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The objectives of this study are to optimize the ultrasonic microwave

synergistic extraction (UMSE) of anthocyanins from Lycium ruthenicum

Murr (ALRM) by response surface methodology and also to investigate its

antioxidant activity in vitro. Based on the single-factor experiments, we

optimized the ALRM extraction process by response surface methodology

assuming anthocyanin extraction rate as the response point and microwave

power, ultrasonic power, extraction time, and liquid-to-material ratio as the

investigating parameters as well as performed correlation analysis between

DPPH·, ·OH, ABTS·, O−

2
· radical scavenging potential, and ferric-reducing

antioxidant power. The results showed that the influence on anthocyanin

yield was in the order of liquid to material ratio > microwave power >

ultrasonic power > extraction time; the elicited extraction conditions were:

ultrasonic power 216.253W, microwave power 89.311W, time 26.141min,

liquid to material ratio 17.294 mL/g, the forecast content was 10.157 mg/g,

while the actual value was consistent with the preview value. Meanwhile, ALRM

obtainable by UMSE was identified as yielding favorable antioxidant properties

firstly, when the concentration of purified ALRM (ALRM-1) was increased, the

antioxidant capacity was strengthened. Theoretically, we provide a basis for

the extraction procedure of ALRM and its antioxidant activity, which serves as

a promising antioxidant and free radical scavenger.

KEYWORDS

LRM, anthocyanin extraction, response surface optimization, ultrasonic microwave

synergistic extraction, antioxidant activity

Introduction

Lycium ruthenicum Murr (LRM) originates from the Solanaceae genus of Lycium

and occurs abundantly along northern Shaanxi, Ningxia, Gansu, Qinghai, Xinjiang, and

Tibet in China. LRM has a history of utilization in both Chinese Tibetan medicine and

Uyghur medicine, which is known as “Punyak” in Tibetan medicine, documented in

Frontiers in Sustainable FoodSystems 01 frontiersin.org

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2022.1052499
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2022.1052499&domain=pdf&date_stamp=2022-11-04
mailto:yds@zcst.edu.cn
https://doi.org/10.3389/fsufs.2022.1052499
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fsufs.2022.1052499/full
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Dong et al. 10.3389/fsufs.2022.1052499

the Four Medical Classics of Tibetan Medicine as the

principal treatment against heart fever, heart disease, irregular

menstruation, menopause, and so forth. According to the

Uyghur Pharmacopeia, the fruit and root bark of LRM

were commonly prescribed for conditions such as urinary

tract stones, ringworm and scabies, and bleeding gums,

and in folklore as a tonic for strengthening as well as an

antihypertensive (Guli et al., 2009) LRM with a sweet taste

and neutral personality has many nutrients including proteins,

polysaccharides, polyphenolic compounds, anthocyanins,

flavonoids, trace elements, and other natural constituents (Li

et al., 2010; Hang et al., 2016; Deng et al., 2021). Being safe

and non-toxic natural pigments, anthocyanins have a variety of

physiological features consisting of antioxidant, hypoglycemic,

and antibacterial effects. With a deeper appreciation of Phyto-

natural pigments, anthocyanins with distinct biological activities

have promising prospects for exploitation (Duan et al., 2008;

Tonon et al., 2010; Basharat et al., 2016; Li et al., 2017; Wang M.

W. et al., 2022).

Since the introduction of the free radical theory of aging

(Harman, 2009; LioChev, 2013; Shields et al., 2021), several types

of antioxidants have been at the peak of scientific research, and

natural antioxidants have the characteristics of good stability,

safety, no side effects, and easy accessibility. Excessive free

radicals in human cells, when not removed in time, might attack

biological macromolecules within the body and organelles,

causing a sequence of oxidative stimulation reactions which will

accelerate the aging process and induce various diseases, like

diabetes, cancer, coronary heart disease and Alzheimer’s and

other disorders (Poljsak et al., 2013; Viña et al., 2013, 2018;

Lushchak, 2014; Boengler et al., 2017; Pomatto and Davies,

2018). Meanwhile, the chemically synthesized antioxidants in

the market could eliminate free radicals and mitigate oxidative

stress effectively, although these agents have adverse side effects

on health. Consequently, efficient and low-toxic antioxidants

from green and natural plants have become one of the essential

avenues to locate cost-effective and sustainable antioxidants in

the field of functional foods (Zhang et al., 2012; Fei et al., 2017;

Kim et al., 2020; Zulfiqar and Ashraf, 2021), and in particular,

they are of tremendous interest in plants with homologous

medicine-food properties. Being a native plant component, LRM

possesses a plentiful resource of anthocyanins, which have been

mentioned in many existing reports (Coklar and Akbulut, 2017;

Hu et al., 2021; Li et al., 2021; Lim et al., 2021; Wang et al.,

2021) with certain antioxidant activity, but few reports have

been available for the optimization of anthocyanin extraction

from LRM.

