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Applications of LC/ESI-MS/MS and UHPLC QqTOF MS for the
Determination of 148 Pesticides in Berries!
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Applications of liquid chromatography electrospray ionization tandem mass spectrometry (LC/ESI-
MS/MS) and ultrahigh-pressure liquid chromatography electrospray ionization quadrupole time-
of-flight mass spectrometry (UHPLC QqTOF MS) for the determination of 148 pesticides in berry
fruits are presented in this study. Pesticides were extracted from berries using a procedure known
as QUEChERS (quick, easy, cheap, effective, rugged, and safe). Quantification, with an analytical
range from 5 to 500 ug/kg, was achieved using matrix-matched standard calibration curves with
isotopically labeled standards or a chemical analogue as internal standards. The method perfor-
mance parameters, which included overall recovery, intermediate precision, and measurement
uncertainty, were evaluated according to a designed experiment, that is, the nested design. For
LC/ESI-MS/MS, 95% of the pesticides studied had recoveries between 81 and 110%, 98% of the
pesticides had intermediate precision of <20%, and 95% of the pesticides showed measurement
uncertainty of <40%. Compared to LC/ESI-MS/MS, UHPLC QqTOF MS showed a relatively poor
repeatability and large measurement uncertainty. Ninety-five percent of the pesticides analyzed by
UHPLC QqTOF MS had recoveries between 81 and 110%, 86% of the pesticides had intermediate
precision of <20%, and 83% of the pesticides showed measurement uncertainty of <40%. LC/ESI-
MS/MS proved to be the first choice for quantification or pretarget analysis due to its superior
sensitivity and good repeatability. UHPLC QqTOF MS provided accurate mass measurement and
was an ideal tool for post-target screening and confirmation.
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INTRODUCTION

Berries are rich in biologically active compounds such as
flavonoids, anthocyanins, phenolic acids, stilbens, tannins, caro-
tenoids, and vitamin C (/, 2). Flavonoids, anthocyanins, etc.,
present in berries have been shown to exhibit antioxidant, anti-
inflammatory, anticarcinogenic, and estrogenic activities and to
help prevent coronary heart disease (/ —4). Therefore, berries,
fresh or dried, have been considered to be a type of popular
functional food for people’s health benefits. On the other hand,
pesticides are possibly used in various combinations at different
stages of cultivation and during postharvest storage to protect
crops against a range of pests and fungi and/or to provide quality
preservation. Pesticide residues in berries might pose a risk for
human health due to their potential subacute and chronic
toxicity. Many foods have been tested for pesticide residues under
the Canadian National Chemical Residues Monitoring Program
and Food Safety Action Plan. The Canadian Food Inspection
Agency requires both sensitive and confirmatory methods to
test pesticides in berries and other fruits and vegetables for
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monitoring programs and for risk assessment of consumer
exposure to pesticides.

GC and LC mass spectrometers are essential means for the
determination of pesticides in foods. Their applications have been
extensively reviewed elsewhere (5 —9). The application of LC/ESI-
MS/MS for LC-amenable pesticide analysis has been profound in
the past few years because of its high sensitivity and good
repeatability for trace level detection and quantification. Mean-
while, UHPLC QqTOF MS has also been recognized as an
emerging technique to analyze pesticide residues in foods. It
offers medium-range high-resolution, accurate mass measure-
ment, excellent full-scan sensitivity, and complete mass spectral
information, therefore making QqTOF complementary to other
quadrupole and ion trap mass spectrometers for identification
and quantification. In this paper, we present a study on applica-
tions of both LC/ESI-MS/MS and UPHLC QqTOF MS for the
determination of 148 pesticides in berry fruits. The methods were
validated according to a designed experiment, that is, a nested
design (10—12), to evaluate its performance characteristics in-
cluding overall recovery, intermediate precision, and measure-
ment uncertainty. The method performances of the two
techniques were compared. LC/ESI-MS/MS proved to be the
first choice for quantification or pretarget analysis due to its
superior sensitivity and good repeatability. UHPLC QqTOF MS
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provided accurate mass measurement and served as a practical
tool for post-target screening and confirmation.

