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Abstract A new surface molecularly imprinted polymer
(MIP) based on nano-TiO, was developed using propazine
(Pro) as a template molecule, ethyleneglycol dimethacrylate
(EGDMA) as a crosslinker, methacrylic acid (MAA) as a
functional monomer, and 2,2'-azobis (isobutyronitrile)
(AIBN) as an initiator. Structures of the newly synthesized
surface MIPs were characterized by Fourier transmission in-
frared spectrometry (FT-IR), scanning electron microscope
(SEM), transmission electron microscope (TEM), and X-ray
diffraction (XRD). The MIP had a good adsorption capacity
and high recognition selectivity to propazine. Meanwhile, it
exhibited a cross-selectivity for simazine (Sim) and atrazine
(Atr). The MIPs were used as a solid phase extraction (SPE)
material. Concomitant extraction, purification, and determina-
tion of three pesticides (Pro, Sim, and Atr) residues in water,
soil, and maize plant and grain samples were performed by
MIP-SPE coupled with high performance liquid chromatog-
raphy (HPLC). The highly selective separation and enrich-
ment of Pro, Atr, and Sim from the complex environmental
media can be achieved. Thus, the newly developed technique
provides an analytical platform to quantify the trace amount of
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Introduction

Triazine is a class of pre- and post-emergent herbicides used in
farmland to control broadleaf weed growth for cereal produc-
tion [1]. While application of triazine in agriculture has made
great improvement in crop production, triazine brings about
intensive contamination to crops and their surrounding envi-
ronments [2]. Unlike other toxic chemicals, triazine is easy to
accumulate in crops. Crop contamination with triazine not
only affects the quality of cereals but also serves as a food
chain pollutant, threatening human health [3, 4]. As a result,
triazine has become a widespread environmental problem.
Therefore, establishing a rapid and efficient analytical method
to monitor triazine residues in environments and agriculture
products is of particular importance [5—7].

Recently, several sample pretreatment methods have
been developed for extraction and enrichment of triazine
pesticides such as liquid-liquid extraction [8] and solid
phase extraction (SPE) [9, 10]. However, these methods
have drawbacks such as low selectivity, time-consuming
process, analyte loss, and impurity introduction. Recently,
molecular imprinting has become a powerful technique
for preparing polymer containing recognition sites in a
stable polymer matrix with the presence of desired tem-
plate molecules [11-14]. The synthetic methods of molec-
ularly imprinted polymer (MIP) include bulk polymeriza-
tion, suspension polymerization, and precipitation poly-
merization. There are numerous template molecule
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imprinted caves within MIP. The imprinted caves highly
match the template in size, shape, functionality, and spa-
tial arrangement and can rebind the target molecules with
high selectivity and affinity [15, 16]. The stability, low
cost, high selectivity, and ease for preparation of MIPs
[17] have made MIPs attractive in analyzing drugs [18,
19], pesticides [11, 20-24], cholesterol [25], proteins [26],
and peptides [27]. However, there are still some disadvan-
tages for the conventionally made MIPs, like irregular
materials shape, slow mass transfer, incomplete template
removal, and low affinity, which reduce the selectivity of
MIP for analytes [11, 23, 28]. Comparatively, the surface
imprinting technique on nanomaterials should be superior
for designing a novel procedure enabling the recognition
sites at the supported material surface [11, 13, 20, 23, 28].

There are reports indicating the surface MIPs prepared
by silica [29], magnetic Fe;O,4 particles [30], graphene
[31], carbon nanotubes [32], and nano-TiO, [27] as
supporting matrix. Of these, nano-TiO, has excellent
properties including low cost, non-toxicity, chemical and
photo stability, and highly efficient photocatalytic effect
[33]. In this study, we developed a new method to syn-
thesize the molecular imprinted polymers on the surface
of nano-TiO, using the herbicide propazine, one type of
triazine family, as template molecule. Interactions be-
tween methacrylic acid (MAA) and propazine were con-
firmed by molecular simulation. The structure of MIPs
was characterized. MIPs were evaluated through a series
of binding experiments. The difference between MIP-SPE
and C;3-SPE in separation and cencontration of triazine
herbicides (propazine (Pro), simazine (Sim), and atrazine
(Atr)) were investigated. Pro, Sim, and Atr in water, soil,
and maize plant and grain were quantified by developed
MIP-SPE-high performance liquid chromatography
(HPLC). Thus, the main goal of this study was to provide
an efficient, selective, and accurate method that allowed
analysis on the trace triazine in multiple media.

