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A B S T R A C T   

This study aimed to establish a novel mechanically assisted coamorphous dispersion extraction (MADE) method 
for the extraction of hydrophobic compounds (hesperidin, nobiletin and tangeretin) from Citri Reticulatae 
Pericarpium using water. The surface morphology, particle size distributions, phase states and functional groups 
of the coground product surface were characterized by Scanning Electron Microscopy, X-ray diffraction and 
Fourier transform infrared spectroscopy. The parameters affecting the efficiency of extraction method were 
optimized by single-factor experiments and response surface methodology. The method showed good linear 
relationships in the range of 1–500 μg/mL with correlation coefficients (R2) ≥ 0.9990, low limits of detection 
ranging from 3.0 to 28.3 ng/mL, and acceptable recoveries ranging from 87.0 to 91.0%. Therefore, the proposed 
MADE method is a promising, efficient and organic solvent-free method for the extraction of hydrophobic 
compounds from plant tea.   

1. Introduction 

Natural products, mainly including saccharides, alkaloids, flavo-
noids and steroids, have been widely used in the fields of pharmaceu-
ticals, health care, food and cosmetics (Ren et al., 2013; Wang et al., 
2020) because of their unique structural characteristics and excellent 
bioactivities (da Silva et al., 2016). It is known that traditional extrac-
tion methods for natural products, such as maceration (Masota et al., 
2020), heating reflux (DiNardo et al., 2019) and Soxhlet extraction 
(Chemat et al., 2019), suffer from low extraction efficiency, high solvent 
consumption and complex operation on most occasions (Chemat et al., 
2020; Wang et al., 2021); although ultrasonic assisted extraction (UAE) 
(Belwal et al., 2019) and microwave assisted extraction (MAE) (Bachtler 
& Bart, 2021) are regarded as advanced extraction methods due to 
simple procedures and relatively high efficiencies, the undeniable 
disadvantage is the consumption of organic solvents (Zhou et al., 2011). 
Especially for the extraction of some hydrophobic compounds, organic 
solvent-based extraction has become the mainstream method (Bolling 
et al., 2009; Wu et al., 2020), which is harmful to the environment. 

Citri Reticulatae Pericarpium (CRP), originating from the dried peel 
of Citrus reticulata Blanco or its cultivars, is simultaneously consumed as 
herbal medicine and popular edible tea (Sun et al., 2010). Citrus 

reticulata ‘Chachi’ (CRC), predominantly grown in Xinhui District 
(Jiangmen, China), is commonly regarded as the most valuable variety 
of CRP (Li et al., 2012). Because of the multiple bioactive activities of 
flavonoids in CRP (Zheng et al., 2021), such as antioxidant, anti- 
inflammatory and antitumor activities (Xu et al., 2014; Liu et al., 
2021a), a series of extraction methods have been widely reported (Picos- 
Salas et al., 2021), including heat reflux extraction (Gao et al., 2019), 
UAE (Zheng et al., 2020) and pressurized liquid extraction (Li et al., 
2012). However, due to the poor aqueous solubility of flavanone gly-
cosides and polymethoxyflavones in CRP, these methods are assisted by 
organic solvents (Li et al., 2009; Zhang et al., 2019). Given the afore-
mentioned situation, the focus of this study has shifted to the estab-
lishment of an organic solvent-free extraction technique with high 
extraction efficiency and compliance with the concept of sustainable 
development. 

In recent years, coamorphous solid dispersion technology has been 
gaining popularity in the pharmaceutical industry as an effective means 
for enhancing the dissolution rate of indissolvable active ingredients 
(Maniruzzaman et al., 2013; Mizoguchi et al., 2018; Wu et al., 2018; 
Mithu et al., 2021). Compared to its crystalline counterpart, amorphous 
solid has greater water solubility because it lacks the long-range order of 
molecular packing and has higher internal energy (Baghel et al., 2016; 

* Corresponding author. 
E-mail address: caoj@hznu.edu.cn (J. Cao).  

Contents lists available at ScienceDirect 

Food Chemistry 

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

https://doi.org/10.1016/j.foodchem.2022.133462 
Received 10 December 2021; Received in revised form 18 May 2022; Accepted 9 June 2022   

mailto:caoj@hznu.edu.cn
www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2022.133462
https://doi.org/10.1016/j.foodchem.2022.133462
https://doi.org/10.1016/j.foodchem.2022.133462
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2022.133462&domain=pdf


Food Chemistry 393 (2022) 133462

2

Silva et al., 2021). Among the preparation techniques of amorphous 
solids (e.g., hot-melt extrusion, spray freeze drying, and ball milling), 
ball milling is preferred due to its pollution-free, relatively simple and 
fast characteristics (Yu, 2001; Lu et al., 2019; Chen et al., 2021). 
Considering the important role of amorphous solid dispersion technol-
ogy in improving the solubility of hydrophobic components, it is crucial 
and promising to apply this technique to the extraction of hydrophobic 
compounds from plant-based foods. 