MATERIALS AND METHODS

Materials and Reagents. Six different berries or berry fruits including
strawberries, Saskatoon berries, blackberries, raspberries, blueberries, and
cherries were obtained from local markets. The berry samples were
homogenized using a food processor, and 2 kg of each sample was
prepared. Ammonium acetate (reagent grade), [Glu']-fibrinopeptide
B (F-3261), leucine enkephalin (L-9133), magnesium sulfate anhydrous
(MgS0,), LC-MS water (Chromasolv, 1 L), and LC-MS acetonitrile
(Chromasolv, 2.5 L) were purchased from Sigma-Aldrich Corp. (Canada).
Acetic acid (glacial acetic acid, reagent grade, 99.7%), acetonitrile
(distilled in glass), and methanol (distilled in glass) were obtained from
Caledon Laboratories Ltd. (Canada). Water used for reagent preparation
was Milli-Q water, 18 MQ-cm from Milli-Q Reagent Water System
(Millipore Corp., USA). Primary secondary amine (PSA, Bondesil PSA,
40 um) was purchased from Varian Inc. (Canada). Sodium acetate
anhydrous (ACS reagent) was from Thermo Fisher Scientific Inc.
(Canada). Pesticide standards (Table 1, column 1) were obtained from
EQ Laboratories Inc. (USA), Riedel-de Haen AG (Germany), or Chem
Service (USA). Internal standards carbendazim-d, and carbofuran-ds
were purchased from EQ Laboratories Inc. (USA), and thiabendazole-
dy was from Chemical Synthesis Services (Northern Ireland). LC vials were
Mini-UniPrep syringeless filter devices with polypropylene housing and
PVDF 0.45 um membrane (Whatman Inc., USA).

Preparation of Standard Solutions. Individual pesticide standard
stock solutions were generally prepared at a concentration of 4000.0 ug/mL
in methanol. Due to their poor solubility in methanol, carbendazim was
prepared at 200.0 ug/mL and a few of pesticides were prepared at 1000.0
or 2000.0 ug/mL (Table 1, column 1). Intermediate pesticide standard
mix working solutions were prepared at two levels, that is, 10.0 and
15.0 ug/mL, from stock solutions. Stock and intermediate solutions were
stored at —20 °C. A six-level pesticide standard mix working solution was
prepared by transferring 0.1, 0.5, 2.0, 4.0, 6.0, and 10.0 mL of 10.0 ug/mL
intermediate working solution into six separate 50 mL volumetric flasks
and making up to volume with methanol to prepare 0.02, 0.1, 0.4,0.8, 1.2,
and 2.0 ug/mL six-level standard solutions for constructing matrix-
matched standard calibration curves. Four-level sample spike pesticide
standard working solutions were prepared by transferring 1.0, 9.0,
24.0, and 40.0 mL of 15.0 ug/mL intermediate working solution into
separate 50 mL volumetric flasks and making up to volume with methanol
to prepare 0.3, 2.7, 7.2, and 12.0 ug/mL four-level standard solutions for
sample spikes. Internal standard working solutions (2.0 and 100.0 xg/mL)
including carbofuran-d;, carbendazim-dy, and thiabendazole-d;, were
prepared in a mixture of acetonitrile and methanol (50:50, v/v). All
working solutions were stored at 4 °C.

LC/ESI-MS/MS Parameters. The LC/ESI-MS/MS system utilized
was an Agilent 1200 SL (Agilent, Germany) coupled with an AP1 5000 LC/
MS/MS System (Applied Biosystem, Canada). The system was controlled
using Analyst 1.42 software.

LC Profile. LC mobile phase A was acetonitrile, and mobile phase B
was 10 mM ammonium acetate with 2% acetonitrile in water. The LC
analytical column was an Atlantis dCjg 100 x 2.1 mm, 3 um column
(Waters, USA), and the guard column was an Atlantis dCg 10 x 2.1 mm,
3 um column (Waters, USA). The gradient profile consisted of 0—7 min,
8—90% A; 7—25 min, 90% A; 25—28 min, 90—100% A; 28—28.1 min,
100—8% A; and 28.1—35 min, 8% A. Flow rates were controlled as
0—25 min, 0.2 mL/min; 25—28 min, 0.2—0.3 mL/min; 28—28.1 min, 0.3
mL/min; and 28.1—35 min, 0.3—0.2 mL/min. Column oven temperature
was set at 35 °C, and autosampler temperature was set at 5 °C. Injection
volume was 5 uL, and the total run-time was 35 min.