Materials and methods
Chemicals and materials

Pesticides Sim, Atr, and Pro were provided by the Academy of
Agricultural Science in Jiangsu, China, with purity of 97,
97.6, and 97 %, respectively. Acetanilide (Ace) was prepared
in laboratory with purity of 98.5 %. (3-Aminopropyl)
triethoxysilane and acryloyl chloride were purchased from
Aladdin Co., Ltd. Ethyleneglycol dimethacrylate (EGDMA)
was purchased from Shanghai Jiachen Chemical Co., Ltd.
MAA was purchased from Sinopharm Chemical Co., Ltd. 2,
2'-Azobis(isobutyronitrile) (AIBN) was purchased from Tian-
jin Guangfu Fine Chemical Research Institute. All other
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chemicals were obtained from Nanjing Chemical Reagent
Co., Ltd. Nano-TiO, (P25) was provided by Shanghai Haiyi
Scientific & Trading Co., Ltd. Nano-TiO, was activated by
heating at 100 °C for 12 h, soaked with 3.0 M HNOj; at 25 °C
for 12 h, and filtered. The TiO, particle was washed with
double-distilled water and methanol to neutrality and dried
under vacuum at 60 °C for 8 h.

Pesticide-free soil was collected from the surface layer at
the Experimental Station of Nanjing Agricultural University,
Nanjing. The soil was air-dried, crumbled, and sieved through
a 2-mm sieve mesh. Uncontaminated maize grain were pur-
chased from Academy of Agricultural Science in Jiangsu and
cultivated under laboratory conditions. Briefly, maize seeds
were surface-sterilized in a 5 % sodium hypochlorite and ger-
minated. After 24 h, uniformly germinated seeds (10 plants
per pot) were transferred to a plastic pot (1 L) containing
1120 g prepared soil, in which the concentration of Pro,
Sim, and Atr were 4.35 umol kg '. Seedlings were grown in
a growth chamber under a light intensity of 300 umol m 2 s~
with a light/dark cycle of 14/10 h at 25/20 °C and watered to
keep 70 % relative water content in soils [34]. All experiments
in the study were independently performed in triplicate.

Preparation of molecular imprinting polymers

Synthesis of (3-aminopropyl) triethoxysilane-TiO,
(APTS-TiO>)

Aminopropyl modification of nano-TiO, was carried out with
APTS, according to the method of Gao et al. [35] with slightly
modification (Electronic Supplementary Material (ESM)
Fig. S1). Briefly, 6.0 g of activated TiO, nanoparticles was
added into anhydrous toluene to make 90 mL of mixture so-
lution. APTS (12 mL) and moderate amounts of pyridine were
added to the above solution drop by drop. The mixture was
stirred under a nitrogen atmosphere at 110 °C for 24 h. The
product (APTS-TiO,) was filtered and obtained by washing
several times with anhydrous toluene, acetone, ether, and
methanol successively. Finally, the APTS-TiO, was dried un-
der vacuum at 80 °C.

Synthesis of acrylamide-APTS-TiO; (AA-APTS-TiO>)

APTS-TiO, (6.0 g) was added to a three-necked flask contain-
ing 120 mL anhydrous toluene. The mixture was stirred under
a nitrogen atmosphere at 25 °C for 10 min. Acryloyl chloride
(6 mL) and triethylamine (12.5 mL) were added into the above
mixture separately. The mixture was vigorously stirred at
25 °C for 24 h under dry nitrogen. The product AA-APTS-
TiO, was separated by centrifuge and washed several times
with toluene, acetone, ether, and methanol, in that order. Fi-
nally, the AA-APTS-TiO, was dried under vacuum at 80 °C.
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Imprinting of the propazine molecules at the surface
of AA-APTS-TiO,

