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a b s t r a c t

In the study, a kind of novel styrene-co-4-vinylpyridine (St-co-4-VP) porous magnetic polymer beads
was prepared by microwave irradiation using suspension polymerization. Microwave heating prepara-
tion greatly reduced the polymerization time to 1 h. Physical characteristic tests suggested that these
beads were cross-linking and possessed spherical shape, good magnetic response and porous morpholo-
gies with a narrow diameter distribution of 70–180 �m. Therefore, these beads displayed the long-term
stability after undergoing 100-time extractions. Then, an analytical method for the determination of
trace 24-epiBR in plant samples was developed by magnetic polymer bead extraction coupled with
high performance liquid chromatography–fluorescence detection. St-co-4-VP magnetic polymer beads
demonstrated the higher extraction selectivity for 24-epiBR than other reference compounds. Linear
icrowave irradiation
igh performance liquid chromatography
lant

range was 10.00–100.0 �g/L with a relative standard deviation (RSD) of 6.7%, and the detection limit
was 6.5 �g/kg. This analytical method was successfully applied to analyze the trace 24-epiBR in cole and
breaking-wall rape pollen samples with recoveries of 77.2–90.0% and 72.3–83.4%, respectively, and RSDs
were less than 4.1%. The amount of 24-epiBR in real breaking-wall rape pollen samples was found to
be 26.2 �g/kg finally. This work proposed a sensitive, rapid, reliable and convenient analytical method
for the determination of trace brassinosteroids in complicated plant samples by the use of St-co-4-VP

xtrac
magnetic polymer bead e

. Introduction

Brassinosteroids (BRs) have been considered as a new sixth
lass of plant hormones with wide occurrence in plant samples
1,2]. More than 50 BRs have been found from 61 plants since
972 [3]. BRs have crucial biological effects on plant growth and
evelopment [4] and the ability to protect plants from various envi-
onmental stresses [5]. Trace 24-epibrassinolide (24-epiBR) in plant
amples is one of crucial BRs and displays the high activity com-
ared to natural BRs in several bioassays [6]. Recently, 24-epiBR
as been proved to possess the effect on growth parameters, metal

ptake and accumulation in Brassica juncea L. seedlings [7].

Owing to trace amounts of BRs in the complicated plant matrix
nd their non-volatile and polar properties, it is imperative to
evelop a sensitive method for the analysis of BRs including effi-

∗ Corresponding author at: Sun Yat-sen University, Institute of Analytical Sci-
nces, School of Chemistry and Chemical Engineering, Xingang West Road 135,
uangzhou, Guangdong 510275, China. Tel.: +86 20 84110922;

ax: +86 20 84115107.
E-mail address: cesgkl@mail.sysu.edu.cn (G. Li).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.08.052
tion coupled with chromatographic method.
© 2010 Elsevier B.V. All rights reserved.

cient sample preparation and detection technique. Until now only
simple solvent distillation is commonly used in many previous
reports for the analysis of BRs [8]. Conventional solvent extrac-
tion always requires long extraction time, large amounts of solvent
and multiple steps. Magnetic polymer beads are one of the most
popular materials and have been applied to bio-separation of pro-
teomics [9,10], catalysis [11], immobilizing bioactive agents [12],
drug delivery [13], resonance imaging contrast enhancement [14],
diagnostic analysis [15] and so on. After extraction, magnetic poly-
mer beads can be quickly separated from the solution by a simple
and cheap magnet [16,17].