MS/MS Conditions. lon source was TurbolonSpray or Turbo V
electrospray ion source in positive mode. General mass spectrometric
parameters were set as collision gas, 7 (arbitrary units); curtain gas (CUR),
20 psi; ion source gas 1 (GSI), 50 psi; ion source gas 2 (GS2), 50 psi;
temperature (TEM), 500 °C; ion spray voltage (IS), 5500 V; and interface
heater (ihe), on. Pause time between mass ranges was 5 ms. Specific mass
spectrometric parameters such as dwell time, declustering potential (DP),
entrance potential (EP), collision energy (CE), collision cell exit potential
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(CXP), and multiple reaction monitoring transitions (MRM or QI and
Q3) are listed in Table 1. All MRMs were acquired in one experiment
period. Parameters such as DP, EP, CE, and CXP were optimized using
the Quantitative Optimization bundled with the Analyst software by
infusing each individual pesticide standard (10 or 50 ug/L) to the mass
spectrometer. The syringe pump (Harvard Apparatus, USA) flow rate was
set at 10 4L /min for infusion.

UHPLC QqTOF Parameters. The UHPLC QqTOF system utilized
was a Waters Acquity Ultra-Performance liquid chromatograph coupled
with Q-Tof Premier, that is, a quadrupole and orthogonal acceleration
time-of-flight tandem mass spectrometer utilizing electrospray ionization
interface (UPLC QqTOF) (Waters, Milford, MA). The system was
controlled using MassLynx 4.1 software.

UHPLC Profile. UHPLC mobile phase A was acetonitrile, and
mobile phase B was 10 mM ammonium acetate in water. The UHPLC
column utilized was an Acquity UPLC BEH C;g 100 mm x 2.1 mm,
1.7 um column (Waters, USA). The gradient profile consisted of 0—9 min,
8-95% A;9—11min, 95—100% A; 11—12 min, 100% A;and 12—14 min,
8% A. Flow rate was 0.4 mL/min. Column oven temperature was set at
45 °C, and autosampler temperature was set at 5 °C. Injection volume was
10 uL, and the total run-time was 14 min.

QqTOF MS Conditions. The Q-Tof Premier can be operated in
TOF MS mode (full-scan or MS scan only) or TOF MS/MS mode
(product-ion scan or MS/MS scan only). Therefore, the QqTOF could
be utilized as either a simple TOF instrument (TOF MS) or a tandem TOF
mass spectrometer (TOF MS/MS). The former has the advantage of being
able to capture all ions from the ESI source, and the latter is somewhat
selective because it uses the first quadrupole as a mass filter to select the
precursor ion of a target analyte and to record the product ion spectrum by
the TOF analyzer after breakdown in the collision cell (/3). In the current
study, the Q-Tof Premier was operated in TOF MS mode only. Electro-
spray positive ion mode was utilized with the capillary voltage set at
3.20 kV. Source temperature was set at 120 °C, and desolvation tempera-
ture was 300 °C. Nebulizer nitrogen flow rate was regulated at 50 L/h, and
desolvation nitrogen gas flow rate was set at 800 L/h. Collision gas argon
pressure was regulated at 5.3 x 10> mbar, and collision energy was set at
5eV when QqTOF was operated in full-scan mode. Sampling cone voltage
was 20 V. LM and HM resolutions were set at 4.7 and 15, respectively.
Mass range was from m/z 50 to 950. TOF resolution was about 15000
fwhm that was measured with [Glu']-fibrinopeptide B at [M + 2H]*" =
785.8426 in W-mode. Lock mass reference was leucine enkephalin
(IM + HJ* = 556.2771, 4 ug/mL in a mixture of acetonitrile and water
(24 8,v/v)), which was infused through the LockSpray probe at 5 uL/min.
Data were acquired in centroid format with dynamic range enhancement
(DRE) enabled for a dynamic range of 2 or 3 orders of magnitude for
quantification under W-mode.

