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A quantitative method consisting of solvent extraction
followed by liquid chromatography/time-of-flight mass
spectrometry (LC/TOF-MS) analysis was developed for the
identification and quantitation of three neonicotinoid
pesticides (imidacloprid, acetamiprid, thiacloprid) com-
monly used on salad vegetables. Accurate mass measure-
ments within 3 ppm error were obtained for all the
pesticides studied in various vegetable matrixes (cucum-
ber, tomato, lettuce, pepper), which allowed an unequivo-
cal identification of the target pesticides. Calibration
curves covering 2 orders of magnitude were linear over
the concentration range studied, thus showing the quan-
titation ability of TOF-MS as a monitoring tool for pesti-
cides in vegetables. Matrix effects were also evaluated
using matrix-matched standards showing no significant
interferences between matrixes and clean extracts. Intra-
day reproducibility was 2-3% relative standard deviation
(RSD) and interday values were 5% RSD. The precision
(standard deviation) of the mass measurements was
evaluated and it was less than 0.23 mDa between days.
Detection limits of the chloronicotinyl insecticides in salad
vegetables ranged from 0.002 to 0.01 mg/kg. These
concentrations are equal to or better than the EU direc-
tives for controlled pesticides in vegetables showing that
LC/TOF-MS analysis is a powerful tool for identification
of pesticides in vegetables and is a valuable new tool for
environmental monitoring of insecticides in food. Robust-
ness and applicability of the method was validated for the
analysis of market vegetable samples. Concentrations
found in these samples were in the range of 0.02-0.17
mg/kg of vegetable.

Pesticide residues are a major environmental issue in vegetable
samples, and the identification and quantitation of insecticides in
vegetables is of great importance to individuals and health
organizations around the world. The European Union (EU) has
set new directives for pesticides at low levels in vegetables in order
to meet these health concerns. For example, new laws such as
the European Directive 91/414/EEC, or the Food Quality Protec-
tion Act (FQPA) in the United States have increased the standards
for human health, workers, and environmental protection. More-
over, the quality standards within the new regulations include the
reassessment of the maximum residue limits (MRLs) for veg-
etables. Therefore, EU directives are setting different MRLs for

each pesticide within each food group. Furthermore, the new
directive also leads to different MRLs for each EU country, which
are still being decided. Within the EU, MRLs have been estab-
lished for some pesticides in many fruits and vegetables ranging
from 0.01 to 3 mg/kg.1 For fruits and vegetables intended for
production of baby food, an MRL of 0.01 mg/kg is applicable for
all pesticides.2 Finally, banned compounds have the lowest MRLs,
which is set now at 0.01 mg/kg. This threshold level is also
frequently applied for testing compliance with guidelines for
organic production, and new methods of analysis should reach
these levels.

Use of agrochemicals at various stages of cultivation has,
therefore, an important impact in food protection and quality
preservation. For this reason, a proper monitoring of pesticide
residues is important for the assessment of human exposure to
pesticides through foods.3-15 Traditionally, the screening of
pesticides in food has been accomplished by gas chromatography/
mass spectrometry (GC/MS) methods.4 However, many of the
new polar and thermally labile pesticides are more readily and
easily analyzed by liquid chromatography methods.3 In this sense,
liquid chromatography/mass spectrometry (LC/MS) is becoming
a standard tool for pesticide residue analysis in fruits and
vegetables.3,4 For instance, pesticide analysis in food is moving
toward LC/MS methods, such as single, triple quadrupole, and
LC/MS ion trap mass spectrometry in order to analyze the
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(3) Picó, Y.; Font, G.; Moltó, J. C.; Mañes, J. J. Chromatogr., A 2000, 882, 153-

