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In order to establish a method for simultaneous determination and extraction of quercetin and berberine in
soil, HPLC-PDA multi-wavelength method was used to detect the content of berberine and quercetin in soil
solution. The detection wavelength was 210 nm and 347 nm. The column temperature was 30 °C, the
mobile phase A was acetonitrile, the mobile phase B was 0.1% phosphoric acid aqueous solution, and
the flow rate was 1.0 mL min~1. Under the condition of isocratic elution, quercetin and berberine were
completely separated within 20 min. The detection limit concentration of quercetin was 0.078 mg L™,
and the detection limit of berberine was 0.019 mg L™. Both of them reached the trace level, and the
recovery rate was between 97.2% and 107.4%. The response surface method was used to optimize the
ultrasonic extraction method. The three main factors of extraction concentration, extraction temperature
and solid-liquid ratio were optimized to obtain the highest extraction efficiency. The optimum extraction
efficiency was as follows: 1 g soil sample was extracted with 80% ethanol aqueous solution, ultrasonic
time was 10 min, ultrasonic temperature was 44 °C, and solid—liquid ratio was 1:17 g mL™. The
extracted quercetin and berberine concentrations were close to the predicted values of response
surface optimization. The method of extracting and determining berberine and quercetin from soil
established in this experiment is simple, fast, low cost and high safety. The feedback of the results also
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1 Introduction

Due to the continuous improvement of intensive planting,
continuous cropping obstacles mainly caused by soil-borne
diseases and autotoxic effects have appeared in the process of
crop planting. One of the main causes is that crops secrete
allelochemicals and autotoxic substances in agricultural
production, resulting in poor growth and development of crops
and serious diseases caused by the deterioration of soil physical
and chemical properties.”” Allelochemicals, as secondary
metabolites of plants, are an important cause of allelopathy of
plants in the natural environment. Allelochemicals mainly
come from root exudates of plants or decomposition of plant
residues.>* Rice divided these allelochemicals into 14 cate-
gories®, such as unsaturated lactones, water-soluble organic
acids, phenolic acids, alkaloids, flavonoids, terpenoids and
their derivatives. At present, there are many reports on the
autotoxicity of alkaloids and flavonoids.
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further research and analysis of different allelochemicals in soil.

Alkaloids have complex nitrogen-containing ring structures,
which are widely found in dicotyledonous plants such as Till-
eraceae, Leguminosae, Solanaceae, Menispermaceae, and
Papaveraceae.® Alkaloids can inhibit plant growth by inserting
DNA, affecting enzyme activity, protein synthesis and membrane
integrity.” For example, different parts of tea plants can signifi-
cantly inhibit seed germination and seedling growth by releasing
autotoxic substances such as caffeine.® Berberine, coptisine,
palmatine and jatrorrhizine contained in Rhizoma Coptidis have
good inhibitory effects on Microcystis aeruginosa.® Alkaloids
released from barley roots can cause sinapis alba cell wall
damage, vacuole volume increase and organelle structure
damage.'® After 7 days of berberine treatment, the root growth of
Eleusine indica, Cyperus rotundus and Mikania micrantha was
significantly inhibited.” Flavonoids are a class of 2-phenyl-
chromone compounds, which can be secreted into the soil
through the roots, thereby inhibiting seed germination.'> Some
flavonoids are also present in plant leaves or pollen, and they
drop into the surrounding soil and likewise inhibit the germi-
nation of themselves and surrounding plants.”® For example,
flavonoids such as quercetin and luteolin secreted by long-term
continuous cropping leguminous forage plants alfalfa and clover
are prone to autotoxicity,' resulting in inhibition of seed
germination and significant decrease in plant yield. Eriocitrin,
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naringenin and quercetin 3,3-dimethyl ether have inhibitory
effects on the growth of lettuce roots." These flavonoids reduce
the cell division frequency in the root meristem region and
inhibit the formation of root hairs and resting cells in root cap
cells. 5,7,4"-Trihydroxy-3',5"-dimethoxyflavone is one of the
important allelochemicals in rice, which can effectively inhibit
the germination of weed seeds such as barnyardgrass."*® Daid-
zein and genistein could induce the expression of nod gene in
Bradyrhizobium, but inhibit the expression of nod gene in Sino-
rhizobium. Naringenin can stimulate the formation of nodulin in
pea rhizobia, while quercetin inhibits its formation.*"”

