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A B S T R A C T   

Uremic Clearance Granule (UCG) is a traditional Chinese medicines (TCMs) that has been recognized as 
potentially effective treatment for diabetic nephropathy (DN). However, the chemical composition and the hy
poglycemic ingredients of UCG remain unclear. In this experiment, a magnetic ligand fishing protocol combined 
with HPLC coupled Fourier transform ion cyclotron resonance mass spectrometry (HPLC-FT-ICR-MS) technology 
was developed to screen and identify α-Glucosidase inhibitors from UCG. First, constituents of UCG was iden
tified by HPLC-FT-ICR-MS. Next, α-Glucosidase coated Fe3O4@SiO2@NH2 (Fe3O4@SiO2@NH2@α-Glucosidase) 
nano composites was synthesized. The essential parameters (concentration of Glutaraldehyde (GA), ratio of 
Fe3O4@SiO2@NH2 to enzyme, crosslinking time and immobilization time) were optimized to obtain maximum 
enzyme activity and the performance of immobilized enzyme was compared with that of free enzyme. The 
α-Glucosidase inhibitory activities were then evaluated using autodock and the 4-Nitrophenyl-α-D-glucopyr
anoside (pNPG) method. As a result, 142 compounds were identified were identified by comparing the retention 
time, molecular ions and fragmentation behaviors with the reference compounds or the in-house database. 20 
possible α-Glucosidase activity inhibitory components were identified using HPLC-FT-ICR-MS. Molecular dock
ing and inhibition studies showed that 4 compuunds including Limonexic acid, Sanggenol A, Glabrone, Matrine 
were more likely to stronger α-Glucosidase inhibitory activities than acarbose. In conclusion, the proposed 
approach, which combined highly specific screening with HPLC-FT-ICR-MS, provided a powerful platform for 
discovering bioactive components from multi-component and multi-target traditional Chinese medicines (TCMs).   

1. Introduction 

Diabetes mellitus, a serious global public health problem associated 
with numerous complications that can damage many systems of the 
human body, is characterized by the disorder of glucose metabolism 
(Deng et al., 2022). The disorder of glucose metabolism is mainly caused 
by the absence or inhibition of α-Glucosidase in the human body (Rojo- 
Poveda et al., 2019). α-Glucosidase is a key enzyme that catalyzes the 
final step in the carbohydrate digestion process and is required for the 
synthesis of oligosaccharide chains in sugar metabolism (Wu et al., 
2023). The low inhibitory activity of α-Glucosidase in organisms can 
lead to the disorder of glucose metabolism, which can lead to chronic 
diseases such as type 2 diabetes (Hu et al., 2024; Li et al., 2024). A study 
has highlighted that α-Glucosidase is an important drug target in the 
treatment of type 2 diabetes, and inhibition of α-Glucosidase can reduce 
the absorption of glucose (Wang et al., 2022). At present, hypoglycemic 

drug research strategies targeting α-Glucosidase has become a research 
hotspot, such as α-Glucosidase inhibitors which is a class of hypogly
cemic drugs (Zhang et al., 2022; Min et al., 2024). However, prolonged 
utilization of synthetic α-Glucosidase inhibitors may result in adverse 
reactions, including diarrhea, vomiting, flatulence and severe stomach 
pain (Sekhon-Loodu and Rupasinghe, 2019; Xiao et al., 2023). There
fore, the development of new α-Glucosidase inhibitors with guaranteed 
efficacy and low side effects has become an urgent need. In recent years, 
many studies have shown that natural products have lower toxicity as 
inhibitory ligands of α-Glucosidase (Shen et al., 2020). Traditional 
Chinese medicine compounds are composed of several Chinese herbs, 
and α-Glucosidase inhibitors from different herbs may cooperate to 
achieve the effect of treating diseases (Lin et al., 2022). Therefore, it is 
significant to discover new classes of α − glucosidase inhibitors from 
traditional Chinese medicine compounds. 

Many studies have reported that many traditional Chinese medicine 
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compounds have α-Glucosidase inhibitory effects in vitro (Guo et al., 
2020). Uremic Clearance Granule (UCG) is a traditional Chinese medi
cine compounds consisting of Radix Rhei Et Rhizome, Hedysarum Multi
jugum Maxim, Mori Cortex, Sophorae Flavescentis Radix, Atractylodes 
Macrocephala Koidz, Poria Cocos (Schw.) Wolf, Paeoniae Radix Alba, 
Radix Salviae, and licorice, which can invigorate spleen and Qi, remove 
dampness and activate blood (Wang et al., 2021a). Therefore, it is often 
used in the clinic to treat diseases such as intestinal dysfunction, 
inflammation, hypertension and diabetic nephropathy (Bai et al., 2021; 
Zhao et al., 2022). However, studies on the hypoglycemic active in
gredients of UCG have yet to found. Meanwhile, systematic identifica
tion of UCG has not been report, so it is necessary to identify its chemical 
compositions and screen out the hypoglycemic active ingredients of 
UCG. 

