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A B S T R A C T   

An efficient, cost-effective and environmentally friendly ultrasound-assisted hot water method for Imperata 
cylindrica polysaccharide (ICPs) extraction was developed. According to the response surface results, the optimal 
ultrasonic time was 85 min, ultrasonic power was 192.75 W, temperature was 90.74 ◦C, liquid–solid ratio was 
26.1, and polysaccharide yield was 28.50 %. The polysaccharide mainly consisted of arabinose (Ara), galactose 
(Gal), and glucose (Glc), with a molecular weight of 62.3 kDa. Ultrasound-assisted extraction of Imperata 
cylindrica polysaccharide (UICP) exhibited stronger anti-oxidant activity and ability to ameliorate cellular 
damage due to uric acid stimulation compared with traditional hot water extraction of Imperata cylindrica 
polysaccharide (ICPC-b). It also exhibited higher thermal stability, indicating its potential value for applications 
in the food industry.   

1. Introduction 

Plant polysaccharides, as highly polar macromolecules, possess the 
characteristic of being soluble in water but insoluble in ethanol. 
Therefore, they are generally extracted using the water extraction 
method [1]. This method is advantageous due to its simple principles 
and ease of operation. However, it requires high temperature and an 
extended extraction time [2]. In the rapid development of food industry, 
the traditional extraction methods of plant polysaccharides cannot meet 
the market demand. With the advancement of extraction technologies, 
ultrasonic technology has gradually gained widespread recognition and 
use in the extraction of plant polysaccharides [3]. Compared with 
traditional extraction methods such as organic solvent extraction, 
soxhlet extraction, and supercritical fluid extraction, ultrasonic extrac
tion technology has the advantages of low energy consumption, low 
cost, short time, and high efficiency [4]. When ultrasound acts on a 
medium, it generates intense acoustic vibrations transmitted to the 

medium, creating various effects while promoting heat and mass 
transfer [5]. Compared with traditional extraction methods, ultrasonic 
extraction has the advantage of low temperature, making it easier to 
obtain certain active components with thermal instability in natural 
materials [6]. Additionally, ultrasonic extraction technology has a wide 
range of extractable substances, a variety of solvent options, and weak 
dependence on the properties of natural materials and solvents [7]. 
Therefore, ultrasonic extraction technology has become a hot topic in 
the field of natural product extraction. Ultrasonic waves generate cavi
tation, mechanical, and thermal effects by breaking ultras bubbles, 
promoting the release of polysaccharides [8,9]. Hu [10] used 
ultrasound-assisted extraction to extract Ginkgo biloba seed poly
saccharides and found that the polysaccharide yield with ultrasound- 
assisted extraction was 2.34 times that of hot water extraction. As 
mentioned above, ultrasound-assisted extraction is a method that can 
increase the yield of polysaccharides. 

Imperata cylindrica, a traditional medicinal and edible plant in China, 
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contains chemical components such as triterpenoids, organic acids, etc. 
[11,12]. It exhibits various effects, including anti-oxidant [13], anti- 
inflammatory [14], anti-fibrotic [15], and cardiovascular protection 
[16]. In our previous study, we obtained crude Imperata cylindrica 
polysaccharide (ICPs) through traditional hot water extraction, and 
further obtained ICPC-b through alcohol precipitation and DEAE-52 
purification [17]. The yield of ICPC-b was 17.50 %. We hypothesized 
that compared to traditional extraction methods, ultrasound-assisted 
could enhance the extraction and yield of ICPs. Therefore, a compari
son between ultrasound-assisted and hot water extraction was con
ducted through analyses of molecular weight, monosaccharide 
composition, functional group changes, morphology, thermal proper
ties, anti-oxidant activity, and the amelioration of uric acid-induced cell 
apoptosis. 

2. Materials and methods 

2.1. Materials and reagents 

1,1-diphenyl-2-picrylhydrazyl (DPPH) was purchased from Nanjing 
Jiancheng Bioengineering Institute (Nanjing, China), and other reagents 
were obtained from Biyun Tian Biotechnology Co., Ltd (Shanghai, 
China). 