Various methods have been developed to prepare magnetic
polymer beads, such as grafting method, emulsion polymeriza-
tion, precipitation polymerization, suspension polymerization and
dispersion polymerization [18–20]. However, these methods have
some natural drawbacks, including broad size distribution, rough
surface, low magnetism and low mechanical strength [21] due to

the uneven heating and secondary nucleation during preparation
[22]. It is well known that conventional methods for polymeriza-
tion of magnetic polymer beads are mainly based on conventional
heating and UV light [23]. To date there have been still few reports
focusing on the application of microwave irradiation in bulk poly-

dx.doi.org/10.1016/j.chroma.2010.08.052
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:cesgkl@mail.sysu.edu.cn
dx.doi.org/10.1016/j.chroma.2010.08.052
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erization. The use of microwave energy for rapid synthesis of
olymer beads was firstly reported in 1994 [24]. Microwave irra-
iation polymerization utilizes the microwave energy to arouse
olecular movement and liquid rotation with a permanent dipole

eading to a very rapid inner heating of solvent and sample.
herefore, compared to conventional heating methods, microwave
rradiation can greatly accelerate the reaction rate, reduce the poly-

erization time and achieve the higher yield [25–27]. Although the
echanism of microwave heating is still under debate, microwave

rradiation method for polymer synthesis develops rapidly and is
onsidered a replacement of conventional method [28–30].

Conventional detection methods of BRs are mainly based on
ioassays such as the wheat leafunrolling test [31] and rice lam-

na inclination test [32]. However, these bioassays cannot meet
he requirement of quantitative analysis of trace BRs in plant
amples. Nowadays chromatographic techniques, mainly includ-
ng high performance liquid chromatography (HPLC) [33] and gas
hromatography–mass spectrometry (GC–MS) [34], are used for
he determination of BRs.

Until now, there is still no report focusing on the quantitative
nalysis of 24-epiBR in plant samples by chromatographic methods
ombined with the efficient sample preparation technique. In this
tudy, a new suspension polymerization method was developed
or the preparation of novel styrene-co-4-vinylpyridine (St-co-4-
P) porous magnetic polymer beads by microwave irradiation. A
ew method for the determination of trace 24-epiBR in the fresh
ole and breaking-wall rape pollen samples was developed by the
se of St-co-4-VP magnetic polymer bead extraction coupled with
PLC.

. Experimental

.1. Chemicals and plant samples

24-EpiBR standard was purchased from Sigma–Aldrich (St.
ouis, MO). Stock solution of 24-epiBR was prepared at a concentra-
ion of 100 mg/L in methanol and stored at −18 ◦C in dark. Working
olutions were prepared by appropriate dilution of the stock stan-
ard solution with water and were stored at 4 ◦C in dark. Water was
oubly distilled. Homobrassinolide (homoBR) was obtained from
anland Chemical Company (Xiamen, China). Estrone, �-estradiol
nd estriol with the purity > 99% were purchased from Zizhu Tian-
ong Tech. (Beijing, China). All other reagents were of analytical
rade. All solutions used for HPLC were filtered through a nylon
.45 �m filter before use.

Breaking-wall rape pollen was obtained from Bai Caotang
hinese Traditional Medicine Corporation (Luzhou, China). Cole
amples were purchased from Guangzhou local markets.

.2. Preparation of St-co-4-VP magnetic polymer beads

.2.1. Preparation of Fe3O4 nanoparticles
According to the previous work in our group [17], the diameter

f the Fe3O4 particles synthesized by the same method was only
0–50 nm as cores of the magnetic beads. The process of synthesis
f magnetite particles by co-precipitation was conducted accord-
ng to the previous work [35] with small modification as follows.
H3·H2O (28 wt.%) was quickly dropped into a solution containing
eCl3 (1.0 mol/L) and FeSO4 (0.5 mol/L) by vigorously stirring under
2 protection. The pH value was maintained approximately at 12

uring reaction process. The resultant black mixture was aged by
n MAS-I microwave synthesizer from Sineo Microwave Chemistry
echnology Company (Shanghai, China) at 80 ◦C for 1 h with deoxy-
enating and fierce agitation. Finally, the precipitate was collected
y a magnet and washed three times with 10% acetic acid (v:v)
1217 (2010) 6455–6461

and doubly distilled water. And then surface modification of Fe3O4
nanoparticles was carried out by the reaction of Fe3O4 (2.0 g) and
polyethylene glycol (PEG)-6000 (10.0 g) dissolved in doubly dis-
tilled water (30 mL). After sonicating for 20 min, a homogeneously
dispersed solution was obtained.