At present, the detection methods of alkaloids and flavonoids
include thin layer chromatography, spectrophotometry, capillary
electrophoresis, high performance liquid chromatography
etc."®* The commonly used extraction methods include
impregnation method, ultrasonic extraction method, solvent
extraction method, supercritical fluid extraction method,
microwave-assisted extraction etc.’***>* In terms of detection
methods, capillary electrophoresis has low sensitivity and is not
suitable for the study of two types of allelochemicals in complex
soil environments. Compared with other chromatographic
techniques, the separation length of thin layer chromatography
is limited, and it can only be used for qualitative analysis, but not
for quantitative analysis. High performance liquid chromatog-
raphy (HPLC) has the characteristics of fast analysis speed, high
analysis accuracy, and simultaneous qualitative and quantitative
analysis of different components. It is commonly used in the
detection and analysis of alkaloids and flavonoids. In this study,
high performance liquid chromatography combined with
ethanol extraction and ultrasonic extraction technology was used
to establish a rapid analysis method for simultaneous detection
of two allelochemicals by optimizing chromatographic condi-
tions and extraction conditions, which provided reference value
for simultaneous detection of alkaloids and flavonoids.

2 Experimental

2.1 Instruments and reagents

LC-20A High Performance Liquid Chromatograph (Shimadzu,
Japan), LC-20 AT infusion unit, SIL-20A automatic sampler,
COT-20A column temperature box, SPD-M20A PDA diode array
detector; One ten thousandth balance (mettler Toledo); tDL-40B
centrifuge (Shanghai Anting Scientific Instrument Factory); kH-
5200B ultrasonic cleaner (Kunshan Hechuang Ultrasonic
Instrument Co., Ltd).

Methanol, acetonitrile and acetic acid were all chromatograph-
ically pure (Germany, Sigma). Quercetin and berberine (Fig. 1),

Berberine Quercetin

Fig. 1 The structure of berberine and quercetin.
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purity greater than 95%, were purchased from Shanghai Yuanye
Biotechnology Co, Ltd.; the other reagents were analytically pure,
the water used was Waha purified water; the soil samples were
taken from the Coptis chinensis planting base in Bozhou City,
Anhui Province.

2.2 Detection test

2.2.1 Preparation of solutions

(1) Preparation of single standard stock solution. About 10.0 mg
of berberine and quercetin were accurately weighed and trans-
ferred to a 10 mL volumetric flask, dissolved with methanol,
and the volume was fixed to the scale line. Shake well as a single
standard solution.

(2) Preparation of mixing standard solution. The 2.0 mL of
berberine and quercetin single standard stock solution was
accurately measured and transferred to a 10 mL volumetric
flask, and the mobile phase solution with an isocratic elution
ratio was used for constant volume as a mixing standard
solution.

(3) Preparation of sample solution. 1 g soil sample was placed
in a brown wide mouth reagent bottle. After the extraction
conditions of ultrasonic temperature 44 °C, ethanol concen-
tration 80%, solid-liquid ratio 1:17 g mL™", the supernatant
was separated, filtered by 0.22 pm filter membrane, and stored
at 4 °C for analysis.

2.2.2 Chromatographic conditions. Shim-pack VP-ODS
column (250 mm x 4.6 mm, 5 pm); the column temperature
was 30 °C, and the detection wavelength was 210 nm and
347 nm. The flow rate was 1.0 mL min~". The injection volume
was 10 pL. The mobile phase A was acetonitrile and the mobile
phase B was 0.1% phosphoric acid aqueous solution. Isocratic
elution: 0 ~ 20 min, 30% A, 70% B. All solutions were filtered by
0.22 um membrane before injection.

2.2.3 Instruments and reagents

(1) Linear relationship investigation. The mixing standard
solution was diluted with a pipette, and diluted 2, 6, 8,10 and 12
times, respectively. Acetonitrile and 0.1% phosphoric acid
aqueous solution were used to elute at a ratio of 3 : 7 to constant
volume as a linear series solution. The linear series solution was
diluted twice step by step, and the limit of quantitation was
measured with a 10-fold signal-to-noise ratio (S/N), and the limit
of quantitation (LOQ) was used as the lowest concentration in
the linear range. The detection was performed according to the
2.2.2 conditions. The linear regression was performed with the
concentration as the X axis and the peak area at the maximum
absorption wavelength as the Y axis. The regression equations
of berberine and quercetin were established and the R* value
was calculated.

(2) Detection limit experiment (LOD). After the lowest concen-
tration solution in the linear series solution was diluted by 2
times, the sample was detected according to 1.4 conditions, and
the detection line was measured by 3 times signal-to-noise ratio
(S/N).

(3) Specificity experiment. Berberine and quercetin single
standard solution, mixed control solution, soil extract and
blank solvent solution were injected and detected according to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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1.4 conditions. Whether the blank solvent solution interfered
with the chromatography of berberine and quercetin was
recorded. The relative retention time and maximum absorption
wavelength of single standard solution were recorded, and the
retention time, tailing factor and resolution of mixed control
solution were recorded.

