under different temperature conditions were diluted to 10 mL with 
deionized water and agitated at 1000 rpm for 6 h to ensure homoge
neity. The particle size distribution was measured using a laser particle 
size analyzer (Microtrac Inc., Montgomeryville, PA, USA). The volume- 
based mean diameter (D[4,3]) and area-based mean diameter (D[3,2]) 
of the starch were recorded, with refractive indices set to 1.33 for water 
and 1.53 for starch [33]. The zeta potential of the PSDF/PS pastes was 
measured by a zeta potential analyzer (Zetasizer Nano-ZS90, Malvern 
Instruments, Malvern, UK) at 25 ◦C. Each test was conducted in 
triplicate.

2.8. Pasting properties and content of leached amylose

The pasting properties of starch samples were measured using a 
Rapid Viscosity Analyzer (RVA) (TecMaster, Perten, Australia). PS (1.5 
g, dry base) was added to 25 mL of 1 % PSDF to prepare 6 % PSDF/PS 
suspension. The PSDF/PS suspension was equilibrated at 50 ◦C for 2 
min, heated to 95 ◦C for 2.5 min at 12 ◦C/min, cooled to 50 ◦C at 12 ◦C/ 
min, and maintained for 2 min. The stirring speed was 960 rpm for the 
first 10 s, after which it was decreased to 160 rpm. The peak viscosity 
(PV), trough viscosity (TV), breakdown (BD), final viscosity (FV), and 
setback (SB) of the PSDF/PS suspension were determined from the 
viscographs.

The content of leached amylose was determined using an amylose 
content assay kit (Boxbio Science and Technology Co., Ltd., Beijing). 
Briefly, 10 mg of the sample was mixed uniformly in 5 mL of deionized 
water, then heated at 95 ◦C for 10 min, equilibrated at room tempera
ture, and centrifuged at 4000 ×g for 5 min. The amount of amylose 
leaching in the supernatant was determined using the kit.

2.9. Thermodynamic properties

The thermal transition temperatures of the starch samples were 
measured using a Q200 differential scanning calorimeter (DSC, TA In
struments Inc., New Castle, DE, USA). Specifically, 3 mg of PS and 10 μL 
of 1 % PSDF were mixed in an aluminum pan and stored overnight at 
4 ◦C. The mixture was then transferred to the DSC and scanned over a 
temperature range of 30–100 ◦C at 5 ◦C/min.

2.10. Rheological properties

The rheological properties of the PSDF/PS mixture (prepared as 
described in Section 2.8) were evaluated using a rotational rheometer 
(Netzsch Kinexus Lab+, Netzsch Scientific Instruments Inc., Germany) at 
25 ◦C (gap,1 mm; probe, P50, 50 mm) [34]. After loading the sample, 
silicone oil was used for edge sealing to prevent water evaporation. The 
linear viscoelastic region (LVR) was identified by varying the strain from 
0.1 % to 1000 % at 1 Hz. To investigate the functional relationships 
between stress and applied strain during the instantaneous deformation 
period (stress–strain curves), a large amplitude oscillatory shear (LAOS) 
analysis was conducted at 1 Hz, with the shear strain varied within the 
range of 0.1 % to 100 %. The apparent viscosity of all samples was 
determined over a shear rate range of 0.1 to 100 s− 1. Frequency sweeps 
were tested within the range of 0.1 to 100 Hz at 0.1 % strain, and 
recorded the results of storage modulus (G') and loss modulus (G").

2.11. Microstructure

The gel cross-sectional morphology was characterized using a JSM- 
6700F scanning electron microscope (SEM; Hitachi, Tokyo, Japan) 
operated at 10 kV and 100 × magnification.
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2.12. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the PSDFs and lyophilized PSDF/PS powder were 
acquired using a Thermo Nicolet 67 FTIR spectrometer (TENSOR 27; 
Bruker, Billerica, MA, USA) from 4000 to 400 cm− 1. The samples were 
combined with KBr (PSDF/PS powder: KBr = 1:100), pressed into pel
lets, and scanned approximately 64 times.

