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There are phenolic acids with allelopathy in the rhizosphere soil of plants. At present, the identification and

quantification of phenolic acids in different matrix mixtures is usually analysed by high performance liquid

chromatography, but the detection of phenolic acids in soil has rarely been studied. As well as, previous

studies have evaluated a limited number of target compounds. In this work, we proposed and verified

a method for quantitative determination of 14 phenolic acids, including gallic acid, vanillic acid, p-

hydroxybenzoic acid, protocatechuic acid, caffeic acid, syringic acid, p-coumaric acid, ferulic acid,

chlorogenic acid, benzoic acid, salicylic acid, 2-methoxycinnamic acid, 3-methoxycinnamic acid, and

cinnamic acid, which are widely present in rhizosphere soil of plants and have allelopathy. This method

used multiwavelength HPLC-PDA analysis for simultaneous determination of these compounds. The
detection wavelengths selected 254 nm, 280 nm, 300 nm, and 320 nm. Chromatographic separation of all
compounds was achieved using a column of Shim-pack VP-ODS (250 mm x 4.6 mm, 5 um), kept at

30 °C. Mobile phase A was acetonitrile, B was a 0.5% acetic acid aqueous solution, and the flow rate was
1.0 mL min~%. Under the condition of gradient elution, the mobile phase A was acetonitrile, B was a 0.5%
acetic acid agueous solution, and the flow rate was kept constant at 1.0 mL min~*. The 14 target phenolic

acids were completely separated within 45 min. All the calibration curves showed good linearity, and the
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correlation coefficient was 0.9994-0.9999. With the detection limit varying from 0.003 mg L™ to

0.239 mg L™t The recovery rates and the RSD of 14 phenolic acids were 80.54~107.0% and 1.43-4.35%,

DOI: 10.1039/d1ra09433e

rsc.li/rsc-advances

1. Introduction

Allelopathy is common in nature. Plants release their secondary
metabolites to their surroundings, which affects their growth
and development or other plants around them, leading to
mutual exclusion or promotion between plants.* Allelopathy is
a chemical regulation mechanism in the natural environment.
It plays an irreplaceable role in the establishment and succes-
sion of plant communities and is also one of the important
factors leading to continuous cropping obstacles. Many studies
have shown that phenolic acids are the most identified and
most active allelochemicals in the plant soil environment.*?
Phenolic acids are a class of organic acids with simple struc-
tures containing aromatic phenolic rings, phenolic hydroxyl
groups and carboxyl groups. In soil, phenolics can occur in the

“Department of Resources and Environment, Anhui Science and Technology University,
Fengyang 233100, China. E-mail: xiey@ahstu.edu.cn

*Department of Resources and Environment, Hubei University, Wuhan 430062, China
‘Department of Life and Health Sciences, Anhui Science and Technology University,
Fengyang 233100, China

© 2022 The Author(s). Published by the Royal Society of Chemistry

respectively. This method has the characteristics of high sensitivity, high accuracy, and high recovery rate.
This method is a novel technical means for the simultaneous analysis of compound phenolic acids in soil.

three following forms: free, reversibly bound, and bound forms.
The free phenolic compounds may accumulate in rhizosphere
soils, thereby influencing the accumulation and availability of
soil nutrients and rates of nutrient cycling in soil, which both
ultimately affects plant growth.* Research shows that phenolic
acids at 100 pmol-L ™" concentration can inhibit root length of
Chuju, in addition, they may reduce the contents of chlorophyll,
soluble protein, and soluble sugar in medicinal Chuju, reduce
the activities of the peroxidase (POD), the catalase (CAT), the
superoxide dismutase (SOD), and the phenylalanine ammo-
nialyase (PAL) in Chuju, and increase the content of the malo-
naldehyde (MDA), inducing adverse effects on the growth of
Chuju.’ The study of continuous cropping obstacles of Chinese
medicinal materials demonstrates that gallic acid, salicylic acid,
syringic acid, vanillic acid and protocatechuic acid are the main
phenolic acids leading to allelopathy of common genuine
medicinal materials such as Panax notoginseng, Rehmannia
glutinosa, Panax quinquefolium, Pseudostellaria heterophylla,
Salvia miltiorrhiza and Pinellia ternate.® Li et al®* found that in
the root exudates of Rehmannia glutinosa, a phenolic acid
mixture had an inhibitory effect on the growth of beneficial
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pathogens, while the effect on the growth of harmful pathogens
was the opposite, so Rehmannia glutinosa showed strong path-
ogenicity. In summary, it was necessary to collect, extract,
separate and then analyse phenolics in the natural environment
to determine their allelopathy. Cucumbers and peanuts are also
affected by autotoxic substances such as phenolic acid.”™°