At present, there are various methods to screen out active in
gredients, such as ultrafiltration (Dehghankar et al., 2023), affinity 
chromatography (Chi et al., 2023), membrane affinity chromatography 
(Chen et al., 2023). However, there are some disadvantages to these 
methods, such as low efficiency, high labor intensity, long time which is 
not suitable for the screening of traditional Chinese medicine com
pounds with complexity (He et al., 2022). A ligand-based target-fishing 
approach (ligand fishing) has been developed and effectively applied in 
the effective identification of biologically active compounds from 
traditional Chinese medicine compounds in order to improve the effi
cacy of screening active component(Guo et al., 2021). Ligand fishing is 
achieved by functionalizing the carrier surface with a targeted protein 
because the immobilized enzyme has high stability and utilization 
which can both retain the enzyme catalytic function and be easily 
separated from the reaction product (Xie et al., 2009). Novel carrier 
surface, including nanoparticle, microreactors and metal–organic 
frameworks, have gained extensive utilization in the assessment of 
active components from natural products (Wan et al., 2021a). There is a 
significant trend in developing biosensors using nanoparticle-based 
materials such as magnetic nanoparticle (Hooshiar et al., 2024a; 
Hooshiar et al., 2024b; Mirjalili et al., 2022). Magnetic nanoparticle 
provides excellent support for enzyme immobilization. Their interaction 
with magnetic forces enables the rapid separation of immobilized 
enzyme from solution, thereby reducing sample manipulation and 
simplifying the enzymatic reuse process (He et al., 2014). Fe3O4 mag
netic nanoparticle owns high saturation magnetization, super
paramagnetism and large specific surface area, and it has been widely 
used in the field of enzyme immobilization (Li et al., 2014a). In addition, 
targeted enzymes immobilized on Fe3O4 showed higher stability and 
acid resistance compared to free targeting enzymes (Li et al., 2014c). 
However, Fe3O4 magnetic nanoparticle is easily oxidized when exposed 
to air, so it is essential to modify the surface of Fe3O4 prior to immobi
lization in order to enhance its functionality. The surface coating of 
Fe3O4 with organic or inorganic materials can effectively solve the 
problem of easy oxidation (Liu et al., 2020). Among them, SiO2 coating 

is relatively stable, and the silanol groups formed are difficult to 
aggregate and can be connected with other functional groups (Reddy 
and Yun, 2016). Then active NH2 could be introduced by (3-Amino
propyl) triethoxysilane (APTES), and the synthesized Fe3O4@SiO2 can 
be combined with α-Glucosidase by Schiff base reaction (Amirjani and 
Rahbarimehr, 2021). Various reaction parameters including reaction 
temperature, reaction time, pH, concentration of crosslinker and 
enzyme affecting synthesis were investigated (Shao et al., 2015). To 
accurately identify α-Glucosidase inhibitors of UCG, it is of importance 
to utilize instruments that exhibit high sensitivity, precision and accu
racy. HPLC-FT-ICR-MS can effectively identify the chemical composition 
of Chinese herbal medicine because of its high resolution and mass ac
curacy. Remarkably, many studies have successfully built ligand fishing 
in combination with mass spectrometry to screen bioactive ingredients 
in herbal extracts rapidly (Guo et al., 2019; Li et al., 2020a). However, 
α-Glucosidase immobilized on Fe3O4 magnetic nanoparticle has not 
been used as a tool to screen for active compounds in traditional Chinese 
medicine compounds extract, and its feasibility is our research point. 

In this study, HPLC-FT-ICR-MS was applied to identify the chemical 
components. Next, immobilized enzyme was synthesized successfully. 
Based on the pharmacological substance basis, immobilized enzyme was 
used to screen α-Glucosidase inhibitors from UCG extracts. The potential 
α-Glucosidase inhibitors screened out were validated by molecular 
docking and α-Glucosidase inhibition assay. 

2. Material and methods 

2.1. Chemicals and reagents 

UCG was obtained from Consun Pharmaceutical (Horgos) Co., Ltd 
(Neimenggu, China). α-Glucosidase (EC3.2.1.20, from yeast, lyophilized 
powder) and tetraethoxysilane (TEOS) were purchased from Adamas 
Reagent Co., Ltd (Shanghai, China). 4-Nitrophenyl-α-D-gluco pyrano
side (pNPG), p-nitrophenol (pNP), glutaraldehyde (50 %), (3-Amino
propyl) triethoxysilane (APTES) was obtained from Sigma-Aldrich (St. 
Louis, MO, USA). Acarbose (purity > 98 %) and Brilliant Blue G-250 
were supplied by Macklin Biochemical Co., Ltd (Shanghai, China). Ferric 
chloride hexahydrate (FeCl3⋅6H2O), ferrous sulphateheptahydrate 
(FeSO4⋅7H2O), sodium hydroxide (NaOH), phosphate-buffered saline 
(PBS, pH 6.8, 0.1 M) and sodium carbonate (Na2CO3) were acquired 
from Ailan Chemical Technology Co., Ltd (Shanghai, China). Reference 
compounds (purity > 98 %) of Protocatechuic acid, Danshensu, Caffeic 
acid, Paeoniflorin, Liquiritin, Liquiritigenin, Luteolin, Aloe-emodin, 
10,15-Octadecadienoic acid, Rhein, Limonexic acid and Matrine used 
in this study were from Macklin Biochemical Co., Ltd (Shanghai, China). 
Reference compound (purity = 99.8 %) of Sanggenol A used in this study 
was from Chengdu Push Bio-technology Co., Ltd. Reference compound 
(purity = 98 %) of Glabrone used in this study was from Shanghai 
yuanye Bio-Technology Co.,Ltd. Purified water was purchased from 

Fig. 1. Synthesis of Fe3O4@SiO2@NH2@α-Glucosidase.  
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Wahaha (Hangzhou, China). Formic acid (LC/MS grade) was obtained 
from Fisher Scientific (Fair Lawn, NJ, USA). Ethanol absolute (HPLC 
grade), acetonitrile (HPLC grade) and ammonium hydroxide were from 
Concord Technology Co., Ltd (Tianjin, China). 

2.2. Preparation of UCG solution and mixed standard solution 

UCG were extracted by ultrasonic extraction method. Details can be 
seen in S 1.1. 