The current extraction method commonly used for the

extraction of ALRM is solvent-based, which is not only time-

consuming but also inferior in terms of safety and the residual

of external solvents (Cai et al., 2016; Farooq et al., 2020; Tan

et al., 2022). Thus, a novel, high-efficiency, fail-safe anthocyanin

extraction technique would be necessary. Ultrasonic Microwave

Synergistic Extraction (UMSE) can have advantages in terms of

low energy consumption, excellent extraction efficiency, short-

term, high security, and so on (Chen et al., 2016; Kwansang et al.,

2022). The objectives of this work were to optimize the process

conditions for the extraction of ALRM byUMSE and to assess its

feasibility via a response surface methodology (RSM) employing

a Box-Behnken design (BBD) to evaluate the process conditions

for the extraction of ALRMusing the anthocyanin concentration

as an indicator and LRM as a research target. Since little research

has been reported on the antioxidant activity of ALRM, the

magnitude of the antioxidant activity of anthocyanins, in a

certain meaning, may also determine its application potential

in food. It is based on the one-factor experiment, the process

was optimized by general RSM, the purification of ALRM

was performed by AB-8 resin, and eventually, the scavenging

capability of free radicals and the reducing ability of ALRM and

vitamin C (VC) resulted fromUMSEwere comparatively probed

for its antioxidant activity in vitro to establish the foundation of

the efficient exploitation of LRM by-products and to upgrade the

added valuation of LRM. At the same time, it would provide a

conceptual basis for the in-depth processing of LRM.

Materials and methods

Materials

LRM (Xinjiang Heiguo Wolfberry Biotechnology Co.,

Ltd., China) picked in July 2020 was authenticated by

Runrong Zhang, senior engineer of traditional Chinese

medicine, College of Pharmacy and Food Science, Zhuhai

College of Science and Technology, Zhuhai, Guangdong

Province, China.; 30% H2O2, Ferrous sulfate heptahydrate,

Tris(hydroxymethyl)aminomethane (Tris), Biphenyl triol,

Potassium persulfate, Salicylic acid, Potassium ferricyanide,

Trichloroacetic acid Potassium chloride, Ferric chloride,

Ethanol, Sodium acetate trihydrate, Hydrochloric acid, Citric

acid (AR, Shantou Xilong Science Co., Ltd., China); DPPH (AR,

Shanghai Aladdin Biochemical Technology Co., Ltd., China);

ABTS and Ascorbic acid (AR, Shanghai Yuanye Biotechnology

Co., Ltd., China).

Extraction and purification of
anthocyanins

The leaves of LRM were removed, dried to constant weight

at a constant temperature of 35◦C, crushed, and sieved to

obtain the dry LRM powder. 1.000 g of LRM dried powder

was weighed accurately and placed in a round-bottom flask;

1% HCl-70% ethanol (1:99, v/v) supplemented with ultrasonic

microwave co-extraction at constant temperature and avoiding

light; the supernatant was collected by centrifugation at 6,000
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r/min for 10min; acidic ethanol was fixed to 50mL, and then

the extract was obtained. The extracts were determined for

content, and the optimized extraction method was screened

by RSM based on one-factor experiments. According to the

optimal conditions of RSM, ALRM concentrates were obtained

and purified by adsorption on AB-8 macroporous resin and

concentrated and dried under reduced pressure. It was finally

purified to yield ALRM-1, and the extraction and purification

procedure is shown in Figure 1.

Determination of anthocyanin content

The absorbance of anthocyanin extracts in pH 1.0 and 4.5

buffer solution was measured by scanning the extracts with

a UV spectrophotometer in the range of 400–700 nm, and

the wavelength (527 nm) at which the maximum difference

in absorbance occurred was the best wavelength for the

determination. The extracts were taken as 500 µL and fixed

to 25mL with pH 1.0 and 4.5 buffers, respectively, mixed

uniformly, and then equilibrated in a constant temperature

water bath at 37◦C for 30min as the experimental group.

The extract was treated with the same conditions using 1%

acidic ethanol instead of the extract and equilibrated for 30min

as the blank cohort. Once the equilibration was finished, the

absorbance at 527 and 700 nm, respectively, were measured.

The total anthocyanin content was calculated according to the

following formula. In which, MW: molar mass of Cyanidin-

3-O-glucoside chloride 449.2 g/mol; DF: dilution factor, 50;

V: volume of extraction solution, 50mL; ε: molar extinction

coefficient 26,900 L/(mol-cm); L: light range cm, 1 cm; m: mass

of LRM (g).

Anthocyanin value (mg/g) = [(A530 − A700)pH1.0

− (A530 − A700)pH4.5]

× Mw × DF × V/ε × L × m

One-factor experiment for anthocyanin
extraction

E�ect of ultrasonic power on extraction

The extraction of ALRMwas carried out atmicrowave power

130w and ultrasonic power 100, 150, 200, 250, and 300w for

20min at a liquid-to-material ratio of 20:1 mL/g, respectively,

with 70% ethanol aqueous solution at an acidity of 1% as the

extraction solvent.

