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Abstract

A modified quick, easy, cheap, effective, rugged, and safe (QUEChERS) sample preparation method coupled with gas chro-
matography—tandem mass spectrometry has been developed for the simultaneous analysis of amide/dinitroaniline/substituted
urea herbicides in bivalve shellfish samples. A molecularly imprinted polymer (MIP) synthesized through bulk polymeriza-
tion exhibited strong group—selective interactions with pigments, including -carotene, chlorophyll A, and fucoxanthin, in
bivalve shellfish extracts. Afterward, a modified QUEChERS method based on MIPs and primary and secondary amines
was established to effectively remove matrix components in bivalve shellfish samples. Under the optimal conditions, good
linearities were obtained in all of the analytes with R* larger than 0.9995. Limits of quantification were in the range of 0.03—
8.88 ng kg™!, respectively. The recoveries of all of the herbicides spiked at three concentrations of 10, 25, and 50 pg kg™' in
blank bivalve shellfish samples ranged from 81 to 109% with intra-day and inter-day relative standard deviations less than
8%, respectively. Results demonstrated that the proposed QUEChERS method coupled with GC-MS/MS was applied suc-
cessfully to simultaneously determine 26 amide/dinitroaniline/substituted urea herbicides in bivalve shellfish.

Keywords Herbicides - Shellfish - GC—-MS/MS - Molecularly imprinted polymer

Introduction

Herbicides, one of the most frequently used group of pes-
ticides, are widely used as weed control in global modern
agriculture, and some herbicides are also used to control
algae in aquaculture [1-3]. However, their residues had been
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detected in soil, crops, water and sediment due to the con-
tinued and indiscriminate use, which resulted in the poten-
tial threat on the ecosystem environment [4]. Meanwhile, a
large number of researchers had confirmed that the herbi-
cides were toxic and harmful [5, 6]. Their ecotoxicological
hazardous effects have attracted increasing attentions. Espe-
cially, bivalves, which are the most widely cultured shellfish
in aquaculture, are distributed along coasts, where shellfish
are easily contaminated by herbicide residues in the aqua-
culture environment [7]. Therefore, the residue conditions of
herbicides in shellfish by potential bioaccumulation should
be investigated, and effective analytical techniques should
be developed.

The majority of current quantitative analytical methods,
such as liquid chromatography—tandem mass spectrometry,
sensor detection, gas chromatography—tandem mass spec-
trometry (GC-MS/MS), and biosensor method, have been
used to detect herbicides in different matrices [8—12]. How-
ever, shellfish samples usually contain various pigments,
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lipids, proteins, and other interference matrices, which can
affect the separation and ionization properties of analytes
[13]. Meanwhile, multiclass herbicides are usually difficult
to extract from biological samples because of their differ-
ent polarities. Therefore, a rapid and effective analytical
approach is necessary to obtain satisfactory sensitivity,
eliminate interference matrix, and improve determination
efficiency.

The quick, easy, cheap, effective, rugged, and safe
(QuEChERS) sample preparation approach, which is based
on simple solvent extraction and dispersive solid-phase
extraction (d-SPE) cleanup, was introduced by Anastassia-
des et al. [14] and has been applied successfully to analyze
herbicide residues in various fruits and vegetables. Clean-up
was usually carried out using d-SPE by primary secondary
amine (PSA), octadecyl (C-18) and graphitized carbon black
(GCB) materials. For samples with high pigment contents,
which can lead to serious signal interferences, GCB is usu-
ally employed as an adsorption sorbent of QUEChERS to
remove pigments from a sample matrix [15]. However, GCB
not only removes pigment but also adsorbs herbicides with
planar and p-benzene ring structures, resulting in poor accu-
racy and precision [16]. To address this problem, researchers
should develop a highly selective adsorption material with
the properties of adsorption interfering pigments rather than
target analytes. Molecularly imprinted polymers (MIPs) have
been widely applied as solid-phase extraction (SPE) sorb-
ents with an excellent molecular recognition capability to
targeted compounds [17, 18], thereby providing high extrac-
tion selectivity and sample purification efficiency. Few stud-
ies have reported MIPs as QuEChERS sorbents to remove
interferences of various pigments [16].

