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Abstract High-internal-phase-emulsion polymers
(polyHIPEs) show great promise as solid-phase-extraction
(SPE) materials because of the tremendous porosity and high-
ly interconnected framework afforded by the high-internal-
phase-emulsion (HIPE) technique. In this work, polyHIPE
monolithic columns as novel SPE materials were prepared
and applied to trace enrichment of cytokinins (CKs) from
complex plant samples. The polyHIPE monoliths were syn-
thesized via the in-situ polymerization of the continuous phase
of a HIPE containing styrene (STY) and divinylbenzene
(DVB) in a stainless column, and revealed highly efficient
and selective enrichment ability for aromatic compounds. Un-
der the optimized experimental conditions, a method using a
monolithic polyHIPE column combined with liquid chroma-
tography—electrospray tandem mass spectrometry (LC—MS—
MS) was developed for the simultaneous extraction and sen-
sitive determination of trans-zeatin (tZ), meta-topolin (mT),
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kinetin (K), and kinetin riboside (KR). The proposed method
had good linearity, with correlation coefficients (R”) from
0.9957 to 0.9984, and low detection limits (LODs, S/N=3)
in the range 2.4-47 pg mL™" for the four CKs. The method
was successfully applied to the determination of CKs in real
plant samples, and obtained good recoveries ranging from
68.8 % to 103.0 % and relative standard deviations (RSDs)
lower than 16 %.

Keywords High-internal-phase emulsion - Monolithic
column - Solid-phase extraction - Cytokinins - Liquid
chromatography—mass spectrometry

Introduction

High-internal-phase emulsions (HIPEs) are highly viscous,
paste-like emulsions in which the main, “internal” phase, usu-
ally defined as constituting more than 74 % of the volume (i.e.
an internal-phase volume ratio (@) of 0.74 or greater) and
possibly constituting up to 99 %, is dispersed within the con-
tinuous, minor “external” phase [1, 2]. The external phase is
converted into a solid polymer and the emulsion droplets are
removed, yielding (in most cases) a highly interconnected
network of micron-sized pores of quite well defined diameter
[3]. Because of their unique structure, HIPEs are particularly
useful as templates for the construction of highly porous and
permeable polymeric materials with a well-defined porosity
[4-6]. The resulting materials are often termed a polymerized
HIPE or polyHIPE and are suitable for a wide variety of ap-
plications, including tissue engineering and cell culture scaf-
folds [3, 7, 8], pure protein scaffolds [9, 10], enzyme immo-
bilization [11, 12], water purification [3, 13], fluid separation
[14], CO, capture [15], hydrogen storage [3], and sensor
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materials [3, 16], because of their readily controllable pore and
pore-throat size, ease of functionalization, and flexible
synthesis.

Polymeric monoliths as sample-preparation materials have
been successfully used in extraction, separation, and enrich-
ment of analytes in environmental, food, and biological ma-
trices, and have many potential advantages over more conven-
tional particulate materials, especially in miniaturized and au-
tomated sample preparation [17—-19]. HIPEs as templates have
been used to prepare porous polymer monoliths, and the
resulting monolithic column had high porosity, good mechan-
ical stability, and good separation of proteins [20] and
alkylbenzenes [21] in a very short time, similar to the separa-
tion obtained by use of commercial monoliths. As far as we
are aware, however, there are no reports on polyHIPE mono-
lith for the extraction and enrichment of trace analytes from
complex plant samples.