This study was aimed at developing a simplified and fully optimized 
mechanically assisted coamorphous dispersion extraction (MACDE) 
method to extract hydrophobic compounds (hesperidin, nobiletin and 
tangeretin) from plant tea. Single-factor and multifactor experiments 
were systematically designed to optimize the relevant parameters, and 
Scanning Electron Microscopy (SEM), Fourier transform infrared (FT-IR) 
spectroscopy and X-ray diffraction (XRD) were used to characterize the 
particle sizes and characteristic functional groups of the coground 
powder. The validation experiments were carried out in terms of line-
arity, precision, accuracy and reproducibility. 

2. Materials and methods 

2.1. Chemicals and reagents 

HPLC-grade methanol and acetonitrile were supplied by Merck & 
Company, Inc. (Darmstadt, Germany) and Tedia Company Inc. (Fair-
field, IA, USA), respectively. Pure distilled water was obtained from 
Hangzhou Wahaha Group Co., Ltd. (Hangzhou, Zhejiang Province, 
China). Poly(1-vinylpyrrolidone-covinyl acetate) was purchased from 
Beijing HWRK Chem Co., Ltd. (Beijing, China). The standards of hes-
peridin, nobiletin and tangeretin, whose purities were determined to be 
greater than 98%, were provided by Shanghai Winherb Medical Tech-
nology Co., Ltd. (Shanghai, China). All chemical reagents were analyt-
ical grade unless specified elsewhere. The plant tea (CRC) sample 
originating from Xinhui District (Jiangmen, Guangdong Province, 
China) was purchased from a drugstore (Guangzhou, Guangdong Prov-
ince, China) and authenticated by Dr. Jun Cao. The voucher specimen 
was deposited in the College of Material Chemistry and Chemical En-
gineering, Hangzhou Normal University, Hangzhou, Zhejiang Province, 
China. 

2.2. Apparatus and analytical conditions 

Chromatographic analysis was performed by the Agilent 1290 series 
UHPLC system (Agilent Technologies, Santa Clara, CA, USA), which 
consists of the following parts: a quaternary pump, an autosampler, a 
column oven and VWD detection from 210 to 400 nm. Mobile phase A 
was water, and mobile phase B was acetonitrile. The gradient elution 
procedure was as follows: 0 to 2.0 min, 10% to 20% B; 2.0 to 7.0 min, 
20% to 48% B; and 7.0 to 11.0 min, 48% to 90% B; the flow rate was 0.4 
mL/min. The detection wavelengths were 283 nm and 330 nm, the 
column temperature was maintained at 25 ℃ during the experiment, 
and the injection volume was 2 μL. An Eclipse plus C18 column (2.1 mm 
× 100 mm, 3.5 µm) was purchased from Agilent Technologies (Santa 
Clara, CA, USA). The UHPLC system was coupled with an Agilent 6545 
Q-TOF mass spectrometer (MS) (Agilent Technologies, Santa Clara, CA, 
USA) equipped with an electrospray ionization (ESI) interface for 
UHPLC–ESI–MS/MS analysis. The MS scannable range of m/z was 
100–1000. MS conditions were set as follows: sheath gas of 11 L/min at 
350 ℃; drying gas of 8 L/min nitrogen at 320 ℃; nebulizer 35 psi; 
capillary voltage 3500 V (in positive and negative modes); collision 
energy (CE) 10, 20, 30, and 40 V; octopole RF voltage, 750 V; frag-
mentor voltage, 175 V; and skimmer voltage, 65 V. The acquisition and 
analysis of data were operated by Mass Hunter software (Agilent 
Technologies, Santa Clara, CA, USA). The target analytes were accu-
rately identified by MS, and the results are presented in the supple-
mentary materials. 

2.3. Characterization instrument 

Samples were characterized by a SEM (HT7700, Hitachi Ltd., Tokyo, 
Japan) operated at an acceleration voltage of 3.0 kV. XRD patterns were 
obtained on a Bruker D8 Advance X-ray diffractometer (Bruker Co., Ltd., 
Karlsruhe, Germany), and the angle (2θ) was between 3◦ and 40◦ with 
the operating power set at 40 kV/40 mA. FT-IR spectra of three samples 
were obtained by a Bruker Vertex spectrometer (Bruker Co., Ltd., 
Karlsruhe, Germany) from 4000 to 400 cm− 1. 

