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To extract oil, the fruits of Idesia polycarpa Maxim (IPM) must first undergo a drying process. This study aimed to
investigate how different industrial drying techniques—microwave vacuum drying (MVD), microwave drying,
infrared drying, and hot air drying—affect the structural characteristics and bioactivities of IPM cake meal
polysaccharides (IPMPs). The results revealed significant differences in the structure and composition of the four
IPMPs. MVD-IPMP, dried using MVD, exhibited a lower molecular weight (346.26 kDa), higher uronic acid
content (30.74 %), and a distinct triple-helix structure. These structural features contributed to its enhanced
antioxidant activity, a-glucosidase inhibition, and prevention of glycation. IPMPs induced secondary confor-
mational changes in a-glucosidase, leading to decreased enzyme activity. Additionally, IPMPs caused static
quenching of the enzyme’s intrinsic fluorescence, suggesting a specific interaction mechanism, with MVD-IPMP
demonstrating the highest binding affinity. These findings suggest that MVD is an effective technique for the
large-scale production of high-quality IPMPs.

1. Introduction Research has shown that IPM not only yields large quantities of oil from

its fruit but also contains oil in both the seeds and peel. As the fruit

Idesia polycarpa Maxim (IPM) is the sole species in the genus Idesia,
part of the Salicaceae family. This woody perennial oil plant is exten-
sively found across East Asia, encompassing China, Japan, and Korea (Li
et al., 2019; Li et al., 2020). In recent years, IPM has gained increasing
attention due to its excellent adaptability, attractive appearance, high
yield, and prolonged fruiting period. These traits contribute to its su-
perior oil content and quality compared to other common woody oil
crops. IPM oil is regarded as a promising solution to the rising demand
for edible and industrial oils, as well as energy and other resources (Luo
et al., 2025; Wen et al., 2022). IPM oil has been used as an edible oil in
China for over a century. It is abundant in polyunsaturated fatty acids,
especially linoleic acid, and includes important bioactive compounds
like B-sitosterol, a-tocopherol, and p-tocopherol (Xiang et al., 2023).

matures, the oil content in the peel increases, making the entire fruit
valuable for industrial oil extraction (Hou et al., 2018; Zhou et al.,
2022). However, processing IPM fruits for oil generates large quantities
of byproducts, commonly known as cake meal. If not managed properly,
these byproducts can lead to environmental problems and resource
waste, hindering the growth of the IPM industry. Therefore, developing
effective methods for utilizing IPM cake meal is essential. Such utiliza-
tion would enhance its economic value, reduce resource waste, and
alleviate environmental pressures caused by untreated byproducts.
Early studies have identified several beneficial components in IPM cake
meal, including peptides, proteins, and polysaccharides. For example,
Dou et al. (2024) isolated antioxidant peptides (CIPs-I-F2) from IPM
cake meal, while Yang et al. (2023) utilized proteins from the meal to
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develop bioactive food packaging materials that extend the shelf life of
sweet cherries. Our earlier study utilized ultrasound-assisted three-
phase extraction to isolate oils, proteins, and polysaccharides from IPM
cake meal, highlighting its high polysaccharide (10.02 %) and protein
(5.03 %) content (Shi et al., 2024). Given its high content of proteins and
polysaccharides, the secondary use of IPM cake meal aligns with the
principles of a circular economy. This approach minimizes resource
waste, maximizes the value derived from IPM, and supports sustainable
development while reducing environmental impact.

Polysaccharides, natural polymers found in plants, microorganisms,
and animals, are widely utilized in the pharmaceutical and food in-
dustries due to their unique biological properties and superior safety
profiles (Tian et al., 2022; Yu et al., 2018). These macromolecules have
garnered significant attention due to their diverse biological activities,
including anti-inflammatory (Jin et al., 2021), antioxidant (Chen et al.,
2022), immunomodulatory (Mohammed et al., 2021), hypoglycemic
(Xiong et al., 2022), and gut microbiota-regulating effects (Ye et al.,
2023). In industrial processes, oil seeds are dried and dehydrated prior
to oil extraction using methods such as hot air drying (HD), infrared
drying (IRD), microwave drying (MD), and freeze drying (FD) (Menon
et al., 2020). Each method offers distinct advantages and challenges in
terms of cost, time efficiency, and operational complexity. Research
shows that drying substantially influences the structural properties and
bioactivities of polysaccharides, altering molecular weight, mono-
saccharide composition, branching patterns, chain conformation, anti-
oxidant capacity, digestive enzyme inhibition, and emulsifying
properties (An et al., 2022; Yi et al., 2020). HD is prevalent in the food
industry because it is simple and cost-effective. This method involves
circulating heated air over the material to facilitate moisture evapora-
tion. Research indicates that HD notably elevates the molecular weight
of polysaccharides in okra (Abelmoschus esculentus) relative to alterna-
tive drying techniques (Yuan, He, Xiang, Huang, et al., 2020). In
contrast, IRD uses infrared radiation to uniformly heat the material,
thereby enhancing drying efficiency (Zartha Sossa et al., 2021). How-
ever, IRD may alter the steric conformation of polysaccharides, poten-
tially changing their functional properties (Yan et al., 2019). MD
generates heat through molecular friction, enabling rapid drying with
minimal oxygen exposure. However, the higher temperatures associated
with MD can cause slight thermal aggregation of polysaccharides (Wu
et al., 2022). FD which removes moisture by sublimation of frozen water
under low pressure, preserves a loose, porous structure with minimal
aggregation, thereby improving stability (Chen et al., 2020). However,
FD is hindered by long drying times and high energy consumption.
Emerging technologies, such as microwave-assisted vacuum drying
(MVD), offer advantages over traditional methods. MVD prevents
structural changes caused by oxygen exposure, ensures uniform heat
distribution, and provides precise control over drying parameters
(Kubbutat et al., 2021; Liu, Li, et al., 2020). Excessively high tempera-
tures and prolonged drying times can result in the thermal degradation
of natural polysaccharides during the drying process. This degradation
can cause structural changes that negatively impact the long-term sta-
bility and storage quality of the polysaccharides (Guo, Liu, et al., 2023).
Therefore, it is essential to select appropriate drying methods based on
the type of raw material and the specific polysaccharide involved. Given
the varying effects of different drying methods on polysaccharide
properties, selecting an appropriate method is critical for preserving
both their physicochemical integrity and biological activities. While the
effects of drying on the structure and biological activities of plant-
derived polysaccharides are well documented (Guo, Yin, et al., 2023;
Yi et al., 2020), the specific impacts of various drying methods on
polysaccharides derived from IPM cake meal remain unexplored.

Diabetes is a chronic metabolic disorder marked by physiological
issues such as low blood sugar, insufficient insulin production and
release, and excessive glucagon secretion (Yang et al., 2024; Yang, Luo,
Wei, & Kan, 2022). Polysaccharides have been shown to combat dia-
betes through multiple mechanisms in both laboratory settings and
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living organisms (Dong et al., 2023; Ji et al., 2023; Xue et al., 2023). Two
key enzymes involved in glucose metabolism are pancreatic a-amylase
and intestinal a-glucosidase. Inhibiting these enzymes slows the break-
down of starches into glucose, thus reducing postprandial blood sugar
spikes (Dou et al., 2019; Meng et al., 2019). Targeting a-amylase and
a-glucosidase represents a promising strategy for managing blood
glucose levels in diabetic individuals. Chronic hyperglycemia in diabetes
hastens the non-enzymatic glycation of proteins, resulting in the for-
mation of advanced glycation end products (AGEs) (Zhang et al., 2022).
During this process, reducing sugars interact with protein amino groups,
leading to the irreversible creation of AGEs (Zeng et al., 2016). AGEs
interact with vascular endothelial cell receptors, triggering the activa-
tion of RAGE. This activation triggers cellular pathways and oxidative
stress, contributing to diabetic complications, particularly those
affecting blood vessels (van Dongen et al., 2021). Consequently, com-
pounds that inhibit AGEs formation hold potential as therapeutic agents
to prevent diabetes-related complications. Free radicals and reactive
oxygen species (ROS) significantly contribute to diabetes development
(Rotariu et al., 2022). ROS are generated via glucose oxidation, protein
glycation, and lipid peroxidation (Meng et al., 2019). A major marker of
lipid peroxidation is malondialdehyde (MDA), a toxic compound
indicative of oxidative damage. Preventing MDA formation could help
alleviate oxidative stress associated with diabetes (Dong et al., 2023;
Yang et al., 2024). Antioxidants with notable blood sugar-lowering and
antiglycation effects may provide therapeutic benefits for diabetes
management and its complications. Several studies have demonstrated
that different drying methods can alter the physical and structural
properties of polysaccharides, which in turn can affect their biological
activities (Shiyu et al., 2024; Tang et al., 2023; Yang, Luo, Sang, & Kan,
2022). We hypothesize that the drying techniques applied to IPM cake
meal may similarly influence the properties of its polysaccharides.
However, there is currently a lack of research on how various drying
methods affect polysaccharides extracted from IPM cake meal.
Exploring this gap may lead to innovative uses of IPM cake meal in food
science and health, especially in creating functional foods and natural
diabetes treatments.

Therefore, this study examined the effects of four drying method-
s—microwave drying (MD), microwave vacuum drying (MVD), infrared
drying (IRD), and hot air drying (HD)—on the polysaccharides extracted
from IPM cake meal (IPMPs). The chemical composition of the poly-
saccharides was analyzed, focusing on parameters such as neutral
sugars, uronic acids, protein content, molecular weight, and sugar
composition. Structural characteristics were examined using triple-helix
conformation analysis, Fourier-transform infrared (FT-IR) spectroscopy,
scanning electron microscopy (SEM), and X-ray diffraction (XRD). In
addition to chemical and structural analyses, the biological properties of
IPMPs were evaluated, specifically its ability to inhibit linoleic acid
oxidation, prevent the formation of AGEs, and block a-glucosidase ac-
tivity through laboratory assays. The results of this study will provide
valuable insights into how different drying methods affect the structure
and biological properties of IPMPs. These findings will aid in identifying
optimal drying techniques for producing IPMPs with antioxidant, anti-
glycation, and hypoglycemic effects, thus facilitating their application in
the development of functional foods and natural treatments for diabetes
management.