Sample Extraction and Cleanup Procedures. Sample extraction
and cleanup procedures followed the buffered QuEChERS
method (/4—16) or AOAC Official Method 2007.01 (7). Berry samples
(15.0 g/sample) were weighed into individual 50 mL polypropylene
centrifuge tubes (VWR International, Canada). Five hundred microliters
per four-level sample spike pesticide standard working solution was added
into four centrifuge tubes to provide 10.0, 90.0, 240.0, and 400.0 ug/kg of
standards equivalent in samples, followed by the addition of 15 uL of
100.0 ug/mL internal calibration standard working solution (100.0 ug/kg
equivalent in samples). Then, 15 mL of acetonitrile/acetic acid (99 +
1, v/v) and 1.5 g of sodium acetate anhydrous were added to each sample,
and after mixing, 6.0 g of magnesium sulfate anhydrous was added. The
centrifuge tubes were capped and shaken for 45 s by hand, followed by
centrifugation at 3000 rpm (~2100g) for 3 min using an Allegra 6
centrifuge (Beckman Coulter Inc., USA). Supernatants were transferred
(9 mL/sample) into individual 15 mL polypropylene centrifuge tubes
(VWR International, Canada) that contained 0.6 g of PSA and 1.8 g of
MgSO, per tube. The centrifuge tubes were capped and shaken for 45 s,
and centrifuged at 3000 rpm (~2100g) for 3 min. A 1 mL subsample of
supernatants (1 g sample/mL) was transferred into individual 5 mL Pyrex
brand centrifuge tubes, precalibrated with 1 mL volume accuracy (VWR
International, Canada). Each of the sample extracts was evaporated to
0.1-0.2 mL using an N-EVAP nitrogen evaporator (Organomation
Associates Inc., USA) at 30 °C under a stream of nitrogen. The extracts
were then made up to 0.5 mL with methanol, vortexed for 30 s, and then
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Table 1. Continued

measurement

retention

matrix
CXP (V) effects’ time® (min) LCL S/N PtP° recovery* (%) precision’ (%) uncertainty™ (%)

dwell
Q1 mass (amu) Q3 mass” (amu) time (ms) DP (V) EP (V) CE (V)

CE?(V)

jonization

pesticide

16

15

14

12

10

1d

9.0 19.7

101.2

16(5)

8.71

12
26
24
20
22
22

41

41

10
10
10
10
10
10

51

97
193
221

249
249
249
336

M+ H™

zinophos

21

51

17
33
49

51
131
131
131

103.2 8.6 175

10.02 53(5)

E

187
159
204

M+ H"

zoxamide

336
336

25

2Collision energy (bold and underlined) was attenuated to avoid the saturation of the detector at the highest concentration level, i.e., 500.0 «g/kg. Transitions in the corresponding row were used for quantification. ® Retention time may vary from

¢ Signal-to-noise (peak-to-peak) ratio was determined at the lowest concentration level (ug/kg, in parentheses) in a strawberry matrix. Bold and

thin a batch run.

column to column. Bold and underlined pesticides had retention times that drifted wi
underlined pesticides had signal-to-noise ratios that determined to be above 5 ug/kg.

9 Column numbe

There was a small interference peak. S/N was not able to be determined. 9 An lon with CI®

esticides typically have poor sensitivity. © Method performance was based on three spike levels, i.e., 90.0, 240.0, and 400.0 «g/kg, due to

h Pesti

cides have a relatively low solubility in methanol. Stock solution was prepared in 1000.0 g /mL.

as selected as a precursor ion.

Wi

P

r. Bold

f

poor sensitivity.

KBold and underlined pesticides have recoveries not

Bold and underlined pesticides have intermediate precision of >20%. " Bold and underlined pesticides have MU > 40%. "Bold and underlined pesticides have second transition that is used for quantification.

'Pesticides have a relatively low solubility in methanol. Stock solution was prepared in 2000.0 g /mL.’S or E indicates either ion suppression (S) or enhancement (E) in at least one of the matrices.

/

in the range of 81—110%.

Wang et al.

made up to 1.0 mL with 0.1 M ammonium acetate and vortexed again for
30 s. One hundred microliters of each extract was transferred into a Mini-
UniPrep vial (Whatman Inc., USA), and 500 uL of solvent buffer
(a mixture of 0. M ammonium acetate/methanol, 50 + 50, v/v) was
added. The vials were capped, vortexed for 30 s, and pressed to filter.
Sample extracts were ready for LC/ESI-MS/MS injection. Another 600 uL
of the extracts (without dilution) was transferred into a Mini-UniPrep vial
for UHPLC QqTOF MS injection.