2.13. X-ray diffractometry (XRD)

The relative crystallinity of the lyophilized PSDF/PS powders was 
evaluated using a Dmax 2500 PC X-ray diffractometer (Rigaku Corpo
ration, Tokyo, Japan) with Cu Kα radiation (λ = 0.154 nm) at 40 kV and 
30 mA. Scans were performed from 4◦ to 35◦ 2θ at 2◦/min and a step size 
of 0.02◦. Each test was repeated five times.

2.14. Distance-stress transfer curve

Compression testing of PSDF/PS mixed gels was performed using a 
Texture Analyzer (CT3–10 kg, Brookfield, MA, USA). The test parame
ters were as follows: probe TA25/1000; stamping depth, 3 mm; trigger 
point 5 g; forward rate, 2 mm/s; stamping rate, 1 mm/s; and retracting 
rate, 2 mm/s [35].

2.15. Statistical analysis

All experiments were repeated at least three times, and the mean ±
standard deviation was calculated. Statistical analysis was performed 
using one-way ANOVA followed by Duncan's test in SPSS (version 23.0; 
SPSS Inc., Chicago, IL, USA) when P-values < 0.05. Figures were created 
using Origin 2018 software (OriginLab, Northampton, MA, USA).

3. Results and discussion

3.1. State of PS and PSDF in water before gelatinization

The coexistence of PS and PSDF in the suspension was observed by 
CLSM (Fig. 1A). When PS and PSDF were mixed, the PSDF was observed 
to adhere to the starch shell. Consistent with previous studies, non- 
starch polysaccharides attached to the PS surface the starch micro
pores of starch particles [5,12,19]. Other studies have shown that 
polysaccharides on the starch particle surface can interact with the 
starch granules through hydrogen bonds [36,37].

The SAXS spectrum of starch granules was observed (Fig. 1B). A 
distinctive scattering peak of PS appeared at a scanning intensity (q) of 
0.71 nm− 1, corresponding to a periodic length of 8.81 ± 0.00 nm, as 
calculated using Bragg's law [38]. Following infiltration with PSDF and 
washing to remove unbound PSDFs, all PS scattering peaks showed a 
noticeable leftward shift. The SAXS peaks position was related to the 
overall thickness of the crystalline and amorphous regions within the 
layered structure of starch [39]. A smaller layer thickness indicated a 
higher degree of structural order [39]. After adding PSDF-L, PS was 
observed to significantly increase the layer thickness (9.03 ± 0.02 nm), 
suggesting that the arrangement of the crystalline layers and semi
crystalline growth rings became more loosely organized. Presumably, 
PSDF promoted partial dissociation of the double helix, resulting in 
loosening the system [40]. Therefore, PSDF-L might permeate the starch 
granules and significantly disrupt the layered structure of starch.

3.2. Thermodynamic properties of PSDF/PS mixtures

DSC analysis revealed the thermodynamic attributes of the PSDF/PS 
composites. As detailed in Table 1, the critical parameters included 
onset temperature (To), peak temperature (Tp), conclusion temperature 
(Tc), and enthalpy change (ΔH).

Compared with native PS, the To and Tp value of PSDF-C/PS (the 
mixture of crude potato soluble dietary fiber and potato starch) and 
PSDF-L/PS (the mixture of low molecular weight potato soluble dietary 
fiber and potato starch) increased, whereas the paste temperature of 
PSDF-H/PS (the mixture of high molecular weight potato soluble dietary 
fiber and potato starch) did not substantially change. Liu et al. [41] 
posited that the increase in transition temperatures was primarily due to 
the hindrance of hydration interactions between starch and water 
molecules. Therefore, PSDF-L predominantly restricted starch hydra
tion, thereby delaying the gelatinization process, which subsequently 

Fig. 1. Images of PSDF/PS suspension before gelatinization by CLSM (A) and SAXS spectra of washed PSDF/PS granules (B). a1-a3: PS suspension; b1-b3: PSDF-C/PS 
suspension; c1-c3: PSDF-C/PS suspension; d1-d3: PSDF-L/PS suspension; red represents PS and green represents PSDFs (Fig. 1A). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Thermal properties of PSDF/PS mixtures.