The study of polysaccharides derived from IPM cake meal not only
explores their potential applications in the food and pharmaceutical
industries but also provides a sustainable solution to the environmental
challenges associated with their disposal. This contributes to enhancing
the overall sustainability of the IPM processing industry.

2. Materials and methods
2.1. Reagent and chemicals

On November 11, 2023, fresh IPM fruits were harvested from Xinhua
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Feng Agricultural Development Co., Ltd., located in Renhuai City,
Guizhou Province (27°59'5.23"N, 106°18'38.07"E). The fruits, all from
the same batch, were stored at temperatures ranging from 4 °C to 8 °C
prior to drying. D-Galacturonic acid monohydrate (SG8830) and Bovine
Serum Albumin (BSA, A8020) was purchased from Solarbio Technology
Co., Ltd. (Beijing, China). A range of monosaccharide standards,
including D-mannose (Man, C17D9H77586), L-rhamnose (Rha,
H10S9Z69863), D-galactose (Gal, E1927035), b-glucose (Glc,
Q18F10N80946), L-arabinose (Ara, S15A10G85850), D-xylose (Xyl,
A2256X3606), L-fucose (Fuc, X29D7Y27768), D-galacturonic acid
(GalA, K02A9B66077), and D-glucuronic acid (GlcA, K14M10S82777)
were obtained from TOKYO Chemical Industry Co., Ltd. (Tokyo, Japan).
The pullulan polysaccharide calibration kit was supplied by Agilent Co.,
(USA). Linoleic acid (L812257) and aminoguanidine hydrochloride (AG,
H905587) were provided by Macklin Biochemical Co., Ltd. (Shanghai,
China). Additionally, a-glucosidase (S10050) was acquired from YuanYe
Biotech Co., Ltd. (Shanghai, China), while p-nitrobenzene a-D-pyran
glucoside (pNPG, N100372) was obtained from Aladdin Biochemical
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Technology Co., Ltd. (Shanghai, China). All other chemicals used were
of analytical or chromatographic grade and were procured locally.

2.2. Drying procedure and cake meal preparation

The freshly harvested IPM fruits, each group weighing 4.0 kg, were
divided into four groups and subjected to distinct drying methods: mi-
crowave vacuum drying (MVD), microwave drying (MD), infrared dry-
ing (IRD), and hot air drying (HD). To minimize browning, fresh IPM
fruits were dried under optimal conditions derived from preliminary
experiments. As shown in Fig. 1, in the MVD group, fruits were dried
using a commercial microwave vacuum dryer (Model WBZ-10 PLC,
Xinqi Microwave Industry Co., Ltd., Guiyang, China) at a vacuum
pressure of 0.08 MPa for 55 min. The drying process involved an auto-
mated cycle of 35 min at 2000 W, 10 min at 1000 W, 5 min at 500 W, and
5 min at 0 W. In the MD group, fruits were dried using a 1500 W mi-
crowave vacuum drying oven (Model WBZ-10 PLC, Xinqi Microwave
Industry Co., Ltd., Guiyang, China) for 60 min with the vacuum pump

Drying procedure
Fresh Idesia polycarpa Maxim fruit
Each group contained 4.00 kg of fresh fruit. ‘
_______________ i it . .
Microwave drying (MD) |1 Microwave vacuum drying (MVD) were

was carried out in a
microwave vacuum drying
oven at the power of 1500 W
for 60 min.

MD
MVYD
Spiral press high
temperature (120 °C)
pressed IPM oil
TRD
HD

Dried Idesia polycarpa
Maxim (IPM)

Polysaccharide extraction

Ammonium oxalate
Pre-treated buffer (pH 4.8, 0.5 %,

dried a commercial microwave vacuum dryer
of 0.08 MPa for 55 min, PLC automatic
control system: 35 min at 2000 W, 10 min at
1000 W, 5 min at 500 W, and 5 min at 0 W.

Hot air drying (HD) were
dried using an electric
thermostatic  forced air-
drying oven at 2000 W and
50 °C for 45 h.

Infrared drying (IRD) were
dried using an infrared
radiation chamber at 1500 W
and 50 °C for 36 h.

Pretreated petroleum ether
and 95 % ethanol

Pre-treated
cake meal

Adjust

pH to 6.5
S
cake meal w/v), 1:20 (g/mL), 90 °C,

2h Extra.actmg
solution
HD-IPMP
< Lyophization

Fig. 1. Schematic of polysaccharides extraction from Idesia polycarpa Maxim cake meal.
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deactivated. In the IRD group, fruits were dried using an infrared radi-
ation chamber (Model DHG-9202-3, Henglong Instrument Co., Ltd.,
Changzhou, China) at 1500 W and 50 °C for 36 h. In the HD group, the
drying process was conducted in an electric thermostatic forced air-
drying oven (Model DHG-9240 A, Qixin Scientific Instruments Co.,
Ltd., Shanghai, China) at a power setting of 2000 W and a temperature of
50 °C for 45 h. The drying was considered complete when the moisture
content of the IPM fruit fell below 6 % (wet basis). The dried fruits were
promptly processed with a spiral oil press (Model CZR081, Dehaiwei
Industrial Equipment Co., Ltd., Guangzhou, China) for oil extraction.
The cake meal was processed using a multifunction mill (Model BJ-800
A, Deqing Fengjie Electric Appliance Co., Ltd., Guangzhou, China) and
passed through a 40-mesh screen to achieve a consistent particle size for
further experiments.

2.3. Extraction of polysaccharides from IPM cake meal

The cake meal underwent a 24 h petroleum ether soak, with solvent
replacement every 6 h, to eliminate residual oil, monosaccharides, and
pigments. Subsequently, it was treated with 95 % ethanol for another 24
h, refreshing the ethanol every 6 h. The polysaccharide extraction and
separation process are illustrated in Fig. 1. Polysaccharides were
extracted via the chelator method by mixing cake meal with an
ammonium oxalate buffer (0.5 % w/v, pH 4.8) at a solid-to-liquid ratio of
1:20 and heating at 90 °C for 2 h (Babbar et al., 2016). The pH was
adjusted to 6.5 with 1 M NaOH following extraction. The mixture was
centrifuged at 4000 rpm for 10 min, and the supernatant, containing the
polysaccharides, was separated. Proteins were removed by treating the
supernatant six times with Sevag reagent, a mixture of chloroform and n-
butanol in a 4:1 ratio (Sevag et al., 1938). The purified extract was
concentrated to one-quarter of its initial volume using a rotary evapo-
rator at 54 °C under reduced pressure, then dialyzed against tap water
(MWCO 8000-14,000 Da) for 48 h. The retained material was subse-
quently collected, concentrated, and freeze-dried under vacuum to
isolate the polysaccharides. Polysaccharides derived from IPM cake
meal dried by different methods—MD, MVD, IRD, and HD—were
designated as MD-IPMP, MVD-IPMP, IRD-IPMP, and HD-IPMP, respec-
tively. The yield (%) of IPMP was determined using the equation:

Weight of dried IPMP (g)

IPMP yield (%, w/w) =

2.4. The chemical compositions analysis of IPMPs

2.4.1. The neutral sugar, uronic acid and protein content of IPMPs

The contents of neutral sugars, uronic acids, and proteins in IPMPs
were determined using the phenol-sulfuric acid method for neutral
sugars (Dubois et al., 1956), the m-hydroxyphenyl method for uronic
acids (Blumenkr & Asboehan, 1973), and the Coomassie brilliant blue
method for proteins (Zor & Seliger, 1996), respectively.

2.4.2. Monosaccharide composition analysis

The monosaccharide composition of IPMPs was analyzed using high-
performance anion-exchange chromatography (HPAEC) on a Thermo
Dionex ICS-6000 system (Thermo Scientific, Waltham, MA, USA),
following previous method (Wan et al., 2025). A 6 mg IPMP sample was
combined with 3 mL of 3 M trifluoroacetic acid (TFA) in an amber vial,

" Initial weight of pretreated IPM cake meal powder (g)
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which was then sealed using an alcohol burner. Hydrolysis was carried
out at 121 °C for 3 h. After cooling, the solution was concentrated under
reduced pressure and stirred to remove the TFA. The residue was dis-
solved in distilled water and the volume was adjusted to 50 mL. Prior to
analysis, the sample was filtered through a 0.22 pm membrane. Chro-
matographic separation was performed on a Dionex CarboPac PA20
column (3 mm x 150 mm) with a CarboPac PA20 guard column (3 mm
x 30 mm) and electrochemical detection. The column temperature was
maintained at 30 °C, the flow rate was set to 0.25 mL/min, and 25 pL of
the sample was injected. The mobile phases consisted of ultrapure water
(A), 20 mM NaOH (B), 500 mM sodium acetate (C), and 100 mM NaOH
(D), and the gradient elution was as follows: 0-20 min: 90.5 % A, 9.5 %
B; 20.01-36 min: 70 % A, 10 % B, 20 % C; 36.05-50 min: 50 % A, 50 %
D. To ensure accurate identification and quantification, a mixture of
nine standard monosaccharides (at concentrations of 1, 2.5, 5, and 10
ppm) was prepared and analyzed under identical conditions. The stan-
dard curves and HPAEC chromatograms of the monosaccharide stan-
dards are presented in Table S1 and Fig. S1, respectively. The
monosaccharide composition and molar percentages were determined
by comparing retention times and peak areas with those of the
standards.