2.4. Mechanically assisted coamorphous dispersion extraction 

The dried CRC was crushed into 65 mesh powder by a Chengsheng 
CS-200A pulveriser (Yongkang, Zhejiang Province, China). Next, 1.00 g 
of powder and 250 mg of poly(1-vinylpyrrolidone-covinyl acetate) were 
accurately weighed and ground by a Focucy F-P400H planetary ball mill 
(Changsha, Hunan Province, China). After grinding at 540 rpm for 10 
min (grinding media: 6 mm zirconia ceramic balls; weight of balls: 30 g), 
the coground powder was precisely dissolved in 10 mL of deionized 
water, and then TWCL magnetic stirrers (Tianjin, China) were used to 
magnetically agitate for 5 min. Subsequently, 2 mL of solution was taken 
for centrifugation (5 min at 9000 × g, 4 ℃) and filtered by a micro-
filtration membrane (50 mm × 0.45 μm). Finally, 2 μL of filtrate was 
injected into the UHPLC for analysis. The process is shown schematically 
in Fig. S1 (supplementary materials). 

2.5. Single-factor optimization of extraction conditions 

To obtain optimal extraction conditions, several parameters affecting 
the extraction efficiency of the MACDE procedure were investigated by 
single-factor experiments, including the amount of poly(1- 
vinylpyrrolidone-covinyl acetate) from 0 to 300 mg, grinding time 
from 1 to 15 min, extraction time from 1 to 10 min and solid-to-liquid 
ratio from 0.25:10 to 1.25:10 g/mL. Each parameter was measured in 
triplicate during the optimization process under other fixed conditions. 

2.6. Experimental design 

The optimal combination of variables for the MACDE of hydrophobic 
compounds from CRC was determined by utilizing response surface 
methodology (RSM). Optimization was performed by a three-factor and 
three-level Box–Behnken design (BBD) project consisting of 17 ran-
domized runs with five center point replicates. Three main parameters 
affecting the extraction yield, including the amount of poly(1- 
vinylpyrrolidone-covinyl acetate) (X1), grinding time (X2) and extrac-
tion time (X3), were chosen as independent variables, while the 
extraction yield of each hydrophobic compound was selected as the 
dependent variable (Y). Table S2 shows the coded levels of independent 
variables designed by BBD. The experimental data were analyzed using 
analysis of variance (ANOVA) to determine the regression coefficients of 
linear, quadratic, and interaction terms. The fitness of each quadratic 
regression equation to the response and the significance of the model 
were evaluated by the coefficient of determination (R2) and F test (p 
value < 0.05), respectively. 

2.7. Statistical analysis 

Optimization experimental data were expressed by the mean ±
standard deviation (n = 3) of three replicate experiments conducted. 
Origin version 9.1 (OriginLab Co., Northampton, MA, USA) was used for 
the statistical calculation. One-way ANOVA was used to analyze the 
results at a statistically significant level of 5% (p < 0.05), and the 
analysis was carried out by SPSS version 24 (SPSS Inc., Chicago, IL, 
USA). Design Expert version 8.0 (Stat-Ease, Inc., Minneapolis, MN, USA) 
was applied for BBD. 
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Fig. 1. Optimization of extraction conditions: A, extraction yields of target analytes with different amounts of poly(1-vinylpyrrolidone-covinyl acetate) (0–300 mg). 
Other extraction conditions: 5 min of grinding time, 5 min of extraction time, and 1.00:10 g/mL of solid-to-liquid ratio; B, extraction yields of target analytes at 
different grinding times (1–15 min). Other extraction conditions: 250 mg of poly(1-vinylpyrrolidone-covinyl acetate), 5 min of extraction time, and 1.00:10 g/mL of 
solid-to-liquid ratio; C, extraction yields of target analytes at different extraction times (1–10 min). Other extraction conditions: 250 mg of poly(1-vinylpyrrolidone- 
covinyl acetate), 5 min of grinding time, and 1.00:10 g/mL of solid-to-liquid ratio; D, extraction yields of target analytes at different solid-to-liquid ratios (0.25:10 to 
1.25:10 g/mL). Other extraction conditions: 250 mg of poly(1-vinylpyrrolidone-covinyl acetate), 5 min of grinding time, 5 min of extraction time. 