E�ect of microwave power on extraction

The extraction of ALRM was carried out with an acidic 1%

aqueous 70% ethanol solution as the extraction solvent at an

ultrasonic power of 200w, an extraction temperature of 50◦C,

and an extraction solution to a liquid-to-material of 20:1 mL/g

for 20min at different microwave powers of 50, 90, 130, 170, and

210 w.

E�ect of extraction time on extraction

The extracting solvent was 70% ethanol aqueous solution

with an acidity of 1%, ultrasonic power of 200w, and

microwave power of 130w. The extraction temperature

was set at 50◦C, and ALRM was extracted for 20min at

different liquid-to-material ratios of 10:1, 15:1, 20:1, 25:1, and

30:1 mL/g.

E�ect of liquid-to-material ratio on extraction

The extraction was carried out at 50◦C at different liquid-to-

material ratios of 10:1, 15:1, 20:1, 25:1, and 30:1 mL/g for 20min

each while using 70% ethanol aqueous solution with 1% acidity

as the extraction solvent and 200w ultrasonic power and 130w

microwave power.

Design of RSM

The method in this subsection incorporates the RSM from

the literature (Song et al., 2011) with appropriate modifications.

To further investigate the interaction effect relationship between

the variables, response surface analysis was used to screen

the optimal extraction process. The initial study of individual

factors was the guiding scope for response surface optimization.

Based on the BBD principle, four influencing factors of content:

ultrasonic power, microwave power, extraction time, and liquid-

to-material ratio were selected for a 4-factor, 3-level RSM.

The factor levels of RSM are shown in Table 1. The BBD

combination principle was implemented to design a response

surface optimization test using anthocyanin content as the

response value Table 2. The experimental data were analyzed

using Design-Expert 10.0.3 software to obtain the quadratic

multinomial regression equation: content (mg/g) = 10.0194

+ 0.211833∗ A-0.269417 ∗ B + 0.10325 ∗ C + 0.389167
∗ D + 0.478 ∗ AB+0.17275∗ AC + 0.78425 ∗ AD-0.21125
∗ BC + 0.299 ∗ BD + 0.47975 ∗ CD - 0.927367 ∗ A ∧

2-0.748492 ∗ B ∧ 2-0.841492 ∗ C ∧ 2-0.815117 ∗ D ∧ 2

(coding system) (A :the ultrasonic power/(W), B: the microwave

power/(W), C : the extraction time/(min), D : the liquid-

to-material ratio/(mL/g)). [The RSM was firstly examined by

determining a good one-way experimental design, and the

results of the experiment were used to determine the high,

medium, and low levels (1, 0, −1) of each factor (independent

variable) separately.]
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FIGURE 1

The procedure for the extraction and purification of ALRM-1.

TABLE 1 Design of factors levels for RSM.

Level A B C D

−1 150 50 20 10

0 200 90 25 15

1 250 130 30 20

A is the ultrasonic power/(W), B is the microwave power/(W), C is the extraction

time/(min), and D is the liquid-to-material ratio/(mL/g).

Determination of the color value of ALRM
after purification

The absorbance at 527 nm of the purified anthocyanin

was measured by dissolving 0.01 g in 100mL of pH = 3.0

buffer, and the absorbance was stabilized at 0.2–0.7 in the

following formula.

CV% =
A × W

F
× 100%

Where CV is the color value; A is the absorbance value

(OD527nm); F is the dilution multiple; W is the sample mass (g).

In vitro antioxidant e�ect of ALRM

Measurement of DPPH· radical scavenging rate

Antioxidant sample and VC control solvent preparation:

ALRM-1 sample solution and VC standard solution at

concentrations of 4, 2, 1, 0.5, 0.25, 0.1, and 0.05 mg/mL were

prepared for determination.Weighed 7.886mg of DPPH·, fix the
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TABLE 2 RSM design and results.

No. A B C D Content/(mg/g)

1 −1 −1 0 0 8.799

2 1 −1 0 0 8.264

3 −1 1 0 0 7.105

4 1 1 0 0 8.482

5 0 0 −1 −1 8.097

6 0 0 1 −1 7.389

7 0 0 −1 1 8.015

8 0 0 1 1 9.226

9 −1 0 0 −1 8.683

10 1 0 0 −1 7.433

11 −1 0 0 1 7.756

12 1 0 0 1 9.643

13 0 −1 −1 0 8.432

14 0 1 −1 0 8.426

15 0 −1 1 0 9.059

16 0 1 1 0 8.208

17 −1 0 −1 0 8.155

18 1 0 −1 0 8.341

19 −1 0 1 0 7.973

20 1 0 1 0 8.85

21 0 −1 0 −1 8.651

22 0 1 0 −1 7.603

23 0 −1 0 1 8.869

24 0 1 0 1 9.017

25 0 0 0 0 10.061

26 0 0 0 0 10.103

27 0 0 0 0 10.228

28 0 0 0 0 9.769

29 0 0 0 0 9.936

A is the ultrasonic power/(W), B is the microwave power/(W), C is the extraction

time/(min), and D is the liquid-to-material ratio/(mL/g). −1: level 1; 0: level 2; and 1:

level 3.

volume of anhydrous ethanol into a 100mL brown volumetric

flask, sonicate to dissolve it fully, to prepare 0.2 mmol/L of

anhydrous ethanol DPPH· solution (Solution A), shake well,

and protect from light. One milliliter of ALRM-1 solution was

mixed thoroughly with solution A, protected from light for 1 h

and the absorbance was measured at 517 nm as A1. An equal

amount of anhydrous ethanol was substituted for solution A.