173.
(4) Careri, M.; Bianchi, F.; Corradini, C. J. Chromatogr., A 2002, 970, 3-64.
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complex matrixes of fruit and vegetable extracts.16-27 A recent
review by Picó et al.5 on LC/MS analysis of pesticides in food
shows that over approximately 100 papers have been published
in the past 10 years using LC/MS; however, there are no reports
mentioned using time-of-flight mass spectrometry (TOF-MS) for
food analysis. Part of the lack of TOF application has been the
recent nature of LC/TOF-MS systems being available in the
market place as well as the difficulty of performing calibration
and quantitation by TOF-MS, which has kept the instrument more
of a research tool than a routine tool for environmental
monitoring.28-32 The analytical methodologies employed for moni-
toring of pesticides in food should be capable of measuring low
levels and must provide unambiguous evidence to confirm both
the identity and the quantity of any residues detected. In this
sense, TOF instruments offer the capability of unequivocal
identification (provided by exact mass measurements) of low levels
of contaminants, as well as the possibility of quantitation at these
low levels.28 LC/MS determination of pesticides in vegetables has
been repeatedly studied, but no attempts have been made to
develop a method of analysis based on accurate mass measure-
ments using LC/TOF-MS. Furthermore, the use of TOF-MS
allows the capability of nontarget identification, because the full
spectrum is recorded at all times, which is not possible with
standard monitoring practices that use single ion monitoring or
multiple reaction monitoring techniques.

The chloronicotinyl (also called neonicotinoid) insecticides
were introduced onto the market in the 1990s by Bayer for use

against a variety of insects in salad vegetables. The chemical
structures of the pesticides are shown in Figure 1. All three
compounds shown contain the chloronicotinyl structure; thus, all
three compounds have a similar mode of action and target the
nicotinic acetylcholine receptor of insects. These compounds were
chosen because of their low volatility, which makes them more
suitable for LC/MS rather than GC/MS, and because of their
occurrence in vegetable samples.33,34 In this paper, the feasibility
of LC/TOF-MS for the detection and quantitation of three
chloronicotinyl insecticides (acetamiprid, imidacloprid, thiacloprid)
in four salad vegetables (tomato, lettuce, pepper, cucumber) is
shown at the MRLs regulated by the EU, the American Food
Regulations, and the Japanese Regulations (0.01 mg/kg or ppm).

Although the potential of LC/TOF-MS has been shown for
environmental applications, its use in food analysis is still minimal
due to some disadvantages and limitations.28 One of the main
limitations is the quantitation due to matrix ion suppression effects
in electrospray ionization. Another disadvantage, already noted
in some recent papers,32 is the lack of accuracy at the 1-5 ppm
error level, usually needed when analyzing complex matrixes for
unequivocal identification of the target analytes. All these consid-
erations have resulted in doubts about the applicability of LC/
TOF-MS in routine analysis of pesticides. Therefore, the aim of
this study has been (i) to develop a sensitive analytical method
to determine three neonicotinoid pesticides commonly detected
in vegetables, (ii) to demonstrate the selectivity of the method
for the unequivocal accurate identification of such compounds in
complex matrixes by performing matrix effect studies, and (iii)
to show the linearity obtained by these types of instrumentation
in order to carry out quantitation in real samples.

EXPERIMENTAL SECTION
Chemicals. High-performance liquid chromatography (HPLC)

grade acetonitrile and methanol were purchased from Merck
(Darmstadt, Germany). A Milli-Q-Plus ultrapure water system from
Millipore was used to obtain the HPLC-grade water used during
the analyses. Formic acid was obtained from Fluka. Pesticide-
grade ethyl acetate and anhydrous sodium sulfate were from
Panreac (Barcelona, Spain).

Pesticide analytical standards (purity >96%) were provided by
Dr. Ehrenshtofer (Augsburg, Germany). The pesticides selected
in the study and their chemical structures are shown in Figure 1.
Individual pesticide stock solutions (250-300 µg/mL) were
prepared in methanol and stored in the dark at -18°C. Appropriate
aliquots of individual stock solutions were diluted in methanol to
make a standard working mixture (30 µg/mL for each pesticide).
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Figure 1. Chemical structures of imidacloprid, acetamiprid, and thiacloprid.
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From this standard mixture, several solutions at various concen-
tration levels were prepared by dilution with matrix extracts, pure
solvents, or both.