2.2.2. Suspension polymerization
A pre-polymerization mixture was prepared as follows. The

functional monomer 4-vinylpyridine (4-VP) (1.29 mL, 12 mmol)
was dissolved in dimethyl sulfoxide (DMSO) (5.00 mL, 70.4 mmol).
The solution was sparged with oxygen-free nitrogen and
then stored in dark for 12 h. The pre-polymerization solution,
PEG-Fe3O4 particles, dispersing media (doubly distilled water,
100 mL), Styrene (St) (8.00 mL, 69.7 mmol), cross-linker Trim-
ethylolpropane trimethacrylate (TRIM) (1.50 mL, 4.70 mmol) and
initiator azo (bis)-isobutyronitrile (AIBN) (0.10 g, 0.60 mmol) were
well mixed in a 300 mL single-necked flask and dispersed by vig-
orous agitation (600 rpm) and bubbled with nitrogen throughout
the whole reaction. Microwave irradiation was carried out with
a programmed temperature control as follows: initial from room
temperature to 40 ◦C within 2 min, from 40 ◦C to 60 ◦C within
2 min, from 60 ◦C to 70 ◦C within 2 min and finally keeping at
70 ◦C for 60 min. Fig. 1 demonstrates the polymerization proce-
dures for these magnetic polymer beads. Magnetic polymer beads
were washed extensively with distilled water, 10% (v:v) acetic acid
in methanol and methanol under ultrasonic agitation respectively
until no leakage and residue of polymerization were observed.

2.3. Study of physical characterization and extraction capability

Magnetic polymer beads obtained were placed on aluminum
pegs and sputter coated with 15 nm of gold. Scanning electron
microscopy (SEM) was conducted by a Philips XL-30 scanning elec-
tron microscopy from Philips (Eindhoven, Netherlands). Bead size
distribution was examined by a Malvern MasterSizer 2000 particle
size analyzer from Malvern (Malvern, Britain). Infrared absorp-
tion spectrum of these beads between 400 and 4000 cm−1 was
obtained by the use of an IR-prespige-21 FTIR spectrometer (Shi-
madzu, Japan). Thermogravimetric analysis was performed under
inert atmosphere (N2) in an STA-409 PC thermogravimetric ana-
lyzer (Netzsch, Selb/Bavaria, Germany), over the temperature range
of 20–800 ◦C. The resulting particles were characterized by mag-
netic analysis using a SQUID-based magnetometer form Quantum
Design (San Diego, CA).

Extraction capability of St-co-4-VP magnetic polymer beads
was evaluated from two aspects including extraction capacity and
selectivity. Extraction capacity was investigated with a series of
24-epiBR standard solutions in the range of 0.1000–600.0 �g/L.
Extraction selectivity was studied by the use of the mixed stan-
dard solution containing 24-epiBR and four reference compounds
homoBR, �-estradiol, estriol and estrone at a concentration of
50.00 �g/L.

2.4. Extraction performance and HPLC analysis

2.4.1. Sample preparation
Fresh cole and breaking-wall rape pollen were selected as plant

samples for method validation. Fifty grams of whole cole sample
mixed with 24-epiBR standard solutions was smashed, well bal-
anced and then dissolved in 50 mL methanol. The solution was
filtrated through a funnel, dried with vacuum distillation, and then

dissolved in 25 mL water–acetonitrile (v:v, 1:1). Twenty-five grams
of breaking-wall rape pollen mixed with 24-epiBR standard solu-
tions was smashed, well balanced and then dissolved in 150 mL
methanol. After that, samples were distilled by microwave assisted
extraction (MAE) under extraction temperature of 55 ◦C for 20 min.
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ig. 1. Schematic representation of pre-polymerization of 4-VP in DMSO (A), PEG
eads (C).

hen the sample was filtrated, and extraction solutions were dried
ith vacuum distillation and dissolved with 30 mL distilled water.
fter being partitioned by ethyl acetate for three times, the organic

ayer was concentrated by vacuum distillation and dissolved in
5 mL water–acetonitrile (v:v, 1:1). Finally, the homogenized sam-
le was centrifuged for 20 min at 3000 rpm. Three milliliters of
upernatant liquid was extracted by St-co-4-VP magnetic polymer
eads.