The solution was mixed thoroughly and left to stand for 1 h

protected from light, and the absorbance was measured as A2

as above. An equal amount of distilled water was pipetted in

place of the anthocyanin solution and mixed thoroughly with

solution A. The absorbance was measured for A3 after standing

for 1 h protected from light. VC was used as the standard

solution for the control experiment. The above method was

drawn from that in the literature (Mi et al., 2019), which is

suitably modified.

DPPH · radical scavenging rate(%) = [1 − (A1 − A2)/A3]

× 100%

Measurement of ·OH radical scavenging rate

After weighing 2.502 g of Ferrous sulfate heptahydrate and

fixed in distilled water to 1 L, the solution was dissolved

by sonication to obtain a 9 mmol/L Ferrous sulfate solution

(Solution A). Weigh 1.243 g salicylic acid, fix the volume to

100mL with anhydrous ethanol, dissolve it by sonication, fill

with anhydrous ethanol and fix the volume to obtain a 9

mmol/L salicylic acid solution (Solution B). After pipetting

90 µL of 30% hydrogen peroxide solution in 100mL of

distilled water and fixing the volume, obtain a 9 mmol/L

hydrogen peroxide solution (Solution C). The absorbance of

1mL of ALRM-1 solution was determined as A1 at 510 nm

by adding 1mL of solutions A, B, and C in sequence and

mixing thoroughly, and then standing in a water bath at 37◦C

for 30min. Distilled water was substituted for the sample

solution and the absorbance value measured by repeating the

operation was A2. Two milliliter of distilled water and 1mL

of anhydrous ethanol were substituted for solutions A, B, and

C as well as the absorbance value measured by repeating

the operation was A3. VC solution was substituted for the

sample as a control experiment. The above method was drawn

from that in the literature (Wang and Jiao, 2000), which is

suitably modified.

·OH radical scavenging rate(%) = [1 − (A1 − A3)/A2]

× 100%

Measurement of ABTS· radical scavenging rate

An accurate amount of ABTS 0.192 g was weighed, dissolved

by ultrasonication in distilled water, and fixed in a 50mL

brown volumetric flask (Solution A). Then weighed 67mg

of potassium persulphate was dissolved by ultrasonication

in distilled water, and fixed in a 50mL volumetric flask

(solution B).Solution A: solution B was thoroughly mixed at

room temperature and protected from light for 16 h. Combine

solution A: solution B = 1:1 and mix thoroughly, then react

for 16 h at room temperature and avoid light to obtain ABTS·

Master which was diluted with phosphate buffer to give an

absorbance value of 0.70 ± 0.02 at 734 nm and stored away

from light. Take 1mL of ALRM-1 solution, add 3mL of ABTS·

solution, react at room temperature and avoid light for 1 h.

Measure the absorbance value at 734 nm and record it as

A1. Replace ABTS· solution with solution B and repeat the
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operation to calculate the absorbance value as A2. Alternatively,

1mL of distilled water was used in place of the ALRM-1

solution and the absorbance value was recorded as A3. VC

solution was used in place of the sample for the control

experiment. The calculated formula is the same as for the

DPPH· radical scavenging rate (%). The above method was

drawn from that in the literature (Huang et al., 2022), which is

suitably modified.

Measurement of O−

2
· radical scavenging rate

Precisely weighed 1.21 g Tris, dissolved by ultrasonication,

and fixed in distilled water to 100mL to obtain 0.1 mol/L

Tris solution. Take concentrated hydrochloric acid and dilute

it to 0.1 mol/L HCl solution. Dilute 0.1 mol/L Tris to 50

mmol/L and adjust pH = 8.2 with 0.1 mol/L HCl solution

to arrive at Tris-HCl buffer (Solution A). A dilution of 0.1

mol/L HCl was taken to obtain a 1 mmol/L HCl solution, then

73mg of biphenyl triol was added, dissolved by sonication,

and shaken to obtain a 60 mmol/L biphenyl triol solution

(solution B). Concentrated hydrochloric acid was removed and

allowed to dilute to a 10 mol/L HCl solution. Then it was

added to 2.25mL of solution A, 2mL of ALRM-1 solution,

and 50 µL of solution B. The reaction was terminated by

adding 20 µL of 10 mol/L HCl immediately after 4min. The

absorbance was measured at 325 nm as A1. Two milliliter of

distilled water was used in place of the anthocyanin sample and

the absorbance was repeated as A2. 1 mmol/L HCl solution

was used in place of solution B and the absorbance was

repeated as A3. VC solution was substituted for the sample as

a control experiment. The calculated formula is the same as for

the ·OH radical scavenging rate (%). The above method was

drawn from that in the literature (Liu et al., 2017), which is

suitably modified.