PS PSDF-C/PS PSDF-H/PS PSDF-L/PS

To 61.6 ± 0.1c 62.2 ± 0.1b 61.8 ± 0.1bc 64.1 ± 0.4a

Tp 64.6 ± 0.2c 65.3 ± 0.1b 64.8 ± 0.2c 66.4 ± 0.3a

Tc 68.6 ± 0.3b 68.8 ± 0.1b 68.3 ± 0.3b 70.1 ± 0.9a

ΔH 9.553 ± 0.5a 7.961 ± 0.6b 8.624 ± 0.3b 8.602 ± 0.1b

Note: values with different letters in the same line are significantly different with 
P<0.05.
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required higher temperatures for phase transition and enhanced thermal 
stability [31]. Through pectin adsorption isotherms, Chen et al. [12] 
demonstrated that pectin adheres to the surfaces of potato starch, pea 
starch, and rice starch. However, the addition of pectin had no signifi
cant effect on the To value of these three starches. Therefore, it was 
speculated that even if PSDF-H adheres to the surface of starch, it does 
not significantly limit the hydration of starch. ΔH represents the energy 
demand for starch gelatinization and reflects the efficiency of the pro
cess. As shown in Table 1, PSDF significantly decreased the ΔH of PS. 
Combined with SAXS results, it is likely occurred due to interactions 
between PSDF and starch molecules, which disrupted the layered 
structure of starch and made its structure looser.

3.3. Leached amylose content and pasting properties

The addition of PSDF during PS gelatinization gradually decreased 
the amount of leached amylose from 31.7 ± 0.5 to 26.3 ± 0.6 mg/g 
(Table 2). PSDF-L exhibited a more pronounced inhibitory effect than 
PSDF-H, indicating that PSDF effectively inhibited amylose leaching 
during gelatinization. This phenomenon might have occurred because 
PSDF-L limited the hydration interactions between starch and water 
molecules, thereby markedly restricting starch expansion and reducing 
amylose leaching. Furthermore, as described in Section 3.2, PSDF-L 
dramatically delayed gelatinization by inhibiting amylose leaching.

As shown in Fig. 2, PSDF reduced the PV, BD, and TV values of the 
PSDF/PS composites. The PV is comprehensively influenced by several 
factors, including the extent of amylose leaching, granule swelling, 
friction between swollen granules, and free water competition [42]. The 
decreases in PV and BD indicated that PSDF may impede granule 
swelling and enhance starch thermal and shear resistance. In addition, 
the SB value of PSDF-C/PS and PSDF-L/PS increased, indicating that 
PSDF-C and PSDF-L accelerated the short-term retrogradation of the 
PSDF/PS paste. The influence of dietary fibers on starch retrogradation 
is complex, and contradictory findings have been published in this re
gard [43]. The decrease in the SB value of the PSDF-H/PS paste indi
cated that PSDF-H inhibited the short-term starch retrogradation. Kong 
et al. surmised that this phenomenon may be due to interactions be
tween the leached amylose and the dietary fiber, which interfere with 
the hydrogen bonding interactions between amylose molecules [44].

3.4. Starch particles changes in PSDF/PS mixtures during gelatinization

Changes in the morphology, size, and molecular structure of starch 
particles during gelatinization were observed using iodine staining, laser 
particle size analysis, and SAXS (Table 3 and Fig. 3). Upon heating, the 
starch granules gradually hydrated and swelled. As the temperature 
increased, the starch granules burst into fragments and became 
increasingly transparent (Fig. 3A), which was attributed to order 
structure disruption, enabling amylose to leach gradually. Further 
analysis of Fig. 3B revealed that the crystalline regions of starch were 
destroyed during gelatinization, and the electron density between 
crystalline and amorphous lamella decreased.