Currently, the main detection methods of phenolic acids are
folin phenol colorimetry, capillary electrophoresis, infrared
absorption spectroscopy, and high-performance liquid chro-
matography (HPLC)."*™" For folin phenol colorimetry, because
of the existence of easily oxidized substances in the sample, the
measured phenolic acid content is high; moreover, the soil
environment is complex, and there are many interference
components. The sensitivity of capillary electrophoresis is low
and thus is not suitable for the study of phenolic acids in the
soil environment. Infrared absorption spectroscopy is
commonly used in qualitative research of substances. If used
for quantitative research, complex mathematical models are
needed to obtain the content of phenolic acid. Infrared
absorption spectroscopy is applied to simultaneous determi-
nation of multi-component, which will lead to complex calcu-
lation process. In contrast, HPLC has the characteristics of high
sensitivity, high accuracy and multicomponent qualitative and
quantitative analysis and is commonly used in the detection of
phenolic acids. HPLC is commonly used as a separation method
in conjunction with various detection methods (e.g. UV, FLD,
PDA, etc.). Xie et al.*® determined 9 kinds of phenolic acids in
medicinal Chuju samples and planting soil by HPLC gradient
elution within 45 min. Their detection limit were 0.01-
0.08 mg L', which met the requirements of trace detection.
Gonzalez et al® established a high-performance liquid
chromatography-diode array detector with high selectivity, high
sensitivity and high accuracy for the simultaneous determina-
tion of six phenolic acids in the water extract of Solanum nig-
rum and its hydrolysate. The method showed a good linear
relationship in the concentration range (r > 0.999), with
a recovery of 88.07-109.17% and a matrix effect of less than 5%.
In their comments, Stalikas and Kalili et al.**** discussed the
existing application of HPLC for determining the phenolic
compounds of mixtures in different matrices, but their pres-
ence in soil was not highlighted and take a long time to be
tested. Chen et al.?* used the HPLC-DAD method to detect 10
compounds in 55 min and Arimboor et al.*® determined nine
phenolic acids in 60 min. Sun et al.>* used UPLC-ESI-QTOF-MS
and HPLC to identify and determine seven phenolic acids in
Brazilian green propolis in 105 min.

The abovementioned phenolic acid detection methods
generally have problems such as long-time consumption, the
use of a variety of mobile phases, and fewer types of phenolic
acid detection. Therefore, how to detect multiple compound
phenolic acids in soil with high sensitivity, simplicity and
rapidity has become a scientific and technical problem that
needs to be solved urgently for agricultural enterprises with
continuous cropping obstacles caused by phenolic acids. In this
study, high-performance liquid chromatography was used to
optimize the chromatographic conditions. Under the same
mobile phase, a simple, rapid, and simultaneous analysis
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method for 14 phenolic acids was established, which provided
technical support for the detection of phenolic acids.

2. Results and discussion

2.1 Optimization of detection wavelength

Using to the SPD-M20A PDA diode array detector, the 14 phenolic
acids in the single standard solution were scanned at 190-800 nm,
and the detection wavelength was determined by the maximum
absorption of 14 phenolic acids. As shown in Fig. 1(a), under the
set four detection wavelengths, protocatechuic acid, p-hydrox-
ybenzoic acid, vanillic acid and benzoic acid have the maximum
absorption intensity at 254 nm, gallic acid, syringic acid, cinnamic
acid, 2-methoxycinnamic acid and 3-methoxycinnamic acid have
the maximum absorption intensity at 280 nm, p-coumaric acid
and salicylic acid have the maximum absorption intensity at
300 nm, and chlorogenic acid, caffeic acid and ferulic acid have
the maximum absorption intensity at 320 nm. In summary, the
wavelengths of 254, 280, 300 and 320 nm were determined as the
detection wavelengths of this method. This is consistent with
what is mentioned in the review by stalikas.>® Detection at 280 nm
is most generally used for the simultaneous separation of
mixtures of phenolic acids although for multiplex monitoring 254,
280 and 320 nm, can be ideal wavelengths.