2.4.3. Molecular weight (mw) distribution analysis

The Mw distribution of IPMPs was analyzed via high-performance gel
permeation chromatography (HPGPC, Agilent 1260, Agilent Technolo-
gies, Santa Clara, CA, USA) with a refractive index detector (1260 RID,
Agilent Technologies). A standard curve (y = — 0.4397 x + 11.6923, R?
= 0.9976) was established using molecular weight markers ranging from
6.3 to 334 kDa (6.3, 9.8, 22, 49.7, 107, 216, 334 and 739 kDa). The
corresponding HPGPC chromatograms for the molecular weight stan-
dards are presented in Fig. S2. 2 mL of IPMPs solution (5 mg/mL) was
filtered using a 0.45 pm membrane and analyzed using a TSK-Gel
GMPWXL column (7.8 mm x 300 mm, Tosoh Bioscience, Tokyo,
Japan). The analysis was conducted using a mobile phase of 0.1 M
NaNOjs, with a 25 pL injection volume, a column temperature set to
30 °C, and a flow rate of 0.5 mL/min. Under these conditions, the mo-
lecular weight distribution of the IPMP samples was effectively
analyzed, with elution completed within 36 min.

% 100 (€8]

2.5. Characterizations of IPMPs

2.5.1. FT-IR spectroscope analysis

Infrared spectra of IPMPs were obtained using the KBr pellet method
on a FT-IR spectrometer (Spectrum Two, PerkinElmer Co., Waltham,
MA, USA) (Jia et al., 2020). For sample preparation, 2 mg of IPMPs and
200 mg of potassium bromide were accurately weighed, ground in an
agate mortar, and compressed into translucent pellets. A pure KBr pellet
was used as the reference. Spectral data were acquired between 400 and
4000 cm™! with a 4 cm™! resolution.

2.5.2. Congo red test

The Congo Red method, as described by Shi et al. (2024), was used to
assess the triple-helix structure of IPMPs. A 2 mL solution of IPMPs (2
mg/mL) was mixed with 2 mL of Congo red solution (80 pM). The
mixture was titrated incrementally with 1.0 M NaOH (0-4 mL) to ach-
ieve a final concentration range of 0-0.50 M NaOH. The solution was
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incubated at room temperature for 15 min, and its absorbance was
recorded between 400 and 600 nm using a multifunctional microplate
reader (Multiskan SkyHigh-A51119600C, Thermo Scientific, Waltham,
MA, USA). A control was prepared using deionized water under identical
conditions.

2.5.3. Thermal property analysis

The thermal stability of the IPMPs was evaluated using a differential
scanning calorimeter (DSC-4000, PerkinElmer Co., Waltham, MA, USA).
Approximately 5 mg of IPMPs was sealed in a pure aluminum crucible,
while an empty crucible was used as the reference. The sample was
heated from 50 °C to 400 °C at a rate of 10 °C/min under a nitrogen flow
of 20 mL/min to determine its denaturation temperature.

2.5.4. XRD analysis

The crystalline structure of IPMPs was evaluated using a D8 Advance
diffractometer (Bruker, Bremen, Germany) operating at 40 mA. XRD
patterns were collected over the range of 5°-80° at a scanning speed of
10°/min.

2.5.5. SEM analysis

The structural features of IPMPs were observed using a SIGMA 300
scanning electron microscope (ZEISS, Oberkochen, Germany). For each
analysis, 20 mg of polysaccharides were placed onto SEM aluminum
stubs using double-sided adhesive tape. To enhance imaging quality, the
samples were coated with a thin gold-palladium layer using a sputter
coater. High-resolution images were acquired at magnifications of
100x, 5000x%, and 10,000x, using an acceleration voltage of 3.0 kV.

2.6. Non-enzymatic glycation inhibition activity

2.6.1. Establishment of the BSA-fructose reaction system

The in vitro anti-glycation assay was conducted following a modified
method (Zhou et al., 2023). Sample solutions were prepared in phos-
phate buffer (0.2 M, pH 7.4). The reaction system was set up by mixing 5
mL of BSA solution (10 mg/mL) with 2.5 mL of polysaccharide solution
(1, 2, 3, or 4 mg/mL), followed by the addition of 5 mL of fructose so-
lution (500 mM). The mixture was incubated at 50 °C for 48 h. Control
experiments included a blank control, in which the polysaccharide so-
lution was replaced with buffer, and a positive control, in which AG
replaced the polysaccharide solution. The resulting mixtures were used
in subsequent analyses.

2.6.2. Determination of fructosamine level

Fructosamine levels were determined by their ability to reduce
nitroblue tetrazolium (NBT) to the tetrazinolyl radical (NBT™), forming
a colored formazan dye with strong absorbance at 530 nm. The NBT
reduction method, as described by Zeng et al. (2019), was applied to
measure fructosamine in the BSA-Fructose-IPMP system. In the assay,
the reaction mixture (40 pL) was combined with of Milli-Q water (320
pL) and NBT solution (1.6 mL, 0.3 mM in 100 mM sodium carbonate
buffer, pH 10.35). After incubating at 25 °C for 15 min, the mixture was
measured the absorbance at 530 nm. Blank and positive controls were
included for comparison. The inhibition rate of fructosamine was
calculated using the following formula:

Inhibition rate (%) = <A0 A7 A) x 100 2)
0

where Ay is the absorbance of the BSA-Fructose system without poly-
saccharides, and A indicates is the absorbance with polysaccharides.

2.6.3. Determination of a-dicarbonyl compounds

The levels of a-dicarbonyl compounds were quantified using the
Girard-T reagent and spectrophotometry (Dou et al., 2021). In this test,
the reaction mixture (0.4 mL) was combined with Girard-T stock
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solution (0.2 mL, 500 mM) and sodium formate solution (3.4 mL, 500
mM, pH 2.9). The mixture was incubated at 37 °C for 60 min, after which
the absorbance of both the blank control and positive control was
measured at 290 nm. The inhibition rate of a-dicarbonyl compounds was
estimated using the formula previously described (Eq.(2)).

2.6.4. Determination of the fluorescent AGEs

The formation of fluorescent AGEs was assessed by combining 60 pL
of the reaction solution with 2 mL of phosphate-buffered saline (PBS,
0.2 M, pH 7.4). The fluorescence intensity of the mixture was tested
using a fluorescence spectrophotometer, with an excitation wavelength
of 370 nm and an emission wavelength of 450 nm (Dou et al., 2021). The
inhibition rate of fluorescent AGEs was calculated using the following
formula:

Fo—F

0

Inhibition rate (%) = ( > x 100 3

where Fy is the fluorescence intensity of the BSA-Fructose system
without polysaccharides, and F is the fluorescence intensity with
polysaccharides.

2.7. Linoleic acid peroxidation inhibition assay

The ability of IPMPs to prevent linoleic acid peroxidation was eval-
uated by measuring the MDA levels in a linoleic acid system, following a
previously established procedure (Chaouch et al., 2015). To prepare the
reaction mixture, 4.1 mL of linoleic acid-ethanol solution (2.5 %, v/v),
10 mL of phosphate buffer (0.2 M, pH 7.4), 4.9 mL of distilled water, and
1 mL of 4 mM FeSO4-7H,0 were combined. IPMP solutions (0.125-5
mg/mL) were then added to the mixture, which was thoroughly mixed
and incubated at 40 °C for 24 h. Following incubation, 1 mL of the re-
action mixture was taken, and 1 mL of 25 % trichloroacetic acid (TCA)
and 2 mL of 0.67 % thiobarbituric acid (TBA) were added. The mixture
was heated in boiling water for 15 min, allowed to cool, and then 4 mL of
n-butanol was added. Absorbance was measured at 532 nm, with
deionized water used as the blank and V¢ serving as the positive control.
The inhibition rate of linoleic acid peroxidation was calculated as
follows:

Inhibition rate (%) = (1 7%) x 100 4)
0

where: Ag represents the absorbance of the sample containing IPMP, and
A represents the absorbance when deionized water is used instead of
IPMPs.

2.8. Hypoglycemic activities

2.8.1. a-Glucosidase inhibitory activity analysis

The ability of IPMPs to inhibit a-glucosidase was assessed using a
method adapted from Zheng et al. (2022). All solutions were prepared in
phosphate buffer (0.1 M, pH 6.9). For the assay, 100 pL of IPMPs at
varying concentrations (0.5, 1, 2, 4, 6 mg/mL) was mixed with 100 pL of
a-glucosidase solution (0.5 U/mL) and incubated at 37 °C for 10 min.
The reaction was initiated by adding 100 pL of pNPG solution (5 mM)
and incubated for an additional 20 min. The reaction was then termi-
nated by adding 1 mL of 1 M sodium carbonate solution, and absorbance
was measured at 405 nm. The buffer served as the blank control, and
acarbose was used as the positive control. The inhibition rate of
a-glucosidase was calculated using the following formula:

As — A
a — Glucosidase inhibition rate (%) = <1 _s Y B) x 100 5)
c

where Ag represents the absorbance of the mixture containing IPMPs,
enzyme, and pNPG. Ap represents the absorbance when buffer is used
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instead of the enzyme. A represents the absorbance of the buffer so-
lution, which serves as a replacement for the sample solution.

2.8.2. Kinetic property analysis

To study the kinetic properties of IPMP’s inhibition of a-glucosidase,
the concentrations of IPMP (0, 1, 3, and 6 mg/mL) and pNPG (1, 2, 3,
and 4 mM) were varied. Lineweaver-Burk double reciprocal plots were
employed to determine the inhibition type by analyzing the intersection
points of the lines. This approach also enabled the comparison of kinetic
parameters related to a-glucosidase inhibition at different IPMP con-
centrations. The Michaelis constant (K;;) and maximum reaction ve-
locity (Vmex) were determined by plotting 1/v against 1/[S] using the
Lineweaver-Burk equation, based on parameters from the Michaelis-
Menten equation. This provided insights into the enzymatic reaction.
Mixed-type inhibition was identified, which was further analyzed using
Eq.(6) to ascertain the dissociation constants K; and Kjs for enzyme-
inhibitor and inhibitor-enzyme-substrate interactions of [PMPs. Sec-
ondary plots based on Eq.(7) and (8) were generated to refine the un-
derstanding of the inhibition mechanism (Wang et al., 2020).