This study aimed to develop MIPs with excellent group
selectivity and good adsorption capacity to pigments of the
bivalve shellfish extracts. The fabricated MIPs were used
as sorbents of QUEChERS method for pigment removal in
sample pretreatment. A novel determination strategy cou-
pled with a modified QuEChERS method based on MIPs
and PSA with GC-MS/MS was successfully developed and
validated for the simultaneous qualitative and quantitative
analyses of amide/dinitroaniline/substituted urea herbicides
in the bivalve shellfish samples.

Experimental

Chemicals and Reagents

Herbicides (Table S1) (purity > 97.0%) were purchased from
Dr. Ehrenstorfer (Augsburg, Germany). Chromatographic-
grade n-hexane was procured from Tedia (Fairfield, USA).

Octadecylsilane (C18) (50 pm, 60 A pore size), GCB, and
PSA (40-60 pm) were obtained from ANPEL Laboratory
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Technologies (Shanghai, China). Analytical-grade acetoni-
trile, acetone, sodium chloride (NaCl), anhydrous magne-
sium sulfate (MgSQO,), anhydrous sodium sulfate (Na,SO,),
and sodium acetate (CH;COONa) were provided by Sin-
opharm Chemical Reagent Corporation (Shanghai, China).
B-carotene (purity >97%) and chlorophyll A (purity >96%)
were bought from Hefei Bomei Biotechnology (Hefei,
China). Fucoxanthin (purity > 98%) was purchased from
Shanghai Yuanye Bio-Technology. MgSO, and Na,SO, were
heated in a muffle furnace at 400 °C for 6 h and stored in
a desiccator until use. Azobisisobutyronitrile (AIBN) was
obtained from Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, China). Methacrylic acid (MAA) and eth-
ylene glycol dimethacrylate (EGDMA) were procured from
Sigma-Aldrich (Steinheim, Germany).

Stock solutions of individual herbicide standards
(1000 mg L) were prepared by dissolving 10 mg of each
standard into 10 mL of acetone and kept at —20 °C. A mixed
stock solution (1.0 mg L™!) of 26 amide/dinitroaniline/sub-
stituted urea herbicides was prepared by diluting the indi-
vidual stock solutions with n-hexane. All of the solutions
were stored at 4 °C in darkness.

Synthesis of MIPs and Non-imprinted Polymers
(NIPs)

The MIPs were synthesized by bulk polymerization as pre-
viously reported in the literature [19]. Typically, 2.5 mg of
B-carotene and 4 mmol MAA were dissolved in 5 mL of
toluene: acetonitrile (v/v, 3:7) and ultrasonically agitated for
10 min under nitrogen atmosphere. After the solution was
allowed to stand for 30 min, 25 mmol EGDMA and 2 mmol
AIBN were added and sonicated for 5 min under nitrogen
atmosphere. The solution was purged with dry nitrogen
for 5 min and immersed in a water bath at 60 °C for 24 h
in a sealed environment. Finally, the bulk polymers were
crushed, ground, sieved (40-63 pm), and washed with meth-
anol: acetic acid (v/v, 9:1) by a Soxhlet apparatus to remove
the template molecule. The corresponding NIPs were pre-
pared using the same protocol but without a template.

Binding Property Assay

The binding properties of MIPs and NIPs were studied
using equilibrium batch rebinding experiments. Typically,
20 mg of polymers was added to 2 mL of toluene: acetoni-
trile (v/v, 3:7) containing different analyte concentrations
(10500 mg L") in a glass vial, respectively. The vials were
sealed and underwent shaking at 180 rpm for 2 h at room
temperature. The analyte concentrations on the supernatants
were analyzed by a UV spectrophotometer at 450 nm. The
amounts of polymer bound to the analyte were calculated by
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subtracting the free analyte from the initial concentration in
the vial. All of the experiments were processed in triplicate.

The specific adsorption properties and Scatchard analysis
of MIPs were carried out as previously reported [20].

