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Abstract: 16 

A new and sensitive method using dispersive liquid–liquid microextraction (DLLME) 17 

coupled to micro-solid phase extraction (µ-SPE) onto magnetic nanoparticles was developed 18 

for spectrofluorimetric determination of zearalenone (ZEN) in corn samples. In this study the 19 

solvent used to extract the analyte from solid matrix, was then utilized as disperser solvent in 20 

DLLME process. The DLLME was performed by injecting 3 mL of acetonitrile/water (8:2, 21 

v/v) (disperser) containing 300 µL of 1-heptanol (extraction solvent) into 30 mL of water 22 

sample. In present DLLME-µ-SPE approach, hydrophobic magnetic nanoparticles were used 23 

to retrieve the extractant of 1-heptanol in the DLLME step. In fact the target of µ-SPE was 24 

the 1-heptanol rather than the ZEN. The ZEN was extracted from hydrophobic magnetic 25 

nanoparticles by stirring with 1 mL of acetonitrile for 4 min. Influential parameters affecting 26 

the extraction efficiency were investigated and optimized. Under the optimum conditions the 27 

calibration curve for ZEN determination showed good linearity in the range 0.51–300.0 µg 28 

L
−1

 (R
2 

= 0.9994) and limit of detection (S/N=3) was estimated to be 0.25 µg L
−1

. The intra-29 

day and inter-day precision (RSD %) of ZEN were in the range of 2.7–4.1 %. The high 30 

recoveries ranging from 93.2 to 102.1 % were obtained. The results demonstrated that the 31 

developed method is simple, inexpensive, accurate and remarkably free from interference 32 

effects. Also, this two-step method reclaimed the versatility of DLLME because the selection 33 

of the extraction solvent was no limited to the high density solvents. 34 

Keywords: Zearalenone (ZEN), Dispersive liquid–liquid microextraction (DLLME), micro-35 

solid phase extraction (µ-SPE), Hydrophobic magnetic nanoparticles, Fluorescence 36 

spectroscopy. 37 
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1. Introduction 39 

Zearalenone (ZEN) is an estrogenic resorcylic acid lactone compound (Fig.1) produced by 40 

Fusarium species, in particular Fusarium graminearum, Fusarium culmorum and Fusarium 41 

crookwellense that can infect and proliferate on various agricultural commodities in the field 42 

and/or during storage. ZEN occurs in mainly with corn and wheat but it occurs also in barley, 43 

rice and sorghum amongst other food commodities frequently used in human and animal 44 

diets.
1
 ZEN is a strong estrogenic and anabolic compound that causes reproductive problems 45 

in farm animals. Symptoms may include vaginal swelling (vulvovaginitis) and, in severe 46 

cases, vaginal and rectal prolapse, especially in immature gilts (swine).
2
 Therefore, in order 47 

to minimize the risk to humans and animals, European Community legislation limits the 48 

concentration of ZEN for cereal-based foods intended for consumption by infants and young 49 

children at 20 µg kg
-1-

and for cereal products intended for adults at 100 µg kg
-1

.
3
 Several 50 

analytical methods have been reported for the determination of ZEN such as thin-layer 51 

chromatography (TLC),
4
 enzyme-linked immunosorbent assay (ELISA),

5
 high-performance 52 

liquid chromatography (HPLC),
6-9

 ultra-performance liquid chromatography with tandem 53 

mass spectrometry (UPLC-MS-MS),
10

 spectrofluorimetry with molecularly imprinted 54 

optosensing material (MIOM),
11 

fluorescence resonance energy transfer immunoassay 55 

(FRETI),
12

 and fluorescent-labeled immunosorbent assay (FLISA).
13

 Although some of these 56 

analytical techniques, such as HPLC and UPLC-MS-MS, benefit from high sensitivity and 57 

low detection limit, they require the involvement of skilled personnel and expensive 58 

instrumentation. The development of a new method with simplicity, reliability, high 59 

sensitivity and specificity for routine analysis of ZEN is desirable. Thus, spectrofluorimetry 60 

can be considered as a valuable method because of its simplicity, high sensitivity, relative 61 

selectivity, low cost, and less time consuming.
14,15

 Since the matrices of the food samples are 62 

often complex, determination of ZEN in real samples requires a pretreatment step for sample 63 
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enrichment and clean-up before analysis. Generally pretreatment step involves an 64 

acetonitrile–water (8:2, v/v) extraction followed by a clean-up step. Various purification 65 