Cytokinins (CKs) are a highly complex family of N°-
substituted adenine derivatives and chemically unrelated
phenylurea-type regulatory molecules. They are a class of
plant-specific hormones that control almost every aspect of
plant growth and development, including promoting cell divi-
sion, nutrient mobilization, and leaf longevity, increasing
grain yield, and responses to environmental stresses [22-25].
More than 40 CKs have been found and identified, and they
typically present at very low concentration (usually below
30 pmol per gram fresh weight) in plants [26], which makes
accurate qualitative and quantitative analysis difficult. There-
fore an appropriate sample-preparation procedure is crucial
for determination of CKs, and a variety of sample-
preparation methods have been developed for enrichment of
trace CKs from crude extract that contains thousands of other
substances at far higher levels [26-28]; these methods include
immunoaffinity purification (IAP) [29], liquid-liquid
microextraction (LLME) [30], magnetic solid-phase extrac-
tion (MSPE) [31, 32], molecularly imprinted monolith solid-
phase extraction (MIM-SPE) [33], polymer monolith solid-
phase extraction (PM-SPE) [34-36], among others. These
sample-preparation methods have their own advantages and
disadvantages for the extraction and enrichment of CKs from
plant samples [26]. Compared with traditional SPE, monolith-
based SPE possess numerous outstanding advantages includ-
ing simple preparation, excellent reusability, versatile surface
chemistry, fast mass transfer, and easily automated for combi-
nation with analytical instruments, and have been successfully
used for the extraction and enrichment of trace CKs from plant
samples [34-36].

The objective of this study was to develop a new sample-
preparation method based on a polyHIPE monolithic column
for determination of CKs in plant samples. For this purpose, a
polyHIPE monolithic column as SPE sorbent was prepared in
a stainless column by in-situ polymerization of the continuous
phase of a HIPE, and coupled with liquid chromatography—
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electrospray tandem mass spectrometry (LC—MS-MS) for
analysis of four CKs. The properties of the polyHIPE mono-
lith and the extraction conditions were investigated. The ex-
perimental results indicated that the proposed method using
polyHIPE-monolith-based SPE coupled with LC-MS-MS
could simultaneously determine four trace CKs in plant
samples.

Experimental
Chemicals and reagents

trans-Zeatin (tZ), meta-topolin (mT), kinetin (K), and kinetin
riboside (KR) were all purchased from J&K Scientific Ltd
(Beijing, China). Surfactant sorbitan monooleate (Span 80),
styrene (STY), divinylbenzene (DVB), potassium persulfate
(K»S,05, >99.0 %), toluene (T), 4-picolinic acid (PA),
gibberellic acid (GA;), tetracycline (TC), and doxycycline
(DC) were purchased from Aladdin Chemistry Co. Ltd
(Shanghai, China). Acenaphthylene (AN) and fluorene (F)
were kindly provided by Shenzhen Academy of Metrology
and Quality Inspection (Shenzhen, China). SYS and DVB
were purified by 10 % NaOH, deionized water, and anhydrous
sodium chloride to remove the inhibitors before use. HPLC-
grade acetonitrile, methanol, and concentrated formic acid
(>96 %) were purchased from Dikma (Dikma Corporation,
Beijing, China). The chemical structures of 11 investigated
compounds are shown in Fig. S1 in the Electronic Supplemen-
tary Material (ESM).

Individual stock solutions (1.0 mg mL™") of K, KR, 7Z, and
mT were prepared in acidified methanol solution (pure meth-
anol-water—concentrated formic acid, 80:19.9:0.1, v/v).
Working standard solutions (1.0 pg mL ") were prepared by
mixing the individual stock solutions and then diluting the
mixture solution with the acidified methanol solution for the
following LC-MS-MS analysis. All stock solutions were
stored under refrigerated conditions (4 °C). Deionized water
from Arium® 611UV ultrapure water system (Sartorius
Stedim Biotch GmbH, Germany) was used throughout the
work. Other chemical reagents were analytical grade and were
used without further purification.