Q= (Cy—-C)V/W (1)

Q/C; = =1/kqQ + Omax/kq )
where C, (mg L™") is the initial concentration of p-carotene;
C (mg L") is the concentration of p-carotene after adsorp-
tion; V is the volume of the solution; W (mg) is the mass
of the polymer; Q and Q,,,, (ug mg~!) are the amounts of
B-carotene adsorbed at equilibrium and saturation, respec-
tively. The definite imprinting factor (IF), that is, the
selective alpha, was determined by the following formula
to further compare the imprinting effect: IF = Qyyp/Onips
a=(Owmp — Onip)/Onips Where Oyyp is the amount of the
imprinted polymer to adsorb p-carotene of the template
molecule, and Qyp is the adsorption capacity of the NIP to
the template molecule pB-carotene.

MIPs Characterization

The size and morphological characteristics of MIPs and
NIPs were investigated using an S-4800 cold field-emission
scanning electron microscope (Hitachi, Japan). The pore
volume and surface area of MIPs and NIPs were measured
using an ASAP 2020 accelerated surface area and porosim-
etry analyzer (Micromeritics Instrument Corporation, Nor-
cross, GA), and 50 mg of the dried polymer was used and
degassed at 200 °C for 24 h under nitrogen flow prior to
measurement. The chemical structure and bonding of MIPs
were confirmed using a Fourier transform infrared spectro-
scope (FTIR, Nicolet, Thermo, USA).

Sample Preparation by QUEChERS with d-SPE
Cleanup Using the MIP

Bivalve shellfish samples were purchased from a local aquatic
market in Ningbo. In general, 2 g of bivalve shellfish samples
were weighed into a 50 mL polypropylene centrifuge tube
and homogenized at 8000 rpm for 10 min. Then, 5 mL of 1%
acidic acetonitrile and 2 g of NaCl were added. After vortex-
ing for 2 min, 0.3 g of Na,SO, and 1.7 g of CH,COONa were
added. The mixture was shaken for 2 min and centrifuged at
5000 rpm for 5 min. The samples were extracted repeatedly.
The supernatants were combined and evaporated to 1.0 mL
under nitrogen at 30 °C. The solution was transferred into a
2 mL centrifuge tube containing 150 mg of Na,SO,, 50 mg of
MIPs, and 25 mg of PSA. After the solution was shaken for
15 min, the tube was centrifuged at 8000 rpm for 1 min. After-
ward, 450 pL of the extract (the upper layer) was decanted into

an autosampler vial, and 50 pL of internal standard was added
for GC-MS/MS analysis.

Conventional Solid-Phase Extraction

Briefly, the 2.00 g of bivalve shellfish samples were weighed
into a 15 mL polypropylene tube and 5 mL acetonitrile were
added. Afterwards, the mixture was homogenized for 2 min
in a blender at 9.0% 10° rpm (IKA, Staufen, Germany). Sub-
sequently, the blender was rinsed with 5 mL acetonitrile and
pooled in the polypropylene tube. Furthermore, 5 g NaCl and
0.3 g Na,SO, were added and vortexed for 30 s. The mixture
was centrifuged at 5.0 x 10°g for 5 min, and the supernatant
was collected and concentrated to 2 mL for SPE procedure.
The cartridges GCB/NH, (500 mg/6 mL, ANPLE, China)
was selected and conditioned with 4 mL acetonitrile/toluene
(3:1, v/v). The supernatant were directly percolated through
the cartridges. Afterwards, the SPE cartridges were eluted
with 10 mL acetonitrile/toluene (3:1, v/v), and the eluent was
evaporated to dryness under nitrogen atmosphere at 40 °C. The
samples were re-suspended in 0.5 mL of n-hexane (4 g equiva-
lent sample) and passed through a 0.22 pm filter membrane for
GC-MS/MS analysis.