methods have been reported for extraction and clean-up of ZEN such as dispersive liquid–66 

liquid microextraction (DLLME),
16

 solid phase extraction (SPE) with C18 cartridges,
17

 solid 67 

phase extraction with molecular imprinting polymer (MIP),
6,7,11

 and solid-phase extraction 68 

with immunoaffinity column (IAC).
18

 IAC is the most common clean-up method which 69 

allows a highly selective separation of analyte from a complex matrix
15

. However, IAC has 70 

some important disadvantages such as relatively high cost, lake of reusability, long operation 71 

time and limited shelf-life.
19,20 

Recently, dispersive liquid–liquid microextraction (DLLME) 72 

has been introduced as a single step separation and preconcentration method and it has found 73 

extensive application, as highlighted by several reviews.
21-24 

Conventional DLLME is based 74 

on a ternary component solvent system in which an appropriate mixture of the extracting 75 

solvent and disperser solvent is rapidly injected into the aqueous sample. Then, the extracting 76 

solvent is dispersed into the aqueous phase and target analytes are extracted into the fine 77 

droplets of extracting solvent.
21

 Next, centrifugation is applied to sediment the extracting 78 

solvent from water samples. The extracting solvent containing the extracted analytes is then 79 

withdrawn by using a syringe and subjected to final analysis. Conventional DLLME was 80 

restricted to the usage of a high-density solvent. Generally, organic solvents denser than 81 

water are quite toxic and harmful to the environment. Also, the numbers of organic solvents 82 

denser than water are limited to chlorinated solvents such as chlorobenzene, chloroform, 83 

tetrachloromethane and tetrachloroethane. Then, the use of a solvent denser than water is a 84 

disadvantage and limits wide applicability of DLLME. In recent years, DLLME with a low-85 

density organic solvent as the extractant had been developed to overcome these 86 

disadvantages.
25,26

 But it requires additional processing steps, apart from the mandatory 87 

centrifugation, including refrigeration to freeze the organic solvent, manually retrieving it to 88 
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let it thaw, and use of additional materials such as surfactants or an apparatus such as special 89 

test tubes.
25-27 

To overcome these drawbacks, DLLME coupled with µ-SPE (DLLME-µ-SPE) 90 

has been introduced for the determination of some analytes such as metal chelates, polycyclic 91 

aromatic hydrocarbons and 4-n-nonylphenol.
27-29

 In this method, µ-SPE based on 92 

hydrophobic magnetic nanoparticles is applied to retrieve the extraction phase of DLLME by 93 

adsorption. Then, separation is quickly carried out by the application of an external magnetic 94 

field. This two-step microextraction procedure lacks tedious steps such as centrifugation, 95 

refrigeration to freeze and manual collection of extraction phase. The aim of this study was to 96 

investigate the applicability of the DLLME coupled with µ-SPE for enhanced 97 

spectrofluorimetric determination of ZEN in corn samples. 1-heptanol was used as extraction 98 

solvent in DLLME step and dispersed as fine droplets. The formed micro-emulsion phase can 99 

retrieve ZEN and then is rapidly partitioned on the surface of hydrophobic magnetic 100 

nanoparticles. Since, 1-heptanol is a large alcohol with non-polar hydrophobic region, a 101 

hydrophobic interaction can be occurs between 1-heptanol and hydrophobic magnetic 102 

nanoparticles. To the best of our knowledge, this is the first report about application of 103 

DLLME-µ-SPE for separation and spectrofluorimetric determination of ZEN in corn 104 

samples. All the experimental parameters affecting the two-step extraction were investigated 105 

in details and the analytical characteristics of the method were evaluated. The method was 106 

demonstrated to be applicable for the analysis of ZEN in cereal samples. 107 

2. Experimental 108 

2.1. Standards and materials  109 

The standard solution of ZEN (10000 µg L
−1

 in acetonitrile) and all HPLC-grade solvents 110 

such as acetone (Me2CO), acetonitrile (MeCN), dichloromethane (CH2Cl2), methanol 111 

(MeOH), ethanol (EtOH), ethyl acetate (C4H8O2), toluene (C6H5-CH3), 1-heptanol (C7H16O), 112 

1-octanol (C8H18O), 2-ethylhexanol (C8H18O), diethyl ether ((C2H5)2O), 1,4 dioxane, and 113 
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water (H2O) were purchased from Sigma–Aldrich (St. Louis, MO, USA).  114 