2.3. Instrument and analytical conditions 

HPLC-FT-ICR-MS was used for qualitative analysis of UCG extract, 
HPLC was used for quantitative analysis, and the conditions of the in
strument can be found in S 1.2. 

2.4. Synthesis of Fe3O4@SiO2@NH2@α-Glucosidase 

Synthesis of Fe3O4@SiO2@NH2@α-Glucosidase was based on rele
vent literature with some modifications (Qing et al., 2012). As shown in 
Fig. 1, The FeCl3⋅6H2O (4.32 g) and FeSO4⋅7H2O (1.6 g) were dissolved 
in 20 mL of water, followed by the addition of 18 mL of 0.1 g/mL NaOH 
solution under nitrogen atmosphere. The reaction mixture was under 
stirring at 70 ◦C for 1 h. After the reaction, the product was washed with 
water and phosphate buffer solution (PBS) (0.1 M, pH 6.8) to neutral pH 
and dried at 60 ◦C in a vacuum oven to obtain Fe3O4. 

1.5 g of Fe3O4 was weighed and dispersed in an 120 mL ethanol 
solution consisting of water (40 mL) and ethanol (80 mL). Subsequently, 
4 mL of tetraethoxysilane (TEOS) and 4.5 mL of ammonia were fully 
mixed and vigorously stirred in an ice bath for 12 h. At the end of the 
reaction, the product was washed with water and PBS (0.1 M, pH 6.8) to 
neutral pH and dried at 60 ◦C in a vacuum oven to obtain Fe3O4@SiO2. 

Accurately weigh 1.0 g of Fe3O4@SiO2 into a three-necked flask, 
followed by adding 100 mL of ethanol. Then 6 mL of APTES was added 
and mechanically stirred at 70 ◦C for 8 h under nitrogen atmosphere. At 
the end of the reaction, the product was washed three times with water 
and PBS (0.1 M, pH 6.8) and dried at 60 ◦C in a vacuum drying oven to 
obtain Fe3O4@SiO2@NH2. 

The Fe3O4@SiO2@NH2 nanoparticles (10 mg) were combined with 
2 mL of 10 % glutaraldehyde solution in a centrifuge tube. After 
centrifugation at 5000 rpm for 1 h, the samples were subjected to 
disintegration via ultrasonication for 10 min. The supernatant was dis
carded, and the magnetic material was washed three times with PBS 
(0.1 M, pH 6.8). Subsequently, the Fe3O4@SiO2@NH2 was crosslinked 
with the α-Glucosidase solution and incubated for 4 h. After magnetic 
cleaning, the magnetically immobilized enzyme was stored in PBS (0.1 
M, pH 6.8) at 4 ◦C. 

2.5. Characterization of Fe3O4@SiO2@NH2@α-Glucosidase 

2.5.1. Scanning electron microscopy with energy dispersive X-ray 
spectrometry (SEM-EDX) 

The surface of samples were investigated using a Carl Zeiss Sigma 
300 scanning electron microscope (SEM) (Carl Zeiss, Germany), while 
energy-disperse X-ray (EDX) scan was used to determine the elements 
present in the sample. The combined SEM-EDX technique can be used to 
analyze the elemental composition of the sample. 

2.5.2. Fourier transform − infrared (FT-IR) 
Fourier transform infrared (FT-IR) spectrum was collected from a 

Nicolet 10 (Thermo Nicolet Corporation, Waltham, MA, USA) IR spec
trometer in the range of 4000–400 cm− 1. 

2.6. Optimization of Fe3O4@SiO2@NH2@α-Glucosidase 

The optimization of four crucial immobilization parameters, 

including concentration of Glutaraldehyde (GA) (6 %, 8 %, 10 %, 12 %, 
14 %, 16 %), ratio of Fe3O4@SiO2@NH2 to enzyme (10: 1, 20: 1, 30: 1, 
40: 1, 50: 1), crosslinking time (0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, 3.0 h) and 
the immobilization time (2 h, 4 h, 6 h, 8 h, 10 h, 12 h) were conducted to 
achieve maximum enzyme activity. 

2.7. Performance study 

The performance of immobilized enzyme was studied, including pH, 
temperature and reusability. Details can be seen in S 1.3. 

2.8. Enzyme loading of Fe3O4@SiO2@NH2@α-Glucosidase 

The study of α-Glucosidase loading was based on relevent literature 
with some modifications (Yi et al., 2022). Detailed steps can be seen in S 
1.4. 

2.9. Free and immobilized α-Glucosidase activity 

In the study of enzyme activity, a few modifications was made ac
cording to the methodology reported in the literature (Miao et al., 
2018). 4-Nitrophenyl-α-D-gluco pyranoside (pNPG) was used as a sub
strate, and its hydrolysis by α-Glucosidase resulted in the production of 
p-nitrophenol (pNP). The detailed procedure for examining enzyme 
activity can be seen in S 1.5. 

2.10. Kinetic parameters of free and immobilized α-Glucosidase 

The concentrated pNPG solution was diluted using PBS (pH 6.8, 0.1 
M) in order to generate a series of solutions with concentrations ranging 
from 0.2 mM to 2 mM. Subsequently, kinetic studies were conducted on 
free α-Glucosidase and immobilized α-Glucosidase at 37 ◦C. The values 
for the enzymes’ kinetic parameters were determined using Eq. (1): 

1
v
=

km

vmax
⋅
1
[s]

+
1

vmax
(1) 

The initial and maximum reaction rates are represented by v and 
vmax, respectively. [s] represents the concentration of the substrate, 
while km represents the Michaelis-Menten constant which signifies the 
enzyme’s affinity for the substrate. 