2.2. Single factor experiments and optimized experimental design 

The liquid–solid ratio, ultrasonic power, temperature, and time were 
investigated. The experimental conditions for ultrasound power 
encompassed 120 W, 160 W, 200 W, 240 W, and 280 W, while ultra
sound time was varied at 40 min, 60 min, 80 min, 100 min, and 120 min. 
The temperature range was 60 ◦C, 70 ◦C, 80 ◦C, 90 ◦C, and 100 ◦C, the 
liquid–solid ratio set at 15 mL/g, 20 mL/g, 25 mL/g, 30 mL/g, and 35 
mL/g. Employing Response Surface Methodology (RSM) and Box- 
Behnken design (BBD) [18], we optimized the extraction parameters 
by identifying the factors influencing the process. 

2.3. Polysaccharide purification and molecular weight 

The crude polysaccharides were concentrated and precipitated with 
80 % ethanol. Further purification of ICPs was performed using DEAE- 
52 columns with varying concentrations of sodium chloride (0, 0.05, 
0.1, 0.2 mol/L) and Sephadex G-100. High-Performance Gel Permeation 
Chromatography (Agilent, USA) was used to determine the molecular 
weight [19]. Chromatographic conditions: Agilent 1100 system equip
ped with TSK- GEL G3000-PWXL column (7.8 × 300 mm) and Agilent 
G1362A differential detector; Mobile phase: ultrapure water; Injection 
volume: 10 μL; Flow rate: 1.0 mL/min; Column temperature: 28 ◦C. 

2.4. Monosaccharide composition detection 

10 mg of ICPs was hydrolyzed with TFA (0.1 mol/L). Then it was 
reduced with sodium borohydride and treated with monosaccharide 
derivatization, and prepared with chloroform into 1 mg/mL solution. 
Then Agilent 1260 high performance liquid chromatography was used 
for detection [20]. The analysis used Agilent 1260 HPLC, Zorbax Eclipse 
Plus-C18 Chromatographic column. The specific detection conditions: 
the injection volume was 5 μL, the column temperature is 30 ◦C, the flow 
rate is 0.6 mL/min, and the mobile phase is A 0.025 mol/L potassium 
dihydrogen phosphate buffer: B acetonitrile = 83:17. 

2.5. Determintation of polysaccharide content 

The total polysaccharide content in Imperata cylindrica was deter
mined using the phenol–sulfuric acid method with a glucose standard 
curve. The procedure was repeated three times. Extraction yield of 
polysaccharide was calculated according to formula:.Yield (%) =

[(C × V × d)]× 100 
where C-content of total carbohydrates (mg/mL), V-original volume 

of filtrate (mL), d-dilution ratio, and m-weight of powders (g). 

2.6. Characteristics of purified polysaccharides 

2.6.1. Fourier transform infrared spectroscopy (FT-IR) 
2 mg ICPs and 200 mg of potassium bromide (KBr) powder sepa

rately placed them in a pellet mold. Used a pellet press to create pellets. 
Used potassium bromide as a control to subtract the background. 
Scanned the infrared spectrum in the range of 400–4000 cm− 1 on the 
Fourier transform infrared (FT-IR) spectrometer (Thermo Fisher Scien
tific) [21]. 

2.6.2. Congo red assay 
ICPs was prepared into 1 mg/mL solution with distilled water and 

mixed with an equal volume of Congo red (100 µM). Scanning was done 
using an ultraviolet spectrophotometer with a wavelength range of 200 
to 600 nm. Measure the maximum absorption wavelength at different 
concentrations. 

2.6.3. SEM analysis 
Used a scanning electron microscope (SEM, Thermo Fisher Scienti

fic) to observe the solid-state appearance of ICPs. Placed the dried 
samples on a sample holder using double-sided tape, and sprayed gold 
powder onto the wafer using a sputter coater. Finally, observed the 
samples under the scanning electron microscope. 

2.6.4. AFM analysis 
Firstly, prepared a 1 mg/mL stock solution of ICPs, and stirred 

magnetically at 50 ◦C to reduce the aggregation of polysaccharides. 
Then, sequentially diluted the stock solution to 100 μg/mL and 10 μg/ 
mL, repeated the magnetic stirring process, filtered to obtain the test 
solution, and took an appropriate amount for air-drying on mica sheets. 
The atomic force microscope (AFM) measurement conditions were as 
follows: used an un-dripped mica sheet as the scanning substrate, used a 
Si3N4 probe, scanned the microscopic morphology of ICPs, and finally 
obtained AFM images (scanning range: 1–10 μm, scanning frequency: 
1.00 Hz) [17]. 