Plant materials and sample extraction

Tobacco was grown in a greenhouse at 25-30 °C under sun-
light, and 90-day-old tobacco leaves were manually wounded
and then collected, weighed, and ground into powder. Seven-
day-old mung-bean leaves were obtained by cultivating mung
bean at room temperature (approximately 26 °C), and they
also were manually wounded before collection. Fresh leaf
samples (100 mg, tobacco or mung-bean leaves) were imme-
diately immersed in 2.0 mL cold modified Bieleski’s solvent
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(methanol-formic acid—water, 15:1:4, v/v, =20 °C) in a centri-
fuge tube. The samples were extracted overnight at —20 °C
and then centrifuged at 11,000g for 15 min. The obtained
supernatant was dried under vacuum for 24 h at ambient tem-
perature with the aid of P,Os. The obtained residue was
redissolved with 2 mL formic acid—ammonia buffer solution
(pH 6.0), which was prepared by adding concentrated ammo-
nia into 0.1 % (v/v) aqueous formic acid solution, and then
filtered through a 0.22 um nylon membrane filter (Agela
Technologies Inc., Tianjin, China) for further purification
and enrichment.

For the recovery experiments, tobacco leaves were spiked
with standard ¢Z, mT, K, and KR before extraction.

Preparation of STY-DVB polyHIPE monolith

The monolithic STY-DVB polyHIPE column was prepared by
in-situ polymerization of the continuous phase of a HIPE
consisting of organic (continuous) and water (discontinuous)
phase in a stainless column (4.6x50 mm 1.D.), following the
method described by Dizge et al. [37] with minor modifica-
tions. Briefly, span 80 (0.177 mL), STY (0.445 mL), and
DVB (0.150 mL) were placed in a 10 mL centrifuge tube.
The mixture was stirred with an overhead stirrer at 300 rpm
for 10 min. The aqueous phase was prepared separately by
dissolving 1.00 g K,S,0g in deionized and degased water
(45 mL). Aqueous phase (6.392 mL) was added dropwise to
the organic solution under constant stirring. Once all aqueous
phase was added, stirring was continued for a further 1.0 min
at 3000 rpm to produce a uniform W/O emulsion. Afterward,
the emulsion was transferred into a stainless column and heat-
ed at 60 °C for 24 h. The resulting polyHIPE monoliths were
washed with 5.0 mL water, 5.0 mL methanol, and 5.0 mL
acetonitrile by turns, respectively, three times by the HPLC
system.

Brunauer—-Emmett-Teller (BET) experiment

The specific surface area, pore volume, and pore-size distri-
bution of porous polyHIPE monoliths were evaluated using
nitrogen (N,) as adsorbate with a Micromeritics ASAP (accel-
erated surface area and porosimetry)-2020 (Micromeritics,
USA). The N, adsorption—desorption isotherm was measured
using Micromeritics ASAP-2020 at liquid nitrogen tempera-
ture (77 K). Before the measurement, the sample was
degassed at 60 °C for 4 h. The specific surface arca was mea-
sured using the BET method.

PolyHIPE-monolith-based SPE procedure for enrichment
of CKs

The extraction process is shown in Fig. S2 in the ESM. LC-
20A (Shimadzu, Japan) liquid-chromatography equipment

was used for the delivery of sample solution, washing solu-
tion, and desorption solvent.

Before extraction, the prepared monolithic polyHIPE col-
umn was first washed with 2.0 mL 80 % methanol (methanol—
water, 80:20, v/v) and 2.0 mL formic acid—acetonitrile (20:80,
v/v) solution in turn to remove leftover components to avoid
matrix effects and interference, and then washed with formic
acid—ammonia buffer solution (pH 6.0) for 15 min at a flow of
0.30 mL min_". Sample solution (2.0 mL) was injected into a
six-port valve equipped with a 2.0 mL sample loop and then
loaded onto the washed polyHIPE monolith at a flow of
0.10 mL min~'. Target analytes retained on the polyHIPE
monolith were then eluted with 4 mL elution solution (formic
acid—acetonitrile, 20:80, v/v). The elution solution was collect-
ed and then dried under vacuum at ambient temperature. Fi-
nally, the monolithic polyHIPE column was stored in metha-
nol after washing with 2 mL water and 2 mL methanol.