2.11. Screening of inhibitors in UCG 

The UCG solution was denoted as L0. Firstly, 400 μL of L0 was 
incubated at 37 ◦C for 5 min, then 10 mg of immobilized enzyme and 
Fe3O4@SiO2@NH2 was added respectively, and mixed at 1000 rpm for 
15 min. After separating the solid using a magnet, the magnetic material 
was eluted with acetonitrile–water (90:10, v/v). The eluent of immo
bilized enzyme was recorded as L1, and the eluent of Fe3O4@SiO2@NH2 
was recorded as blank. The chemical composition in both L0, L1 and 
blank were compared by HPLC-FT-ICR-MS to identify the active 
ingredient. 

2.12. Molecular docking 

The interaction between α-Glucosidase and the active ingredients 
was elucidated, docking simulations performed using AutoDock 4.2. The 
crystal structure of α-Glucosidase (PDB ID: 3A4A, Resolution: 1.60 Å) in 
pdb format was downloaded from the PDB database (https://www.rcsb. 
org/). The water and the original ligands (GLC and Ca2+) were then 
removed from the target protein through Pymol 2.5.5 and stored in 
PDBQT format. The mol2 format of the active ingredient was down
loaded from the PubChem database (https://www.pubchem.com/) and 
stored in PDBQT format. A total number of fifty independent docking 
runs were performed for each active ingredient. Receptor-ligand inter
action analysis and figure rending were performed using Discovery 
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Studio. 

2.13. Inhibition assay 

The α-Glucosidase inhibition activity of the inhibitor extracted from 
UCG extract was verified by pNPG method, but with a slight modifica
tion (Miao et al., 2018). IC50 is determined by varying the concentration 
of inhibitors while maintaining a constant amount of pNPG (2 mM). 
Briefly, three groups were set for the assay: blank group, sample group 
and control group (n = 3). The blank group contained no sample or 
enzyme, while the control group had no sample. In the sample group, 
α-Glucosidase (50 μL) was mixed with the sample solution (50 μL) and 
substrate (2 mM pNPG, 50 μL). The mixture was then incubated for 30 
min at 37 ◦C. Finally, 0.2 M Na2CO3 (50 μL) was added into the system 
and immediately removed 100 μL solution from 96-well plate. The 
absorbance at 405 nm was determined using a microplate reader. The 
optical density (OD) value was calculated as the percentage of inhibi
tion. The calculation of the inhibition rate was performed using Eq. (2): 

Inhibition% = [1 −
As − Ab

Ac
] × 100% (2) 

The absorbance values of the sample group, blank group and control 
group are represented by As, Ab and Ac, respectively. 

2.14. Data analysis strategy 

According to the exact molecular weights measured, the possible 
molecular formulas were calculated by Data Analysis 4.4 software 
(Bruker Corp., Karlsruhe, Germany) within the specified mass error 
range (within ± 3 ppm) and purity score range (more than 85 %). The 
chemical composition of UCG was finally determined by matching each 
possible molecular formula and its fragment information of secondary 
mass spectrometry with the in-house database or the reference com
pounds. An in-house database of chemical compounds which includes 
names, molecular formulas, theoretical mass, chemical structures and 
the MS/MS fragmentation profiles was established according to Chem
spider (https://www.chemspider. com/), SciFinder (https://scifinder. 
cas.org/), PubMed (https://www.ncbi.nlm.nih.gov/pubmed), Mass
bank (https://massbank.eu/), CNKI (https://www.cnki.net/) and Web 
of Science (https://www.webofknowledge.com) (Liu et al., 2022; Zhang 
et al., 2021a; Ma et al., 2014; Wang et al., 2019; Li et al., 2022; Wang 
et al., 2015; Gong et al., 2020; Yan et al., 2016; Li et al., 2014b; Jiang 

et al., 2019; Zhang et al., 2021b; Sheng et al., 2021; Zhong et al., 2015). 

3. Results 

3.1. Qualitative analysis of components in UCG 

Fig. 2 reveals the base peak ion chromatograms (BPCs) of UCG so
lution in positive and negative ion modes, together with the BPC of the 
mixed standard solution in negative ion mode. On the basis of its specific 
molecular weight, retention duration and in-house database, the 
chemical structure and cleavage patterns were inferred. As a conse
quence, 142 components in all were found in UCG, including 57 flavo
noids, 21 terpenoids, 24 phenylpropanoids, 5 phenols, 8 alkaloids, 8 
anthraquinones, 10 organic acids and 9 other ingredients. 9 compo
nents, including Danshensu, Caffeic acid, Paeoniflorin, Liquiritin, Liq
uiritigenin, Luteolin, Aloe-emodin, 10, 15-Octadecadienoic acid and 
Rhein, were identified by matching molecular weights, retention time 
and MS/MS fragment data to the references. Molecular weight-specific 
extracted ion chromatograms (EICs) were shown in the supplementary 
material Fig. S1. The results of each chemical structure are shown in 
Fig. S2. The fragmentation pathway of typical compounds is shown in 
Fig. S3. The formula, retention time, measured mass, theoretical mass, 
ion mode, error value and MS/MS are shown in Table S1. UCG 
component analysis of studies can be found in S 2.1. 