Fig. 2. Reaction process and mechanism of coground powder dissolved in water. After mechanically assisted coamorphous dispersion treatment, the target com-
pounds formed hydrogen bonds with poly(1-vinylpyrrolidone-covinyl acetate), increasing the solubility of the analytes, and generated hydrophobic interactions with 
poly(1-vinylpyrrolidone-covinyl acetate), inhibiting the crystallization process. 
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3. Results and discussion 

3.1. Effect of the amount of poly(1-vinylpyrrolidone-covinyl acetate) 

Since the inability of hydrophobic compounds to be extracted into 
the aqueous phase is a major limitation of green extraction technology, 
an appropriate solid dispersion carrier must be introduced to improve 
the solubility of target analytes. Previous studies have shown that poly 
(1-vinylpyrrolidone-covinyl acetate), a linear copolymer of N-vinyl 
pyrrolidone and vinyl acetate (VA), is a good carrier material that re-
tains both the greater solubility and adhesion properties in water of 
polyvinyl pyrrolidone and the lower moisture absorption of VA (Worku 
et al., 2014; Saboo & Taylor, 2017). Therefore, poly(1-vinylpyrrolidone- 
covinyl acetate) was selected as the carrier in this study, and the effect of 
its amount (0–300 mg) on the extraction efficiency was investigated. 
Fig. 1(A) shows that the amount of poly(1-vinylpyrrolidone-covinyl 
acetate) had an extremely significant (p < 0.01) effect on the extrac-
tion yield of hesperidin, nobiletin and tangeretin when the amount was 
increased from 0 to 250 mg. The mechanism for this phenomenon can be 
explained from three perspectives and is shown in Fig. 2. First, CRC 
powder was coground with poly(1-vinylpyrrolidone-covinyl acetate), 
dispersing uniformly on the surface of the carrier instead of agglomer-
ating. Then, the hydrophilic carrier rapidly absorbed and dispersed in 
water as soon as it contacted the dissolution medium, which increased 
the surface area of the compound attached to the surface in contact with 
water. Second, the dissolution of compounds was considered to be a 
reversible reaction, so the increase in solubility might be due to the 
inhibition of the crystallization process. For analytes, hydroxyl groups 
(donors) on the hydrophobic ring could form hydrogen bonds with 
carbonyl groups (acceptors) in poly(1-vinylpyrrolidone-covinyl ace-
tate). Hydrogen bonds not only inhibited the recrystallization of insol-
uble compounds and kept the solution in a supersaturated state by 
increasing the nucleation activation energy but also further enhanced 
the mass transfer of target analytes from CRC powder to the aqueous 
phase (Xu & Dai, 2013). Finally, hydrophobic interactions between the 
hydrophobic vinyl acetate groups from the carrier and the insoluble 
analytes from CRC powder could inhibit the crystallization process by 
slowing the growth rate of the crystal nucleus (Singh et al., 2014). The 
above three reasons were mainly responsible for improving the extrac-
tion efficiency. It is interesting to note from Fig. 1(A), however, that the 
extraction efficiency of the compounds no longer increased when the 
amount of carrier exceeded 250 mg. As a water-soluble polymer, poly(1- 
vinylpyrrolidone-covinyl acetate) becomes viscous in water, and 
exceeding a certain amount would exert a negative influence on the 
extraction of compounds and the performance of the chromatography. 
Therefore, 250 mg was selected in the further study. 

3.2. Effect of grinding time 

Optimization of grinding time is important to reduce the particle 
sizes and increase the specific surface areas of the carrier and sample. A 
time gradient was set as 1–15 min to investigate the effect of grinding 
time on the efficiency of the three analytes. The results shown in Fig. 1 
(B) reveal that the extraction yield of compounds increased significantly 
(p < 0.01) from 1 to 10 min, except for hesperidin. The reason might be 
that the particle size of the mixture was not fine enough, resulting in 
insufficient contact and fragmentary dispersion of CRC on the surface of 
the carrier. Therefore, some CRC still existed as precipitates when dis-
solved in pure water, leading to the incomplete extraction of compounds 
(Hu et al., 2019). Fig. S2 shows that CRC uniformly aggregated around 
poly(1-vinylpyrrolidone-covinyl acetate) with a fine particle size at a 
grinding time of 10 min, indicating that the active ingredients in CRC 
were absorbed on the surface of the carrier after being released, so that 
the extraction yield of analytes reached the highest value. However, a 
significant decrease in the extraction rate could be observed after 
grinding for more than 10 min, probably due to the oxidation and loss of 

analytes caused by high-strength grinding treatment (Wu et al., 2020). 
Thus, 10 min was considered the optimal grinding time. 

