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a b s t r a c t

In this work, a new labeling reagent, 2-bromopyridine-5-boronic acid (BPBA), was introduced to

derivatize brassinosteroids (BRs). The BPBA not only provided a very simple and rapid labeling

procedure, but also remarkably increased the detection sensitivity of BRs. Based on this new labeling

reaction, a rapid and sensitive method for BRs’ analysis in Arabidopsis thaliana was established by using

the ultra high performance liquid chromatography-electrospray ionization triple quadrupole mass

spectrometry (UHPLC-ESI-QqQ-MS). The extraction and purification procedure of the plant sample was

also simplified and improved in this work. Good linearities were obtained for three BRs with the

determination coefficients (R2) about 0.9999. The limits of detection (S/N¼3) for three BRs were found

to be 2.00–8.00 ng/L while the limits of quantification (S/N¼10) were 6.00–23.0 ng/L. The RSD % for all

three samples are lower than 8.67% (n¼5). The recoveries of three BRs spiked in A. thaliana samples

were from 76.9% to 86.1%. Using this method, the endogenous 0.055 ng/g fresh weight (FW) 24-epiBR

and 0.070 ng/g (FW) 28-epihomoBR were successfully detected from only 2 g A. thaliana plants.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Brassinosteroids (BRs) were first discovered in 1971 and have
been confirmed as the sixth class of plant hormones [1,2]. BRs are
involved in numerous biological processes of plants, such as
inducing cell elongation and division, increasing DNA and RNA
polymerase activity, stimulating ethylene production, and enhan-
cing tolerance of drastic environments [3–5]. Compared with
other plant hormones, the concentrations of BRs are extremely
low. In general, pollens and immature seeds contain BRs in a
range of 1–100 ng/g (FW), while the young roots and leaves
contain even less BRs in a range of 0.01–0.1 ng/g (FW). Low
concentrations along with co-existent intricate matrix aggravate
the difficulties for the isolation and the determination of BRs
in plants, which induces the ambiguous understanding of
their biological synthesis, degradation, metabolic pathways and
bio-functions.
ll rights reserved.

x: þ86 10 62751708.
Many techniques have been employed for the detection and
identification of BRs in various plant species. Since BRs are non-
volatile compounds, gas chromatography-mass spectrometry
(GC–MS) in combination with the methaneboronic acid derivati-
zation was used in early research [6–10]. However, the experi-
mental procedures were complicated and time-consuming, and
the analytical sensitivity was not satisfactory. High performance
liquid chromatography (HPLC) has been frequently used for the
plant hormones analysis. Since BRs lack suitable chromophores,
organic boronic acids derivatizations through the vicinal groups
of BRs usually have to be performed when UV detector was
employed [11–16]. Compared with HPLC, Immunoassay offered
higher sensitivity for the BRs analysis [17,18], but the preparation
and the cross-reactivity of antibodies are the major drawbacks. In
order to obtain the lower LOD for BRs, new sample preparation
method was developed. Most recently, Li’s group synthesized
porous magnetic polymer beads to selectively extract 24-epiBR,
with which 26.2 mg/kg 24-epiBR was found in real breaking-wall
rape pollen samples [19].

LC-MS has become an applicable approach for the analysis of
BRs in recent years. Gamoh et al. [20] reported a LOD of 2 ng BRs
by using LC-MS with atmospheric pressure chemical ionization
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(APCI) source in select ion monitoring (SIM) mode. Based on ESI-
MS with SIM mode, Svatoš et al. [21] improved the LOD to sub-
femtomolar by means of dansyl-3-aminophenylboronic acid deri-
vatization. For the sensitivity improvement of detection approaches
based on LC-MS, one major concern is to enhance the ionization
efficiency of the analytes by derivatization. In the previous
literatures, several boronic acids have been tried for the deriva-
tization of BRs [20,21], but the reactions were relatively compli-
cated and some of them were not cost-effective. In recent years,
UHPLC has been widely used for the analysis of different com-
pounds, which holds advantages over the HPLC due to its
increased resolution, higher sensitivity, excellent peak shapes
and enhanced reproducibility [22–26].

