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Determination of endogenous jasmonic acid in plant
samples by liquid chromatography-electrochemical
detection based on derivatization with dopamine

Shanshan Xie, Fang Wang and Zilin Chen*

Jasmonic acid (JA), a type of plant hormone, is widely distributed in a variety of higher plants at very low

concentrations, usually several nanograms per gram (ng g�1) fresh weight of the plant tissue. The

determination of endogenous JA is challenging work. The typical electrochemical oxidation behavior of

JA could only be achieved under extreme conditions such as strongly acidic medium (H2SO4) and high

applied working potential (1.4–1.6 V), which cannot be used in the electrochemical detection for liquid

chromatography (LC). To realize electrochemical detection for LC separation, a mild supporting

electrolyte for JA oxidation is required, as the supporting electrolyte solution also serves as the mobile

phase of LC. Thus, a novel electrochemical derivatization with dopamine (DA) has been developed and

successfully applied to the analysis of endogenous JA in wintersweet flowers and rice florets by liquid

chromatography coupled with electrochemical detection (HPLC-ECD). Under optimized experimental

conditions including a detection potential of +0.90 V, and 0.04 mol L�1 acetate buffer solution

(pH 5.07) : acetonitrile (67 : 33, v/v) as the mobile phase, the contents of JA in wintersweet flowers and

rice florets were respectively determined to be 7.86 mg g�1 and 308 ng g�1, consulting the linear

relationship between the peak area of JA–DA derivatives and the standard JA concentration (1.0 � 10�7

mol L�1 to 2.0 � 10�5 mol L�1, R ¼ 0.9986) with a detection limit of 5.0 � 10�8 mol L�1 (S/N ¼ 3). The

results were consistent with those by LC-UV and LC-MS methods in our group, indicating that this novel

pre-column electrochemical derivatization method is feasible.
Introduction

Jasmonates (JAs) are a new family of plant hormones that are
widely distributed in a variety of higher plants. As one of the
most representative JAs, free jasmonic acid (JA) was rst iso-
lated from the culture ltrate of fungi (Lasiodiplodia theo-
bromae) in 1971.1 Since then, plant physiologists have been
devoted to researching the physiological activities of JA. It was
reported that exogenous JA could affect the germination of
seeds (Dioscorea alata),2 including an inhibition effect at high
concentrations and promotion effect at low concentrations. JA
can also accelerate the division and enlargement of plant cells.3

Satoru and Kayoka4 found that JA can promote the maturation
of grape berries through stimulating cell division. In addition,
JAs were also found to have activities5–7 against types of cancer
including breast cancer, prostate cancer, melanoma, lympho-
blastic leukemia and lymphoma cells.8 However, endogenous JA
occurs in the form of enantiomers at very low concentrations,
around nanograms per gram fresh weight of the plant tissue. As
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a result, the qualitative and quantitative analysis of endogenous
JA becomes a very challenging task.

In recent years, many methods have been used for the
analysis of JAs. Chromatographic and spectroscopic methods
have been the most widely used.9–17 Besides, some bioanalytical
means such as radio immunoassay (RIA)18 and enzyme-linked
immunosorbent assay (ELISA)19 were also reported. However,
these methods either used expensive instruments or had
insufficient sensitivity for JA analysis in higher plants. In order
to develop new methods with low cost and high sensitivity,
researchers turned attention to electrochemical methods. The
most signicant features of electrochemical methods are their
convenience, low cost and high sensitivity. Electrochemical
detection (ECD) coupled with high performance liquid chro-
matography (HPLC) could improve the selectivity of electro-
chemical analysis. Therefore, the HPLC-ECD method has
attracted the interest of scientists in the trace analysis of bio-
logical samples, especially plant extracts.