.4.2. Magnetic polymer bead extraction
The standard 24-epiBR solutions and plant sample extraction

olutions were extracted by magnetic polymer beads, and extrac-
ion procedures were similar to the previous works [22,36]. Before
ach use, the recycled beads were revived at 120 ◦C for 12 h. Known
ass beads were added into a 50 mL conical flask and immersed

n 3.0 mL standard or sample extraction solution under a recipro-
ating shaking-table at room temperature. After being incubated
or 60 min with the shaking rate of 120 rpm, 0.12 g beads were

agnetically separated and then eluted for 20 min in 1.0 mL acetic
cid–acetonitrile (1%, v:v) as desorption solvent. The analyte elu-
ion was dealt with a nitrogen drying step and then derivatizated
ith 60 �L of 9-phenanthreneboronic acid (10 mg/L) in 1% (v:v)
yridine–acetonitrile. The mixture was heated at 70 ◦C for 20 min.
fter cooling, the derivatization solution was dried with a nitro-
en stream and redissolved in 100 �L of acetonitrile [37]. 20 �L of
ample solution was for HPLC injection and consequent analysis.

The validation for analysis of cole and breaking-wall rape pollen
amples was investigated by spiked experiments, and the amounts
f 24-epiBR standard added to cole and breaking-wall rape pollen
amples were set at 15.0, 25.0 and 35.0 �g/kg; and 30.0, 50.0 and
0.0 �g/kg, respectively.

.4.3. HPLC analysis
A Shimadzu LC-20A chromatography equipped with a fluo-

imetric detector (Shimadzu RF-10Axl) was used in the study

excitation 307 nm, emission 371 nm). A reversed-phase column
f C18 (250 mm × 4.6 mm i.d., 5 �m) (Dikma, Beijing, China) was
sed at 30 ◦C. The injection volume was 20 �L. The optimum mobile
hase for the separation of 24-epiBR bisphenanthreneboronates
as acetonitrile–water (v:v, 90:10) at a flow rate of 1.0 mL/min.
cation of Fe3O4 particles (B) and polymerization of St-co-4-VP magnetic polymer

3. Results and discussion

3.1. Preparation of magnetic polymer beads by microwave
irradiation

The whole polymerization process consisted of two steps. First,
Fe3O4 nanoparticles were modified with surfactants. Thus, the sur-
factant amounts used during polymerization were optimized based
on different surfactants including PEG, polyvinyl alcohol (PVA) and
oleic acid. Oleic acid could not disperse in water and modify Fe3O4
well. Homogeneously dispersed solutions were obtained by the use
of PEG or PVA. However, when PVA was used as modification sur-
factant, complicated subsequent procedures were needed during
microwave irradiation. The solubility of PVA was not as well as PEG
in water, so modification of Fe3O4 with PVA should be set at 90 ◦C
for 5 min under continuous stirring. Therefore, PEG was chosen as
optimum surfactant finally.

For attaining considerable superficial area for extraction capa-
bility, the selection of polymerization solvent, cross-linker and
monomer was very important. Initially, the recognition capability
was extremely dependent on the functional monomer. Thus, acry-
lamide (AM), methacrylicacid (MAA) and 4-VP were used for the
selection of functional monomer, and the amount of each func-
tional monomer was also optimized. PEG–Fe3O4 particles could
not merge into beads well when using AM or MAA as functional
monomer. When using 4-VP, the better homogeneous morphol-
ogy of the resultant beads was achieved. And the productive yield,
homogeneity and morphological structure did not change much
with 4-VP amounts varying from 4 to 12 mmol. However, the
use of 12 mmol 4-VP resulted in a narrower diameter distribu-
tion of 70–150 �m, so 12 mmol 4-VP was chosen as the optimum
functional monomer in the study. And then, 4-VP was prepolymer-
ized through the C–C double-bonded interaction in DMSO. After
PEG–Fe3O4 suspension, cross-linker, copolymer monomer, initia-
tor, prepolymer solution and water were added to the suspension
and mixed well, followed by microwave irradiation polymeriza-
tion. To avoid the leakage of Fe3O4 nanoparticles and fragility of