At the initial stage of gelatinization (65 ◦C), the D[4,3] and D[3,2] 
values of the PSDF-C/PS and PSDF-L/PS mixed systems were signifi
cantly lower than those of the PS and PSDF-H/PS systems (Table 3). The 

results showed that, after the addition of PSDF-C and PSDF-L, the starch 
granules in the mixture were smaller than those in the pure starch at the 
same temperature. Moreover, the PSDF-H/PS diffraction peak intensity 
was similar to that of PS, whereas the diffraction peak intensities of 
PSDF-C/PS and PSDF-L/PS were stronger (Fig. 3B). This phenomenon 
was consistent with the DSC results, which illustrated PSDF-L can more 
easily restricted the starch hydration and the interaction between PS and 
PSDF-L can affect the starch gelatinization process, thus increasing the 
gelatinization temperature and delaying starch gelatinization.

When the heating temperature reached the melting temperature of 
starch, the ordered arrangement of the crystal and amorphous lamellae 
was lost, resulting in the disappearance of the scattering peak of the 
gelatinized starch [45]. However, during the middle stage of gelatini
zation (75 ◦C and 85 ◦C), the D[4,3] and D[3,2] values of the PSDF-H/PS 
system were significantly smaller than those of the other groups, indi
cating that PSDF-H inhibited further starch expansion or limited the size 
of starch fragments after the starch granules ruptured (Table 3). This 
reduction suggested that PSDF restricted starch granules expansion, 
possibly due to PSDF coating the surface of starch granules (Fig. 1A). 
Although all PSDFs could adhere to the surface of starch, while PSDF-H 
had better organization and inter-chain associations and was more likely 
to form a network structure [16]. Moreover, compared with PSDF-C/PS 
and PSDF-L/PS, the D[4,3] and D[3,2] of PSDF-H/PS at 75 ◦C and 85 ◦C 
were significantly smaller. This may have been due to the inhomoge
neous attachment of PSDF-H molecules to the granule surface, with 
some areas expanding more than others [46]. When the granules 
continued to expand upon heating, the coating layer may have caused 
the granules to break at certain weak points, resulting in smaller frag
ments. A similar phenomenon was observed by Kong et al. when adding 
cordyceps sinensis polysaccharides (1.273 × 103 Da) to wheat starch 
[44].

As shown in Fig. 3A, PS was completely broken down into irregular 
flaky shapes after gelatinization, rather than retaining a swollen 
granule. This observation indicated that all starch granules underwent 
gelatinization during the heating process in water. Conversely, with the 
addition of PSDF-L, some starch granules remained intact or were only 
partially broken. This result strongly illustrated that the PSDF-L could 
delay PS gelatinization, which was consistent with the DSC test results.

3.5. Zeta potential of PSDF/PS paste

Zeta potential was measured to evaluate system stability by detecting 
the particle surface charges; the zeta potential of the PSDF/PS paste is 
shown in Fig. 4. The zeta potential of PS was − 1.59 mV, likely due to 
ionization of hydroxyl groups on starch molecular chains, generating a 
negative charge. All PSDFs carried a negative charge (Supplementary 
Table 1). After the addition of PSDFs, the absolute value of the zeta 
potential of the PS paste increased. This was because PSDF had a multi- 
hydroxyl structure with many free hydroxyl groups. Compared with PS, 
the PSDF-L/PS mixture had the highest absolute value of zeta potential 
(− 5.67 mV). The surface charge on particles determines their dispersion 
and aggregation. Generally, the higher the absolute value of the zeta 
potential value, the greater the electrostatic repulsion between particles, 
leading to more uniform dispersion, reduced aggregation tendency, and 
enhanced system stability [47]. Addition of PSDF-L increased the zeta 

Table 2 
The amount of leached amylose and pasting characteristics of PSDF/PS mixtures.