(4) Precision experiment. The mixed control solution was
injected continuously for 5 times according to 1.4 conditions,
and the relative standard deviation of the peak area of each
component was calculated to investigate its precision.

(5) Stability experiment. The mixed control solution was
placed at room temperature, and the samples were injected at 0,
2, 4, 6, 8, 16, 24, 34 and 48 h after configuration, respectively.
The peak area RSD values of berberine and quercetin were
calculated to investigate their stability.

(6) Recovery experiment. Add low medium and high control
mixed standard solution to 1 g soil sample (80%, 100%, 120% of
the content of each component in the mixed control solution),
and three samples were prepared in parallel for each of the
three concentrations, and the samples were injected and
assayed according to the conditions of item 1.4. The recoveries
were calculated by measuring the contents of the two chemically
sensitive substances before and after the assay.

2.3 Extract test

2.3.1 Preparation of solutions. The rhizosphere soil of
Coptis chinensis was taken, and the obvious stones, grass stems
and other impurities were removed. After natural air drying, the
60 mesh sieve was used to screen and reserve.

2.3.2 Extraction test method. 1 g soil sample was placed in
a brown wide mouth reagent bottle, and a certain amount of
extraction solution was added to ultrasound under different
temperature, time and solid-liquid ratio conditions. The
supernatant was separated by static separation, filtered by 0.22
pum filter membrane, and stored at 4 °C for analysis.

2.3.3 Single factor test

(1) Effect of extraction solvent on the concentration of berberine
and quercetin. Accurately weigh 1 g of soil samples, select the
concentration of the extraction solution is 70%, the ratio of
extraction material to liquid is 1:10, the extraction ultrasonic
time is 20 min, the extraction ultrasonic temperature is 40 °C,
the effects of methanol, ethanol and acetonitrile on the
concentration of berberine and quercetin were investigated.

(2) Effect of ultrasonic time on the concentration of berberine
and quercetin. The concentration of ethanol solution was 70%,
the ratio of material to liquid was 1:10, and the extraction
temperature was 40 °C. The effects of ultrasonic time 10, 20, 30,
40, 50 and 60 min on the concentration of berberine and
quercetin were investigated.

(3) The effect of ethanol concentration on the concentration of
berberine and quercetin. The 1 g soil sample was accurately
weighed, and the extraction ultrasonic time was selected for
20 min. The ratio of material to liquid was 1:10, and the
extraction ultrasonic temperature was 40 °C. The effects of
ethanol concentration of 40, 50, 60, 70, 80, 90, 100% on the
concentration of berberine and quercetin were investigated.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Factors and levels in the experiment

Factor

A (ultrasonic B (ethanol C (solid-liquid
Levels temperature)/°C concentration)/% ratio)/g: mL
-1 40 60 1:15

50 70 1:20
1 60 80 1:25

(4) Effect of ultrasonic temperature on the concentration of
berberine and quercetin. The 1 g soil sample was accurately
weighed, the ethanol concentration was 70%, the extraction
time was 20 min, and the ratio of material to liquid was 1:10.
The effects of ultrasonic temperature 40, 50, 60, 70, 80, 90, 100 °©
C on the concentration of berberine and quercetin were
investigated.

(5) Effect of solid-liquid ratio on the concentration of berberine
and quercetin. The 1 g soil sample was accurately weighed, and
the ethanol concentration was 70%. The extraction ultrasonic
time was 20 min, and the extraction ultrasonic temperature was
40 °C. The effects of solid-liquid ratioof1:5,1:10,1:15, 1: 20,
1:25and 1:30 on the concentration of berberine and quercetin
were investigate.

2.3.4 Response surface methodology optimization design.
The results of single factor test were analyzed. The ethanol
solution was selected as the extract, and the three factors of
ultrasonic temperature (A), ethanol concentration (B) and solid-
liquid ratio (C) were selected as independent variables. The
different levels of the independent variables were represented
by —1, 0, 1, and the concentration of the two allelochemicals in
the test was the response value. Using Design-Expert 8.0.6
software, according to the Box-Behnken Design (BBD) center
combination principle design, a total of 17 test points were
randomly selected for the test.>**® The results of the experi-
mental data were optimized and analyzed, and then the verifi-
cation experiment was carried out to obtain the optimal
extraction process. Test factors and level Table 1.

2.4 Data processing and statistical analysis

Signals collected from HPLC LabSolutions are output in text
document format (*.txt). The original data were plotted with
Origin 2018 software. The experimental data of response
surface method were imported into Design-Expert 8.0.6 Trial
software for drawing.