Measurement of ferric-reducing antioxidant
power

Then added 2.5mL of phosphate buffer solution

(0.2 mol/L, pH= 6.6) and 2.5mL of 1% Potassium ferricyanide

solution, mixed well, cooled rapidly after the reaction at

50◦C for 20min, added 2.5mL of 10% trichloroacetic acid

solution, and centrifuged at 4,000 r/min for 15min. 2.5mL,

add 2.5mL of distilled water and 0.5mL of 0.1% Ferric

chloride solution, mix well and react for 10min, measure the

absorbance value at 700 nm, replace the anthocyanin sample

solution with distilled water and repeat the operation as a blank

group. The VC solution was applied instead of the sample

as the control experiment. The above method was drawn

from that in the literature (Wang Y. et al., 2022), which is

suitably modified.

Statistical analysis

Data are shown as mean ± SEM, and statistical analysis

was performed using Origin 2021, Graphpad Prism 8, Design-

Expert 10.0.3, and EXCEL 2019. To compare the differences

between multiple groups, a one-way analysis of variance

(ANOVA) was performed in this software. P < 0.05 indicates

statistical significance.

Results

Analysis of one-factor experiment

Analysis of ultrasound power on extraction

As shown in Figure 2A, the extraction efficiency is increased

because of the cavitation effect of ultrasound, which accelerates

the rupture of plant cells (Maran et al., 2013), thus having a

wider contact area and increasing the rate of solvent penetration

into the system so that the anthocyanins can be adequately

solubilized. Eventually, 150, 200, and 250w were picked as the

three levels of subsequent RSM.

Analysis of microwave power on extraction

As shown in Figure 2B. An extraction rate of anthocyanins

was found to increase with increasing microwave power when

the microwave power was increased to within 100W. The

absorption of microwave energy led to accelerated thermal

heating and increased internal pressure, which prompted the

rupture of the plant materials. It is because, with the increment

of microwave power, the collapse of the cell barrier structure was

ruptured (Zhang et al., 2008; Yan et al., 2010). With microwave

power of more than 100W, the extraction rate becomes smaller,

and microwave energy may provide too much energy to the

system, affecting intermolecular interactions. Based on the

experimental results, three microwave powers, 50, 100, and

150W were chosen to make the highest extraction rate of

anthocyanins as the three levels of microwave power for the

subsequent RSM.

Analysis of extraction time on extraction

For the variation of extraction time from 15 to 25min,

as shown in Figure 2C, the extraction rate increased with

increasing extraction time because more energy was absorbed

by the solution as time increased, leading to heat build-up in

the solution and increasing the mass transfer rate (Marana et al.,

2013). However, extraction rates decreased for extraction times

>25min, which may be due to longer sonication times and

microwave times leading to anthocyanin degradation (Chen

et al., 2015). Therefore, the three points with the highest

extraction rates, 20, 25, and 30min, were selected as the three

levels of extraction time for subsequent RSM.
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FIGURE 2

E�ect of ultrasonic power (A), microwave power (B), extraction time (C), and liquid-to-material ratio (D) on the extraction rate of LRM.

Analysis of liquid-to-material ratio on
extraction

Figure 2D shows that the extraction rate reaches a maximum

when the liquid-to-material ratio is 15:1, due to the acceleration

of anthocyanin release to the solvent as the liquid-to-material

ratio increases and there is a higher osmotic pressure inside and

outside the cell (Yan et al., 2010). However, as the liquid-to-

material ratio gradually increased, the extraction rate decreased,

due to the saturated solvent limiting the rate of mass transfer

(Marana et al., 2013) and the consequent increase in viscosity

of the solvent, which was in a position to limit the formation of

cavities due to sonication, resulting in a decrease in extraction

rate (Chen et al., 2015). Hence, 10:1, 15:1, and 20:1 have been

chosen as the three levels for the following RSM liquid-to-

material ratio.

RSM results and ANOVA

Based on the results of the one-way test, the four-factor,

the three-level experiment was selected, as shown in Table 2.

An analysis of variance for the regression equation is shown

in Table 3. Where the F-value can be used to test the level of

significance of the effect of each variable on the response value,

the larger the F-value, the more significant the corresponding

variable is. The model is considered to be statistically significant

when the probability of significance test for the model is

P < 0.05. The difference in lack of fit was P = 0.3260 >

0.05, which was not significant, explaining that the model fits

well and that the experimental error was small, which implied

that the model could be implemented for the determination

of ALRM. From Tables 1–3, it can be seen that the process

conditions affect the size of the content in the following

order: D > B > A > C, i.e., liquid-to-material ratio >

microwave power > ultrasonic power > extraction time. The

coefficient of determination R2 of the model was 0.9692,

indicating a high significance of the model, while R2adj = 0.9384,

which was able to explain 93.84% of the variation of the

experimental response values, and was also close to the predicted

correlation coefficient Pred R2, indicating that this experimental

model fits well with the real data and has practical guidance

significance, thus the model can be adapted to analyze and
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TABLE 3 The results of the ANOVA for the regression equation fitted the response content.