Here in this study, 2-bromopyridine-5-boronic acid (BPBA) was
first introduced as a new labeling reagent to derivatize BRs. Compared
with the previous reported boronic acids [11–16,20–21], BPBA is
chemically stable and commercially inexpensive, derivatization pro-
cess is also simple and easy to be performed. On the basis of this new
labeling approach and the UHPLC-MS method, a rapid, simple and
sensitive BRs detection method was established with which the LOD
was significantly reached to attomolar level. Meantime, compared
with the conventional procedure, the steps of extraction and purifica-
tion of BRs from plants were also simplified and improved. With this
method, the naturally existing 24-epiBR and 28-epihomoBR were
successfully detected from only 2 g Arabidopsis thaliana plants. All
these improvements facilitated the manipulation of samples and
shortened the analysis duration, which made them applicable for the
real sample analysis.
2. Experimental

2.1. Chemicals and reagents

Acetonitrile (ACN), methanol, formic acid (FA), trifluoroacetic
acid (TFA) and acetic acid from Dikma Technology (Richmond, VA,
USA) were of HPLC grade. Water (H2O) was obtained from
Hangzhou Wahaha Group Co., Ltd. (Zhejiang, China) and filtrated
through a 0.2 mm Isopore

TM

membrane (Millipore Corporation,
Bedford, MA, USA). 24-epiBR, 28-homoBR and 28-epihomoBR
were purchased from Shanghai Weidi Biochemistry Limited
Company (Nanchang, China) with a purity of about 90%, and
BPBA was from J&K CHEMICA Company (Beijing, China) with a
purity of 95%. Anhydrous tetrahydrofuran (THF) and chloroform
were obtained after dehydration of analytical grade reagent.

2.2. Instrumentation

2.2.1. Equipment and experimental conditions of QToF MS system

Waters Xevo QToF MS (Waters Corporation, Midford MA, USA)
was operated at positive mode. The ESI source conditions were
optimized as follows: The voltage of capillary, sampling cone and
extraction cone was set as 3400 V, 40 V and 4.0 V, respectively; the
Table 1
Optimized MRM parameters of three BRs by using UHPLC-QqQ MS (Cone voltage [V];

Analyte Quantification

Precursor

ion

(m/z)

Product

ion

(m/z)

Cone

voltage

Coll

ene

24-epibrassinolide 646.4 226 54 46

28-

epihomobrassinolide

660.4 226 46 52

28-homobrassinolide 660.4 226 46 52
nebulization gas was set as 1000 L/h at 5501 C; the source tempera-
ture was set at 100 1C. To ensure the accurate mass analysis, 400 pg/
mL leucine–enkephalin was used as lock mass (m/z 556.2771 for
positive ion mode) with a flow rate of 5 mL/min. The m/z scan range
was from 150 to 1000 with the scan time of 0.2 s. Data acquisition
was carried out by MassLynx v 4.1 software.

2.2.2. Equipment and experimental conditions of UHPLC-QqQ MS

system

The UHPLC separation was performed on the Waters Acquity
TM

UPLC system (Waters Corporation, Midford MA, USA), and the
analytical column used was an Acquity UPLC

TM

BEH C18 (1.7 mm,
2.1 mm�100 mm). The flow rate of mobile phase was set at
0.35 mL/min with column temperature of 35 1C and injection
volume of 5 mL. The separation was performed by gradient elution
using organic phase (A) was 0.1% formic acid in acetonitrile and
the aqueous mobile phase (B) was 0.1% formic acid in water. The
gradient elution program was employed during the separation
process (Solution A: 70–85% in 0.5 min, 85–95% in 2.5 min, 95%
for 1.5 min, 70% for 3.5 min).

The UHPLC system was coupled to a Waters XEVO TQ MS
system (Waters Corporation, Milford, MA, USA) in the positive
mode. Data was acquired by the multiple reaction monitoring
(MRM) mode. The capillary voltage was 3.05 kV. The source block
and desolvation temperatures were set at 1501 C and 4001 C,
respectively. The cone gas flow was 50 L/h and the desolvation
gas flow was 650 L/h. Argon was used as the collision gas at a
pressure of approximately 3.2�10�3 mbar. The protonated mole-
cule was chosen as the precursor ion and the most intensive
product ion was selected for the quantification. The selected
quantification ion plus another specific product ion were chosen
for the confirmation. MRM mass spectrometric parameters of the
three analytes were summarized in Table 1. Data acquisition was
carried out by MassLynx v 4.1 software.

2.3. Derivatization of BRs by BPBA

24-epiBR, 28-homoBR and 28-epihomoBR (Fig. 1) were used to
perform the derivatization experiment. 12 mg of each BR and
20 mg of BPBA were weighed together in a glass tube, followed by
the addition of 3 mL anhydrous THF. The derivatization reaction
was carried out just by shaking the test tube manually for several
seconds. The solution was then dried under N2 reflux to remove
the THF. The dried derivatives were dissolved in methanol, and
stored at �201 C for further analysis.