1 Kn my1 1 i
; N Vmax (1 +I<l> [S] + Vmax (1 +KLS‘ (6)
Ky Kn[I]
Slope - Vmax + VmaxKi (7)
1
Y-intercept = m KB[‘I/]MM 8)

where v was the enzyme reaction rate in the absence and presence of
IPMPs. [I] and [S] are the concentrations of inhibitor and substrate,
respectively. K; and K;; stand for enzyme-inhibitor dissociation constant
and inhibitor-enzyme-substrate dissociation constant, respectively.

2.8.3. Fluorescence spectra analysis

The interaction between IPMPs and a-glucosidase was examined by
mixing 2 mL of IPMPs (0.5-6 mg/mL) with 2 mL of 0.75 U/mL
a-glucosidase solution. The mixtures were incubated at 37 °C for 10 min,
and the fluorescence intensity of the a-glucosidase-IPMP complex was
tested using a fluorescence spectrometer with an excitation slit of 5 nm,
an emission slit of 5 nm, an excitation wavelength of 280 nm, an
emission wavelength range of 300-500 nm, and a scanning rate of 1200
nm/min. To explore the quenching mechanism between IPMPs and
a-glucosidase, fluorescence quenching data were analyzed using the
Stern-Volmer equation (Eq.(9)) (Zhao et al., 2021):

Fo/F =1+ K,5,(Q) = 1+ K4 [Q) ©)

where Fy represents the enzyme’s fluorescence intensity without IPMPs,
while F denotes the intensity post-IPMPs addition. [Q] indicates the
IPMPs concentration, Kgy is the Stern-Volmer quenching constant, K is
the dynamic quenching rate constant, and 7y is the fluorophore’s lifetime
without the quencher (1078 9).

The fluorescence quenching mechanism was analyzed to calculate
the binding constant (K,) and the number of binding sites (1) between
IPMPs and a-glucosidase using the binding constant formula (Eq.(10))
(Zhao et al., 2021):

F

logFo 1: = logK, + nlog[Q] (10)
2.8.4. Conformational change assay

To assess potential changes in the secondary structure of a-glucosi-
dase induced by IPMPs, FT-IR spectroscopy was conducted following a
previously established method (Tang et al., 2019). A solution containing
100 pL of 5 mg/mL IPMPs and 100 pL of 0.5 U/mL o-glucosidase was
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incubated at 37 °C for 30 min. The mixture was then applied to a KBr
sheet, and the FT-IR spectrum was recorded in the 1500-1800 em™?
wavenumber range. The relative content of the enzyme’s secondary
structure was analyzed using PeakFit V4 software. Ultraviolet (UV) ab-
sorption spectra of a-glucosidase, both in the presence and absence of
IPMPs, were obtained using a multifunctional enzyme marker (Zhao
et al., 2023). a-Glucosidase was prepared at 0.5 U/mL, and IPMP solu-
tions were evaluated at 0.5, 1.0, 2.0, 4.0, and 6.0 mg/mL. The absorp-
tion spectra in the 200-400 nm range were measured after incubating
equal volumes of IPMP and a-glucosidase at 37 °C for 30 min to assess
IPMP’s structural impact on the enzyme.

2.9. Statistical analysis

All experimental data are presented as the mean + standard devia-
tion (SD) from at least three independent replicates. Statistical analyses,
including graphical representation and ANOVA, were conducted using
Origin 2019 (Origin Lab Corp., USA) and SPSS 22.0 (SPSS Inc., USA).
The Least Significant Difference (LSD) test and Duncan’s Multiple Range
Test were employed for multiple comparisons to identify statistically
significant groups (p < 0.05).

Table 1

Extraction yield, chemical composition, monosaccharide composition, molecu-
lar weight distribution, and DSC curve parameters of polysaccharides from IPM
cake meal dried by different methods.

MD-IPMP MVD-IPMP IRD-IPMP HD-IPMP
Yield (%) 9.35+0.49°  10.35+0.36° 8.74+0.89>  8.15+1.03°
Chemical composition (%, w/w)
Neutral 56.93 + 63.46 + 0.63°  59.66 + 1.22°  59.26 + 0.90"
sugar 0.83°
Uronic acid ~ 25.75 + 30.74 +1.85°  24.05+ 0.76°  23.87 + 0.59°
0.64°
Protein 476 + 5.09 + 0.65° 4.06 + 0.28" 3.72 + 0.05°
0.43%°
Monosaccharide composition (molar ratio, %)
Fuc 0.04 +0.03°  0.27 + 0.06" 1.06 + 0.75° 0.34 + 0.16"
Rha 8.89+0.99° 11.22+1.14° 9.93+0.16°>  9.27 +0.42°
Ara 480 +2.73° 12,03 +0.55" 851 +0.70° 9.21 + 0.84°
Gal 6.74 £ 245" 1218 +0.11°  11.44 +0.59°  11.29 + 0.25%
Gle ‘;’1433 = 24.57 £1.30° 33.84+091" 3220+ 0.62"
Xyl 1.63 +0.33°  3.20 +0.30° 2.59 + 0.59* 2.85 + 0.15%
Man 0.79 £ 0.62°  3.04 + 0.29° 2.46 + 0.87° 3.49 + 0.53%
GalA ﬁ;gf = 32.34 +1.00°  29.01 + 1.35° f%gf’bi
GleA 0.79 £0.03"  1.14 +0.13" 1.16 + 0.05° 1.12 +0.12°
Molecular weight distribution
370.67 + 346.26 + 396.27 + 337.87 +
Mw (kDa) 9.99 10.83¢ 5.63% 6.72¢
98.32 + o 12266 + 108.09 +
Mn (kDa) 5 940 88.67£7.78° L7ab
Mw/Mn 3.77 £ 0.14°  3.92 +0.31° 3.23 +0.10° 3.13 +0.03"
DSC curve parameters
) 139.80 + 146.24 + 137.44 + 139.67 +
Tm (0 1.41° 8.94° 2.83° 9.55"
99.02 + 191.27 + 174.57 + 197.27 +
AHm (J/8) 10 gge 5.61° 40.48" 18.85°
) 296.80 + 243.89 + 240.03 + 239.78 +
To (0 4.34° 2.40° 0.77 2.18°
) 317.61 + 256.09 + 255.66 + 254.36 +
(O 1.99° 5.53 6.12° 2.31°
22,17 +
AHg (J/g) 522+ 1.16°  9.05+ 0.67° 1o 8; 11.76 + 1.46°

Data are expressed as mean + standard deviation (n = 3). Different lowercase
letters within the same row indicate significant differences among samples (p <
0.05).
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3. Results and discussion
3.1. The yield and chemical composition of different IPMPs

3.1.1. The yield of IPMPs

The extraction yields of IPMPs processed using MD, MVD, HD, and
IRD are summarized in Table 1. The yields for MD-IPMP, MVD-IPMP,
IRD-IPMP, and HD-IPMP were 9.35 %, 10.35 %, 8.74 %, and 8.15 %,
respectively. MVD-IPMP achieved the highest yield, significantly out-
performing the other methods (p < 0.05), highlighting the impact of
drying techniques on polysaccharide extraction. Both MD and MVD
treatments were more efficient in extracting polysaccharides than HD
and IRD. The superior yield in MVD can be attributed to the high vapor
pressure generated by microwaves, which disrupt cell wall integrity,
enhancing polysaccharide release (Gavahian et al., 2021). Additionally,
the vacuum expansion during MVD promotes better penetration of the
extraction solvent into plant tissues, further improving extraction effi-
ciency (Dong et al., 2021; Guo, Yin, Wu, Chen and Ye, 2023). These
combined effects likely explain the highest polysaccharide yield
observed in MVD-treated samples. In contrast, HD resulted in the lowest
yield, likely due to the “case hardening” effect, where the material’s
surface hardens during hot air drying, limiting extraction efficiency (An
et al.,, 2022). Despite these variations, all drying methods yielded
satisfactory results, confirming polysaccharide extraction as an effective
approach for utilizing IPM cake meal.
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3.1.2. The neutral sugar, uronic acid and protein content of IPMPs
Regarding the neutral sugar content, MVD-IPMP had the highest
proportion (63.46 %), followed by IRD-IPMP (59.66 %), HD-IPMP
(59.26 %), and MD-IPMP (56.93 %) (Table 1). The high microwave
power in MD elevated the product temperature, leading to the conver-
sion of some polysaccharides into oligosaccharides or caramelized
compounds through Maillard and caramelization reactions (Tian et al.,
2016), which likely accounts for the lower neutral sugar content in MD-
IPMP. In contrast, MVD-IPMP preserved the highest neutral sugar levels
due to relatively lower drying temperatures, which reduce the activity of
polysaccharide-degrading enzymes (An et al., 2022). Additionally,
enhanced microwave power during MVD may further increase neutral
sugar content, as observed in studies on okra (Abelmoschus esculentus)
(Yuan, He, Xiang, Huang, et al., 2020) and loquat leaves polysaccharides
(Fu et al., 2020). Table 1 also indicates that MVD-IPMP had the highest
uronic acid content at 30.74 %, with MD-IPMP, IRD-IPMP, and HD-IPMP
following at 25.75 %, 24.05 %, and 23.87 %, respectively. This suggests
that drying methods significantly influence uronic acid content (p <
0.05). The levels of glucuronic and galacturonic acids are significantly
influenced by the activities of glucuronidase and galacturonic acid en-
zymes, which function optimally between 50 and 80 °C (An et al., 2022).
Reduced temperatures and oxygen levels in MVD decrease enzyme ac-
tivity, enhancing uronic acid retention. Moreover, thermal and oxida-
tive processes significantly contribute to the reduced retention of uronic
acids in IRD-IPMP and HD-IPMP due to the higher temperatures and
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increased oxygen exposure involved in these methods (Chen et al.,
2019a). Residual protein levels remained between 3.72 % and 5.09 %
across all samples, even after effective deproteinization. The residual
protein in the extracted polysaccharides is probably due to protein-
polysaccharide complexes, aligning with earlier research that identi-
fied a 4.48 % protein content in IPM cake meal polysaccharides (Shi
et al., 2024). Among the four samples, MVD-IPMP exhibited the highest
protein content, likely because the lower temperatures during MVD
drying help preserve proteins and prevent denaturation.