GC-MS/MS

The samples were analyzed via an Agilent 7890B GC system
coupled to an Agilent 7000D triple-quadrupole mass spec-
trometer (Agilent Technologies, USA) with electron ioniza-
tion in a multiple reaction monitoring mode. The GC system
was equipped with an DB-5 MS UI fused silica capillary col-
umn (30 mx0.25 mm, i.d., 0.25 pm, Agilent). The samples
(1.0 pL) were injected using a splitless injection mode. The
GC-MS/MS conditions were as follows: helium was used as
a carrier gas at a constant flow of 1.0 mL min_', and injec-
tor temperature was set at 280 °C. The GC oven temperature
profile was started at 80 °C, maintained for 1 min, increased
to 170 °C at a rate of 40 °C min~!, increased to 200 °C at a
rate of 5 °C min~!, and ramped to 210 °C at 2 °C min~', then
increased to 310 °C at 10 °C min~'. The final temperature
was kept for 5 min, and the total run time was 29.25 min. The
transfer line and ion source temperatures were both 280 °C.
The collision energies of the parent ions and the quantitative
daughter ions of the herbicides are summarized in Table S1,
and GC-MS/MS chromatograms of herbicides at 25.0 pug kg™
are illustrated in Fig. S1.
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Results and Discussion
MIP Preparation and Characterization

The molar ratios of the template to the functional mono-
mer play an important role in enhancing the specific affin-
ity of MIPs. The low proportion of the template to the
functional monomer usually produces a low affinity capac-
ity, whereas its high proportion results in relatively high
nonspecific binding sites [21]. In Table S2, when the molar
ratio of the template molecule to the functional monomer
was 1:4, the MIPs had the highest adsorption capacity and
imprinting effect with an IF of 2.2. Therefore, the MIPs
were synthesized with a template-to-functional monomer
ratio of 1:4.

The surface morphology and size distribution of the
fabricated MIPs were observed through SEM. In Fig. 1,
the average size of the resulting MIPs and NIPs was
approximately 40-60 pm, and the pores were embedded
in a network of MIPs and NIPs. No distinct difference
was observed in size distributions and morphological

$4800 4.0kV x500 SE(U)

$4800 4.0kV x500 SE(U)

structures between MIPs and NIPs, but the surface area
of MIPs (MIPs, 259 m? g_l; NIPs, 235 m? g_l) was higher
than that of NIPs, thereby providing more recognition sites
with specific adsorption to target molecules.

The FTIR spectra of MIPs and NIPs (Fig. S2) further
confirmed the successful imprinting sites onto MIPs. The
O-H stretching vibration at 3590 cm™! indicated the suc-
cessful polymerization of MAA and crosslinker. The sym-
metrical and asymmetrical stretching vibrations of C-H
in methyl were 2987 and 2954 cm™!, respectively. The
stretching vibration of C=0 in the polymer appeared at
1715 cm™!. The symmetrical and asymmetrical stretch-
ing vibration of C—H in methylene displayed at 1456 and
1388 cm™!, respectively. The symmetrical and asym-
metrical stretching vibration of C—O—-C were 1261 and
1161 cm™!, respectively, confirming the successful polym-
erization of EGDMA. C—H surface bending vibration and
surface rocking vibration in vinyl were 960 and 881 cm™!,
respectively. The results demonstrated that MIPs and
NIPs exhibited similar primary compositions and major
backbones.

100um | S4800 4.0kV x50.0k SE(U)

100um | S4800 4.0kV x50.0k SE(U)

Fig. 1 Scanning electron micrographs of the selected polymers. a MIP X 500; b MIP x 50,000; ¢ NIP x 500; d NIP x 50,000
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Fig.2 Adsorption equilibrium isotherms and Scatchard plots (insert)
of B-carotene onto the MIPs and NIPs

Binding Property Assay

MIPs had specific and group-specific binding capability,
and the binding properties were the most important con-
stants during sample purification. Therefore, the bind-
ing properties of MIPs were evaluated via an adsorption
isotherm experiment and through Scatchard analysis.
In Fig. 2, the adsorption capacity of MIPs was higher
than that of NIPs over the tested concentrations range of
10-50 pg mL~!. Scatchard analysis indicated that the
binding sites of MIPs were heterogeneous and classified
into two distinct groups. K4 and Q, ., were calculated in
accordance with the slopes and intercepts of the two lin-
ear regression equations. The linear regression equation
of MIPs of the upper line was Q/Cy=—0.20660 + 1.0248
(R*=0.9734). The linear regression equation of the lower
line was Q/C;=~-0.0267Q +0.3691 (R*=0.9137). K, and
Q... Of the high-affinity binding sites were 1.02 mg L™! and
4.96 mg g~!, respectively. K, and Q,,,. of the low-affinity
binding sites were 0.37 mg L™! and 13.82 mg g™, respec-
tively. These results demonstrated that recognition sites
were created onto the MIPs by molecular imprinting. The
results of the static adsorption of MIPs indicated that 20 mg
of MIPs could selectively adsorb above 90% f-carotene at
10 mg L™!. The high binding affinity and capacity of MIPs
to f-carotene enabled its selective removal from complex
shellfish matrices.

