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Application of a Tandem Mass Spectrometer and Core�Shell
Particle Column for the Determination of 151
Pesticides in Grains
Jian Wang,* Willis Chow, and Wendy Cheung
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ABSTRACT: A comparison of ultrahigh performance liquid chromatography (UHPLC) with a 2.6 μm core�shell particle column
(Kinetex C18) and conventional liquid chromatography (LC) with a 3 μm porous particle column (Atlantis dC18), coupled with
electrospray ionization tandemmass spectrometry (ESI-MS/MS), for the determination of 151 pesticides in grains is presented in this
study. Pesticides were extracted from grain samples using a procedure known as QuEChERS (quick, easy, cheap, effective, rugged, and
safe). Quantification, with an analytical range from 5 to 500 μg/kg, was achieved usingmatrix-matched standard calibration curves with
isotopically labeled standards or a chemical analogue as internal standards. The method performance parameters that included overall
recovery, intermediate precision, and measurement uncertainty were evaluated using a designed experiment, that is, the nested design.
The UHPLC (Kinetex C18) was superior to conventional LC (Atlantis dC18) as it yielded a shorter analytical run time, increased
method sensitivity, and improved method performance. For UHPLC/ESI-MS/MS (Kinetex C18), 90% of the pesticides studied had
recoveries between 81 and 110%, 88% of the pesticides had intermediate precision e20%, and 84% of the pesticides showed
measurement uncertainty e40%. As compared to UHPLC/ESI-MS/MS (Kinetex dC18), the LC/ESI-MS/MS (Atlantis dC18)
showed a relatively lower sensitivity, less repeatability, and larger measurement uncertainty. UHPLC/ESI-MS/MS with 2.6 μm
core�shell particle column and scheduledMRMproved to be a good choice for quantification or determination of pesticides in grains.

KEYWORDS: UHPLC/ESI-MS/MS, LC/ESI-MS/MS, pesticides, grains, measurement uncertainty

’ INTRODUCTION

There are over 1100 pesticides from a broad range of classes
that are widely used in various combinations at different stages of
cultivation or during postharvest storage to protect crops against
pests and fungi and to provide quality preservation. Pesticide
residues that remain in the food supply could pose a risk to
human health because of their potential subacute and chronic
toxicity. In Canada, many food commodities such as fruits and
vegetables, infant food, tea, etc. have been tested for pesticide
residues under the federal government's 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 grains
for chemical residue monitoring programs and for risk assess-
ments of consumer exposure to pesticides.

Gas chromatography (GC) and liquid chromatography (LC)
mass spectrometers are essential means for determination of
pesticide residues in foods.1 The applications of LC-MS for
analysis of LC-amenable pesticides have been profound in the
past few years because of its high sensitivity and good repeat-
ability for trace level detection and quantification. The columns
used for these kinds of applications were generallyg3 μmporous
C18 particles in the past, and the analytical time was relatively
long.2 The core�shell or fine porous shell particles, that is, Halo
and Kinetex, represent a recent key technological advancement
in the arena of fast LC separations.3,4 Their development has
brought significant improvements in column efficiency and
thereby increases in resolution, throughput, sensitivity, etc.
Core�shell particles, sometimes also referred to as fused-core
silica stationary phases,5 are made by fusing a < 0.5 μm porous

silica layer, which is functionalized with a bonded phase such as
C18, C8, etc. to <2 μm nonporous or solid silica cores. The
reduced intraparticle flow path of the fused particles provides
superior mass transfer kinetics and better performance at high
mobile phase velocities, while the core�shell particles provide
lower pressure than sub-2 μm particles.5 For example, Kinetex
C18 core�shell 2.6 μmparticles used in this study were made of a
0.35 μm porous shell fused to a 1.9 μm solid core. Kinetex
core�shell columns can operate on conventional LC systems
with significant reductions in analytical run time and provide
ultrahigh column efficiency in separation, which was close to sub-
2 μm column chromatographic efficiency.6

In this paper, we present a study comparing 2.6 μmcore�shell
particles (Kinetex C18) and 3 μm porous particles (Atlantis
dC18) columns for the determination of 151 pesticides in grains
using the QuEChERs method. The methods were validated
according to a designed experiment, that is, a nested design,7,8

to evaluate its performance characteristics including overall
recovery, intermediate precision, and measurement uncertainty
for routine sample monitoring program.