2.4. Plant sample treatment

A. thaliana wild type Columbia (Col-0) plants were grown in
soil at 221 C with a 16-h-light/8-h-dark cycle in a growth
chamber. 10 g leaves of 2–3 weeks old plants were used for BRs
isolation. According to the previous methods [18,27,28], fresh
Collision energy [eV]).

Confirmation

ision

rgy

Dwell

time

Product

ion

(m/z)

Cone

voltage

Collision

energy

Dwell

time

0.12 628 54 26 0.12

0.12 642 46 28 0.12

0.12 642 46 28 0.12
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plant leaves were ground to a fine powder under liquid nitrogen
and extracted in ice-cold 80% (v/v) methanol for 2 h. After
centrifugation, supernatant was extracted by Bond Elut Plexa
SPE column (0.5 g, 6 mL, Varian, Palo Alto, CA, USA). The column
was first conditioned with 10 mL 70% (v/v) ethanol and then
equilibrated by 5 mL H2O and 5 mL 40 mM CH3COONH4 (pH 6.5).
After sample loading, 15 mL 40 mM CH3COONH4 (pH 6.5) was
used to wash the column. At last, the sample was eluted by 3 mL
methanol. The extract was then diluted by 40 mM ammonium
acetate buffer (pH 6.5) and further purified by Centricon (3 kD,
15 mL, Millipore, MA, USA) to screen large molecules and proteins
from plant matrix. Subsequently, the supernatants that passed
through the membrane were extracted by Strata

TM

X reversed-
phase column (33 mm, 3 mL, Phenomenex, Torrance, CA, USA)
which was conditioned by 5 mL methanol and equilibrated by
5 mL H2O and 5 mL 40 mM CH3COONH4 (pH 6.5) in advance. The
BRs sample was eluted by 100% methanol from the column. The
eluate was dried by N2 reflux, and then derivatized with BPBA.
Fig. 1. Chemical structures of three BRs.

Fig. 2. Full scan mass spectra of the three BPBA derivatized BRs usi
2.5. Linearity and recovery test for three BRs

To evaluate the proposed method, the recovery experiments
were performed by extraction of 0.5 g ground powder of above
plant leaves with the addition of 500 ng/L 24-epiBR, 28-homoBR
and 28-epihomoBR. The calibration curves were constructed
using standard BRs dissolved in ACN by plotting the peak areas
versus the analyte concentrations. 2.0 g plant leaves without the
addition of BRs are utilized for the naturally existing BRs detec-
tion. The spiked and un-spiked plant samples were then extracted
and derivatized following the procedures described above. Recov-
ery of the whole method was calculated according to the linear
curve generated from the standards without matrix.
3. Results and discussion

3.1. Optimization of the derivatization procedure

Boronic acids have high affinity to vicinal diols by the forma-
tion of boronic esters [29]. As one of the boronic acids, BPBA was
firstly reported as the labeling reagent for the detection of diol
biomarkers after exposure to the toxic styrene and 1, 3-butadiene
[30]. It is important that the nitrogen atom in BPBA can sig-
nificantly enhance the ionization efficiency during the ESI MS
measurement in the positive mode. The characteristic isotopic
peaks facilitate the identification of BRs from the complicated
matrix. Hereby, we proposed its new application for labeling BRs
through the vicinal groups. In the previous literature, the reac-
tions of vicinal hydroxyl groups with organic boronic acids were
frequently carried out under following conditions, heating, using
solvent of anhydrous THF or chloroform, with or without catalyst
of MgSO4 or pyridine [31–38]. In order to find a simple and proper
reaction procedure, the solvent and catalysts of the derivatization
were systematically optimized in our experiment. The experi-
mental results revealed that, compared with the chloroform and
ACN, anhydrous THF offered a better derivatization of three BRs,
ng QToF MS. (a) 24-epiBR; (b) 28-epihomoBR; (c) 28-homoBR.
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and no catalyst was required for the derivatization reaction at all. It
was found that the reaction took longer time and heating was
required when ACN or chloroform was utilized as the solvent.
Therefore anhydrous THF solvent without heating and catalyst were
confirmed as the derivatization conditions. The obtained derivatives
was dried by N2 reflux, diluted by methanol, and then analyzed by
Waters Xevo QToF MS. Fig. 2 is the full scan mass spectra of BPBA
derivatized 24-epiBR, 28-epihomoBR and 28-homoBR. The peaks at
m/z 646/648 for 24-epihomoBR and m/z 660/662 for 28-epihomoBR
and 28-homoBR were clearly observed. Moreover, no peaks related
to underivatized 24-epibrassinolide, 28-epihomobrassinolide and
28-homobrassinolide were observed (m/z 480 for 24-epihomobras-
sinolide and m/z 494 for 28-epihomobrassinolide and 28-homo-
brassinolide), which means the reaction is full proceeded. Meantime,
no peaks for bi-BPBA derivatized products were detected (No peaks
at m/z 810 for 24-epihomobrassinolide and m/z 824 for 28-epihomo-
brassinolide and 28-homobrassinolide), indicating that only the
mono-BPBA derivatized products were produced. With the addition
of 0.1% formic acid in the mobile phase, no sodiated and potassiated
adducts of the three BRs were observed. It was presumed that the
reaction was formed on the C22–C23 diol moiety since the reaction at
C2–C3 diol moiety was sterically hindered [21] (Fig. 3). The reaction
efficiency and the stability of the products were further investigated.
10 mL products was taken from the reaction tube right after the
shaking step and kept in �201 C. In the next 2 h, sampling of 10 mL
every certain time was carried out. All collected samples were
analyzed by using UHPLC-QToF MS. Results showed that no differ-
ence in the peak area of the mono-BPBA derivative and no other
derivatives were observed, which indicated that the reactions
have been completed in several seconds effectively. Additional
experiments showed that derivatives kept stable for more than two
Fig. 3. Proposed derivatiztion reaction of 24-epiBR by BPBA.

