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31 ABSTRACT

32 An efficient magnetic dummy template molecularly imprinted polymer nanocomposite was 

33 prepared using multi-walled carbon nanotubes as a support and metolachlor deschloro as a dummy 

34 template. The obtained nanocomposites were characterized using Fourier transform infrared 

35 spectroscopy, vibrating sample magnetometry, scanning electron microscopy and transmission 

36 electron microscopy. The adsorption performance of the obtained nanocomposites was evaluated 

37 through binding experiments, including static adsorption, kinetic adsorption, and selective 

38 recognition studies. The obtained nanocomposites were successfully applied as selective sorbents 

39 for the magnetic solid-phase extraction of seven amide herbicides (alachlor, acetochlor, pretilachlor, 

40 butachlor, metolachlor, diethatyl ethyl, and dimethachlor) coupled with liquid 

41 chromatography-tandem mass spectrometry (LC-MS/MS) from fish samples. Under the optimized 

42 conditions, the limit of detection was 0.01–0.1 μg kg-1. The obtained recoveries of the amide 

43 herbicides from the fish samples were in the range of 88.0 to 102.1% with a relative standard 

44 deviation of less than 7.5%. This method, which eliminated the effect of template leakage on 

45 qualitative and quantitative analysis was found to be superior to the methods reported in the 

46 literature. The results indicated that it could be successfully applied to analyze amide herbicides in 

47 fish samples with satisfactory recoveries. 

48

49

50
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51 1 Introduction

52 Recently, with the quality improvement and efficiency model advocated by the Ministry of 

53 Agriculture and Rural Affairs of China in the "Implementation Plan for Rural Revitalization 

54 Science and Technology Support Actions” breeding methods such as rice-fish, rice-loach, and 

55 rice-crab interactions have been promoted throughout the country. The pesticides used in the 

56 cultivation fields are washed by rainwater, surface runoff, and other effects into ponds, which leads 

57 to the residual pollution of the pond water by the herbicides. Dan et al. screened herbicides in 

58 shellfish breeding bases in 13 counties along the coast of the Shandong province in China, and 

59 found that the detection rate was as high as 69.7% [1]. Moreover, the residues of amide herbicides 

60 have been found in the environment abroad [2].

61 The amide herbicides, alachlor and butachlor are classified as highly toxic pesticides in China. 

62 Alachlor, acetochlor, and butachlor are classified as B-2 carcinogens, while metolachlor is 

63 classified as a C carcinogen by the US Environmental Protection Agency [3]. According to reported 

64 research, alachlor and acetochlor can significantly increase the exchange frequency of sister 

65 chromosomes in human lymphocytes [4] and reduce the survival rate and motility of human sperm 

66 [5]. Butachlor is mutagenic, which increases the probability of chromosomal aberrations [6]. In 

67 addition, amide herbicides are 500–10000 more toxic to aquatic organisms than mammals [7]. For 

68 example, butachlor at high concentrations can induce aberrations in the number of chromosomes in 

69 rice field eels and induce cracks and breaks in chromosomal monomers [8]. 

70 The current analytical methods for the determination of amide herbicides mainly include high 

71 performance liquid chromatography (HPLC) [9,10], gas chromatography (GC) [11,12], and liquid 

72 chromatography-tandem mass spectrometry (LC-MS/MS) [13-15], among which 

73 ultra-high-performance liquid chromatography with tandem mass spectrometry (UPLC-MS/MS) 

74 has been widely applied for the determination of multi-residue pesticides in different samples owing 

75 to its high selectivity and reliability. Generally, due to the high level of impurities in fish, 

76 purification is a necessary step to obtain more accurate qualitative and quantitative results.

77 Among the promising alternatives to solid sorbents, molecularly imprinted polymers (MIPs) that 

78 offer high selectivity [16] are widely utilized in solid-phase extraction (SPE) [17,18]. The special 

79 selectivity of MIPs is postulated to be due to the surface modification of the polymer matrices in the 

80 presence of cross-linking agents, functional monomers, and template molecules. Thus, the structure 

81 of specific pores, which are complementary to the template molecules in size, shape, and binding 
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82 sites, determines the selective response of the MIPs because it affects the mass transfer and access 

83 of the analytes to the specific adsorption sites. However, while one of the analytes was used as the 

84 template, leakage of the residual template molecules is one of the most significant challenges 

85 associated with the application of magnetic MIPs (MMIPs). The most important problems include 

86 the leakage of the template, the cumbersome process of packing the SPE column, and the 

87 time-consuming process of loading large-volume samples [19]. A dummy template was employed 

88 to address these problems [20].