Preparation of Matrix-Matched Calibration Standards and
Calculation. Matrix-matched calibration standards were prepared by
adding standards and internal standards to blank sample extracts after
sample extraction and cleanup. A blank berry sample (15.0 g/sample) was
weighed into a 50 mL centrifuge tube, and the sample was processed
through the extraction procedure as described above. Two hundred and
fifty microliters of each six-level pesticide standard mix working solution
was transferred into each of six blank sample extracts (1.0 mL/tube),
providing 5.0, 25.0, 100.0, 200.0, 300.0, and 500.0 ug/kg of standard
equivalent in samples. Then, 50 uL of 2.0 ug/mL internal calibration
working solution was added to each sample (100.0 ug/kg equivalent in
samples). The extracts were made up to 0.5 mL with methanol, vortexed
for 30 s, made up volume to 1.0 mL with 0.1 M ammonium acetate, and
vortexed again for 30 s. The extracts were diluted six times prior to LC/
ESI-MS/MS injection. The extracts were injected to UHPLC QqTOF MS
without dilution. Matrix-matched standard calibration curves were pre-
pared fresh for each day’s samples.

LC/ESI-MS/MS  Quantification. LC/ESI-MS/MS  matrix-
matched standard calibration curves for each individual pesticide were
constructed using the “Quantitate” function bundled with the Analyst
software. The quantitation integration algorithm applied was IntelliQuan
with no data smoothing. Deuterium-labeled standards carbendazim-d,,
carbofuran-ds, and thiabendazole-d; were used as internal standards for
their respective native compounds for quantification. All other pesticides
used carbofuran-ds as an internal standard for quantification. A quadratic
function was applied to the calibration curves based on the line of best fit.
The 1/x weighting was used to accurately quantify pesticides at low
concentrations. Responses for the unknown or fortified samples were
compared to the curves to calculate the amount of pesticide residues
(ug/kg) in samples.

UHPLC QqTOF MS Quantification. UHPLC QqTOF MS ma-
trix-matched standard calibration curves for each individual pesticide were
constructed using QuanLynx. The uses of internal standards and weight-
ing (1/x) were the same as for LC/ESI-MS/MS. In general, a quadratic
function was applied to the calibration curves based on the line of best fit.
Occasionally, linear regression may be used for quantification for a few
pesticides.

Experimental Design and Method Validation. The method was
validated according to the nested experimental design, which was de-
scribed elsewhere (10—12). In this study, there were a total of six berry
fruits. For each matrix, samples were spiked at four levels, that is, 10.0,
90.0, 240.0, and 400.0 ug/kg, in triplicate. Spike experiments were repeated
on two different days. Overall recovery, intermediate precision, and
measurement uncertainty were calculated using a compiled computer
program that consisted of SAS codes (SAS Software Release 9.1, SAS
Institute Inc., USA) along with a Microsoft Excel (Microsoft Office 2002)
workbook (/0). The compiled program was built using SAS EIS/OLAP
Application Builder.

RESULTS AND DISCUSSION

Extraction. Pesticides were extracted from berry samples (15 g/
sample) following the buffered QUEChERS method (/4—16) or
AOAC Official Method 2007.01 (/7). The whole procedure
entailed step 1, extraction with acetonitrile containing 1% acetic
acid, MgSO,, and sodium acetate; step 2, a simple cleanup step
using dispersive solid-phase extraction (dispersive-SPE) with
MgSO, and PSA; and step 3, concentration, reconstitution, and
filtration. The QuUEChERS method proved to be simple and
adequate to extract most pesticides from berries for LC/ESI-MS/
MS and UHPLC QqTOF MS analysis. Compared to conven-
tional reversed-phase solid-phase extraction, QuEChERS
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Figure 1. LC/ESI-MS/MS chromatogram of pesticides (10 xg/kg) spiked in strawberry: (A) total ion chromatogram (TIC) of 151 MRM transitions including
148 pesticides and 3 internal standards; (B) example of extracted ion chromatograms (XIC) [first row left to right, dioxacarb (224/123, 6.73 min), carbofuran-ds
(225/123, 8.04 min), and ethiofencarb (228/107, 8.39 min); second row, left to right, metoxuron (229/72, 7.31 min), trietazine (230/99, 9.77 min), and diuron
(233/72, 8.40 min)]; (C) matrix-matched standard calibration curve for thiabendazole.

effectively removed anthocyanins (dark red or blue in color) in
samples and, therefore, reduced the ion source contamination.