To evaluate the adsorption ability and extraction efficiency
of the polyHIPE monolith for CKs, 2.0 mL of the CK-
standard mixture solution, containing 50 ng mL™"' of each
CK in formic acid—ammonia buffer solution (pH 6.0), was
passed through the polyHIPE monolith at a flow of
0.05 mL min~', and then continually eluted with 4.0 mL
formic acid—acetonitrile (20:80, v/v) at a flow of
0.10 mL min"'. The elution solution was collected in
1.0 mL tubes and analyzed by LC-MS-MS.

Extraction conditions including sample solution, eluting
solvent, and flow rate of sample loading were optimized to
obtain high extraction efficiency, by evaluating mean recov-
eries of Z, mT, K, and KR under different experimental con-
ditions. The pH of the sample solution was increased from 4.0
to 7.0, acetonitrile solution containing different formic acid
concentrations (10 %, 20 %, 40 %, and 60 %, v/v) was used
as eluting solvent, and the flow rate of sample loading was set
at 0.05, 0.1, and 0.15 mL min '. All fractions in the eluting
steps were collected and dried under vacuum at 40 °C. The
residues were redissolved in 200 uL 80 % (v/v) acetonitrile
containing 0.1 % formic acid and then filtrated by a 0.22 um
membrane filter for the LC-MS-MS analysis. Under the op-
timized conditions, the column-to-column reproducibility and
the reusability of the proposed polyHIPE monolith were eval-
uated by investigating recoveries of four CKs. All data pre-
sented in this work were obtained by averaging at least three
replicates unless otherwise noted.

LC-MS-MS analysis

The UHPLC-MS-MS system consisted of an Accela UHPLC
system (Accela 1250 pump and Accela autosampler) coupled
with a TSQ Vantage triple-quadrupole mass spectrometer,
using LC Device (2.4.0), TSQ Series (2.2.0), and XCalibur
(2.1.0) software (Thermo Fisher Scientific, San Jose, USA).
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LC separations were performed with a Zorbax 300SB-C18
column (2.1x150 mm L.D., 3.5 um; Agilent Technologies)
and a binary mobile phase (solvent A: 0.1 % (v/v) formic acid
in water; solvent B: acetonitrile). The gradient elution pro-
gram, at a flow of 200 uL min~ ', was: 0.0 min, 10 % B;
10 min, 50 % B; 14 min, 10 % B; 17 min, 10 % B. The column
temperature used for LC was 30 °C. All samples were filtered
by a 0.22 um membrane filter before LC-MS-MS analysis.

Electrospray ionization (ESI) in positive-ion mode and se-
lected reaction monitoring (SRM) mode were used to detect
transition pairs. The first quadrupole mass analyzer (Q1) was
operated in high-resolution mode with a full width half max-
imum (FWHM) of 0.1 Da, whereas the second quadrupole
mass analyzer (Q3) was operated at 0.70 FWHM resolution.
For selective identification of the four CKs, four SRM transi-
tions were monitored (collision energies (CE) in eV are given
in the brackets): 220.00— 136.40 (CE=21) for ¢Z, 242.00—
107.10 (CE=21) for mT, 216.00— 148.00 (CE=20) for K,
and 348.00—216.10 (CE=36) for KR. The ion-source set-
tings were optimized as: spray voltage 3,000 V, vaporizer
temperature 400 °C, capillary temperature 300 °C, sheath
gas pressure 30 psi, ion sweep gas pressure 0 psi, auxiliary
gas pressure 20 psi, de-clustering voltage 0 V, and argon col-
lision gas pressure 1.5 mTorr. The data acquisition software
used was Xcalibur 2.1.0 software.