2.6.5. Thermal stability analysis 
Determination of thermal stability of ICPs using thermogravimetric 

analysis (TG) and differential scanning calorimetry (DSC) [22]. 5 mg 
ICPs sample was placed in a platinum crucible and heated from 25 ◦C to 
800 ◦C at 10 ◦C /min in a nitrogen atmosphere with a flow rate of 50 mL/ 
min. 

2.7. Anti-oxidant analysis 

DPPH free radical scavenging activity was slightly modified based on 
the methods in the literature [23]. 1 mL of diluted extract was mixed 
with 2 mL of DPPH solution (0.2 mM) in a vortex, and the absorbance 
was obtained at 517 nm. 

ABTS free radical scavenging activity was slightly modified accord
ing to the methods in the literature [24]. Mixed 10 mL ABTS (2 mM) 
with 100 μL potassium persulfate (70 mM) and stored at room temper
ature for 16 h away from light. The 100 μL diluted extract was mixed 
with 1 mL ABTS solution to, and the absorbance was obtained at 734 nm. 

Detection of hydroxyl scavenging ability [25]. Added 1 mL FeSO4(9 
mmol/L), 1 mL salicylic acid solution (9 mmol/L), 1 mL ICPs solution 
with different concentrations. Absorbance was measured at 510 nm. 

The measurement of total reducing power was slightly modified 
according to the methods reported in the literature [26]. Added 0.5 mL 
1 % potassium ferricyanide to 1 mL polysaccharide solution, 0.2 mol/L 
phosphate buffer of 0.2 mL pH6.6, and add 1 mL 10 % trichloroacetic 
acid, 10 μL 1 %FeCl3 and 150 μL distilled water, and the absorbance was 
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measured at 700 nm. 

2.8. Cell CCK8 assay 

HK-2 (human renal cortex proximal convoluted tubule epithelial 
cells) were purchased from Institute of Cell Biology, Chinese Academy of 
Sciences. The HK-2 cells were seeded in 6-well plate (4 × 105 cells). 
After 24 h, the cells were replaced according to the grouping containing 
ICPs. Added uric acid and cultured in the incubator for 24 h. Added CCK- 
8 10 μL and continue to incubate. Detected the cell activity by measuring 
the absorbance value of each well at 450 nm. 

2.9. Cell apoptosis assay 

HK-2 cells were washed once with PBS, trypsinized, and centrifuged. 
Annexin V and propidium iodide solution were added, and the mixture 
was shaken evenly. The cells were transferred to a flow tube for light- 
avoiding constant temperature incubation. After 30 min, apoptosis of 
the cells was detected using flow cytometry. 

2.10. ROS detection 

The serum-free medium containing 10 μmol/L DCFH-DA was added. 
After incubation in a cell culture incubator for 30 min, centrifuged, and 
washed twice more. 200 μL of PBS was added to suspend the cells. The 
suspended cells were transferred to flow tubes and subjected to flow 
cytometry to measure the cellular ROS levels. 

2.11. Data analysis 

All the displayed experimental data represented or counted the re
sults of at least 3 independent experiments. Data analysis was performed 
using GraphPad Prism 9.0 software, and significance analysis was per
formed by Dunnett test. 

3. Results and discussion 

3.1. Single-factor extracting experiments of ICPs 

We investigated the influence of parameters such as ultrasonic 
power, time, temperature, and liquid–solid ratio. As showed in the 
Fig. 1A, the polysaccharide yield increased more rapidly with an in
crease in the liquid–solid ratio. This can be explained by the increased 
solvent proportion caused a higher osmotic pressure, accelerating the 
outflow of substances from cells. The increase in solvent volume resulted 
in a larger ultrasound action area, leading to higher ultrasound effi
ciency [18]. Beyond 25 mL/g, the excessively high liquid–solid ratio led 
to a reduction in intermolecular interactions, causing a substantial 
decrease in the ultrasound penetration rate. 