Source Sum of squares df Mean square F-value p-value

Model 19.92 14 1.42 31.45 <0.0001

A 0.54 1 0.54 11.90 0.0039

B 0.87 1 0.87 19.25 0.0006

C 0.13 1 0.13 2.83 0.1149

D 1.82 1 1.82 40.16 <0.0001

AB 0.91 1 0.91 20.20 0.0005

AC 0.12 1 0.12 2.64 0.1266

AD 2.46 1 2.46 54.37 <0.0001

BC 0.18 1 0.18 3.94 0.0670

BD 0.36 1 0.36 7.90 0.0139

CD 0.92 1 0.92 20.34 0.0005

A2 5.58 1 5.58 123.27 <0.0001

B2 3.63 1 3.63 80.31 <0.0001

C2 4.59 1 4.59 101.50 <0.0001

D2 4.31 1 4.31 95.24 <0.0001

Residual 0.63 14 0.045

Lack of fit 0.51 10 0.051 1.68 0.3260

Pure error 0.12 4 0.030

Total error 20.56 28

R2 = 0.9692, Adj R2 = 0.9384, Pred R2 = 0.8474.

predict the optimal extraction process for the contents. It

can be possible to conduct analysis and predict the optimal

extraction process.

The influence of the interaction of different process

conditions on the content is shown in Figures 3–8. As can be

seen from Figure 3, the trend of the influence of ultrasonic

power and microwave power interaction on the content is a

parabolic surface distribution, with the content increasing and

then decreasing with the increase of both ultrasonic power

and microwave power. In comparison, the microwave power

caused a greater fluctuation in the surface, indicating that

the microwave power made a stronger contribution to the

effect of the interaction and had a greater impact on the

content. The product content was significantly increased when

moderate conditions were taken: ultrasonic power 175–225W

and microwave power 70–100W range. Figure 4 shows that

the interaction surface between ultrasonic power and time has

good symmetry, indicating that the two contribute equally to

the content of the interaction. The optimized process conditions

for content considering only the influence of the two are

concentrated around the combination of ultrasound power of

200W and time of 25min level. The longitudinal span of

the ultrasound power-liquid ratio interaction surface shown in

Figure 5 is large and the contours are significantly elliptical,

indicating that the interaction between the two has a significant

effect on the content. When the ultrasonic power was set at 200–

230W and the liquid-to-material ratio was set at 15–20 mL/g,

the extraction process was optimized for the content under the

interaction between the two.

As can be seen from Figure 6, when the microwave power

is <90W, there is a positive correlation between the content

and the microwave power, while when the microwave power is

>90W, the correlation turns around and the microwave power

is taken around 90W as the critical optimum process parameter

for the content. In the interaction shown in Figure 7, the effect

of microwave power and liquid ratio on the content of the first

rise and then fall, and the liquid ratio is a sensitive factor for the

content, to moderate conditions: microwave power 70–100W,

the liquid ratio of 14–18 mL/g or so, to promote the product

content. Figure 8 shows that the time-to-liquid ratio interaction

caused large fluctuations in the surface, and the contours showed

a significant ellipse, indicating that the interaction between the

two had a significant effect on the content. The combination of

the time level of 25min and the liquid-to-material ratio level of

around 16 mL/g increased the content level.

Optimal process conditions and
validation experiments

The average content was 10.535 mg/g, which was close to

the predicted result of the model, indicating that the RSM

model is a valid method to optimize the extraction process. The
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FIGURE 3

E�ect of the interaction of ultrasonic and microwave power on content.

FIGURE 4

E�ect of ultrasound power and extraction time interaction on content.

results were close to the predictions of the model, indicating

that the method of optimizing the extraction process based on

the RSM model was effective and feasible. To fully consider

the effect of the interaction between the four factors on the

content of ALRM-1, and with the maximum content as the

optimization target, according to the results of the Design-

Expert 10.0.3 software, combined with the feasibility of the

actual process settings, the optimal extraction process solution

for the content of ALRM-1 under the interaction of the four

factors: ultrasonic power, microwave power, time and liquid to

material ratio was: ultrasonic power. Consequently, the model

predicted ALRM content of 10.157 mg/g under the following

conditions: ultrasound power 216W, microwave power 89W,

extraction time 26min, liquid to material ratio 17:1 mL/g.

He et al. (2020) investigated the extraction rate of

ALRM using hydrochloric acid-ethanol extraction at pH= 30

under different extraction solvent concentrations, material

ratios, extraction times, extraction temperatures, and with or

without degreasing. The optimum conditions for the extraction
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FIGURE 5

E�ect of the interaction of ultrasonic power and liquid-to-material ratio on content.