Results and discussion
Characteristics of polyHIPE monolith

The morphology of the prepared polyHIPE monolith was ob-
served by scanning electron microscope (SEM). The SEM
images shown in Fig. 1 revealed that the polyHIPE was highly
interconnected, having pore throats less than 4.0 um in diam-
eter. According to the SEM results, the average values of pore
size and interconnected throat size were approximately 12 pm
and 2.0 pum, respectively; however, the highly interconnected
pore structure made it difficult to clearly differentiate pores
from pore throats. Larger numbers of pore throats resulted in
highly permeable polyHIPE monoliths. In addition, the ob-
tained results revealed that the back-pressure of the monoliths
was not higher than 3.0 MPa when the flow was
2.0 mL min', which suggested that the polyHIPE monolith
had high permeability.

The mechanical stability of the polyHIPE monolith was
investigated by comparing the microstructure before and after
use for more than 100 extraction cycles when the flow was
maintained at 2.0 mL min '. The obtained SEM results re-
vealed that the interconnecting pores and pore throats were
the same as those of the original, which suggested that the
mechanical performance of polyHIPE was good and the crush
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Fig. 1 SEM microphotographs of STY-DVB polyHIPE monolith (a)
1000x; (b) 5000x

strength was more than 3.0 MPa. The obtained results indicat-
ed that the prepared polyHIPEs were stable as SPE materials.

The surface properties of the polyHIPE monolith which are
not accessible by electron-microscopy techniques were inves-
tigated by surface-area (BET) analysis and are summarized in
Table S2 in the ESM. The results indicated that the polyHIPE
monolith possessed high surface area (57.1747 m”> g ') be-
cause of the presence of mesopores in the materials, which
led to transference of target analytes from bulk solution to the
polyHIPE adsorbent surface. In addition, the N, adsorption—
desorption isotherm of the polyHIPE monolith (Fig. S3 in the
ESM) presented a type iv isotherm according to the [UPAC
classification, revealing the porous characteristics of the pre-
pared monoliths.

The adsorption ability of the polyHIPE monolith for
analytes was estimated from the elution order of the four
CKs. The results revealed that /Z was first found in the first
1.0 mL tube of elution solution, KR was first present in the
second tube, and mT and K were detected at the same time in
the third tube. This suggested that /Z was the first eluted from
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Fig. 2 Effect of elution volume

on recoveries of tZ, mT, K, and
KR on monolithic polyHIPE 100
column
80
é 60
o
[}
>
o
o 40 -
o~
20
0 T

In the first tube

6075
1tz In the all collected tube
[ ImT I

K In the fi d N
N n the first, secon N
RV KR and third tube N

In the first and second tube

\ N

N_

the polyHIPE monolith, KR was the second, and mT and K
were the last, revealing the last two CKs (mT and K) to have
the strongest adsorption affinity with polyHIPE. The non-
covalent interaction between CKs and polyHIPE, including
Van der Waals type interactions, 77t interaction, and the hy-
drophobic effect, was affected by the protonation of CKs, and
the degree of protonation of #Z at pH 6.0 was higher than that
of'the other three CKs, leading to poor interactions between ¢Z
and polyHIPE and easy elution from the polyHIPE monolith.
Moreover, Fig. 2 shows that the recovery of /Z in the first tube
was 29.2 % and reached a maximum of 42.2 % after washing
with 3.0 mL elution solvent. The recoveries of mT, K, and KR
were 91.4 %, 93.1 %, and 99.6 %, respectively, after washing
with 4.0 mL elution solvent, which indicated that the four CKs
retained on the monolithic polyHIPE column can be almost

3

Elution volume (mL)

completely released by eluting with 4.0 mL formic acid—ace-
tonitrile (20:80, v/v) solution.