In recent years we have worked on the development of new
analytical methods for the analysis of endogenous jasmonates.
We have successfully developed solid phase extractionmaterials
for the highly selective concentration of JA and clean-up of
interference for the pre-treatment of real samples,21 and a novel
method for enhancement of mass spectrometric detection
This journal is ª The Royal Society of Chemistry 2013
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sensitivity.22 Our previous work20 reported that electrochemical
analysis of methyl jasmonate (MeJA) can be achieved under
extreme conditions such as strongly acid medium (H2SO4) and
applied high working potential (1.4–1.6 V) because of the low
electrochemical activity of JA. The low electrochemical activity
results in low detection sensitivity. Oxidizing conditions in
strongly acidic media means that the supporting electrolyte
solution cannot be used as the mobile phase of LC separation,
because the strongly acidic condition will destroy the chro-
matographic column when developing a LC-ECDmethod. Thus,
in order to develop a LC-ECD method for analysis of endoge-
nous JA, we have to solve two major bottleneck problems. One is
the enhancement of JA electroactivity so as to have sufficient
sensitivity for electrochemical detection. Another is to realize
the oxidation of JA under mild conditions so that the supporting
electrolyte solution for electrochemical detection can be used as
the mobile phase for LC separation. In the present work, we
report our strategy for solving these problems by pre-column
derivatization of JA with the electrochemically active dopamine.
Aer derivatization of JA with dopamine, both the detection
sensitivity and the oxidation potential of JA are improved as
expected. Based on the derivatization, a novel method for the
analysis of JA has been developed by HPLC-ECD on a bare glassy
carbon electrode (GCE). Finally, the method has been success-
fully applied to analysis of the endogenous JA in plant extracts
including wintersweet owers and rice orets.
Results and discussion
Derivatization of JA

A reaction mechanism for the derivatization of JA with DA is
provided in Scheme 1. The commercial compound JA was used
as the starting material. Firstly, the carboxyl group of JA was
activated by EDC$HCl to obtain the active intermediate ester.
Then, this active intermediate ester was transformed into a
Scheme 1 The reaction mechanism using EDC as the condensing agent.

This journal is ª The Royal Society of Chemistry 2013
JA–DA derivative by reacting with DA$HCl. The JA–DA derivative
was further characterized in the following experiments by ECD
and LC-MS. The reaction efficiency was 69.7%, obtained by
calculating the differences in the peak areas of jasmonic acid
before and aer reaction.
Electrochemical behavior of the JA–DA derivative

The electrochemical behaviors of the amide derivative of JA
(JA–DA) were investigated by differential pulse voltammetry
(DPV) in 0.1 mol L�1 phosphate buffer (PB, pH ¼ 7.0) on a bare
glassy carbon electrode (GCE). The results are shown in Fig. 1.
In the presence of EDC$HCl, only one obvious oxidation peak at
about +0.90 V can be observed at the bare GCE (curve 1). When
DA$HCl was added into the supporting electrolyte containing
EDC$HCl, a new peak appears at about +0.12 V (curve 2).
However, two new oxidation peaks are respectively observed at
about 0.44 V and 0.65 V (vs. Ag/AgCl, curve 3) when the JA–DA
derivative was introduced into the electrolyte and measured. It
is obvious that the new oxidation peaks are due to the electro-
chemical oxidation of the JA–DA derivative, which can be used
as a target for electrochemical detection. Meanwhile, these
results suggest the success of the derivatization reaction
between JA and DA$HCl in the presence of EDC$HCl.

The sensitivity of this method depends on derivatization
efficiency, which is determined by many factors such as the
amount of reagents, reaction time and temperature. To obtain
the best efficiency, the derivatization conditions were exam-
ined. Firstly, the inuence of the amount of DA$HCl on the
derivatization was investigated. In the presence of 10 ml of
standard JA stock solution, the peak area of the JA–DA derivative
increased slowly with the increase of DA$HCl concentration
from 2.0 � 10�3 to 4.0 � 10�3 mol L�1, reached a maximum at
4.0 � 10�3 mol L�1, and then dropped. As a result, 4.0 � 10�3

mol L�1 DA$HCl was selected as the experimental concentra-
tion. Secondly, EDC$HCl was used for the condensation of
carboxylic acids with amines. The effect of EDC$HCl concen-
tration on the peak area was also examined. When the
Fig. 1 Differential pulse voltammograms of EDC$HCl (curve 1), EDC$HCl and
DA$HCl (curve 2) and JA–DA derivative (curve 3) on a bare GCE in PB solution
(pH ¼ 7.0) at a scan rate of 100 mV s�1.