3.1.3. The distribution of molecular weights for IPMPs

The weight-average molecular weight (Mw), number-average mo-
lecular weight (Mn), and polydispersity index (PDI = Mw/Mn) of four
IPMPs were assessed using HPGPC. The results are presented in Table 1
and Fig. 2A. The HPGPC chromatograms of the four IPMPs are shown in
Fig. S3. The Mw values for MD-IPMP, MVD-IPMP, IRD-IPMP, and HD-
IPMP were approximately 370.67 + 9.99 kDa, 346.26 + 10.83 kDa,
396.27 + 5.63 kDa, and 337.87 + 6.72 kDa, respectively (p < 0.05).
Notably, HD-IPMP exhibited the lowest Mw, which is likely due to
structural disruption and thermal degradation of the polysaccharides
induced by the high temperatures during hot air drying (Yuan et al.,
2020). Previous studies have shown that elevated temperatures can
enhance polysaccharide production, but they also lead to a significant
reduction in molecular weight due to degradation (Su et al., 2017). In
contrast, IRD-IPMP exhibited the highest Mw, potentially due to the
removal of part of the polysaccharide hydration layer during infrared
drying, which promotes structural aggregation (Wang et al., 2019).
Although both MD-IPMP and MVD-IPMP were subjected to microwave
drying, MVD-IPMP exhibited a lower Mw. This discrepancy is likely due
to the higher microwave energy in the MVD process, which leads to
more extensive breakage of polysaccharide chains, increasing thermal
degradation and hydrolysis (Zeng et al., 2024) This is consistent with
studies on okra polysaccharides, which showed that higher microwave
power resulted in a decrease in Mw (Yuan et al., 2020). These findings
underscore the substantial influence of drying techniques on the mo-
lecular weight of IPMPs, as documented in prior research (An et al.,
2022; Zeng et al., 2024). The PDI indicates the range of molecular
weight distribution, where lower values signify a more uniform distri-
bution (Xiong et al., 2022). The PDI values for the four IPMPs ranged
from 3.13 to 3.92, indicating a relatively narrow molecular weight
distribution and suggesting that these polysaccharides are molecularly
homogeneous (Deng et al., 2020). HD-IPMP exhibited the lowest PDI
(3.13), indicating high homogeneity, likely due to degradation induced
by high temperatures during drying. In contrast, MVD-IPMP exhibited
the highest PDI (3.92), reflecting a broader molecular weight distribu-
tion with less thermal aggregation. These findings highlight the signif-
icant impact of drying methods on the molecular weight distribution of
polysaccharides.

3.1.4. The monosaccharide composition of IPMPs

The HPAEC chromatograms and molar ratios of the monosaccharide
compositions for the four IPMPs are shown in Fig. 2B and Table 1,
respectively. The analysis revealed that all four IPMPs contained nine
monosaccharides: rhamnose (Rha), fucose (Fuc), glucose (Glc), arabi-
nose (Ara), xylose (Xyl), galactose (Gal), mannose (Man), glucuronic
acid (GlcA), and galacturonic acid (GalA). However, notable differences
in molar ratios were observed, suggesting that the drying methods
significantly influenced the distribution of monosaccharides. Specif-
ically, MD-IPMP exhibited the highest Glc content (51.27 %, p < 0.05),
while MVD-IPMP showed the highest concentrations of Rha (11.22 %),
Ara (12.03 %), Gal (12.18 %), and GalA (32.34 %) (p < 0.05). In
contrast, MD-IPMP contained the lowest GalA content (25.06 %),
whereas the MVD method appeared to preserve GalA more efficiently.
These findings align with previous studies suggesting that drying
methods impact monosaccharide composition (Li et al., 2021; Wang
et al., 2019). Variations in drying techniques can alter monosaccharide
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proportions, potentially due to changes in temperature and oxygen
exposure (Liu et al., 2020). For example, MVD treatment of Rosa sterilis
fruit polysaccharides increased GalA and Gal levels while decreasing
Man (Chen, Sun, Dai, et al., 2024). Similarly, MVD-treated poly-
saccharides from Rosa roxburghii Tratt fruit exhibited higher levels of
GalA and Ara (Zhang et al., 2024), consistent with the results obtained
for MVD-IPMP. The composition and relative abundance of mono-
saccharides are known to significantly affect the biological activity of
polysaccharides (Yuan et al., 2020). Therefore, assessing the biological
activities of IPMPs prepared with different drying methods is crucial.

3.2. The structure characterizations of different IPMPs

3.2.1. FT-IR spectroscopy

Fig. 2C displays the FT-IR spectra for the four IPMPs. Although the
overall spectral patterns of these polysaccharides are similar, the in-
tensities of their characteristic peaks differ. The absorption band at
approximately 3400 em? signifies O—H stretching vibrations, while
the peak near 2900 cm ™! is indicative of C—H bending vibrations, both
characteristic of carbohydrate compounds (Deng et al., 2020; Yang, Luo,
Sang, & Kan, 2022). The 1740 cm™! signal indicates symmetric
stretching of esterified carboxyl groups (Li et al., 2021b). The absorption
bands near 1630 and 1420 cm ™! indicate the asymmetric stretching and
vibration of carboxyl groups, verifying the presence of uronic acids in
the polysaccharides. The 1200-1000 cm ™! region mainly features ring
vibrations and C-O-C and C-O-H bond stretching. Absorption bands at
1140, 1076, and 1020 cm ™ * suggest the presence of pyran-type glyco-
sidic bonds (Chen, Sun, Chen, et al., 2024). Below 1000 cm ™", distinct
peaks at approximately 894 and 838 cm™! correspond to the B- and
a-configurations of glycosidic linkages, respectively (Xiong et al., 2022).
Overall, the FT-IR spectra show that all four IPMPs share similar back-
bone structures and chemical groups, suggesting that the different dry-
ing techniques did not significantly affect the structural integrity of the
polysaccharides.

3.2.2. Triple-helical structure examination

A Congo red assay was conducted to assess the existence of a triple-
helical structure. The principle of this assay relies on the formation of a
stable complex between Congo red and triple-helix polysaccharides,
which causes an increase in the maximum absorption wavelength (Amax)
under weakly alkaline conditions. As the concentration of NaOH is
increased, the helical structure of the polysaccharide is disrupted,
resulting in a significant decrease in Amax. Therefore, monitoring the
changes in Amax of the polysaccharide-Congo red complex at different
sodium hydroxide concentrations can effectively be used to identify the
presence of a triple-helix structure in the polysaccharide (Tan et al.,
2021). Fig. 2D shows the results of the Congo red assay for the four
IPMPs. MD-IPMP and MVD-IPMP showed a significant red shift in Amax
at NaOH concentrations below 0.1 mol/L, indicating that their triple-
helix structures were maintained after the MD and MVD drying pro-
cesses. In contrast, IRD-IPMP and HD-IPMP did not display a red shift,
indicating that their triple-helix structures were disrupted by the IRD
and HD drying methods. These observations may be attributed to
changes in molecular weight and monosaccharide composition caused
by the different drying conditions. This finding is consistent with pre-
vious studies (Chen et al., 2019a), highlighting the impact of drying
methods on the structural integrity of polysaccharides.

3.2.3. Thermal stability analysis

Thermal stability is a crucial physicochemical property of poly-
saccharides, especially for their industrial and commercial applications.
DSC is a widely used technique for evaluating the thermal behavior of
these compounds (Munir et al., 2016). Fig. 2E displays the DSC curves,
while Table 1 provides the associated thermal parameters for the IPMPs
within the 50-400 °C temperature range. The DSC profiles of all four
IPMP samples showed both endothermic and exothermic peaks. Key
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thermal parameters such as onset temperature (To), melting tempera-
ture (Tm), melting enthalpy (AHm), degradation temperature (Tg), and
degradation enthalpy (AHg) were derived from these peaks, as shown in
Table 1. The Tm values of the IPMPs ranged from 137.44 °C to
146.24 °C, likely due to the release of residual water or the breakdown
and dehydroxylation of polysaccharide chains at these temperatures
(Mannai et al., 2023; Mohammed et al., 2020). MD-IPMP exhibited a
sharper exothermic peak, indicating a narrower melting range and a
more concentrated molecular weight distribution (Deng et al., 2020).
Furthermore, MD-IPMP showed the highest Tg at 317.61 °C, signifi-
cantly higher than the other samples (p < 0.05). This suggests that MD-
IPMP has enhanced thermal stability, likely due to the degradation of
heat-resistant components during the drying process. These findings
highlight the crucial influence of drying techniques on the thermal
stability of IPMPs.

3.2.4. XRD analysis

The crystallinity of polysaccharides significantly influences their
flexibility, swelling behavior, solubility, and various physical properties.
XRD is the standard technique for evaluating the crystallinity and
crystallization properties of polysaccharides. Fig. 2F presents the XRD
patterns of the four IPMPs. All four IPMP samples exhibited diffraction
peaks at 14.44°, 22.03°, and 32.29° 26, but no significant absorption
peaks. This pattern indicates that the IPMPs are semi-crystalline poly-
mers. Notably, HD-IPMP exhibited lower peak intensities than the other
samples, indicating reduced crystallinity. This suggests that HD may
lead to a more amorphous structure in the polysaccharides by altering
their crystallization properties. Similar results have been reported for
polysaccharides derived from Rosa roxburghii Tratt fruit (Zhang et al.,
2024).

