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A B S T R A C T   

The aim of this work was to develop a simple, green and low-consumption method for the extraction of ganoderic 
acids. An in situ effervescence reaction-assisted mechanochemical extraction method was proposed, and the 
effects of independent variations in terms of sodium bicarbonate concentration, milling time, and liquid/solid 
ratio (mL/g) were investigated by means of a response surface methodology (RSM) Box-Behnken design (BBD). 
The highest yields of ganoderic acids were achieved by grinding a Ganoderma lucidum sample with sodium bi-
carbonate (372.60 mg/g) and citric acid for 0.87 min with a water to material ratio of 10.58 mL. The linear 
calibration ranges were from 0.01–5 μg/mL for the six analytes and had good linearity with a correlation co-
efficient of determination higher than 0.9991. In addition, the obtained LODs of the six target analytes were 
1.46 − 2.97 ng/mL, and the LOQs calculated as ten times the signal-to-noise ratio were 4.88 − 9.90 ng/mL. The 
proposed method was successfully applied to the Ganoderma lucidum samples.   

1. Introduction 

Currently, mechanochemistry is a branch of chemistry that combines 
mechanical forces and chemical reactions into the extraction of active 
ingredients from natural products (Guo et al., 2010). The principle of 
mechanochemical-assisted extraction (MCAE) is to apply mechanical 
energy through shear, friction, impact, etc., to cause changes in the 
structure and physical properties of condensed matter and induce 
chemical reactions (Lomovsky et al., 2003). Compared with traditional 
methods, MCAE has achieved high a extraction rate of effective sub-
stances with water as the extractant at room temperature. It is a green 
and environmentally friendly extraction technology that reduces energy 
consumption, saves production costs, improves production efficiency, 
and has no organic solvent pollution (Zhu et al., 2011a; Xie et al., 2013). 
Currently, there is increasing research in the field of mechanochemical 
extraction. For example, Korolev et al. (Korolev et al., 2013) proposed 
that mechanochemistry can be used as a tool to increase the water 
extraction rate of triterpene acids in fir needles by 35.9 %, and Zhu et al. 
(Zhu et al., 2011b) successfully applied this technique to extract 
kaempferol glycosides from Camellia oleifera Abel. (Theaceae) meal. 
Among these reports, most of the extraction process is to grind the 
sample with solid reagents, add the extraction reagents (mostly using 

organic reagents), and then extract by ultrasonic or long-term shaking, 
so the extraction step is somewhat lengthy (Wang et al., 2019; Rincón 
et al., 2019). Therefore, it makes sense to develop a green and simple 
MCAE extraction method. 

Food supplements refer to animal medicines, botanical medicines, 
and mineral medicines that have been proven to have certain pharma-
cological activity by the modern medical system. They are largely used 
as active ingredients in medicines or cosmetics, as well as food preser-
vation and coloring ingredients worldwide. With the development of 
society, people have begun to realize the negative effects of chemical 
drugs on human health and the living environment, so more attention 
has been given paid to the extraction and development of natural drugs 
(Isse and Hashimoto, 2020; Chemat et al., 2019; Maulidiani et al., 2018). 
Conventional food supplement effectual compoent extraction methods 
include heat-reflux, sublimation, and solvent-extraction methods (Wang 
et al., 2004; Cheng et al., 2002; Peng et al., 2018). A variety of advanced 
techniques have been proposed to improve the extraction process of 
natural products, such as supercritical CO2 (Huang et al., 2012; Rever-
chon and De Marco, 2006), microwave (Mandal et al., 2007; Zhang 
et al., 2011) and ultrasound (Chemat et al., 2011) methods. Natural 
extracts production techniques usually include three parts: the 
pre-treatment of plant materials (crushing, sieving and grinding…), 
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solvent extraction process (oscillation, microwave, ultrasound…), and 
the post-treatment of extraction solvent (filtration, purification). The 
extraction solvent plays an important role, and until now, most extrac-
tion of food supplements has been performed with organic solvents such 
as ethyl acetate, petroleum ether and ethanol, which are inefficient and 
harmful to humans and the environment (Choi and Verpoorte, 2019). 
Based on the above conditions, an extraction method with simple 
operation, rapid processing, and an environmentally friendly extraction 
solvent is necessary. In recent years, with improved living standards, the 
requirements for health have become increasingly higher, and Gano-
derma lucidum (known as “lingzhi” in China) has received increasing 
attention in the health care products market. Ganoderma lucidum is a 
popular medicinal fungus and traditional Chinese medicine, that is 
widely distributed in East Asia, such as China, Japan, and Korea, and has 
high medicinal value due to its good efficacy in enhancing immunity and 
calming nerves (Fatmawati et al., 2011; Xia et al., 2014). Currently, 
Ganoderma lucidum has been proven to contain approximately 400 
chemical constituents, such as alkaloids (Peng et al., 2014), triterpe-
noids (Zhao et al., 2015), ergosterol (Luo et al., 2017), polysaccharides 
(Boh et al., 2007), and meroterpenoids (Peng and Qiu, 2018), which 
could be used clinically to regulate immunity and impart antitumor 
activity, lower blood sugar, and protect the nervous system and car-
diovascular system. Many methods have been reported to be applied to 
the extraction of active ingredients in Ganoderma lucidum, such as hot 
water extraction (HWE) (Lai and Yang, 2007), microwave-assisted 
extraction (MAE) (Huang and Ning, 2010) ultrasound-assisted extrac-
tion (UAE) (Kang et al., 2019), and ultrasonic circulating extraction 
(UCE) (Chen et al., 2014), etc. However, conventional methods such as 
HWE require a long time and high extraction temperature to obtain a 
higher extraction efficiency of analytes. Although new methods in recent 
years, such as MAE and UAE, shorten the extraction time and reduce 
energy consumption, they also needs require expensive equipment, 
which restricts their large-scale application. Therefore, it makes sense to 
develop a simple, economical, and low-consumption method for 
extracting active ingredients from Ganoderma lucidum. 