3.2. Characterization of Fe3O4@SiO2@NH2@α-Glucosidase 

3.2.1. SEM-EDX analysis 
The SEM images of the Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@NH2 and 

Fe3O4@SiO2@NH2@α-Glucosidase were shown in Fig. 3. Their particle 
diameters were 20 nm, 66 nm, 77 nm and 83 nm, respectively. As shown 
in Fig. 3b, an increase in particle size accompanied by a more pro
nounced manifestation of the spherical and smooth structure was 
observed after the modification with TEOS. These findings prove the 
successful coating of SiO2 layer onto the surface of Fe3O4 (Cheng et al., 
2019). As shown in Fig. 3c, after the modification with APTES, Fe3O4 
magnetic nanoparticles become more agglomerate. In addition, As 
shown in Fig. 3d, in Fe3O4@SiO2@NH2@α-Glucosidase, a large number 
of APTES and α-Glucosidase act as a “bridge”, and a membrane was 
found on the surface of nanomaterials. These results indicated that the 
surface modification of every step was successful. The result of EDX is 

Fig. 2. UCG’s positive (A) and negative (B) ion base peak chromatograms (BPC), and the reference compounds in positive ion mode (C). 1-Danshensu, 2-Caffeic acid, 
3-Paeoniforin, 4-Liquiritin, 5-Liquiritigenin, 6-Luteolin, 7-Aloe-emodin, 8–10,15-Oct adecadienoic, 9-Rhein. 
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shown in Fig. 3e. The coexistence of Fe (pink) and O (green) in 
Fe3O4@SiO2@NH2@α-Glucosidase indicated the successful synthesis of 
Fe3O4. The existence of Si (cyan) was due to the successful modification 
of TEOS. The existence of N (yellow) indicated the successful modifi
cation of APTES and the active NH2 was successfully introduced. The 
SEM-EDX analysis reveals the successful synthesis of Fe3O4@SiO2@NH2. 

3.2.2. FT-IR analysis 
FT-IR spectra of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@NH2@α- 

Glucosidase are shown in Fig. 4. The peak at about 560 cm− 1 was 
ascribed to the vibrational absorption of Fe-O (Yang et al., 2019). The 
peaks observed at about 460 cm− 1, about 789 cm− 1 and about 1086 
cm− 1 were assigned to the bending vibration of O-Si-O, symmetric 
stretching vibration of Si-O-Si and stretching vibration of Si-O-Fe; and 
the decrease in the intensity of the Fe-O adsorption vibration both 
indicated the generation of Fe3O4@SiO2 (Shi et al., 2018). The presence 
of a new peak at 2155 cm− 1 was observed in the spectrum of 
Fe3O4@SiO2@NH2@α-Glucosidase represents C––N stretching vibration 
of Schiff base, which confirmed the linking of the –NH2 group with the 
aldehyde group (–HCO) of GA (Agrawal et al., 2016). The overlapping of 
–NH and –OH stretching vibrations was assigned to a broad and strong 

Fig. 3. SEM images of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2@NH2 (c), Fe3O4@SiO2@NH2@ α-Glucosidase (d), and EDX mapping of different elements in the 
Fe3O4@SiO2@NH2@α-Glucosidase (e). 

Fig. 4. FT-IR spectra of sample: Fe3O4 (a); Fe3O4@SiO2 (b); 
Fe3O4@SiO2@NH2@α-Glucosidase (c). 
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band observed at about 3424 cm− 1 (Shi et al., 2018, Amirjani et al., 
2022, Fan et al., 2022). The absorption peak observed at about about 
1628 cm− 1 was assigned to the bending mode of absorbed molecule 
water on Fe3O4 (Wang et al., 2021b). In summary, the FT-IR analysis 
comfirmed the effective synthesis of Fe3O4@SiO2@NH2. 

3.3. Enzyme loading of Fe3O4@SiO2@NH2 

We optimized the four key parameters and studied the performance 
of immobilized enzyme, and the result was presented in S 2.1 and S 2.2. 
Then, the efficiency of immobilization was initially examined. The 
quantification of enzyme loading on Fe3O4@SiO2@NH2 was determined 
to be 240.1 μg/mg, indicating successful immobilization of α-Glucosi
dase on Fe3O4@SiO2@NH2. The relation curve between the concentra
tion and absorbance of the pNP solution was shown in Fig. 5a, and the 
activities of both immobilized and free enzyme were quantified. It was 
observed that the activity of the immobilized enzyme accounted for 33 
% of the free enzyme, which was consistent with the literature (Guo 
et al., 2023). The decrease in enzyme activity can be attributed to the 
absence of the unbound form of the N-terminal region of α-Glucosidase. 

3.4. Kinetic study 

The Km is often used to evaluate the affinity of the enzyme for a 
specific substrate. The lower Km suggested higher level of affinity. The 
Lineweaver-Burk plots for Fe3O4@SiO2@NH2@α-Glucosidase and free 
α-Glucosidase (Fig. 5b) were as follows: 1/v = (0.13007 ± 0. 00262) (1/ 
[S]) + (0. 21727 ± 0.00776) with R2 = 0.9980 and 1/v = (0.07633 ±
0.00171) (1/[S]) + (0.09559 ± 0.00507) with R2 = 0.9975, individu
ally. And the values of Km were determined as 0.59 mM and 0.80 mM, 
respectively. The results showed that the affinity of α-Glucosidase was 
enhanced after immobilization. The reason is that the immobilized 
enzyme active site exhibited enhanced substrate accessibility and a 
reduced diffusion barrier effect compared with the free enzyme (Arana- 
Peña et al., 2021). The affinity changes obtained were consistent with 
some literatures (Li et al., 2020b; Wan et al., 2021b). 

3.5. Identification of α-Glucosidase inhibitors 

The base peak ion chromatograms (BPCs) of L0, L1 and blank are 
shown in Fig. 6. On the basis of their specific molecular weight, 

Fig. 5. The standard curve of p-nitrophenol (pNP) (a), and Lineweaver-Burk plots of the free and immobilized α-Glucosidase (b).  