Iron (III) chloride hexahydrate (FeCl3.6H2O), Iron (II) chloride tetrahydrate (FeCl2.4H2O), 115 

tetraethyl orthosilicate (TEOS) and other used chemicals were supplied by Merck 116 

(Darmstadt, Germany). As safety notes, all used laboratory glassware were treated with an 117 

aqueous solution of sodium hypochlorite (5%) before the discarding to minimize health risks 118 

due to ZEN contamination. 119 

2.2. Instrumentation 120 

The fluorescence measurements were performed using a Cary Eclipse Fluorescence 121 

Spectrophotometer (Varian, USA) equipped with a xenon lamp. All measurements were 122 

performed in 10 mm quartz microcells, at room temperature. Spectra recording were carried 123 

out in fluorescence scan mode with the slit widths of 5 nm. The PMT detector was used for 124 

recording the emission lines and set on 600 V. The modified magnetic nanoparticles were 125 

characterized by an H-800 transmission electron microscope (TEM) (Hitachi, Japan), 126 

APD2000 x-ray diffractometer (XRD) (Italstructures, Italy) and FT-IR spectrometer (Perkin 127 

Elmer, spectrum version 10.01.00, USA). A permanent magnet of Nd-Fe-B (100 mm×50 128 

mm×40 mm, Model N48, China) was used for magnetic separation. Vortex mixer Model L46 129 

(LABIN Co., Netherlands) was used for better combining and accelerating reaction between 130 

reagent. 131 

2.3. Synthesis of TEOS functionalized magnetic nanoparticles  132 

The magnetic nanoparticles (MNPs) were prepared via improved chemical co-precipitation 133 

method. FeCl3·6H2O (11.68 g) and FeCl2·4H2O (4.30 g) were dissolved in 200 mL deionized 134 

water under nitrogen atmosphere with vigorous stirring at 85 °C. Then, 20 mL of 30% 135 

aqueous ammonia solution was added to the solution. The color of the bulk solution changed 136 

from orange to black immediately. The magnetic precipitate was washed twice with 137 
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deionized water and once with 0.02 mol L
−1

 sodium chloride solution.
30,31

 The washed MNPs 138 

were stored in deionized water at a concentration of 40 g L
−1

. Then, 20 mL of above prepared 139 

magnetic suspension was placed in a 250 mL round-bottom flask and allowed to settle. The 140 

supernatant was removed and coating of MNPs with TEOS was carried with the addition of 141 

an aqueous solution of TEOS (10 %, v/v, 80 mL), followed by glycerol (60 mL). The 142 

mixture was then stirred and heated at 90 °C for 2 h under a nitrogen atmosphere. After that, 143 

the resulting modified nanoparticles (TEOS–Fe3O4) were washed with deionized water 144 

(3×250 mL), methanol (2×150 mL), deionized water (3×250 mL) and dried as black powders 145 

in a vacuum oven at 45 °C for 2 h.
32

 146 

2.4. Real sample pretreatment  147 

Corn samples were purchased from a local market and were stored at 4 °C until their analysis. 148 

These samples were weighed and 25 g of thoroughly homogenized were extracted with 100 149 

mL of a mixture of MeCN/H2O (8:2, v/v) with a blender at high speed for 3 min. The extracts 150 

were filtered on a filter paper (Whatman No 44) and then processed by DLLME.  151 

2.5. Analytical procedure 152 

320 µL of 1-heptanol (as extraction solvent of DLLME) was added to an aliquot of 3 mL of 153 

MeCN 80% extract (used as disperser solvent) and the mixture was rapidly injected into a 30 154 

mL vial with conical bottom containing 15 mL of water. Then, the vial was sealed and 155 

swirled on a vortex agitator at 3500 rpm for 1 min (equilibration time). After that, 50 mg of 156 

the magnetic nanoparticles were quickly added to the vial. The solution was stirred for 3 min 157 

to facilitate adsorption of target analyte on the surface of MNPs. Then, the magnetic 158 

adsorbent was collected using an external magnet and supernatant water was decanted. The 159 

adsorbed ZEN was desorbed from surface of the adsorbent by the addition of 1 mL MeCN 160 

and stirring for 4 min. Finally, the magnet was used again to settle the nanoparticles, and the 161 
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desorbed solution was evaporated under a gentle nitrogen flow. The residue was reconstituted 162 

in 300 µL of diethyl ether for spectrofluorimetric detection. 163 

3. Results and discussion 164 

The analysis of low levels of contaminants in solid matrices such as foods and food products 165 