3 Results and discussion
3.1 Detection test results

3.1.1 Optimization of detection wavelength. In this exper-
iment, SPD-M20A PDA diode array detector was used to scan
berberine and quercetin in the full wavelength range of 190 ~
800 nm, and the detection wavelength was determined by
ultraviolet absorption spectrum. As shown in Fig. 2, according
to the maximum absorption wavelength of berberine and
quercetin under the chromatographic conditions, considering

RSC Adv, 2023, 13, 29427-29437 | 29429
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the difference of sensitivity and anti-interference, 210 nm and
347 nm were selected as the detection wavelengths of berberine
and quercetin.

3.1.2 Optimization of mobile phase composition. The
mobile phase has an important influence on the separation
process of HPLC. The acetonitrile-water system has a good
elution effect in the separation and detection of alkaloids and
flavonoids, and the viscosity of acetonitrile is small, which can
effectively reduce the system pressure. Studies have shown that
in the separation and determination of alkaloids and flavo-
noids, with an appropriate concentration of formic acid, acetic
acid, phosphoric acid aqueous solution as an acid regulator,*~>°
can slow down the ionization of phenolic hydroxyl groups and
carboxyl groups in aqueous solution, resulting in enhanced
polarity, and the surface of the stationary phase forms a double-
layer retention, resulting in a serious tailing of the chromato-
graphic peak, After adding a certain acid regulator, the sepa-
ration and peak shape of the sample were significantly
improved.**** Through experimental research, it is found that
the separation effect of formic acid and acetic acid is not as
good as that of phosphoric acid aqueous solution. The final
experiment showed that using acetonitrile-0.1% phosphoric
acid as the mobile phase, the separation effect of berberine and
quercetin was better, and the peak shape symmetry was good,
and the tailing factor was between 0.9 and 1.2. When the mobile
phase ratio was adjusted several times, when acetonitrile
accounted for 30% of the mobile phase, berberine and quer-
cetin could be well separated within 20 minutes.

3.1.3 Optimization of flow rate and column temperature.
As shown in Fig. 3, when the flow rate was 0.8 mL min~ ", the
retention time of berberine and quercetin was significantly
delayed, and the peak time of quercetin was at the end of the
detection period. When the flow rate was set to 1.2 mL min ™,
the retention time of berberine and quercetin could peak earlier
than that when the flow rate was 1.0 mL min~", but the peak
time of berberine was similar to that of some miscellaneous
peaks, and the column pressure increased significantly, which
was close to the critical value of instrument column pressure of
10 MPa, reaching 9.7 MPa.

In this experiment, the daily average temperature was about
30 °C in summer. When the column temperature was set to 30 ©
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Fig.3 Effect of flow rate on retention time of berberine and quercetin.

C, the baseline was stable, which was convenient for the
calculation of quercetin and berberine.

3.1.4 Analytical method validation. The method follows the
guidelines of the International Conference on Harmonization
(ICH) 31 and uses standard solutions, blank samples and
spiked samples for determination. The linearity, limit of
detection and limit of quantitation (LOD and LOQ), precision,
accuracy and stability of the HPLC method with diode array.

(1) Linearity and range. The linear results are as shown in
Table 2. In a certain concentration range, the mass fraction of
berberine and quercetin showed a good linear relationship with
the peak area. The R* of berberine was 0.9991, and the R* of
quercetin was 0.9992. In this paper, the mixed solution also has
a good linear relationship after dilution, indicating that
berberine and quercetin do not interfere with each other in the
mixed solution, thus saving the solution preparation and
detection time. The linear detection concentration is broad,
which can meet the accurate determination of two alle-
lochemicals in most soil extraction solutions.

(2) Spectficity investigation. The results showed that berberine
and quercetin could peak in the determination time under the
chromatographic conditions, and the peak shape was
symmetrical. The solvent peak appeared before 5 min, which

(b)

Berberine
— Quercetin
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000 L 1 1 ! !
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Fig. 2 Spectra (a) and chromatogram (b) of berberine and quercetin standard samples.
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had no effect on the peak of berberine and quercetin. The two
allelochemicals in the mixed solution could be completely
separated, and the separation degree was greater than 1.5,
which reached the baseline separation and met the detection
conditions. As shown in Fig. 4a, berberine was found near the
wavelength of 350 nm. The final test results showed that
berberine had the highest absorption intensity at 347 nm, and
quercetin had the highest absorption intensity at 210 nm.

(3) Detection limit. The experimental results of detection limit
are shown in Table 2. Under the chromatographic conditions,
the detection limits of berberine and quercetin were between
0.019 mg L™ and 0.78 mg L™". The detection limit concentra-
tion of alkali reached the trace level, indicating that the method
had high sensitivity and was suitable for the quantification of
trace berberine and quercetin in soil environment.