In this paper, an in situ effervescence reaction-assisted mechano-
chemical extraction approach was developed for the extraction of 
ganoderic acid from Ganoderma lucidum samples. Ganoderma lucidum 

material, solid acids, and solid alkali were mixed and fully ground and 
then transferred to an Erlenmeyer flask. A certain amount of extraction 
solvent was added and then slightly shaken for extraction. Some factors 
influencing the extraction efficiency were investigated, such as effer-
vescence composition, solid alkali concentration, milling time and 
liquid/solid ratio (mL/g). In addition, response surface methodology 
(RSM) Box − Behnken design (BBD) was applied to obtain the optimal 
conditions of the key independent variables. Finally, systematic meth-
odological verification was performed to prove the effectiveness and 
feasibility of the method. 

2. Experimental 

2.1. Chemicals and reagents 

Standard lucidinic acid C, ganoderic acid G, ganoderic acid A, luci-
dinic acid A, ganoderic acid D and ganoderic acid F were obtained from 
Shanghai Winherb Medical Technology Co., Ltd. (Shanghai, China) with 
purities in the range of 98–99 %. HPLC-grade sodium bicarbonate, so-
dium dihydrogenphosphate, and sodium carbonate were purchased 
from Alfa Aesar China (Tianjin, China). Analytical-grade citric acid, 
formic acid, and ascorbic acid were supplied by Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Purified water was provided by 
Wahaha Group, Ltd. (Hangzhou, China) during the study. HPLC-MS- 
grade methanol and acetonitrile were obtained from Tedia Company 
Inc. (Fairfield, US). The Ganoderma lucidum sample was purchased from 
Hangzhou, Zhejiang province, and produced in Changbai Mountain, 
Jilin province. The harvest time was July 2020. The sample was 
authenticated by the Quality Inspection Center for Edible Fungi Prod-
ucts of the Shanghai Ministry of Agriculture (Shanghai, China). 

2.2. Analytical conditions 

The experiment was performed on an Agilent 1290 series ultrahigh- 
performance liquid chromatography system (Agilent Technologies, 
Santa Clara, USA), which was connected to a 6545 Q-TOF mass spec-
trometer (Agilent Technologies Co., Ltd., USA) and an ESI source. 
Chromatographic separation was achieved using a commercial Agilent 

Fig. 1. Experimental process of the in situ effervescence reaction-assisted mechanochemical extraction method.  
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Eclipse Plus C 18 column (3.0 mm × 50 mm i.d., 1.8 μm). The column 
oven was maintained at a temperature of 25 ℃. The mobile phase 
compositions used were water containing 0.3 % formic acid (A) and 
acetonitrile (B), and the flow rates of the two elution solvents were 
0.4 mL/min. The optimized gradient program was as follows: 0 min, 30 
% B; 0 − 4 min, 30 %− 43 % B; 4 − 8 min, 43 %− 45 % B; 8 − 9 min, 45 
%− 100 % B; 9 − 10 min, 100 %− 30 % B. The operating conditions for 
mass spectrometry were as follows: gas temperature, 350 ℃; drying gas 
flow rate, 12 L/min; nebulizer gas (N2), 45 psi; sheath gas temperature, 
350 ℃; sheath gas flow, 8 l/min; skimmer voltage, 65 V; fragmentor 
voltage, 175 V; full-scan mode; m/z range of 100− 700 m/z. All of the MS 
data were processed using Mass Hunter Acquisition Software (Version 
B.06.01 SP1, Agilent Technologies), and the experimental data were 
exported to Origin 8.5 (Originlab, USA) to generate the presented 
diagrams. 