MAA and EGDMA were used as the functional monomer and
cross-linking agent of the imprinting polymerization, respec-
tively. Typically, AA-APTS-TiO, (0.5 mg) was dispersed in
50 mL anhydrous toluene by ultrasonic vibration. MAA
(210.8 mg, 2.45 mM), EGDMA (2427.18 mg, 12.25 mM),
AIBN (30 mg), and propazine (142 mg, 0.62 mM) were then
dissolved into the above solution. This mixing solution was
purged with nitrogen for 30 min. A two-step temperature po-
lymerization reaction was carried out in a water bath with a
rate of 300 rpm. The prepolymerization was first done at 50 °C
for 6 h. The final polymerization was completed at 60 °C for
12 h. The products were further aged at 85 °C for 6 h for high
cross-linking density. The resultant MIP was separated from
the mixed solution by centrifugation, and washed with tolu-
ene, acetone, ether, and methanol, respectively. To remove the
residual template propazine, the MIP was washed with the
mixed solution of methanol and acetic acid (7:1 v/v) in a
Soxhlet extraction apparatus. At last, the MIP was dried under
vacuum at 80 °C. Non-imprinted polymer (NIP) was prepared
in the same way except for the absence of template propazine.

Molecular simulation

Simulation of interactions between template propazine and
functional monomer MAA was performed using Hyperchem
7.5 software package (Hypercube, Inc., USA). All chemical
structures were drawn using Chembiodraw Ultra 12.0 soft-
ware. The three-dimensional structure of propazine and
MAA were optimized using Molecular Mechanics
Methods.The minimum energies of the structures were calcu-
lated through semiempirical quantum methods (PM3) and an-
alyzed iteratively until the convergence value was less than
0.01 kcal mol™'. The binding energy (AE) between template
propazine and functional monomer MAA was calculated
using the Eq. (1):

AE =E complex (Etemplate +E monomer) ( 1 )

Analysis of MIP structure

TENSOR-27 Fourier transform infrared (FT-IR) spectrometer
(Bruker, Germany) with a 2 cm™' resolution and a spectral
range of 4000450 cm ' was employed to examine FT-IR
spectra of samples by a pressed tablet (sample/KBr=1:200,
w/w). An S-4800 field emission scanning electron microscope
(SEM, Hitachi High-Technologies Corporation, Japan) and a
Tecnai 12 transmission electron microscope (TEM, Philips,
Holland) were used to monitor the size and morphology of
samples. Phase identification was performed by X-ray

polycrystal diffraction (XRD, Bruker-AXS Corporation, Ger-
many) patterns, using a D8 Advance X-ray diffractometer
with Cu K irradiation at v=0.15418 nm.

Adsorption experiment

Experiments of adsorption isotherms and adsorption
dynamics

MIP or NIP (5.0 mg) was added to the centrifuge tubes con-
taining 5 mL water solution with propazine concentration
varying from 0.2 to 11 mg L™". After shaken at room temper-
ature at 100 rpm for 24 h, the mixture was centrifuged at 12,
000xg for 5 min. The propazine concentration in the superna-
tant was measured by HPLC. Each experiment was conducted
in triplicate. The equilibrium adsorption amount of propazine
bound to the polymer was calculated according to Eq. (2):

_ V(CO_Ce)

m

0, (2)

Where Q. (mg g ') is the adsorption amount; ¥ (mL) is the
volume of the propazine solution; m (mg) is the weight of the
polymer particles; Cy and C, are the initial and final propazine
concentration in solution.

MIP or NIP (5.0 mg ') was added to 5 mL water solutions
with 10 mg L' propazine. The mixtures were shaken at room
temperature and 100 rpm at a regular time interval (1/6, 1/3,
1/2,2/3,5/6,1,2,3,4,5, 6, 12, 18, and 24 h, respectively).
The supernatant was determined by HPLC after centrifuged
for 5 min. Each sample at the time interval was performed in
triplicate. The equilibrium adsorption amount (Q,) of
propazine bound to the polymer was calculated according to

Eq. (2).

Selective adsorption experiment

Sim, Atr, and Ace were selected for evaluating the spe-
cific recognition ability of MIP for Pro. The polymer
particles (MIP or NIP) (5.0 mg) were mixed with 5 mL
water solution containing the four compounds (each
0.03 mmol L"). Additionally, complex solutions with
five different concentrations of four compounds were
separately prepared. The concentration of Pro remained
0.03 mmol L' and the other three were 0.01—
0.05 mmol L™" in each complex solution. The concentra-
tion ratios of Sim, Atr, and Ace to Pro were 1/3, 2/3,
3/3, 4/3, and 5/3, respectively. MIP (5.0 mg) was mixed
with 5 mL water solution with different concentrations of
four compounds. All mixtures were shaken for 24 h at
room temperature and centrifuged at 12,000xg for 5 min.
The supernatants were determined by HPLC. Each exper-
iment was repeated three times. The equilibrium
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adsorption amount of substrates bound to the polymer
was calculated according to Eq. (3):

MV (Co—C,)
m

0. = (3)

Where M (g mol ") is the molar mass of the template, and
the other parameters are same with Eq. (2).

