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A B S T R A C T   

Response surface methodology was selected to explore the ultrasonic-assisted cellulase extraction conditions of 
Garcinia mangostana rind polysaccharides (GMRPs), and the optimum values of each condition were as follows: 
ratio of raw material to liquid of 1:50 g/mL, ultrasonic time of 40 min, enzyme concentration of 4 %, and ul
trasonic power of 179 W. Based on the above conditions, the average extraction rate of GMRPs was 15.56 %. 
GMRPs were modified by carboxymethylation, and the relationship between the amount of chloroacetic acid and 
the substitution degree of carboxymethylated derivative was compared. Based on the results of single factor 
experiment, it was shown that the amount of chloroacetic acid significantly affected the degree of substitution of 
derivative products. The above research provides some valuable theoretical references for the preparation of 
GMRPs and its carboxymethylation products.   

1. Introduction 

Garcinia mangostana (mangosteen) is a tropical evergreen tree 
belonging to the genus Garcinia of the garcinaceae family, which has 
long been distributed in tropical and subtropical areas. Its flesh is sweet 
and sour and delicious, and is often called the “Queen of fruits”. At the 
same time, as early as hundreds of years ago, mangosteen’s peel was 
used as an external medicine. In view of this, the edible and medicinal 
value of mangosteen has been widely studied, and its peel is particularly 
concerned because of its special pharmacological activities. Modern 
studies have clearly indicated that mangosteen rinds has anti-tumor, 
antibacterial, hypoglycemic and other biological activities [1]. In 
addition, the substances extracted from its peel are rich in poly
saccharides, polyphenols and other active ingredients, and the active 
effects of polysaccharides are particularly obvious, mainly reflected in 
antioxidant, immunomodulatory and other aspects [2,3,4]. Hence, it is 
necessary to carry out more in-depth research on polysaccharides from 
Garcinia mangostana rinds (GMRPs). 

The traditional extraction method of natural active substances such 
as polysaccharides is solvent extraction method, which often enhances 
the heat transfer effect by heating so that polysaccharides are released 
into solvent water. The advantages and disadvantages of this method are 

obvious. Namely, the equipment and operation are simple, the cost is 
low, but the yield is generally low and time/energy-consuming exists. In 
order to solve this problem, more new methods begin to emerge, such as 
microwave-assisted extraction, ultrasonic-assisted extraction, enzyme- 
assisted extraction and so on [5,6,7,8,9]. It is worth noting that many 
studies in recent years have begun to focus more and more on combining 
multiple extraction methods to effectively extract natural substances, 
and the common method is to combine enzymatic method with micro
wave method or ultrasonic method, so as to achieve the purpose of 
economy, environmental protection, green and high efficiency [10,11]. 
The former mainly uses hydrolases such as cellulase and papain to 
degrade cell wall components, and then rapidly penetrates plant tissues 
through microwave non-ionizing irradiation to promote the release of 
natural substances [12]. The latter is to break the cell structure through 
the decomposition effect of enzymes, and then to further destroy the cell 
wall or enhance the enzyme activity through the thermal effect, me
chanical effect and cavitation effect generated by ultrasound waves, 
thereby improving the yield [13,14,15]. However, the study on the 
extraction of GMRPs by enzymatic method combined with ultrasonic 
method or microwave method is rarely reported. In view of this, the 
response surface methodology (RSM) was adopted in this study to 
optimize the process conditions of ultrasonic-assisted cellulase 

* Corresponding authors. 
E-mail addresses: huangdoctor226@163.com (G. Huang), hlhuang@wit.edu.cn (H. Huang).  

Contents lists available at ScienceDirect 

Ultrasonics Sonochemistry 

journal homepage: www.elsevier.com/locate/ultson 

https://doi.org/10.1016/j.ultsonch.2023.106571 
Received 17 July 2023; Received in revised form 18 August 2023; Accepted 28 August 2023   

mailto:huangdoctor226@163.com
mailto:hlhuang@wit.edu.cn
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2023.106571
https://doi.org/10.1016/j.ultsonch.2023.106571
https://doi.org/10.1016/j.ultsonch.2023.106571
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ultrasonics Sonochemistry 99 (2023) 106571

2

extraction of GMRPs [16]. From the perspective of statistics, four 
important factors such as enzyme concentration, ultrasonic power, ul
trasonic time and ratio of raw material to liquid were explored to 
determine the optimal extraction conditions. 