89 Among the handling methods for treating fish samples, SPE is typically used for the enrichment 

90 of analytes with low organic solvent consumption. However, when the number of samples is large, 

91 the simultaneous detection speed of the SPE limits its application in sample pretreatment. Magnetic 

92 solid-phase extraction (MSPE), which can efficiently shorten the operation time is a more suitable 

93 alternative. In the MSPE process, the magnetic sorbents are dispersed directly in the extract to 

94 adsorb the analytes. If the adsorbent is selective, the matrix interference can be reduced by using an 

95 MIP. After the extraction process, the magnetic sorbents were quickly collected from the extract 

96 using an external magnet [21-23].

97 In the MSPE process, the surface area of the magnetic sorbents is a very important factor that can 

98 affect the properties of the MMIPs. Owing to their high chemical stability and large surface area, 

99 carbon nanotubes (CNTs) have been established to be an outstanding carrier for improving the 

100 adsorption properties. Therefore, CNTs were used as the supporter and magnetic Fe3O4 was used as 

101 the core to synthesize magnetic dummy MIPs (MDMIPs), and the complex separation procedure 

102 was avoided to achieve rapid separation from the complex matrix by applying an external magnet 

103 without centrifugation. A highly selective and easily reusable analysis procedure was thus 

104 developed [24].

105 In the present work, the MDMIPs were synthesized and characterized using vibrating sample 

106 magnetometry (VSM), Fourier-transform infrared (FTIR) spectrometry, scanning electron 

107 microscopy (SEM) and transmission electron microscopy (TEM). In addition, the separation 

108 efficiency was investigated through several experiments, including Scatchard analysis and kinetic 

109 absorption studies. The selective recognition ability was also estimated. Finally, the developed 

110 MDMIPs were successfully applied as sorbents in the MSPE process followed by 

111 ultra-high-performance liquid chromatography with tandem mass spectrometry (UPLC-MS/MS) for 

112 the selective preconcentration of seven amide herbicides (alachlor, acetochlor, pretilachlor, 
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113 butachlor, metolachlor, diethatyl ethyl, and dimethachlor) from fish samples. 

114 2 Materials and Methods

115 2.1 Materials and reagents

116 Mass grade acetonitrile (ACN), methanol, and formic acid were purchased from Fisher Scientific 

117 (Waltham, MA, USA). CNTs were obtained from Shenzhen Nanotech Port (Shenzhen, China). The 

118 standards of the amide herbicides (alachlor, acetochlor, pretilachlor, butachlor, metolachlor, 

119 diethatyl ethyl, and dimethachlor) and an internal standard were obtained from Dr. Ehrenstorfer 

120 (Augsburg, Germany). Nitric acid was obtained from Merck (Merck, Darmstadt, Germany). 

121 Metolachlor deschloro, sodium acetate, FeCl36H2O, ethylene glycol, isopropanol, ammonia, 

122 tetraethyl orthosilicate, methacrylic acid, ethylene dimethacrylate (EGDMA), azobisisobutyronitrile 

123 (AIBN), and acetic acid were obtained from Anpel (Anpel, China). Purified water was obtained 

124 using a Milli-Q system (Millipore, Billerica, MA, USA). An ACQUlTY BEH C18 column (2.1 × 

125 50 mm, particle size: 1.7 μm) was used to separate the analytes.

126 The blank sample was tested using the DB 37/T 3406-2018 method: determination of triazine, 

127 amide, and dinitroaniline herbicide residues in fishery products using GC-MS [25]. Real fish 

128 samples (including crucian carp, grass carp, bighead carp, and shrimp) were collected from 

129 fishponds and rivers in different cities in China.

130 2.2 Standard solutions

131 Stock solutions of each amide herbicide were prepared in ACN at a concentration of 1.0 mg mL-1 

132 and stored at -18 °C in the dark. A mixed standard solution was prepared in ACN at a concentration 

133 of 100.0 μg mL-1 by diluting the stock standard solutions and stored at -18 °C. The working 

134 solutions were prepared by diluting the mixed standard solution with 50% ACN before use and 

135 stored at 4 °C for each analysis. 