requires a sample treatment, before analysis and a purification procedure of the extract to 166 

increase sensitivity and achieve low levels of detection. In this study, DLLME-µ-SPE was 167 

used as a clean-up and preconcentration technique of solid sample extract and 168 

spectrofluorimetry has been applied for determination of ZEN. The intensity of the 169 

fluorescence peak was used to assess the extraction efficiency under various conditions (the 170 

wavelengths of 270 and 380 nm were used as maximum excitation and emission 171 

wavelengths). A univariate approach was employed to optimize influential factors in this 172 

method and all results were average of three replicate measurements. 173 

3.1. Characterization of the adsorbent 174 

To confirm that TEOS is bonded to the Fe3O4 NPs, the characterization was performed by 175 

FT-IR spectroscopy. The FT-IR spectra for Fe3O4 and TEOS-Fe3O4 are shown in Fig. 2a and 176 

2b. The characteristic peak of Fe3O4 nanoparticles can be seen in Fig. 2a, as a strong 177 

absorption band at 571 cm
−1 

which corresponds to Fe-O band of bulk magnetite. This band 178 

can be observed in TEOS-Fe3O4 spectrum too. The broad feature in the range 3441–3220 179 

cm
−1

 is due to O–H stretching vibration, which corresponds to the hydroxyl groups attached 180 

by the hydrogen bonds to the iron oxide surface (Fig. 2a). After initial coating step, the 181 

characteristic peaks at 1103-1030 cm
−1

 are related to the O–Si stretching vibration (Fig. 2b). 182 

Also Fig. 3a displays the TEM image of TEOS-Fe3O4, which illustrates the relatively uniform 183 

size distribution of this adsorbent with a mean diameter of approximately 10 +1.2 nm. X-ray 184 

diffraction patterns of TEOS-MNPs was shown in Fig. 3b, representing the reflection patterns 185 

Page 8 of 32RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t
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at peak position (2ө) of about 30.2, 35.3, 43.2, 57.2, 62.7, and 74.2 which correspond to the 186 

reflection planes of 220, 311, 400, 511, 440, and 622, respectively. The position and relative 187 

intensity of all diffraction peaks are consistent with the standard pattern of Fe3O4 according to 188 

the JCPDS card.
33

 The average particle size of TEOS-Fe3O4 adsorbent using on the Scherrer 189 

equation based on the most intense XRD peak (311-diffraction peak, 2ө=35.3) was calculated 190 

9.5 nm which is in good agreement with that obtained of used TEM image. 191 

3.2. Optimization of the DLLME-µ-SPE method 192 

3.2.1 Selection of the disperser solvent 193 

The solvent used to primary extract of the analytes from solid matrix must then act as 194 

disperser solvent in DLLME process, therefore, its selection must take into account both the 195 

properties required to the primary extracting solvent and DLLME dispersant.
34

 Generally, an 196 

aqueous mixture of MeCN (MeCN 80%) was applied for the extraction of ZEN from food 197 

samples,
6,11

 while Me2CO, MeCN and MeOH are usually used as disperser solvents in 198 

DLLME method. On the basis of these considerations, the usefulness of several solvents, 199 

including Me2CO, MeOH, MeCN, EtOH, MeOH 80% and MeCN 80% was investigated in 200 

the preliminary experiments. The extraction efficiencies achieved with MeCN 80% were 201 

higher than other solvents (see Fig. 4). Therefore MeCN 80% was selected as extraction 202 

solvent of ZEN from the cereal samples and as disperser solvent in DLLME for subsequent 203 

experiments. Furthermore, the effect of disperser solvent volume on ZEN recovery was 204 

investigated in the range of 1-5 mL. The obtained results (Fig.S1, Electronic Supplementary 205 

information; ESI) showed that the extraction efficiency increased with increasing volume of 206 

MeCN 80% to 3 mL and then decreased at higher volumes due to the increased solubility of 207 

ZEN in the aqueous phase. Also, this led to a decrease in extraction efficiency because of a 208 

decrease in the distribution ratio. Based on the obtained results, further studies were 209 

performed with 3 mL of MeCN 80%. 210 
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10 

3.2.2. Optimization of DLLME 211 

The effect of various experimental parameters, such as the type and the volume of the 212 

extraction solvent, salt addition, equilibration time and water volume were investigated. The 213 

selection of a suitable extracting solvent is of great importance for the optimization of 214 