Vegetable Extraction. Two-kilogram portions of tomato,
lettuce, pepper, and cucumber were obtained from farms that use
only pesticide-free agriculture to raise the crops. Prescreening was
carried out to be sure of residue-free vegetables by a certified
laboratory. Then the samples were homogenized in a low-speed
blender, and 15 g of the homogenized vegetable was weighed into
a 200-mL PTFE centrifuge tube. A volume of 15 mL of ethyl acetate
was added and blended in a Polytron (high-speed blender) for 30
s at 2000 rpm. This step was repeated two more times for a total
of 45 mL of ethyl acetate. The combined extracts were then filtered
through a thin layer of 20 g of anhydrous Na2SO4. The solid was
washed with 50 mL of ethyl acetate, and the combined extracts
were evaporated to dryness on a vacuum rotary evaporator using
a water bath at 45 ( 5 °C. The dried residue was dissolved by
sonication in 15 mL of methanol. The matrix extracts, which
contained 1 g of sample/mL, were filtered through 0.2-µm PTFE
filters (Millex FG, Millipore) prior to fortification with the analytes
or LC/TOF-MS analyses. A previous study showed that no cleanup
steps are needed, which results in a convenient and straight-
forward sample preparation.6 Samples from market places were
extracted using this procedure as well. In a previous study,6 the
extraction recoveries for the three neonicotinoid pesticides were
reported to be between the 95 and 103% range.

Validation Studies. All validation studies were performed by
using pesticide-free matrix samples previously analyzed. Quanti-
fication of sample extracts during validation was done using a
calibration curve based on matrix-matched standards (blank
extracts fortified with the analytes). The linearity in the response
was studied by using pure solvents and matrix blank extract
solutions to evaluate possible matrix effects. The blank extracts
for each vegetable were initially in methanol, but they were diluted
1:3 with MilliQ water in order to obtain good chromatographic
peak shapes for all the analytes. A previous experiment showed
that dilution of methanol with water, three times, and increasing
the injection volume to 50 µL, restored peak shape for the analytes
studied, so this was the general method used in this work. Matrix-
matched calibration standards were prepared by dilution of the
pesticide stock solution with the individual blank extracts already
prepared in MeOH/H2O (1:3). In this way, the matrix blank
residues were fortified with a mixture of acetamiprid, imidacloprid,
and thiacloprid at concentrations ranging from 0.005 to 1 mg/kg
in order to have a wide range of concentrations. The integrated
peak area data of the selected quantification masses (see Table
1) were used to construct the calibration curves. The calibration
curves generated were used for quantification purposes. The limits
of detection (LODs) were determined as the analyte concentration
that gave a signal-to-noise ratio of 3, as calculated by the
instrument software, and empirically verified by analyzing pesti-
cide mixtures at these concentration levels in matrix extracts to
check the presence of the protonated molecule together with its
correct exact mass.

LC/TOF-MS. Liquid chromatography/electrospray/time-of-
flight mass spectrometry (LC/ESI/TOF-MS), in positive ionization
was used to separate and identify imidacloprid, acetamiprid, and
thiacloprid. The analytes were separated using an HPLC (series