To investigate the extraction selectivity of the polyHIPE
monolith, three aromatic compounds (T, AN, and F) with
non-polar groups and three aromatic compounds (PA, TC,
and DC) and one non-aromatic compound (GA3) with polar
groups were studied by comparing the recoveries of the four
CKs and those of the selected seven analytes (T, PA, AN, F,
TC, DC, and GA3;, shown in Fig. S1 in the ESM). Figure 3
shows that the recoveries of mT, K, KR, T, AN, and F were all
in the range 91.4-101.2 %, those of ¢Z, TC, and DC were
approximately 40 %, and PA and GA; were not detected.
The high recoveries of mT, K, KR, T, AN, and F might be
caused by the strong hydrophobic interaction and 77t inter-
action between analytes and the polyHIPE, and the low

Fig. 3 Mean recoveries of four
CKs (K, KR, 7Z, and mT) and the 100 - % _I_ iL
seven analytes (T, PA, AN, F, TC, _I_ _}
DC, and GAj3, shown in Fig. S2 in Ea
the ESM) using monolithic
polyHIPE column 80
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extraction recoveries of /Z, TC, and DC might be caused by
the protonation of analytes, because protonation or deproton-
ation could weaken the interactions between the three analytes
and the polyHIPE. GA;3 was not detected in the elution solu-
tion, which indicated that the adsorption of the polyHIPE
monolith for GA3 was very poor; this was ascribed to a lack
of 7—t interaction between GAj; and the polyHIPE. The
above results suggested that the aromatic compounds without
strong protonation or deprotonation were selectively extracted
by the polyHIPE monolith.

Optimization of extraction conditions with polyHIPE
monolith

The pH of the sample solution is a critical factor for effective
extraction of CKs because the pH affects the form of CKs via
protonation and deprotonation in solution [33, 38]. As seen in
Fig. 4a, different recoveries of the four CKs were found in the
pH range 4.0-7.0, and the recovery at pH 6.0 was higher than
the recovery at other pH values, resulting from the stronger
hydrophobic interaction and, especially, 7t—7t interaction be-
tween polyHIPE and CKs when the neutral form of CKs pre-
dominates at pH ~6.0. Therefore, the extracted sample was
redissolved in formic acid—ammonia buffer solution at
pH 6.0 for the following purification with polyHIPE monolith.

To select an appropriate elution solution for desorption of
CKs retained on the polyHIPE monolith, concentrated formic
acid (296 %)—methanol-water (10:80:10, v/v), concentrated
formic acid—methanol (10:90, v/v), and concentrated formic
acid—acetonitrile (10:90, v/v) were investigated. The obtained
CK recoveries were lower than 30 % when using formic acid—
methanol-water or formic acid—methanol as elution solvent,
and the CK recoveries were higher than 40 % with formic
acid—acetonitrile as elution solvent. With increased formic ac-
id in the formic acid—acetonitrile solution, the CK recoveries
increased as shown in Fig. 4b, and high recoveries were ob-
tained using 20 % acidified acetonitrile and 40 % acidified
acetonitrile as elution solvent. On the basis of the recoveries
of the four CKs, 20 % acidified acetonitrile (formic acid—ace-
tonitrile, 20:80, v/v) was the optimum eluent solution for de-
sorption of these four CKs from polyHIPE monolith.

The optimum sample flow rate must be enough to enable
the interactions between the analytes and polyHIPE monolith,
and at the same time should be compatible with the kinetics of
adsorption—desorption between the analytes and binding sites.
To obtain higher recovery for the four CKs, the effect of sam-
ple flow rate on the polyHIPE monolith extraction was eval-
uated in the range 0.05-0.15 mL min"'. The obtained recov-
eries, shown in Fig. 4c, indicated that the higher flow rate was
not optimum for extracting CKs from samples, because the
binding interaction time between CKs and polyHIPE mono-
lith was not enough to enable equilibration, and the CKs
bound on polyHIPE were partially eluted by the sample
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Fig. 4 Effect of sample pH (a), acetonitrile concentration in elution
solvent (b), and flow rate of loading sample (c) on the recoveries of /Z,
mT, K, and KR on monolithic polyHIPE column

solution at high flow rate. On the basis of the operating time
and extraction efficiency, a sample flow rate of 0.10 mL min "
was selected for further work.