FIGURE 6

E�ect of the interaction of microwave power and extraction time on content.

of anthocyanins with ethanol were 80% hydrochloric acid-

ethanol at pH = 30, a material ratio of 1:15, an extraction

time of 5 h, and an extraction temperature of 40◦C. The

extraction rate of anthocyanins reached 0.978% without

degreasing the LRM. Hang et al. (2018) extracted ALRM at

an ultrasonic power of 120W and 40◦C for 25min with an

ethanol feed-liquid ratio of 1:10 g/mL and could reach 9.024

mg/g. In the above regard, the extraction efficiency of the

ultrasonic microwave co-extraction method was more than

that of the ultrasonic-assisted method and the leaching assay.

Analysis of the color value of ALRM after
purification

Table 4 shows that the purified anthocyanins were

in the form of a purplish red powder with a color value

of 57, which was significantly higher than the crude

unpurified anthocyanin product, after purification by the

macroporous resin AB-8. The sensory evaluation revealed that

the unpurified product was more viscous than the purified

product, and the comparative table showed that the purified
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FIGURE 7

E�ect of the interaction of microwave power and liquid-to-material ratio on content.

FIGURE 8

E�ect of the interaction of extraction time and liquid-to-material ratio on content.

TABLE 4 Comparison of ALRM color value before and after purification.

Anthocyanins Absorbance Color value Appearance assessment

Purified 0.428 214 Violet-black powder

Unpurified 0.114 57 Purplish-red viscous

ALRM-1 contained four times as much color value as before

purification, uncovering that the AB-8 macroporous resin

bears the responsibility of effectively improving the purity of

ALRM.

Analysis of ALRM in vitro antioxidant

Figures 9A–E show the in vitro antioxidant capacity

of ALRM-1 compared with VC. The anthocyanins were
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investigated for their ability to scavenge DPPH·, ·OH,

ABTS·, O−

2 ·, and its ferric-reducing antioxidant power

(FRAP), and VC was used as a positive control. The

obtained results demonstrated that the antioxidant capacity

of ALRM-1 progressively intensified with increasingly

elevated concentrations in the range of 0.05–4 mg/mL. At a

concentration range of 4 mg/mL, ALRM-1 was noted to hold a

moderate level of antioxidant properties. The scavenging ability

of anthocyanins for DPPH· radicals was slightly outweighed by

that of VC, and those for DPPH·, ·OH, ABTS·, O−

2 · radicals, and

the FRAP were on par with the corresponding concentrations

of VC.

Discussion

LRM of the genus Lycium, family Solanaceae, is a

characteristic medicinal plant of western China and is widely

used in traditional Chinese medicine. Anthocyanins are the

main active ingredients in LRM, which have pharmacological

effects such as anti-oxidant, anti-aging, cardiovascular

protection, anti-cancer, and hyperglycemia (Tan et al., 2022).

As the active ingredients in LRM are complex, finding a

proven extraction method to separate and purify the active

ingredients in Chinese medicine and ultimately obtain effective

monomers is an important element in the field of Chinese

medicine research. Traditional methods of extracting Chinese

medicine ingredients, such as maceration and decoction, have

an insufficient performance to meet the needs of modern

pharmaceutical production due to poor selectivity, a limited

extraction range, easy leaching of a large number of impurities,

as well as easy decomposition of active ingredients, which

directly affects the quality, production efficiency and economic

efficiency of medicines (Marana et al., 2014; Cheng et al., 2015;

Xu et al., 2015; Jin et al., 2019). Combining the advantages of

both ultrasound and microwave, UMSE utilizes the heating

effect of microwave and the cavitation effect of ultrasound.

The high thermal energy and ultrasonic vibrations cause the

plant cells to rupture and release the bioactive substances into

the surrounding solvent. UMSE has the characteristics of low

energy consumption, high extraction efficiency, short time, and

convenient and secure operation (Lin et al., 2022). In this study,

a new anthocyanin extraction process has been optimized for

its rational exploitation, and the extraction rate is higher than

the traditional process, which will have a rational basis for the

development and exploitation of anthocyanin pigments in food,

health products, and cosmetics.

As people’s living standards and health awareness continue

to rise, more and more attention is being paid to health

and wellness products. LRM, as a characteristic plant with

both medicinal and edible values, is now widely used in

food, medicine, cosmetics, and other fields and has a large

economic value. The common free radicals include superoxide

radicals, lipid peroxide, hydrogen peroxide, singlet oxygen, and

hydroxyl radicals. Free radicals are highly biologically active

as well as can damage DNA, proteins, and lipids, causing

cell mutation, senescence, and apoptosis, suggesting that the

gradual accumulation of oxidized cells is a fundamental driver

of cellular senescence (Feng et al., 2021; Kucukler et al., 2021).

The mechanism of their associated free radical doctrine is

shown in Figure 10 The use of antioxidants as natural and

synthetic functional food ingredients and dietary supplements

have become increasingly popular in recent years. Due to an

imbalance in the ratio of antioxidants to free radicals, oxidative

reactions can damage proteins, lipids, and DNA. Appropriate

methods focusing on the kinetics of reactions involving

antioxidants and addressing the mechanisms of antioxidant

activity are needed to screen plant-derived compounds for

their antioxidant capacity (Gulcin, 2020; Zhong et al., 2022).