1100, Agilent Technologies, Palo Alto, CA) equipped with a
reversed-phase C8 analytical column (Zorbax Eclipse XDB, Agilent
Technologies) of 150 mm by 4.6 mm and 5-µm particle diameter.
Column temperature was maintained at 25 °C. Mobile phase A
was acetonitrile, and mobile phase B consisted of water with 0.1%
formic acid. A linear gradient progressed from 15% A (initial
conditions) to 100% A in 30 min, after which the mobile-phase
composition was maintained at 100% A for 5 min. The flow rate
was 0.6 mL/min, and 50 µL of the matrix-matched standards,
sample extracts, or both were injected. This HPLC system was
connected to a time-of-flight mass spectrometer (MSD-TOF,
Agilent Technologies) equipped with an electrospray interface
under the following operating parameters: capillary 4000 V,
nebulizer 40 psig, drying gas 9 L/min, gas temperature 300 °C,
fragmentor 190 V, skimmer 60 V, Oct dc1 37.5 V, Oct rf V 250 V.
The mass axis was calibrated using the mixture provided by the
manufacturer over the m/z 50-3200 range. A second orthogonal
sprayer with a reference solution was used as a continuous
calibration using the following reference masses: 121.0509 and
922.0098 m/z (resolution: 9500 ( 500 at 922.0098 m/z). Spectra
were acquired over the m/z 50-1000 range at a scan rate of 1
s/spectrum.

Mass Measurement Calculations. Elemental composition
calculations were performed off-line using the Data Analysis
software (Analyst QS, Applied Biosystems, Framingham, MA).
This software was used to work with the spectrum generated for
every analyte. Potential assignments were calculated using the
monoisotopic masses with specifications of a tolerance of 10 ppm
deviation and both odd- and even-electron states possible. We can
obtain an empirical formula from an accurate experimental mass
by imposing the expected number and kind of atoms presents in
the molecule. Depending on the tolerance level (ppm or mDa
error), the software generates a list of ∼10, for instance, from as
many as 100 of possible empirical formulas. In this work, the
number and types of expected atoms was set as follows: carbons
e50; hydrogens e100; oxygens e5; nitrogens e5; chlorines e1;
sulfurs e1.

RESULTS AND DISCUSSION
LC/TOF-MS Structural Information. The experiments to

select the optimum MS conditions and the appropriate ions were
performed by column injection of the standard mix at 1 µg/mL.
The optimum working conditions are those reported in the

Table 1. LC/TOF-MS Characteristic Ions (Protonated
Molecule and Fragments) and Relative Abundance (%)
of the Neonicotinoid Pesticides, at Two Different
Fragmentor Voltages

190 V 250 V

compound m/z RA m/z RA

imidacloprid 256 100 256 10
210 24 210 20
209 18 209 60
175 27 175 100

acetamiprid 223 100 223 22
126 16 126 100

thiacloprid 253 100 253 28
126 17 126 100
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Experimental Section. Drying and nebulizer nitrogen flow rates,
vaporizer and drying temperatures, and capillary voltage were
investigated, but no important changes on sensitivity were
observed when these parameters were varied. The fragmentor
voltage was the parameter with more influence on the signal and,
especially, on the in-source collision-induced dissociation (CID)
fragmentation for each analyte.

Table 1 lists the relative abundance of protonated molecules
and fragment ions for the three compounds studied at medium
and high fragmentor voltages. The base peak ion observed for
all the pesticides was [M + H]+, the protonated molecule.
Imidacloprid was the most interesting compound, yielding the
fragments at m/z 210, 209, and 175, corresponding to [M + H -
NO2]+, [M + H - HNO2]+, and [M + H - NO2 - Cl]+,
respectively. The fragment at m/z 210 is an odd-electron ion, and
it comes from the loss of NO2 as a radical fragment from the
protonated molecule. The fragment at m/z 209 corresponds to
an even-electron ion, and it forms by a loss of HNO2 (a neutral
loss) from the protonated molecule. This ion seems to be more
stable than the m/z 210 ion as its relative abundance increases
with the fragmentor voltage (see Table 1 for 250 V). Finally, the
m/z 175 fragment ion is the result of a chlorine loss from the 210
ion, forming an even-electron ion. Acetamiprid and thiacloprid gave
the identical fragment ion at m/z 126 corresponding to [C6H5-
OCl]+, which is one of the characteristic ions for this class of
compounds. Imidacloprid does not present this characteristic
fragment due to the electron-withdrawing nature of the NO2 group,
which favors the primary CID fragmentation to the m/z 210 and
209 fragments. The fragmentor voltage of 190 V was chosen for
further analyses of the three neonicotinoid pesticides.