Analyst, 2013, 138, 1226–1231 | 1227
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concentration of EDC$HCl was changed from 2.6 � 10�4 to
7.8 � 10�2 mol L�1, the peak area rst increased and then
decreased. The maximum value was obtained at an EDC$HCl
concentration of 2.6 � 10�3 mol L�1. Thirdly, the relationship
between reaction time and peak area was studied. Generally, the
longer the reaction time, the higher the efficiency of the deriv-
atization reaction. Considering operation convenience and the
slow increase of peak area aer 12 h, 12 h was selected as the
nal reaction time. Lastly, the dependence of derivatization
efficiency on reaction temperature was evaluated in the range of
40 �C to 70 �C. The peak area of the derivative noticeably
increased with the rise in reaction temperature, reached a
maximum at 60 �C, and then dropped. Therefore, the derivati-
zation of JA with DA$HCl was carried out at 60 �C.

HPLC-ECD analysis of JA–DA

A typical chromatogram for the separation of the JA–DA deriv-
ative and other reactants with electrochemical detection is
shown in Fig. 2. In the control experiment (curve 2), only one
peak with a retention time of about 410 s can be observed,
which was conrmed not to be the JA–DA derivative, andmay be
due to the electrochemical oxidation of the DA derivative as a
by-product. A comparison was made between curve 2 (without
JA) and curve 1 (with JA). It was found that a well-dened peak
appears at about 1210 s, which was conrmed by LC-MS to be
the JA–DA derivative. This peak at about 1210 s was used for
further qualitative and quantitative analysis of endogenous JA.

In order to obtain high sensitivity, the chromatographic
conditions were optimized. First of all, the proportion of aceto-
nitrile in the mobile phase was investigated. The results showed
that the retention time of the JA–DA derivative gradually reduced
with the change of acetonitrile percentage from 25% to 60%. An
excessively high proportion of acetonitrile was not benecial to
complete separation of the JA–DA derivative in real samples,
because the crude extracts of plant tissues were very complicated
without too much purication pre-treatment. At the same time,
Fig. 2 Chromatograms of derivatization of JA (1.0 � 10�5 mol L�1) with DA
(curve 1), and blank control without JA (curve 2). Mobile phase: 0.04 mol L�1

acetate buffer solution (pH 5.1) and acetonitrile (67 : 33, v/v). Flow rate: 0.80 mL
min�1. Applied potential: +0.90 V.

1228 | Analyst, 2013, 138, 1226–1231
the retention time was too long when the percentage of acetoni-
trile was less than 30%. Considering the separation efficiency and
accuracy, 33% acetonitrile was used for analysis.

Some electrolyte solutions must be introduced into the
mobile phase for electrochemical detection. Therefore,
different buffer solutions with different pH values were exam-
ined including Na2HPO4–KH2PO4, C6H8O7–NaOH and NaAc–
HAc. The results showed that the former two electrolytes
(Na2HPO4–KH2PO4 and C6H8O7–NaOH) resulted in high back-
ground noise so that the peaks of the analytes could not be well-
dened. Therefore, NaAc–HAc buffer solution was preferred to
serve as the electrolyte. Subsequently, the concentration and pH
of NaAc–HAc buffer were checked in the ranges from 0.01 mol
L�1 to 0.05 mol L�1 and from pH 4.0 to pH 6.0, respectively.
According to experimental data, 0.04 mol L�1 of NaAc–HAc
buffer (pH 5.1) was chosen as the optimal electrolyte. It is worth
mentioning that little change could be observed when the pH
changed from 4.8 to 5.6, but obvious differences appeared
outside of that range. For example, the retention time became
longer when the pH was less than 4.8, but shorter when it was
greater than 5.6, and the peak shape was not good as well.
Sometimes, overlap of the target peak would occur, especially in
the analysis of plant samples. Based on the consideration of the
retention times, resolution and sensitivity, the mobile phase
consisted of 0.04 mol L�1 acetate buffer solution adjusted to pH
5.1 and acetonitrile (67 : 33, v/v).