Chlorophyll A and fucoxanthin, which have partially
similar structures and functional groups, were chosen to
gain insights into recognition capability. In Fig. 3, the MIPs
exhibited the strongest specific affinity and binding amounts
to pB-carotene with an IF of 2.4. The binding amounts of
MIPs to those of B-carotene and its structurally related

I M1Ps
[CINIPs

14.0 4
12.0 4
10.0

8.0

Q(ug/mg)

6.0 4

4.0 1

2.0+

0.0

Chlorophyll A - carotene Fucoxanthin

Fig.3 Selectivity of MIPs on p-carotene and other pigments

compounds, chlorophyll A and fucoxanthin, than the NIPs,
and the structural effects of the analytes on the binding prop-
erties of MIPs were observed during the binding procedure.
The results indicated that the MIPs had high group-specific
binding for B-carotene and its structurally related com-
pounds, such as chlorophyll A and fucoxanthin, in appro-
priate solvents because of the imprinting effect. p-Carotene,
chlorophyll A, and fucoxanthin are the most common pig-
ments in aquaculture [22]. Therefore, the MIPs with group
selectivity could be applied as QUEChERS sorbents in pig-
ment removal in shellfish extracts.

The kinetic adsorption of p-carotene onto the MIPs
was further investigated (Fig. S3). The adsorption rate of
p-carotene by MIPs was very fast, almost reaching equilib-
rium at 15 min. This finding indicated that the MIPs had
relatively fast adsorption kinetics.

Optimization of Sample Pretreatment

QuEChERS involve extraction partitioned from the matrix
by salt adding. To obtain the satisfactory results, the QUECh-
ERS procedure was optimized. As shown in Fig. S4. The
recoveries of herbicides under the anhydrous Na,SO, were
higher compared with those obtained under the anhydrous
MgSO,. Especially, the recoveries of ethalfluralin and triflu-
ralin were improved from 49% (anhydrous MgSO,) to 100%
(anhydrous Na,SO,) and from 45% (anhydrous MgSO,) to
92% (anhydrous Na,SO,), respectively. The satisfactory
recoveries of herbicides ranged from 81 to 121% were
acquired. The above results demonstrated that the anhydrous
Na,SO, is effective to elicit phase separation compared with
anhydrous MgSO, [23].

The chemical composition of shellfish extracts was
incompatible with the GC-MS/MS system, resulting in seri-
ous negative effects on signal response. Therefore, the rapid
and effective purification procedures were required to obtain
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satisfactory accuracy and precision. In this study, the devel-
oped MIPs exhibited high adsorption capacity and effective
removal efficiency in pigment composition. Other matrices
included organic acids, fatty acids and sugars in shellfish
extracts except the pigments. Therefore, a combination of
25 mg of PSA, which can retain many polar compounds of
organic acids, fatty acids, and sugars [14], but it gives not
satisfying results in the case of samples with high contents
of pigment [24], and an appropriate amount of MIPs was
applied to subsequent experiments. First, the effect of the
amounts of MIPs on the matrix removal of bivalve shell-
fish extracts was determined. Figure S5 shows that when
the amounts of MIPs reached 50 mg, the recoveries of the
amide/dinitroaniline/substituted urea herbicides ranged from
82 to 120% with a relative standard deviation below 7%.
However, the recoveries of some amide herbicides decreased
as the amounts of MIPs further increased possibly because
nonspecific interactions occurred between the amide group
of herbicides and the hydroxyl group of MIPs, resulting
in their low recoveries. Simultaneously, the recoveries of
some herbicides were below 80% when the amounts of MIPs
used was less than 30 mg possibly because low amounts of
MIPs favored the insufficient removal of matrix components,
resulting in matrix suppression. Therefore, 50 mg of MIPs
was used as QUEChERS sorbents in subsequent experiments.