3.2.5. Morphological characterizations

Fig. 3 presents the surface morphologies of the four IPMPs observed
under SEM at magnifications of 100x, 5000, and 10,000x. At 100x
magnification, all samples displayed a sheet-like structure. However,
MD-IPMP, IRD-IPMP, and HD-IPMP showed a mixture of sheets and thin

MD-IPMP

100x

MVD-IPMP
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fragments, while MVD-IPMP exhibited larger sheet-like structures, likely
due to the crosslinking and aggregation of uronic acids (Li et al., 2024).
At higher magnifications (5000x and 10,000x), MD-IPMP and MVD-
IPMP exhibited similar morphological features, including numerous
spherical particles forming a network structure, which became more
pronounced at higher magnifications. Despite these similarities, some
differences were observed: MVD-IPMP particles were uniform in size
and regularly arranged, while MD-IPMP contained rod-like particles
with more pronounced particle aggregation. Both MD-IPMP and MVD-
IPMP exhibited close connections between spheres, suggesting well-
connected and less damaged polysaccharide chains, consistent with
the findings from the Congo red analysis. In contrast, HD-IPMP and IRD-
IPMP showed clustered bulge formations. These formations may result
from temperature gradients and opposing moisture flow directions
during HD, causing the granules in HD-IPMP to contract and rise. For
IRD-IPMP, rapid infrared radiation likely hindered effective moisture
evaporation, leading to the accumulation of internal water and the
subsequent aggregation of polysaccharides into bulge-like structures
(An et al., 2022). These morphological observations confirm that the
drying method significantly influences the structure and microstructure
of IPMPs. Such structural differences are expected to impact their
physicochemical properties and biological activities.

3.3. In vitro inhibition of non-enzymatic glycation of different IPMPs

Non-enzymatic glycation, a Maillard reaction occurring in the body,
initiates when a reducing sugar’s carbonyl group reacts with a protein’s
free amino group, producing a Schiff base. As displayed in Fig. 4A, the
Schiff base undergoes rearrangement to form Amadori products, such as
fructosamine, which are further transformed into a-dicarbonyl com-
pounds, including methylglyoxal, glyoxal, and 3-deoxyglucosone. These
intermediates undergo dehydration, cyclization, and oxidation, ulti-
mately forming AGEs, irreversible compounds linked to oxidative stress,
inflammation, thrombosis, and fibrosis (Dou et al., 2021). AGEs are
pivotal in the development of diabetic vascular complications (Spinola
et al., 2020). Strategies targeting the reduction or inhibition of AGEs

IRD-IPMP
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Fig. 3. SEM images of IPMPs at magnifications of 100x, 5000x and 10,000 x .
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Fig. 4. (A) Non-enzymatic protein glycosylation pathways leading to the formation of advanced glycation end products (AGEs) and their role in diabetes compli-
cations pathogenesis; RAGE: receptor for advanced glycation end products; (B) Inhibition of fructosamine by IPMPs; (C) Inhibition of a-dicarbonyl compounds by
IPMPs; (D) Inhibition of AGEs by IPMPs; (E-I) Fluorescence spectra of AGEs with increasing concentrations of IPMPPs and AG.

formation hold promise for mitigating diabetic complications (Amamou
et al., 2020). This study evaluated the anti-glycation potential of four
IPMPs using a BSA-fructose model, measuring key products at three
glycation stages: fructosamine (stage I), a-dicarbonyl compounds (stage
1), and AGEs (stage III).

In Fig. 4B, the fructosamine inhibitory activities (y) of the four IPMPs
exhibited a quadratic relationship with concentration (x) (p < 0.05). The
derived equations were: MD-IPMP, y = 2.321 x? + 0.213x + 15.975 (R?
= 0.962); MVD-IPMP, y = 1.018 x% + 8.160x + 10.403 (R? = 0.997);
IRD-IPMP, y = 2.056 x> + 0.336x + 13.837 (R? = 0.991); HD-IPMP, y =
3.167 x*-2.013x + 16.160 (R* = 0.967). The ICsq values for fructos-
amine inhibition were 3.986 mg/mL (MD-IPMP), 3.160 mg/mL (MVD-
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IPMP), 4.634 mg/mL (IRD-IPMP), and 4.232 mg/mL (HD-IPMP).
Among the four IPMPs, MVD-IPMP demonstrated the strongest inhibi-
tory effect on fructosamine, although it remained less effective than AG
(ICs0: 1.809 mg/mL). During the intermediate phase, fructosamine un-
dergoes dehydration, rearrangement, and other reactions, yielding
reactive two-carbon compounds. Studies indicate that dicarbonyl com-
pounds rapidly form AGEs by cross-linking proteins, with approximately
45-50 % of AGEs derived from a-dicarbonyl compounds (Zhu et al.,
2019). Fig. 4C illustrates the inhibition rates of a-dicarbonyl compounds
generated at this stage. The inhibitory activities (y) of a-dicarbonyl
compounds for the four IPMPs showed significant quadratic concen-
tration (x)-dependent relationships (p < 0.05). The equations were: y =
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2.137 x* + 3.653x + 1.386 (R% = 0.999); y = 1.878 x> + 5.830x + 1.693
(R? = 0.999); IRD-IPMP, y = 0.811 x? + 8.474x - 2.545 (R? = 0.999); and
HD-IPMP, y = 1.431 x? 4+ 5.225x + 1.933 (R% = 0.999). The ICs( values
for a-dicarbonyl compound inhibition were ranked as follows: IRD-IPMP
(4.766 mg/mL) > HD-IPMP (4.738 mg/mL) > MD-IPMP (4.201 mg/
mL) > MVD-IPMP (3.860 mg/mL) > AG (3.138 mg/mL). The IPMPs
were less effective than AG at suppressing intermediates during glyca-
tion. MVD-IPMP demonstrated significant inhibition, likely due to its
elevated uronic acid content and reduced molecular weight. Uronic acid,
capable of reducing reactive oxygen species and inhibiting glycosylated
protein oxidation, plays a pivotal role in reducing fructosamine forma-
tion and limiting a-dicarbonyl compound production (Li et al., 2023).

In the final phase, fluorescent AGEs were identified as the endpoint
products. The AGEs inhibitory activities (y) of the four IPMPs exhibited a
quadratic concentration-dependent pattern (p < 0.05), with the
following equations: MD-IPMP, y = 0.261 x> + 13.660x - 8.576 (R*> =
0.990); MVD-IPMP, y = 3.341 x2-1.071x + 6.569 (R = 0.958); IRD-
IPMP, y = 1.167 x% + 8.080x - 3.457 (R = 0.980); HD-IPMP, y =
—0.403 x% + 15.248x - 11.390 (R? = 0.985) (Fig. 4D). The ICsq values for
AGEs inhibition were 3.992 mg/mL (MD-IPMP), 3.881 mg/mL (MVD-
IPMP), 4.425 mg/mL (IRD-IPMP), 4.692 mg/mL (HD-IPMP), and 0.768
mg/mL (AG) (p < 0.05). While MVD-IPMP exhibited the strongest AGEs
inhibition among the IPMPs, its efficacy remained lower than that of AG.
Its elevated uronic acid content and relatively lower molecular weight
likely enhance its interactions with glycation intermediates, thus
impeding their conversion into AGEs. Similar observations have been
reported in studies on polysaccharides from Rosa sterilis fruits (Chen,
Sun, Dai, Sun and Hu, 2024). The chelating properties of uronic acid
may inhibit glycation by binding to catalytic metal ions or directly
interacting with AGEs receptors, thereby preventing AGEs formation
(Bhuiyan et al., 2017; Li et al., 2023). Additionally, reduced molecular
weight may improve its capacity to target glycation intermediates (Katz
et al., 2010). These findings indicate that MVD-IPMP, owing to its
unique composition, is a promising glycation inhibitor for managing
diabetic complications.

Fig. 4E-I depict the fluorescence intensity changes in the BSA-
fructose system following IPMPs addition. The system showed
enhanced fluorescence intensity at 360 nm after 24 h of incubation at
50 °C, suggesting the formation of AGEs. A concentration-dependent
decrease in fluorescence was observed with the addition of IPMPs or
AG, confirming their inhibitory potential. Furthermore, the system’s
maximum absorption peak exhibited a redshift upon IPMPs/AG addi-
tion: MD-IPMP, 443.4 to 446.4 nm; MVD-IPMP, 441.2 to 446.8 nm; IRD-
IPMP, 442.8 to 445.6 nm; HD-IPMP, 441.6 to 443.0 nm; and AG, 445.2
to 447.6 nm. This redshift indicates increased polarity surrounding the
fluorophore. Similar findings were reported in studies on Gelidium
amansiis polysaccharide (Yu et al., 2021), further supporting the
conclusion that IPMPs inhibit glycation at multiple stages.