The important factors that affect the activity of polysaccharides often 
include molecular weight, spatial structure, substituents and so on. It is 
worth noting that the change and quantity of substituents can most 
easily affect the activity of polysaccharides [17]. In view of this, many 
studies have begun to apply various chemical modifications to achieve 
the above purpose. Common modification methods include carbox
ymethylation, acetylation, sulfation, phosphorylation, etc. [18,19]. In 
this study, carboxymethylation modification of GMRPs was mainly 
carried out, and the amount of chloroacetic acid was used as a single 
factor experiment to conduct relevant exploration, and carbox
ymethylation derivative with the best degree of substitution were ob
tained within a certain range. It is believed that this will provide some 
reference values for the study of the chemical modification of poly
saccharides from Garcinia mangostana rinds. 

2. Materials and methods 

2.1. Materials and reagents 

Fresh mangosteen was sourced and purchased from Thailand, their 
rinds were washed and dried in advance, and then crushed into powder 
for use. Cellulase (98% purity) was purchased from Shanghai Macklin 
Biochemical Technology Co., Ltd. (Shanghai, China). Other relevant 
reagents in this study were of analytical purity. 

2.2. Experimental 

2.2.1. Ultrasonic-assisted cellulase extraction of GMRPs 
1.00 g of dried mangosteen rind power was accurately weighed, and 

then cellulase solution with a certain mass concentration (w/w) was 
mixed with 1.00 g raw material according to different ratio of raw 
material to liquid, and transferred to a round-bottom flask. Next, the 
flask was fixed in the ultrasonic machine with the power already set for 
extraction. After a period of extraction, the extracted solution was 
collected and deproteinized twice, that is, the extracted solution was 
fully mixed with Sevag reagent (Vchloroform: Vn-butanol = 4:1) at the vol
ume ratio of 2:1, then transferred to the separation funnel for 15 min for 
shock, and then left for 5 min. After centrifugation, the supernatant was 
collected and put into 3500 Da dialysis bag for 1 day of tap water dialysis 
and 1 day of distilled water dialysis. Finally, the dialysate and anhydrous 
ethanol were mixed according to the volume ratio of 1:3 and stirred 
evenly. After placing for 1 h, the solid precipitates were collected by 
centrifugation, and the precipitates were washed with acetone and ether 
for three times in turn, and then freeze-dried to obtain GMRPs. 

2.2.2. Glucose standard curve and extraction rate of GMRPs 
Based on the phenol–sulfuric acid method, the absorbance of glucose 

standard solution with different concentrations at 490 nm was measured 
by ultraviolet spectrophotometer, so as to obtain the linear regression 
equation related to absorbance and concentration and draw the glucose 
standard curve [20]. The specific steps were as follows: firstly, the 25 mg 
of dried glucose power was fully dissolved with an appropriate amount 
of distilled water, and then transferred to a 250 mL volumetric bottle 
and added distilled water to obtain a concentration of 0.1000 mg/mL of 
glucose standard solution. Then, the standard solution of different vol
umes (0, 0.40, 0.80, 1.20, 1.60, 2.00 mL) was accurately transferred into 
the corresponding centrifuge tube (all are in 10 mL capacity) by using 
pipettor, and then different volumes of distilled water were added suc
cessively, so that the volume of solution in each centrifuge tube reached 
2 mL. Finally, phenol (5%, 1 mL) and concentrated sulfuric acid (98%, 5 
mL) were successively added to the above solution of different con
centrations (0, 20, 40, 60, 80, 100 μg/mL). After shaking well, the 

absorbance of each solution at 490 nm was measured and the correlation 
regression equation (R2 = 0.9997) with a linear range of 0–100 μg/mL 
was obtained: 

Y = 15.68571X − 0.00895 (1)  

here, X is the concentration of the solution to be measured, μg/mL; Y is 
the absorbance of the solution to be measured. 

According to the extraction method in 2.2.1, the polysaccharide 
extraction solution treated by ultrasonic-assisted cellulase method was 
collected, and the polysaccharide solution to be measured was prepared 
after dilution treatment. After the above solution was treated with 
phenol–sulfuric acid method, the absorbance at 490 nm was determined 
by ultraviolet spectrophotometer, and the value was substituted into the 
linear regression equation (1) to calculate the polysaccharide concen
tration of the solution to be measured. Finally, the extraction rate of 
polysaccharide was calculated by substituting the concentration of 
polysaccharide into the following formula: 

Extraction rate of polysaccharide/% =
[
(C× N× V)/

(
m× 103

) ]
× 100

(2)  

here, C is the polysaccharide concentration of the solution to be 
measured, mg/mL; V is the volume of polysaccharide extraction solu
tion, mL; N is the dilution; m is the mangosteen rinds of powder mass, g. 