2.2 Optimization of mobile phase composition

The mobile phase is an important factor affecting the separation
effect of HPLC. Phenol, phenolic hydroxyl, and carboxyl groups
are prone to ionization. Adding an appropriate concentration of
acid in aqueous solution has an obvious effect on improving the
separation degree and peak shape of the analyte.>*** However,
gradient elution has usually been most common in recognition
of the complexity of the phenolics of most samples. Numerous
mobile phases have been employed in past studies,>*”** but
binary systems comprising an aqueous component and a less
polar organic solvent such as acetonitrile or methanol remain
common. Acid is usually added to both components to maintain
a constant acid concentration during gradient runs.”® The
commonly used acids for the separation and determination of
phenolic acids are formic acid, acetic acid, and phosphoric
acid.>* In this study, the effects of different proportions of for-
mic acid and acetic acid on the separation and determination of
phenolic acids were selected. As shown in Fig. 1(b), the results
showed that when using acetonitrile-0.5% acetic acid aqueous
solution as the mobile phase, the separation effect of 14 phenolic
acids was better, and the peak shape symmetry was good. The
separation degrees were all above 1.5, and the tailing factors were
between 0.9 and 1.2.

It was found that the target component was challenging to
separate effectively from the interference peak with isocratic
elution, but the gradient elution method can greatly improve
the separation effect. The initial parameter setting of gradient
elution have been adopted from the chromatographic condi-
tions in Xie et al' Under this mobile phase gradient, 14
phenolic acids did not separate, the chromatographic method
was concentrated at retention times of 18-20 min, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimization results of HPLC method. (a) Chromatographic diagram of phenolic acid mixed standard solution at 254, 280, 300 and
320 nm; (b) effect of mobile phase types on the separation degree of phenolic acids; (c) effect of flow rate on retention time of phenolic acids; (d)
effect of different column temperatures on the separation of phenolic acids. Note: gallic acid (1); protocatechuic acid (2); p-hydroxybenzoic acid
(3); chlorogenic acid (4); vanillic acid (5); caffeic acid (6); syringic acid (7); p-coumaric acid (8); ferulic acid (9); benzoic acid (10); salicylic acid (11);
cinnamic acid (12); 3-methoxycinnamic acid (13); 2-methoxycinnamic acid (14).

resolution was poor. The mobile phase used acetonitrile (A) and
ultrapure water with 0.5% (v/v) acetic acid aqueous (B). After
that, the ratio of the organic phase to the aqueous phase was
adjusted many times, and finally, the gradient elution was
determined as follows: 0-5 min, 5% A; 5-35 min, 5-40% A; 35—
45 min, 5% A.

2.3 Optimization of flow rate and column temperature

The flow rate had a great influence on the retention time of
phenolic acids. As shown in Fig. 1(c). When the flow rate was 0.8
mL min~", the retention time of each phenolic acid component
was significantly delayed, and the peaks were concentrated
within 20-25 min with an unsatisfactory separation degree. The
peaks of 2-methoxycinnamate did not appear within 45 min.
When the flow rate was 1.2 mL min ™}, the retention time of
each phenolic acid component eluted earlier than that of the 1.0
mL min~' flow rate; however, the column pressure also
increased significantly to 9.6 MPa, which was close to the crit-
ical value of 10 MPa. In summary, the optimal flow rate was
determined to be 1.0 mL min~".

Analysis temperature affects the selectivity, retention and
mobile-phase viscosity in HPLC.** This study selected 28 °C,
30 °C, 35 °C three temperatures were compared. As shown in
Fig. 1(d), when the column temperature was 28 °C, the column
pressure increases and the minimum separation degree was
1.316, less than 1.5. When the column temperature reached

© 2022 The Author(s). Published by the Royal Society of Chemistry

35 °C, the separation degree of vanillic acid and caffeic acid was
1.15, and the separation effect was poor, which affected the
calculation of phenolic acid content. Therefore, the column
temperature selected for the test was 30 °C.

