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Abstract

This study aimed to enhance the α-glucosidase inhibitory activity of Houttuynia cordata
polysaccharide (HCP) and investigate the structure of derivatives. Under optimal condi-
tions (amylase derived from Aspergillus oryzae loading of 15 U/mL, 60 ◦C, and pH 6.1), the
enzymatic hydrolysates of HCP (EHCP) demonstrated significantly higher α-glucosidase
inhibition than non-enzymatically treated HCP (NEHCP). At a 6 mg/mL concentration, the
α-glucosidase inhibition rates of EHCP and NEHCP were 77.32% and 52.92%, respectively.
Molecular weight analysis revealed that EHCP was a homogeneous polysaccharide of
338.7 kDa, lower than that of NEHCP (504.6 kDa). The monosaccharide composition was
Galacturonic acid/Glucuronic acid/Galactose/Rhamnose/Mannose/Fucose/Xylose/Arab-
inose/Glucose = 77.42:3.78:8.04:2.12:3.16:2.48:0.75:0.17:2.08 molar ratio. Infrared and nu-
clear magnetic resonance analyses confirmed pyranose rings and both α- and β-glycosidic
linkages. Compared with NEHCP, EHCP demonstrated improved solubility, decreased
crystallinity, and morphological changes from dense rod-like to loose flaky structures.

Keywords: Houttuynia cordata; polysaccharide; structure; α-glucosidase; molecular
modification

1. Introduction
With the socioeconomic development and improved living standards in China, di-

etary patterns have shifted toward higher sugar consumption. Long-term exposure to
elevated glucose levels can cause hyperglycemia and metabolic disorders, posing signifi-
cant health risks [1]. α-Glucosidase, a major digestive enzyme, catalyzes oligosaccharide
breakdown into glucose in the small intestine, resulting in postprandial hyperglycemia [2].
Clinically used α-glucosidase inhibitors, including acarbose, effectively reduce postpran-
dial blood glucose levels by inhibiting enzymatic activity. However, synthetic inhibitors,
including acarbose, are associated with adverse effects, including hepatotoxicity and hy-
poglycemia [3,4]. Therefore, discovering natural alternatives demonstrating minimal side
effects is now a key research priority [5].

Houttuynia cordata Thunb., belonging to the Saururaceae family, is a dual-use plant
valued for both medicinal and culinary purposes [6]. It is broadly distributed throughout
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Asia, particularly in China, Japan, Korea, and Southeast Asia [7]. Pharmacological studies
have confirmed that Houttuynia cordata (H. cordata) possesses various bioactive properties,
including antioxidant, anti-inflammatory, antiviral, antibacterial, immunomodulatory, anti-
tumor, gut-protective, hypoglycemic, and anti-allergic effects [8]. Polysaccharides represent
one of its key bioactive constituents. Houttuynia cordata polysaccharide (HCP), an acidic
heteropolysaccharide, mainly comprises mannose (Man), arabinose (Ara), glucose (Glc),
glucuronic acid (GlcA), galactose (Gal), and galacturonic acid (GalA), with minor amounts
of rhamnose (Rha), xylose (Xyl), and fucose (Fuc) [7]. HCP exhibits several bioactivities,
including antioxidant, anti-inflammatory, and immunomodulatory effects [7]. Furthermore,
existing studies have reported that at a 6 mg/mL concentration, HCP exhibits α-glucosidase
inhibition rates of 44.68–69.58%, which is significantly lower than that of acarbose (80.83%;
p < 0.05) [9]. Similarly, polysaccharides extracted from H. cordata stems demonstrated an
18.43% inhibition rate at 10 mg/mL [10]. These findings suggest that HCP holds promise
as a hypoglycemic agent; however, its activity necessitates further improvement.

The inherent characteristics and functional behavior of polysaccharides are funda-
mentally governed by their structure, encompassing molecular weight, monosaccharide
composition, and configuration [11]. Research has consistently demonstrated that degraded
polysaccharides exhibit reduced molecular weight and improved biological activity, de-
spite their monosaccharide composition and key structural features, including functional
groups, frequently showing little change before and after the process [12–14]. Conven-
tional polysaccharide depolymerization strategies include chemical (acid hydrolysis and
oxidative cleavage), physical (ultrasonication, irradiation, and microwave degradation),
and biological (enzymatic hydrolysis) methods [14,15]. Enzymatically catalyzed hydrolysis
has become an innovative pathway for polysaccharide modification, gaining significant re-
search interest. Enzymatic methods offer advantages, including environmental friendliness,
substrate specificity, and mild reaction conditions, compared with physicochemical depoly-
merization. Wu et al. [14] examined enzymatic modification of Auricularia polysaccharides,
showing enhanced antioxidant capacity post-treatment. Similarly, Hu et al. [16] demon-
strated that enzymatic depolymerization decreased the molecular weight distribution,
surface tension, and apparent viscosity of Morus alba leaf polysaccharides and enhanced
in vitro antioxidant efficacy. However, an excessive depolymerization-induced decrease
in polysaccharide molecular weight may prevent bioactive tertiary structure formation,
thereby diminishing therapeutic efficacy. Therefore, during polysaccharide degradation
processes, attention should be directed toward monitoring biological activity rather than
solely concentrating on the extent of structural breakdown.

Using α-glucosidase inhibition efficacy as the primary optimization criterion, this
study systematically optimized enzymatic processing parameters to obtain derivatives with
better activity. A comprehensive analytical approach, encompassing Fourier-transform
infrared spectroscopy (FT-IR), gas chromatography (GC), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and nuclear magnetic resonance (NMR) spectroscopy, was
employed to elucidate the structural characteristics of the enzymatically degraded HCP. Fur-
thermore, the inhibitory effects and mechanism of action of the degraded polysaccharides
against α-glucosidase were investigated.