3.3. Effect of extraction time 

It is well known that extraction time plays a key role in the efficiency 
of the extraction procedure because the process needs enough time to 
complete the mass transfer between solid and liquid (Du et al., 2018). 
Generally, with elongation extraction time, the extraction efficiency will 
increase until the extraction of the target component is completed; thus, 
extraction time from 1 to 10 min was investigated to obtain the mini-
mum time required for mass transfer equilibrium. Fig. 1(C) shows that 
the extraction time from 1 to 5 min had an extremely significant (p <
0.01) effect on the extraction yield of nobiletin and tangeretin, although 
there was no significant (p greater than 0.05) effect on hesperidin. 
Moreover, the extraction efficiency of hesperidin reached its highest 
value at 2.5 min, while nobiletin and tangeretin were best extracted at 5 
min. After reaching the maximum, the extraction efficiency of the three 
compounds had a process of oscillating until equilibrium. At the initial 
stage of extraction, the coground product was not completely dissolved 
(Wang et al., 2018). With the extension of extraction time, the dissolu-
tion of the coground product increased continuously. Under fixed con-
ditions, the solute had the corresponding maximum solubility even if the 
extraction time continued to increase. As displayed in Fig. 1(C), the 
three lines showed a downward trend after the highest point (2.5 min for 
hesperidin, 5 min for nobiletin and tangeretin), which might be due to 
the long extraction time, resulting in an increase in the solution tem-
perature, which could lead to a certain degree of denaturation of the 
structure of the coground product. Considering the energy savings and 
extraction efficiency, the optimal extraction time was 5 min. 

3.4. Effect of solid-to-liquid ratio 

The solid-to-liquid ratio is related to the contact areas between the 
liquid and solid and therefore influences the extraction efficiency, while 
an excess amount of sample will be wasteful (Wang et al., 2016). The 
effect of the solid-to-liquid ratio (from 0.25:10 to 1.25:10 g/mL) on the 
extraction yield of target analytes was systematically studied, and the 
results are shown in Fig. 1(D). The extraction efficiency of hesperidin, 
nobiletin and tangeretin presented an extremely significant upward 
trend (p < 0.01) with a further increase in the solid-to-liquid ratio from 
0.25:10 to 1.00:10 g/mL, reaching platform stages or decreasing 
slightly. This phenomenon could be explained by an insufficient amount 
of sample causing insufficient interaction between the solute and sol-
vent, leading to incomplete extraction (Wang et al., 2018). With the 
solid-to-liquid ratio increasing, the extraction yield was improved due to 
the enhancement of mass transfer efficiency caused by the uniform 
dispersion of coground powder in the water, until reached the extraction 
equilibrium of 1.00:10 g/mL. However, the extraction yield was not 
obviously improved when the ratio was greater than 10:1.0 mL/g 
because excessive viscosity of the solution leads to the difficulty of the 
transfer of analytes from the sample matrix to the liquid phase. To obtain 
higher extraction efficiency and avoid material waste, 1.00:10 g/mL was 
chosen for further experiments. 

3.5. Optimization of parameters using RSM 

RSM is a mathematical and statistical means for the effective opti-
mization of complex experimental processes influenced by the interac-
tion of multiple factors. The purpose of RSM-based optimization was to 
minimize the use of reagents, save time and labor during the experiment, 
and determine the ideal combination of conditions that would obtain the 
maximum extraction of target analytes. According to previous single- 
factor experiments, three independent parameters, viz., the amount of 
poly(1-vinylpyrrolidone-covinyl acetate) (X1, 0.20–0.30 g), grinding 
time (X2, 5–15 min) and extraction time (X3, 2.5–7.5 min), were used as 
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the decision variables for this study and evaluated by various combi-
nations. The experimental designs of the 17 randomly ordered runs and 
corresponding responses (extraction yields of hesperidin, nobiletin and 
tangeretin) are summarized in Table S3. These results were fed into the 
“design expert software”, a nonlinear quadratic mathematical model 
and point prediction tool, to assess the fitness of each model using 
ANOVA and the F test (Khare et al., 2021). 

To ensure the fitness of the developed model at the 95% confidence 
level, each p value of the model must be<0.05 (p < 0.05) (Temova and 
Roškar, 2016). As seen from Table 1, the p value of each model 

was<0.0001, indicating that the model had high credibility for opti-
mizing the extraction efficiency of hesperidin, nobiletin and tangeretin. 
The influence of the individual factors on the model was considered 
significant, except for the grinding time (p = 0.4493), and the influence 
of the quadratic terms A2, B2, and C2 was found to be significant for all 
target analytes (p values ≤ 0.0003). Meanwhile, the p values of the lack 
of fit were ≥ 0.0748, which proved that the influence of the lack of fit on 
the results could be ignored in the optimization test process. The second- 
order regression equations of the comprehensive index obtained by 
regression fitting the response value and variable factors were as 

Table 1 
ANOVA of the response surface model and predicted results for the response of the three analytes.  