the resultant beads, styrene was utilized as a copolymer monomer,
which was attributed to its unsaturated bonds to form the cross-
linking main chain within the polymeric network and proved to
make the reaction equilibrium shifting to the complex formation
side [38].
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ig. 2. Scanning electron micrographs of St-co-4-VP magnetic polymer beads pre-
ared by microwave irradiation. Magnifications: (A) 200× and (B) 5000×.

Water-to-monomer ratio during polymerization affects the
orphology and size distribution of the resultant beads. Thus, the
ater-to-monomer ratio was optimized to achieve the good mor-
hology and size distribution. The results indicated that better
niformity and narrower size range could be obtained with the
ater-to-monomer ratio of 9:1.

Polymerization time is a crucial factor influencing the poly-
erization degree. Thus, the polymerization time in the study
as optimized at 30, 60, 90 and 120 min. Polymerization time of

0 min could ensure the satisfied productive yield, spherical struc-
ure and good magnetic property. The shorter polymerization time
<60 min) resulted in low yields of the resultant beads due to the
nsufficient polymerization, while the longer polymerization time
>60 min) caused a broad size distribution due to a secondary poly-

erization.

.2. Physical characterization of magnetic polymer beads

.2.1. Surface morphology
The particle size and morphology of St-co-4-VP magnetic poly-

er beads were observed by SEM (Fig. 2) under the different
agnifications of 200-fold and 5000-fold, respectively. It can be

een from Fig. 2(A) that the majority of the beads are well-shaped

pherical particles. And Fig. 2(B) demonstrates the rough and
orous surface morphology of these beads, which would be suitable
or rebinding and releasing target molecules by the use of magnetic
olymer beads. On the other hand, porous structure would enhance
urface area and guarantee good extraction efficiency for trace BRs.
1217 (2010) 6455–6461

Particle size distribution was further studied by particle size analy-
sis (see supplementary materials Fig. 1s). These magnetic polymer
beads are homogeneous and possess a narrow size distribution of
70–180 �m. This result is consistent with SEM analysis.

3.2.2. Infrared absorption test and thermal stability
Infrared absorption spectrum of these magnetic polymer beads

(see supplementary materials Fig. 2s) shows that an absorption
band at 540 cm−1 corresponds to the Fe–O bond. Stretching vibra-
tion of the C C bond at 1610 cm−1 is attributed to ethylene groups
of 4-VP molecule. The typical bands at 3020 and 2920 cm−1 are due
to the C–H aromatic stretching vibration of styrene units.

Thermal stability of the beads was tested by thermogravimet-
ric analysis. The result suggests that there is no obvious weight
loss below 310 ◦C (see supplementary materials Fig. 3s). Dramatic
weight loss occurs from 310 to 520 ◦C, and the fastest mass loss
occurs at 490.5 ◦C. Thermogravimetric analysis results suggested
that these magnetic polymer beads were suitable for the subse-
quent HPLC analysis. The remaining mass was attributed to the
thermal resistance of Fe3O4 particles, and the quantity of Fe3O4 par-
ticles in the beads was 0.84%. This result agreed with the magnetic
hysteresis loops analysis.

3.2.3. Magnetization characteristic and solvent-resistant
property

Saturation magnetization of magnetic polymer beads was inves-
tigated by magnetic hysteresis loop analysis (see supplementary
materials Fig. 4s). The symmetrical general shape curves sug-
gest that there is no magnetic retentivity, so St-co-4-VP magnetic
polymer beads show superparamagnetism and attain a saturation
magnetization value of 1.25 emu/g. Although the magnetic encap-
sulation is not very high, the magnetic response can fully satisfy
the request of magnetic separation.