2. Materials and Methods
2.1. Materials and Chemicals

α-Glucosidase was purchased from Sigma-Aldrich (St. Louis, MO, USA). 4-
Nitrophenyl α-D-glucopyranoside, acarbose, amylase (derived from Aspergillus oryzae),
and HPD-400 macroporous resin were acquired from Shanghai Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). Unless otherwise specified, all other chemicals were of analytical
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grade. H. cordata was cultivated in Lianghe Town, Dangyang City, Yichang, Hubei Province,
provided by Hubei Aolilong Food Co., Ltd. (Yichang, China), and authenticated by the
School of Pharmacy at Hubei University of Chinese Medicine.

2.2. HCP Preparation

Dried H. cordata stems and leaves were pulverized and sieved through a 60-mesh
screen. The resulting powder was soaked overnight in 95% ethanol, followed by ethanol
removal and air-drying of the residual material. Subsequently, the pretreated material
was mixed with deionized water at a solid-to-liquid ratio of 1:20. Aqueous extraction
was performed twice at 95 ◦C, each for 2 h. The resulting extracts were centrifuged and
subsequently concentrated via rotary evaporation. To precipitate polysaccharides, four vol-
umes of anhydrous ethanol were added, and the mixture was incubated at 4 ◦C overnight.
The resulting precipitate was dried under low-temperature conditions and redissolved in
water to a final concentration of 8 mg/mL. This solution subsequently underwent dynamic
adsorption chromatography on an HPD-400 macroporous resin column (1 bed volume
[BV]/h, 4 BV loading). The eluent was collected, concentrated, and lyophilized to yield
HCP for subsequent enzymatic hydrolysis experiments.

2.3. HCP Enzymatic Hydrolysis
2.3.1. Single-Factor Design

The α-glucosidase inhibitory activity was used as the primary metric for enzymatic
hydrolysis process evaluation. Single-factor experiments were conducted to investigate the
impact of the following parameters: hydrolysis time (6, 9, 12, 14, and 16 h), pH (4, 5, 6, 7, 8,
and 9), temperature (40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C), and enzyme dosage (5, 10, 15, 20, and
30 U/mL). All other variables were held constant in each single-factor experiment. The
following baseline conditions were used: enzyme dosage, 20 U/mL; hydrolysis time, 12 h;
pH, 6.0; temperature, 50 ◦C.

The procedure was as follows: HCP was dissolved in water to create a 5 mg/mL solu-
tion, which then underwent enzymatic hydrolysis. Following the reaction, the enzyme was
inactivated by a 10 min boiling water bath, after which the solution was cooled and adjusted
to pH 7.0. Subsequently, the resulting mixture was centrifuged (10,000 r/min, 10 min), and
the supernatant was collected for α-glucosidase inhibitory activity determination.

2.3.2. Response Surface Test

Based on the results of single-factor experiments, the enzymatic hydrolysis time was
held constant at 12 h. To optimize the enzymatic hydrolysis process, a Box–Behnken design
(BBD) was employed, with enzymatic hydrolysis pH (A), temperature (B), and enzyme
dosage (C) as independent variables, and α-glucosidase inhibitory activity as the response
variable. The levels of each factor used in the response surface methodology (RSM) design
are summarized in Table 1.

Table 1. Factor level table.

Levels
Independent Variables

A Enzymolysis pH B Enzymolysis Temperature
(◦C)

C Enzyme Dosage
(U/mL)

−1 5 50 10
0 6 60 15
1 7 70 20
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2.3.3. Response Surface Model Verification Test

After optimizing enzymatic hydrolysis conditions for HCPs, validation experiments
were meticulously conducted in triplicate under the determined optimal conditions to
ensure the robustness and reproducibility of the experimental findings.

2.3.4. α-Glycosidase Inhibition Assay

The α-glucosidase inhibitory activity of the enzymatic hydrolysate was evaluated
following a previously established protocol [17], employing acarbose as a positive control.
The reaction system comprised phosphate-buffered saline (PBS, 0.2 M, pH 6.8), enzyme
solution, and substrate (pNPG). Subsequently, the inhibitory rate was calculated using
Equation (1):

Inhibition rate(%) =

(
1 − A1 − A2

A3 − A0

)
× 100, (1)

where A0 = absorbance of the blank control (PBS + pNPG); A1 = absorbance of the test sam-
ple (sample + α-glucosidase + pNPG); A2 = absorbance of the sample background (sample
+ pNPG); and A3 = absorbance of the enzyme control (PBS + α-glucosidase + pNPG).

2.4. Preparation of Enzymatic Hydrolysates of HCP (EHCP)

HCP was dissolved in water to prepare a 5 mg/mL solution, which was then reacted
with an enzyme loading of 15 U/mL in a shaking water bath (120 r/min) at 60 ◦C and pH
6.1 for 12 h. Following the reaction, the enzyme was deactivated via a 10 min incubation
in boiling water. The supernatant was collected via centrifugation and dialyzed against a
500 Da dialysis bag for 48 h, followed by concentration and lyophilization to obtain EHCP.
An HCP solution that underwent direct dialysis without enzymatic hydrolysis served as
the non-enzymatically treated HCP (NEHCP) control.

2.5. Inhibitory Effects on α-Glucosidase
2.5.1. Inhibition Rate on α-Glucosidase

The α-glucosidase inhibitory activity of EHCP and NEHCP (1–6 mg/mL) was deter-
mined using the method described in Section 2.3.4.