Preparation and appliance of MIP-SPE cartridge

The SPE cartridge of molecularly imprinted polymers (MIP-
SPE) was prepared using 3 mL empty cartridge packed with
200 mg MIP particles. The SPE cartridge was capped with
PTFE frits at the top and bottom, respectively. The MIP-SPE
cartridge was washed with 10 mL of methanol-acetic acid
(7:1, v/v) to remove residue and preconditioned with 5 mL
of methanol and 5 mL of ultrapure water. The MISPE column
was attached to a vacuum manifold apparatus for analysis of
environment samples. For comparison, the C;g column
(SUPELCO, 3 mL, 500 mg) was used with a similar protocol
to that of the MIP-SPE column.

The water sample (20 mL) was loaded onto the
preconditioned MIP-SPE cartridge at a speed of
0.5 mL min '. The negative pressure was maintained for
10 min to remove remaining water on column. The MIP-
SPE cartridge was washed with 2 mL methanol/deionized
water (1:4, v/v) to purify. The eluate was removed. The car-
tridge was washed with 2 mL methanol and the washing meth-
anol was collected for HPLC analysis. Each experiment was
repeated in triplicate.

Dried soil (10.0 g) was extracted ultrasonically with 30 mL
of acetone-water (3:1, v/v) for 30 min and centrifuged. The
extraction procedure was repeated in triplicate. The extraction
solution was filtered into a flask and concentrated to remove
acetone at 40 °C by a rotary evaporator. The residue water was
loaded onto the preconditioned MIP-SPE column at a speed of
0.5 mL min" and the eluate was discarded. The procedures of
purification and analysis were the same as water sample.

Maize plant was cultivated under laboratory conditions
using the methods indicated above. The maize plant and maize
grains were rinded in a grinder (FW177, Taisite Instrument
Co. Ltd., China). Ground maize plant (1.0 g) and maize grain
(1.0 g) were extracted ultrasonically with petroleum ether and
dichloromethane with 20 mL for 30 min, respectively. The
extraction procedure was repeated in triplicate. The extraction
solutions were concentrated to dry at 45 °C by a rotary evap-
orator. The residue was redissolved with 0.5 mL methanol and
diluted with 30 mL distilled water. The mixture was loaded
onto the preconditioned MIP-SPE column. The procedures of
purification and analysis were the same as water sample. Each
experiment was repeated three times.
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To evaluate accuracy of the method, the spiked recoveries
of samples were investigated. Water (20 mL) and soil (10.0 g)
samples were prepared using an appropriate volume of stan-
dard mixture solution (Sim, Atr, and Pro) to obtain the final
concentrations of 0.1, 1, and 2 umol kg, respectively. The
maize grain and maize plant samples were spiked with each
herbicide at the concentrations of 0.4, 0.8, and 2 umol kg_l,
respectively. The spiked samples were incubated and left to
stand for about an hour. Extraction, purification, and concen-
tration were performed in the same way indicated above.

Propazine detection

Concentrations of propazine, Ace, Sim, Atr, and Pro in the
mixture were determined by HPLC (Waters 2489, Waters
Technologies Co. Ltd. USA), equipped with a 515 pump
and a UV-vis detector. The Cg column (250%4.6 mm i.d.,
5 um) was used with a mobile phase of methanol/water
(65:35, v/v), detection at 230 nm, and a flow rate of
0.6 mL min". The injection volume was 20 pL.