Likewise, the ow rate of the mobile phase was also evalu-
ated from 0.60 mL min�1 to 1.20 mL min�1. The peak width
decreased when the ow rate increased from 0.60 mL min�1 to
0.80 mLmin�1. However, overlap of peaks occurred with further
increase of the ow rate, which would be unfavorable in the
separation of real samples. 0.80 mL min�1 was used as the
optimum ow rate, because of both short analysis times and
acceptable resolution for separation of JA–DA and other
substances.

As far as the working potential was concerned, this could
signicantly inuence the peak areas of the JA–DA derivative. As
Fig. 3 Effect of detection potentials on the peak area of JA–DA derivative.
Mobile phase: 0.04 mol L�1 acetate buffer solution (pH 5.1) and acetonitrile
(67 : 33, v/v). Flow rate: 0.80 mL min�1.

This journal is ª The Royal Society of Chemistry 2013
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shown in Fig. 3, the target peak area gradually increased in the
range of 0.50 V to 0.90 V, and achieved the maximum value at
0.90 V. Further increase of applied potential would bring about
increased baseline noise instead of signicant change in peak
area. Therefore, amperometric i–t curves of the samples for
chromatograms were recorded at a working potential of 0.90 V.
Fig. 4 The mass spectra of standard JA (a, green) and extraction of wintersweet
(b, black) after derivatization. Mobile phase: 0.04 mol L�1 ammonium acetate
buffer solution (pH 5.1) and acetonitrile (67 : 33, v/v). Flow rate: 0.80 mL min�1.
Method validation

Different concentrations of standard JA solution were used for
derivatization under optimized conditions, and the HPLC-ECD
analysis results indicated that the peak area of the JA–DA
derivative was linearly dependent on the JA concentration. A
calibration curve was characterized under experimental condi-
tions with a mobile phase of 0.04 mol L�1 acetate buffer solu-
tion (pH 5.1) and acetonitrile (67 : 33, v/v) at ow rate of 0.80 mL
min�1 and applied potential of +0.90 V. The relationship
between peak area of JA–DA derivative and JA concentration
could be described by the following linear regression equation
in the concentration range of 1.0 � 10�7 to 2.0 � 10�5 mol L�1:
Q (nA s) ¼ 0.605 + 0.202c (mmol L�1) (R ¼ 0.9986, n ¼ 9), where
the c is the concentration of derivative, and Q stands for the
chromatographic peak area.

A detection limit of 5.0 � 10�8 mol L�1 JA was obtained by
determining S/N ¼ 3. It is obvious that the sensitivity has been
greatly improved compared with our previous work.20

The inter-day and intra-day precision was investigated to
evaluate the precision and accuracy of this method. The data is
demonstrated in Table 1. Three different JA concentrations of
1.0 � 10�5 mol L�1, 1.0 � 10�6 mol L�1, and 1.0 � 10�7 mol L�1

were used for derivatization under optimized conditions. The
relative standard deviation (R.S.D.) for 6 times parallel analysis
in one day are 1.48%, 2.56% and 4.94% for the intra-day
precision, and 1.76%, 2.87% and 5.48% for the inter-day
precision over three days, respectively, suggesting excellent
reproducibility of this new method.
Sample analysis

For the sake of reliability of this new method, it was applied to
the analysis of endogenous JA in wintersweet owers and rice
orets, and then the recovery was tested as well. The extracts
from wintersweet owers were treated by derivatization and
then characterized by LC-MS (Fig. 4). The comparison was made
between standard JA (curve a) and endogenous JA in winter-
sweet owers (curve b). The two target peaks have similar
retention times. The base peaks in the mass spectra are the
addition of hydrogen ion [M + H]+ atm/z 346 for JA–DA. All these
Table 1 Validation of the method considering intra-day and inter-day precision