LC/TOF-MS Accurate Mass Measurements. Table 2 shows
the accurate mass measurements obtained from matrix-matched
standards (in this case, a tomato matrix) for the protonated
molecules and the main fragment ions at two different concentra-
tion levels. This table also shows the theoretical exact masses
corresponding to these ions as well as the error in accuracy
obtained in ppm. Both concentrations gave excellent results for
mass accuracy, which were always less than 2 ppm for the
protonated ions and less than 3 ppm for the fragment ions. These
results show that the use of continuous calibration (a feature of
this instrument, see Experimental Section) is effective for accurate
mass even across an order of magnitude concentration range in
a complex vegetable matrix. It is important to note that the internal
reference is being constantly infused at a low flow rate and the

software is autocalibrating and storing those results with the raw
data, which makes it highly accurate. The agreement (within 2
ppm) demonstrated between the measured and calculated masses
serves to verify the proposed elemental compositions and repre-
sents a higher order identification of this class of compounds than
that based on the nominal mass assignments available from low-
resolution LC/MS instruments. The verification of elemental
compositions, along with matching retention times and mass
spectra, will constitute complementary and unequivocal identifica-
tion of the analytes in vegetable samples, as shown in this table.
Using a system of identification points developed for pharmaceu-
ticals in food,35 it is possible to score 4 points by achieving accurate
mass for the protonated molecule and one fragment ion, which is
sufficient for control and identification of banned substances in
food.36 Analytical methodologies must be capable of providing
unambiguous evidence to confirm the identity of any target
residues, and in this sense, the accuracy of the method developed
here shows the ability to achieve this goal.

Figure 2 shows the chromatographic separation of the three
chloronicotinyl insecticides, acetamiprid, imidacloprid, and thia-
cloprid using a C8 column. The sample contained the pesticides
at 0.5 mg/kg in a fortified tomato extract. The extracted ions for
each of the three compounds are also shown in the lower half of
Figure 2. The window of extraction was clean, which is commonly
a feature of accurate mass extraction of ions, where the width of
the window of extraction may be narrowed to 0.02 amu or ∼10
ppm. In Figure 2, the window of extraction was 0.1 amu, which
was sufficient for the identification of the analytes in the matrixes
studied.

Lower concentrations were examined to check for accuracy
on mass measurements at the low end of the standard curves.
Figure 3 shows the extracted ion chromatograms for the three
neonicotinoid pesticides spiked in a pepper matrix at a concentra-
tion level of 0.05 mg/kg. The corresponding mass spectra are
shown in this figure as well. At concentrations as low as 0.05 mg/
kg, the extracted ions (m/z 223, 253, and 256) still yielded clean
chromatograms, testifying to the importance of accurate mass and
its ability to give clean extracted ion chromatograms with a narrow
mass window. This accurate mass window is reflected in the

(35) Hernández, F.; Ibañez, M.; Sancho, J. V.; Pozo, O. J. Anal. Chem. 2004,
76, 4349-4357.

(36) Ferrer, I., Thurman, E. M., Eds. Liquid Chromatography Mass Spectrometry/
Mass Spectrometry, MS/MS and Time-of-Flight MS: Analysis of Emerging
Contaminants; ACS Symposium Series 850; Oxford University Press: New
York, 2003.