Method Validation

The method was validated under the optimized experimen-
tal conditions by determining linearity, limits of detection
(LOD), and quantification (LOQ), matrix effects, accuracy,
and precision.

The matrix effects (ME, %), leading to the poor accuracy
and precision of experimental results and probably originat-
ing from the signal interferences between the analyte and the
coeluting substance [25]. During the QUEChERS procedure,
the MIPs as the sorbent exhibited a high pigment removal
capability, which was evidenced by the change in the color
of bivalve shellfish extracts to colorless after purification
was completed. However, the ME evaluation was significant
because of the presence of other compounds except the pig-
ments. The matrix effect was examined by comparing the
slopes of the calibration curve obtained using the solvent
and extracted matrix, and the slope ratio values that ranged
from 0.8 to 1.2 could be considered insignificant [26]. The
ME results were grouped into 3 classes: a high ME (less than
—50% or higher than + 50%), a medium ME (between — 50%
and —20% or +20% and +50%) and a low ME (between
+20% and —20%). Figure S6 shows the ME of each herbi-
cides, 16% showed low ME, 46% showed medium ME and
38% showed high ME. To avoid the ME, matrix matched cal-
ibration standards were used for quantification to compen-
sate for the ME. Therefore, the matrix-matched calibrations
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were selected to compensate matrix effects. The linearity
was evaluated by studying six-level calibration curves con-
structed from a set of herbicide standards prepared in the
solvent and in matrix-matched shellfish extracts within a
concentration range of 0.005-0.25 pg kg™!, and each con-
centration was analyzed in triplicate. All analyses yielded
high correlation coefficients (R?) above 0.9995.

The LOQs of each herbicides were determined by cal-
culating a signal-to-noise ratio of 10, respectively. The
LOQs were in the range of 0.03-8.88 ug kg™!, respectively
(Table 1). The LOQ of ethalfluralin (0.03 pg kg™') was
below its MRL in bivalve shellfish established by EU regu-
lation (0.1 pg kg™!), indicating that the sensitivity of the
optimized method can fully meet the needs of the proposed
application. The recoveries and precisions were determined
by measuring six samples at three spiking levels of 10, 25,

Table 1 Recoveries (%) and RSDs (%) of herbicides in bivalve shell-
fish samples after extraction using QUEChERS coupled with GC-
MS/MS analysis (25 pg kg™!, n=6)

Herbicides LOQ Razor clam  Clam Mussel
(rgke™)  Re(RSD)% Re (RSD)% Re (RSD) %
Isoproturon  0.03 84 (7) 80 (5) 80 (5)
Propachlor  0.10 106 (4) 91 (6) 91 (8)
Ethalfluralin  0.05 86 (1) 80 (4) 80 (4)
Trifluralin ~ 0.85 97 (1) 104 (4) 108 (5)
Benfluralin  0.08 80 (4) 85 (5) 87 (6)
Atrazine 0.18 100 (5) 99 (7) 101 (9)
Profluralin ~ 0.47 90 (4) 117 (3) 107 (5)
Propyza- 0.66 105 (3) 89 (10) 83 (2)
mide
Fluchloralin 1.66 93 (1) 102 (4) 90 (7)
Dinitramine 0.98 92 (5) 96 (3) 103 (8)
Propanil 0.72 94 (1) 89 (5) 88 (7)
Dimethena- 1.84 94 (2) 100 (5) 101 (8)
mid
Acetochlor  1.34 80 (2) 95 4) 85 (3)
Metribuzin ~ 0.95 120 (2) 104 (8) 91 (7)
Alachlor 0.12 87 (1) 96 (8) 97 (6)
Prodiamine  1.09 84 (10) 98 (5) 100 (3)
Linuron 0.30 88 (5) 111 4) 112 (3)
Metolachlor 0.05 83 (1) 105 (5) 95 (9)
Cyanazine 8.88 97 (3) 89 (6) 96 (4)
Butralin 0.11 84 (3) 112 (7) 118 (9)
Isopropalin  2.19 82 (3) 102 (5) 99 (8)
Pendimetha- 4.16 101 (4) 88 (10) 88 (8)
lin
Butachlor 1.36 82 (4) 102 (7) 102 (7)
Napropa- 0.20 91 (6) 96 (8) 82 (9)
mide
Pretilachlor  0.64 96 (1) 114 (8) 93 (8)
Nitralin 0.95 84 (3) 99 (6) 95 (6)
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Table 2 Recoveries (%) and