2.2.3. Single factor experiments and Box-Behnken design (BBD) 
experiment 

Based on the control variable method, four factors were selected 
successively as single variables to carry out related exploration experi
ments, including ratio of raw material to liquid (1:30 g/mL, 1:40 g/mL, 
1:50 g/mL, 1:60 g/mL, 1:70 g/mL), ultrasonic time (30 min, 40 min, 50 
min, 60 min, 70 min), enzyme concentration (1 %, 2 %, 3 %, 4 %, 5 %) 
and ultrasonic power (144 W, 180 W, 216 W, 252 W, 288 W). That is, the 
optimal values of the above four variables were determined by four 
single factor experiments with the extraction rate of polysaccharide as 
the reference index. 

The initial range of the four variable factors was reduced through the 
single factor experiments, and the four optimal values were prelimi
narily determined. On this basis, Box-Behnken Desigh (BBD) experiment 
in RSM was selected to further optimize the process conditions of 
ultrasonic-assisted cellulase extraction of GMRPs. The specific steps 
were as follows: the extraction rate of GMRPs was taken as the response 
value (Y), and the four factors were named X1 (ratio of raw material to 
liquid), X2 (ultrasonic time), X3 (enzyme concentration) and X4 (ultra
sonic power), respectively, and the optimal value of each factor was 
designed as the central level to conduct the RSM experiment with four 
factors and three levels (Table 1). 

2.2.4. Preparation of carboxymethylation of GMRPs(CM - GMRPs) 
On the basis of slight modification, CM - GMRPs were prepared ac

cording to the method proposed by Chen et al. [21]. The specific steps 
were as follows: 0.25 g of freeze-dried GMRPs were accurately weighed 
and added to a conical bottle containing 20 mL of NaOH solution (20%, 
w/w), and the GMRPs were fully dissolved with the help of a magnetic 
stirrer. After dissolution, the above solution was transferred to a 50 mL 
flask containing 7.5 mL chloroacetic acid solution (isopropyl alcohol as 

Table 1 
Factors and levels.  

Factors Levels  

− 1 0 1 

X1 (ratio of raw material to liquid, g/mL) 40 50 60 
X2 (ultrasonic time, min) 30 40 50 
X3(enzyme concentration, %) 3 4 5 
X4 (ultrasonic power, W) 144 180 216  
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solvent, 4 mol/L) and reacted at 55 ℃ for 5 h. After the reaction, the 
reaction solution was cooled to room temperature, titrated with 1 mol/L 
HCI solution to the end point, and the Ph meter was used to detect 
whether the solution was neutral. Finally, the above solution was dia
lyzed for two days by using a dialysis bag of 3500 Da, and then the 
dialysate was concentrated at low pressure, followed by the addition of 
three times the volume of anhydrous ethanol. After standing for 12 h, 
the alcohol-precipitated solids were obtained by centrifugation, and the 
precipitates were freeze-dried to obtain CM - GMRPs. The yield of car
boxymethylated polysaccharides was calculated by the following 
formula: 

Yield/% = (W1/W2) × 100 (3)  

here, W1 is the mass of carboxymethylated polysaccharides (CM - 
GMRPs), g; W2 is the mass of raw material (GMRPs), g. 

According to the above preparation method, the mass of fixed 
GMRPs was 0.25 g, and then the ratio of GMRPs and chloroacetic acid 
solution (w/v) was adjusted within a certain range to conduct relevant 
exploration experiments to obtain carboxymethylated derivatives with 
the best degree of substitution. That is, with the degree of substitution as 
a reference index, experiments with four different ratio of raw material 
to liquid of 1:20 g/mL, 1:30 g/mL, 1:40 g/mL and 1:50 g/mL were set for 
exploration, and the prepared products were named CM-20, CM-30, CM- 
40 and CM-50 respectively. 

The degree of substitution of CM - GMRPs was determined based on 
acid-base titration [20]. That is, a certain amount of HCI solution (0.1 
mol/L) was removed into a beakers containing 15 mg CM - GMRPs, and 
then heated at 45 ℃ by magnetic stirring for 0.5 h to fully dissolve it. 
After completion, the above solution was titrated with 0.1 mol/L NaOH 
solution, and the volume V1 (mL) and V2 (mL) of NaOH solution 
consumed at pH 2.1 and pH 4.3 of the mixed solution were recorded, 
respectively. Finally, the following formulas (4) and (5) were used to 
calculate the degree of substitution of carboxymethylated 
polysaccharides: 

A = [(V2 − V1) × CNaOH ]/M (4)  

DSCM = 0.023A/(1 − 0.058A) (5)  

here, M is the mass of the carboxymethylated polysaccharides, g. 