2.5.2. α-Glucosidase Inhibition Kinetics

Enzyme kinetics studies were conducted to determine the kinetic mechanism of α-
glucosidase inhibition by EHCP and NEHCP. Different EHCP and NEHCP concentrations
(0, 2, 3, 4, and 5 mg/mL) were mixed with 0.25 U/mL α-glucosidase and incubated at 37 ◦C
for 15 min. Subsequently, different pNPG concentrations (0.75–2.0 mM) were added, and
the absorbance of the reaction system was measured at 405 nm for 10 min at 10 s intervals.
The Lineweaver–Burk plot was constructed using Equation (2):

1
V

=
Km

Vmax

Km

Vmax

1
[S]

+
1

Vmax
(2)

where [S] is the substrate concentration; Km is the Michaelis constant; and Vmax is the
maximum reaction rate.

2.6. Physicochemical Properties
2.6.1. Chemical Composition Analysis and Solubility

The neutral sugar content of the polysaccharide was determined using the phenol–
sulfuric acid method with glucose as the standard [18]. The uronic acid content was
determined using the m-hydroxydiphenyl method with GalA as the standard [19]. The
protein content was determined using the Bradford method with bovine serum albumin as
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the standard [20]. The reducing sugar content was determined using the 3,5-Dinitrosalicylic
acid (DNS) method with glucose as the standard [14]. Solubility determination was modi-
fied on the basis of the method described by He et al. [17]. Specifically, 60 mg of the sample
was dissolved in 4 mL of distilled water, followed by centrifugation at 4000 rpm for 10 min.
The resulting precipitate was washed with a small amount of water and transferred to a
pre-dried and pre-weighed weighing bottle. The weighing bottle was subsequently placed
in a 105 ◦C oven for drying. Following drying, the total mass of the weighing bottle and the
precipitate was accurately weighed. The solubility of each polysaccharide was calculated
using Equation (3):

solubility =
M1 − M3 − M2

4
, (3)

where M1 = mass of the sample; M2 = mass of the weighing bottle; and M3 = total mass of
the weighing bottle and the precipitate after drying.

2.6.2. Molecular Weight

The molecular weight was determined using the GPC–MALS–RI system, incorporating
the Shodex-OHpak SB-806 HQ column and TSK gel PWxL guard column. Before injection,
the sample was prepared at a 1 mg/mL concentration in a 0.1 M NaNO3 solution and
filtered through a 0.45 µm filter. The mobile phase comprised a 0.1 M NaNO3 solution,
delivered at a 0.4 mL/min flow rate.

2.6.3. Monosaccharide Composition

The monosaccharide composition of the samples was determined following the modi-
fied version of the method described by Yu et al. [21]. Briefly, 10 mg of purified polysac-
charide was hydrolyzed with 1 mL of 2 M trifluoroacetic acid (TFA) in a sealed ampule at
110 ◦C for 4 h. Subsequently, the hydrolyzed product was evaporated to dryness under
a stream of nitrogen to remove the TFA. This step was followed by repeated addition of
methanol (2 mL) and nitrogen blowing to eliminate any residual TFA. Following complete
acid and methanol removal, 1 mL of pyridine, 10 mg of hydroxylamine hydrochloride,
and 2 mg of inositol (internal standard) were added to the residue. The mixture was
then heated in a 95 ◦C water bath for 30 min. Acetic anhydride was subsequently added,
and the mixture was acetylated at 95 ◦C for 30 min. Following solvent evaporation, the
acetylated monosaccharide derivatives were obtained and dissolved in chloroform for gas
chromatographic analysis. Standard monosaccharides (Fuc, Rha, Ara, Gal, Glc, Xyl, Man,
GalA) were derivatized similarly. GC-FID was performed using an Agilent 6890N with an
HP-5 column (30 m × 0.32 mm × 0.25 µm). The oven temperature was programmed from
120 ◦C (3 min) to 250 ◦C at 5 ◦C/min, held for 4 min. Injector and detector temperatures
were 250 ◦C and 280 ◦C, respectively. Nitrogen, hydrogen, and air flow rates were 25, 45,
and 350 mL/min. Monosaccharides were identified by retention times and quantified using
internal standard calibration with correction factors.

2.7. Structural Characterization
2.7.1. FT-IR Spectrum Analysis

Lyophilized EHCP and NEHCP were mixed with KBr, ground into a fine powder, and
pressed into pellets. The pellets were subsequently analyzed using a Fourier-transform
infrared spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.7.2. 1H NMR Analysis

For NMR analysis, lyophilized EHCP and NEHCP underwent two cycles of deu-
terium exchange using D2O, followed by repeated lyophilization. Approximately 50 mg
of each sample was dissolved in 1 mL of D2O and transferred to an NMR tube. 1H-NMR
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spectra were acquired using a fully digital superconducting NMR spectrometer (Avance
3600 MHz, Bruker, Billerica, MA, USA), with minor modifications to the method described
by Yang et al. [22].

2.7.3. Congo Red

To analyze the triple-helical structure, 2 mL of polysaccharide solution (2.5 mg/mL)
was mixed with 2 mL of Congo red solution (80 µmol), following a modified version of
the method described by Zheng et al. [23]. Different NaOH solution concentrations were
subsequently gradually added to the mixture to achieve final NaOH concentrations of 0,
0.1, 0.2, 0.3, 0.4, and 0.5 M. Subsequently, the mixtures were scanned in the wavelength
range of 400–600 nm to obtain UV-Vis spectra.

2.7.4. XRD

The crystal structure of HCP was investigated using an X-ray diffractometer (XRD,
D8 Advance X-ray diffractometer, Burker, Germany). The analysis was performed with a
40 kV working voltage and a 40 mA current, over a diffraction angle range of 5–55◦, with a
5◦/min scanning rate.