Fig. 6. The base peak ion chromatograms (BPCs) of L0 (A), L1 (B) and Blank (C).  
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retention duration and in-house database, the chemical structures of 
inhibitors were inferred, which was shown in Table 1. As a consequence, 
20 compounds were identified, including 9 flavonoids, 3 phenyl
propanoids, 3 anthraquinones, 2 organic acids, 1 alkaloid, 1 terpenoid 
and 1 other class. 

3.6. Molecular docking 

To further verify whether the 20 compounds had α-Glucosidase 
inhibitory, Molecular docking technique was employed to examine the 
affinity of the candidate compounds with α-Glucosidase. The docking 
results are shown in Table 2, To improve the screening accuracy, the 
affinity < -8.0 kcal/mol was used as the screening condition for poten
tial inhibitors in this study. 

Limonexic acid, Sanggenol A, Glabrone, Matrine exhibited the high 
affinity with α-Glucosidase and, thus, displayed potential inhibitory 
activity against α-Glucosidase. The protein–ligand interactions of the 4 

compounds were presented in Fig. 7 and illustrated in Table 3. As shown 
in Fig. 7a, strong hydrophobic interactions between Limonexic acid and 
active-site amino acid residues play an important role in their binding. 
The following residues, namely Lys 156, Tyr 158, Phe 303, Leu 313, Arg 
315 and Arg 442, were found to be involved in both bonding and non- 
bonding interactions with Limonexic acid. The main characteristic of 
Limonexic acid is that it is composed of oxygen-containing functional 
groups, including ester group, ether group, carbonyl group, oxhydryl 
group. The ester group was bound with Lys 156 and Arg 442 via con
ventional hydrogen bonds, while the oxhydryl group was also bound 
with Leu 313 via conventional hydrogen bonds. These hydrogen bonds 
play a important role in enhancing the stability of the protein–ligand 
complex. Furthermore, the oxhydryl group played a crucial role in sta
bilizing the complex between the protein and ligand by generating an 
electrostatic attraction effect. The ether group was bound with Arg 442 
via carbon hydrogen bond and Arg 442 constitutes a crucial part of the 
protein’s residues responsible for regulating its active conformation. 
And six-membered ring and its substituted methyl groups were bound 
with Tyr 158, Phe 303 and Arg 315 via pi-alkyl bonds and alkyl bonds. 
The pi-alkyl interaction plays a crucial role in enhancing the stability of 
the protein–ligand complexes. As shown in Fig. 7b, the docked confor
mation of the Sannggenol A depicting the possible interactions with 
various amino acids of 3A4A: Lys 156, Tyr 158, Gly 161, Leu 177, Leu 
313, Ala 418, Iso 419 and Glu 422. The methyl group showed a number 
of hydrophobic interactions with Lys 156, Tyr 158 and Leu 177. 
Furthermore, the benzene ring was bound with Lys 156, Ala 418 and Iso 
419 via hydrophobic interactions, pi-alkyl interactions and alkyl in
teractions. In addition, the electropositive hydrogen atom of the 
oxhydryl group and the carbonyl group segment were bound with Lys 
156, Tyr 158, Gly 161, Leu 313 and Glu 422 via strong hydrogen 
bonding. The presence of hydrogen bonding plays a crucial role in 
preserving the stability of the conformation. These interactions allow 
Sannggenol A and 3A4A to bind firmly together. As shown in Fig. 7c, 
Glabrone exhibited interactions with the subsequent amino acids via 
both bonding and non-bonding interactions: Lys 156, Tyr 158, Val 232, 
Pro 312, Leu 313, Phe 314 and Asn 415. The methyl group was involved 
in hydrophobic interactions with Val 232. The benzene ring was 
involved in important hydrophobic interactions:pi-pi T-shaped interac
tion with Phe 314, pi-alkyl and alkyl interactions with Val 232 and Leu 
313, respectively. Moreover, carbon hydrogen bond was formed be
tween carbon–carbon double bond and Pro 312. The electropositive 

Table 1 
HPLC-FT-ICR-MS analysis of potention α-Glucosidase inhibitors.  

Peak 
No. 

Identification Formula Theoretical mass 
(m/z) 

Measured mass 
(m/z) 

Error 
(ppm) 

MS/MS (m/z） Structural class 

1 Limonexic acid C6H8O7 192.0270 191.0197 − 0.21 173.00, 129.01, 111.00, 87.01, 85.03 organic acids 
2 Matrine C15H24N2O 248.3661 249.1961 0.27 247.18, 230.15, 150.12, 148.11, 112.07 alkaloids 
3 Chlorogenic acid C16H18O9 354.0867 353.0878 − 0.48 309.09, 295.08, 191.05, 179.03, 143.04, 

127.03 
phenylpropanoids 

4 Mudanpioside E C24H30O13 526.1614 525.1613 − 0.43 449.14, 327.10, 165.05, 121.02 terpenoids 
5 Cirsimarin C23H24O11 476.4302 477.1391 0.20 313.74, 299.65, 281.07, 197.53, 169.47 flavonoids 
6 Liquiritin C21H20O9 418.3942 417.1191 0.09 255.07, 135.01, 119.05 flavonoids 
7 Quercetin-3-rhamnoside C21H20O11 448.3774 447.0933 − 0.29 447.00, 405.00 flavonoids 
8 Plantamajoside C29H36O16 640.5863 639.193 0.45 178.95, 160.92, 133.39 phenylpropanoids 
9 Kaempferol-7-O-α-L- 

rhamnoside 
C21H20O10 432.3841 431.1129 − 0.63 473.43, 447.32, 429.45, 284.78 flavonoids 