2.2.5. Characterization analysis methods 
The characteristic functional groups of GMRPs and four carbox

ymethylated derivatives were determined by infrared spectrometer (the 
detection wavenumbers were set at 4000–400 cm− 1). The specific steps 
were as follows: after the KBr powder was dried, with its thin slice as the 
background, 2 mg GMRPs, CM-20, CM-30, CM-40, CM-50 were mixed 
evenly with 100 mg KBr respectively, and then pressed them into thin 
slices with a tablet press to measure their transmittance. 

GMRPs and its four carboxymethylated derivatives (all 30 mg) were 
dissolved in 0.6 mL deuterium water, respectively. The supernatant after 
centrifugation was determined by 13C NMR spectra. 

3. Results and discussions 

3.1. Single-factor experimental analysis 

The relationship between polysaccharide extraction rate and ratio of 
raw material to liquid was shown in Fig. 1. In the lower range of 1:30 g/ 
mL to 1:50 g/mL, the extraction rate of polysaccharides increased 
rapidly with the increase of solvent. The reasons for the above situation 
may be related to the increase of solid–liquid contact area to promote 
the release of natural active substances, and the decrease of extraction 
system viscosity to promote the ultrasonic cavitation effect [14,22]. 
When the ratio of raw material to liquid was 1:50 g/mL, the release of 
polysaccharide reached the maximum. After that, the extraction rate of 

polysaccharides was significantly reduced with the increase of solvent 
content. The possible reasons for this were as follows: on the one hand, 
too much solvent inhibited the effect of penetration of ultrasound waves, 
thus reducing the thermal effect of the entire system [23]; on the other 
hand, the overflow of solvent content led to cellulase also promoted the 
production of non-target active products, thereby reducing the release of 
polysaccharides [24]. 

The relationship between extraction rate of polysaccharides and ul
trasonic time was shown in Fig. 2. Ultrasonic time increased from 30 min 
to 40 min, during which the extraction rate of polysaccharide increased 
continuously and reached the maximum value, which may be related to 
the enhancement of the mass transfer effect of the extraction system 
promoted by ultrasound waves. However, with the increase of ultrasonic 
time, the extraction rate of polysaccharides began to decline signifi
cantly, which may be related to two factors. First, the ultrasonic 
shearing effect caused by too long ultrasonic time resulted in the 
continuous destruction of polysaccharide structure [11]. Second, the 
extension of ultrasonic time promoted the heat transfer effect of the 
whole system to a certain extent, and the change of temperature may 
affect the enzyme activity or lead to partial degradation of 

Fig. 1. Effect of ratio of raw material to liquid on extraction rate of GMRPs.  

Fig. 2. Effect of ratio of ultrasonic time on extraction rate of GMRPs.  
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polysaccharides [25]. 
The influence of enzyme concentration on polysaccharide extraction 

rate was shown in Fig. 3. In the low concentration range, the effect of the 
enzyme was relatively small and the extraction rate increased relatively 
slowly. However, as the enzyme concentration changed from 2 % to 4 %, 
the release of polysaccharides increased significantly until it reached the 
maximum. After that, the increase of enzyme concentration caused the 
decrease of extraction rate of polysaccharides. The above situation 
occurred because, on the one hand, cellulase could promote the 
decomposition of cell wall to increase the release of natural active 
substances within the appropriate concentration range; on the other 
hand, the increase of enzyme content would increase the viscosity of 
enzyme solution, resulting in the decline of its decomposition ability, as 
so to affect the progress of enzymatic reaction [26]. 

The influence of ultrasonic power on polysaccharide extraction rate 
was shown in Fig. 4. The relationship between the power change from 
144 W to 180 W and the release of polysaccharides showed that the 
ultrasonic power had a greater promoting effect on the release of 
polysaccharides in the lower range. On the contrary, in the higher power 
range of 180 W to 288 W, the extraction rate of polysaccharides 
decreased continuously. The emergence of the above two situations 
might be related to two reasons. First, ultrasound waves with appro
priate power agitated the extraction solvent and produced cavitation 
bubbles, which not only increased the pressure of the entire extraction 
system, but also promoted the contact between cellulase and raw ma
terials, so that the combined action of the two made the cell wall more 
easily decomposed and broken [27,28]. Second, the excessive increase 
of power also promoted the generation of more chemical decomposition 
related to polysaccharides, resulting in the decline of extraction rate 
[29]. 