DLLME process. Also, for new DLLME method an extracting solvent must have several 215 

characteristics: it should have good emulsification efficiency in the aqueous sample, high 216 

affinity for compounds of interest, low solubility in water, low density and a low vapor 217 

pressure to prevent loss during agitation. On the basis of these considerations, the usefulness 218 

of several low-density organic solvents, including ethyl acetate, toluene,  219 

1-heptanol, 1-octanol and 2-ethylhexanol were investigated in the preliminary experiments. 220 

Among them a stable cloudy solution and good extraction efficiency were observed with  221 

1-heptanol (Fig. 5). The volume of extracting solvent is an important parameter which can 222 

influence the occurrence of the cloudy state and efficiency of extraction process. The effect 223 

of extracting solvent volume on the extraction of ZEN was investigated in the range of 250–224 

350 µL. The results are shown in Fig. S2. As can be seen, fluorescence intensity of ZEN 225 

increased with increasing the volume of extracting solvent from up to 310 µL and then 226 

decreased with further increases in solvent volume due to dilution effects. The volumes 227 

smaller than 250 µL were avoided due to dissolution of organic solvent in aqueous phase. 228 

Therefore, the volume of 320 µL was selected as an optimum solvent volume for further 229 

studies. Addition of the salt to the sample may have several effects on the extraction 230 

efficiency. Generally, the addition of salt can decrease the solubility of target analytes in the 231 

aqueous phase and promote the transfer of analytes toward the organic phase and thus 232 

improve the extraction efficiency (salting-out) 
21

. Also addition of the salt increases the 233 

viscosity and density of the solution. This can reduce the efficiency of emulsification 234 

phenomenon because lower solubility of extracting solvent in aqueous phase. In this study, 235 
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the effect of salt addition on the extraction efficiency was investigated by addition of 236 

different amounts of NaCl (0–5% W/V) into the spiked samples. The results were shown that 237 

the extraction efficiency of ZEN was almost constant in the range of 0–5% (Fig. S3). Then, 238 

no addition of salt was chosen in the subsequent experiments. The effect of water volume on 239 

the ZEN extraction was investigated using different water volumes in the range of 3–25 mL. 240 

The rustles were shown that the analyte recoveries were also affected statistically by water 241 

volume and to obtain a higher enrichment factor, a larger volume of water is required. On the 242 

other hand, the extraction efficiency would decrease at very high water volumes due to the 243 

increased solubility of ZEN in the aqueous phase. The extraction efficiency was constant in 244 

the range of 3-18 mL and then decreased at higher water volumes (Fig. S4). Thus, the volume 245 

of 15 mL of water was selected for subsequent experiments. The last factor of the DLLME 246 

step was the equilibration time which is important in the most microextraction procedures. In 247 

this work, equilibration time is defined as interval time from the occurrence of the cloudy 248 

state and just before addition of the hydrophobic magnetic nanoparticles. Equilibration time 249 

was investigated in the range of 0–300 s maintaining the rotational speed at the maximum 250 

level (3500 rpm) to maximize energy transfer and reduce mixing time. Results (Fig.S5) 251 

indicated that fluorescence intensity increased with increasing of equilibration time up to 60 s 252 

and then levelled off with further increases in time. Thus the minimum time of 60 s was 253 

selected as equilibration time for subsequent experiments. 254 

3.2.3. Optimization of magnetic µ-SPE step 255 

The parameters associated with the magnetic µ-SPE step, involving the amount of 256 

hydrophobic MNPs (TEOS-Fe3O4), adsorption and desorption times, type and volume of 257 

desorption solvent, were investigated and optimized. The amount of hydrophobic MNPs 258 

(TEOS-Fe3O4) is important parameter to accomplish quantitative removal of the extraction 259 

phase, containing the ZEN. Then, the different amounts of TEOS- Fe3O4 were investigated in 260 
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the range 10-100 mg. The results showed that the extraction efficiency increased with 261 

increasing amounts of adsorbent up to 70 mg and then leveled off (Fig. S6). Therefore, 50 mg 262 

of TEOS-Fe3O4 was selected for the further experiments. For studying the effect of 263 

adsorption time on extraction efficiency, adsorption time was investigated in the range of 1-264 