2.3. Preparation of samples 

The sodium dihydrogenphosphate, citric acid, ascorbic acid, sodium 
bicarbonate and sodium carbonate compounds were dried in an oven at 
70 ℃ for 10 h. The standard stock solutions were obtained by mixing 
each analyte in methanol (1 mg/mL) for lucidinic acid C, ganoderic acid 
G, ganoderic acid A, lucidinic acid A, ganoderic acid D, and ganoderic 
acid F and stored at 4 ℃. The standard solutions used in the experiment 
were prepared by dilution of the stock solutions with methanol to 

different concentrations. Additionally, the resulting solution was filtered 
through a 0.22 μm filter and then used for qualitative and quantitative 
analysis. 

2.4. Effervescence-assisted mechanochemical extraction procedure 

Initially, the Ganoderma lucidum samples bought in the local market 
were dried in an oven at 60 ℃ for 2 h. Subsequently, 1 g of dried 
Ganoderma lucidum sample, 200 mg of accurately weighed solid acids 
(citric acid, sodium dihydrogen phosphate and ascorbic acid) and 
different amounts (300 mg − 600 mg) of solid alkali (sodium carbonate 
and sodium bicarbonate) were mixed in a 100 mL zirconia ball mill 
drums (with 50 g zirconia ball mill beads) using a planetary ball mill 
(Focucy F-P400H, China). After milling at 800 rpm for different times 
(30 s− 120 s), the mixture was thoroughly ground to obtain a fine 
powder and reacted. Next, the powder was transferred to a ground bottle 
and extracted with a certain volume of water (5− 20 mL) for 5 min. Then, 
the mixtures were centrifuged at 4000 rpm for 5 min and the superna-
tant was adjusted to a desired pH of 7 with 6 M HCl. Finally, the solution 
was filtered through a 0.22 μm filter and kept at 4 ◦C until analysis. The 
in situ effervescence reaction-assisted mechanochemical extraction 
procedure is shown in Fig. 1. 

2.5. Experimental design and statistical analysis 

Response surface methodology (RSM) is a statistical experimental 
design for optimizing processes, that has been was used to establish 
continuous variable surface models to evaluate the factors affecting the 
processes and their interactions and determine the optimal level range. 
The data from the extraction experiments designed by Box-Behnken 
design (BBD) were analyzed by the Design-Expert Software (v. 8, Stat 
Ease, USA). Based on the single-factor experiments, the major parame-
ters selected for this study were the amount of sodium bicarbonate (A), 

Table 1 
Independent variables and levels used for BBD.  

Symbol Variables  Level      
− 1 0 1 

A amount of sodium bicarbonate (mg) 200 400 600 
B milling time (min) 0.5 1 1.5 
C liquid/solid ratio (mL/g) 5 10 15  

Fig. 2. Optimization of the extraction process. (A) Effect of the type of solid reagent. (B) Effect of sodium bicarbonate concentration. (C) Effect of milling time. (D) 
Effect of Liquid/Solid Ratio (mL/g). Target compounds: (1) lucidenic acid C, (2) ganoderic acid G, (3) ganoderic acid A, (4) lucidenic acid A, (5) ganoderic acid D, 
and (6) ganoderic acid F. 
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milling time (B), and liquid/solid ratio (C). The coded and uncoded 
levels for the independent variables were listed in Table 1. In this work, 
a total of 17 experiments with different combinations of three inde-
pendent variables are performed, and five replicate samples of the 
design center were used to estimate the sum of squares of experimental 
errors. The experimental data from the BBD could be fitted to the 
quadratic polynomial model as follows: 

Y = β0 +
∑n

j=1
βjXj +

∑n

j=1
βjjX2

j +
∑∑n

i<j
βijXiXj  

where Y is the response of target analytes extracted, β0 is an intercept 
constant, βjj, βj, and βij are the regression coefficients of quadratic terms, 
linear terms, and interaction of A, B and C variables estimated by the 
model, respectively; n is the number of independent variables (n = 3); 
and Xi and Xj are the coded values of the independent variables 
(Nashiruddin et al., 2020; Pandey et al., 2018). 