This paper explores the antioxidant activity of anthocyanins,

a highly valuable natural beneficial ingredient unique to LRM,

and will add a new theoretical basis for their functional activity

and provide a basis for the development and application of

functional foods.

Studies have found that Xia and Zhao (2014) extracted

the polysaccharides, flavonoids, and polyphenols of LRM, and

determined the scavenging ability of these three components

on diphenyl bitter acyl (DPPH·), hydroxyl radicals (·OH), and

superoxide anion radicals (O−

2 ·), as well as on mitochondrial

swelling and malondialdehyde (MDA) content in mouse liver, to

evaluate the antioxidant activity of the functional components of

LRM and their protective effects on the antioxidant activity and

mitochondrial protective effects of the functional components

of LRM were evaluated. The contents of all were found to be

30.6, 21.3, and 49.5 mg/g, respectively, as well as the ability

of flavonoids and polyphenols to scavenge DPPH·, ·OH, and

O−

2 · radicals was stronger than that of polysaccharides. The

mitochondrial swelling induced by FeSO4-VC was significantly

inhibited by LRM flavonoids (P < 0.01) and polyphenols (P <

0.01), and the mitochondrial MDA content was significantly

reduced by LRM flavonoids and polyphenols (P < 0.05).

The polysaccharides, flavonoids, and polyphenols of LRM had

antioxidant activity, and the protective effect of flavonoids

and polyphenols on mitochondria was stronger than that of

polysaccharides. Exercise fatigue may arise because free radicals

are not scavenged in time causing damage to the organism,

and energy substances are depleted and the accumulation of

metabolites; simultaneously, liver and muscle glycogen also

directly affect exercise endurance and fatigue level. Gavage

of polysaccharides from LRM (PLRM) reduces lipid peroxide

content in mouse liver tissue, increases serum superoxide

dismutase (SOD) values, and has a beneficial impact on

maintaining high levels of liver and muscle glycogen content.

PLRM has a protective effect on acrylamide (AA)-induced

liver injury in rats (Wang et al., 2020). It proved that its

flavonoids have antioxidant activity in a certain concentration
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FIGURE 9

The scavenging radical capacity of ALRM-1 [(A) comparison of the scavenging rate of DPPH· radicals by VC and ALRM-1; (B) comparison of the

scavenging rate of ·OH radicals by VC and ALRM-1; (C) comparison of the scavenging rate of ABTS· radicals by VC and ALRM-1; (D) comparison

of the scavenging rate of O−

2 · radicals by VC and ALRM-1; (E) comparison of FRAP by VC and ALRM-1].

FIGURE 10

Mechanisms of the free radical doctrine of aging (The figure was created employing online software named BioRender.com).
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range. The above indicates that the active ingredients in LRM

have antioxidant effects, and LRM is rich in active ingredients,

including anthocyanins, but little research has been done on its

antioxidant activity, so it is of reference value to investigate the

antioxidant function of LRAMobtained from theUMSEmethod

in this work.

As the market for synthetic pigments will shrink with the

increasing requirements for food safety, anthocyanins are a

natural pigment, and in the future natural pigments will be

more popular in the market and offer great potential in the

food industry, health products, and cosmetics. As the main

component of LRM, anthocyanins have been studied in terms

of the chemical composition and pharmacological properties

of ALRM, but there are still many issues for further research.

For example, research on the extraction methodology of ALRM

is mainly focused on traditional extraction methods, and there

is less research on new extraction methods in recent years,

which should increase the content of its potent substances as an

important way to obtain natural pharmaceutical ingredients. In

addition, less research has been done on the antioxidant aspects

of LRM, and this is a direction that needs to be addressed in

future research to develop and study the antioxidant functions of

ALRM and its products more thoroughly and comprehensively.

This paper focuses on the optimization of ALRM extraction

(UMSE) and in vitro antioxidant aspects, with a view to its

subsequent widespread application and improved utilization.

Conclusions

The quadratic regressionmodel for the yield of anthocyanins

has been established by acquiring ALRM through UMSE with

the RSM for the first time. The optimum process conditions

were obtained as ultrasonic power of 216W, microwave power

of 89W, time of 26min, and the liquid-to-material ratio of 17:1

mL/g. Three sets of validation experiments were carried out

under these conditions, yielding 10.535 mg/g of anthocyanins,

which equates to approximately the theoretical maximum yield

of 10.157 mg/g. It has been suggested that ALRM purified

with AB-8 obtained by UMSE has the capability of scavenging

DPPH·, ·OH, ABTS·, O−

2 · radicals, and the FRAP. In addition,

its ABTS free radical scavenging properties, outperform that of

VC. Hence, it may serve as a reference value and conceptual

foundation for the exploitation of professional functional

components of ALRM.
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