LC/ESI-MS/MS Data Acquisition. LC/ESI-MS/MS was con-
sidered to be pretarget analysis, and its data acquisition was based
on the multiple reaction monitoring (MRM) transitions that were
predetermined by infusing 148 pesticides and 3 isotopically
labeled standards (Table 1, column 1) into an API 5000 mass
spectrometer. Table 1 (columns 3 and 4) lists MRM transitions of
148 pesticides for either quantification or confirmation. Pesticides
were ionized in the form of [M 4+ H]",[M + NH,] ", or [M + Na]*
(Table 1, column 2) in the positive electrospray mode depending
on their chemical structures in the presence of ammonium acetate
(10 mM) in LC mobile phase. In routine practice, the first
transition, that is, the most intense product ion of its correspond-
ing precursor, was used for quantification or screening, and the
second or third transition along with retention time was utilized
for confirmation. Some pesticides shared the same transitions and
eluted at approximately the same time, and, therefore, the second
transition was chosen for quantification. For example, isoprocarb
and trimethacarb both had 194/137 transition and eluted at
8.37 min; the second transition of trimethacarb, that is, 194/
122, was selected for quantification; and its third transition was
used for confirmation. The same scenarios were observed for
methabenzthiazuron and carbofuran and for dimethametryn and
dipropetryn.

A conventional LC (Aglient 1200 SL) along with an Atlantis
dCg analytical column demonstrated a satisfactory chromato-
graphic performance to separate pesticides under the given
gradient condition. The LC peaks were narrow and sharp with
Gaussian  distribution  (Figure 1A.B). Mobile phase B
(acetonitrile) was ramped from 8 to 90% in 7 min, and then it

was kept at 90% until 25 min before the column was regenerated.
The total run time was 35 min. The LC pesticide retention times
are listed in Table 1 (column 12). The first pesticide eluted from
the column was butocarboxim sulfoxide at 3.82 min, and the last
pesticide was dodemorph at 18.70 min. Most pesticides (97%)
were eluted between 4 and 15 min. Only four pesticides, that is,
dodemorph (18.70 min), emamectin By, (15.49 min), spinosyn A
(15.54 min), and spinosyn D (16.89 min), were eluted after 15 min.
The retention times, within- and between-batches, were repro-
ducible for most of the pesticides, but those of emamectin By,,
fenpropidin, and spiroxamine drifted in within-batch analysis.
Nevertheless, the tolerance of retention time matching did not
exceed 2.5% relative to the retention time of a standard in the
same batch under all circumstances.

UHPLC QqTOF MS Data Acquisition. QqTOF was operated
in QqTOF MS (full-scan) mode rather than QqTOF MS/MS
(product-ion scan) mode. Although the QqTOF MS/MS pro-
duct-ion spectra provided much more specific and unequivocal
information for confirmation, QqTOF MS full-scan data proved
to be practical and flexible and allowed for either post-target
analysis or unknown identification in a retrospective manner (13).
The UHPLC QqTOF MS instrumental parameters were opti-
mized for analytes in a mass range of 50—950 Da. This generic
setup made it an easy and powerful tool for method development.
New analytes could be simply added to the list for data acquisi-
tion data without a prerequisite for analyte tuning beforehand.
This was in contrast to a QqQ instrument that must be optimized
for analytes prior to MRM data acquisition. QqTOF MS data
processing was based on accurate mass measurement with mass
error of <50 mDa. Pesticides were ionized in positive electrospray
mode and formed mainly [M + H]" and/or [M + NH,4]" (Table 2,
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Figure 2. UHPLC QqTOF MS chromatogram and spectrum of pesticides (10 «g/kg) spiked in strawberry: (A) total ion current chromatogram (TIC); (B) mass
spectrum of tebufenozide and its fragmentation pattern and fragment elemental composition; (C) extracted ion chromatogram of tebufenozide with a mass

error window of 50 mDa.

column 3) in the presence of ammonium acetate (10 mM) in
UHPLC mobile phase. The target ions listed in Table 2 (column
6) were used to extract chromatograms for quantification.
Twenty-seven pesticides experienced significant in-source decay
or in-source collision-induced dissociation, and consequently
their fragments became the predominate ions that were chosen
for quantification to lower the method detection limits.
The possible elemental compositions of fragments (Table 2,
column 5) were determined using MassLynx Elemental Compo-
sition, isotopical pattern (or i-FIT), and/or chemical structure as
described elsewhere (13).