’MATERIALS AND METHODS

Materials and Reagents. Seven different whole grain matrices
(pesticides free) for method development and validation, which
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included barley, basmati rice, rice flour, popcorn, wheat, seven grains,
and buckwheat, were obtained from local markets. The individual
grain samples were homogenized using a blender, and 500 g of each
grain sample was prepared. One hundred grain samples (500�1000 g per
sample) for a pilot study were also purchased from local supermarket
stores. All samples were stored at room temperature. Ammonium
acetate (reagent grade), LC-MS water (Chromasolv, 1 L), and LC-MS
acetonitrile (Chromasolv, 2.5 L) were purchased from Sigma-Aldrich
Corp. (Canada). ENVIRO CLEAN extraction columns [6.0 g of
anhydrous magnesium sulfate (MgSO4) and 1.5 g of sodium acetate,
50 mL centrifuge tubes] and ENVIROCLEAN extraction columns [900
mg of MgSO4, 150 mg of C18, and 300 mg of primary secondary amine
(PSA), 15 mL centrifuge tubes] were from United Chemical Technol-
ogies, Inc. (Bristol, PA). 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 and sample preparation was Milli-Q water, 18 MΩ cm from
Milli-Q Reagent Water System (Millipore Corp., United States).
Sodium acetate anhydrous (ACS reagent) was from Thermo Fisher
Scientific Inc. (Canada). Pesticides standards (Table 1, column 1) were
obtained from EQ Laboratories Inc. (United States), Riedel-de Haen
AG (Germany), or Chem Service (United States). Internal standards
carbendazim-d4 and carbofuran-d3 were purchased from EQ Labora-
tories Inc. (United States), and thiabendazole-d4 was from Chemical
Synthesis Services (Northern Ireland). LC vials were Mini-UniPrep
syringeless filter device with polypropylene housing and PVDF 0.45 μm
membrane (Whatman Inc., United States).
Preparation of Standards Solutions. Individual pesticide stan-

dard stock solutions were generally prepared in a concentration of
4000.0 μg/mL inmethanol. Because of their poor solubility inmethanol,
carbendazim was prepared at 200.0 μg/mL, and a few of pesticides were
prepared at 1000.0 or 2000.0 μg/mL (Table 1, column 1). An
intermediate pesticide standard mix working solution was prepared as
10.0 μg/mL from stock solutions. Stock and intermediate solutions were
stored at �20 �C. Six-level pesticide standard mix working solutions
were prepared by transferring 0.1, 0.5, 2.0, 4.0, 6.0, and 10.0 mL of
10.0 μg/mL intermediate working solution into six separate 50 mL
volumetric flasks and making them up to volume with methanol to
prepare 0.02, 0.1, 0.4, 0.8, 1.2, and 2.0 μg/mL six-level standard
solutions. They were used 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
10.0 μg/mL intermediate working solution into separate 50 mL volu-
metric flasks and making them up to volume with methanol to prepare
0.2, 1.8, 4.8, and 8.0 μg/mL four-level standard solutions for sample
spikes. Internal standard working solutions (2.0 μg/mL) including
carbofuran-d3, carbendazim-d4, and thiabendazole-d4 were prepared in
a mixture of acetonitrile and methanol (50:50, v/v). All working
solutions were stored at 4 �C.
Preparation of Reagent Solutions. Acetonitrile/acetic acid

(99 + 1, v/v) was prepared by mixing 990 mL of acetonitrile with
10 mL of acetic acid. Ammonium acetate (0.1 M) was prepared by
weighing 7.7 g of ammonium acetate and dissolving it in approxi-
mately 800 mL of water. After it was transferred into a 1000 mL
volumetric flask, the solution was made up to the volume with water.
The solvent buffer was a mixture of 0.1 M ammonium acetate and
methanol (50 + 50, v/v).
LC/ESI-MS/MS Parameters. The LC/ESI-MS/MS system uti-

lized was an Agilent 1200 SL (Agilent, Germany) coupled with an API
5000 LC/MS/MS System (Applied Biosystem, Canada). The system
was controlled using the Analyst 1.5 software. The mobile phase B was
acetonitrile, and themobile phase Awas 10mM ammonium acetate with
2% acetonitrile in water. The column oven temperature was set at 35 �C,
and the autosampler temperature was set at 5 �C.