Under the optimized conditions, the mean recoveries of /Z,
mT, K, and KR in the standard solution on the polyHIPE
monolith were 74.6 %, 86.7 %, 105.6 %, and 91.8 %, respec-
tively, and the enrichment factors (EFs) were in the range 17—
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Table 1  Calibration curves, correlation coefficients (R?), and limits of detection (LODs) of the proposed analytical procedures

Cytokinin ~ MS-MS transition (m/z) ~ Calibration curve® R’ Linear range (ng mL™")  EFs® LOD (pgmL™') LOD (pg mL ™)
174 220.1—136.4 y=4903.2x+253.9 0.9957  0.20-20 17 47 157

mT 242.2—107.1 y=42500.7x—1692.2  0.9980  0.05-20 55 3.8 13

K 216.1—148.0 y=28629.1x—4308.8  0.9972  0.05-20 48 4.6 15

KR 348.1—216.1 y=68889.3x+2208.7  0.9984  0.05-20 75 2.4 7

x=CK concentration in ng mL™" and y=peak area of the corresponding SRM of the strongest fragment ion

° The enrichment factor (EF) was obtained by calculating the ratio of the analyte concentration after extraction to that in the original sample. Here,
10.0 mL standard solution, which contained 1.0 ng mL™" 7Z, mT, K, and KR, was loaded at a constant flow of 0.10 mL min "

75 (Table 1), which indicated that the selected extraction con-
ditions were appropriate for the extraction and enrichment of
the four CKs from sample solutions. The maximum column
capacity of the polyHIPE monolith was approximately
131.6 ng for ¢Z, 255.0 ng for mT, 300.1 ng for K, and
357.9 ng for KR, determined by investigating the amount
extracted from 2.0 mL standard sample solution at a concen-
tration of 500 ng mL ™' under the optimum extraction
conditions.

Method validation

A method using a monolithic polyHIPE column coupled with
LC-MS-MS was developed for the determination of four
CKs. For method validation, the calibration curve, linear
range, limit of detection (LOD), and limit of quantification
(LOQ) were investigated; the obtained results are summarized
in Table 1. The linear range, tested by varying the concentra-
tion of the standard solution, was 0.20-20 ng mL™" for #Z and
0.050-20 ng mL™" for mT, K, and KR. The calibration equa-
tions were calculated from the peak area of the corresponding
SRM of the strongest specific fragment ions of each CK over
the corresponding concentration range. Good linearity, with
squared regression coefficients (R?) in the range 0.9957—
0.9984, was obtained. The LOD and LOQ were evaluated
on the basis of the signal-to-noise ratio (S/N) and the corre-
sponding calibration curve. The LODs (S/N=3) obtained for
the four CKs were in the range 2.4-47 pg mL ™", and the LOQs
(S/N=10) were in the range 7-157 pg mL ™.

The recoveries of the proposed method were evaluated by
standard-addition of the CKs, and the results are shown in
Table 2. The recoveries for the four CKs ranged from
68.8 % to 103.0 %, with relative standard deviations (RSDs)
lower than 16 %. Compared with the recoveries of the four
CKs in standard stock solution without matrix interference,
the average recoveries for tobacco leaves were not obviously
different, which indicated that the sample matrix did not ob-
viously affect the extraction efficiency.