Table 2. LC/TOF-MS Accurate Mass Measurements for the Neonicotinoid Pesticides and Their Fragments in a
Tomato-Matched Matrix

concentration
(0.05 mg/kg)

concentration
(0.05 mg/kg)

compound
elemental

composition
theoretical

mass
measured

mass
error
(ppm)

measured
mass

error
(ppm)

imidacloprid C9H11N5O2Cl 256.0596 256.0596 0.1 256.0597 0.5
C9H11N4Cl 210.0667 210.0663 -1.8 210.0664 -1.3
C9H10N4Cl 209.0589 209.0587 -0.7 209.0587 -0.7
C9H11N4 175.0978 175.0983 2.7 175.0977 -0.7

acetamiprid C10H12N4Cl 223.0745 223.0746 0.5 223.0749 1.8
C6H5NCl 126.0105 126.0106 0.8 126.0105 0.0

thiacloprid C10H10N4SCl 253.0309 253.0311 0.7 253.0313 1.5
C6H5NCl 126.0105 126.0107 1.6 126.0103 -1.6

BATCH: ac4b39 USER: jld69 DIV: @xyv04/data1/CLS_pj/GRP_ac/JOB_i08/DIV_ac048458x DATE: February 28, 2005

D Analytical Chemistry

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329



determinations of the accurate mass of the protonated molecule
of each one of the chloronicotinyl insecticides.

Method Validation. The linearity of the method was calcu-
lated on the basis of the limit of linear response to the limit of
the quantitative measurements. Calibration graphs of standard
solutions and spiked blank extract areas versus concentration were
constructed by use of least-squares linear regression analysis.
Table 3 summarizes the validation data obtained for the three
neonicotinoid pesticides in tomato, pepper, lettuce, and cucumber
matrixes including calibration equations, correlation coefficients,
and limits of detection. As we can see in this table, the linearity
is excellent over the concentration range studied, which is much
improved compared with other LC/TOF-MS instruments we have
tested previously29-32 with the same type of detection. The curves
were linear in the range studied from 0.005 to 1 mg/kg, and the
correlation coefficients were higher than 0.991 for all the pesticides
studied. Sometimes it is possible that the calibration curves are
linear for the lowest concentration levels only and reach a plateau
for the highest concentration levels due to the overloading of the
detector. In this work, the concentrations studied are lower and
this behavior is not observed due to the higher linear range of
the instrument, which is most likely the result of the analog to
digital convertor versus the time to digital convertor. Figure 4
shows as an example the calibration curve obtained with a pepper
matrix-matched standard.

The LODs were calculated based on a signal-to-noise ratio of
3, and they were empirically verified by analyzing pesticide
mixtures at those concentration levels in all matrix extracts. The
LODs of the method are reported in Table 3 as well. The LODs
were equal or below the EU reporting limits for pesticides in
vegetables (which vary from 0.01 to 0.05 mg/kg).

The signal robustness and accuracy precision of the methodol-
ogy developed were studied by measuring the repeatability and
reproducibility of the results obtained. Signal precision was
calculated by measuring the areas for a matrix-matched standard
(spike level of 0.1 mg/kg). The repeatability (intraday) was
assessed by analysis on the same day. The reproducibility (as
interday precision) was tested by analysis of samples for five
successive days, including several matrices. Both were calculated
in terms of relative standard deviation. Table 4 reports these values
and shows that for signal precision intraday values averaged 2-3%
and reproducibility was 4-5%, showing good performance of the
methodology developed in this work.

The variation in the accuracy was evaluated by measurement
of the exact masses obtained for each one of the analytes. The
same standard was analyzed 5 times on the same day and 10 times
for successive days in order to estimate the precision of the
method for accurate mass measurements. The results are shown
in Table 4. Both intraday and interday values showed a minimal
variation of the accurate mass for the three compounds studied
(ranging from 0.08 to 0.23 mDa, less than 2 ppm error). In all
cases, only the fourth decimal figure in the accurate mass varied,
thus showing an excellent precision and accuracy of this meth-
odology provided by the continuous reference calibration and
electronic stability of the instrument for the [M + H]+ ion.