3. Results and discussion 

3.1. Effect of effervescence composition 

The composition of the effervescent salt was considered to be a key 
aspect and had a significant impact on the extraction procedure of the 
target analytes. The primary requirements for an effective foaming 
process were a carbon dioxide source and acid components. The disso-
lution of these two agents in the solvent promoted the generation of CO2, 
which helped disperse the extraction solvent while improving the 
extraction efficiency (Ye et al., 2015). In this study, sodium bicarbonate 
and sodium carbonate were chosen as CO2 sources, and sodium dihy-
drogenphosphate, citric acid and ascorbic acid were selected as proton 
donor compounds. Two kinds of CO2 sources and three kinds of acidic 
compounds were composed into six combinations to evaluate their 
performances. To maintain the dryness and effervescent ability of the 
effervescent salt, the reagents should be dried first. As shown in Fig. 2A, 
when the acidic salt was the same, sodium bicarbonate showed a better 
extraction effect on the target analytes than sodium carbonate. This 
could be ascribed to the effervescence ability of sodium bicarbonate 
being much stronger than that of sodium carbonate (Hu et al., 2019), so 
more carbon dioxide was produced to help the dispersion of the 
extraction solvent and the extraction of the analytes. It is worth noting 
that the extraction efficiency of the method with sodium 
bicarbonate-citric acid was close to three times that of the sodium 
carbonate-ascorbic acid method. As a result, considering the more 
intense effervescence performance and better extraction efficiency, so-
dium bicarbonate and citric acid were selected for further experiments. 

3.2. Effect of sodium bicarbonate concentration 

Taking into account that part of sodium bicarbonate was to be used 
as a source of carbon dioxide, and the other part was to react with the 
active ingredients of the sample during the mechanical grinding process, 
the concentration of sodium bicarbonate had a significant impact on the 
extraction efficiency. If the amount of solid reagent were too low, the 
extraction process time would be greatly extended. To obtain the 
optimal concentration, the sodium bicarbonate concentration was var-
ied from 300, 400, 500–600 mg/g, while the citric acid was maintained 
at 200 mg. Fig. 2B shows that the content of analytes increased when the 
amount of sodium bicarbonate was increased from 300 mg to 400 mg/g, 
but as the amount of sodium bicarbonate continued to increase, the 
content remained basically unchanged. This may be because increasing 
the amount of sodium bicarbonate produced more carbon dioxide, 
which was conducive to improving the extraction efficiency. However, 
excessive sodium bicarbonate caused the consumption of citric acid, 
thereby hindering the diffusion of extraction solvent and inhibiting the 
extraction of analytes (Andrey et al., 2017). Therefore, based on the 
above research, the optimal content of sodium bicarbonate was selected 

to be 400 mg/g. 

3.3. Effect of milling time 

Grinding time was a crucial factor affecting the mechanochemical 
extraction process. It affected the extraction efficiency in the following 
three factors: the reduction of particle sizes, the mechanochemical re-
action process, and the changes of the compounds in the morphology 
(Xie et al., 2011a). Therefore, the grinding process could change the 
contact area of the material to increase its solubility in the extraction 
solvent. Different milling times (0.5, 1, 1.5, 2 min) were investigated to 
obtain the optimum extraction efficiency. The experimental results are 
shown in the Fig. 2C. When the grinding time was increased from 
0.5 min to 1 min, the extraction content of the six analytes slightly 
increased. The reason for this was that through more thorough grinding, 
the particle size of the sample was reduced, which made the extraction 
solvent diffuse more easily and improved the extraction efficiency. 
However, as the grinding time was continuously increased, the content 
of analytes decreased and remained basically unchanged. This may be 
because the extraction effect could not be significantly improved by a 
longer grinding time when the particle size of the sample had been 
reduced to a minimum (Liu et al., 2007). Thus, considering the above 
experimental results, the grinding time of 1 min was sufficient for 
sample extraction by this method. 

3.4. Effect of liquid/solid ratio (mL/g) 

Generally, a higher liquid/solid ratio contributed to the complete-
ness of the analyte extraction, thereby improving the extraction effi-
ciency, but the excess volume of solvent could be wasteful. Thus, the 
experiment was carried out at different liquid/solid ratios (5, 10, 15, 
20 mL/g) to obtain the optimal proportion under the same conditions 
(citric acid concentration, 200 mg; sodium bicarbonate concentration, 
400 mg; milling time, 1 min). As shown in Fig. 2D, it was found that the 
extraction efficiency improved as the liquid/solid ratio was increased 
from 5 mL/g to 10 mL/g. However, as the amount of extraction solvent 
continued to increase, the content of extraction remained at a steady 
level or slightly declined. This could be because the target analytes had 
been completely extracted in the range of 10− 20 mL/g. The results of 
the experiment showed that the solubility of the sample in the extraction 
reagent was the key factor leading to the extraction efficiency. As the 
amount of solvent increased, the target analyte would come into contact 
with the solvent thoroughly, resulting in a higher leaching rate (Xie 
et al., 2011b). Hence, based on the above experiment, a 10 mL/g 
water/material ratio was chosen as the optimal proportion for the 

Table 2 
Box-Behnken Experiment Design with Independent Variables.  