PS PSDF-C/PS PSDF-H/PS PSDF-L/PS

Leached amylose (mg/g) 31.7 ± 0.5a 28.1 ± 0.8bc 28.8 ± 1.4b 26.3 ± 0.6c

PV/mPa⋅s 4857.5 ± 9.2a 1947.5 ± 36.1b 1979.0 ± 1.4b 1934.0 ± 22.6b

TV/mPa⋅s 1618.0 ± 33.9a 1265.5 ± 17.7c 1397.5 ± 17.7b 1151.0 ± 7.1d

BD/mPa⋅s 3239.5 ± 24.7a 682.0 ± 18.4c 581.5 ± 16.3d 783.0 ± 29.7b

FV/mPa⋅s 1786.5 ± 30.4a 1524.0 ± 52.3b 1686.5 ± 37.5a 1266.5 ± 31.8c

SB/mPa⋅s 168.5 ± 3.5b 258.5 ± 34.6a 115.5 ± 38.9b 289.0 ± 19.8a

Note: values with different letters in the same line are significantly different with P < 0.05.
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potential significantly, enhancing electrostatic repulsion between par
ticles and preventing further aggregation. PSDF affected the aggregation 
and gel properties of starch particles to some extent through electro
static interactions, and the mixed system achieved the highest stability 
when PSDF-L was added [48]. This may be due to the small molecular 
size and the small z-average root-mean-square radius of gyration (Sup
plementary Table 1) of PSDF-L, which is more likely to adhere to the 
starch side chains due to its small steric hindrance than PSDF-H, thus 
effectively affecting the electrostatic interactions between starch mole
cules during gelatinization [17,35]. Furthermore, this interaction may 
improve the association between starch molecules and PSDF chains 
during gelatinization, thus improving the starch molecular order [49].

3.6. Rheological properties of PSDF/PS mixed gels

Fig. 5 summarized a comprehensive analysis of the rheological 
properties of the PSDF/PS gel system. The apparent viscosity of all 
samples decreased sharply with an increasing shear rate, demonstrating 
pronounced shear-thinning behavior. Under shear stress, entangled and 
aggregated starch chains were separated, leading to reduced shear 
resistance [50]. Within the LVR, the G′ values of all PS gels was signif
icantly higher than the G″ values, and the tan δ values of all gels were 
less than 1, indicating their superior elastic characteristics. As shown in 
Fig. 5C, the G′ and G″ values of the PSDF-C/PS and PSDF-L/PS gels were 

significantly higher than those of the PS gel. Moreover, a lower tan δ 
value (indicating a more rigid and structured and less viscous material) 
was achieved for PS in the presence of PSDF-C and PSDF-L, which was 
indicative of a stronger three-dimensional network due to impregnation 
by these two types of fibers [51]. However, the viscosity and G′ and G″ 
values of the PSDF-H/PS gel decreased significantly, suggesting that 
PSDF-H weakened the viscoelastic properties of the gels. This could be 
attributed to PSDF-H inhibiting the short-term retrogradation of PS 
(Section 3.3), thereby reducing molecular entanglement and in
teractions within the system and enhancing liquidity while decreasing 
the overall viscosity [34].