3.2. Results and analysis of BBD experiment for RSM 

3.2.1. Model fitting and analysis of statistical results 
BBD experiment in RSM was used to optimize the extraction condi

tions of GMRPs, and the rationality of statistical model was determined 
by variance analysis, fitting degree analysis and sufficiency analysis and 
so on. As shown in Table 2, 24 operations were carried out randomly 
according to four independent factors, and then the optimal values of the 
four factors of ratio of raw material to liquid (X1), ultrasonic time (X2), 
enzyme concentration (X3) and ultrasonic power (X4) were selected for 5 
operations, so a total of 29 operations were performed. Multiple 
regression analysis was performed on the response value (Y) and each 

factor through the operational data in the table, and the relevant second- 
order polynomial regression equation was obtained as follows: 

Y(extraction rate/%) = 15.56 − 0.0092*X1+ 0.0333*X2+ 0.0717*X3
− 0.0458*X4+ 0.005*X1X2+ 0.0825*X1X3
+ 0.07*X1X4+ 0.0675*X2X3+ 0.0425*X2X4
− 0.005*X3X4 − 0.9107*X2

1 − 1.13*X2
2 − 1.08*X2

3

− 0.7257*X2
4

(6) 

Analysis of variance was used to further verify the significance and 
suitability of the model. As shown in Table 3, the F-value of the 
regression model was 318.19, and its P-value was lower than 0.0001, 
indicating that the significance of the whole model was extremely good. 
R2 could be used to account for the proportion of variability in the model 
data, with a value of 0.9969, indicating that only 0.31% of the total 
variability could not be explained by the fitted model. The adjusted R2 

value was 0.9937, which further confirmed the high significance of the 
model. In addition, for Lack of Fit and coefficient of variation (C.V.), the 
F-value of the former was 3.34 and the corresponding p-value was 
0.1279, indicating that it was not significant for pure error. The value of 
the latter was relatively low, that is, 0.4335, indicating that the exper
imental data had high reliability. All the above showed that the statis
tical model had high accuracy and good effectiveness. 

The significance of each regression coefficient and the relationship 
between them were showed in Table 4. It could be seen that within the 
range of experimental variables simulated by the model, the P-values of 
the linear coefficients X3 and X4 and the cross-product coefficients X1X3, 
X1X4 and X2X3 were all less than 0.05, and the P-values of the quadratic 
coefficients X1

2, X2
2, X3

2 and X4
2 were all less than 0.0001, indicating that 

they all had significant or extremely significant effects on the extraction 
of GMRPs. At the same time, by comparing the significance of each 
linear coefficient and the significant differences of the cross-product 
coefficients formed after their interaction, it could be concluded that 
the order of influence of four factors on the response value was enzyme 
concentration (X3) > ultrasonic power (X4) > ultrasonic time (X2) >
ratio of raw material to liquid (X1). 

3.2.2. Confirmation and analysis of optimal extraction conditions of RSM 
The intuitive representation of regression function can be repre

sented by three-dimensional (3D) response surface and two-dimensional 
(2D) contour line. As shown in Fig. 5, although the 3D surface of X1X2 

Fig. 3. Effect of ratio of enzyme concentration on extraction rate of GMRPs.  

Fig. 4. Effect of ratio of ultrasonic power on extraction rate of GMRPs.  
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was comparatively steep, the color change of the contour line was slow 
and its shape was relatively circular, indicating that its interaction had 
no significant influence on the extraction rate of GMRPs. Fig. 6 and 
Fig. 8 showed the interaction effect of X1X3 and the interaction effect of 
X2X3, respectively. The 3D surfaces of X1X3 and X2X3 were relatively 