Run A:A B:B C:C 
Ganoderic acid A 

Actual Value Predicted Value 

1 400 1 10 2.27E+08 2.29E+08 
2 600 0.5 10 3.06E+08 3.09E+08 
3 400 1.5 15 2.45E+08 2.43E+08 
4 200 1.5 10 2.86E+08 2.83E+08 
5 600 1 5 2.03E+08 2.03E+08 
6 400 1 10 2.72E+08 2.72E+08 
7 600 1.5 10 2.02E+08 2.02E+08 
8 400 1 10 2.53E+08 2.53E+08 
9 400 1 10 2.80E+08 2.77E+08 
10 400 1 10 2.47E+08 2.49E+08 
11 200 0.5 10 2.47E+08 2.45E+08 
12 400 0.5 5 2.58E+08 2.61E+08 
13 200 1 15 2.92E+08 2.97E+08 
14 400 1.5 5 3.00E+08 2.97E+08 
15 600 1 15 2.81E+08 2.97E+08 
16 400 0.5 15 2.94E+08 2.97E+08 
17 200 1 5 3.17E+08 2.97E+08  
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Table 3 
Results of the variance analysis of the regression model for the extraction of six analytes.  

A Lucidenic acid C 

Source sum of squares df Mean square F value Prob > F  

Model 6.94E+14 9 7.71E+13 31.28 < 0.0001 significant 
A-A 7.92E+13 1 7.92E+13 32.13 0.0008  
B-B 7.59E+11 1 7.59E+11 0.31 0.5962  
C-C 2.49E+13 1 2.49E+13 10.08 0.0156  
AB 1.74E+13 1 1.74E+13 7.04 0.0328  
AC 6.04E+12 1 6.04E+12 2.45 0.1614  
BC 3.04E+13 1 3.04E+13 12.33 0.0098  
A2 1.36E+14 1 1.36E+14 54.98 0.0001  
B2 1.53E+13 1 1.53E+13 6.19 0.0417  
C2 3.44E+14 1 3.44E+14 139.65 < 0.0001  
Residual 1.73E+13 7 2.47E+12    
Lack of Fit 1.43E+13 3 4.76E+12 6.43 0.052 not significant 
Pure Error 2.96E+12 4 7.41E+11    
Cor Total 7.11E+14 16 R2 = 0.9757 R2adj = 0.9445  

B Ganoderic acid G 

Source sum of squares df Mean square F value Prob > F  

Model 1.14E+17 9 1.26E+16 23.56 0.0002 significant 
A-A 1.39E+16 1 1.39E+16 25.95 0.0014  
B-B 2.88E+15 1 2.88E+15 5.38 0.0534  
C-C 5.80E+15 1 5.80E+15 10.83 0.0133  
AB 1.19E+15 1 1.19E+15 2.22 0.1796  
AC 9.60E+14 1 9.60E+14 1.79 0.2223  
BC 3.56E+15 1 3.56E+15 6.66 0.0364  
A2 1.21E+16 1 1.21E+16 22.66 0.0021  
B2 9.56E+14 1 9.56E+14 1.79 0.2232  
C2 6.72E+16 1 6.72E+16 125.57 < 0.0001  
Residual 3.75E+15 7 5.35E+14    
Lack of Fit 2.32E+15 3 7.73E+14 2.17 0.2345 not significant 
Pure Error 1.43E+15 4 3.57E+14    
Cor Total 1.17E+17 16 R2 = 0.9680 R2adj = 0.9270  

C Ganoderic acid A 

Source sum of squares df Mean square F value Prob > F  

Model 1.78E+16 9 1.98E+15 18.3 0.0005 significant 
A-A 7.15E+15 1 7.15E+15 66.15 < 0.0001  
B-B 7.15E+13 1 7.15E+13 0.66 0.4428  
C-C 2.11E+14 1 2.11E+14 1.96 0.2047  
AB 3.92E+14 1 3.92E+14 3.63 0.0986  
AC 8.32E+13 1 8.32E+13 0.77 0.4093  
BC 4.73E+14 1 4.73E+14 4.37 0.0748  
A2 3.33E+15 1 3.33E+15 30.82 0.0009  
B2 2.59E+13 1 2.59E+13 0.24 0.6395  
C2 5.46E+15 1 5.46E+15 50.49 0.0002  
Residual 7.56E+14 7 1.08E+14    
Lack of Fit 5.13E+13 3 1.71E+13 0.097 0.9577 not significant 
Pure Error 7.05E+14 4 1.76E+14    
Cor Total 1.86E+16 16 R2 = 0.9592 R2adj = 0.9068  