As the ultrasound power increased from 160 W to 200 W, there was a 
significant rise in the yield of ICPs, followed by a gradual decline 
(Fig. 1B). The intensified cavitation effects, thermal effects, and me
chanical effects with the rise in ultrasound power contributed to the 
enhanced yield of ICPs [27]. However, excessive ultrasound power 
might lead to the degradation of polysaccharides in the solvent due to 
the impact of ultrasound. 

Fig. 1. The yield and recovery of ICPs extracted from different single factor experiments. A, extraction power; B, extraction time; C, extraction temperature; D, 
solid–liquid ratio. 
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The extraction yield of ICPs significantly increased from 22.47 % at 
60 ◦C to 28.29 % at 90 ◦C, while the yield decreased after exceeding 
90 ◦C (Fig. 1C). This may be because at higher temperatures, and surface 
tension decreases, leading to a lower intensity threshold for cavitation 
required by ultrasound, aiding the extraction process [28]. However, 
further increasing the temperature beyond 90 ◦C, the thermal effect can 
cause the degradation of polysaccharide structures, offsetting the 
increased mass transfer rate due to higher temperature [29]. 

The extraction yield of ICPs demonstrated an upward trend with the 
prolonged extraction time (Fig. 1D). Additionally, with prolonged ul
trasound time, the continuous cavitation and microbubble implosion 
intensified the rupture of cell walls in plant materials, reducing the re
striction of cell structure on the mass transfer process [30]. The decrease 

in ICPs extraction yield may be attributed to prolonged ultrasound 
treatment time, resulting in transient high temperatures and released 
free radicals causing the degradation of polysaccharide substances [31]. 

3.2. Response surface optimization for ICPs extraction 

Box-Behnken design (BBD) and the experimental values extracted by 
ICPs were showed in Table 1. The four factors mentioned above were 
used as the independent variables. The regression equations of poly
saccharide on solid–liquid ratio (A), temperature (B), ultrasound power 
(C) time (D) were obtained as follows: Y = 28.21 + 0.7158A + 0.6108B 
–0.6517C + 0.5950D + 0.2975AB – 0.2525AC + 0.3025AD – 0.1875BC 
+ 0.1225BD + 0.1850CD – 1.71A2 – 1.24B2 – 1.37C2 – 01.16D2. 

The surface experiment was designed based on single-factor experi
ments. According to Table 2., A, B, C, D, A2, B2, C2, and D2 were 
significantly affecting the yield of ICPs (P < 0.01); R2 = 0.9959, R2adj =
0.9918, indicating that the model fits well and can more effectively 
analyze. The Adeq precision of the regression equation was 46.46, 
significantly larger than 4, indicating an ample signal response to the 
model. In summary, the proposed model demonstrates the ability to 
accurately and reliably predict ICPs under various conditions. 

Fig. 2 illustrated the interaction between any two variables and their 
impact on the yield of ICPs. The yield of ICPs initially increased with the 
rise of factors A-D, followed by a decrease with the continuous increase 
of these factors. This trend aligns with the outcomes observed in the 
single-factor experiments. Steeper surface plots suggest more pro
nounced interaction effects [32]. 

The optimum process conditions were as follow: liquid–solid ratio 
1:26.10 mL/g, ultrasonic power 192.75 W, extraction temperature 
90.74 ◦C, and extraction time 88.84 min, under which the predicted 
polysaccharide yield was 28.50 %. A verification experiment was con
ducted using the optimal conditions as per the model. For the practical 
test, the average yield of polysaccharides was 28.22 % for three times 
under the conditions of liquid–solid ratio of 26 mL/g, ultrasonic power 
of 190 W, temperature of 91 ◦C, and time of 89 min. It indicated that the 
model optimization results are reliable. The yield of ICPC-b was 17.50 
%, and it was significantly improved by ultrasonic-assisted extraction. 
Our research focused on the ultrasonic-assisted extraction method for 
polysaccharides. However, there are other methods to increase poly
saccharide yield, such as the ultrasound-assisted hydrogen perox
ide–ascorbic acid method [33], ultrasound-assisted enzyme extraction 
method [34], and natural deep eutectic solvents combined with 
ultrasound-assisted enzymolysis method [35]. When selecting a poly
saccharide extraction method, various factors such as sample 

Table 1 
Experimental design and the results.  