In order to investigate the solvent-resistant property of the
beads, these magnetic polymer beads were immersed in methanol,
acetonitrile, acetone, chloroform, ethyl acetate, benzene, tetrahy-
drofuran, toluene, 10% (v:v) acetic acid in methanol and 10% (v:v)
acetic acid in acetonitrile followed by ultrasound for 30 min. The
beads showed no desquamation or crack phenomenon in these sol-
vents, which proved the excellent chemical stability of St-co-4-VP
magnetic polymer beads. Therefore, the beads under the optimum
preparation conditions could remain the good surface morphology
and extraction efficiency after the use of more than 100 times.

3.3. Evaluation of extraction capability of magnetic polymer
beads

3.3.1. Extraction capacity
Extraction capability of St-co-4-VP magnetic polymer beads

was evaluated from extraction capacity and selectivity. Extraction
capacity of magnetic polymer beads was investigated via extrac-
tion of a series of 24-epiBR standard solutions in the range of
0.1000–600.0 �g/L with the optimum amounts of magnetic poly-
mer beads of 120 mg. As seen from Fig. 3, extraction yields increase
gradually with the increasing concentrations of 24-epiBR standard
solutions in the range of 0.1000–400.0 �g/L and reach the equi-
librium when the concentration is up to 400.0 �g/L. Accordingly,
extraction capacity of St-co-4-VP magnetic polymer beads could
be calculated to around 90 pmol for 24-epiBR. The proposal method
provided a high enrichment factor, 4–5-fold for 24-epiBR.
3.3.2. Extraction selectivity
Extraction selectivity of St-co-4-VP magnetic polymer beads

was studied via extraction of the mixed standard solutions con-
taining 24-epiBR and four reference compounds including homoBR,
�-estradiol, estriol and estrone at the concentration of 50.00 �g/L.
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ompounds; (B) Extraction selectivity for 24-epiBR by magnetic polymer beads based on
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Four reference compounds have the similar structures as 24-epiBR.
Especially, homoBR is an artificially external plant pheromone and
has almost the same molecular structure as 24-epiBR. It can be
seen from Fig. 4 that extraction yields of 24-epiBR, homoBR, �-
estradiol, estriol and estrone in water by magnetic polymer bead
extraction are 78, 56, 20, 12, and 5 pmol, respectively. It is clear that
the extraction yield of 24-epiBR is much higher than those of refer-
ence compounds by St-co-4-VP magnetic polymer bead extraction.
This result can be tentatively explained as follows. In the struc-
ture of St-co-4-VP, there are lone pair electrons in the N atom of
4-VP which do not join the saturation system of pyridine ring.
Therefore, in the hybrid orbital of the molecule nonbonded elec-
trons possess the nucleophilicity and are easy for the interaction
with hydroxyl groups in the target molecules. Since 24-epiBR has
two hydroxyl groups, more than �-estradiol, estriol and estrone,
24-epiBR exhibits the higher molecular polarity than these three
reference compounds, which is likely to be bonded with N atom
of 4-VP. On the other hand, 24-epiBR and these three reference
compounds (�-estradiol, estriol and estrone) are of hydrophobicity,
but 24-epiBR molecule possesses the hydrophobic group in the side

chain, which would make the greater contribution to the molecular
hydrophobocity. Therefore, even in the water phase the extraction
yield of 24-epiBR by St-co-4-VP magnetic polymer beads is higher
than that of reference compounds. 24-epiBR and homoBR have the

tic polymer beads at 50.0 �g/L (n = 3). (A) Structure of 24-epiBR and four reference
extraction yields.
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Fig. 5. Chromatograms of the cole (A) and breaking-wall rape pollen sample (B)
extracted by St-co-4-VP magnetic polymer beads. Curve a is the chromatogram of
direct injection of standard 24-epiBR (50.00 �g/L); Curve b is the chromatogram
460 Z. Zhang et al. / J. Chroma

ame steroid ring structure, but there is a methyl group in C-24 of
4-epiBR while in that of homoBR there is an ethyl group. Alkyl
roup is a weak electron-donating group and it would reduce the
olecular polarity. Therefore, polarity of 24-epiBR is a little higher

han that of homoBR, which leads the higher extraction yield of 24-
piBR by St-co-4-VP magnetic polymer beads than that of homoBR.