Core�Shell Particle Column. The core�shell particle or UHPLC
column utilized was a Kinetex C18, 100 mm � 2.1 mm, 2.6 μm column
(Phenomenex, United States). The injection volumewas 3 μL, when not
specified, and the total run time was 12 min.

Porous Particle Column. The porous particle or conventional LC
analytical column was an Atlantis dC18, 100 mm � 2.1 mm, 3 μm
column (Waters, United States), and the guard column was an Atlantis
dC18, 10 mm� 2.1 mm, 3 μm column (Waters). The injection volume
was 5 μL, and the total run time was 35 min. Both conventional LC and
UHPLC gradient profiles are shown in Table 2.

MS/MS Conditions. The ion source was TurboIonSpray or Turbo V
electrospray ion source in positive mode. General mass spectrometric
parameters are shown in Table 2. The 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 (CXP), and multiple reaction mon-
itoring transitions (MRM or Q1 and Q3) are listed in Table 1.
Parameters such as DP, EP, CE, and CXP were optimized using the
Quantitative Optimization bundled with the Analyst software by infus-
ing each individual pesticide standard (10 or 50 μg/L) to the mass
spectrometer. The syringe pump (Harvard Apparatus, United States)
flow rate was set at 10 μL/min for infusion. For LC (Atlantis dC18)
column, nonscheduled MRM was used; that is, MRMs were acquired in
one experiment period. The total scan time was 1.6211 s, and the
duration was 24 min. For UHPLC (Kinetex C18) column, when not
specified, a scheduled MRM was used according to the retention time
with a MRM detection window of 100 s. The total scan time was 1.6211 s,
and the duration was 11 min.
Sample Extraction and Cleanup Procedures. Sample extrac-

tion and cleanup procedures followed the buffered QuEChERS2 or
AOAC Official Method 2007.019 with a slight modification. For the
fortification experiment, grain samples (5.0 g/sample) were weighed
into individual 50 mL polypropylene centrifuge tubes (VWR Interna-
tional, Canada). Two hundred fifty 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 μg/kg of pesticides
equivalent in samples. To each tube, 250 μL of 2.0 μg/mL internal
calibration standard working solution (100.0 μg/kg equivalent in
samples) was added along with 15 mL of water. Tubes were capped,
mixed, and allowed to stand for 30 min at room temperature for the
purpose of hydration. Then, 15 mL of acetonitrile/acetic acid (99 + 1, v/v)
was added to individual samples and mixed, followed by the addition of
1.5 g of anhydrous sodium acetate and 6.0 g of anhydrous magnesium
sulfate from ENVIROCLEAN extraction columns. The centrifuge tubes
were capped, shaken again for 45 s by hand, and then centrifuged at
3000 rpm (∼2100g) for 3 min using an Allegra 6 centrifuge (Beckman
Coulter Inc., United States). Supernatants were transferred (6 mL/
sample) into individual 15 mL polypropylene centrifuge tubes, that is,
ENVIROCLEAN extraction columns, which contain 900mg ofMgSO4,
150 mg of C18, and 300 mg of PSA. The centrifuge tubes were capped,
shaken for 45 s, and centrifuged at 3000 rpm (∼2100g) for 3 min. Three
milliliters of supernatants (1 g sample/3 mL) were transferred into
individual 5 mL Pyrex brand centrifuge tubes, precalibrated with 1 mL
volume accuracy (VWR International). Each of the sample extracts was
evaporated to 0.1�0.2 mL, which took approximately 45 min, using an
N-EVAP nitrogen evaporator (Organomation Associates Inc., United
States) at 30 �C under a stream of nitrogen. The extracts were made up
to 0.5 mL with methanol, vortexed for 30 s, and then made up to 1.0 mL
with 0.1M ammonium acetate and vortexed again for 30 s. One hundred
microliters of each extract was transferred into a Mini-UniPrep vial
(Whatman Inc.), and 500 μL of solvent buffer was added. The vials were
capped, vortexed for 30 s, and pressed to filter. Sample extracts were
analyzed by LC/ESI-MS/MS injection.
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For the pilot study of 100 samples, grain samples (5.0 g/sample) were
weighed into individual 50 mL polypropylene centrifuge tubes (VWR
International). To each sample, 250 μL of 2.0 μg/mL internal calibration
standard working solution (100.0 μg/kg equivalent in sample) was
added, and the extraction procedure was the same as that of the
fortification experiment.
Preparation of Matrix-Matched Calibration Standards