3.4. Antioxidant activity of different IPMPs in a linoleic acid system

Lipids, the primary components of cell membranes, undergo perox-
idation that can disrupt membrane structure and function. MDA, a pri-
mary byproduct of lipid oxidation, serves as a standard indicator for
lipid peroxidation (Ma et al., 2021). The TBA method was employed to
measure MDA content in the oxidized system with linoleic acid as the
substrate, assessing the inhibitory effects of IPMPs on linoleic acid
peroxidation. As shown in Fig. 5A, the antioxidant activity of the four
IPMPs significantly increased with concentrations ranging from 0.125 to
5 mg/mL against linoleic acid oxidation. The inhibitory activities (y) of
MD-IPMP, MVD-IPMP, IRD-IPMP, and HD-IPMP exhibited quadratic
concentration (x)-dependent patterns (p < 0.05), described by the
equations: y = —2.199 x% +17.689x + 40.683 (RZ = 0.963),y = —1.846
x? +16.832x + 31.715 (R = 0.974), y = —3.108 x* + 22.826x + 28.773
(R? = 0.983), and y = —2.651 x> + 22.319x + 24.834 (R% = 0.974),
respectively. Compared to Vc with an ICs¢ of 0.026 mg/mlL, the four
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IPMPs exhibited lower potency. Nonetheless, they still displayed sig-
nificant inhibitory effects, with ICso values recorded as 0.832 mg/mL
(MD-IPMP), 0.495 mg/mL (MVD-IPMP), 0.841 mg/mL (IRD-IPMP), and
1.073 mg/mL (HD-IPMP). At a concentration of 5 mg/mlL, the inhibitory
capacities were 71.10, 74.52, 71.07, and 69.84 % for MD-IPMP, MVD-
IPMP, IRD-IPMP, and HD-IPMP, respectively. The findings demon-
strated MVD-IPMP’s exceptional resistance to linoleic acid oxidation
compared to other drying methods assessed. The increased activity of
MVD-IPMP can be attributed to its reduced molecular weight and
elevated uronic acid content. Polysaccharides are known for neutral-
izing free radicals by donating electrons or hydrogen atoms. The pres-
ence of uronic acid groups in these molecules facilitates interactions
with the hydrogen atoms on the anomeric carbon. Electrophilic groups
like keto or aldehyde functionalities can facilitate hydrogen release from
hydroxyl bonds, particularly in acidic environments. Thus, poly-
saccharides high in uronic acid generally demonstrate significant anti-
oxidant properties (Chaouch et al., 2015). Furthermore, polysaccharides
with lower molecular weights have more reductive hydroxyl groups,
increasing their capacity to neutralize free radicals and enhance anti-
oxidant activity (Chen et al., 2019). These findings suggest that IPMPs
effectively suppress linoleic acid peroxidation and hold promise as
oxidation-blocking agents for lipid-based applications.

3.5. In vitro evaluation of hypoglycemic activity of different IPMPs

3.5.1. Invitro a-glucosidase inhibitory activity

a-Glucosidase plays a vital role in starch digestion within the small
intestine by hydrolyzing a-1,4 glycosidic bonds in oligosaccharides,
thereby releasing glucose. Inhibiting it may slow carbohydrate diges-
tion, lower postprandial blood glucose spikes, and help prevent diabetes
(Amamou et al., 2020). Fig. 5B presents the a-glucosidase inhibition
profiles of the four IPMPs, with acarbose as a reference. All IPMPs
exhibited concentration (x)-dependent quadratic inhibition (y) (p <
0.05), described by the following equations: y = —0.779 x% + 11.272x +
30.921 (R? = 0.992) for MD-IPMP, y = —1.380 x2 + 15.378x + 23.322
(R? = 0.990) for MVD-IPMP, y=—-0.654 x% 4+ 10.661x + 25.116 (R? =
0.990) for IRD-IPMP, and y = —0.702 x% + 11.003x + 27.474 (R? =
0.990) for HD-IPMP. The ranking based on ICs values was as follows:
MVD-IPMP (1.719 mg/mL) > MD-IPMP (1.814 mg/mL) > HD-IPMP
(2.153 mg/mL) > IRD-IPMP (2.592 mg/mL) > acarbose (0.109 mg/mL).
MVD-IPMP exhibited the most potent inhibitory effect among the four
IPMPs evaluated, attributed to its smaller molecular weight and higher
uronic acid level. Research indicates that polysaccharides with lower
molecular weights and higher uronic acid level are more effective at
inhibiting a-glucosidase, as these characteristics facilitate improved
access to the enzyme’s active sites (Zheng, Jia, Luo, et al., 2022).
Furthermore, higher levels of arabinose and xylose are associated with
more effective inhibition (Wang et al., 2023). Additionally, the presence
of glucose and triple-helical structure has been shown to further enhance
inhibitory potential (Chen, Zhang, Yang, et al., 2024). The triple-helix
structure of polysaccharides is stabilized through hydrogen bonds and
hydrophobic interactions, which significantly enhance their resistance
to degradation in physiological environments (Xiong et al., 2019). This
increased stability not only protects the polysaccharides from enzymatic
or chemical breakdown but also prolongs their functional activity within
the body. These structural features likely contribute to the superior
a-glucosidase inhibition observed with MVD-IPMP. In summary, IPMPs,
particularly MVD-IPMP, exhibit significant potential as hypoglycemic
agents. Further investigation into their inhibitory kinetics and specific
interaction mechanisms with a-glucosidase is warranted.

3.5.2. Inhibitory kinetics analysis

Lineweaver-Burk plots were used to study the a-glucosidase inhibi-
tion mechanism by IPMPs. Reaction rates were assessed at pNPG con-
centrations of 1-4 mM and IPMP concentrations of 1, 4, and 6 mg/mL
(Fig. 5C-F). The kinetic parameters obtained from these analyses are
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Fig. 5. (A) Inhibitory activity against linoleic acid oxidation; (B) Inhibitory activity against a-glucosidase; (C—F) Lineweaver-Burk plots versus IPMPs concentration;
(G) Slope of the Lineweaver-Burk plot versus IPMPs concentration; (H) Y-intercept of the Lineweaver-Burk plot versus IPMPs concentration; (I-L) Fluorescence
spectra of a-glucosidase in the presence of IPMPs at varying concentrations; the Stern-Volmer plots for the interaction between a-glucosidase and different con-
centrations of MD-IPMP (I1), MVD-IPMP (J1), IRD-IPMP (K1), and HD-IPMP (L1); the double logarithm regression plots of log [(Fy — F)/F] versus log[Q] for
a-glucosidase with increasing concentrations of MD-IPMP (I12), MVD-IPMP (J2), IRD-IPMP (K2), and HD-IPMP (L2).
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Table 2a
Inhibitory kinetic parameters of a-glucosidase after interaction with different IPMPs.
Sample Concentration (mg/mL) K, (mM) Vimax (AA405/min)  K; (mg/mL)  Kj (mg/mL)  Kiw/Ky KoM 's™h) Key (M1 K, M n
0 5.77 0.17
! 1 3.66 0.08 12 4 o
MD-IPMP 3 314 0.06 7.48 3.04 0.41 7.00 x 10 7.00 x 10 6.91 x 10 0.79
6 2.54 0.04
0 4.91 0.15
1 2.81 0.06 12 4 "
MVD-IPMP 3 259 0.05 7.06 2.90 0.41 5.49 x 10 5.49 x 10 1.11 x 10 0.85
6 2.31 0.04
0 4.86 0.15
1 4.60 0.13 12 4 3
IRD-IPMP 3 4.01 0.10 9.20 5.38 0.59 7.08 x 10 7.08 x 10 5.56 x 10 0.77
6 3.83 0.07
0 4.78 0.15
1 3.83 0.10 12 4 3
HD-IPMP 3 3.58 0.07 7.70 4.00 0.52 6.04 x 10 6.04 x 10 6.50 x 10 0.80
6 3.10 0.05

summarized in Table 2a. Without IPMPs, the K, values of a-glucosidase
ranged from 4.78 to 5.77 mM, and V4, values ranged from 0.15 to 0.17
AA4ps/min. The addition of IPMPs reduced both K, and Vmax, indi-
cating mixed-type inhibition. Moreover, Double-reciprocal (Line-
weaver-Burk) plots intersected in the third quadrant, indicating that
IPMPs compete for the active site while also binding to the enzyme-
substrate complex to form a ternary complex (IPMP-enzyme-sub-
strate) (Wang et al., 2020). The binding strength was quantified through
K; and Kj; values, calculated by plotting slopes and intercepts of the
Lineweaver-Burk data against IPMP concentrations (Chen et al., 2024)
(Fig. 5G-H). Table 2a indicates that all IPMPs exhibit significantly lower
K;s values compared to their K; values (Kjs/K; < 1), suggesting a stronger
binding affinity to the enzyme-substrate complex than to the free
enzyme (Zheng, Jia, Luo, et al., 2022). MVD-IPMP exhibited the lowest
K; (7.06 mg/mL), K;s (2.90 mg/mL), and K;j/K; (0.41) among the four
IPMPs, indicating its strong affinity and enhanced inhibitory activity
against a-glucosidase. These results highlight the potential of MVD-
IPMP as a promising hypoglycemic agent.

3.5.3. Interaction mechanism between IPMPs and a-glucosidase

3.5.3.1. Impact of IPMPs on the fluorescence properties of a-glucosidase.
Proteins with aromatic amino acids, such as tyrosine and phenylalanine,
fluoresce when excited at 280 nm, a phenomenon known as endogenous
protein fluorescence (Jia et al., 2021). Inhibitor binding to a-glucosidase
can alter the polarity of tyrosine and tryptophan residues, leading to
their unfolding. This unfolding decreases fluorescence intensity by
quenching the fluorescence signal (Guo, Yin, et al., 2023). Thus, moni-
toring changes in fluorescence allows direct observation of alterations in
the enzyme’s structure and environment. Fluorescence intensity was
measured at various IPMP concentrations to explore the interaction
between a-glucosidase and IPMPs. As shown in Fig. 5I-L, a progressive
decrease in fluorescence intensity with increasing IPMP concentrations
indicates the interaction between a-glucosidase and the four IPMPs. The
maximum fluorescence emission wavelength shifted to longer wave-
lengths with increasing IPMP concentration. Specifically, the shifts
were: MD-IPMP from 338 nm to 340 nm, MVD-IPMP from 335 nm to
339 nm, IRD-IPMP from 337 nm to 339 nm, and HD-IPMP from 336 nm
to 339 nm. These shifts suggest that the interaction between IPMPP and
a-glucosidase alters the polarity surrounding the tyrosine and trypto-
phan residues, shifting the microenvironment from hydrophilic to hy-
drophobic. Such structural changes may cause the fluorescent residues
to unfold, resulting in a decrease in fluorescence (Jia et al., 2020).