The reproducibility of the developed method was estimated
by five repeated recovery determinations of samples spiked
with 500 pg per 200 mg fresh sample. The variation

coefficients of the recoveries were less than 15.0 % for all
target analytes, indicating that the repeatability of the method
was satisfactory. In addition, the column-to-column reproduc-
ibility and reusability were evaluated by determination of re-
coveries of CKs on three monolithic polyHIPE columns, and
the obtained results revealed satisfactory repeatability both
intra-batch (RSDs from 1.2 to 4.6 %) and inter-batch (RSDs
2.4 to 7.1 %). Moreover, the reusability was investigated by
repeatedly using the same monolithic polyHIPE column for
purification of specific samples. After purification of 100 stan-
dard CKs solutions (10.0 ng loading amount), the recoveries
with the same monolithic polyHIPE column were not de-
creased and the column back-pressure was not increased.
For purification of CKs from tobacco-leaf samples, the
polyHIPE monoliths used in these experiments could be used

Table 2 Recoveries of four CKs in tobacco-leaf samples (n=4)*

CK  Spiked level (pg) Found level (pg) Recovery (%) RSD (%)

Z 0 1184 - 7.4
500 1538 70.7 14.5

1000 1872 68.8 8.9

1500 2263 71.9 5.7

mT 0 15 - 11.4
10 23.6 86.0 15.7

50 56.2 82.4 11.8

100 98.7 83.7 83

K 0 20 - 9.9
10 30.3 103.0 12.1

50 68.7 97.4 11.3

100 114.8 94.8 10.0

KR 0 24 - 9.2
10 332 92.0 13.5

50 71.8 95.6 10.7

100 115.8 91.8 8.5

* All samples were manually wounded in our experiments; the weight of
tobacco leaf was 200 mg

b — . .
Recovery(%) = 7@&:‘;5’;’ el 5 100%, where Cround level 1S the

final concentration of each CK found in the sample, Cspiked tevel 1 the
concentration of each CK added to the sample, and Cipigal 1evel 1S the
concentration of each CK in the real sample
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50 times without detectable loss of extraction effectiveness
compared with the corresponding initial recovery values with
the same monolithic column, which suggested that the pre-
pared monolithic polyHIPE column was suitable for at least
50 extraction cycles without any change in its extraction
performance.

All the validation experiments indicate that the proposed
method is accurate and reliable for the simultaneous analysis
of four CKs in real plant samples.

Analysis of real samples

To investigate the applicability to real complex plant samples,
the developed monolithic polyHIPE column was used to ex-
tract CKs from mung-bean-leaf and tobacco-leaf samples. Af-
ter one-step purification with the polyHIPE monolith, the ob-
tained sample solution was successfully screened based on the
ion transitions and retention times of 7Z, mT, K, and KR.
Under optimized LC-MS-MS conditions, the typical SRM
chromatograms and the corresponding MS—MS spectra of
four CKs were as shown in Figs. S4 and S5, respectively, in
the ESM. The results revealed that the concentrations of 7Z,
mT, K, and KR were, respectively, 2663, 131, 144, and
161 pg g ' fresh weight in mung-bean leaves, and 5920, 75,
100, and 120 pg g ' fresh weight in tobacco leaves. The con-
tent of the four CKs in tobacco leaves was different from that
reported elsewhere [33], because the wounding induced
changes in CK levels in the leaves [39, 40].

Conclusions

In this study, we proposed an effective approach to simulta-
neously determinate four CKs in plant samples by SPE based
on a polyHIPE monolithic column coupled with LC-MS-MS.
The results revealed that the prepared polyHIPE monolith had
good selectivity and high enrichment capability for aromatic
compounds, and it was used for the first time to enrich CKs
from crude plant extract by one-step purification, which great-
ly simplified the sample-pretreatment procedure and im-
proved the analytical sensitivity. The developed method had
good linearity and satisfactory recovery and repeatability, and
was suitable for the analysis of CKs in complex plant samples.
It is important to stress that, although the work used
poly(STY-DVB) monolith as the SPE sorbent material for
enrichment of CKs from plant extracts, polyHIPE monolithic
columns could be used to extract other aromatic compounds
without strong protonation or deprotonation. It is expected
that more and more novel polyHIPEs as SPE sorbent materials
could emerge, and these materials are promising for the ex-
traction and enrichment of trace analytes in complicated
samples.

@ Springer
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