and Calculation. Matrix-matched calibration standards were pre-
pared by adding standards and internal standards to blank sample
extracts after sample extraction and cleanup. A blank grain sample
(5.0 g/sample) was weighed into a 50 mL centrifuge tube, and the
sample was processed through the extraction procedure as described
above. To each of the six remaining 0.1�0.2 mL sample extracts,
250 μL of each six-level pesticide standard mix working solution was
added, providing 5.0, 25.0, 100.0, 200.0, 300.0, and 500.0 μg/kg of
standard equivalent in samples. Then, 50 μL of 2.0 μg/mL internal
calibration working solution was added to each sample (100.0 μg/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 then vortexed again for 30 s. The extracts
were diluted six times prior to LC/ESI-MS/MS injection using
solvent buffer.
Quantification. Matrix-matched standard calibration curves for

each individual pesticide were constructed using the “Quantitate”
function bundled with the Analyst software. The quantification inte-
gration algorithm applied was IntelliQuan with no data smoothing.
Deuterium-labeled standards carbendazim-d4, carbofuran-d3, and thia-
bendazole-d4 were used as internal standards for their respective native
compounds for quantification. All other pesticides used carbofuran-d3
as an internal standard for quantification because it had consistent
recovery around 90% and demonstrated linear response. 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,
μg/kg, in samples.
Experimental Design and Method Validation. The method

was validated with the nested experimental design, which was
described elsewhere.7,8 The main factors of variances associated with
the method performance or measurement uncertainties of an in-house

validated method using the spiked samples are concentrations or spike
levels of analytes, matrix effects, day-to-day variation, and within day
variation of the method. The last two factors are designated as the
intermediate precision. In this study, there were a total of six grain
matrices. For each matrix, samples were spiked at four levels, that is
10.0, 90.0, 240.0, and 400.0 μg/kg, in triplicate. Spike experiments were
repeated by two analysts. Overall recovery, intermediate precision, and
measurement uncertainty were calculated using a combined computer
program that consisted of SAS codes (SAS Software Release 9.1, SAS
Institute Inc., United States) along with a Microsoft Excel (Microsoft
Office 2002) workbook.7

’RESULTS AND DISCUSSION

Extraction. Pesticides were extracted from grain samples
(5 g/sample) as described above. The whole procedure entailed
step 1: hydration. Grain samples have to be hydrated to improve
pesticide extraction efficiency as recommended in the QuE-
ChERs method.10 To determine the amount of water required
to hydrate 5 g of grain sample, 5, 10, or 15mL of water was tested.
It was found that 15 mL of water was needed to wet an entire
sample and yield consistent recoveries. Subsequently, the total
water content in the sample (5 g) mixture should be >80% after
the addition of 15 mL of water. Some grain samples required
vortexing to completely break clumps present in the mixture. It
was also important to allow samples to hydrate for 30 min at
room temperature prior to the next step; step 2: extraction. This
step entailed adding acetonitrile to samples and partitioning
pesticides into acetonitrile using anhydrous MgSO4. After the
addition of 15 mL of acetonitrile and acetic acid (99 + 1, v/v) to
the sample mixture, samples required 45 s of shaking before
sodium acetate (1.5 g) andMgSO4 (6.0 g) were added. This step
was critical to ensure goodmethod performance; otherwise, poor
or inconsistent recoveries were observed. In general, 7�9 mL of
initial acetonitrile extracts (15 mL), which was adequate for the
cleanup, was yielded after centrifugation (3min at 2100g); step 3:
cleanup or dispersive solid-phase extraction (d-SPE). In an
initial study, MgSO4 and PSA; MgSO4, PSA, and graphitized
black carbon; or MgSO4, PSA, and C18 were compared.