2.4 Analytical method validation

The method was validation following the guidelines from the
International Conference on Harmonization (ICH),** employing
assays with standard solutions, blank samples and spiked
samples. The HPLC method with diode array detector was
validated for linearity, limit of detection and quantification
(LOD and LOQ), precision, accuracy, and stability.

2.4.1 Linear range, limit of detection and quantitative. The
signal-to-noise ratio (S/N) of the instrument was used to deter-
mine the minimum detection limit of phenolic acid (Limit of
detection, LOD, S/N = 3), and the minimum quantitative limit
(limit of quantification, LOQ, S/N = 10), and the limit of
quantitation was taken as the lowest concentration in the linear
range. The correlation coefficients are derived from the cali-
bration curves. As shown in Table 1, the detection limits of 14
phenolic acids were 0.003-0.239 mg L' under chromato-
graphic conditions. The quantitative limits of 14 phenolic acids
were 0.006-0.460 mg L~" under chromatographic conditions.
The mass concentration of each phenolic acid component
showed a good linear relationship with the peak area in
a certain concentration range, and the correlation coefficient R*

RSC Adv, 2022, 12, 14939-14944 | 14941
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was greater than 0.999. In this paper, the 14 phenolic acid
components in the same mixed solution have a good linear
relationship, indicating that the 14 phenolic acid substances do
not interfere with each other in the mixed solution, which
greatly saves time for solution preparation and detection.
Moreover, this method had high sensitivity and was suitable for
the quantitative determination of trace phenolic acids in the
soil environment.

2.4.2 Precision, stability and accuracy. Table 1 shows that
the precision calculated after measuring the peak area (five
runs), was very good with the relative standard deviation (RSD)
in the range 0.03- 0.27%. As well as, the stability was deter-
mined by measuring the mixed standard solution at 0, 2, 6, 10,
15, 24, 36 and 48 hours, and then the RSD values of the peak
areas of the 14 phenolic acids were calculated, respectively. The
results showed that the RSD values of the peak areas of 14
phenolic acids were less than 3% within 48 h. RSD% values are
acceptable and in accordance to the ones obtained for other
published phenolic acids compounds analysis methods.

A recovery test was used to evaluate the accuracy of the
developed method. Known amounts of the 14 phenolic acid
standards in triplicate at low, medium, and high concentration
levels were added to approximate 1.0 g Chuju soil samples.
Then the spiked samples were extracted and quantified in
accordance with the methods described. The results shown in
Table 1 indicate that our proposed method enjoys an appealing
recovery and accuracy performance with recoveries of 14
phenolic acid components of 80.5-107.0% and RSD values of
1.43-4.35%.

2.5 Sample determination

As shown in Table 2, all phenolic acids except gallic acid were
detected in the continuous cropping soil, among which benzoic
acid had the highest concentration (19.90 pg g ). Six phenolic
acids, gallic acid, chlorogenic acid, salicylic acid, cinnamic acid,
3-methoxycinnamic acid and 2-methoxycinnamic acid, were not
detected in the noncontinuous cropping soil. Among the eight
phenolic acids detected, p-coumaric acid had the highest
content, reaching 1.97 ug g~ *. Phenolic acid was detected in soil
samples. It can be seen from the determination results of Chuju
replant soil, cucumber soil and peanut soil that the content of
benzoic acid in the soil was the highest. However, benzoic acid
was not detected in this paddy soil. Rice crop disorder studies
are less reported and perhaps benzoic acid has a greater effect
on plant crop disorder, which is consistent with previous
studies.*'%