Results and discussion
Preparation of MIP at surface of AA-APTS-TiO,

TiO, has been of considerable interest because it serves as a
basis of important materials. The ability to functionalize TiO,
may help our understanding of its fundamental properties and
enhancing its performance in currently existing applications.
Coating the surface of TiO, with functional polymers is a
common way through the chemical immobilization of azo-
initiators/chain-transfer agents, followed by initiating a poly-
merization reaction of organic monomers [35]. It was illustrat-
ed for the major steps involved in the imprinting synthesis at
the surface of TiO, (ESM Fig. S1). In the first step, TiO, was
chemically modified with APTS. The resultant APTS-TiO,
was further acryloylated with acryloyl chloride
(CH,=CHCOCI) by catalysis of triethylamine in anhydrous
toluene solvent, leading to the formation of AA-APTS mono-
layer at the surface of TiO,. The AA-APTS-TiO, was then
suspended in the anhydrous toluene solution containing
MAA, EGDMA, propazine, and AIBN. The copolymeriza-
tion of AA-APTS monolayer with MAA monomers directed
the selective occurrence of imprinting polymerization at the
surface of TiO,, leading to the formation of uniform MIP.

Interaction between template and function monomers

In order to develop the specific recognition ability of MIP for
propazine, interactions between the functional monomer
(MAA) and template (Pro) were investigated using a molecu-
lar simulation technique at the molecular level. The lowest
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energy of MAA and Pro calculated by molecular simulation
were —1197.826 and —2967.5034 kcal mol ', respectively
(Fig. 1A, B). Two kinds of nitrogen atoms in Pro structure
could be the proton receptor with the charge of —0.205 and
—0.265, respectively. The charges of hydrogen atom on the
carboxyl group of MAA and the hydrogen atom on the amino
group of Pro were 0.229 and 0.083, respectively, indicating
that they could be the proton donor for the formation of hy-
drogen bonds. By calculation using Eq. (1), the energy of Pro-
MAA complex and the binding energy AE turned out to be
—4172.7616 and —7.4322 kcal mol ™' when Pro interacted with
MAA as a mole ratio of 1:1 (Fig. 1C). The energy of Pro-
MAA complex and the binding energy AE were —5378.1035
and —14.9481 kcal mol ' when Pro interacted with MAA as a
mole ratio of 1:2 (Fig. 1D). Since the lower binding energy
resulted in the more stable complex, theoretic ratio between
Pro and MAA was 1:2, which was consistent with the previous
study [36]. In addition, the choice of the most appropriate ratio
between Pro and MAA was subject to experimental ap-
proaches. Since the association between the monomer and
template is governed by an equilibrium in the noncovalent
approach (hydrogen-bonding in this paper), the functional
monomers normally have to be added in excess relative to
the number of moles of the template to favor the formation
of the template—monomer complex. Therefore, the working
molar ratio of Pro to MAA was 1:4, similar to previous report
[37].

Characterization of MIP structures

To confirm the modification on the surface of TiO, and prep-
aration of MIP, the SEM microphotographs of TiO,, AA-
APTS-TiO,, NIP, and MIP were prepared. TiO, displayed
an irregular surface (Fig. 2A). After the TiO, were modified
by binding to APTS and acryloyl chloride, no significant

Fig. 1 Molecular simulation of

. . . ¢CH

interactions between propazine

(Pro) and MAA. A MAA; B ¢cC

propazine; C propazine and MAA ® N

(1:1) interaction; D propazine and

MAA (1:2) interaction @0
¢

change was observed compared with the TiO, (Fig. 2B). This
may be the result that the modified molecule was too small.
Compared with the SEM microphotographs of NIP (Fig. 2C),
the MIP surface had a three-dimensional structure and ap-
peared more porous (Fig. 2D-F), indicating that Pro was fixed
with MAA at the surface of AA-APTS-TiO, in the presence of
the cross-linker, porogen, and initiator in the polymerization
system. The three-dimensional structure of MIP could be ben-
eficial to rebind and release the template. TEM images
showed that the size of TiO, particles was around 21 nm with
an irregular shape (Fig. 2G). The diameter of spherical AA-
APTS-TiO,, which was modified using APTS and acryloyl
chloride on TiO, successively, was about 25 nm (Fig. 2H).
The uniform shell MIP with a polymer layer (about 25-37 nm
thickness) was successfully synthesized (Fig. 21, J), and the
highly spherical morphology further suggest that the
imprinted shells resulted from the highly selective polymeri-
zation of monomers at the surface of TiO,.

The XRD patterns for TiO,, NIP, AA-APTS-TiO,, and
MIP were presented in Fig. 3A. In the 26 range of 20-80°,
six characteristic peaks (25.37°, 37.85°, 48.02°, 54.03°,
55.16°, and 62.81°) indexed to TiO, were also well observed
in NIP, AA-APTS-TiO,, and MIP. All samples with specific
diffraction peaks were highly crystallized materials. The four
particles contain TiO, with an analase structure. The peak
positions of the four samples remained unchanged, indicating
that the step-by-step procedure of coating and polymerization
made no crystalline structure change of TiO, [38, 39].