2.7.5. SEM

The morphology of lyophilized EHCP and NEHCP was observed using SEM (JEOL
JSM − 6390 LV, Oxford instruments, Abingdon, UK). The samples were adhered to the sam-
ple stage, sputter-coated with gold, and subsequently observed under a 10 kV accelerating
voltage, with images acquired at 100× and 1000× magnifications.

2.8. Statistical Analysis

All experiments were performed at least in triplicate, and data were presented as
means ± standard deviations. Statistical analysis was performed using one-way analysis
of variance (ANOVA) and Student’s t test in GraphPad Prism 8.4 software, with p < 0.05
indicating statistically significant differences. RSM design and analysis were conducted
using Design-Expert 13.0 software. NMR, FT-IR, GPC, and XRD data, as well as Lineweaver–
Burk plots, were generated using Origin 2025 software. All other graphs were plotted using
GraphPad Prism 8.4 software.

3. Results and Discussion
3.1. HCP Enzymatic Hydrolysis
3.1.1. Single-Factor Test Results

To define the experimental ranges for key variables (enzyme dosage, hydrolysis time,
pH, temperature), single-factor experiments were performed before the RSM optimization.

The α-glucosidase inhibition rate of the HCP hydrolysate increased in a concentration-
dependent manner with increasing amylase dosage, reaching a maximum of 53.96% at
15 U/mL (Figure 1A). A slight decrease in inhibitory capacity was observed beyond this
point. The phenomenon likely results from the following opposing mechanisms: (1) at
optimal concentrations, moderate enzymatic degradation releases bioactive polysaccha-
ride fragments through controlled cleavage of glycosidic bonds, whereas (2) excessive
enzyme loading causes over-depolymerization, compromising the tertiary structure crucial
for α-glucosidase inhibition. Therefore, the inflection point at 15 U/mL represents the
equilibrium between productive catalysis and structural integrity preservation.
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Figure 1. Effects of enzymatic hydrolysis parameters (Enzyme dosage (A), Temperature (B), pH (C),
Time (D)) on α-glucosidase inhibitory activity in HCP hydrolysate. Fixed parameters: 20 U/mL
enzyme dosage, 12 h hydrolysis time, pH 6.0, and 50 ◦C.

The α-glucosidase inhibitory activity progressively increased with temperature ele-
vation from 40 ◦C to 60 ◦C during enzymatic hydrolysis (Figure 1B). This enhancement
possibly stems from increased molecular mobility and improved substrate accessibility,
which accelerate catalytic efficiency through enhanced enzyme–polysaccharide interactions.
However, exceeding optimal temperatures can compromise enzymatic activity as excessive
thermal energy disrupts molecular structures through secondary bond breakdown. This
structural denaturation results in reduced catalytic capacity or complete enzyme inactiva-
tion, consequently reducing degradation efficiency [14,24]. Therefore, 60 ◦C was identified
as the optimal temperature for amylase-mediated degradation of HCP.

The pH of a solution can affect enzymatic activity and structural integrity by modulat-
ing the ionization states of essential groups within the enzyme’s active site, consequently
influencing catalytic efficiency. Maximal α-glucosidase inhibitory efficacy was achieved at
pH 6.0 (Figure 1C). This experimental evidence establishes pH 6.0 as the optimal condition
for amylase-mediated HCP degradation.

Figure 1D delineates that the α-glucosidase inhibitory rate exhibits a biphasic pattern
during the 6–16 h hydrolysis period, peaking at 12 h before subsequently declining. Statis-
tical analysis revealed no statistically significant differences (p > 0.05) in inhibitory efficacy
across evaluated time points (6, 9, 12, 14, and 16 h). This temporal pattern may be attributed
to the progressive saturation of enzyme–substrate binding interactions, ultimately reaching
equilibrium conditions. Consequently, based on kinetic performance metrics, the optimal
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enzymatic hydrolysis duration for amylase-mediated HCP degradation was empirically
established as 12 h.

3.1.2. Response Surface Test Results and Analysis

Based on single-factor experiments, this study utilized RSM for optimizing the enzy-
matic hydrolysis modification of HCP. BBD was employed, comprising 17 experimental
runs, including 5 center point replicates and 12 factorial points, to determine the optimal
combination of factors. The hydrolysis time was fixed at 12 h. The experimental design
and corresponding response values are presented in Table 2.

Table 2. Response surface optimization design and results.

Exp No A-Enzymolysis pH B-Enzymolysis Temperature
(◦C)

C-Enzyme Dosage
(U/mL)

Y-α-Glucosidase
Inhibition Rate (%)

1 7 60 10 28.30 ± 0.88
2 6 60 15 49.26 ± 1.54
3 6 60 15 53.47 ± 1.03
4 6 60 15 51.33 ± 1.43
5 5 60 10 20.56 ± 0.72
6 6 50 10 21.58 ± 1.74
7 7 50 15 32.04 ± 1.26
8 6 60 15 49.51 ± 1.84
9 6 70 20 18.34 ± 1.90
10 5 70 15 18.48 ± 1.19
11 7 60 20 17.97 ± 1.57
12 6 60 15 50.67 ± 1.76
13 6 50 20 27.61 ± 0.98
14 7 70 15 24.36 ± 1.33
15 5 60 20 15.80 ± 1.45
16 5 50 15 23.98 ± 1.07
17 6 70 10 25.49 ± 1.52

Second-order polynomial regression analysis was performed using Design-Expert 13
statistical software. The response surface fitting yielded a mathematical model describing
the association between the process parameters and the α-glucosidase inhibition rate. The
following is the quadratic multiple regression equation for α-glucosidase inhibition rate
(Y) as a function of hydrolysis pH (A), hydrolysis temperature (B), and enzyme dosage
(C): Y = 50.85 + 2.98A − 2.32B − 2.03C − 0.545AB − 1.39AC − 3.29BC − 14.37A2 −
11.77B2 − 15.83C2 (p < 0.0001, R2 = 0.9850). ANOVA of the regression equation (Table 3)
revealed that the model was highly significant (p < 0.0001), and the lack-of-fit test was
nonsignificant (p = 0.1082 > 0.05), indicating that the model effectively analyzes and predicts
the effect of enzymatic hydrolysis conditions on the α-glucosidase inhibitory activity of
HCP hydrolysates.