Concentration
(mmol L�1)

Precision (%RSD)

Intra-day Inter-day

10.0 1.48 1.76
1.0 2.56 2.87
0.1 4.94 5.48

This journal is ª The Royal Society of Chemistry 2013
results proved that this derivatization reaction was feasible and
successful. Consequently, endogenous JA in wintersweet
owers was further detected by HPLC-ECD. The typical chro-
matograms are shown in Fig. 5. The content of JA in wintersweet
owers was 7.86 mg g�1 calculated from the peak area of JA–DA.
This result was in good agreement with that by LC-UV in our
group. However, the complicated matrix of the crude extracts of
wintersweet owers resulted in a relatively low recovery (66.2%).

In order to improve the recovery of this method, the standard
addition method as an alternative was introduced into the
analysis of endogenous JA in rice orets containing a rather
lower concentration of JA than that in wintersweet owers.
Different concentrations of JA standard solution ranging from
4.0 � 10�7 mol L�1 to 1.0 � 10�5 mol L�1 were added into crude
extracts of rice orets with the same volume, and the
Fig. 5 Chromatograms of derivatized standard JA (curve a), extracts of winter-
sweet (curve b) and spiked wintersweet with standard JA (curve c). Mobile phase:
0.04 mol L�1 acetate buffer solution (pH 5.1) and acetonitrile (67 : 33, v/v). Flow
rate: 0.80 mL min�1. Applied potential: +0.9 V.

Analyst, 2013, 138, 1226–1231 | 1229
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derivatization and analysis procedure did not change following
the reported method for the determination of chloride in
polluted water by Watkins.23 Fig. 6 shows the linear relationship
between the peak area of the JA–DA derivative and concentra-
tions of added standard JA. The linear regression equation is Q
(nA s) ¼ 5.489 + 0.45c (mmol L�1) (R ¼ 0.9993, n ¼ 6). The initial
endogenous JA content in rice oret samples (C0) can be
obtained from the intercept of plot (peak area vs. CJA) by
extrapolation to the vertical axis at peak area ¼ 0. The value of
C0 was derived to be 1.22 � 10�6 mol L�1 and endogenous JA in
rice orets was calculated to be 308 ng g�1 which was similar to
the result in our group using the LC-MS method. In addition,
the recoveries of this method ranged from 88.60% to 93.83%,
indicating that this method is feasible and can be successfully
applied to real samples .
Experimental
Reagents and apparatus

Jasmonic acid (JA) was purchased from Sigma-Aldrich (USA) and
was dissolved in acetonitrile to form 0.01 mol L�1 stock solu-
tion. The stock solution was stored in darkness at �4 �C and
could be further diluted to desired concentrations by acetoni-
trile. A stock solution of 1-ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide hydrochloride (EDC$HCl), obtained from Aladdin
(Shanghai, China), was prepared by dissolving it in acetonitrile
to form a concentration of 0.002 mol L�1. Dopamine hydro-
chloride (3-hydroxytyramine hydrochloride, DA$HCl) from
Fluka was dissolved in methanol at a concentration of 0.02 mol
L�1. Acetonitrile was of HPLC grade and other chemicals were
analytical reagents, including all inorganic salts used to prepare
the buffer solution. 0.22 mmNylon lter membrane was bought
from Shanghai Xingya Jinghua Materials Factory (Shanghai,
China). All the chemicals were used without further purication
and all the solutions were prepared with deionized water.

The HPLC separation was carried out on a Shimadzu
LC-20AT system (Kyoto, Japan) equipped with a manual injector
Fig. 6 Linear relationship between the peak area of the JA–DA derivative and
the concentration of added standard JA in rice florets.