D Lucidenic acid A 

Source sum of squares df Mean square F value Prob > F  

Model 3.91E+15 9 4.35E+14 21.4 0.0003 significant 
A-A 1.58E+15 1 1.58E+15 77.47 < 0.0001  
B-B 1.29E+12 1 1.29E+12 0.063 0.8086  
C-C 3.00E+13 1 3.00E+13 1.48 0.2637  
AB 2.64E+13 1 2.64E+13 1.3 0.2919  
AC 2.17E+13 1 2.17E+13 1.07 0.3358  
BC 8.51E+13 1 8.51E+13 4.19 0.0799  
A2 8.32E+14 1 8.32E+14 40.91 0.0004  
B2 1.04E+14 1 1.04E+14 5.12 0.0581  
C2 1.05E+15 1 1.05E+15 51.81 0.0002  
Residual 1.42E+14 7 2.03E+13    
Lack of Fit 1.18E+14 3 3.94E+13 6.57 0.0502 not significant 
Pure Error 2.40E+13 4 6.00E+12    
Cor Total 4.06E+15 16 R2 = 0.9649 R2adj = 0.9198  

E Ganoderic acid D 

Source sum of squares df Mean square F value Prob > F  

Model 4.10E+16 9 4.55E+15 19.87 0.0003 significant 
A-A 1.57E+16 1 1.57E+16 68.51 < 0.0001  
B-B 1.13E+15 1 1.13E+15 4.93 0.0619  

(continued on next page) 
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extraction. 

3.5. Optimization of extraction conditions by RSM 

Based on the single-factor experimental results, the variable ranges 
of three major factors were as follows: the concentration of sodium bi-
carbonate (200–600 mg), milling time (0.5–1.5 min) and liquid/solid 
ratio (5–15 mL/g). In this work, 17 experiments were carried out in a 
random order according to the number of times arranged by the soft-
ware, and the experimental variables are shown in Table 2. The 
quadratic polynomial equations describing the content of ganoderic acid 
extracted (Y) as a simultaneous equation of the amount of sodium bi-
carbonate (A), milling time (B), and liquid/solid ratio (C), were shown 
as follows, respectively. It was shown that the interactive variables (B, C 
and BC) revealed a major effect on the amount of the analytes extracted. 
It was worth noting that the extraction effect of parameter B on gano-
deric acid D was opposite to that of other analytes. The reason for this 
could be that the analyte was easily oxidized during the grinding pro-
cess, which led to a decrease in the amount of extraction (Xie et al., 
2011a).  

Y(lucidenic acid C) = -2.46*107 + 1.62*105*A + 1.19*107*B+ 6.27*106*C - 
20830.50*A*B - 1229.10*A*C+ 1.10*106*B*C - 141.83*A2 - 7.61*106*B2- 
3.62*105*C2                                                                                          

Y(ganoderic acid G) = -7.77*107 + 1.61*106*A + 3.22*107* B+ 8.99*107*C 
- 1.72*105*A*B - 15492.44*A*C+ 1.19*107*B*C - 1341.49*A2 - 
6.03*107*B2- 5.05*106*C2                                                                       

Y(ganoderic acid A) = -2.77*107 + 8.57*105*A + 9.97*106* B+ 2.52*107*C 
- 98978.25615*A*B - 4561.13*A*C+ 4.35*106*B*C - 703.09*A2 - 
9.92*106*B2- 1.44*106*C2                                                                       

Y(lucidenic acid A) = -8.08*107 + 4.00*105*A + 3.08*107*B+ 1.14*107*C - 
2.57*104*A*B - 2329.32*A*C+ 1.85*106*B*C-351.34*A2 - 1.99*107*B2- 
6.33*105*C2                                                                                          

Y(ganoderic acid D) = -7.73*107 + 1.14*106*A - 4.04*107*B+ 3.96*107*C - 
1.49*105*A*B - 8535.09*A*C+ 8.59*106*B*C - 854.47*A2 - 4.86*106*B2- 
2.34*106* C2                                                                                         

Y(ganoderic acid F) = -1.26*108 + 7.78*105*A + 5.32*107*B+ 2.65*107*C - 
63132.46*A*B - 5041.16*A*C+ 3.67*106*B*C - 680.09*A2 - 3.15*107*B2- 
1.47*106*C2                                                                                         

The influence of the interaction of independent variables and the fit 
of the regression model were analyzed by different coefficients obtained 
by analysis of variance (ANOVA). Table 3(A–F) shows that the experi-
mental data for each analyte fit well with its quadratic model. The 
ANOVA revealed that the regression model for each analyte was 
remarkably significant (P < 0.0001), as proven by the high F-value 
(31.28 for lucidenic acid C, 23.56 for ganoderic acid G, 18.3 for gano-
deric acid A, 21.4 for lucidenic acid A, 19.87 for ganoderic acid D and 
19.89 for ganoderic acid F). The ANOVA of experimental data indicated 
a determination coefficient (R2) for lucidenic acid C of 0.9757, for 
ganoderic acid G of 0.9680, for ganoderic acid A of 0.9592, for lucidenic 
acid A of 0.9649, for ganoderic acid D of 0.9623 and for ganoderic acid F 
of 0.9624, respectively, which demonstrated that the models were 
highly significant and could explain almost all of the variables. The 
adjusted determination coefficients (R2Adj = 0.9445 for lucidenic acid 
C, 0.9270 for ganoderic acid G, 0.9068 for ganoderic acid A, 0.9198 for 
lucidenic acid A, 0.9139 for ganoderic acid D and 0.9140 for ganoderic 
acid F) also showed the accuracy of the regression model and the high 
consistency between the predicted value and the actual value. Moreover, 
the lack of fit statistics, prob > F (0.052 for lucidenic acid C, 0.2345 for 
ganoderic acid G, 0.9577 for ganoderic acid A, 0.0502 for lucidenic acid 
A, 0.1594 for ganoderic acid D and 0.2561 for ganoderic acid F) were 
more than 0.05 and not significant. 