.4. Development of analytical method

.4.1. Optimization of extraction conditions
In order to attain the optimum extraction conditions and best

xtraction efficiency, the factors influencing the extraction by the
se of St-co-4-VP magnetic polymer beads, including the amounts
f magnetic polymer beads, shaking rate, extraction solvent, extrac-
ion time, desorption solvent and desorption time, were optimized
ased on the HPLC peak area of 24-epiBR (see supplementary
aterials Fig. 5s).
In the study, the amounts of magnetic polymer beads were

ptimized in the range of 20–300 mg at room temperature with
onstant shaking, and 120 mg of magnetic polymer beads was
elected for extraction under the optimum shaking rate of 120 rpm.
dsorption and desorption kinetic parameters during extraction

ncluding extraction solvent, extraction time, desorption solvent
nd desorption time are another important factors influencing
he extraction efficiency. Solvent polarity greatly influences the
bsorption procedure. Thus, different polar solvents including
ethanol, acetonitrile, water, acetone, tetrahydrofuran (THF), hex-

ne, acetic ester and DMSO were applied for selection of the
ptimal extraction solvent by magnetic polymer bead extrac-
ion of 50.00 �g/L 24-epiBR standard solution. Finally, water was
hosen as extraction solvent in the study with the optimum
xtraction time of 60 min, at which the response of the ana-
yte reached the highest level and extraction equilibrium was
btained. On the other hand, the optimization of desorption sol-
ent and desorption time was conducted. Desorption solvent was
ptimized by the use of methanol, acetonitrile, acetic acid in
ethanol (1% or 10%, v:v) and acetic acid in acetonitrile (1%

r 10%, v:v). The results showed that 1% acetic acid in ace-
onitrile could achieve the best desorption efficiency, and was
elected as optimal desorption solvent with the optimal desorption
ime of 20 min, which was needed to obtain desorption equilib-
ium.

.4.2. Analytical method
HPLC is a useful tool for the separation and determination of

Rs. BRs have no suitable chromophore for detection, so they have
o be derived with pre-labeling reagents in order to make them
esponsible to ultraviolet (UV), FLU or electrochemical detector.
oronic acid as derivative reagent has high selectivity and reac-
ivity for the cis-1,2-diols of BRs, which usually have four hydroxyl
roups as two sets of vicinal diols, in the A-ring (2˛, 3˛-position)
nd in the side-chain (22R, 23R-position) [39,40]. In this study, 9-
henanthreneboronic acid as derivative reagent was used prior to
LU detection [37].

The theoretic molar ratio of BRs to 9-phenanthreneboronic
cid was 1:2 according to the reaction equation. However,
n order to make 24-epiBR derivated absolutely, the amount
f 9-phenanthreneboronic acid was optimized in the study.
onsidering peak shape and protection of chromatographic col-
mn, 60 �L of 9-phenanthreneboronic acid (10 mg/L) in 1%
v:v) pyridine–acetonitrile was selected. A series of 24-epiBR

tandard solutions were prepared and analyzed under the opti-
al magnetic polymer bead extraction conditions coupled with
PLC–FLU detection. The linear range of this analytical method was
0.00–100.0 �g/L with a relative standard deviation (RSD) of 6.7%
chieved for extraction of 50.00 �g/L 24-epiBR standard solution
of sample solutions extracted by magnetic polymer beads; Curve c is the chro-
matogram of spiked sample solutions (25.00 �g/kg for cole spiked samples and
50.00 �g/kg for breaking-wall rape pollen spiked samples) extracted by magnetic
polymer beads. The peaks labeled in gray represent 24-epiBR.

by five batches of magnetic polymer beads. The detection limit was
6.5 �g/kg based on a signal-to-noise ratio of 3 and calculated to be
0.12 ng.