136 2.3 Preparation and characterization of adsorbent

137 The MDMIPs were synthesized using a procedure previously developed by our research group 

138 [26]. The preparation involves the synthesis of magnetic CNTs (MCNTs), followed by their surface 

139 modification with a layer to provide additional functional groups to facilitate their interaction with 

140 the amide herbicides. Activated CNTs were prepared by stirring the CNTs (600 mg) while refluxing 

141 in nitric acid (90 °C, 6 h). The CNTS were subsequently washed with deionized water and dried. A 

142 mixture of activated CNTs (0.40 g), sodium acetate (3.60 g), FeCl3·6H2O (1.40 g), and ethylene 

143 glycol (80.0 mL) was heated at 200 °C for 12 h in an autoclave, and then cooled to room 
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144 temperature. The precipitate (MCNTs) was washed with deionized water and dried. The MCNTs 

145 (100 mg) were dispersed in deionized water (4.0 mL) and isopropanol (50.0 mL) via ultrasonication 

146 (15 min), and then ammonia (5.0 mL) and tetraethyl orthosilicate (2.0 mL) were added. The mixed 

147 solution was stirred at 25 °C for 12 h and washed with deionized water in the presence of a 

148 permanent magnet. The obtained modified MCNTs were then dissolved in methanol (30.0 mL) in a 

149 flask. The MDMIPs were prepared using a noncovalent imprinting technique. The template 

150 molecule, metolachlor deschloro (0.137 g) was mixed with the functional monomer, methacrylic 

151 acid (0.1866 mL) in 30 mL methanol which acted as a polymerization solvent, and the mixture was 

152 stirred for 12 h. The modified MCNTs (200 mg), EGDMA (2.07 mL), and AIBN (50 mg) were then 

153 added to the above solution. To remove dissolved oxygen, the solution was stirred under vacuum 

154 for 3 min. The mixture was then heated to reflux under N2 gas at 60 oC for 24 h. The obtained 

155 product was rinsed with ethanol until the supernatant was clear. The template molecule was then 

156 extracted from the product with a 90/10 (v/v) MeOH/acetic acid mixture using a Soxhlet extraction 

157 system for 72 h. Finally, the obtained product was dried in air. Similarly, the MDNIPs were 

158 prepared following the same procedure in the absence of metolachlor deschloro. 

159 The MDMIPs were characterized using FTIR (FT-IR 360, Nicolet, Madison, WI) spectroscopy, 

160 VSM (Quantum Design Instrument, SanDiego, CA), SEM (TESCAN Mira4 XMU, USA Inc.) and 

161 TEM (Tecnai G2-F30 Field Emission Gun microscope, FEI, Inc., Hillsboro, OR).

162 2.4 Binding experiment

163 In the kinetic adsorption experiments, the binding kinetics of the MDMIPs (10 mg) were 

164 measured by dispersing them in a solution (2 mL) containing 200 μg mL-1 acetochlor. The mixtures 

165 were mechanically shaken at room temperature for different times (1, 3, 5, 10, 20, 30, 40, 60, 100, 

166 120, and 150 min). The supernatant was then isolated using a permanent magnet and analyzed using 

167 UPLC-MS/MS.

168  In the static equilibrium adsorption experiments, screw-capped centrifuge tubes were used as 

169 batch reactor systems. Each tube contained 10 mg of MDMIPs and MDNIPs dispersed in solutions 

170 (2 mL) at different concentrations (1, 5, 10, 25, 50, 150, 200, 400, 500, and 750 mg L-1). The 

171 amount of acetochlor bound to the MDMIPs and MDNIPs was determined using UPLC-MS/MS.

172 For the adsorption selectivity experiments, a standard mixed solution of the amide herbicides 

173 (alachlor, acetochlor, pretilachlor, butachlor, metolachlor, diethatyl ethyl, dimethachlor, and 

174 atrazine) was incubated with the MDMIPs or MDNIPs, and the extraction procedure was performed 
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175 as described previously for the kinetic adsorption experiments.

176 2.5 Application to fish samples 

177 The fish samples were homogenized using a blender (Braun Blender FP3010) for 10 min. The 

178 samples (5.0 g) and internal standards were placed in centrifuge tubes and extracted with 10.0 mL 

179 of ACN for 10 min by vortexing and ultrasonic vibration. The homogenates were centrifuged at 

180 4500 rpm for 3 min, the supernatant in the centrifuge tube was collected, and 50 mg of the MDMIPs 

181 was added. After incubation for 15 min at 250 rpm, the MDMIPs were removed using a permanent 

182 magnet and washed with 3 mL of water. Subsequently, 3 mL (1 mL added 3 times) of 5% acidic 

183 methanol (acetic acid/methanol =5/95. V/V) was used to elute the seven amide herbicides. The 

184 eluent solution was then concentrated with N2 gas and re-dissolved to 0.5 mL with 