Matrix Effects. The occurrence of matrix effects in LC/MS
is well known and has an important impact on the quantitation of
the pesticides. Matrix effects can both reduce or enhance the
response when compared to standards in neat solvents. Matrix
effects depend on the instrument and interface used, the analytes,
the matrix, and the sample pretreatment procedure.7 For these
reasons, the influence from the matrix can be quite variable. The

Figure 2. LC/TOF-MS analysis of the three chloronicotinyl insecticides at 0.5 mg/kg in a fortified tomato matrix: (a) chromatogram in full scan
and (b) extracted ion chromatograms for the three insecticides. Peak numbers: 1, imidacloprid; 2, acetamiprid; 3, thiacloprid.

BATCH: ac4b39 USER: jld69 DIV: @xyv04/data1/CLS_pj/GRP_ac/JOB_i08/DIV_ac048458x DATE: February 28, 2005

Analytical Chemistry E

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391



effect, expressed as suppression or enhancement, for one specific
combination of pesticide and matrix can vary from pesticide to
pesticide.

In this work, four commodities were selected for evaluation
of matrix effects. The vegetable extracts were analyzed with LC/
TOF-MS, and the response was compared to standards in solvents
(methanol/water without matrix). An exact determination of
matrix effects was done by analyzing standards of different
concentrations in pure solvents and in the four matrixes and
comparing the slopes of the calibration curves. The variation in

the slopes ranged between 87 and 110%, thus showing minimal
matrix suppression or enhancement. Alternatively, the matrix
effects can be expressed as a ratio of analyte response in matrix-
matched standard to its response in solvent standard. The matrix
effects measured in this way for the vegetables selected for the
method validation at the highest levels of fortification (1 mg/kg)
are visually reported in Figure 5.

As can be seen in this histogram, no considerable signal
reduction or enhancement in matrix extracts was detected for the
three analytes studied (89-103% relative response). The trends

Figure 3. LC/TOF-MS extracted chromatograms of the three chloronicotinyl insecticides at 0.05 mg/kg in a fortified pepper matrix. The
corresponding spectra are also shown.

Table 3. LC/TOF-MS Calibration Data for the Neonicotinoid Pesticides (Spiked from 0.005 to 1 mg/kg) Using
Matrix-Matched Standards (7 Calibration Data Points at Different Concentrations Were Used)

matrix calibration equation R2
LOD

(mg/kg)

imidacloprid solvent y ) 1.0 × 107x + 18867 0.9993 0.003
tomato y ) 1.0 × 107x + 172000 0.9995 0.01
pepper y ) 8.7 × 106x + 453000 0.9980 0.015
lettuce y ) 9.6 × 106x + 143000 0.9962 0.01
cucumber y ) 9.0 × 106x + 19100 0.9996 0.005

acetamiprid solvent y ) 2.0 × 107x + 464616 0.9974 0.002
tomato y ) 2.2 × 107x + 444000 0.9974 0.003
pepper y ) 1.9 × 107x + 678000 0.9918 0.004
lettuce y ) 2.0 × 107x + 503000 0.9944 0.002
cucumber y ) 2.0 × 107x + 433000 0.9958 0.003

thiacloprid solvent y ) 2.0 × 107x + 758528 0.9953 0.001
tomato y ) 2.0 × 107x + 1150000 0.9936 0.003
pepper y ) 1.9 × 107x + 1040000 0.9922 0.003
lettuce y ) 1.9 × 107x + 858000 0.9904 0.002
cucumber y ) 1.8 × 107x + 678000 0.9930 0.002
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observed for all the matrixes studied and the three pesticides were
similar, supporting earlier observations that differences in matrix
effects between commodities are usually much smaller than the
difference between any matrix and clean standard solutions.7 An
important feature is that the calibration equations are virtually
identical when they were constructed from each type of vegetable
or from the calibration solutions (curves not shown here).