(4) Precision. After the same sample was continuously injec-
ted for 5 times, the results were as shown in Table 2. The RSD
value of the peak area of berberine was 0.47%, and the RSD
value of the peak area of quercetin was 0.28%. The precision of
the method was good. It shows that the feasibility of simulta-
neous detection of berberine and quercetin by HPLC-PDA multi-
wavelength technology is high.

(5) Solution stability. The stability of the solution is shown in
Table 2. The peak area RSD data of berberine and quercetin
were less than 2% within 48 h. The mixed solution of phenolic
acid was stable at room temperature for 48 h, and no degra-
dation and chemical reaction occurred. The phenolic acid
solution prepared by this method can be placed for a long time,
and the experimental error caused by long-term placement can
be avoided in subsequent applications.

(6) Recovery rate. The recovery results are shown in Table 2.
The recovery rates of berberine and quercetin are between
97.2% and 107.4%. The RSD value of berberine is 2.65%, and
the RSD value of quercetin is 1.95, indicating that the method
has good recovery rate and high accuracy.

(7) Sample determination. The content of berberine and quer-
cetin in soil samples was determined by this method. As shown in
Fig. 4b, berberine and quercetin were well separated from the soil
extract and were not interfered by other substances.

3.2 Extract the test results

3.2.1 Single factor test results

(1) Effect of selecting different extraction solvents on extraction.
At the beginning of this experiment, acetonitrile, methanol and
ethanol were selected as extraction solvents. Among them,
acetonitrile had poor extraction effect on two allelochemicals in
the preliminary experiment of actual extraction, which may be
due to the low solubility of acetonitrile itself to two alle-
lochemicals. Methanol and ethanol have good extraction effect
under the condition of suitable extraction temperature.
However, considering that methanol is toxic and the use of
methanol as extraction solvent will increase more cost invest-
ment, which not only cannot guarantee the safety of the
experiment, but also affects the selection of other experimental
supplies. Therefore, the extraction solvent of the experiment is
finally determined as ethanol.

RSC Adv, 2023, 13, 29427-29437 | 29431
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(2) Effect of ultrasound time on ultrasound extraction. It can be  to 2.395 mg L™" before 40 min of extraction time within 10 ~
seen from Fig. 5a that under the same other conditions, the 60 min, and then the concentration showed a downward trend,
concentration of berberine increased slowly from 1.968 mg L' and tended to be stable after 50 min, and the concentration was
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as low as 1.512 mg L~ ". The extraction concentration of quer-
cetin has been declining from 5.623 mg L™ to 2.739 mg L™,
which may be due to the long-term heating effect of excessive
exposure to ultrasonic treatment, resulting in changes in the
dissolution performance of the extract, resulting in a significant
decrease in the extraction concentration.*” Although the
extraction concentration of berberine increased steadily, but
overall consideration, the consumption of too long time is not
in line with the economic benefits, so the extraction time of
10 min is the best.

(3) Effect of ultrasonic temperature on ultrasonic extraction. It
can be seen from Fig. 5b that when the other conditions were
the same, the extraction temperature was in the range of 30-80 ©
C. Before 50 °C, the concentration of berberine increased from
1.658 mg L ™" to 2.191 mg L' with the increase of extraction
temperature, while quercetin showed an upward trend before
40 °C, and the concentration increased from 5.534 mg L™ " to
6.307 mg L™ ". After that, the extraction concentration of the two
allelochemicals showed a downward trend. At 80 °C, the
extraction concentration of berberine was reduced to
1.512 mg L™'; the concentration of quercetin decreased to
5.097 mg L. The possible reason is that as the temperature
increases, the molecular thermal motion gradually increases,
making the two types of allelochemicals easier to leach.
However, after the temperature gradually increased, the two
allelochemicals may be decomposed, resulting in a decrease in
concentration detection.*® Considering comprehensively, 40, 50
and 60 °C were selected for optimization test.

(4) Effect of solid-liquid ratio on ultrasonic extraction.
According to Fig. 5c¢, different solid-liquid ratios had a certain
effect on the extraction concentration of the two allelochem-
icals. In the range of 1:5-1:20 g mL ™" of berberine, quercetin
showed an upward trend in the range of 1:5-1:15 and 1:20-
1:25. The concentration of berberine increased from
1.038 mg L™ to 2.176 mg L™, and the concentration of quer-
cetin increased from 4.579 mg L™ to 6.513 mg L™, indicating
that increasing the amount of extraction solvent to a certain
extent was beneficial to the dissolution of the two allelochem-
icals. In the rest of the interval, with the increase of the dosage
of the extraction solvent, the two allelochemicals have a signif-
icant downward trend. When the ratio of material to liquid is 1 :
30, berberine decreased to 1.506 mg L', quercetin concentra-
tion decreased to 4.518 mg L~ '. The possible reason is that the
substrate is limited, and the ratio of material to liquid is too
small, resulting in an increase in water-soluble impurities,
which interferes with the detection of the two allelochemicals.**
Among them, the extraction concentration of berberine reached
6.513 mg L~ when the solid-liquid ratio was 1:20, and the
maximum concentration of quercetin was 2.176 mg L™ when
the solid-liquid ratio was 1:25. Finally, 1:15, 1:20 and 1:25
were selected for optimization test.