Fig. 4. MRM chromatograms of the spiked sample of three derivatized BRs
months at �201 C. Compared with the previously reported methods
that required a temperature of 60–751 C, duration of 20–30 min
and catalyst of pyridine, our BPBA method can be completed in
several seconds at room temperature with no need of any catalyst.
The BPBA method shows obvious superiority for rapid and convenient
analysis of BRs.

3.2. Optimization of chromatographic separation

The mixture of three BR derivatives (5 mg/L each) was used in
the optimization of chromatographic separation. Different mobile
phases (methanol and ACN) and additives (FA, acetic acid and TFA
at various concentrations) were tested. Considering the resolution
and analysis speed, a Waters BEH column (100 mm�2.1 mm,
1.7 mm) was chosen to perform the separation of three BRs.
Compared with mobile phase of methanol/water, ACN/water
offered a better separation of those three compounds. The ratio
of ACN and water was subsequently optimized. For the investiga-
tion of additives in mobile phase, FA provided more sensitive
results than acetic acid under the ESI positive mode. The best
signal response was obtained when 0.1% FA was added. When the
water proportion of the mobile phase was increased, a better
chromatographic resolution was achieved. But high water content
brought the response decrease of ESI MS. Considering on this
point, gradient elution was chosen at last.

3.3. UHPLC-QqQ MS method for the analysis of BRs

28-homoBR and 28-epihomoBR are diastereomers, and 24-epiBR
is their homolog with only one-CH2 difference, so it is very difficult
using UPLC-QqQ MS. (a) 24-epiBR; (b) 28-epihomoBR and 28-homoBR.

Fig. 5. Proposed structure of the quantification ion at m/z 226 for 24-epihomoBR,

28-epihomoBR and 28-homoBR.
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to separate these three BRs in a single run using only chromato-
graphic approach. Considering both resolution and sensitivity, the
combination of UHPLC with MS may potentially differentiate the
three compounds. Fig. 4 shows the MRM chromatogram of the
three derivatized BRs. The peak at 2.28 min (Fig. 4a), 2.23 min and
2.61 min (Fig. 4b) corresponds to 24-epiBR, 28-epihomoBR and
28-homoBR, respectively. Peaks at 2.19 min (Fig. 4a), 2.14 min
and 2.50 min (Fig. 4b) were from the isomeric impurities. The
existing impurities limited the flow rate of mobile phase and
restricted the performance of UHPLC system because the increase
of the flow rate induced the decrease of the peak resolution.
Nevertheless, optimized flow rate at 0.35 mL/min provided the
satisfactory analysis results.

The mass spectrometric parameters including capillary
voltage, cone voltage, source temperature, desolvation tempera-
ture, cone gas flow and desolvation gas flow were all optimized
(see details in Section 2.2.2). The MRM parameters of the
established UHPLC-QqQ-MS method are shown in Table 1. The
qualitative ions of 24-epiBR is at m/z 628 while the qualitative
ions of 28-epihomoBR and 28-homoBR are at m/z 642, which
were generated by one H2O loss from the [MþH]þ . The proposed
structures of the quantification ion at m/z 226 for 24-epiBR, 28-
epihomoBR and 28-homoBR are shown in Fig. 5.