Within the LVR, the oscillation stress response is sinusoidal. By 
contrast, under the nonlinear regime, the viscoelastic modulus largely 
depends on the imposed strain, and the existence of higher harmonics in 
the stress response results in distorted, non-sinusoidal shear stress 
waveforms [52]. Within a strain amplitude of up to 10 %, the stress–
strain curves of all samples exhibited a narrow spindle shape, suggesting 
that the linear elastic solid-like behavior of all gels was excellent 
[53,54]. The low hysteresis loop area of the PS and PSDF-H/PS gels 
indicated low microstructural elasticity, which rendered these gels more 
susceptible to rupture under a large degree of deformation and conse
quently led to a more pronounced nonlinear response [54]. As the strain 
increased, the elliptical shape began to distort (40 % and 100 % strain), 
and both the degree of deformation and the enclosed area of the loop 
gradually increased with increasing strain. When the strain reached 40 
%, the hysteresis loop of the PSDF-L/PS gel still maintained a spindle 
shape, whereas the others all underwent deformation. When the strain 
reached 100 %, the spindle-shaped hysteresis loop of the PSDF-L/PS gel 
showed slight deformation, whereas those of the other gels became more 
significantly deformed, tending toward a parallelogram. This indicated 
that viscous dissipation increased during the periodic deformation 
process, and the material transitioned from being predominantly elastic 
to viscous [53,55].

Notably, although the PSDF-C/PS and PSDF-L/PS gels showed rela
tively similar degrees of linear viscoelasticity in the LVR (Fig. 5C), they 
exhibited significantly different nonlinear viscoelastic responses under 
LAOS testing. The hysteresis loop of the PSDF-C/PS gel exhibited a more 
pronounced torsion effect, with deformation occurring earlier than in 

Fig. 2. Pasting profiles of PSDF/PS mixtures.

Table 3 
D[4,3] and D[3,2] of PSDF/PS mixtures.

PS PSDF-C/PS PSDF-H/PS PSDF-L/PS

D[4,3] 65 ◦C 101.5 ± 2.1a 51.3 ± 2.2c 103.0 ± 1.4a 62.8 ± 0.3b

75 ◦C 217.1 ± 5.5a 146.5 ± 0.5b 126.5 ± 8.3c 147.2 ± 8.8b

85 ◦C 167.7 ± 4.6a 137.7 ± 2.1c 87.2 ± 2.6d 149.6 ± 1.9b

95 ◦C 109.8 ± 1.1a 83.8 ± 4.4b 78.2 ± 1.2b 114.4 ± 2.0a

D[3,2] 65 ◦C 54.5 ± 0.7b 41.0 ± 0.3d 64.7 ± 0.4a 45.8 ± 0.7c

75 ◦C 137.8 ± 0.3a 96.8 ± 2.5b 65.5 ± 1.5d 89.8 ± 1.4c

85 ◦C 107.6 ± 0.1a 90.0 ± 0.9c 50.8 ± 0.2d 96.7 ± 3.2b

95 ◦C 79.4 ± 1.6a 54.5 ± 2.8b 47.8 ± 0.8b 54.0 ± 2.0c

Note: values with different letters in the same line are significantly different 
(P<0.05).
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Fig. 3. Particle changes (A) and SAXS spectra (B) of PSDF/PS paste during gelatinization.
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the case of the PSDF-L/PS gel. This may be attributed to the ability of 
PSDF-L to stabilize the gel system (ζ = − 5.67 mV) and stronger in
teractions with the starch molecules are formed, thereby reinforcing the 
overall gel structure [56]. This phenomenon provides more useful in
formation for determining the structural changes under large degrees of 
deformation and the practical processing and application of starch gels. 
Consequently, the PSDF-L/PS mixture exhibited superior gel strength 
and greater resistance to permanent deformation.

3.7. Microstructure of PSDF/PS mixed gels

The microstructures of the PSDF/PS mixed gels were characterized 
using SEM. The pores in the gel structure reflect the initial distribution of 
water molecules within the network prior to drying for SEM analysis. 
During the cooling process, the starch molecules underwent rearrange
ment and aggregation, resulting in the formation of a dense gel network. 
The higher density of homogeneous pores indicated that higher water 
dispersion occurred throughout the network and that the network 
structure was denser. As shown in Fig. 6, compared with PS gel, the 
addition of PSDF-C reduced the gel pores and porosity of PSDF-C/PS gel, 

resulting in a denser gel network. Furthermore, after the addition of 
PSDF-H and PSDF-L, particularly PSDF-L, the pore distribution interval 
became narrower, indicating an increased degree of order in the PSDF- 
L/PS gel network. This observation also confirmed the enhanced sta
bility of the PSDF-L/PS mixture, as evidenced by the zeta potential 
measurements. This indicates that PSDF-L could help mitigate the 
fragility of high-moisture starch gel products caused by an uneven 
interchain structure.