In FT-IR spectra, peaks at 3300 and 1635 cm™ ' were attrib-
uted to the stretching vibration of hydroxyl group (Fig. 3B-
TiO,). Compared with the FT-IR of TiO,, the peaks at 1089.67
and 1118 cm ™' were corresponding to the stretching vibrations
of Ti~O and Ti-O—C, and the peak at 1563 cm ™' was pointing
to N-H, indicating the modification of APTS on surface of
TiO, (Fig. 3B-APTS-TiO,). The peak at 1650 cm '
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Fig.2 The SEM (A-F) and TEM
(G—J) microphotographs of MIP
and NIP. A TiO2 (x50 k); B AA-
APTS-TiO2 (x50 k); C NIP
(%50 k); D MIP (x50 k); E MIP
(x10 k); F MIP(x100 k); G TiO2
(50 nm); H AA-APTS-TiO2

(50 nm); I MIP (0.5 um); J MIP
(0.2 um)

represented the stretching vibrations of carbonyl group in —
NH-CO- group, pointing out that amination between acryloyl
chloride and APTS-TiO, was successfully formed (Fig. 3B-
AA-APTS-TiO,). Following AA-APTS-TiO, reacted with
EGDMA and MAA, a new peak at 1718 cm™ ' appeared. This
should be the carbonyl groups of the functional monomer
MAA. Several peaks at 2950, 1454, and 1387 cm ! should
be attributed to CH, and CHj3 groups (Fig. 3B-MIP), implying
that MIP was successfully prepared.

Adsorption performance of MIP
Adsorption isotherm

The binding capacity of propazine on MIP was an important
parameter to estimate how much MIP was required to bind a

@ Springer

specific amount of propazine from solution. For this purpose,
the adsorption isotherm experiments were performed with ini-
tial propazine concentrations ranging from 0.2 to 11 mg L.
The adsorption amount of MIP toward propazine increased
progressively with the increment of propazine, resulting from
the tailor-made recognition cavities during the imprinting pro-
cess (Fig. 4A). The adsorption amount of MIP
(6.8076 mg g ') was 16.04-fold over that of NIP
(0.4243 mg g ') when the propazine concentration was
11 mg L™" (Fig. 4A). The result confirmed that the arrange-
ment of MAA in MIP was inherently different from that of
NIP. However, as the water solubility of propazine was very
low, a higher concentration of propazine than 11 mg L™" in
water solution could not be prepared and the adsorption of
MIP did not reach the saturating point even at 11 mg L' of
propazine.
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Fig.3 XRD (A) of the TiO2, AA-APTS-TiO2, MIP, and NIP and FT-IR
spectra (B) of TiO2, APTS-TiO2, AA-APTS-TiO2, and MIP

Adsorption kinetic

The binding kinetics of the template propazine with MIP and
NIP were also evaluated at 10 mg L' propazine. The adsorp-
tion capacity of MIP was about 8.34-fold over that of NIP
during a 24-h adsorption experiment (Fig. 4B). Before the
adsorption equilibrium was reached, MIP could bind
propazine molecules from the solution phase at a much faster
rate than the polymer NIP. MIP attained 90 % of equilibrium
absorption after the first 8 h and reached the adsorption equi-
librium after 15 h, whereas the NIP adsorption amount for
propazine did not change obviously over time. Thus, the ad-
sorption process could be divided into two phases: the rapid
adsorption in the first 8 h and slow adsorption thereafter. Since
most of the template could be access to imprinted site at a fast
rate, the binding sites of MIP were suggested at the surface or
in the proximity of the surface. Taken together, the high bind-
ing capablity and fast kinetic adsorption made MIP a favor-
able material of SPE in the pretreatment of environmental
samples.