185 ACN/water/formic acid (5:95:0.1, v/v/v). Finally, the treated samples were subjected to 

186 UPLC-MS/MS for quantitative analysis (Fig. 1).

187 2.6 Instrumental analysis

188 A C18 column combined with a UPLC system was used for the separation of the amide 

189 herbicides in the chromatographic part. The mobile phase A was 0.1% formic acid in Milli-Q water, 

190 and the mobile phase B was ACN. The gradient program was set as follows: 0–2.0 min, 5% B; 2.0–

191 4.2 min, gradient increased to 95% B; 4.2–6.4 min, held at 95% B; 6.4–6.5 min, gradient decreased 

192 to 5% B; 6.5–8.0 min, held at 5% B. The column heater was maintained at 30 °C. The flow rate was 

193 300 μL min-1. 

194 The column eluent was monitored using an XEVO TQ-S (Waters, Milford, MA) instrument 

195 equipped with an electrospray ionization interface in positive mode (ESI+). The optimized 

196 parameters were set as follows: capillary, 3.0 kV; source offset, 30 V; cone, 20 V; desolvation 

197 temperature, 450 °C; nebulizer, 7.0 Bar; cone gas, 250 L h-1; desolvation gas, 800 L h-1; source 

198 temperature, 150 °C. The multiple reaction monitoring (MRM) transitions for the target compounds 

199 were as follows: alachlor: 270.0238.1*, collision energy (CE) =11 eV; 270.0162.1, CE=19 eV. 

200 Acetochlor: 270.0224.1*, CE=10 eV; 270.0148.1, CE=18 eV. Pretilachlor: 312.1252.1*, 

201 CE=15 eV; 312.1176.2, CE=28 eV. Butachlor: 312.1238.1*, CE=11 eV; 312.1162.2 , CE=23 

202 eV. Metolachlor: 284.1252.1*, CE=15 eV; 284.1176.2, CE=25 eV. Diethatyl ethyl: 

203 312.1238.2*, CE=26 eV; 312.1162.2, CE=16 eV. Dimethachlor: 256.1224.1*, CE=14 eV; 

204 256.1148.2, CE=24 eV. Atrazine, 216.1174.1*, CE=17 eV; 216.1132.1, CE=22 eV, where ∗ 

205 represents the quantitative ion. 
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206

207 3 Results and Discussion

208 3.1 Optimization of the preparation method

209 Density functional theory simulations were usually conducted to optimize the synthesis of 

210 molecularly imprinted polymers. The geometries of the monomer, template, and template-monomer 

211 complex in each case were optimized using the Hartree-Fock level of theory with the 6–31G(d) 

212 basis set. The optimization was followed by a frequency analysis to ensure the absence of imaginary 

213 frequencies (as could be seen in Fig. 2). The single point energy and binding energy was calculated 

214 by the energy of the template−functional monomer, template and functional monomers. The energy 

215 of metolachlor deschloro, alachlor, acetochlor, pretilachlor, butachlor, metolachlor, diethatyl ethyl 

216 and dimethachlor was -2.06×106 KJ mol-1, -3.16×106 KJ mol-1, -3.16×106 KJ mol-1, -3.47×106 KJ 

217 mol-1, -3.47×106 KJ mol-1, -3.27×106 KJ mol-1, -3.56×106 KJ mol-1 and -3.06×106 KJ mol-1, 

218 respectively. Combined with the above energy, the selection of monomers reported in the previous 

219 literature [27] and the experimental results, metolachlor deschloro was selected as the template and 

220 methacrylic acid was selected as the functional monomer, and the molar ratio of the metolachlor 

221 deschloro and methacrylic acid was 1:4 in the reaction condition.

222 3.2 Characterization of the adsorbent

223 The FTIR spectrum of the MDMIPs is shown in Fig. 3A. The peaks are observed at 3442 cm-1 

224 (stretching mode of the O-H group), 2929 cm-1 (telescopic vibration of the C-H group), 1728 cm-1 

225 (C-O stretching vibration), 1435 and 1381 cm-1 ( C-H bending vibration), and 1138 cm-1 ( C-O 

226 stretching vibration). The results confirmed the successful synthesis of the MDMIPs.