(5) Effect of ethanol concentration on ultrasonic extraction. It
can be seen from Fig. 5d that when the other conditions are the
same, the concentration of extracted ethanol is in the range of
40-100%, and the concentration of berberine and quercetin is
in the range of 40-80%. The extraction showed an upward
trend, in which the concentration of berberine increased from

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

1.201 mg L' to 2.237, and the concentration of quercetin
increased from 4.493 mg L™ " to 6.397 mg L™ ". It shows that the
extraction efficiency of the two allelochemicals increases with
the increase of solution concentration under suitable solvent
polarity conditions.*® When the ethanol was 100%, the
concentration of berberine decreased to 1.501 mg L™, and the
concentration of quercetin decreased to 6.482 mg L™ '. The
reason may be that the polarity of the solvent is too high to
inhibit the precipitation of allelochemicals in the soil sample.
Considering comprehensively, 60, 70 and 80% were selected for
optimization test.

3.2.2 Box-Behnken design center combination test results.
On the basis of single factor test, the ultrasonic time was fixed for
10 min, and the ultrasonic temperature (4), ethanol concentra-
tion (B) and solid-liquid ratio (C) were selected as the influencing
factors, and the berberine concentration (Y¥) and quercetin
concentration (Z) were used as the evaluation indexes. The
Design-Expert 8.0.6 Trial software was used to design the three-
factor and three-level central combination test. The test con-
sisted of 17 groups, with 3 replicates in each group. The factor
level is shown in Table 1, and the results are shown in Table 3.

The regression equation of berberine was Y =2.23 — 0.0564 +
6.250E — 003B — 0.14C — 0.043AB + 0.080AC — 0.065BC — 0.194>
— 0.053B> — 0.21C%; the regression equation of quercetin was Y
=6.49 + 0.0954 + 0.25B + 0.074C — 0.24AB + 0.47AC + 0.046BC —
0.204% — 0.12B% — 0.18C>.

Variance analysis of quercetin regression equation, the
results are shown in Table 4. From Table 4, it can be seen that
the first term A, B, C, the interaction term AB, BC and the second
term A% B* C” have a very significant effect on the extracted
quercetin concentration, and the interaction term AC has
a significant effect on the extracted quercetin concentration. It
is easy to conclude that the order of factors affecting quercetin
is temperature > ethanol concentration > solid-liquid ratio.

This model F = 216.5112, P < 0.0001, the response surface
regression model reached a very significant level (P < 0.01), the
lack of fit F = 0.561395, P = 0.6685 > 0.05, indicating that the

Table 3 Tests and results of response surface method

Serial number A/°C  B/% C/(g:mL) Y(mgL™") Z(mgL™)
1 -1 -1 0 2.10 5.570
2 1 -1 0 2.10 6.263
3 -1 1 0 2.19 6.550
4 1 1 0 1.99 6.274
5 -1 0 -1 2.21 6.428
6 1 0 -1 1.94 5.667
7 -1 0 1 1.76 5.618
8 1 0 1 1.81 6.719
9 0 -1 -1 2.13 5.886
10 0 1 -1 2.28 6.310
11 0 -1 1 1.98 5.968
12 0 1 1 1.87 6.574
13 0 0 0 2.31 6.517
14 0 0 0 2.315 6.474
15 0 0 0 2.34 6.493
16 0 0 0 2.33 6.432
17 0 0 0 2.35 6.523
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Table 4 Variance analysis for the established regression model®

Sum of squares df Mean square F-value P-value Significance
Modle 2.145145 9 0.238349 216.5112 <0.0001 *K
A 0.071631 1 0.071631 65.06808 <0.0001 ok
B 0.510555 1 0.510555 463.7766 <0.0001 *x
c 0.043218 1 0.043218 39.25825 0.0004 ok
AB 0.23474 1 0.23474 213.2327 <0.0001 *x
AC 0.866761 1 0.866761 787.3459 <0.0001 woE
BC 0.008281 1 0.008281 7.522271 0.0288 *
A? 0.168463 1 0.168463 153.0281 <0.0001 oK
B> 0.064246 1 0.064246 58.3596 0.0001 *K
c? 0.13608 1 0.13608 123.6122 <0.0001 oK
Residual 0.007706 7 0.001101
Lack of fit 0.002283 3 0.000761 0.561395 0.6685
Pure error 0.005423 4 0.001356
Cor total 2.152851 16
R 0.9964
Ragi” 0.9918
Rpred” 0.9791
C.V.% 0.53