3. Experimental
3.1 Instruments and reagents

An LC-20A high-performance liquid chromatography system
(Japan, Shimadzu), an electronic balance (one ten-thousandth,
Mettler Toledo), TDL-40B centrifuge (Shanghai Anting Science
Instrument Factory), and KH-5200B ultrasonic cleaner (Kun-
shan Hechuang Ultrasonic Instrument Co., Ltd.) were utilized
in the experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of HPLC-PDA method for different soil samples
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Chuju soil Chuju replant soil Paddy soil Peanut soil Cucumber soil
Phenolic acid (hgg ) (hgg ™) (hgg (hgg (hgg )
Gallic acid ND ND 1.26 £ 0.21 ND ND
Protocatechuic acid 0.40 £+ 0.08 1.52 £ 0.09 ND 0.21 £ 0.002 ND
p-Hydroxybenzoic acid 1.08 +£ 0.17 0.01 £ 0.001 0.18 &+ 0.03 0.24 £ 0.02 1.25 £ 0.05
Chlorogenic acid ND 0.29 + 0.0004 ND ND 0.56 + 0.003
Vanillic acid 0.99 + 0.13 12.37 £ 0.12 0.67 £ 0.02 1.50 + 0.23 1.49 + 0.56
Caffeic acid 0.17 + 0.03 0.71 + 0.20 ND ND ND
Syringic acid 0.40 &+ 0.08 4.35 £ 0.21 0.43 + 0.001 ND 0.31 £ 0.02
p-Coumaric acid 1.97 £ 0.29 3.86 + 0.56 2.11 +0.73 0.14 £ 0.001 0.16 + 0.05
Ferulic acid 0.58 + 0.11 3.09 £ 0.24 ND ND ND
Benzoic acid 0.82 + 0.04 19.90 + 1.21 ND 6.75 + 0.24 24.41 £ 1.23
Salicylic acid ND 14.73 £ 0.81 ND ND 0.44 £ 0.01
Cinnamic acid ND 6.33 + 0.29 0.17 + 0.01 0.91 £+ 0.12 0.02 + 0.001
3-Methoxycinnamic acid ND 11.66 £ 0.34 1.26 £ 0.24 0.24 + 0.02 0.25 £+ 0.02
2-Methoxycinnamic acid ND 9.02 + 0.48 1.42 £+ 0.34 ND ND

Chromatographically pure methanol, acetonitrile, and acetic
acid were purchased from Sigma (Germany). Other reagents
were of analytical grade. The water used was Waha purified
water. Standard sample of Gallic acid, vanillic acid, p-hydrox-
ybenzoic acid, protocatechuic acid, caffeic acid, syringic acid, p-
coumaric acid, ferulic acid, chlorogenic acid, benzoic acid,
salicylic acid, 2-methoxycinnamic acid, 3-methoxycinnamic
acid, and cinnamic acid with purities of more than 98% were
purchased from Shanghai Yuanye Biotechnology Co., Ltd.

Soil samples: Chuju soil and Chuju continuous cropping soil
from Chuzhou Jutai Herbal Science and Technology Co., Ltd.
Chuju planting base; rice soil is from the rice planting base of
Xiaogang Village Institute of Modern Ecological Agriculture,
Anhui Science and Technology University; cucumber soil comes
from rhizosphere soil of cucumber ‘Jingjinyou 2’ in farm of Anhui
Science and Technology University; peanut soil comes from
rhizosphere soil of peanut ‘Luhua 8’ in Baoji Experimental Station,
Nanjing Soil Research Institute, Chinese Academy of Sciences.

3.2 Preparation of solutions

Blank solvent: 0.5% acetic acid aqueous solution.

Preparation of standard solution: each phenolic acid stan-
dard was accurately weighed, dissolved with methanol and
constant volume, and a single standard stock solution was
prepared. The mass concentrations were benzoic acid 1.03 mg
mL ™", salicylic acid 0.96 mg mL™", gallic acid 0.47 mg mL ",
vanillic acid 0.48 mg mL™', p-hydroxybenzoic acid 0.49 mg
mL ™", protocatechuic acid 0.68 mg mL ™", caffeic acid 0.45 mg
mL ", syringic acid 0.50 mg mL ', p-coumaric acid 0.41 mg
mL !, ferulic acid 0.45 mg mL ™, chlorogenic acid 0.45 mg
mL~", 2-methoxycinnamic acid 0.50 mg mL™", 3-methoxycin-
namic acid 0.63 mg mL™", cinnamic acid 0.41 mg mL™". The
phenolic acid stock solution was accurately taken, and then
diluted 100-fold to single standard solution with blank solvent.
A total of 2.0 mL of the single standard stock solution of p-
hydroxybenzoic acid, cinnamic acid and p-coumaric acid was
accurately measured separately and placed in a 50 mL volu-
metric flask. Then, 4.0 mL of the single standard stock solution