A series of standard mixtures of 24-epiBR, 28-epihomoBR and
28-homoBR were prepared for the method validation. Mean areas
(n¼5) generated from the standard solutions were plotted
against the BRs concentration to establish calibration equations.
Good linearities were obtained for three BRs with the coefficients
(R2) about 0.9999 and the relative standard deviation (RSD) lower
than 8.67% (n¼5) (Table 2). Limits of detection (LODs) and limits
of quantification (LOQs) of the proposed method were deter-
mined as the analytes concentration corresponding to signal-to-
noise ratio (S/N) of 3 and 10 from standard BRs dissolved in
ACN. In this respect, the LODs of three BRs are 2.00 ng/L for
24-epibrassinolide, 6.00 ng/L for 28-epihomobrassinolide, and
8.00 ng/L for 28-homobrassinolide. In addition, the LOQs of three
BRs are 6.00 ng/L for 24-epibrassinolide, 19.0 ng/L for 28-epiho-
mobrassinolide, and 23.0 ng/L for 28-homobrassinolide. As the
injection volume is only 5 mL, the absolute LODs of the three
Table 2
Linear regression equation and LOD data of BRs analyzed by UHPLC-QqQ MS.

Analyte Retention time

(min.)

Linear range

(ng/L)

Equation of linear

regression

r2

4-epiBR 2.28 10–10,000 y¼948.3x�0.14 0.99

28-epihomoBR 2.23 20–10,000 y¼597.2x�0.31 0.99

28-homoBR 2.61 50–10,000 y¼759.6xþ9.77 0.99

Fig. 6. MRM chromatograms of BPBA derivatized BRs from 2.0
BRs can be greatly improved to attomolar level, which are so far
the most sensitive method and quite promising for the analysis of
BRs in real plant samples.
3.4. Recovery test and method application

Because of the extremely low concentration of BRs and co-
existent intricate matrix, the workload for the extraction of BRs
from plant is rather laborious and complicated in previous
literatures. Generally, the crude ground plant materials were first
extracted by methanol and the extract were then partitioned by
chloroform and water. The chloroform extract was further sepa-
rated by silica gel chromatography with gradient elution with
chloroform and methanol. The target partition was separated by
using the DEAE ion-exchange chromatography. Finally, prior to
the derivatization procedure, the extracts were subjected to a
preparative HPLC [9,14,39–46]. It is noteworthy that rice lamina
inclination test [47–54] was always required to guide the extrac-
tion during the silica gel chromatographic separation. All of these
make the whole procedure quite time-consuming. Swaczynova
[18] later simplified the procedure by applying solid phase
extraction, but the DEAE ion-exchange chromatography still
made the extraction inconvenient and expensive. Here, we further
improve the plant treatment process by first introducing Centri-
con filter tube to replace DEAE ion-exchange chromatography,
which dramatically reduced the duration of BRs extraction from
days to less than 6 h. Based on the improved methods, the mean
recovery values were calculated as 85.7%, 76.9% and 86.1% for 24-
epiBR, 28-epihomoBR, and 28-homoBR, respectively when 0.5 g
ground powder of plant leaves was utilized (Table 2).

It should be noted that, in the previous literature, several
kilograms fresh plant materials were required to ensure the
detection of BRs [6–17,20], which aggravated the difficulties for
their extraction and purification. Using this proposed method, the
naturally existing 0.055 ng/g (FW) 24-epiBR (S/N¼29.3) and
0.070 ng/g (FW) 28-epihomoBR (S/N¼10.4) were successfully
detected from only 2 g A. thaliana plants (see Fig. 6). The
28-homobrassinlode was not detected in the plant sample, which
RSD (n¼5) (%) LOD (ng/L) LOQ (ng/L) Recovery (n¼3) (%)

99 4.43 2.00 6.00 85.7

99 8.24 6.00 19.0 76.9

99 8.67 8.00 23.0 86.1

g Arabidopsis thaliana plant sample using UHPLC-QqQ-MS.
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might cause by the sensitivity of the method and different species
of plant samples.
4. Conclusions

A rapid and simple derivatization approach for the sensitive
analysis of BRs has been proposed in this study. The qualification
of BRs can be facilitated by the unique bromine isotopic peaks
coming from BPBA during the mass spectrometric analysis. The
sensitivity can be enhanced to the attomolar level by the BPBA
derivatization combined with the usage of UHPLC-QqQ MS.
Compared with previous sample pretreatment, the simplified
procedure proposed in this paper provides a high efficient
strategy for the BRs analysis from complicate plant materials.
The naturally existing 24-epiBR and 28-epihomoBR were success-
fully detected from only 2 g A. thaliana plants. This method offers
easier manipulation of samples, less analysis duration and oppor-
tunities for the endogenous BRs analysis from less amount of real
sample.
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