A s

——MIP
~—&— NIP

Qmggh
a

12

8 pr
B —&—MIP
~—&—NIP

time (h)

Fig. 4 Binding isotherms (A) of Pro on MIP and NIP. Experiment
conditions: 5 mL water solution of propazine at the concentration of
0.2-11 mg L™" with 5.0 mg of MIP or NIP. Adsorption dynamics (B) of
Pro on MIP and NIP. Experiment conditions: 5 mL water solution of
propazine at the concentration of 10 mg L™" with 5.0 mg of MIP or NIP

Adsorption selectivity

To investigate the selectivity of MIP for triazine herbicides,
adsorption experiment was conducted using Atr and Sim as
structural analogues of template propazine and Ace as a rep-
resentative of different classes of compounds of dissimilar
structure. NIP was used for comparison. The binding amount
of propazine for MIP was higher than those of the two other
triazine herbicides and acetanilide where the concentration of
each compound was 0.03 mM (Fig. 5A). This suggested that
the template molecule propazine had a relatively higher affin-
ity for the imprinted polymer than others. It may be the result
that the specific sites existing in MIP were complementary in
shape, size, and spatial distribution to template propazine
(Fig. 5A). Hydrogen bonding was formed between MAA
and the hydrogen atom on the amino group and nitrogen atom
of triazine ring in propazine (ESM Fig. S1). As the molecular
structures of Sim and Atr were different from those of Pro in
substituted group of amino group (ESM Fig. S2), the binding
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OAce BSim OAtr OPro

5.0

Qmgg")

MIP NIP
B
5.0 OAce BSim OAtr OPro
%45
E
S 40

0.0

1/3 2/3 33 4/3 5/3

Fig. 5 Selective adsorption of Pro on MIP or NIP in mixed-solution (A)
and in different concentration of Ace, Sim, and Atr (B). A 5 mL mixture
water solutions of the four compounds (0.03 mmol L") with 5.0 mg of
MIP or NIP. Binding time, 24 h. B 5 mL mixture water solutions of Pro
(0.03 mmol L") and the other compounds (0.01-0.05 mmol L") with
5.0 mg of MIP. Binding time, 24 h

amount of the analogues was much higher than that of Ace,
indicating that MIP also possessed high selectivity to the
structural analogues of Pro. Atr is more similar to Pro in mo-
lecular dimensions, making it have a higher binding affinity
than Sim. Compared with Pro, the mismatch of the structure
and size with specific cavities might hinder Ace entering the
imprinted cavities and lead to the lowest binding amount of

Ace among the four compounds. In contrast, there was no
obvious difference of the NIP binding amounts for the four
compounds, which likely depended on the same mechanism
of nonspecific absorption.

We then investigated the effect of the concentrations of
structural analogues and reference compound on adsorption
selectivity of MIP. As the concentrations of Art, Sim, and Ace
increased from 0.01 to 0.05 mmol L', the MIP adsorption
towards them increased (Fig. 5B). When the molar ratios of
Art, Sim, and Ace to Pro concentrations were set at 3:3, 4:3,
and 5:3, there was no obvious change in the binding amount
of template Pro for MIP. This also suggested that the template
molecule propazine had the highest affinity for the imprinted
polymer than others.

Methodological validation and application to real samples

Determination of Pro, Atr, and Sim with HPLC was carried
out as described above. The linearity of the calibration curves
was obtained from analysis of 0.1-16 umol L' of each ana-
lyte. Good linearity was achieved and all R? values were
higher than 0.999 (ESM Table S1). The detection limits of
instrument (LOD) for Pro, Atr, and Sim, defined as three times
ratio of signal to noise (S/N), were 2.98, 2.95, and
3.00 nmol L™, respectively. The chromatogram of mixed
standard samples (Pro, Atr, and Sim) obtained by MIP-SPE
cartridge coupled with HPLC was shown in ESM Fig. S2.
The accuracy of the method was estimated by determining
water, soil, and maize plant (including maize grain) samples
spiked with mixed standard solutions (Pro, Atr, and Sim) at
three different concentrations. As shown in ESM Table S2, the
recoveries of Pro, Atr, and Sim with MIP-SPE as cartridges
for the spiked water, soil, maize plant, and maize grain were
91.6-103.3, 78.0-99.8, 82.0-99.0, and 86.0-99.3 %, and the
RSDs were 0.03-2.04, 0.12-6.42, 0.16-6.79, and 0.09—
2.75 %, respectively. The LODs of Pro, Atr, and Sim in water,
soil, maize plant, and maize grain were 2.95-3.00 nmol L',