227 The magnetic hysteresis curve revealed that the MDMIPs exhibited typical superparamagnetic 

228 behavior with little remanence and coercivity (Fig. 3B). Despite a saturation magnetization of 16.04 

229 emu g-1, the well-dispersed MDMIPs were susceptible to external magnetic fields and could be 

230 easily isolated from the solution within 1 min. The excellent magnetic responsiveness of the 

231 MDMIPs simplified the separation and purification process and saved the manipulation time. The 

232 MDMIPs were thus established as a promising absorbent for practical applications. 

233 The morphology of MDMIPs was evaluated using SEM and TEM (Fig. 3C and Fig. 3D). The 

234 straight tubular CNTs and spherical magnetic nanoparticles have been successfully combined. And 

235 there is an imprinting layer on the surface of the MDMIPs. These results confirmed the successful 

236 synthesis of the MDMIPs.
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237 3.3 Adsorption properties of the adsorbent 

238 3.3.1 Adsorption isotherm

239 The modes of binding and site distributions involved in the interaction of acetochlor with the 

240 adsorbent surfaces of the MDMIPs were initially evaluated by performing binding experiments, in 

241 which fixed amounts of the MDMIPs were incubated with different concentrations of acetochlor 

242 until equilibrium was reached. The binding capacity of the MIPs was calculated according to the 

243 following equation: Q=(Ci –Cf )*V/m, where Q (μg mg-1) represents the equilibrium adsorption 

244 capacity of the MDMIPs toward acetochlor, Ci (μg mL-1) is the initial solution concentration, Cf (μg 

245 mL-1) is the final solution concentration, V (mL) is the volume of the solution tested, and m (mg) is 

246 the mass of the MDMIPs. The binding capacities were used to plot the adsorption isotherms (shown 

247 in Fig. 4A). According to the adsorption data, the adsorption capacity of the MDMIPs was 

248 consistently higher than that of the MDNIPs at each point.

249 The binding data of the MDMIPs and MDNIPs were further processed via Scatchard analysis 

250 [28] using the Scatchard equation (Q/C=(Qmax-Q)/Kd), where Q (mg g-1) represents the binding 

251 capacity, C (mg L-1) is the concentration of free acetochlor at equilibrium, Qmax is the maximum 

252 binding capacity, and Kd is the equilibrium dissociation constant at the binding site. The Qmax and 

253 Kd values were calculated from the intercept and slope of the linear plot of Q/C versus Q. The 

254 apparent Q values were as follows: QMDMIPs_max_1=10.8 mg g-1, QMDNIPs_max_2=31.1 mg g-1 (shown in 

255 Fig. 4B), and QMDNIPs_max =15.1 mg g-1 (shown in Fig. 4C). The value of QMDMIPs_max (QMDMIPs_max = 

256 QMDMIPs _max_1+ QMDMIPs _max_2) was calculated to be 41.9 mg g-1. From this data, the occurrence of 

257 two adsorption binding modes can be inferred between the MDMIPs and acetochlor molecules. 

258 Upon saturation of the specific adsorption point, the substance was bound to the non-specific 

259 adsorption site.

260 3.3.2 Dynamic adsorption properties

261 The kinetics of adsorption are of special importance in controlling the mechanism of the 

262 adsorption process and the process efficiency. Therefore, to investigate the adsorption kinetics [29], 

263 the pseudo-first-order “log(qe1-qt)=logqe1-k1*t” and the pseudo-second-order “t/qt=1/(k2*qe2
2) + 

264 t/qe2” models were applied, where qe and qt (mg g-1) represent the concentrations of acetochlor 

265 bound to the MDMIPs at equilibrium and time t (min), respectively, and k1 (min-1) and k2 (g mg-1 

266 min-1) represent the rate constants for adsorption. As shown in Fig. 4D, the capacity of the MDMIPs 

267 to adsorb acetochlor increased rapidly with time in the range of 0–30 min. Under pseudo-first-order 
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268 conditions, the values of k1 and qe1 were calculated to be 0.0098 min-1 and 31.3 mg g-1. Under 

269 pseudo-second-order conditions, the value of k2 was 0.00089 g mg-1 min-1 and that of qe2 was 41.5 

270 mg g-1 (the correlation coefficient exceeded 0.995). Fitting of the curves to both the models 

271 indicated that the pseudo-second-order model was more suitable for explaining the adsorption 

272 behavior of the MDMIPs than the pseudo-first-order model.

273 3.3.3 Selectivity study

274 To demonstrate the ability of the obtained MDMIPs to selectively adsorb the target molecules in 

275 a mixed system containing other compounds, the selectivity of the MDMIPs and the imprinting 

276 effect were evaluated using the relative selectivity coefficient. The values of the static distribution 

277 coefficient δ, selectivity coefficient α, and relative selectivity coefficient β were obtained using the 

278 following equations [30]: δ=Q/C, α=δ(herbicide)/δ(atrazine), β=α(MDMIPs)/α(MDNIPs), where Q represents the 

279 amount of bound MDMIPs, and C represents the initial concentration. The values of δ, α, and β are 

280 listed in Table 1. The β values of alachlor, acetochlor, pretilachlor, butachlor, metolachlor, diethatyl 

281 ethyl, and dimethachlor toward atrazine were 2.07, 2.30, 2.25, 2.30, 1.96, 1.93, and 2.26, 

282 respectively, which might be a result of the imprinting effect, molecular size recognition, and the 

283 interactions between the functional groups of the targets and imprinted cavities.