Compounds variables Sum of 
Squares 

Degree of 
freedom 

Mean Square F value Probability > F  

hesperidin Model  0.17 9  0.019  60.44 < 0.0001 significant 
X1-amount of poly(1- 
vinylpyrrolidone-co-vinyl 
acetate)  

0.014 1  0.014  46.4 0.0003  

X2-grinding time  2.00E-04 1  2.00E-04  0.64 0.4493  
X3-extraction time  0.039 1  0.039  125.87 < 0.0001  
X1X2  5.63E-03 1  5.63E-03  18.06 0.0038  
X1X3  6.25E-04 1  6.25E-04  2.01 0.1995  
X2X3  4.23E-03 1  4.23E-03  13.57 0.0078  
X12  0.036 1  0.036  116.31 < 0.0001  
X22  0.014 1  0.014  45.09 0.0003  
X32  4.40E-02 1  4.40E-02  142.74 < 0.0001  
Residual  2.18E-03 7  3.11E-04    
Lack of Fit  7.00E-04 3  2.33E-04  0.63 0.6328 not 

significant 
Pure Error  1.48E-03 4  3.70E-04    
Cor Total  0.17 16  R2 = 0.9873  Adj R2 = 0.9710 Pred R2 = 0.9212       

Predicted value = 1.61 mg/g  Actual value = 1.63 mg/g Error in relation to 
predicted value (%) 
= 1.24  

nobiletin Model  2.33E + 00 9  2.60E-01  191.78 < 0.0001 significant 
X1-amount of poly(1- 
vinylpyrrolidone-co-vinyl 
acetate)  

1.50E-01 1  1.50E-01  111.98 < 0.0001  

X2-grinding time  7.00E-02 1  7.00E-02  52.06 0.0002  
X3-extraction time  0.074 1  0.074  54.87 0.0001  
X1X2  1.60E-03 1  1.60E-03  1.18 0.3125  
X1X3  1.20E-01 1  1.20E-01  85.58 < 0.0001  
X2X3  7.60E-02 1  7.60E-02  55.99 0.0001  
X12  1.04 1  1.04  770.77 < 0.0001  
X22  0.15 1  0.15  112.24 < 0.0001  
X32  0.49 1  0.49  359.83 < 0.0001  
Residual  9.46E-03 7  1.35E-03    
Lack of Fit  6.98E-03 3  2.33E-03  3.75 0.1171 not 

significant 
Pure Error  2.48E-03 4  6.20E-04    
Cor Total  2.34 16  R2 = 0.9960  Adj R2 = 0.9908 Pred R2 = 0.9507       

Predicted value = 3.64 mg/g  Actual value = 3.70 mg/g Error in relation to 
predicted value (%) 
= 1.65  

tangeretin Model  2.40E + 00 9  2.70E-01  225.01 < 0.0001 significant 
X1-amount of poly(1- 
vinylpyrrolidone-co-vinyl 
acetate)  

8.60E-02 1  8.60E-02  72.67 < 0.0001  

X2-grinding time  1.50E-01 1  1.50E-01  129.97 < 0.0001  
X3-extraction time  0.092 1  0.092  78.02 < 0.0001  
X1X2  3.10E-02 1  3.10E-02  25.84 0.0014  
X1X3  9.60E-02 1  9.60E-02  81.1 < 0.0001  
X2X3  0.29 1  0.29  246.08 < 0.0001  
X12  0.64 1  0.64  542.52 < 0.0001  
X22  0.46 1  0.46  388.7 < 0.0001  
X32  0.37 1  0.37  316.07 < 0.0001  
Residual  8.30E-03 7  1.19E-03    
Lack of Fit  6.58E-03 3  2.19E-03  5.1 0.0748 not 

significant 
Pure Error  1.72E-03 4  4.30E-04    
Cor Total  2.41 16  R2 = 0.9966  Adj R2 = 0.9921 Pred R2 = 0.9552       

Predicted value = 1.79 mg/g  Actual value = 1.80 mg/g Error in relation to 
predicted value (%) 
= 0.56   
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follows: 