Table 1  Results of determination of Sim, Atr, and Pro residues from real sample using MIP-SPE or C;g-SPE (n=3)
Samples Pesticides MIP Cig
Average concentration (pmol/kg) RSD (%) Average concentration (pmol/kg) RSD (%)

Soil Sim 1.62 3.86 1.58 2.74
Atr 1.29 3.00 1.25 1.43
Pro 1.69 4.04 1.53 4.67

Root Sim 0.2 1.06 0.16 2.70
Atr 0.46 1.02 0.31 3.12
Pro 0.69 1.72 0.46 2.04

Shoot Sim 1.95 8.07 1.24 13.35
Atr 1.56 9.23 1.08 8.37
Pro 1.68 8.24 0.93 12.33
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Table 2 Comparison of developed method with other methods in the literature for determination of triazine herbicides in food samples

Matrices Extraction  Detection Analytes Sample amount  Organic solvent Recovery LOD Reference
method method (g/mL) volume (mL) (%) (ng kgﬁl)

Maize plant and grain  MIP-SPE HPLC-UV Triazine herbicides 1 60 82-99 0.9-1.2 Our work

Milk ATPS HPLC-UV Triazine herbicides 5 1.5 86-120 2.1-2.8 [3]

Vegetables ILFF-SPE HPLC-UV Triazine herbicides 5 1.4 79-104 1.3-2.7 [7]

Rice Florisil SPE HPLC MS Triazine herbicides 10 225 82-99 2-14 [9]

Cereal and vegetable = PLE HPLC NACE Triazine herbicides 7 65 87-114 10-15 [40]

ATPS the aqueous two-phase system, /LFF ionic liquid foam floatation, PLE pressurized liquid extraction, NACE non-aqueous capillary electrophoresis

3.32-4.82, 5.43-7.06, and 4.12-6.00 nmol kg, respectively.
Although there were some impurities after the soil and maize
samples were treated by MIP-SPE, they had the least impact
on the quantification (ESM Fig. S3). The result showed that
MIP-SPE column was able to pre-concentrate analytes.

Compared with MIP-SPE cartridge, low spiked recoveries
of three herbicides were obtained by C,g-SPE cartridges
coupled with HPLC, indicating that the MIP-SPE coupled
with HPLC was more efficient for selective extraction and
assessment of multi triazine herbicides at a trace level.

The MIP-SPE cartridges were then applied to purifying and
concentrating triazine herbicides in real samples. Maize seed-
lings grew in soils with Pro, Atr, and Sim (each
4.35 pumol kg ") for 10 days. Maize shoot, root, and soil were
harvested and immediately analyzed using MIP-SPE and C, ¢-
SPE cartridges coupled with HPLC. The concentrations de-
tected by MIP-SPE-HPLC in shoot, root, and soil were higher
than those by C,g-SPE-HPLC (Table 1 and ESM Fig. S4). The
MIP-SPE process consumed much less toxic organic solvent
and saved much experimental time. It also showed better en-
richment and purification efficiency for analytes. These results
indicated that the MIP-SPE-HPLC was an efficient and effec-
tive method for selective extraction and can be applied to
assessing the multi triazine herbicide residues in food and
environment media.

The present method was further compared to the methods
reported for the determination of triazine herbicides in com-
plex matrices [3, 7, 9, 40]. It can be seen that the recoveries in
the present method are comparable with the previous reports
(Table 2). The LODs obtained by the present method are sim-
ilar to or lower than these obtained by the reported methods. In
addition, the MIP-SPE could be regenerated and reused for
several cycles without loss in the average recovery of the
triazine herbicides. The extraction device was cheap and the
operation was simple when the present method was applied.

Conclusions

A new efficient propazine-MIP was synthesized by a surface
molecular imprinting technique. The MIP structure was

characterized by FT-IR, TEM, SEM, and XRD. The binding
experiments demonstrated that MIP had a high affinity for its
target and showed a cross-selectivity for a group of triazine
herbicides. With MIP being applied as sorbent in SPE,
propazine, atrazine, and simazine from environmental sam-
ples were successfully purified and concentrated. The method
of MIP-SPE coupled with HPLC showed good recovery, high
selectivity, and accuracy of quantitative analysis. The synthe-
sized MIP also has the advantage in reproducibility. Thus, our
study represents a practical, cheap, and environmental friendly
method for analyzing the triazine herbicides at trace abun-
dance in multi or complex environment media.
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