284 3.4 Optimization of the sample pretreatment conditions

285 The extraction experiments were performed using three replicates. The parameters affecting the 

286 efficiency of the MSPE process were investigated by analyzing the crucian carp. The amount of 

287 MDMIPs, shaking time, and shaking rate were optimized during the adsorption process, and the 

288 results showed that the amide herbicides were adsorbed by 50 mg of the MDMIPs via shaking for 

289 15 min at 250 rpm. The elution conditions, including the eluent solvent and elution time, were 

290 investigated. When one condition was changed, the others were fixed at their optimum values.

291 3.4.1 Amount of the adsorbent

292 During the adsorption process, the MDMIPs were dispersed in the fish extracts. The aim was to 

293 use the minimum amount of MDMPs to obtain satisfactory recoveries of the amide herbicides. 

294 Different masses of the sorbent (30–80 mg) were investigated (Fig. 5A). Satisfactory recoveries 

295 were achieved using 50 mg of the MDMIPs, and with an increase in the mass, the extent of 

296 recovery did not change significantly. Thus, 50 mg of the MDMIPs were used for the subsequent 

297 experiments.

298 3.4.2 Shaking time
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299 The shaking time is also an important factor in the adsorption process. The extraction of the 

300 amide herbicides from the fish samples required sufficient time to reach equilibrium to obtain 

301 satisfactory recoveries. According to Fig. 5B, satisfactory recoveries were obtained in 15 min, 

302 which was deemed the optimum condition.

303 3.4.3 Shaking rate

304 The amide herbicides were shaken to increase their extraction efficiency. As shown in Fig. 5C, 

305 linear recoveries were observed when the shaking rate was in the range of 100 rpm to 300 rpm. The 

306 amide herbicides were extracted via complete exposure to the MDMIPs. Optimized exposure was 

307 achieved at a shaking rate of 250 rpm.

308 3.4.4 Eluent solvent

309 To optimize the recoveries of the amide herbicides, different elution solvents, including 

310 methanol, ACN, a mixture of methanol with acetic acid (v:v=95:5), and ACN mixed with acetic 

311 acid (v:v=95:5) were selected. As can be seen in Fig. 5D, compared with the eluent devoid of acetic 

312 acid, the solution with acetic acid showed higher recoveries. The highest recoveries were obtained 

313 using methanol with acetic acid (v:v=95:5).

314 3.4.5 Elution time

315 Under the optimized conditions, the eluent solvent (1 mL) was used for the extraction of the 

316 amide herbicides by sonicating for 30 s. The result is shown in Fig. 5E, which indicates that 

317 successive extraction for three times using 1 mL of the solvent led to satisfactory extraction and 

318 only a slight increase in the extraction efficiency was observed when the extraction was performed 

319 more than three times. Therefore, the use of 1 mL solvent for three successive extractions was 

320 selected as the optimized condition.

321 3.4.6 Reuse of the adsorbent

322 After the extraction process, the MDMIPs were easily collected, washed, and dried. The reuse 

323 times of the MDMIPS were evaluated based on the recoveries. As shown in Fig. 5F, the recoveries 

324 of the amide herbicides were greater than 75.8%, even in the fourth cycle. It was established that the 

325 MDMIPs could be used four times without any noticeable decrease in the adsorption capacity.

326 3.5 Validation of the methodology 

327 The developed method that combined MSPE with UPLC-MS/MS was validated. Quantitative 

328 calibration curves were obtained from the matrix-matched calibration plots of the analytes. The 

329 correlation coefficients of the seven amide herbicides were greater than 0.995, indicating a linear 
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330 relationship. The limits of detection (LODs) of the seven amide herbicides were in the range of 

331 0.01–0.1 μg kg-1. The recoveries of the amide herbicides were in the range of 88.0–102.1% with the 

332 relative standard deviation (RSD) ranging from 0.4 to 7.5% for the first use of the MDMIP. The 

333 intraday (three replicates) and interday RSD (six replicates) were less than 6.2 and 7.5%, 

334 respectively. Matrix effects were corrected using matrix-matched calibration. The quantitative 

335 matrix effects were calculated at three concentration levels (at three spiking level), by comparing 

336 the analyte peak areas of the analytes in the mobile phase to the analyte peak area of the samples 

337 spiked after extraction. The matrix effects were in the range of -6.1 to 7.9%. The details related to 

338 the method are listed in Table 2, and the total ion chromatogram (TIC) of the spiked sample (0.5 μg 

339 kg-1) is shown in Fig. 6.