Table 2. Liquid Chromatographic Gradient Profiles and MS Parameters

Kinetex C18 Atlantis dC18

total time flow rate (μL/min) A (%) B (%) total time flow rate (μL/min) A (%) B (%)

0.0 300 92 8 0.0 200 92 8

4.0 300 10 90 7.0 200 10 90

8.0 300 10 90 25.0 200 10 90

9.0 500 0 100 28.0 300 0 100

9.5 500 0 100 28.1 300 92 8

10.0 500 92 8 35.0 200 92 8

12.0 300 92 8

MS parameters MS parameters

collision gas (CAD) 7 collision gas (CAD) 7

curtain gas (CUR) 25 curtain gas (CUR) 20

ion source gas 1 (GS1) 60 ion source gas 1 (GS1) 50

ion source gas 2 (GS2) 60 ion source gas 2 (GS2) 50

ionspray voltage (IS) 5000 ionspray voltage (IS) 5000

temperature 550 temperature 500
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The combination of MgSO4, PSA, and C18 proved to be more
efficient for cleanup in terms of extraction efficiency (recovery) and
repeatability than others. C18 helped for some relatively nonpolar
compounds in matrices. After steps 2 and 3, normally >5 mL of
extracts, which was required for the next step, was obtained; step 4:
concentration, reconstitution, and filtration. This step helped
further to remove coextractives. After concentration and reconsti-
tution, the extracts turned turbid or cloudy, and filtration was
necessary to get rid of precipitates in the final extracts prior to the
LC injection by theMini-UniPrep vials with a filtration membrane,
that is, polyvinylidene difluoride (PVDF). Because 3 mL of super-
natant was used to concentrate and reconstitute into 1mL, the final
extract was equivalent to 1 g matrix per mL at this point. The
extracts were diluted six times prior to LC-MS injection.
MS/MSData Acquisition.MS/MS data acquisition was based

on the multiple reaction monitoring (MRM) transitions that
were predetermined by infusing the 151 pesticides and three
isotopically labeled standards (Table 1, column 1) into an API
5000 mass spectrometer. Table 1 (columns 3 and 4) lists MRM
transitions of 151 pesticides for either quantification or con-
firmation. Pesticides were ionized in form of [M + H]+, [M +
NH4]

+, 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 corresponding 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 retention time; therefore, the second transitions were
chosen for quantification. For example, isoprocarb and trimetha-
carb 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 dimethametryn and dipropetryn.
Scheduled MRM versus Nonscheduled MRM.MS/MS data

acquisition can occur in either single or multiple retention time
windows, which affect the instrument duty cycle and cycle time.
Duty cycle is inversely proportional to the number of concurrent
MRMs monitored, but the total cycle time is proportional to
the number of MRMs in the same retention period. A high duty
cycle provides good sensitivity, and a short cycle time increases
the sampling rate across an LC peak, which results in a more
reproducible quantitative result. The API 5000 LC/MS/MS
System allows up to 300 MRM transitions concurring in single
retention time window, and it also features the so-called sched-
uled-MRM, where individual transitions can be monitored in
narrowly designated retention windows at the time when ana-
lytes are eluted. Therefore, with the scheduled MRM, the
number of concurrent MRM transitions is significantly reduced,
resulting in much higher duty cycles for each analyte. The
software computes maximal dwell times for the coeluting ana-
lytes while maintaining the desired cycle time. As a result, a
maximized dwell time, an optimal cycle time, and the highest
possible duty cycle for each MRM ensure that the analytical