10 Rosmarinic acid C18H16O8 360.3148 359.0772 − 0.65 197.04, 179.03, 161.02, 135.04, 133.02, 72.99 phenylpropanoids 
11 Liquiritigenin C15H12O4 256.2634 257.0808 − 0.23 135.01, 119.05 flavonoids 
12 Physcion C16H12O5 284.2635 283.0612 − 0.43 269.04, 240.04, 225.05 anthraquinones 
13 Senkyunolide D C12H14O4 222.0819 221.0819 − 0.1 221.11, 177.43 other 
14 Pinellic acid C18H34O5 330.2330 329.2333 − 0.56 229.14, 211.13, 183.43, 171.10 organic acids 
15 Formononetin C16H12O4 268.2643 267.0662 − 0.35 254.05, 237.05, 213.09, 107.04 flavonoids 
16 Rhein C15H8O6 284.2204 283.0248 − 0.35 255.06, 227.17, 183.26 anthraquinones 
17 Maackiain C16H12O5 284.0601 283.0612 − 0.29 283. 06, 255. 06, 117. 05, 211. 07, 137. 02, 

145. 02, 240. 04, 227. 06 
flavonoids 

18 Sanggenol A C25H28O6 424.4862 423.1813 − 0.66 298.13, 245,12, 151.55, 126.87 flavonoids 
19 Emodin C15H10O5 270.2374 269.0455 0.16 241.05, 225.05, 197.06 anthraquinones 
20 Glabrone C20H16O5 336.3382 335.0925 − 0.58 335.09, 291.10, 231.08 flavonoids  

Table 2 
Docking results of 20 components with α-Glucosidase.  

Compound name Affinity energy 
(kcal/mol) 

Limonexic acid − 9.69 
Sanggenol A − 8.57 

Glabrone − 8.06 
Matrine − 8.04 

Liquiritigenin − 7.62 
Maackiain − 7.53 

Kaempferol-7-O-α-L-rhamnoside − 7.41 
Quercetin-3-rhamnoside − 7.25 

Liquiritin − 7.18 
Formononetin − 6.89 

Rosmarinic acid − 6.85 
Emodin − 6.75 

Cirsimarin − 6.73 
Mudanpioside E − 6.08 
Senkyunolide D − 6.06 

Physcion − 6.02 
Acarbose − 6 

Rhein − 5.9 
Plantamajoside − 5.67 

Chlorogenic acid − 5.55 
Pinellic acid − 4.03  
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Fig. 7. 2D, 3D molecular docking graphs of Limonexic acid (a), Sanggenol A (b), Glabrone (c), Matrine (d) with 3A4A.  
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hydrogen atom and electronegative oxygen atom of oxhydryl group and 
electronegative oxygen atom of carbonyl group were bound with with 
Pro 312, Tyr 158, Asn 415 and Lys 156. These high-affinity interactions 
allow Glabrone to be firmly bound to Glabrone. As shown in Fig. 7d, the 
conformation of Matrine, when docked with 3A4A, displayed strong 
interactions with several amino acids: Lys 156, Tyr 158, Arg 315 and Asp 
242. The pyrimidine ring was involved in important hydrophobic in
teractions: pi-alkyl and alkyl interactions with Tyr 158 and alkyl in
teractions with Lys 156. Moreover, ortho-position of pyridine N part was 
bound to Asp 242 via Carbon hydrogen bond. The electronegative ox
ygen atom of carbonyl group was bound with Arg 315 via hydrogen 
bond. These interactions allow Matrine and 3A4A to bind firmly 
together. It can be seen that the hydrogen bond and hydrophobic 
interaction between ligand and enzyme may be beneficial to enhance 
the stability of inhibitor-enzyme complex, and thus play an important 
role in the inhibitory activity of α-Glucosidase. 

3.7. Inhibitory activity of the potential inhibitors 

The dose–response curves in Fig. 8 illustrate the inhibitory effects of 
the ligands and acarbose on α-Glucosidase activity. It was determined 
that the IC50 values of Acarbose, Limonexic acid, Sanggenol A, Glabrone 
and Matrine were measured at 16.57 μM, 5.91 μM, 8.52 μM, 10.91 μM, 
11.51 μM, respectively, which showed that the inhibitory of Limonexic 
acid, Sanggenol A, Glabrone and Matrine surpasses that of Acarbose. 
Results of molecular docking and inhibition assays show that these 4 
compounds exhibit promising prospects as α-Glucosidase inhibitors in 
field drug. 

3.8. Quantitative analysis 

Quantitative analysis of the 4 compounds screened were carried out 
by HPLC. We determined the presence of 4 four compounds by com
parison to the references, as shown in Fig. 9. 

3.8.1. Method validation 
Methodological validation is performed before quantitative analysis 

of these two components. Table 4. displays the linear regression, pre
cision, repeatability, stability and recovery for 4 substances in UCG. 
There is good linearity in a relatively wide concentration range. To 
evaluate the precision the quantitative method, the mixed standard so
lution was injected 6 times consecutively within one day and the RSD 
values of 4 components were 0.48 %, 1.05 %, 0.75 %, and 0.84 %, 
respectively (n = 6), which shows that precision of the instrumen is 
good. Six consecutive injections of sample solutions were used to verify 
repeatability. The RSD values of 4 compounts were 1.47 %, 1.98 %, 1.64 
% and 1.29 %, respectively, indicating good repeatability. Stability was 
evaluated by testing the sample solutions six times within 24 h at room 
temperature and the RSD values of 4 compounts were 1.97 %, 1.83 %, 
2.46 % and 1.58 %, respectively, indicating that the stability of the 
sample solutions was maintained for over 24 h when stored at room 
temperature. Moreover, the recovery of analytes were 98.33 %, 96.74 %, 
102.5 % and 98.45 %, and the RSD values were 0.83 %, 0.96 %, 1.32 %, 
1.53 %, repectively. Therefore, the precision, repeatability, stability and 
recovery of the method were validated as reliable and applicable for the 

Table 3 
Interaction between α-Glucosidase and potential α-Glucosidase inhibitors.  