“ Note: ** indicates extremely significant difference, * indicates significant difference.

lack of fit is not significant, the coefficient of variation was
0.53% (<10%), which indicated that the experimental model
could objectively reflect the relationship between various
factors and quercetin concentration, and the non-experimental
factors had little effect on the extraction results. The model had
good experimental stability. The determination coefficient of
the regression equation is R*> = 0.9964, indicating that the
fitting degree of the equation is good. The regression equation
can be used to replace the real point of the test to describe the
relationship between the variables and the response value. The
corrected coefficient of determination RAcIjZ = 0.9918, which is
close to R?, shows that the model has sufficient accuracy and
versatility. Therefore, this equation can be used to analyze and

Table 5 Variance analysis for the established regression mode®

predict the influence of various factors on the extraction rate in
the quercetin extraction experiment.

Analysis of variance of berberine regression equation, the
results are shown in Table 5. In the established regression model,
F = 370.3793, P < 0.0001, indicating that the difference in the
regression model was extremely significant. The lack of fit F =
0.208333, P = 0.8859 > 0.05, the coefficient of variation 0.64%
(<10%), indicating that the model prediction is close to the actual
situation, the fitting degree is good. The determination coefficient
of the regression equation is R* = 0.9979, which indicates that the
test model can fit well with the actual test, and about 99.79% of
the results in the actual test can be explained by the fitting model.
The corrected determination coefficient RAdj2 = 0.9952, which is

Factors Sum of squares df Mean square F-value P-value Significance
Modle 0.616681 9 0.06852 370.3793 <0.0001 ok
A 0.025313 1 0.025313 136.8243 <0.0001 *K
B 0.000312 1 0.000312 1.689189 0.2349

c 0.16245 1 0.16245 878.1081 <0.0001 *x
AB 0.007225 1 0.007225 39.05405 0.0004 ok
AC 0.0256 1 0.0256 138.3784 <0.0001 *x
BC 0.0169 1 0.0169 91.35135 <0.0001 ok
A? 0.149213 1 0.149213 806.5562 <0.0001 *K
B 0.011939 1 0.011939 64.53627 <0.0001 ok
c* 0.187013 1 0.187013 1010.881 <0.0001 *x
Residual 0.001295 7 0.000185

Lack of fit 0.000175 3 5.83 x 107° 0.208333 0.8859

Pure error 0.00112 4 0.00028

Cor total 0.617976 16

R 0.9979

Ragi” 0.9952

Rpred” 0.9926

C.V.% 0.64

¢ Note: ** indicates extremely significant difference, * indicates significant difference.

29434 | RSC Adv, 2023, 13, 29427-29437

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04384c

Open Access Article. Published on 09 October 2023. Downloaded on 2/6/2026 1:00:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

close to R?, indicating that the model can explain the change of
99.18% berberine extraction concentration. According to the P
value column in Table 5, the extraction temperature (A) and the
ratio of material to liquid (C) had a significant effect on the
extraction concentration of berberine, and the effect of ethanol
concentration (B) was not significant. The effects of AB, AC, BC in
the interaction term and A% B? C* in the quadratic term on the
extraction concentration of berberine were extremely significant.
According to the size of the F value column in Table 5, it can be
concluded that the influence degree of the three factors on the
concentration of berberine in the extraction is the ratio of material
to liquid (C) > extraction temperature (A) > extraction solvent
ethanol concentration (C).

3.2.3 Box-Behnken response surface analysis interaction.
Based on the results of regression model analysis of variance,
Design-Expert 8.0.6 software was used to draw response surface
plots and contour plots based on the regression equation. The
effects of ultrasonic temperature, ethanol concentration and
solid-liquid ratio on berberine concentration and quercetin
concentration were analyzed.

When one of the three factors of ultrasonic temperature,
ethanol concentration and solid-liquid ratio was fixed, the
influence of the interaction of the other two factors on the
response value can be expressed by contour lines and response

a b

Quercetin concentration/(mg/L)

Quercetin concentration/(mg/L)

c:
B: Ethanol concentration/% Material liquid ratio/(g/mL) 150" @0

d

Ethanol concentration/%

o

Quercetin concentration/(mg/L)

C: Material liquid ratio/(g/mL)

Quercetin concentration/(mg/L)

c
A: Ultrasonic temperature/°C Material liquid ratio/(g/mL)

P

Ultrasonic temperature/°C

L]

Quercetin concentration/(mg/L)

\.