Run Factor A Factor B Factor C Factor D Yield 
(%) 

Ratio (mL/ 
g) 

Temperature 
(◦C) 

Power 
(W) 

Time 
(min) 

1 30 100 200 80  26.85 
2 20 90 240 80  24.07 
3 20 90 200 60  24.34 
4 30 80 200 80  25.09 
5 25 90 200 80  28.46 
6 25 80 200 60  24.70 
7 30 90 200 100  26.95 
8 20 80 200 80  24.25 
9 25 90 240 100  25.35 
10 25 100 200 100  27.23 
11 30 90 200 60  25.10 
12 30 90 160 80  26.74 
13 25 90 240 60  24.60 
14 25 90 200 80  28.35 
15 25 90 160 60  25.62 
16 25 90 200 80  28.13 
17 20 90 200 100  24.98 
18 25 80 240 80  24.53 
19 25 80 200 100  25.66 
20 25 90 200 80  27.95 
21 25 90 200 80  28.18 
22 20 100 200 80  24.82 
23 25 100 200 60  25.78 
24 30 90 240 80  25.06 
25 25 100 160 80  27.05 
26 25 80 160 80  25.50 
27 20 90 160 80  24.74 
28 25 90 160 100  27.11 
29 25 100 240 80  25.33  

Table 2 
ANOVA for the regression model predicting UICP extraction.  

Source Sum of Squares df Mean Square F-value P-value Significance 

Model  53.72 14  3.84 243.25 < 0.0001 ** 
A-Ratio  6.15 1  6.15 389.83 < 0.0001  
B-Tem  4.48 1  4.48 283.86 < 0.0001  
C-Power  5.10 1  5.10 323.08 < 0.0001  
D-Time  4.25 1  4.25 269.33 < 0.0001  
AB  0.3540 1  0.3540 22.44 0.0003  
AC  0.2550 1  0.2550 16.17 0.0013  
AD  0.3660 1  0.3660 23.21 0.0003  
BC  0.1406 1  0.1406 8.92 0.0098  
BD  0.0600 1  0.0600 3.81 0.0714  
CD  0.1369 1  0.1369 8.68 0.0106  
A2  18.97 1  18.97 1202.94 < 0.0001  
B2  9.90 1  9.90 627.55 < 0.0001  
C2  12.20 1  12.20 773.62 < 0.0001  
D2  8.68 1  8.68 550.09 < 0.0001  
Residual  0.2208 14  0.0158    
Lack of Fit  0.0639 10  0.0064 0.1629 0.9908 Not significant 
Pure Error  0.1569 4  0.0392    
Cor Tatal  53.94 28  Predicted R2 0.9886  
R2  0.9959 R2adj  0.9918 C.V.% 0.4840   
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Fig. 2. The 3D surface plots showing interactions of any two variables on ICPs yield.  
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characteristics, extraction efficiency, ease of operation, cost, and envi
ronmental impact can be considered. 

3.3. Analysis of monosaccharide composition 

We obtained purified ICPC-b (hot water) and UICP (ultrasound), and 
then used HPGPC to detect the molecular weights (Mw) of the two 
polysaccharides. As shown in the Table 3., ICPC-b and UICP were ho
mogeneous polysaccharides, with Mw values of 62.3 kDa and 51.1 kDa, 
respectively. The Mw of extracted polysaccharides decreased with 
increasing ultrasonic intensity is consistent with previous research re
sults [8]. Ultrasonic cavitation can break the glycosidic bonds of poly
saccharides, resulting in the production of more low-Mw 
polysaccharides. Monosaccharide composition results indicated that 
both ICPC-b and UICP were composed of Ara, Gla, and Glc. UICP had a 
higher proportion of Ara and Gla (Fig. 3D), which may be attributed to 
differences in temperature, and extraction mode between different 
extraction methods, leading to variations in dissolved polysaccharide 
components. Although the differences in monosaccharide composition 

types are small, the variations in content could impact the physico
chemical properties of the two polysaccharides, potentially influencing 
their biological activities [36]. In Wei’s previous study, monosaccharide 
composition types did not change under ultrasonic action, but there 
were differences in the proportions of each monosaccharide component 
[18]. 