Compound Protein-ligand interaction 

Conventional 
Hydrogen Bond 

Carbon 
Hydrogen 

Bond 

Alkyl Pi-Alkyl Pi-Pi T- 
shaped 

Limonexic 
acid 

Lys 156, Arg 
442 

Arg 442 Arg 
315 

Tyr 158, 
Phe 303, 
Leu 313 

−

Sanggenol Lys 156, Tyr 
158, Gly 161, 

Leu 313, 

− Lys 
156, 
Tyr 
158, 
Leu 
177 

Lys 156, 
Tyr 158, 
Ala 418, 
Ile 419, 
Glu 422 

−

Glabrone Lys 156, Tyr 
158, Pro 312, 

Asn 415 

Pro 312, 
Asn 415 

Val 
232, 
Leu 
313 

Leu 313 Phe 
314 

Matrine Arg 315 Asp 242 Lys 
156, 
Tyr 
158 

Tyr 158 −

Fig. 8. The inhibition curves of Limonexic acid, Sanggenol A, Glabrone, Matrine, and Acarbose.  
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quantitation of UCG. 

3.8.2. Sample content determination 
The chromatographic analysis of 3 batches of UCGwas recorded ac

cording to the chromatographic conditions S 1.2.2, and the contents of 
Limonexic acid, Sanggenol A, Glabrone, and Matrine were calculated by 
external standard method, and the results were shown in Table 5. 

4. Discussion 

4.1. Selection of sample solution preparation 

During the preparation of the sample solution, different extraction 
solvents (methanol, 50 % methanol, ethanol and 50 % ethanol), 
different extraction methods (reflux, ultrasound) and different extrac
tion times (20, 30 and 40 min) were used to investigate the preparation 
method of UCG sample solution. The results showed that various spec
tral peaks was significant, and the overall peak shape was well separated 
with 50 % ethanol. After comprehensive consideration, it was deter
mined to use 50 % ethanol solution as the extraction solvent, and the 

ultrasonic time was 30 min. 

4.2. Selection of chromatographic conditions 

This study investigated the mobile phase by gradient elution using 
methanol–water, acetonitrile-0.1 % formic acid and acetonitrile-0.1 % 
phosphoric acid, respectively. The results showed that when acetoni
trile-0.1 % formic acid was used as the mobile phase, the separation 
effect of each chromatographic peak was better, and the baseline was 
stable. Finally, acetonitrile-0.1 % formic acid was determined as the 
mobile phase system for this experiment. Then, the column tempera
tures (20, 25, 30 and 35 ◦C) were investigated. The results showed that 
the column temperatures were 35 ◦C, and the chromatographic peaks 
were well separated. Therefore, the above chromatographic conditions 
were used in the experiment to ensure the method’s accuracy. 

5. Conclusion 

In summary, a ligand fishing strategy based on 
Fe3O4@SiO2@NH2@α-Glucosidase combined with HPLC-FT-ICR-MS 
analysis was developed for the aim of identifying chemical composi
tions, and efficiently screening α-Glucosidase inhibitors from UCG 
extract. On basis of this approach, a total of 142 compounds were 
identified. 20 potential inhibitors were identified by HPLC-FT-ICR-MS. 
Through molecular docking and inhibitory assay, 4 inhibitors with 
high inhibitory activity were further validated. Moreover, these 4 
compounds were identified by comparing them with the references and 
quantitatively analysized. This study provides important information for 
the study of hypoglycemic mechanism of UCG. In addition, this study 
also provides a reference for finding active ingredients of other TCMs. 

Fig. 9. Chromatograms of sample (A), reference substances (B). 1-Limonexic acid; 2-Matrine; 3-Sanggenol A; 4-Glabrone.  

Table 4 
Results of linear regression, precision, repeatability, stability, and recovery for 4 compounds in UCG.  

Compound Regression equation r linear range/(µg/mL) Precision 
RSD% 
(n=6) 

Repeatability 
RSD% 
(n=6) 

Stability 
RSD% 

Recovery 

mean RSD% 
(n=6) 

Limonexic acid y = 14.63x + 436.6 0.9998 10.00–500.0 0.48 1.47 1.97 98.33 0.83 
Matrine y = 11.24x + 283.4 0.9997 10.00–500.0 1.05 1.98 1.83 96.74 0.96 

Sanggenol A y = 9.37x + 559.6 0.9992 10.00–500.0 0.75 1.64 2.46 102.5 1.32 
Glabrone y = 5.265x + 823.5 0.99994 10.00–500.0 0.84 1.29 1.58 98.45 1.53  

Table 5 
Contents of 4 compounds in UCG (n = 3).  

No. W/mg⋅g− 1 

Limonexic acid Matrine Sanggenol A Glabrone 

1 0.1484 0.09362 0.05847 0.2418 
2 0.1524 0.08647 0.05639 0.2371 
3 0.1482 0.09284 0.05485 0.2262  
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However, the current ligand fishing techniques do not allow biomedical 
imaging to further reveal the results of screening, which is of great 
significance for accurately assessing the bioactivity of screening ligands. 
It is easier to assess bioactivity if biomedical imaging and inhibition 
assays can be combined. 
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