To determine the optimal parameters by analyzing the interaction 
between the independent variables, the regression equation was dis-
played by the 3D response surface in Fig. 3(a–f). The effect of the amount 
of sodium bicarbonate in the effervescent salt (A), the grinding time (B), 
and the liquid-solid ratio of the extraction reagent to the material (C) on 
the content of the extracted analyte could be seen in 3D response surface 
curves. By solving the inverse matrix, the optimal conditions provided 

Table 3 (continued ) 

E Ganoderic acid D 

Source sum of squares df Mean square F value Prob > F  

C-C 7.33E+14 1 7.33E+14 3.2 0.1167  
AB 8.85E+14 1 8.85E+14 3.86 0.0901  
AC 2.91E+14 1 2.91E+14 1.27 0.2965  
BC 1.85E+15 1 1.85E+15 8.05 0.0251  
A2 4.92E+15 1 4.92E+15 21.48 0.0024  
B2 6.22E+12 1 6.22E+12 0.027 0.8738  
C2 1.44E+16 1 1.44E+16 62.67 < 0.0001  
Residual 1.60E+15 7 2.29E+14    
Lack of Fit 1.11E+15 3 3.69E+14 2.98 0.1594 not significant 
Pure Error 4.96E+14 4 1.24E+14    
Cor Total 4.26E+16 16 R2 = 0.9623 R2adj = 0.9139  

F Ganoderic acid F 

Source sum of squares df Mean square F value Prob > F  

Model 1.54E+16 9 1.71E+15 19.89 0.0003 significant 
A-A 4.62E+15 1 4.62E+15 53.8 0.0002  
B-B 5.44E+12 1 5.44E+12 0.063 0.8085  
C-C 3.11E+14 1 3.11E+14 3.62 0.0988  
AB 1.59E+14 1 1.59E+14 1.86 0.2152  
AC 1.02E+14 1 1.02E+14 1.18 0.3126  
BC 3.36E+14 1 3.36E+14 3.91 0.0884  
A2 3.12E+15 1 3.12E+15 36.28 0.0005  
B2 2.61E+14 1 2.61E+14 3.04 0.1248  
C2 5.70E+15 1 5.70E+15 66.37 < 0.0001  
Residual 6.01E+14 7 8.59E+13    
Lack of Fit 3.61E+14 3 1.20E+14 2 0.2561 not significant 
Pure Error 2.40E+14 4 6.01E+13    
Cor Total 1.60E+16 16 R2 = 0.9624 R2adj = 0.9140  
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by the software for the extraction were the amount of sodium bicar-
bonate 372.60 mg, milling time 0.87 min, and the ratio of water to 
material 10.58 mL. 

3.6. Method validation 

To evaluate and investigate the extraction efficiency of the proposed 
method (including its linear ranges, repeatability, LOD and LOQ), the 

Fig. 3. The three-dimensional response surface plots of six analytes: (a) lucidenic acid C, (b) ganoderic acid G, (c) ganoderic acid A, (d) lucidenic acid A, (e) 
ganoderic acid D, and (f) ganoderic acid F. Three single factors: (A) concentration of sodium bicarbonate in the effervescent salt, (b) grinding time, and (c) the liquid- 
solid ratio of the extraction reagent to the material. 
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analytes should be qualitatively and quantitatively analyzed. To deter-
mine the linearity of the analytes, nine concentrations of sample solu-
tions ranging from 0.01–5 μg/mL were analyzed, and the results are 
listed in Table 4. The correlation coefficients of the calibration curves for 

lucidenic acid C, ganoderic acid G, ganoderic acid A, lucidenic acid A, 
ganoderic acid D and ganoderic acid F were in the range of 
0.9990− 0.9995, which indicated that the proposed method had good 
linearity for the target analytes. The intraday and interday precision 

Fig. 3. (continued). 
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were examined by extracting a single concentration standard solution 
six times a day or on different days using the proposed method. The 
intraday RSD values for retention time ranged from 0.03 to 0.15, those 
for peak areas ranged from 0.14 to 0.75, the interday RSD values for 
retention time ranged from 0.17 to 0.29, and those for peak areas ranged 
from 1.82 to 2.23. On the basis of calculation as three times the signal- 
to-noise ratio, the LODs of the six target analytes were 1.46 − 2.97 ng/ 
mL, and the LOQs calculated as ten times the signal-to-noise ratio were 
4.88 − 9.90 ng/mL. Based on the above experimental results, the pro-
posed method was stable and effective. 