steep, and the contour line of the former changed color quickly and 
presented a relatively elliptical shape. Although the color change of the 
latter contour line was relatively slow, its shape was more elliptical than 
that of the former. All the above conditions indicated that both X1X3 
interaction and X2X3 interaction had significant influences on the 
extraction rate of GMRPs, which was also corresponding to the statistical 
results in Table 4. The interaction effect of X1X4 was shown in Fig. 7, 
although the steepness of its 3D surface was relatively low, the shape of 
contour line was oval and the color changed quickly, so it also had a 
significant influence on the extraction rate to a certain extent. Fig. 9 and 
Fig. 10 showed the interaction effect of X2X4 and X3X4 respectively. The 
steepness of their 3D surfaces was low and the color change of their 
contour lines was slow, indicating that the extraction rate of GMRPs was 
little affected by X2X4 and X3X4. Through the above response surface 
analysis and combined with the Design results of Desigh-Expert soft
ware, it was obtained that the optimal conditions for ultrasonic-assisted 
cellulase extraction of GMRPs were as follows: the optimal value of ratio 
of raw material to liquid was 1: 49.947 g/mL, the optimal ultrasonic 
time was 40.1519 min, the optimal enzyme concentration was 4.0339%, 
and the optimal ultrasonic power was 178.862 W. Under the above 
conditions, the extraction rate of GMRPs was 15.56%. 

3.2.3. Verification of the extraction conditions given by the predictive model 
In order to further verify the reliability of the optimal extraction 

conditions given by the response surface model, based on the existing 
conditions in this study, the optimal values of the four conditions given 
by the model were slightly adjusted, that is, the ratio of raw material to 
liquid was 1: 50 g/mL, ultrasonic time was 40 min, enzyme concentra
tion was 4 % and ultrasonic power was 179 W. Three extraction ex
periments were carried out according to the above conditions, and the 
extraction rates of GMRPs were 15.52 %, 15.62 % and 15.55 % 
respectively. The average extraction rate of the three experiments was 
15.56 %, which was consistent with the predicted value. Therefore, the 
statistical model is accurate and reliable, and takes into account the 

Table 2 
Box-Behnken experimental design and results for extraction rate of GMRPs.  

Run 
number 

X1 The ratio of raw material to liquid (g/ 
mL) 

X2 Ultrasonic time 
(min) 

X3 Enzyme concentration 
(%) 

X4 Ultrasonic power 
(W) 

Extraction rate of GMRPs (%)      

Actual 
Value 

Predicted 
Value 

1 60 40 4 144  13.88  13.89 
2 40 40 3 180  13.55  13.59 
3 60, 30 4 180  13.47  13.47 
4 40 40 4 216  13.77  13.81 
5 50 30 3 180  13.25  13.31 
6 40 40 4 144  14.02  14.05 
7 50 50 4 144  13.69  13.73 
8 50 50 3 180  13.27  13.24 
9 50 30 4 144  13.82  13.75 
10 50 40 5 216  13.78  13.77 
11 50 40 4 180  15.60  15.56 
12 60 40 4 216  13.91  13.94 
13 50 50 4 216  13.67  13.73 
14 60 40 5 180  13.76  13.71 
15 50 40 5 144  13.85  13.88 
16 40 50 4 180  13.59  13.55 
17 50 40 3 144  13.76  13.72 
18 50 30 5 180  13.23  13.31 
19 50 50 5 180  13.52  13.52 
20 50 40 4 180  15.59  15.56 
21 50 40 3 216  13.71  13.64 
22 50 40 4 180  15.51  15.56 
23 50 40 4 180  15.54  15.56 
24 60 40 3 180  13.36  13.40 
25 50 30 4 216  13.63  13.58 
26 50 40 4 180  15.55  15.56 
27 40 30 4 180  13.51  13.49 
28 60 50 4 180  13.57  13.54 
29 40 40 5 180  13.62  13.57  

Table 3 
Analysis of variance for the regression model of extraction of GMRPs.  

Source Sum of Square Df Mean Squares F-value P-value 

Model  16.32 14  1.17  318.19 < 0.0001 
Residual  0.0513 14  0.0037   
Lack of Fit  0.0458 10  0.0046  3.34 0.1279 
Pure Error  0.0055 4  0.0014   
Cor Total  16.38 28    
R2 = 0.9969 Adjusted R2 = 0.9937 C.V. = 0.4335  

Table 4 
Regression relationship model between response variable and independent 
variables.  