The effects of hydrolysis pH (A), hydrolysis temperature (B), and enzyme dosage
(C) on the α-glucosidase inhibition rate were analyzed (Table 3). Specifically, the linear
terms (A, C), quadratic terms (A2, B2, C2), and interaction term (BC) significantly influ-
enced the inhibition rate, with the quadratic terms exhibiting highly significant effects
(p < 0.01). This finding indicates a nonlinear relationship between the experimental factors
and the response. The F-value analysis ranked the factors’ influence on α-glucosidase
inhibition as A > B > C. The regression model showed a high determination coefficient
(R2 = 0.9850), adjusted R2 = 0.9658, predicted R2 = 0.8148, and a low coefficient of variation
(CV = 8.20% < 10%), demonstrating high reliability and good reflection of actual values. In
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summary, the quadratic regression equation delivers a good fit to the data, and the model
is appropriate for predicting and analyzing α-glucosidase inhibition rates.

Table 3. Analysis of variance of response surface results.

Source Sum of Squares df Mean Square F-Value p-Value Significance

Model 2994.61 9 332.73 51.17 <0.0001 **
A 71.1 1 71.1 10.93 0.013 *
B 42.97 1 42.97 6.61 0.037 *
C 32.84 1 32.84 5.05 0.0594
AB 1.19 1 1.19 0.1827 0.6819
AC 7.76 1 7.76 1.19 0.3108
BC 43.43 1 43.43 6.68 0.0362 *
A2 868.87 1 868.87 133.62 <0.0001 **
B2 583.09 1 583.09 89.67 <0.0001 **
C2 1054.46 1 1054.46 162.16 <0.0001 **
Residual 45.52 7 6.5
Lack of Fit 34.07 3 11.36 3.97 0.1082
Pure Error 11.45 4 2.86
Cor Total 3040.13 16

RAdj
2 = 0.9658

RPre
2 = 0.8148

Adeq Precision = 18.0148
C.V.% = 8.20%

Significantly different, * p < 0.05, ** p < 0.01.

The three-dimensional response surface plots generated using Design-Expert 13 soft-
ware, illustrating the association between the α-glucosidase inhibition rate and the enzyme
dosage, hydrolysis temperature, and hydrolysis pH, are depicted in Figure 2. The slope
of these response surfaces reflects the strength of the interaction between factor pairs [25].
As shown in Figure 2, as hydrolysis temperature (B) and enzyme dosage (C) increase, the
α-glucosidase inhibition rate initially increases and subsequently decreases. The steep
slope of the response surface indicates that the interaction term BC significantly influenced
the results (p < 0.005), demonstrating a strong interaction. Other interaction terms (AC
and AB) had relatively smaller effects on the inhibition rate, with the influence ranked as
BC > AC > AB.

Figure 2. Results of RSM, (A): enzymolysis temperature and enzymolysis pH on α-glucosidase
inhibitory rate, (B): enzymolysis dosage and enzymolysis pH on α-glucosidase inhibitory rate,
(C): enzymolysis dosage and enzymolysis temperature on α-glucosidase inhibitory rate.

3.1.3. Response Surface Test Verification Test

Using the α-glucosidase inhibition rate as the key evaluation criterion, RSM guided
the optimization of enzymatic hydrolysis. The following were the optimized conditions:
enzyme dosage, 14.7 U/mL; hydrolysis temperature, 59.07 ◦C; and pH, 6.11. Under these
conditions, the model predicted an α-glucosidase inhibition rate of 51.1769%. To account
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for practical considerations, the operational parameters were refined to: enzyme dosage,
15 U/mL; hydrolysis temperature, 60 ◦C; and pH, 6.1. Three independent experiments
performed under these adjusted conditions generated an α-glucosidase inhibition rate
of 50.9207% ± 2.77% (n = 3). This experimental value closely aligns with the model’s
prediction (51.1769%), exhibiting a minimal relative error and confirming the accuracy and
robustness of the predictive model.

3.2. Inhibitory Effects on α-Glucosidase
3.2.1. Inhibition Rate on α-Glucosidase

In this study, EHCP and NEHCP inhibitory activities were assessed using an in vitro
assay. As shown in Figure 3, the α-glucosidase inhibition rates of EHCP, NEHCP, and the
positive control acarbose demonstrate distinct dose-dependent responses. Under equivalent
concentration conditions, EHCP revealed a significantly higher α-glucosidase inhibitory
activity than NEHCP (p < 0.05). Furthermore, at 2–6 mg/mL concentrations, EHCP and
acarbose showed comparable inhibitory effects, indicating no statistically significant dif-
ference (p > 0.05). At 6 mg/mL, the α-glucosidase inhibition rates of EHCP, NEHCP, and
acarbose were 77.32%, 52.92%, and 72.56%, respectively. These findings suggest that enzy-
matic modification substantially improves the α-glucosidase inhibitory potency of HCP.
This conclusion aligns with previous findings reported by Liang et al. [26] and Jia et al. [12],
who confirmed that polysaccharide degradation via sulfuric acid hydrolysis or ultrasonic
treatment significantly enhances their functional bioactivities. Specifically, Liang et al. [26]
noted that sulfuric acid hydrolysis of black garlic polysaccharide increased its antioxidant
and melanin inhibition activities, with negative correlations observed between antioxidant
capacity and molecular weight. Similarly, Jia et al. [12] reported that ultrasonic degra-
dation of corn silk polysaccharide significantly reduced molecular weight and enhanced
α-glucosidase inhibitory activity.