Y(hesperidin) = + 1.60-0.042X1 + 0.005-0.070X3-0.038X1X2

+ 0.012X1X3-0.032X2X3-0.093X1
2-0.058X2

2-0.10X3
2  

Y(nobiletin) = + 3.63 + 0.14X1-0.094X2-0.096X3-0.020X1X2

+ 0.17X1X3-0.14X2X3-0.50X1
2-0.19X2

2-0.34X3
2  

Y(tangeretin) = + 1.77 + 0.10X1-0.14X2-0.11X3 + 0.088X1X2

+ 0.16X1X3-0.27X2X3-0.39X1
2 + 0.33X2

2-0.30X3
2 

Thus, for hesperidin, the interaction terms were X1X2 (p value =
0.0038), X1X3 (p value = 0.1995) and X2X3 (p value = 0.0078), sug-
gesting that the interaction of both X1X2 and X2X3 had great effects on 
the extraction yield, while the interaction of X1X3 had no significant 
impact on it. Similarly, it can be concluded that for nobiletin, the sig-
nificant interaction terms were X1X3 and X2X3 (p values ≤ 0.0001), and 
for tangeretin, the significant interaction terms were X1X2, X2X3 and 
X1X3 (p values < 0.0001). In addition, the values of R2 for hesperidin, 
nobiletin and tangeretin were 0.9873, 0.9960, and 0.9966, respectively, 
which were in good agreement with the adjusted R2 (0.9710, 0.9908, 
and 0.9921) and predicted R2 (0.9212, 0.9507, and 0.9552), suggesting 
that the availability and accuracy of the established model were 
sufficient. 

The three-dimensional (3D) response surface and contour line of 
hesperidin are shown in Fig. 3. The slope between the edge and the 
center point of the response surface determined the influence of vari-
ables on the extraction efficiency, and the two had a positive correlation. 
As shown in Fig. 3(A), (D) and (C), (F), contour charts presented obvious 
ellipses, which further indicated that the interaction of X1X2 and X2X3 
had significant effects on the extraction efficiency of hesperidin. The 
optimum extraction conditions were determined as follows: amount of 
poly(1-vinylpyrrolidone-covinyl acetate), 0.25 g; grinding time, 9.50 
min; and extraction time, 4.90 min. To validate the suggested 

parameters, experiments were carried out in triplicate under optimized 
conditions (solid-to-liquid ratio was fixed at 1.00:10 g/mL), and the 
corresponding results are presented in Table 1. These results demon-
strate that the predicted values are very similar to the actual values, with 
error values below 1.65%, indicating that the developed models were 
accurate, reasonable and reliable. 

3.6. Characterization of the coground powder 

3.6.1. SEM observation 
Fig. S2 shows the surface structures of the original CRC powder (A), 

ball-milled CRC powder (B) and coground product (C) observed by gold- 
plating SEM. Obviously, in Fig. S2(A), the original CRC powder was 
granular in shape with a large particle size, and then a reduction in 
particle size and an increase in the superficial area of CRC powder could 
be observed in Fig. S2(B) because the cell walls of CRC were destroyed in 
the grinding process. In addition, compared with Fig. S2(B), the particle 
size of CRC in Fig. S2(C) was smaller and uniformly aggregated around 
poly(1-vinylpyrrolidone-covinyl acetate), indicating that active in-
gredients in CRC were absorbed on the surface of the carrier after being 
released. Therefore, the inference can be made that once water was 
added, compounds adhered to the surface of the hydrophilic carrier 
quickly dispersed and fully contacted the water. 

3.6.2. FT-IR spectroscopy 
FT-IR spectroscopy was performed to obtain information about the 

change in chemical structure during the MACDE process. As shown in 
Fig. S3, the absorption characteristic peaks of the coground product 
were similar to the superposition of the absorption peaks of the original 
CRC powder and pure poly(1-vinylpyrrolidone-covinyl acetate) but with 
some differences. As shown in Fig. S3(A), glycosides and phenolics in the 
coground product (–OH stretching) showed an intense peak at 3430 
cm− 1 with a broad peak shape. Ester carbonyl (R–CO–OR’ stretching) 
showed a peak at 1749 cm− 1, while aromatic ethers (Ph–O–R stretching) 

Fig. 3. 3D response surface indicating the effect of the amount of poly(1-vinylpyrrolidone-covinyl acetate) (X1, 0.20–0.30 g), grinding time (X2, 5–15 min), and 
extraction time (X3, 2.5–7.5 min) on the extraction efficiency of hesperidin. 
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showed a peak at 1026 cm− 1. Additionally, the in-plane deformation 
vibration of oxhydryl showed a peak at 1365 cm− 1. Compared with the 
spectra of the original CRC powder and pure poly(1-vinylpyrrolidone- 
covinyl acetate), the peaks of the hydroxyl and carbonyl groups in the 
coground product spectrum were redshifted, which might be due to the 
combination of the two compounds to form intermolecular hydrogen 
bonds after grinding. Additionally, the XRD analysis results for the 
coground product are presented in the supplementary material. 