Quantitative Analyses of Market Samples. The optimized
analytical procedure was used to analyze processed vegetable
products obtained from local markets. To quantitate the samples,
calibration was performed by external matrix-matched standards
to eliminate the matrix effect and to obtain a more realistic
determination. Table 5 shows the concentrations for the three
neonicotinoid pesticides found in three real samples by LC/TOF-
MS and the concentration reported by an official established
methodology using a triple quadrupole instrument.6 Values
reported were significantly very close between the two methods,

thus verifying the feasibility of the LC/TOF-MS method for the
quantitative analyses of vegetable samples. The applicability of
the method is thus demonstrated by data of real samples showing
that LC/TOF-MS is suitable for analysis for the determination of
neonicotinoid pesticides at lower levels than the MRLs in all the
vegetables studied. LC/TOF-MS is a sensitive technique and
provides confirmation of identity, which is an important feature
when low MRLs are introduced for certain commodities.

CONCLUSIONS
In this work, it was observed that liquid chromatography in

combination with the use of time of flight is capable of discrimi-
nating more efficiently than nominal mass detection by LC/MS
between the analyte and matrix signal. TOF-MS seems to be a
good alternative in terms of both detection levels and structural
information with the possibility of identification of unknown

Figure 4. Calibration curve from a pepper-matched standard for imidacloprid obtained by LC/TOF-MS.

Table 4. Quality Parameter Values for the LC/TOF-MS Methodology

signal precision
precision of accuracy

measurement

compound

intraday
repeatability

(%)

interday
reproducibility

(%)

intraday
repeatability
(σ in mDa)

interday
reproducibility

(σ in mDa)

imidacloprid
(m/z 256.0596)

2 5 (0.11 (0.15

acetamiprid
(m/z 223.0747)

3 5 (0.14 (0.23

thiacloprid
(m/z 253.0309)

2 4 (0.13 (0.08

Figure 5. LC/TOF-MS relative response (%) of standard prepared
in extracts (1 g of matrix/mL of extract) relative to standard in pure
solvent. Matrix effect (%) ) peak area of matrix-matched standard/
peak area of solvent standard × 100.

Table 5. Concentration of the Three Neonicotinoid
Pesticides in Vegetable Samples by LC/TOF-MS

samples compound

concentration
(mg/kg)

LC/TOF-MS

concentration
(mg/kg)

LC/TQ/MSa

1 (tomato) thiacloprid 0.09 0.09
2 (pepper) imidacloprid 0.17 0.16
3 (cucumber) imidacloprid 0.06 0.06

acetamiprid 0.02 0.03
thiacloprid detected <LOD nd

a Values obtained from Coexphal Laboratory using approved meth-
ods and validated by EU guidelines. nd, not detected. The comparison
with another LC/MS (triple quadrupole) method is also reported in
the table.
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nontarget compounds provided the availability of full-scan spectra
data. High precision in the accurate mass measurements (∼2
ppm) was achieved, thus validating the performance of the
methodology.

The excellent selectivity and sensitivity allows identification
and quantification of low levels of neonicotinoid pesticides in
vegetable matrixes. The quantification is a feature of LC/TOF-
MS that has not been possible in the past.36 Calibration curves
presented excellent linearity over the range studied. Furthermore,
these low levels allow application of the developed method at the
concentrations required by current regulator laws for baby and
organic foods. The sensitivity of the method is sufficient to enable
testing of compliance with baby food regulations (i.e., 0.01 mg/
kg for all pesticides2 and maximum residue limits established in
the EU (0.01 mg/kg or higher.1 Moreover, the availability of full-
scan data provided by LC/TOF-MS together with the capability
of obtaining accurate mass measurements for all the peaks
detected allows screening for nontarget (e.g., banned) compounds

in vegetable samples. LC/TOF-MS may turn into a highly useful
technique to identify and confirm pesticide residues in fruits and
vegetables, becoming a valuable addition to existing analytical
tools.
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