10 min and obtained results showed that an adsorption time of 3 min was sufficient to attain 265 

adsorption equilibrium (Fig. S7). Afterwards, the usefulness of several of organic solvents as 266 

desorption solvent was investigated in desorption step (Fig. 6). As can be seen the best result 267 

was found with 1 ml of MeCN. The effect of desorption solvent volume on ZEN recovery 268 

was further investigated in the range of 0.3-2 mL and the maximum sensitivity was obtained 269 

over the range 0.8-2 mL (Fig. S8). Therefore, 1 mL of acetonitrile was selected. Also the 270 

effect of desorption time was investigated in the range of 1–7 min (Fig. S9). A duration time 271 

of 4 min appeared to be sufficient for complete desorption.  272 

3.3. Reconstituting solvent effect 273 

Solvent polarity has a remarkable effect on the fluorescence intensity of ZEN. The 274 

fluorescence intensity of ZEN increases with reducing of solvent polarity, a property known 275 

to influence fluorescence properties.
35,36

 The influence of polarity of solvent on the 276 

fluorescence of ZEN was examined by investigating the effect of several organic solvents 277 

such as acetonitrile, acetone, methanol, ethanol, diethyl ether and 1,4 dioxane on fluorescence 278 

intensity (Fig. S10). The experimental results showed that the greatest enhancement was 279 

observed in diethyl ether. Therefore, to enhance the fluorescence efficiency of ZEN, 280 

desorbing solvent was evaporated and residual was reconstituted in 300 µL of diethyl ether.  281 

3.4. Analytical parameters 282 
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Under the selected experimental conditions, a linear calibration graph based on series 283 

standards was obtained over the range 0.51-300.0 µg L
-1 

of ZEN standard solutions with the 284 

linear regression equation If = 4.4819C + 8.1858 (If, fluorescence intensity and C, µg L
-1

of 285 

ZEN) and correlation coefficient R
2
 =0.9994. Limit of detection (LOD=3.3Sb/m, where Sb is 286 

the standard deviation for ten blank measurements and m is the slope of the calibration curve) 287 

was found to be 0.25 µg L
-1

. The precision of the method was evaluated (as RSD %) through 288 

investigation intra-day precision and inter-day precision. The intra-day precision was 289 

evaluated over five replicates spiked at two concentration levels (1 and 5 µg·L
-1

 of ZEN) 290 

within one day (n=5). The inter-day precision was evaluated over five daily replicates, spiked 291 

at same level per work day, over a period of three days (n=15). The results were listed in 292 

Table 1. Furthermore, to investigate the possible matrix effect on the ZEN determination in 293 

real sample, the limits of matrix-matched detection (LOD, S/N=3) and quantification (LOQ, 294 

S/N=10) were evaluated from matrix-matched calibration. The values of MM-LOD and MM-295 

LOQ were obtained to be 0.28 µg kg
-1

 and 0.58 µg kg
-1

, respectively. Solutions for matrix-296 

matched calibration were prepared by spiking appropriate amounts of ZEN working solutions 297 

to the none-contaminated corn sample and following the DLLME-µ-SPE procedure and 298 

fluorescence measurement. The results indicated that sample matrix cannot significantly 299 

affect the ZEN determination. Also, enrichment factor (EF) was calculated by EF= VS/VR × 300 

R% definition (where VS is the sample volume, VR is the reconstituting solvent volume, and 301 

R% is extraction yield). In this study, by extracting 18 mL of sample solution into 300 µL of 302 

reconstituting solvent (Recovery=97.5 %), the enrichment factor of 58.5 was achieved for 303 

ZEN determination by the developed method. Adsorption capacity of adsorbent is 304 

investigated by static desorption method. For this purpose 50 mg of hydrophobic adsorbent 305 

was equilibrated with 18 mL of dispersed analyte solution after DLLME step, containing 306 

various concentrations at optimum conditions. After 10 mine the mixture was filtered and 307 
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supernatant were analyzed. The results showed that the amount of analyte adsorbed per unit 308 

mass of adsorbent was increased linearly with the initial concentration of ZEN and then was 309 

reached to a plateau value (adsorption capacity value), which represent saturation of the 310 

active surface of hydrophobic adsorbent for ZEN. The maximum adsorption capacity of 311 

prepared adsorbent for ZEN was found to be 0.625 mg g
−1

. 312 

3.5. Selectivity study  313 

Selectivity and competitive extraction experiments were carried out using zearalenone 314 

(ZEN), aflatoxins (AFB1, AFB2, AFG1 and AFG2), ochratoxin A (OTA) and deoxynivalenol 315 