340 3.6 Comparison of the proposed method with other methods

341 This method was compared with other methods for the determination of amide herbicides in fish 

342 samples. As can be seen in Table 3, compared with other previous reports, a lower LOD or limit of 

343 quantification (LOQ) was obtained. Owing to the selectivity of the MDMIPS and the magnetic 

344 separation of the adsorbents from the sample matrix, this method allows batch processing of the 

345 samples in a shorter time. In contrast to the non-purification method for detecting amide herbicides 

346 in fish samples, the detection sensitivities increased with the number of repetitions of the extraction 

347 process. In addition, the MDMIPs could be reused three times after the adsorption/desorption 

348 processes after due exposure to an external magnetic field.

349 3.7 Application to real samples

350 This method was further applied to analyze real fish samples (including crucian carp, grass carp, 

351 bighead carp, and shrimp) collected from fishponds or rivers in different cities. Butachlor was 

352 detected at a concentration of 1.89 μg kg-1in one crucian carp sample. The concentration of the 

353 sample obtained by the national standard method was 1.75 μg kg-1. In general, the results were 

354 consistent with those obtained using the national standard methods published by the Chinese 

355 government. The concentration was below the maximum residue limit (MRL) of 10.0 μg kg-1 stated 

356 in the Commission Regulation No 149/2008 [37]. However, according to the DB 37/T 3406-2018 

357 national standard methods, the extract from the fish sample was subjected to the following steps: 

358 combination of the extract→ redissolution→ rotary evaporation→ gel permeation chromatography 

359 (GPC) purification (23 min)→ rotary evaporation (approximately 10 min)→ redissolution→ SPE 

360 purification (14.5 min)→ nitrogen blow drying. The extract from the fish sample was purified using 
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361 GPC and SPE before GC-MS analysis. In this method, the extract from the fish sample was 

362 subjected to the following steps: shaking for extraction (15 min)→ MDMIP purification→ elution 

363 of the analytes→ nitrogen blow drying. The matrix interference was reduced by purifying the 

364 MDMIPs. The MDMIPs used in the MSPE have thus been established to be a prudent choice for 

365 the simultaneous and selective enrichment of low levels of amide herbicides in fish samples. 

366

367 4 Concluding remarks

368 In this study, MDMIPs were prepared using metolachlor deschloro as a dummy template. The 

369 obtained MDMIPs exhibited a high adsorption capacity and selectivity toward the detection of 

370 amide herbicides. The developed MSPE combined with an UPLC-MS/MS method was successfully 

371 applied for the analysis of seven amide herbicides (alachlor, acetochlor, pretilachlor, butachlor, 

372 metolachlor, diethatyl ethyl, and dimethachlor). The developed method achieved low LODs, 

373 appreciable recoveries, low RSDs, and sufficient linearity and was highly feasible for the detection 

374 of herbicides in fish samples. With further research, the MDMIP method can be improved and its 

375 application scope expanded to the analysis of various organic pollutants present in fish products.
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507 Figure captions

508 Fig. 1 Diagram of the adsorption and resolution process

509 Fig. 2 Optimized geometries and bond breaking positions of the amide herbicides.

510 Fig. 3 FTIR spectrum (A), VSM plot (B), SEM image (C) and TEM image (D) of MDMIPs.

511 Fig. 4 Adsorption isotherms corresponding to MDMIPs and MDNIPs (A); Scatchard analysis of 

512 MDMIPs (B) and MDNIPs (C); and kinetics of adsorption by MDMIPs (D).

513 Fig. 5 Optimization of conditions for the recoveries of seven amide herbicides: amount of MDMIPs 

514 (A); shaking time (B); shaking rate (C); eluent solvent (D); elution time (E); and reuse of the 

515 MDMIPs (F).

516 Fig. 6 TIC of the spiked sample (0.5 μg kg-1).
517

Page 18 of 27

Wiley-VCH

Journal of Separation Science



For Review Only

19

518

519 Fig. 1 Diagram of the adsorption and resolution process

520
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521

522

523 Fig. 2 Optimized geometries and bond breaking positions of the amide herbicides.
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529