RSDs (%) at spiking levels of Herbicides 10 pg kg™! 25 pg kg™ 50 pg kg™! Inter-day®, % Intra-day®, %

10,25, and 50 g ke~ for 26 R'(RSD)%  R*(RSD)%  R*(RSD) %

?f;;;f‘fli;’“nb:’g)lve shellfish Isoproturon 82 (2) 84 (3) 81 (1) 1 1
Propachlor 82 (2) 106 (2) 100 (5) 5 5
Ethalfluralin 81(2) 86 (1) 87 (1) 1 2
Trifluralin 99 (9) 97 (1) 93 (3) 2 6
Benfluralin 83 (4) 85 (1) 88 (1) 5 7
Atrazine 95 (3) 100 (2) 96 (1) 2 4
Profluralin 87 (6) 90 (2) 87 (3) 1 2
Propyzamide 101 (3) 105 (1) 100 (4) 3 2
Fluchloralin 96 (3) 93 (1) 86 (3) 1 8
Dinitramine 93 (4) 92 (3) 91 (1) 1 7
Propanil 103 (8) 95 (3) 91 (3) 5 6
Dimethenamid 89 (9) 88 (1) 83 (5) 2 5
Acetochlor 100 (4) 98 (1) 92 (4) 2 2
Metribuzin 96 (9) 99 (1) 103 (6) 5 4
Alachlor 86 (7) 87 (1) 96 (3) 2 4
Prodiamine 82 (8) 84 (4) 87 (2) 7 6
Linuron 86 (7) 88 (2) 91 (1) 1 2
Metolachlor 95 (5) 92 (1) 95 (6) 8 4
Cyanazine 95 (7) 97 (1) 94 (8) 1 6
Butralin 91 (6) 84 (3) 85 (3) 2 4
Isopropalin 90 (7) 94 (1) 97 (2) 2 5
Pendimethalin 100 (3) 101 (5) 99 (3) 5 1
Butachlor 99 (3) 96 (2) 101 (3) 3 4
Napropamide 91 (8) 91 (6) 99 (4) 3 5
Pretilachlor 97 (7) 96 (1) 98 (3) 1 2
Nitralin 88 (6) 84 (1) 85 (3) 4 7

“R: Recovery of the method

®Inter-day and intra-day RSDs (%) of spiking levels at 25 ug kg™

and 50 pg kg™, the recoveries of the amide/dinitroaniline/
substituted urea herbicides ranged from 84 to 106% with
relative standard deviation (RSD %) below 6% at the three
spiking levels (Table 2), which were within the acceptable
range. The method precision was assessed by determining
repeatability (inter-day) RSD range of 0.6-8% and repro-
ducibility (intra-day) RSD range of 0.9-8% reproducibility
was determined by analyzing spiked from 3 different days.
These results demonstrated that the proposed QUEChERS
based on MIPs showed excellent accuracy and precision for
the simultaneous extraction and purification of 26 amide/
dinitroaniline/substituted urea herbicides in bivalve shellfish
samples.

Clean-up sorbents play an important role in achiev-
ing satisfactory accuracy and precision. However, the use
of inappropriate materials could adsorb target analytes to
some degree, resulting in their low accuracy. C18 and GCB
were the mostly used sorbents to remove a nonpolar matrix.
Therefore, C18, GCB, MIPs, and NIPs were evaluated for
their capability to remove interferences. The results are