Variables Sum of Squares Df Mean Square F-value P-value 

X1  0.001 1  0.001  0.2752  0.6081 
X2  0.0133 1  0.0133  3.64  0.0772 
X3  0.0616 1  0.0616  16.82  0.0011 
X4  0.0252 1  0.0252  6.88  0.0201 
X1X2  0.0001 1  0.0001  0.0273  0.8712 
X1X3  0.0272 1  0.0272  7.43  0.0164 
X1X4  0.0196 1  0.0196  5.35  0.0365 
X2X3  0.0182 1  0.0182  4.97  0.0426 
X2X4  0.0072 1  0.0072  1.97  0.1821 
X3X4  0.0001 1  0.0001  0.0273  0.8712 
X1

2  5.38 1  5.38  1467.9  < 0.0001 
X2

2  8.35 1  8.35  2277.84  < 0.0001 
X3

2  7.56 1  7.56  2062.32  < 0.0001 
X4

2  3.42 1  3.42  932.08  < 0.0001  
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influence and interaction of the four variables more than the traditional 
method. 

3.3. Results and analysis of substitution degree of CM-GMRPs 

The principle of carboxymethylation of polysaccharides is mainly to 
alkalize polysaccharides through sodium hydroxide solution, and then 
use the electrophilicity of chloroacetic acid (carboxymethylation re
agent) to promote the etherification of polysaccharides, and obtain 
related derivatives. It has been reported that the degree of carbox
ymethylation of polysaccharides was related to reaction temperature, 
reaction time and the amount of chloroacetic acid, among which the 
amount of chloroacetic acid had a particularly significant effect on the 
degree of substitution [30]. Based on this, this study investigated the 
relationship between the degree of substitution of CM - GMRPs and the 
amount of chloroacetic acid, and the specific results were shown in 
Table 5 below. With the increasing amount of chloroacetic acid, the 
substitution degree of CM-GMRPs showed a trend of first increasing and 
then decreasing, which may be due to the fact that too little chloroacetic 
acid produced fewer carboxymethyl groups, resulting in poor derivati
zation effect; too much chloroacetic acid would promote the occurrence 
of side reactions and change the alkaline environment of the solution, 
resulting in a decrease in the carboxymethylation reaction rate [31]. It 
could be seen that the amount of carboxymethylation reagent had an 
important effect on the derivatization of GMRPs. Meanwhile, it could be 
found from Table 5 that with the increase of chloroacetic acid content, 
the sugar content and yield of CM - GMRPs also began to decline. The 
possible reasons for this situation were as follows: under the medium 
temperature reaction condition for a long time, the acidity of the solu
tion was relatively low when the amount of chloroacetic acid was small, 
and the polysaccharide was less hydrolyzed; as the amount of chloro
acetic acid increased, the contact with the raw material also increased, 
resulting in more polysaccharides being hydrolyzed, which affected the 
yield and sugar content of the derivatives. Therefore, from all the above 
analyses, it can be seen that when the ratio of material to liquid was 

1:30 g/mL, the carboxymethylation modification effect of GMRPs was 
relatively ideal, and the degree of substitution was 0.52. 

3.4. Analysis of infrared spectroscopy 

The functional groups and specific structures of GMRPs and four 
carboxymethylated derivatives were detected by infrared spectroscopy. 
The spectra of infrared detection results of GMRPs and CM-30 were 
shown in Fig. 11. In the picture, two wide peaks and two narrow peaks 
were formed near 3270 cm− 1, 3275 cm− 1, and 2928 cm− 1, 2937 cm− 1. 
The former was caused by the stretching vibration of the O-H bond of the 
hydroxy-group on the sugar ring of the above two polysaccharides. The 
latter was caused by the stretching vibration of the C-H bonds of the 
methyl and methylene groups of the two polysaccharides, and they 
showed a certain degree of peak shape change and chemical shift in the 
absorption peak region, which indicated that carboxymethylation of 
polysaccharides would affect their own hydroxyl groups and change 
their number. In addition, the weak small peak at 1725 cm− 1 and the 
peaks at 1608 cm− 1 and 1431 cm− 1 could be attributed to the stretching 
vibration of carboxyl groups, which indicated that GMRPs might contain 
a very small amount of uronic acid [13]. At the same time, GMRPs and 
CM-30 had absorption peaks near 1044 cm− 1 and 1060 cm− 1, respec
tively, which were caused by asymmetric stretching vibration of C-O-C 
bond, and this further indicated that both were dominated by pyranose 
sugars [32]. Moreover, for the infrared spectroscopy of CM-30 in Fig. 11, 
it can be clearly seen that the characteristic absorption peaks of car
boxymethyl group appeared near the three places of 1598 cm− 1, 1427 
cm− 1 and 1321 cm− 1, and the first two peaks were attributed to the 
stretching vibration of the C––O bond and –COO bond, respectively, and 
the third peak was attributed to the variable angle vibration of the –CH 
bond. From the above analysis, it can be seen that the carbox
ymethylation of GMRPs was successful, and the main structure of 
polysaccharide did not change before and after chemical modification. 