UHPLC (Acquity UPLC) served as a fast LC and demon-
strated its efficiency to separate 147 pesticides usinga UPLC BEH
Cig column in a relatively short period of time and, therefore, to
increase sample throughput. The peak shapes were of Gaussian
distribution with baseline peak width between 5 and 10 s, and
retention times proved to be very reproducible at under £0.2 min
within- and between-batches. All pesticides, expect for dode-
morph (10.27 min), were eluted between 2 and 10 min with a total
run time of 14 min. The UHPLC QqTOF MS run time was two-
fifths that of the LC/ESI-MS/MS. Figure 2 shows an example of
total ion current (TIC) chromatogram (Figure 2A) of pesticides
(10 ug/kg) spiked in strawberry. The chromatograms of tebufe-
nozide (Figure 2C) were extracted from TIC (Figure 2A) on the
basis of exact masses, that s, either m/z 353.2229 or 297.1603. The
combined spectrum (Figure 2B) from peaks at 6.41 min
(Figure 2C) provided accurate masses of ions, which allowed
for identification of both the precursor ion (M + HJ") of
tebufenozide and its fragment (C;3H,;N>0,").

Matrix Effects and Calibration Curves. It was commonly
known that matrix effects, resulting in either ion enhancement
or suppression, were one of the major challenges for quantifica-
tion when ESI was used to couple an LC to a mass spectrometer.
Matrix effects might vary from sample to sample and ultimately
affected the LC/ESI-MS/MS and UHPLC QqTOF MS quanti-
tative results. In this study, matrix effects (Figure 3) were
evaluated by comparing the responses of pesticides in sample

extracts (post extraction spike) to those pesticide standards
prepared in solvent buffer at the same concentration level, for
example, 100 ug/kg equivalent in samples. Table 1 (column 11)
and Table 2 (column 7) indicated the pesticides that might
encounter either ion suppression or enhancement in at least one
of six berry matrices. When injected to LC/ESI-MS/MS,
82—95% of the pesticides in all six berry matrices experienced
ion suppression <30% or enhancement <10%. As a compar-
ison, when injected to UHPLC QqTOF MS, 73—82% of the
pesticides experienced the same effects (Figure 3). About 10%
fewer pesticides had >30% suppression or > 10% enhancement
by LC/ESI-MS/MS than UHPLC QqTOF MS. This was ex-
pected because an additional 6 times sample extract dilution and
small volume injection (i.e., 5 uL) were used in LC/ESI-MS/MS
analysis. Overall, matrix effects were compensated for or reduced
by the uses of matrix-matched standard calibration curves and/or
isotopically labeled standards (Figure 1C), and, therefore, the
quantitative accuracy was improved.

Method Validation and Method Performance. Both LC/ESI-
MS/MS and UHPLC QqTOF MS methods were validated
according to a statistical experimental design or the nested design,
which included four factors, that is, pesticide concentrations or
spike levels, matrix effects, day-to-day variation, and within-day
variation. The designed experiment provided validation data to
study and to evaluate method performance parameters that
covered accuracy expressed as overall recovery, intermediate
precision, and measurement uncertainty (MU). Pesticides were
spiked into six berry matrices at 10, 90, 240, and 400 ug/kg in
triplicate, and each experiment was repeated on a separate day.
The performance parameters were calculated using a compiled
SAS statistical program. Detailed calculations and equations
were described elsewhere (/0—12). The method performance
results are summarized in Table 1 (columns 14—16) and Table 2
(columns 10—12) and are depicted in Figure 4. Generally, 95% of
the pesticides (Figure 4A) had recoveries between 81 and 110% by
both LC/ESI-MS/MS and UHPLC QqTOF MS. However, LC/
ESI-MS/MS demonstrated better intermediate precision and less
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Figure 3. Matrix effects: (A) LC/ESI-MS/MS (data from 148 pesticides); (B) UHPLC QqTOF MS (data from 146 pesticides). Aclonifen was not included due
to its poor sensitivity. Fenpropidin was not included due to interference. Pesticides were spiked at 100 xg/kg equivalent in samples.