B: Ethanol cunccmmlicn/%

Quercetin concentration/(mg/L)

Ethanol concentration/% Ultrasonic temperature/°C

A: Ultrasonic temperature/°C

Fig. 6 Three dimensional surface plots (a) and contour plots (b) of
ethanol concentration material liquid ratio, three dimensional surface
plots (c) and contour plots (d) of ultrasound temperature material
liquid ratio, three dimensional surface plots (e) and contour plots (f) of
ethanol concentration ultrasound temperature on the interaction of
quercetin extraction concentration.
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surface diagrams. The results are shown in Fig. 6 and 7. The
response surface and contour map can intuitively reflect the
effect of interaction on the extraction concentration of the two
allelochemicals. The steeper the response surface and the
denser the contour, the more significant the effect is. The closer
the contour is to the ellipse, the stronger the interaction
between the two factors.?*¢

It can be seen from the comparison between Fig. 6a and f that
the response surface of Fig. 6f is the steepest, and the contour
shown in Fig. 6e shows obvious oval shape, P = 0.01 is far less
than 0.05, indicating that the interaction between ethanol
concentration and ultrasonic temperature has a significant effect
on the extraction of quercetin. Secondly, the steepness of the
response surface map of Fig. 6d is slightly smaller than that of
Fig. 6f but higher than that of Fig. 6b. From the comparison of the
contour maps of the two, it can be seen that Fig. 6a is circular as
a whole, and the figure is more inclined to ellipse. It can be
concluded from the above description that the change of extrac-
tion temperature has the most significant effect on the extraction
concentration of quercetin, followed by ethanol concentration,
and the ratio of material to liquid has the least effect.

From the comparison of Fig. 7a-f, it can be seen that the
contour maps of Fig. 7a and e show obvious ellipses, and the

Berberine concentration/(mg/L)

Berberine concentration/(mg/L)

d

Bcrhcnnc wncmnmuon/(mg/l )

C: Material liquid rano/(g/mL)
H

Berberine concentration/(mg/L)

c:
A Ultrasonic temperaturc/°C Material liquid ratio/(g/mL)

Lot Unmomc temperature/°C

(¢

f

Berberine concentration/(mg/L)

B: Ethanol concentration/%

Berberine concentration/(mg/L)

A+ Ultrasonic temperature/°C onen

Ethanol concentration/% Ultrasonic temperature/°C

Fig. 7 Three dimensional surface plots (a) and contour plots (b) of
ethanol concentration material liquid ratio, three dimensional surface
plots (c) and contour plots (d) of ultrasound temperature material
liquid ratio, three dimensional surface plots (e) and contour plots (f) of
ethanol concentration ultrasound temperature on the interaction of
berberine extraction concentration.
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contour map of Fig. 7c shows a circle. From the comparison of
their respective response surface maps, it can be seen that the
slopes of Fig. 7b and f are steeper than those of Fig. 7d, indicating
that the solid-liquid ratio and extraction temperature are more
significant as influencing factors than ethanol concentration.

3.2.4 Optimization process verification experiment.
Design-Expert 8.0.0.6 software was used to solve the equation,
and the optimal extraction conditions of berberine and quer-
cetin were obtained as follows: ultrasonic temperature 43.84 °C,
ethanol concentration 80%, solid-liquid ratio 1:17.18 g mL ™.
The predicted extraction concentration of quercetin was
6.6693 mg L', and the extraction concentration of berberine
was 2.34922 mg L. Considering the laboratory conditions and
the feasibility of actual operation, the extraction conditions
were modified to ultrasonic temperature 44 °C, ethanol
concentration 80%, solid-liquid ratio 1:17 g mL™~". A total of 5
parallel experiments were designed. The average concentration
of berberine was 2.27 mg L™, and the relative deviation was
3.37% (<5%). The average concentration of quercetin was
6.642 mg L', and the relative deviation was 0.41% (<5%). It
shows that the model is stable, reliable and has practical
application value.*”

4 Conclusions

In this paper, a rapid and simultaneous determination method
of berberine and quercetin was established by HPLC-PDA multi-
wavelength method. The response surface method was used to
optimize the ultrasonic-assisted extraction technology. The
optimized extraction method was similar to the predicted value
calculated by model fitting in the detection of berberine and
quercetin concentrations in soil samples, which proved that the
optimized extraction parameters of the model were stable and
reliable. The green organic solvent ethanol aqueous solution
used in the study can extract the allelochemicals in the soil well,
and the extraction solvent is cheap and easy to obtain, which
reduces the experimental cost, and the operation risk is low,
and the experiment is relatively safe. In this paper, the extracted
berberine and quercetin are less studied and have certain
novelty, and the new technical means of fast and complete
extraction-detection process are optimized and designed,
which has high practicability and high reliability in the
production process of medicinal plants, crops and other
industries.
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