3.4. Structural analysis 

The infrared absorption spectra of ICPC-b and UICP were shown in 
the Fig. 4A. In the characteristic frequency region of the infrared spec
trum, absorption peaks at 3395.1 cm− 1, 2918.2 cm− 1, 1635.3 cm− 1, 
1343.6 cm− 1, 3407.4 cm− 1, 2923.8 cm− 1, 1647.8 cm− 1, 1339.3 cm− 1 

were visible, respectively. These peaks were generated by the stretching 
and vibration of functional groups [37]. In the fingerprint region, 
prominent absorption peaks were observed at 1268.9 cm− 1, 1140.2 
cm− 1, 1002.7 cm− 1, 899.8 cm− 1, 831.7 cm− 1, 1278.6 cm− 1, 1111.7 
cm− 1, 1006.5 cm− 1, 912.1 cm− 1, 838.8 cm− 1. The multiple peaks were 
generated by the stretching vibration of single bonds [38]. The 

Table 3 
Molecular weight distribution of purified components of polysaccharide.  

Samples Monosaccharide composition Mn Mw PID Polysaccharide content (%) Protein 
content (%) 

UICP Ara, Glc, Gal 51.1 kDa 53.7 kDa  1.05 92.21 ± 0.61 0.17 ± 0.28 
ICPC-b Ara, Glc, Gal 62.3 kDa 69.2 kDa  1.11 85.74 ± 0.28 0.30 ± 0.15  

Fig. 3. Purification and monosaccharide composition identification of ICPs. A, DEAE-52 elution curve; B, Sephadex G-100 elution curve; C, monosaccharide 
composition standard chromatogram; D, monosaccharide composition analysis of ICPC-b and UICP. 
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Fig. 4. Structural characteristics and thermal stability of ICPs. A, Infrared spectrum of ICPs; B, Congo red analysis; C, TGA analysis; D, DSC thermogram.  
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Fig. 5. The SEM and AFM observations of ICPs. A, B, ICPC-b SEM (500×, 1000 × ); C, D, UICP SEM (500×, 1000 × ); D, ICPC-b AFM images; E, UICP AFM images.  
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characteristic absorption peaks at 3395.1 cm− 1 and 3407.4 
cm− 1indicating the presence of intermolecular hydrogen bonds in ICPC- 
b and UICPC-b [39]. Additionally, due to the sharp peak of the alcohol 
hydroxyl group’s fundamental frequency at 3437 cm− 1, the peaks at 
3395.1 cm− 1 and 3407.4 cm− 1 become broad, which may be indicative 
of the association between –OH and –NH, causing the absorption peaks 
to overlap and broaden [40]. The peaks at 3000–1000 cm-1 may be due 
to the stretching, deformation and vibration of C-H. 1002.7 cm− 1, 
1111.7 cm− 1, and 1006.5 cm− 1 represented the fingerprint region of 
pyranose [41]. The peaks observed at 899.8 cm− 1, 831.7 cm− 1, 912.1 
cm− 1, 838.8 cm− 1 suggested the possible presence of α and β-glycosidic 
bonds in ICPC-b and UICPC-b. These results indicated that ICPC-b and 
UICPC-b exhibited similar characteristic peaks, and ultrasonic did not 
significantly impact the main chemical structure of ICPs[42]. Yuan et al. 
reported that no significant differences were observed between the 
characteristic organic groups of polysaccharides extracted from okra by 
hot water, pressurized water and microwave-assisted techniques [43]. 
Alboofetileh et al. also found that the three polysaccharides obtained 
from the brown alga Nizamuddinia zanardinii with different extraction 
solvents had similar FT-IR [44], and our results are in agreement with 
the above studies. 

Congo red results showed that the maximum absorption wavelengths 

of UICP and ICPC-a gradually decreased, and the trend was similar to 
that of the Congo red control. It can be concluded that the triple helix 
structure does not exist in UICP and ICPC-a. Our results were similar to 
those of Shen et al. The effect of ultrasonic treatment on the three- 
dimensional structure of polysaccharides does not arise[45]. 