1230 | Analyst, 2013, 138, 1226–1231
(20 mL) and a Sepax amethyst C18-P column (5 mm, 4.6 � 250
mm; Sepax Technologies, USA). The electrochemical analysis
was performed on a CHI842B electrochemical analyzer with a
thin layer ow cell (Shanghai Chenhua Instruments, Shanghai,
China). A three-electrode system was employed: Ag/AgCl (satu-
rated KCl) as the reference electrode, a stainless steel auxiliary
block as the counter electrode, and a glassy carbon electrode
(1 mm, GCE) as the working electrode.

For high performance liquid chromatography coupled with
mass spectrometry (LC-MS) analysis, an Agilent 1100 HPLC
system was coupled on-line to an ion-trap mass spectrometer
(Agilent Corp., Waldbronn, Germany) equipped with an elec-
trospray ionization (ESI) source. The separation was performed
using a Sepax amethyst C18-P column (5 mm, 4.6 � 250 mm;
Sepax Technologies, USA). The auto MS operation parameters
were as follows: positive ion mode (ESI+); nitrogen drying gas,
10 L min�1; nebulizer, 40 psi; gas temperature: 350 �C;
compound stability, 80%; mass range, 50–1000 m/z. Detection
of the JA–DA derivative was performed in selected ion moni-
toring (SIM) mode with (m/z)+ 346.
Sample extraction

The wintersweet owers, from the campus of Wuhan University,
were stored at �20 �C once picked. 10 g of the ower sample
were soaked in acetonitrile for 6 h in an ultrasonic bath at room
temperature, and then overnight at �20 �C. The extraction
solution was evaporated to 3 mL the next day. Subsequently, the
supernatant was collected aer centrifugation at 10 000 rpm for
10 min for further derivatization reaction. The rice oret
samples, obtained from Jiangxi Agricultural University (China),
were frozen in liquid nitrogen once aer collection and lyoph-
ilized. A portion of 3 g of rice oret samples was treated in the
same way as the wintersweet owers mentioned above.
Derivatization of JA

The use of EDC$HCl as condensing agent in the formation of
peptide bonds of amino acids is a classic reaction. 10 mL of JA
standard solution was added into an Agilent screw-thread neck
vial, and 100 mL of EDC$HCl stock solution was then added to
the vial to activate the carboxylic acid group of JA. The solution
was agitated, followed by addition of 100 mL of the DA$HCl
solution. The total nal volume was set to 1 mL by acetonitrile
and the reaction was undertaken at 60 �C for 12 h. The mixture
was directly used for separation and detection.
Analytical procedure

The ow rate was set at 0.8 mL min�1. A mobile phase con-
sisting of acetonitrile–ammonium acetate buffer (pH 5.07; 40
mmol L�1) (33 : 67, v/v) was used in this experiment. Prior to the
experiment, both mobile phases were ltered through a 0.22
mm Nylon lter membrane and degassed in an ultrasonic bath
for 30 min. The GCE was polished with alumina slurry to a
mirror nish and rinsed with water. Before the analysis, the
chromatographic system was equilibrated for over 30 min.
Chromatographic amperometric i–t curves of the samples were
This journal is ª The Royal Society of Chemistry 2013
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recorded at a working potential of 0.90 V. All experiments were
performed at room temperature.

Conclusions

We have successfully solved two bottleneck problems in the
development of LC-ECD methods for the analysis of endoge-
nous JA, by the novel use of pre-column derivatization of JA with
electroactive dopamine. The oxidation of the JA derivative with
dopamine can be realized under mild conditions (pH 7.0
phosphate buffer or pH 5.1 acetate buffer solution), so that the
supporting electrolyte can be used as the mobile phase of LC
separation at relatively low potentials; below 0.6 V. The detec-
tion sensitivity is greatly improved by almost 3 orders from LOD
10�5 (ref. 20) to 5.0 � 10�8 mol L�1. The developed method has
been successfully applied in the determination of JA content in
real samples, wintersweet owers and rice orets. The results
were consistent with those by LC-UV and LC-MS methods in our
group, indicating that this novel pre-column electrochemical
derivatization method is indeed feasible. Further research on
the improvement of recovery is in progress in our group.
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