The infrared spectrum results of four carboxymethylated derivatives 
were shown in Fig. 12. It could be seen that three characteristic 

Fig. 5. Effect of interaction between X1 and X2 on extraction rate of GMRPs.  
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absorption peaks of carboxymethyl group appeared in all four poly
saccharide derivatives, and the intensity changes of these peaks were 
related to the degree of substitution, which further indicated that the 
degree of carboxymethylation increased with the increase of the degree 
of substitution, and the main structure of polysaccharide did not change. 

3.5. Analysis of NMR detection results 

The NMR results of GMRPs and CM-30 are shown in Figs. 13 and 14. 
The NMR spectrum of GMRPs was mainly divided into two regions, that 
is, 90–110 ppm is the anomeric carbon signal range of polysaccharide, 
and within this range, GMRPs showed two signal peaks, which indicated 
that it may be made up of two types of glycosidic residues. And multiple 
signal peaks in the range of 65–85 ppm correspond to the resonance 
signals of C2–C5 on the polysaccharide sugar ring. In the two signal peaks 
of δ61.12 and δ16.58, the former was the signal peak of C6 and indicated 
that GMRPs were hexose, while the weak signal peak of the latter 
indicated that it may contain a small amount of rhamnose [32]. In 
addition, there was no characteristic peak of carboxyl group in the signal 
range of 170–180 ppm in the low field region, indicating that the 
amount of uronic acid contained in GMRPs was too small, which was 
also consistent with the results of infrared spectroscopy. For the 13C 
NMR of CM-30, some changes can be clearly seen in Fig. 14. A strong 

Fig. 6. Effect of interaction between X1 and X3 on extraction rate of GMRPs.  

Fig. 7. Effect of interaction between X1 and X4 on extraction rate of GMRPs.  
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carbonyl signal peak was added at δ177.30 in the low field region, which 
indicated that carboxymethyl group had been successfully introduced by 
GMRPs. At the same time, the 13C NMR of CM-30 also produced two new 
signal peaks at δ105.43 and δ89.15, which were most likely caused by 
methylene in the carboxymethyl group. Moreover, compared with 
GMRPs, it can also be seen that most of the signal peaks of CM-30 had a 
certain degree of chemical shift in the signal range of 60–85 ppm, which 
indicated that the chemical modification occurred at some sites in this 
range. Therefore, the results of NMR analysis further proved that the 
carboxymethylation of GMRPs was successful. 

Fig. 8. Effect of interaction between X2 and X3 on extraction rate of GMRPs.  

Fig. 9. Effect of interaction between X2 and X4 on extraction rate of GMRPs.  Fig. 10. Effect of interaction between X3 and X4 on extraction rate of GMRPs.  

Table 5 
Effect of different ratio of material to liquid on carboxymethylation of GMRPs.  

The ratio of material to liquid 
(g/mL) 

substitution 
degree 

Sugar content 
(%) 

Yield 
(%) 

1:20(CM–20)  0.25  61.01  74.32 
1:30(CM–30)  0.52  52.41  68.32 
1:40(CM–40)  0.36  37.97  57.60 
1:50(CM–50)  0.24  37.13  55.20  
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4. Conclusion 

RSM was selected to optimize and determine the optimal conditions 
for the extraction of GMRPs by ultrasonic-assisted cellulase method, that 
is, three extraction experiments were carried out under the conditions of 
ratio of raw material to liquid of 1:50 g/mL, ultrasonic time of 40 min, 
enzyme concentration of 4 %, and ultrasonic power of 179 W. The 

average extraction rate was 15.56 %. The carboxymethylation of GMRPs 
was performed and the relationship between different ratio of raw ma
terial to liquid and the degree of substitution of carboxymethylated 
derivatives was explored. Through single-factor experiment, it was 
found that when the optimal ratio of raw material to liquid was 1:30 g/ 
mL, the degree of substitution of carboxymethylation of GMRPs was 
relatively ideal, which was 0.52. Finally, the success of 

Fig. 11. Infrared spectra of GMRPs and CM-30.  

Fig. 12. Infrared spectra of four carboxymethylated derivatives.  
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Fig. 13. 13C NMR spectrum of GMRPs.  

Fig. 14. 13C NMR spectrum of CM-30.  
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carboxymethylation of GMRPs was confirmed by infrared spectroscopy 
and NMR analysis. 
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