(DON) which are other mycotoxins that may exist in cereals. Therefore, the possible 316 

interference effects of total AFs, DON and OTA was studied by co-existing of them alone 317 

and in mixture. The obtained results (Table 2) showed that the recoveries were not 318 

significantly affected by the presence of the interferences, indicating good selectivity for 319 

determination of ZEN in corn.  320 

3.6. Real sample analysis 321 

To test the applicability of the proposed method in real cereal samples, it was applied to the 322 

determination of ZEN in corn samples. Recovery studies were carried out by spiking the 323 

samples with different amounts of ZEN. Results (Table. 3) showed that the recovery values 324 

were in the range of 93.4 to 103.1 %. Also, Fig. 7 shows the typical spectra of the spiked (5 325 

µg kg
-1

 of ZEN) and non-spiked corn sample at optimum working conditions. Comparison of 326 

the spectra and acceptable recoveries demonstrated that the matrices of corn sample had no 327 

effects on the performance of the presented method. Accuracy of the developed method for 328 

the determination of ZEN in two contaminated real samples was checked with IAC-HPLC-329 

FD results (the AOAC standard method). 
37

 The results are presented in Table 4. The 330 

statistical analysis of the results using Student’s t-test showed that there are no significant 331 
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differences between results obtained by two methods at 95% confidence level. Furthermore a 332 

comparison of the analytical feature achieved by the proposed method and other methods for 333 

ZEN determination is presented in Table 5. The presented method has distinct advantages in 334 

term of low detection limit, wide linear range, ease of operation and simplicity. 335 

4. Conclusion 336 

A new two-step microextraction procedure, based on DLLME coupled with µ-SPE with 337 

hydrophobic magnetic nanoparticles, was developed for spectrofluorimetric determination of 338 

zearalenone in corn samples. In this method, DLLME is directly used for extraction and 339 

separation of ZEN from solid matrix and µ-SPE is applied to collect the extraction phase of 340 

DLLME. The developed method lacks tedious steps of conventional microextraction 341 

methods, such as centrifugation, refrigeration and thawing of organic solvent and manual 342 

collection of extraction phase, and is fast. Also, it is demonstrated that an organic solvent 343 

with lower density than water can be used in DLLME without involving any special 344 

apparatus. Other advantages of this method are simplicity of the extraction, minimum organic 345 

solvent consumption, excellent enrichment in a short extraction time, good repeatability and 346 

reproducibility, low cost and high accuracy. The good spiked recoveries of ZEN in real 347 

samples and the inherent high sensitivity and selectivity of spectrofluorimetric method 348 

showed that the present method was sufficiently applicable for determination of ZEN in real 349 

samples. 350 

351 
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Figure Captions: 411 

Fig. 1. The molecular structure of zearalenone.  412 

Fig. 2. FT-IR spectra of MNPs (a) and TEOS-MNPs (b). 413 

Fig. 3. SEM image of TEOS-MNPs (a) and X-ray diffraction pattern of TEOS-MNPs (b). 414 

Fig. 4. Effect of dispersive solvent type. Conditions: dispersive solvent volume, 4 mL 415 

containing 5 µg L
-1

 of ZEN; extracting solvent volume and type, 310 µL of 1-heptanol; water 416 

volume, 15 mL, equilibration time, 120 s, adsorbent amount, 80 mg; adsorption time, 5 min; 417 

desorption time, 5 min, desorption solvent volume and type, 1 mL of MeCN; reconstituting 418 

solvent, 300 µL of diethyl ether; without salt addition. Error bars represent the standard 419 

deviation for three experiments.  420 

Fig. 5. Effect of extracting solvent type. Conditions: dispersive solvent volume and type, 3 421 

mL of MeCN 80 % containing 5 µg L
-1

 of ZEN; extraction solvent volume, 310 µL; water 422 

volume, 15 mL, equilibration time, 120 s, adsorbent amount, 80 mg; adsorption time, 5 min; 423 

desorption time, 5 min, desorption solvent volume and type, 1 mL of MeCN; reconstituting 424 

solvent, 300 µL of diethyl ether; without salt addition. Error bars represent the standard 425 

deviation for three experiments. 426 

Fig. 6. Effect of desorption solvent type. Conditions: dispersive solvent volume and type, 3 427 

mL of MeCN 80 % containing 5 µg L
-1

 of ZEN, extracting solvent volume and type, 320 µL 428 

of 1-heptanol, water volume, 15 mL, equilibration time, 60 s, adsorbent amount, 50 mg; 429 

adsorption time, 3 min; desorption time, 5 min, desorption solvent volume, 1 mL; 430 

reconstituting solvent, 300 µL of diethyl ether; without salt addition. Error bars represent the 431 