3.5. Analysis of 24-epiBR in plant samples

After the analytical method was established, two plant sam-
ples including cole and breaking-wall rape pollen were selected for
method validation. First, spiked experiments were conducted. For
fresh cole sample, 50 g samples were spiked with 24-epiBR stan-
dard solution and resulted in the spiked samples with the 24-epiBR
amounts of 15, 25 and 35 �g/kg. Then the spiked samples were
extracted by organic solvent and resulted in the pre-extraction
solution for the sequent magnetic polymer bead extraction. And
then the beads were subjected to pre-extraction solution followed
by extraction procedure coupled with HPLC–FLU detection. For
breaking-wall rape pollen samples, 25 g samples were spiked with
24-epiBR standard and resulted in the spiked samples with the

24-epiBR amounts of 30, 50 and 70 �g/kg. Then, the spiked sam-
ples were extracted by MAE followed by filtration, distillation and
centrifugation. Then the solution samples were extracted by the
beads coupled with HPLC–FLU detection. Typical chromatograms
of the spiked cole and breaking-wall rape pollen samples by St-co-
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Table 1
Recoveries of 24-epiBR in spiked plant samples extracted by magnetic polymer beads (n = 3).

Plant sample Added (�g/kg) Found (�g/kg) Recovery (%) RSD (%)

Fresh cole 15.0 13.0 86.6 1.0
25.0 22.5 90.0 4.1
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[37] K. Gamoh, K. Omote, N. Okamoto, S. Takatsuto, J. Chromatogr. 469 (1989) 424.
[38] J. Matsui, S. Goji, T. Murashima, D. Miyoshi, S. Komai, A. Shigeyasu, T. Kushida,
35.0
Breaking-wall rape pollen 30.0

50.0
70.0

-VP magnetic polymer bead extraction are illustrated in Fig. 5. It
an be seen that compared to the chromatograms of direct HPLC
nalysis of 24-epiBR standard solution (curve a), the chromato-
raphic responses of 24-epiBR in two spiked samples (curve c) are
reatly enhanced by the proposed magnetic bead extraction and
nalytical method, which suggested the improvement of analytical
ensitivity. The recoveries of spiked cole and breaking-wall pollen
amples were found to be 77.2–90.0% and 72.3–83.4%, and RSDs
ere 1.0–4.1% and 0.7–3.1% in Table 1, respectively.

Another interesting point in the study is that the extract
f real breaking-wall rape pollen samples after magnetic
olymer bead extraction can be sensitively detected by
PLC–FLU. As shown in Fig. 5(B), a high degree of sensitivity

s achieved by the proposed magnetic polymer bead extrac-
ion (curve b). The amount of 24-epiBR in real breaking-wall
ape pollen sample was calculated to be 26.2 �g/kg. From
ll the results mentioned above, it is clear that the proposed
ethod is applicable for the analysis of trace 24-epiBR in plant

amples.

. Conclusion

In this work, novel St-co-4-VP magnetic polymer beads for
he extraction of trace 24-epiBR in plant samples were prepared
y microwave irradiation using the suspension polymerization
ethod. A series of surface and physical tests showed that St-co-4-
P magnetic polymer beads possessed the narrow size distribution,
niform morphology and porous structure. Extraction capability
xperiments showed that St-co-4-VP magnetic polymer beads had
igh enrichment capability (4–5-fold) and good extraction selec-
ivity for 24-epiBR in comparison with other reference compounds.
hen, an analytical method for the determination of 24-epiBR was
eveloped by the use of St-co-4-VP magnetic polymer bead extrac-
ion coupled with HPLC–FLU detection. The detection limit was
.5 �g/kg with the RSD of 6.7%. During the analysis of plant sam-
les, the recoveries of the spiked cole and breaking-wall pollen
amples were found to be 77.2–90.0% and 72.3–83.4% respec-
ively with RSDs less than 4.1%. It was very interesting that the
mount of 24-epiBR in real breaking-wall rape pollen samples
ould be determined and calculated to be 26.2 �g/kg based on this
ethod.
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