3.5. SEM analysis 

SEM showed the basic morphology of polysaccharide samples 
through the interaction between the electron beam and the sample to 
generate the electronic signal imaging reaction [46]. According to the 
SEM images, the microscopic morphological characteristics, or changes 
of polysaccharide, including the length of its molecular shape, stretching 
state, can be intuitively found. The surfaces of UICP and ICPC-b 
exhibited significant differences in size and shape. ICPC-b exhibited a 
pronounced, loose, and porous structure. However, after ultrasonic 
extraction, the original large sheet-like structure transformed into 
rough, smaller, and loosely fragmented pieces (Fig. 5A–D). This could be 
attributed to the severe disruption of the microstructure caused by a 
significant amount of cavitation activity, turbulent shear, and instan
taneous high pressure [47]. The appearance of sparsely cross-linked rod- 
like structures indicated the disruption of intermolecular cross-linking in 
UICP. These findings validated that ultrasonic degradation could bring 
about substantial changes in the surface morphology and spatial 
conformation of ICPs. This finding is consistent with the conclusion of Li 
[47], who observed changes in the morphology of Platycodon grandi
florum polysaccharides under ultrasonic treatment. 

Table 4 
Thermogravimetric mass loss spectrum and DSC thermogram.  

Samples Onset temperature 
(◦C) 

Peak temperature 
(◦C) 

Residual quality 
(%) 

UICP 20.3–169.04  340.26  15.64 
ICPC-b 20.3–156.21  337.15  13.42  

Fig. 6. Analysis of Antioxidant Activity of ICPs. A, DPPH radical; B, hydroxyl radical; C, ABTS radical; D, reducing power.  
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3.6. AFM analysis 

AFM is an effective method to directly observe the morphological 
changes of polysaccharide chains, which can not only observe the 

apparent morphology of polysaccharides, but also obtain the 
morphology of polysaccharides by using the probe to generate relevant 
signals with the sample surface after reaching a certain distance from the 
sample surface [48]. The AFM images of UICP and ICPC-b (Fig. 5D and 

Fig. 7. Effect of ICPs on Uric Acid-Stimulated HK-2 Cells. A, Influence of ICPs on the growth of HK-2 cells stimulated by uric acid; B, CCK-8 cell survival rate; C, E, 
Flow cytometry detection of ROS levels; D, F, Flow cytometry detection of cell apoptosis levels. #P < 0.05, ##P < 0.01, ###P < 0.001, when compared to the CON 
group; *P < 0.05, **P < 0.01, ***P < 0.001, when compared to the UA group. 
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E) revealed that ICPC-b formed distinct dome-shaped particles, while 
UICP exhibited irregular ellipsoidal shapes. This suggested that ICPs 
could associate with water in the aqueous environment. The molecular 
heights of UICP and ICPC-b were 2.4 nm and 2.1 nm, respectively, and 
the large diameter exceeding 1.0 nm may indicate the entanglement of 
chains and branches of all polysaccharide components [49]. The degree 
of polymerization of ICPs was moderate, which was conducive to their 
active function. In addition, similar to the findings of Wang, both UICP 
and ICPC-b did not exhibit a triple-helix conformation, as their heights 
were much lower than 15–50 nm [50]. This result is consistent with the 
results obtained from Congo red testing. 

3.7. Thermal stability analysis 

Thermal gravimetric (TG) analysis is a thermal analysis method that 
it can be used to assess information such as the thermal stability and 
decomposition temperature of the sample [22]. Differential scanning 
calorimetry (DSC) is commonly employed to measure the rate of heat 
release or absorption as a function of time or temperature [51]. The TGA 
curves of ICPC-b and UICP exhibited similar shapes (Fig. 4C) and both 
showed three distinct mass loss stages. The initial phase 
(20.3–169.04 ◦C) was associated with the removal of both bound and 
free water within the polysaccharide samples, with the temperature 
turning points for UICP and ICPC-b being 86.90 ◦C and 98.46 ◦C, 
respectively, indicating the glass transition temperature of the poly
saccharides. The second stage (300–500 ◦C) involved the degradation of 
the polysaccharides themselves. This stage represented the rapid 
decomposition region for both UICP and ICPC-b, with a loss rate 
exceeding 50 % of the initial mass. The primary mass loss was attributed 
to the intense thermal decomposition of polysaccharide molecules, 
resulting in the release of components such as CO2 and H2O [52]. 
Additionally, in the third stage (500–800 ◦C), both ICPC-b and UICP 
exhibited a relatively slow degradation rate, reaching stability at the 
end. According to the DSC curves, the thermal decomposition temper
atures of ICPC-b and UICP throughout the process were 340.26 ◦C and 
337.15 ◦C, respectively (Fig. 4D, Table 4.). This indicated that ICPs 
possessed good thermal stability, and ultrasound effectively improved 
the thermal stability of ICPs. A similar improvement was found in the 
thermal stability of Pueraria Lobata polysaccharides after ultrasonic 
degradation [22]. 