3.7. Sample analysis 

To verify the practicability of the proposed method, Ganoderma 
lucidum purchased from the supermarket was used to determine the 
content of the target compounds. The Ganoderma lucidum sample was 
processed using the method under the optimal conditions, and the 
analytical results in Table 5 demonstrated that the highest content was 
determined to be ganoderic acid G and more than 13 times the lowest 
content lucidenic acid. To validate the accuracy of the method, spiked 
recovery studies were performed with two different concentrations of 

Fig. 3. (continued). 
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the standard sample. The RR% values ranged from 68.01–110.56 with 
high accuracy, which clearly indicated that the presented method had 
good validity and high sensitivity for the Ganoderma lucidum sample. In 
addition, the RSD% (n = 3) of migration time and peak area varied from 
0.04 to 0.12 and 1.14–2.70, respectively. The chromatograms of stan-
dard samples and Ganoderma lucidum samples are shown in Fig. 4(A–B). 
The above experimental results further showed the effectiveness of the 
method and could be used to precisely and sensitively determine the 
composition of Ganoderma lucidum. 

4. Conclusion 

In this paper, for the first time, an in situ effervescence reaction- 
assisted mechanochemical extraction method was proposed and suc-
cessfully applied for the extraction of ganoderic acid from Ganoderma 
lucidum samples. Ganoderma lucidum material, solid acids, and solid al-
kali were mixed together and fully mechanically ground, which elimi-
nated the need for tableting or manual grinding operations. In addition, 
through the mechanochemical process, the diffusivity and water solu-
bility of the target compounds could be improved to significantly 

Table 4 
Linear Regression Data, Precision, Limits of detection (LODs) and Limits of quantification (LOQs) of the Investigated Compounds.   

Calibration curve Reproducibility(RSD%)    

Calibration levels (n = 3) Intraday n = 3 LInterday n = 6 LOD s ng/ 
m 

LOQs ng/ 
mL 

Analytes r2 Slopes Intercepts Linear ranges μg/ 
mL 

Retention 
time 

Peak 
area 

Retention 
time 

Peak 
area   

Lucidenic acid C 0.9994 9336989.507 385315.71 0.01− 5 0.15 0.44 0.29 2.16 2.70 9.01 
Ganoderic acid G 0.9990 10206029.34 527201.55 0.01− 5 0.12 0.33 0.24 2.14 2.04 6.80 
Ganoderic acid A 0.9995 10880256.42 289601.65 0.01− 5 0.04 0.14 0.23 2.08 2.10 6.99 
Lucidenic acid A 0.9995 12085189.18 288530.66 0.01− 5 0.09 0.25 0.17 1.84 1.46 4.88 
Ganoderic acid D 0.9993 8887146.57 384472.98 0.01− 5 0.04 0.36 0.19 2.23 2.97 9.90 
Ganoderic acid F 0.9995 8665107.43 337799.90 0.01− 5 0.03 0.75 0.17 1.82 2.38 7.94  

Table 5 
The Content, Average Recovery and Reproducibility of Samples.   

Reproducibility 
(sample extraction) 
(RSD%) n = 3 

Analyte Content 
(μg/mL) 

Added 
(μg/mL) 

Recovery 
% 

Retention 
time 

Peak 
area 

Lucidenic 
acid C 

4.94 0.1 70.50 0.12 1.67 
1 102.75 

Ganoderic 
acid G 67.98 

0.1 110.56 
0.07 1.34 1 99.23 

Ganoderic 
acid A 26.75 

0.1 68.01 
0.08 2.70 1 73.51 

Lucidenic 
acid A 

6.77 0.1 97.31 0.07 1.36 
1 74.57 

Ganoderic 
acid D 

40.22 0.1 87.86 0.07 1.88 
1 84.57 

Ganoderic 
acid F 23.37 

0.1 95.65 
0.04 1.14 1 80.57  

Fig. 4. Chromatograms of standard samples (A) and Ganoderma lucidum samples (B).  
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increase the extraction efficiency. The extraction solvent (water) was 
added to the ground material, shaken slightly and then left to stand for 
extraction. The proposed extraction method not only avoided the use of 
organic solvents but also replaced long-term oscillation, microwave or 
ultrasonic extraction and reduced energy consumption. Therefore, the 
use of this method is not only easy to operate but also in line with the 
principles of green chemistry, which will provide new ideas for the 
extraction of natural medicines. 
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