In general, fluorescence quenching typically occurs through two
primary mechanisms: static quenching, where a non-fluorescent com-
plex forms between the fluorophore and the quencher, and dynamic
quenching, which results from energy transfer due to molecular
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collisions (Zhao et al., 2021). To determine the quenching mechanism,
fluorescence quenching data were analyzed using the Stern-Volmer
equation (Eq. (9)). The Stern-Volmer plots (Fig. 511-L1), which depict
the interaction between a-glucosidase and the four IPMPs, reveal a clear
linear relationship with high regression coefficients (R? > 0.98), indi-
cating strong enzyme-polysaccharide interactions. The maximum dy-
namic quenching rate constant for biological macromolecules
interacting with various quenchers is typically 2.0 x 10'° LeM's~%.
When the quenching rate constant (K;) exceeds this threshold, static
quenching dominates (Zheng, Jia, Luo, et al., 2022). The calculated K,
values for MD-IPMP, MVD-IPMP, IRD-IPMP and HD-IPMP were 7.00 x
10'2, 5.49 x 10'2, 7.08 x 10'2, and 6.04 x 102 M~! 57!, respectively
(Table 2a), all exceeding the threshold, indicating that static quenching
predominates. The quenching mechanism was further examined by K,
and n from the slope and intercept of the plot of log[(Fy—F)/F] versus
log[Q] (Wang et al., 2018). The K, values, derived from Fig. 512-12,
were 6.91 x 10%, 1.11 x 10% 5.56 x 10% and 6.50 x 10> M! for MD-
IPMP, MVD-IPMP, and IRD-IPMP and HD-IPMP, respectively
(Table 2a), indicating that MVD-IPMP exhibits the strongest binding
affinity for a-glucosidase. The n values, similar for all four IPMPs,
indicate that the enzyme binds to a similar class of binding sites for each
polysaccharide, with values ranging from 0.77 to 0.85 (Table 2a). This
observation aligns with previous studies on I polycarpa Maxim poly-
saccharides, where n values close to 1 have also been reported (Shi et al.,
2025). In conclusion, the comprehensive analysis of fluorescence data
reveals that MVD-IPMP has the strongest binding affinity for a-glucosi-
dase, consistent with its higher inhibitory potency observed in kinetic
and inhibitory rate studies.

3.5.3.2. Conformational change analysis. Aromatic amino acids, such as
tryptophan and tyrosine, show shifts in their absorption wavelengths
when interacting with a-glucosidase. Structural changes in the enzyme
upon binding with polysaccharides can be detected by ultraviolet (UV)
spectroscopy (Fei et al., 2014). As shown in Fig. 6A-D, the four IPMPs
cause a marked increase in absorbance at higher concentrations, along
with a slight blue shift. This suggests the formation of an enzyme-
inhibitor complex, inducing structural changes in the enzyme. Similar
blue shifts in UV absorption have been observed in polysaccharide-
enzyme interactions, such as those involving Prickly pear poly-
saccharides (Wang et al., 2018), whereas a red shift was observed when
a-glucosidase binds to RP-SeNPs-1 (Zhao et al., 2023). The structural
features of the four IPMPs—especially hydroxyl and carboxyl group-
s—facilitate non-covalent interactions (e.g., hydrogen bonding and hy-
drophobic interactions) with a-glucosidase, contributing to enzyme
inhibition. Moreover, the presence of uronic acid in IPMPs may alter the
environment surrounding the tryptophan and tyrosine residues,
inducing conformational changes in the enzyme (Shi et al., 2025). These
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UV spectroscopy findings corroborate the previously mentioned fluo-
rescence data, providing further evidence that the four IPMPs can induce
structural alterations in a-glucosidase at specific binding sites.

FT-IR offers valuable insights into protein secondary structures, as
the amide bands correspond to distinct peptide vibrations. These amide
groups are sensitive to structural changes (Tang et al., 2019). Notably,
the amide I band (1700-1600 cm 1) and II band (1600-1500 cm’l),
corresponding to C=0 stretching, C — N stretching and N — H bending,
are crucial for analyzing protein structure (Zhang et al., 2012). To
investigate how IPMPs influence a-glucosidase’s secondary structure,
FT-IR spectra of the amide I band were analyzed in the presence of
IPMPs using techniques such as self-deconvolution, second-order de-
rivative enhancement, and curve fitting (Wang et al., 2016). As shown in
Fig. 6E-1, the addition of IPMPs caused the amide I band peak to shift
from 1650 cm™' to 1653 cm™! (MD-IPMP), 1657 cm™' (MVD-IPMP),
1654 cm™! (HD-IPMP), and 1655 em ! (IRD-IPMP). These shifts suggest
that IPMPs interact with the C=0 groups in a-glucosidase, inducing
rearrangements in the hydrogen bonding network of the protein
(Abudurexiti et al., 2024).

Protein secondary structures in the amide I band are categorized as
B-sheets (1615-1637 crn’l), random coils (1638-1648 cm’l), o-helices
(1649-1660 cm™'), p-turns (1661-1680 cm™ '), and B-antiparallel
structures (1681-1692 cm’l) (Zhang et al., 2012). To explore how
IPMPs affect the enzyme’s secondary structure, the percentage of each
structural component was calculated based on the integral areas, as
summarized in Table 2b. In free a-glucosidase, the structure consisted of
30.59 % a-helix, 28.61 % f-sheet, 12.81 % f-turn, 15.85 % random coil,
and 12.14 % B-antiparallel. After adding MD-IPMP, MVD-IPMP, IRD-
IPMP, and HD-IPMP, the o-helix content significantly decreased to
16.05 %, 13.34 %, 21.33 %, and 18.82 %, respectively. The f-sheet
content rose to 31.23 % with MD-IPMP and 40.72 % with MVD-IPMP,
while it decreased to 20.85 % with IRD-IPMP and 27.67 % with HD-
IPMP. The random coil and p-antiparallel contents also showed varia-
tions: MD-IPMP, IRD-IPMP, and HD-IPMP increased to 17.49 %, 22.22
%, and 18.92 %, and 12.86 %, 16.81 %, and 13.97 %, respectively.
However, MVD-IPMP-a-glucosidase showed a decrease in random coil
and f-antiparallel content to 13.74 % and 9.50 %, respectively. These
shifts suggest that the inhibitors are influencing the enzyme’s secondary
structure. The decrease in o-helix content alongside an increase in
disordered structures indicates that inhibitor binding could lead to
protein unfolding (Wang et al., 2018). The rise in p-sheet and p-turn
content indicates that the inhibitors modify the polypeptide structure,
resulting in the closure of the enzyme’s active site, diminished substrate
binding, and reduced enzyme activity (Wang et al., 2020). In conclusion,
IPMPs bind to a-glucosidase, inducing changes in its polarity and mo-
lecular conformation. These alterations affect the enzyme’s ability to
bind substrates and may prevent the formation of the active site, leading
to enzyme inhibition. The proposed mechanism by which IPMPs inhibit
a-glucosidase is illustrated in Fig. 6J (By Figdraw), showing how poly-
saccharide binding induces conformational changes and disrupts the
hydrogen bonding network that maintains the enzyme’s secondary
structure. The distinct impacts of the four IPMPs on each secondary
structure component are likely attributed to variations in their poly-
saccharide structures, which arise from different drying methods.
Notably, MVD-IPMP had the most significant effect on all five secondary
structure components of a-glucosidase, which aligns with its strong
inhibitory activity. The combined insights from FT-IR and UV spec-
troscopy deepen our understanding of how IPMPs inhibit a-glucosidase
by affecting substrate binding and enzyme inactivation.

4. Conclusion

This study examined how various drying methods influence the
physicochemical properties, structural features, and in vitro biological
activities—such as antioxidant, antiglycation, and a-glucosidase inhib-
ition—of IPMPs. The results demonstrated that the drying method
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Table 2b
Content of different secondary structures of free a-glucosidase and a-glucosi-
dase-IPMP complexes (FT-IR spectroscopy).

Sample a-Helix B-Sheet p-Turn Random p-Antiparallel
(%) (%) (%) coil (%) (%)

a-Glucosidase 30.59 28.61 12.81 15.85 12.14

a-Glucosidase 16.05 31.23 22.38 17.49 12.86
+ MD-IPMP

a-Glucosidase 13.34 40.72 22.70 13.74 9.50
+ MVD-IPMP

a-Glucosidase 21.33 20.85 18.79 22.22 16.81
+ IRD-IPMP

a-Glucosidase 18.82 27.67 20.62 18.92 13.97
+ HD-IPMP

significantly influenced both the physicochemical properties and bio-
logical activities of IPMPs. Drying methods affected key quality attri-
butes, including extraction yield, total sugar content, uronic acid levels,
monosaccharide composition, molecular weight distribution, thermal
stability, chain conformation, and microstructure. Among the different
drying techniques, MVD resulted in IPMP with lower molecular weight,
higher uronic acid content, and a distinctive triple-helix structure. These
traits enhanced the MVD-IPMP’ ability to inhibit linoleic acid oxidation,
glycation, and a-glucosidase activity in vitro. All IPMPs inhibited
a-glucosidase through a combined mechanism, predominantly via static
quenching, which led to reduced fluorescence, with MVD-IPMP exhib-
iting the highest binding affinity. Both fluorescence and FT-IR infrared
spectroscopy confirmed that IPMPs interact with a-glucosidase, causing
alterations in its secondary structure. The results indicate that MVD is an
effective method for extracting bioactive polysaccharides from IPM cake
meal, with enhanced antioxidant, antiglycation, and hypoglycemic ac-
tivities. These findings may provide a theoretical foundation for the use
of MVD-IPMP as a natural antioxidant and hypoglycemic agent in
functional foods and pharmaceutical applications. In conclusion, this
study provides strong evidence supporting microwave vacuum drying
for the industrial extraction and processing of high-quality poly-
saccharides from IPM cake meal. While most research on dried poly-
saccharides’ bioactivities is conducted in vitro, future studies should
explore their in vivo effects. Further purification and detailed structural
analyses are essential to enhance understanding of the structure-
bioactivity relationship in IPMPs.
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