3.8. Analysis of anti-oxidant activity 

Most plant polysaccharides have been shown to have anti-oxidant 
properties [53–55]. In this study, the anti-oxidant activity of ICPC-b 
and UICP was measured and compared. In this study, the scavenging 
efficiency and reducing power of UICP on ABTS, DPPH and hydroxyl 
radical were higher than those of ICPC-b extracted from hot water, with 
a concentration-dependent behavior. At 1.0 mg/mL, the scavenging 
rates of DPPH radicals were 69.1 % and 81.2 % for ICPC-b and UICP, 
respectively (Fig. 6A). The scavenging rates of hydroxyl radicals at 1.0 
mg/mL were 62.1 % and 74.5 % for ICPC-b and UICP, respectively 
(Fig. 6B). The scavenging rates of ABTS radical at 1.0 mg/mL were 69.5 
% and 80.3 % for ICPC-b and UICP, respectively (Fig. 6C). In Fig. 6D, the 
absorbance of UICP treatment was higher than that of ICPC-b, indicating 
its stronger reducing power. ICPC-b and UICP demonstrated excellent 
anti-oxidant activity, with UICP exhibiting significantly superior anti- 
oxidant activity at any concentration. Different structural parameters, 
such as monosaccharide composition, molecular weight, determine the 
anti-oxidant properties of ICPs. The observed activity is not solely 
attributed to individual polysaccharide components; instead, it is the 
synergistic effect of various components [56]. 

3.9. Cell activity analysis 

In the morphology evaluation shown in Fig. 7A, the CON group 

exhibited normal overall cell morphology with tightly arranged cells. 
After uric acid stimulation, the cell counts significantly decreased, cells 
shrunk, and cell volume reduced. Following intervention with ICPC-b 
and UICP, cell status tended to normalize, and the cell count signifi
cantly increased (Fig. 7B), with UICP mitigating uric acid stimulated cell 
damage more effectively than ICPC-b. We assessed the impact of ICPs on 
ROS in UA stimulation HK-2 cells using Flow Cytometry. The expression 
of ROS in cells significantly increased in the UA group. After interven
tion with ICPC-b and UICP, ROS levels significantly decreased, and UICP 
had a stronger effect on reducing ROS level (Fig. 7C). 

To evaluate the effects of UICP and ICPC-b on UA-stimulated HK-2 
cells, cell apoptosis analysis was conducted using Flow Cytometry. After 
UA stimulation, the percentage of apoptotic cells significantly increased 
to 36.17 ± 1.57 %. After administration of ICPC-b, the apoptotic cells 
were significantly lower than in the UA-stimulated, reduced to 19.43 ±
2.43 %, and in the UICP group, it decreased to 14.30 ± 1.30 %. These 
results suggested that ICPs could alleviate UA-induced apoptosis in HK-2 
cells, with UICP being more effective than ICPC-b (Fig. 6D). 

4. Conclusion 

The results indicated that the optimal conditions for polysaccharide 
extraction were as follows: liquid–solid ratio was 26 mL/g, ultrasound 
power was 192.75 W, temperature was 90.74 ◦C, extraction time was 
88.84 min, and polysaccharide yield was 28.50 %. Through molecular 
weight determination, monosaccharide composition analysis, FT-IR 
spectroscopy, morphology examination, thermal performance assess
ment, anti-oxidant activity testing, and analysis of the improvement in 
cell damage caused by uric acid, the impact of different methods on the 
polysaccharide extraction content was compared. It was found that, 
ultrasound-assisted provided higher polysaccharide extraction effi
ciency, lower molecular weight, stronger anti-oxidant activity and 
ability to ameliorate cellular damage due to uric acid stimulation, and 
better thermal stability than conventional hot water extraction of 
polysaccharides. 
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