measurement uncertainty than UHPLC QqTOF MS. For exam-
ple, 69% of the pesticides had intermediate precision <10% by
LC/ESI-MS/MS, whereas this was only 12% by UHPLC
QqTOF MS (Figure 4B). Consequently, 61% of the pesticides
possessed MU =< 20% by LC/ESI-MS/MS compared to 10% by
UHPLC QqTOF MS (Figure 4C). LC/ESI-MS/MS successfully
quantified up to 97% of the pesticides with MU < 50%, whereas
UHPLC QqTOF MS was up to 89% in the same limit, which was
recommended as a default value in European Union Document
SANCO/2007/3131 for pesticide analysis and enforcement deci-
sions (MRL-exceedances) (/8). The validation data and results
indicated that LC/ESI-MS/MS was superior to UHPLC QqTOF
MS for quantification.

Sensitivity. The method sensitivity was evaluated according to
the signal-to-noise (S/N) ratios (peak-to-peak) at the lowest
concentration level (Table 1, column 13, and Table 2, column
9). Generally, LC/ESI-MS/MS was at least 10 times more
sensitive than UHPLC QqTOF MS. Most pesticides were able
to be detected and quantified below or at 5 ug/kg, except for
aclonifen and chlorthiamid by LC/ESI-MS/MS, and aclonifen,
benoxacor, chlorbromuron, chlorthiamid, cyanofenphos, diclo-
cymet, haloxyfop, isocarbamide, linuron, metolcarb, molinate,

oxamyl-oxime, prodiamine, pyridalyl, quizalofop, thiofanox,
tolylfluanid, and zinophos by UHPLC QqTOF MS.

Problematic Pesticides. Pesticides, which had MU > 50% by
LC/ESI-MS/MS analysis, consisted of chlorthiamid, flucarba-
zone, pyridalyl, pyridate, and quizalofop. Pesticides, which
showed MU > 50% by UHPLC QqTOF MS analysis, included
aclonifen, benoxacor, chlorbromuron, chlorthiamid, cyanofen-
phos, diclocymet, etofenprox, fenhexamid, flucarbazone, meth-
omyl, picolinafen, prodiamine, pyridalyl, pyridate, quizalofop,
and tolylfluanid. Those pesticides were problematic pesticides
by LC/ESI-MS/MS and/or UHPLC QqTOF MS as a result
of insufficient sensitivity, low or high recovery, and/or poor
repeatability. Further study on extraction and/or the applications
of different mass spectrometric techniques, especially different
ionization methods, is necessary to obtain better quantitative
results.

In conclusion, the LC/ESI-MS/MS method reported in this
paper was able to determine 148 pesticides in berry fruits in a
range from 5 to 500 ug/kg with the lowest concentration level at
5 ug/kg for all pesticides (S/N > 10), except for aclonifen and
chlorthiamid. Most pesticides (95%) by LC/ESI-MS/MS had
overall recoveries in a range from 81 to 110%; 98% of the
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Figure 4. LC/ESI-MS/MS (148 pesticides) and UHPLC QqTOF MS (147 pesticides, fenpropidin excluded due to interference) method performance:

(A) overall recovery; (B) precision; (C) measurement uncertainty.

pesticides had method intermediate precisions of <20%; and
95% of the pesticides showed measurement uncertainties of
<40%. The UHPLC QqTOF MS method was able to determine
the same group of pesticides, of which 88% were possible to detect
at 5 ug/kg. Most pesticides (95%) by UHPLC QqTOF MS had
overall recoveries in a range from 81 to 110%; 86% of the
pesticides had method intermediate precisions of <20%; and

83% of the pesticides showed measurement uncertainties of
<40%. LC/ESI-MS/MS proved to be the first choice for quanti-
fication or pretarget analysis due to its superior sensitivity and
good repeatability. UHPLC QqTOF MS provided accurate mass
measurement and was a practical tool for post-target screening
and confirmation. LC/ESI-MS/MS and UHPLC QqTOF MS
were complementary to each other for pesticide analysis.
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