shown in Fig. 4. GCB not only removes pigments but also
adsorbs the analytes with planar molecules or molecules
containing planar aromatic rings, resulting in poor accuracy
and precision such that the recoveries of trifluralin (45%),
benfluralin (45%), alachlor (29%), isoproturon (7%), and
nitralin (47%) were below 50%. The amide/dinitroaniline/
substituted urea herbicides purified by the C18 sorbent had
wide recoveries in the range of 28—121%, and the recoveries
of ethalfluralin (39%), trifluralin (36%), benfluralin (36%),
profluralin (45%), fluchloralin (47%), isoproturon (28%), and
nitralin (33%) were below 50%. However, the recoveries of
the amide/dinitroaniline/substituted urea herbicides puri-
fied by the modified QUEChERS based on MIPs focused in
the range of 81-112%. By contrast, the wide recoveries in
the range of 12-116% were obtained for the NIPs, and the
recoveries of over 60% the amide/dinitroaniline/substituted
urea herbicides were below 50%. These results indicated that
the developed QUEChERS method based on the MIPs could
provide the best stable recoveries for the amide/dinitroani-
line/substituted urea herbicides in bivalve shellfish samples,
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Fig.4 Recoveries of herbicides
obtained by MIPs, NIPs, C18,
and GCB sorbents at 25 pg kg™
spiked concentrations (n = 3)
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and the MIPs could remove pigments and had no adsorp-
tion effect on the amide/dinitroaniline/substituted urea her-
bicides, which played an important role in pretreatment for
the removal of pigments and other interfering matrixes.

The robustness of the established method was evaluated
by calculating the recoveries and RSDs at the spiked con-
centration of 25 pg kg~! in three different bivalve shellfish
samples of razor clam, clam, and mussel. The results are
summarized in Table 1. The mean recoveries of razor clam,
clam, and mussel ranged from 80 to 120%, from 80 to 117%,
and from 80 to 118%, respectively, and their RSDs were
below 10%.

Comparison Between QUEChERS and Conventional
SPE (C-SPE) Method

The proposed method was compared with other reported
methods in the literature for the extraction and determination
of the multi-residues herbicides in shellfish from the view-
points of extraction method, clean-up procedure, matrix,
and LOQs to further evaluate the modified QuEChERs
with GC-MS/MS method [27-29]. The comparison results
(Table S3) showed that the current method exhibited compa-
rable LOQs and precision compared with the other reported
methods and was more convenient than that obtained with
the other reported methods. Especially, the modified QUECh-
ERs method exhibited a lower detection limit compared with
those of the SPE method (LOQs: 0.06-12 ug kg™!). The
above results indicated that the modified QuUEChERSs had an
excellent adsorption capacity for the pigments and could be
applied to enrich the amide/dinitroaniline/substituted urea
herbicides in bivalve shellfish samples.

@ Springer
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Application to Real Samples

As above reported in this study, C18 and GCB are the pre-
existing and commercial adsorbents to remove pigments.
However, the recoveries of trifluralin, benfluralin, alachlor,
isoproturon and nitralin after the QUEChERS procedure
based on the C18 and GCB were all below 50% in the spiked
bivalve shellfish samples. Furthermore, we found that the
C18 and GCB exhibited lower pigment removal efficiency
than that of MIPs, which are apt to contaminate ion source
and instrument. Therefore, to further demonstrate the real
and practical advantages of the developed QuEChERS
method based on the MIPs, the shellfish products were pur-
chased from Ningbo market and analyzed by the developed
QuEChERS and C-SPE following GC-MS/MS analysis.
As shown in Table S4. Atrazine, trifluralin, dimethenamid,
cyanazine and pendimethalin were detected in the samples
analyzed. The results obtained by the developed QuECh-
ERs are in good agreement with those obtained by C-SPE.
Therefore, the current study indicated that the developed
QuEChERS based on the MIPs exhibited excellent potential
in real application.

Conclusions

A MIP-based modified QUEChERS sample preparation
method combined with GC-MS/MS detection was devel-
oped to analyze amide/dinitroaniline/substituted urea her-
bicides in different bivalve shellfish species. MIPs as the
sorbent of the modified QUEChERSs could be used to purify
the samples and remove pigments from bivalve shellfish
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extracts. The developed method met the requirements for
herbicide determination in bivalve shellfish samples. The
performance parameters, such as selectivity, precision, and
accuracy, of all of the test herbicides were in an acceptable
range of 81-109% and had an excellent repeatability RSD
below 8%. The developed method was successfully used
for the analysis of the amide/dinitroaniline/substituted urea
herbicide residues in different bivalve shellfish species and
provided a potential strategy for pollutant residue analysis
in biological samples.
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