3.8. Changes in molecular structure of PSDF/PS mixed gels

Fig. 7 presented the FTIR and XRD spectra of the PSDF/PS mixed 
gels. As shown in Fig. 7A, the peak at 2926 cm− 1 corresponds to the 
C–H2 antisymmetric stretching vibrations and the C–H stretching vi
brations. The peak at 1080 cm− 1 is caused by the bending vibration of 
the C–H bonds. Additionally, the peak at 996–1000 cm− 1 is associated 
with the bending vibrations of C-OH bonds. The particularly strong 
absorption peak at 3380 cm− 1 resulted from O–H bond stretching vi
brations and reflected both intramolecular and intermolecular hydrogen 
bonding [57,58]. Following the addition of PSDF, the absorption peak at 
3380 cm− 1 became broader, confirming that the hydrogen-bonding in
teractions between PSDF and PS increased [50,59]. The addition of 
PSDF did not alter the B-type configuration but intensified the diffrac
tion peak intensity of starch at 17◦ (Fig. 7B).

The changes in the short-range ordered structure of starch (R 1045/ 
1022) are closely related to changes in helical structures [31]. Relative 
crystallinity, an indicator of the long-range order in starch, reflects 
changes in the proportion of crystalline and amorphous regions [60]. As 
depicted in Fig. 7, PSDF markedly increased both the short-range order 
degree and relative crystallinity of starch, and these values of PSDF-H/ 
PS gel were both maximal (1.757 ± 0.04 and 38.93 ± 1.21 %). Com
bined with the RVA results, PSDF facilitated the entanglement and 
rearrangement of starch chains, and interactions between starch and 
PSDF molecular chains during cooling, thus enhancing the gel's short- 
range order degree and relative crystallinity. However, due to its 
small steric hindrance, PSDF-L might adhere to the starch side chains, 
impede the interaction between starch molecules, and limit amylose 
reorganization, thus decreasing the PSDF-L/PS gel's short-range order 
degree and relative crystallinity [60].

Fig. 4. Zeta potential of PSDF/PS paste. Different letters on error bars indicate 
significant differences (P < 0.05).

Fig. 5. Rheological properties of PSDF/PS mixed gels. A, stress scanning curve; B, viscosity curve; C: storage modulus (G') and loss modulus (G"); D: loss tangent 
modulus (tan δ); E: stress-strain curves of the mixed gels at different strains (1 %, 10 %, 40 %, and 100 %).
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3.9. Distance-stress transfer curve of PSDF/PS mixed gels

To investigate the impact of adding different Mw PSDFs on the ri
gidity of PS gel, the distance–stress transfer curves for the PSDF/PS 
mixed gels were recorded (Fig. 8). The addition of PSDF caused an up
ward shift in the distance–stress transfer curves of the mixed gels, 
indicating an improvement in the stiffness of the network structure of 
the PSDF/PS mixed gel. Compared to the PS gel, the gel stiffness of 
PSDF-C/PS and PSDF-L/PS increased by 23.8 % and 35.7 %, respec
tively. However, when PSDF-H was added, the deformation distance of 
the PSDF-H/PS gel shifted to the right, while rebound stress decreased, 
indicating a major reduction in the deformation resistance of the gel 
network structure. In contrast, the addition of PSDF-L resulted in a 
leftward and upward movement of the distance–stress transfer curve of 
the mixed gel, suggesting a significant enhancement in both the rigidity 
of the gel network structure and its deformation resistance. Fortunately, 
these results were consistent with the rheological results (Section 3.6). 
These findings may be attributed to the significantly more ordered three- 

dimensional network structure of the PSDF-L/PS mixed gel compared 
with that of the PSDF-H/PS mixed gel (Fig. 6). Therefore, PSDF-L has the 
potential to enhance the shear resistance of starch gel foods.