 
Figure 3. α-glucosidase inhibitory activity of EHCP and NEHCP.

3.2.2. α-Glucosidase Inhibition Kinetics

As depicted in Figure 4 and Table 4, the Lineweaver–Burk plots of all tested samples
closely intersect at the y-axis, indicating that the maximum reaction velocity (Vmax) remains
unchanged, whereas the Michaelis constant (Km) increases with the inhibitor concentration.
These kinetic parameters confirm that EHCP and NEHCP function as competitive inhibitors
of α-glucosidase [5]. Polysaccharide molecules are inferred to competitively bind to the
enzyme’s active site with higher affinity than the substrate, thereby reducing enzymatic
activity and inhibiting substrate conversion to product [27]. Furthermore, the inhibition
constant (Ki) denotes the dissociation constant for enzyme–inhibitor complexes; diminished
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Ki values signify enhanced binding affinity and inhibitory potency. The calculated Ki values
for EHCP and NEHCP were 0.92 and 1.92 mg/mL, respectively, indicating that EHCP
demonstrates a stronger interaction with α-glucosidase than NEHCP, consistent with the
α-glucosidase inhibitory activity assay results.

 

Figure 4. Inhibition type of EHCP(A) and NEHCP (B) to α-glucosidase.

Table 4. Inhibition dynamics analysis of EHCP and NEHCP.

Concentration
(mg/mL)

Vmax
(∆OD/min)

Km
(mg/mL)

Ki
(mg/mL) Inhibition Type

EHCP
0 0.13 0.24

0.92 competitive2 0.13 0.79
4 0.13 1.25

NEHCP
0 0.13 0.24

1.92 competitive2 0.13 0.52
4 0.13 0.73

Note: Vmax denotes the maximum enzyme reaction rate; Km represents the Michaelis constant; and Ki refers to
the dissociation constant for the binding of an enzyme inhibitor to the free enzyme.

3.3. Physicochemical Properties of the Polysaccharides
3.3.1. Total Polysaccharide, Uronic acid Content, and Solubility

EHCP exhibited significantly elevated levels of neutral sugars, reducing sugars, and
solubility compared with NEHCP (Table 5). This finding suggests that enzymatic hydrol-
ysis effectively cleaved glycosidic bonds, resulting in an increased exposure of reducing
hydroxyl groups within the EHCP structure [14]. The enhanced EHCP solubility may be
attributed to the reduced polysaccharide molecular weight resulting from the enzymatic
treatment [28]. Similarly, Hu et al. [29] reported increased reducing sugar content and
solubility in Gastrodia elata polysaccharides following α-amylase degradation.

Table 5. Physiochemical properties of EHCP and NEHCP.

Property EHCP NEHCP

Neutral sugar content (%) 48.29 ± 1.37 a 43.50 ± 1.65 b

Uronic acid content (%) 41.18 ± 1.03 a 39.03 ± 1.48 a

Protein content (%) 1.95 ± 0.10 a 1.93 ± 0.17 a

Reducing sugar content (%) 7.26 ± 0.18 a 2.81 ± 0.56 b

Solubility 13.54 ± 0.81 a 10.74 ± 0.21 b

Molecular weight (kDa) 338.7 504.6
Monosaccharide composition (%)
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Table 5. Cont.

Property EHCP NEHCP

Rha 2.12 ± 0.12 a 1.78 ± 0.03 b

Fuc 2.48 ± 0.13 a 1.79 ± 0.16 b

Xyl 0.75 ± 0.07 a 0.79 ± 0.02 a

Ara 0.17 ± 0.09 a 0.18 ± 0.03 a

GlcA 3.78 ± 0.20 a 2.98 ± 0.22 b

GalA 77.42 ± 2.75 a 78.96 ± 3.50 a

Man 3.16 ± 0.23 a 2.49 ± 0.02 b

Glc 2.08 ± 0.42 a 5.24 ± 0.50 b

Gal 8.04 ± 0.08 a 5.77 ± 1.72 b

The superscript different letters in each row indicate significant difference (p < 0.05). (Abbreviations: Ara,
arabinose; Fuc, fucose; Gal, galactose; GalA, galacturonic acid; Glc, glucose; GlcA, glucuronic acid; Man, mannose;
Rha, rhamnose; Xyl, xylose).

3.3.2. Molecular Weight

Using gel permeation chromatography (GPC), the purity and molecular weight distri-
butions of EHCP and NEHCP were characterized. As depicted in Figure 5, both polysaccha-
rides exhibit a single symmetrical peak indicative of homogeneous polysaccharides with
narrow distributions and low dispersity. The molecular weights for NEHCP and EHCP
were 504.6 and 338.7 kDa, respectively (Table 5). This reduced HCP molecular weight fol-
lowing enzymatic hydrolysis agrees with the observed increase in reducing sugar content
in the chemical composition analysis, further confirming the ability of amylase to cleave
glycosidic bonds and induce HCP degradation. Moreover, extensive research has indicated
that molecular weight is a crucial factor influencing polysaccharide bioactivity; generally,
lower molecular weights are correlated with enhanced activity [30]. The reduced EHCP
molecular weight possibly contributes to its superior α-glucosidase inhibitory activity.
Correspondingly, Lin et al. [31] demonstrated that wolfberry leaf polysaccharide degra-
dation with an ascorbic acid/H2O2 system caused molecular weight reduction from 46.3
to 34.5 kDa, accompanied by a significantly enhanced anticoagulant activity, particularly
antiplatelet activity (p < 0.05).