standard deviation for three experiments. 432 
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Fig.7. The typical spectra of non-spiked corn (blank) (a) and spiked corn(b). Conditions:: 433 

dispersive solvent volume and type, 3 mL of MeCN 80 % containing 5 µg L
-1

 of ZEN; 434 

extracting solvent volume and type, 320 µL of 1-heptanol; water volume, 15 mL; 435 

equilibration time, 60 s; adsorbent amount, 50 mg; adsorption time, 3 min; desorption time, 4 436 

min; desorption solvent volume and type, 1 mL of MeCN; reconstituting solvent, 300 µL of 437 

diethyl ether; without salt addition. Error bars represent the standard deviation for three 438 

experiments. 439 

  440 
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Fig.1 441 

 442 

 443 

  444 
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Fig.2 445 

 446 

 447 

448 
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Fig. 3 449 

 450 

 451 

 452 

 453 

  454 

Page 23 of 32 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



24 

Fig.4 455 
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Fig.5 458 
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Fig.6 461 
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Fig. 7 464 
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Table 1 467 

The characteristic data of the proposed method. 468 

Parameters Data 

Dynamic range (µg L
-1

) 0.5–300 

Correlation coefficient (R
2
) 0.9994 

Intra-day precision (RSD%, n=5) 3.6
a
 

2.7
b
 

Inter-day precision (RSD%, n=15) 4.1
a
 

3.1
b
 

Limit of detection (3.3Sb/m 
c
, µg L

-1
) 0.25 

a
 For 1 µg L-1 of  ZEN  469 

b For 5 µg L-1 of  ZEN  470 
c 

Sb is the standard deviation for ten blank measurements and m is the slope of the calibration 471 

curve. 472 

  473 
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Table 2 474 

Effect of mycotoxins interferences on the extraction efficiency of ZEN (5 µg kg
-1

). 475 

Interferences Concentration (µg kg
-1

) Recovery ± RSD (%) 

Aflatoxins 5 94.9 ± 2.7 

OTA 5 96.3 ± 2.6 

DON 5 95.2 ± 3.1 

Mixture Total 94.1 ± 2.5 

 476 

 477 

  478 
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Table 3 479 

Determination of ZEN in spiked corn samples. 480 

Corn sample  Spiked (µg kg
-1

)  Found (µg kg
-1

)
a

  Recovery (%) RSD % 

Sample 1  0.00  NDb  —  

  10.00  9.68  96.8 2.4 

  15.00  14.31  95.4 2.1 

  20.00  20.41  102.1 1.9 

        
Sample 2  0.000  ND  —  

  10.00  9.34  93.4 2.6 

  15.00  14.56  97.1 2.2 
  20.00  18.86  94.3 1.8 

        

Sample 3  0.000  ND  —  
  10.00  9.85  98.5 2.5 

  15.00  15.23  101.5 2.0 

  20.00  18.64  93.2 1.7 
a Mean of three determinations. 481 
b
 ND, not detected 482 

  483 
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Table 4 484 

Comparison of ZEN analyses (mean ± SD, n=3) in contaminated corn samples by proposed 485 

method and HPLC-FD method. 486 

Corn sample. Proposed method  HPLC-FD  
a

 

 ZEN (µg kg
-1

)  ZEN (µg kg
-1

) 

Sample 1 2.51 ± 0.07  2.66 ± 0.08 

    

Sample 2 10.34 ± 0.23  10.11 ± 0.27 
a
 HPLC analysis by AOAC standard method.

40 
487 

  
488 
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Table 5 489 

Comparison of diverse methods for the determination of ZEN. 490 

Method Matrix LOD 

(µg kg−1) 

Linear range  

(µg kg−1) 

Recovery 

(%) 

Reference 

QuEChERS
1
-HPLC-LSD barley 1.56 0.1-10 83.6-91.5 [2] 

MIP-SPE-HPLC-FD corn, wheat — 20–8800 82-87 [6] 

MIP-SPE-HPLC-FD wheat, barley, corn, 1.7-2.4 6–500 86-97 [7] 

IAC-HPLC-FD wheat, barley, maize 3.5-17.6 — 84.0-105.0 [8] 
SPE-HPLC-DAD corn 0.7  0-400 90.0 [9] 

DLLME-µ-SPE-

Spectrofluorimetry 

corn 0.58 0.51-300 93.2-102.1 This work 

1Quick Easy Cheap Effective Rugged and Safe method 491 
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