3.10. Interaction mechanism of PSDF and PS during gelatinization

Based on these results, a schematic model of the interaction between 
PSDF and PS during gelatinization was proposed (Fig. 9). Upon heating 
starch in excess water, it underwent gradual hydration and expansion, 
accompanied by the leaching of amylose and the disintegration of 
granules into fragments. PSDF restricted amylose leaching, thereby 
influencing starch gelatinization. The interaction mechanism between 
PSDF and starch varied depending on the Mw of PSDF. PSDF-H primarily 
formed a physical barrier by encapsulating the surface of PS granules, 
limiting their bursting and resulting in smaller starch fragments. 
Conversely, PSDF-L restricted the hydration and expansion of water 
molecules within starch, thus delaying the gelatinization process. 
Furthermore, during cooling, the addition of PSDF enhanced the 

Fig. 6. Microstructure of PSDF/PS mixed gels (×100).

Fig. 7. FTIR spectra (A), deconvolution integration plots (B), and XRD patterns (C) of PSDF/PS mixed gels. RC: relative crystallinity.
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entanglement and rearrangement of both starch molecular chains and 
PSDF molecular chains. PSDF-L affected the intermolecular or intra
molecular interactions of starch chains, leading to a more stable mixed 
system. Consequently, there was a significant enhancement in both the 
rigidity of the gel network structure and its resistance to deformation.

4. Conclusion

This study explored the interaction mechanism between PSDF and PS 
during gelatinization and systematically determined the effects of PSDF 
on the physicochemical properties of PS gels. The results indicated that 
PSDFs of different Mws exerted distinct effects on starch gelatinization 
and the physicochemical properties of starch-based products after 
gelatinization. The CLSM and SAXS results revealed that PSDF could 
coat the surface of PS particles and loosen the lamellar structure, with 
PSDF-L increasing the lamellae thickness of starch. During gelatiniza
tion, PSDF-L limited starch hydration, inhibited expansion, and delayed 
the gelatinization process. In contrast, PSDF-H restricted starch bursting 
by forming a network barrier, leading to smaller fragment sizes. 
Furthermore, the addition of PSDF enhanced the mixed system stability 
and significantly increased both the degree of short-range order and the 
relative crystallinity of starch, imparting a more ordered network 

structure to the mixed gel. Additionally, while PSDF-L increased the G' 
and G" values of the gel, PSDF-H produced the opposite effect. Notably, 
the addition of PSDF-L significantly enhanced gel rigidity by 35.7 % and 
improved the ability of gel to resist deformation These results provide a 
theoretical foundation for regulating the physicochemical properties of 
starch-based products using dietary fiber.

Although this explained the effects of high and low Mws on starch 
gelatinization characteristics and gel characteristics, the study has 
several important associated limitations. For example, the dietary fiber 
subcomponents were not further analyzed. It is necessary to combine 
methylation and structural analysis techniques, such as nuclear mag
netic resonance, to clarify the hydrogen bonds or hydrophobic in
teractions between fragments of different Mws and starch chains. In 
addition, the constant-temperature gelatinization and static cooling 
mode adopted in this experiment may not be capable of simulating 
dynamic shearing in actual industrial processes. The influence of the 
shear rate on the fiber–starch composite gel should be quantified 
through twin-screw extrusion combined with online rheological moni
toring. Furthermore, the current conclusion is based on a simplified 
starch–fiber binary model; in real food matrices, other groups may mask 
or modulate the dietary fiber–starch interaction sites, which remains to 
be tested.
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