Figure 5. GPC spectra of EHCP and NEHCP.
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3.3.3. Monosaccharide Composition

The monosaccharide composition and molar ratios of EHCP and NEHCP are presented
in Table 5. EHCP comprised the following: GalA:GlcA:Gal:Rha:Man:Fuc:Xyl:Ara:Glc =
77.42:3.78:8.04:2.12:3.16:2.48:0.75:0.17:2.08. The predominant monosaccharide was GalA
(>70%), classifying them as acidic polysaccharides, a finding consistent with previous stud-
ies [9,32]. Moreover, two polysaccharides shared an identical set of nine monosaccharide
constituents with slight variations in their molar ratios. Specifically, EHCP demonstrated
a decreased Glc proportion compared with NEHCP. Conversely, EHCP exhibited slightly
increased proportions of GlcA and neutral monosaccharides (Gal, Rha, Man, and Fuc).
Consistent with our results, Ma et al. [13] reported that enzymatic hydrolysis of Dioscorea
opposita Thunb. polysaccharide caused alterations to the monosaccharide ratios while pre-
serving the constituent monosaccharide identity. Moreover, monosaccharide composition
and relative abundance influence polysaccharide bioactivity [1]. Hypoglycemic polysac-
charides typically contain varying Gal, Glu, Ara, and Xyl proportions, accompanied by
insignificant amounts of Rha and Fuc [3]. Gong et al. [33] reported that Siraitia grosvenorii
polysaccharides enriched in Gal and Man demonstrated marked in vitro hypoglycemic
effects. Zhong et al. [34] isolated three polysaccharide fractions (Up-3, Up-4, and Up-5)
from the seaweed Undaria pinnatifida with identical monosaccharide compositions but dif-
fering molar ratios; Up-3 and Up-4 exhibited stronger α-glucosidase inhibition, potentially
due to their higher GlcA content. Similarly, Jia et al. [35] revealed that polysaccharides
comprising Rha, Gal, Ara, Man, and GalA possessed enhanced α-glucosidase inhibitory
activity. Collectively, these findings suggest that polysaccharides containing higher Gal,
Rha, Man, and GlcA proportions display stronger α-glucosidase inhibitory effects, partly
explaining the superior activity of EHCP.

3.4. Structural Characterization
3.4.1. FT-IR Spectrum Analysis

The FT-IR spectra of EHCP and NEHCP are displayed in Figure 6. The spectra of
both polysaccharides exhibited largely similar absorption peaks, suggesting that enzymatic
modification did not significantly alter the primary structure of HCP. A prominent and
broad peak observed at 3417 cm−1, a hallmark of polysaccharides, is attributed to the
O–H stretching vibration of the hydroxyl groups [36]. The peaks near 2933 and 1421 cm−1

originate from C–H stretching and bending vibrations, respectively, indicating a saturated
carbon–hydrogen framework within the sugar ring and its side chains [37]. A strong peak
at 1736 cm−1 corresponds to the C=O stretching vibration of esterified carboxylic acids
(–COOR) or unionized carboxylic acids (–COOH), whereas the absorption signal at approx-
imately 1626 cm−1 is attributed to –COO–. These two peaks confirm the polysaccharide
structure contains uronic acid [38], aligning with the high GalA content detailed in Table 4.
The characteristic absorption peak at approximately 1092 cm−1 is assigned to the C–O–C
asymmetric stretching and C–O–H deformation vibrations within the pyranose ring, con-
firming its presence in the polysaccharide [39]. The peak at 1029 cm−1 is characteristic
of the glycosidic linkages within the polysaccharide. Furthermore, vibrations at 835 and
900 cm−1 show the presence of α- and β-glycosidic bonds in both polysaccharides [39].

The FT-IR spectra of both polysaccharide forms demonstrated essentially identical
absorption peaks, indicating that enzymatic modification did not significantly alter the
primary structure of HCP. Cellulase-degraded Auricularia auricula-judae polysaccharides
and their native counterparts share identical characteristic peaks [14], consistent with
our findings.
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Figure 6. FT-IR spectra of EHCP and NEHCP.

3.4.2. 1H NMR Analysis
1H NMR spectroscopy is a valuable technique for elucidating the glycosidic bond con-

figurations within polysaccharide molecules. Typically, anomeric proton signals indicative
of α-glycosidic linkages appear in the δ 5.0–5.8 ppm range, whereas signals for β-glycosidic
linkages are noted between δ 4.3 and 5.0 ppm [14]. The 1H NMR spectra of NEHCP and
EHCP, acquired following D2O exchange, exhibited anomeric signals clustered at δ 5.57,
5.03, 4.76, 4.67, and δ 5.54, 4.76, and 4.70 ppm, respectively (Figure 7). This pattern indicates
the presence of α- and β-glycosidic linkages in both NEHCP and EHCP, corroborating the
findings obtained from FT-IR analysis. Similarly to our findings, Wu et al. [14] reported
that native and cellulase-degraded Auricularia auricula-judae polysaccharides preserved α-
and β-glycosidic bonds.

 
Figure 7. 1H NMR spectra of EHCP and NEHCP.
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3.4.3. Congo Red

Intermolecular hydrogen bonding is significantly involved in stabilizing the helical
conformation of polysaccharides, and alterations in the strength of this network can directly
affect the secondary structure integrity of polysaccharides [40]. As shown in Figure 8,
both EHCP and NEHCP form complexes with Congo red that exhibit a red shift in their
maximum absorption wavelengths compared with that of the Congo red solution alone.
The maximum absorption wavelengths for the EHCP–Congo red and NEHCP–Congo
red complexes were 513 and 508 nm, respectively, indicating the presence of triple-helical
structures in both polysaccharides [41]. Although enzymatic degradation may disrupt
the triple-helical structures by cleaving glycosidic bonds, its impact on the hydrogen
bonding network responsible for stabilizing the helical structure in NEHCP appears to
be minimal [42]. Therefore, our results suggest that amylase hydrolysis did not signifi-
cantly disrupt the triple-helical conformation of NEHCP. This finding aligns with those
of Xiong et al. [43], who described that enzymatic hydrolysis had minimal impact on the
triple-helical structure of passion fruit peel polysaccharides, corroborating the results of
our infrared spectroscopy analysis, which indicated that enzymatic hydrolysis did not
considerably alter the fundamental structure of the original polysaccharide (NEHCP).