530 Fig. 3 FTIR spectrum (A), VSM plot (B), SEM image (C) and TEM image (D) of MDMIPs.

531

532

533

534
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535

536 Fig. 4 Adsorption isotherms corresponding to MDMIPs and MDNIPs (A); Scatchard analysis of 

537 MDMIPs (B) and MDNIPs (C); and kinetics of adsorption by MDMIPs (D).

538
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539

540 Fig. 5 Optimization of conditions for the recoveries of seven amide herbicides: amount of MDMIPs 

541 (A); shaking time (B); shaking rate (C); eluent solvent (D); elution time (E); and reuse of the 

542 MDMIPs (F).

543
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544

545 Fig. 6 TIC of the spiked sample (0.5 μg kg-1).

546

Page 24 of 27

Wiley-VCH

Journal of Separation Science



For Review Only

25

547 Table 1 Selectivity parameters of MDMIPs and MDNIPs

MDMIPs MDNIPs

compounds
Static 

distribution

coefficient (δ)

Selectivity

coefficient 

(α)

Static 

distribution

coefficient (δ)

Selectivity

coefficient 

(α)

Relative selectivity 

coefficient (β)

alachlor 75.88 4.92 35.36 2.38 2.07 

acetochlor 75.37 4.89 31.53 2.12 2.30 

pretilachlor 78.00 5.06 33.40 2.25 2.25 

butachlor 72.20 4.68 30.22 2.03 2.30 

metolachlor 73.46 4.76 36.14 2.43 1.96 

diethatyl ethyl 73.30 4.75 36.53 2.46 1.93 

dimethachlor 72.72 4.72 30.95 2.08 2.26 

atrazine 15.42 - 14.86 - -

548

549
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550 Table 2 Recovery, precision, LOD, LOQ, and linearity toward the detection of amide herbicides in spiked fish 

551 samples.

Spiking level

(1*LOQ)

Spiking level

(5*LOQ)

Spiking level

(10*LOQ)
Analytes

LOD

(μg 

kg-1)

LOQ

(μg 

kg-1)

Range

(μg 

kg-1)

Matrix effect  

(%) Recovery 

(%)

RSD 

(%)

Recovery 

(%)

RSD 

(%)

Recovery 

(%)

RSD 

(%)

alachlor 0.1 0.2 0.2-10 -4.1~-1.4 88.0 3.0 94.6 3.4 94.6 1.5

acetochlor 0.1 0.2 0.2-10 -2.5~2.3 89.0 1.9 95.1 3.3 92.6 1.0

pretilachlor 0.02 0.05 0.05-5 0.7~5.3 96.8 5.8 102.1 3.2 101.1 6.2

butachlor 0.05 0.1 0.1-10 -0.6~4.7 91.3 4.0 95.8 2.4 95.6 0.4

metolachlor 0.01 0.02 0.02-2 -6.1~-0.7 95.4 2.8 99.7 2.3 98.2 1.5

diethatyl ethyl 0.1 0.2 0.2-10 2.5~7.9 94.3 3.3 96.7 4.7 98.3 0.8

dimethachlor 0.01 0.02 0.02-2 1.6~6.4 88.0 4.7 95.4 5.0 93.7 1.6

552

553
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554 Table 3 Comparison of the developed method with other methods for the determination of amide herbicides in 

555 aquatic products

Samples (numbers of 

amide herbicides)

Sample purification Determination

LOD

(μg kg-1)

LOQ

(μg kg-1)

Recovery 

(%)

RSD 

(%)

References

fishery products (5) GPC → SPE GC-MS 0.3-0.5 1.0-1.5 70.0-120.0 <15 [25]

fish (5) SPE GC-MS 3-5 10 66.9-110.6 2.0-19.0 [31]

Fish (5) SPE GC-ECD 0.19~0.42 0.63~1.39 71.2-92.6 <4.7 [32]

fish (2) Pass-through cleanup UPLC-MS/MS 0.10-0.16 0.33-0.53 71.8-116.5 <15.3 [33]

Eel and shrimp (1) QuEChERS LC-MS/MS - ≤5.0 68.4-125.2 ≤14.1 [34]

Frog and Fish Tissue (1) SPE GC-MS 0.3 - 77.2-106.0 6.4-6.8 [35]

aquatic products (2) GPC LC-MS/MS

0.011-0.02

7

0.036-0.091 50.0-106.0 9-20 [36]

aquatic product (7) MDMIPs UPLC-MS/MS 0.01-0.1 0.02-0.2 88.0-102.1 <7.5 This method

556
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