© 2022 The Author(s). Published by the Royal Society of Chemistry

of other phenolic acids was transferred to the same 50 mL
volumetric flask and diluted with 0.5% acetic acid aqueous
solution to obtain the mixed standard stock solution. The mixed
standard stock solution was diluted by 2, 5, 10, 15, 20 and 40
times to prepare mixed standard solutions with six gradient
concentrations. The standard solution was filtered by 0.22 um
filter membrane and stored in-20 °C refrigerator.

Preparation of standard curve: six gradient concentrations of
mixed reference standard solutions were taken, and the
samples were analysed using the optimized chromatographic
analysis method in this paper. The peak area (Y, uV-S) was used
to plot the mass concentration (X, mg L"), and the standard
curves were plotted to obtain the linear range, linear regression
equation and correlation coefficient of 14 phenolic acids.

3.3 Chromatographic conditions

The chromatographic conditions were as follows: An LC-20A
high-performance liquid chromatography system (Japan, Shi-
madzu) was used, which included an LC-20AT infusion unit,
SIL-20A automatic sampler, COT-20A column temperature box,
and SPD-M20A PDA diode array detector. Shim-pack VP-ODS
chromatographic column (250 mm x 4.6 mm, 5 um); column
temperature of 30 °C; detection wavelengths of 254 nm, 280 nm,
300 nm, and 320 nm; flow rate of 1.0 mL min; and injection
volume of 20 pL. Mobile phase A was acetonitrile and mobile
phase B was 0.5% acetic acid aqueous solution. Gradient
elution was conducted as follows: 0-5 min, 5% A; 5-35 min, 5-
40% A; 35-45 min, 5% A. All solutions were filtered by a 0.22 pm
filter before injection.

3.4 Soil phenolic acid extraction

The extraction of soil phenolic acids was carried out according
to the method of Lou et al.*® After the soil sample was naturally
air dried, ground, and sieved through 60 screens, 2.0 g of the
sample was weighed and placed in a centrifuge tube. Then,
25.0 mL of 1 mol L™ NaOH solution was added, and the sample
was shaken on a 160 rpm shaking table for 30 min, followed by
ultrasonication for 30 min. Next, the sample was allowed to
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stand for 24 h, shaken on a 160 rpm shaking table for 30 min,
and centrifuged at 3000 rpm for 5 min. After separating the
supernatant, the pH of the solution was adjusted to 2.5 with
12 mol L™ " hydrochloric acid. Humic acid precipitated, and the
sample was allowed to stand for 2 h. The sample was centri-
fuged at 3000 rpm for 5 min, the supernatant was separated,
and it was stored at 4 °C for analysis. The samples were
prepared three times in parallel.

3.5 Data processing and statistical analysis

The signals collected from high-performance liquid chromatog-
raphy software LabSolutions were output in text document format
(*.txt), and the original data were plotted in OriginPro 2018 soft-
ware. This was studied performing statistical analysis by one-way
analysis of variance (ANONA) followed by Bonferroni post-hoc test.

4. Conclusions

In this paper, a multiwavelength HPLC-PDA multiwavelength
method was utilized to determine 14 phenolic acids, including
gallic acid, vanillic acid, p-hydroxybenzoic acid, protocatechuic
acid, caffeic acid, syringic acid, p-coumaric acid, ferulic acid,
chlorogenic acid, benzoic acid, salicylic acid, 2-methoxycin-
namic acid, 3-methoxycinnamic acid and cinnamic acid
simultaneously and rapidly. The HPLC method was optimized
and validated. The method has the characteristics of high
sensitivity, high accuracy, high recovery rate and stable sample.
The results of this study show that this method can be applied
to the rapid simultaneous detection of a variety of phenolic
acids in soil under the same mobile phase. It provides a new
technical means for the rapid detection of phenolic acids in the
production process of medicinal plants, fruits and vegetables,
trees, and other industries.
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