Figure 8. Maximum absorption wavelength of Congo red-polysaccharide complexes.

3.4.4. XRD

The structure of the substance determines the XRD pattern [44]. The XRD patterns of
EHCP and NEHCP (Figure 9) show that both have blunt and broad “envelope” diffraction
peaks at 2θ = 12◦ and 20◦, indicating that both are amorphous polymer structures. The
intensity of the two peaks weakened following amylase-induced degradation, demonstrat-
ing that the crystal structure and orderliness decreased. Moreover, NEHCP has higher
diffraction intensity than EHCP, indicating that NEHCP has higher moisture crystallinity.
This phenomenon can be attributed to differences in sample preparation methods (drying
methods) and the molecular structure itself [45]. Excluding the influence of sample prepa-
ration methods, enzymatic hydrolysis affects the polysaccharide structure. Comprehensive
analysis results show that the structures of the two polysaccharides primarily exist in an
amorphous form, and enzymatic modification reduces HCP crystallinity.
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Figure 9. XRD spectrum of EHCP and NEHCP.

3.4.5. SEM

To elucidate the surface morphologies of EHCP and NEHCP, SEM was employed. As
depicted in Figure 10, discernible differences in surface architecture are noted between
the two polysaccharides. NEHCP exhibited a predominantly smooth and dense rod-like
microstructure, characterized by interconnected or aggregated arrangements, with some
adherent spherical structures. However, EHCP, post-enzymatic treatment, presented a
markedly reduced prevalence of sparse rod-like structures. The interconnected or aggre-
gated formations underwent fragmentation, leading to a looser layered structure punctu-
ated by irregular pore. Furthermore, the spherical structures observed on the surface of
the residual rod-like regions were less abundant and diminished in size than those of NE-
HCP. These findings align with XRD analyses, which indicated a reduction in the ordered
structure of the polysaccharide following enzymatic modification. Similarly, Dou et al. [46]
revealed that the tightly packed rod-like structure of blackberry fruit polysaccharide un-
derwent degradation during ultrasonic radiation, ultimately fracturing into a layered
morphology. This structural transition can be attributed to enzymatic hydrolysis, which
cleaves molecular chains, causing decreased molecular weight and polysaccharide chain
rigidity. Consequently, short-chain polysaccharides exhibit greater conformational flex-
ibility, hindering the maintenance of the original long-range ordered arrangement (e.g.,
the rod-like structure of NEHCP), and instead promoting layered aggregate formation
through short-range interactions. Collectively, these findings demonstrate that enzymatic
modification can significantly disrupt the HCP microstructure, highlighting the efficacy
of amylase as an agent for HCP degradation. Furthermore, Chen et al. [47] revealed that
polysaccharides with a multi-porous and flaky conformation facilitate greater exposure
of active sites. Consequently, the looser flaky microstructure of EHCP may improve its
binding efficiency to α-glucosidase, thereby enhancing inhibitory activity.

This study demonstrates EHCP’s bioactivity through in vitro α-glucosidase inhibition
assays, although further in vivo validation via animal models and clinical trials is required
to confirm these findings. While the focus was on its hypoglycemic effect, exploring other
biological activities, such as antioxidant potential, could provide a more comprehensive
understanding of EHCP’s bioactivity. Additionally, important practical considerations for
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their use as functional food ingredients, including safety, stability during processing and
storage, and the impact of residual enzymes from hydrolysis, warrant further investigation.
Future work will address these aspects to fully assess the potential of EHCP.

Figure 10. Scanning electron micrographs of NEHCP (100× (A), 10,000× (B)) and EHCP (100× (C),
1000× (D)).

4. Conclusions
In this study, using the RSM, the optimal enzymatic hydrolysis conditions for HCP

were established as follows: amylase dosage, 15 U/mL; temperature, 60 ◦C; pH, 6.1; and
hydrolysis time, 12 h. Under these conditions, the α-glucosidase inhibition rate of the
enzymatic hydrolysate reached 50.92%. GPC analysis revealed that EHCP and NEHCP are
homogeneous polysaccharides with molecular weights of 338.7 and 504.6 kDa, respectively.
XRD and SEM showed reduced EHCP crystallinity, accompanied by a morphological
transformation from a dense rod-like structure of NEHCP to a looser flaky architecture.
These findings indicate that enzymatic hydrolysis effectively promotes polysaccharide
degradation. EHCP and NEHCP share an identical set of monosaccharide components
with slight variations in their molar ratios and contain pyranose rings, α- and β-glycosidic
linkages, and triple helix conformations. Furthermore, HCP solubility improved following
enzymatic treatment. Notably, compared with NEHCP, EHCP demonstrated significantly
enhanced α-glucosidase inhibitory activity. At 6 mg/mL, the α-glucosidase inhibition rates
for EHCP, NEHCP, and acarbose were 77.32%, 52.92%, and 72.56%, respectively. These
findings indicate that enzymatic hydrolysis is an environmentally friendly and effective
strategy to polysaccharide degradation that can significantly improve the α-glucosidase
inhibitory activity of HCP. Its efficacy, however, requires further validation in vivo.
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