3.7. Method validation 

As depicted in Table 2, the proposed analytical method was validated 
for some important experimental parameters as follows. Calibration 
curves were performed with standard solutions of six concentrations in 
the concentration range of 1–500 μg/mL (n = 6), and the obtained 
curves of all analytes demonstrated excellent R2 (≥0.9990). In addition, 
intraday precision was carried out by injecting the same mixed standard 
solution six times a day, while interday precision was performed by 

injecting another independent mixed standard solution twice a day for 
three consecutive days. The RSD values were 0.06–1.01% and 
0.06–1.09%, respectively. The LODs and LOQs were calculated by 
signal-to-noise ratios (S/N) of 10:1 and 3:1, respectively, and these two 
important parameters for the three target analytes were within the 
ranges of 3.0–28.3 ng/mL and 9.9–94.0 ng/mL, respectively. 

3.8. Sample analysis 

Detection experiments of recovery and repeatability were carried out 
to evaluate the effectiveness and applicability of the aforementioned 
methods. For this purpose, the sample solution was spiked with a mixed 
standard solution of three compounds at two concentration levels (2 and 
20 μg/mL) under the optimal experimental conditions. The average re-
coveries were calculated by the following formula: recovery (%) =
((observed amount − original amount)/spiked amount) × 100%. RSD 
(%) = (SD/mean) × 100%. The results summarized in Table S5 
demonstrate that good recoveries were obtained for the assay 

Table 2 
Linear regression data, precision, LODs, and LOQs of the investigated compounds.  

Compounds Linear ranges (μg/mL) Linear equations R2 LODs (ng/mL) LOQs (ng/mL) Intraday precision (%, n = 6) Interday precision (%, n = 6)   

Slope Intercept    Retention time Peak area Retention time Peak area 

hesperidin 1–500  8.151  16.205  0.9998  28.3  94.0  0.10  1.01  0.11  1.09 
nobiletin 1–500  15.920  89.859  0.9992  3.5  11.7  0.06  0.45  0.06  0.41 
tangeretin 1–500  16.707  120.540  0.9990  3.0  9.9  0.09  0.48  0.07  0.53  

Fig. 4. Typical chromatograms of the enriched samples and three mixed standards were obtained at 283 nm and 330 nm: (A) and (B): mixed standards; (C) and (D): 
the sample enriched by the established method. 
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(86.0–91.0%). Moreover, the RSD values of retention times and peak 
areas ranged from 0.02 to 0.55% and 0.31 to 4.64%, respectively, and 
the contents of hesperidin, nobiletin, and tangeretin in the CRC sample 
were 1.52, 3.69, and 1.85 μg/mg, respectively. Furthermore, Fig. 4(A) 
and (B) show typical chromatograms of the mixed standard solution and 
sample solution of the target analytes at determination wavelengths of 
283 nm and 330 nm, respectively (1 is hesperidin, 2 is nobiletin, and 3 is 
tangeretin). Measurement of these parameters shows that the proposed 
method had good reproducibility and satisfactory recovery and could be 
used for the extraction and determination of hydrophobic compounds in 
tea samples. 

3.9. Method comparison 

The results of Soxhlet extraction (Li et al., 2012), heat reflux 
extraction (Gao et al., 2019) and UAE (Zheng et al., 2020; Liu et al., 
2021b) for the extraction of flavonoids from CRC coupled with HPLC 
and LC–MS have been reported. To clarify the superiority of the estab-
lished method, a comparison of the characteristics of MADE with pre-
vious methods is presented in Table S6. It is clear that the previous 
methods had drawbacks, such as being environmentally unfriendly (the 
use of methanol and ethanol), low extraction efficiency, long extraction 
time (90 and 120 min), relatively large sample consumption (50 g), and 
complicated steps (requiring heating). Conversely, the MACDE method 
achieved effective extraction of analytes with satisfactory recovery and 
good reproducibility under organic solvent-free conditions. These re-
sults demonstrated that the proposed method is an efficient, green, 
simple and sensitive technique and can be successfully applied for the 
extraction of hydrophobic compounds from plant tea without the use of 
organic solvents. 

4. Conclusions 

In this study, a simple, rapid and environmentally friendly MACDE 
method using the water-soluble carrier poly(1-vinylpyrrolidone-covinyl 
acetate) as an auxiliary material and pollution-free water as the 
extraction solvent was established. The optimal parameter values of the 
amount of poly(1-vinylpyrrolidone-covinyl acetate), grinding time, 
extraction time and solid-to-liquid ratio were more accurately found by 
the design and application of multifactor experiments. Compared with 
the traditional extraction methods, the advantages of the proposed 
method were greater dissolution of hydrophobic compounds, higher 
extraction efficiency of analytes, a pollution-free extractant and simpler 
experimental operation. The obtained results demonstrated that the 
investigated method was satisfactory for the LODs and LOQs, recoveries, 
and reproducibility under the optimized conditions. Therefore, these 
results met the principles of economic and environmental protection and 
indicated a promising use for the extraction of hydrophobic compounds 
in plant tea for the first time. 
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