Figure 1. UHPLC/ESI-MS/MS (Kinetex C18) 151 pesticide response comparison between scheduled MRM and nonscheduled MRM. The pesticides
were prepared in solvent buffer at a concentration of 100 μg/kg equivalent in sample. Injection volume: 5 μL. (A) By peak area and (B) by peak height.
Bars above x-axial (pesticide ID number) are response ratios (>1) of scheduled MRM over nonscheduled MRM. Bars below x-axial are response ratios
(<�1) of nonscheduled MRM over scheduled MRM.
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precision is maintained and sensitivity is improved at higher
multiplexing.
Nonscheduled MRM has been used for conventional LC such

as Atlantis dC18 in our routine applications. However, there was a
concern that there might not be enough data points across a
chromatographic peak for quantification, when nonscheduled
MRM was used for Kinetex C18, because the peak width was
narrow and only a few seconds wide. Therefore, a study was
carried out to determine to how scheduled MRM would help to
improve method performance in terms of sensitivity and repeat-
ability. As shown in Figure 1, bars above the x-axial or response
ratios as positive numbers indicated that the responses from
scheduled MRM were higher than those from nonscheduled
MRM and vice versa. The scheduled MRM provided the
improved responses or sensitivity overall because most of bars
were above x-axial. Furthermore, by either peak area or height,
the scheduled MRM provided much better repeatability than
nonscheduled MRM (Figure 2). For example (by peak area),
84% pesticides had relative standard deviation e5% when sched-
uled MRM was applied, as compared to 31% from the nonsched-
uledMRM. The scheduledMRMbecame essentials to Kinetex C18

applications in this study to obtain adequate data points for
quantification along with the benefit of the improved sensitivity.
UHPLC/ESI-MS/MS (Kinetex C18) versus LC/ESI-MS/MS

(Atlantis dC18). The liquid chromatographic gradient profiles
are shown in Table 2. For UHPLC (Kinetex C18), the mobile
phase B (acetonitrile) was ramped from 8 to 90% in 4 min, and
then, it was kept at 90% until 8 min with a flow rate of 300 μL/min
before the column was regenerated, and the total run time
was 12 min. The first pesticide eluted from the Kinetex C18

column was cyromazin at 1.46 min, and the last pesticide was

Figure 2. UHPLC/ESI-MS/MS (Kinetex C18) 151 pesticide repeat-
ability (relative standard deviation, %) comparison between sched-
uled MRM and nonscheduled MRM. The pesticides were prepared
in solvent buffer at a concentration of 100 μg/kg equivalent in
sample. Injection volume: 5 μL. (A) By peak area and (B) by peak
height.

Figure 3. LC-MS chromatograms of 151 pesticides (200 μg/kg) and three internal standards (100 μg/kg) spiked in seven grain extracts. Injection volume:
5 μL. (A) A chromatogram from Kinetex C18 with a total run time of 12 min. (B) A chromatogram from Atlantis dC18 with a total run time of 35 min.
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dodemorph at 9.22 min (Figure 3A). For LC (Atlantis dC18), the
mobile phase B (acetonitrile) was ramped from 8 to 90% in
7 min, and then, it was kept at 90% until 25 min with a flow rate
of 200 μL/min before the column was regenerated, and the total
run time was 35 min. The first pesticide eluted from the Atlantis
dC18 column was cyromazin at 3.28 min, and the last pesticide was
dodemorph at 20.41 min (Figure 3B). Both UHPLC and
LC pesticide retention times are listed in Table 1 (columns 11
and 16). The retention times, within and between batches, were
reproducible for most of the pesticides, except for emamectin B1a,
fenpropidin, and spiroxamine, which drifted within-batch analysis
from both columns. 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. The total run
time from Kinetex C18 was about 1/3 of that from Atlantis dC18.
Because the increased flow rate in Kinetex C18, that is, 300 μL/min,
the associated mass spectrometric desovaltion parameters
(Table 2) such as curtain gas, ion source gas 1 and 2, and
temperature were increased accordingly so as to maintain ioniza-
tion efficiency and to reduce chance of contamination to the front
end ofmass spectrometer. It should bementioned that Kinetex C18

(100mm� 2.1mm, 2.6 μm) produced a column back pressure up
to 3500 psi during the course of a gradient, as compared to up to
1500 psi from Atlantis dC18 (100 mm � 2.1 mm, 3 μm).
Figure 4 showed the comparisons of responses between

Kinetex C18 and Atlantis dC18 by peak area or height. The data
were acquired according to the nonscheduled MRM, and 5 μL

of extracts was injected on either column. In terms of peak areas, the
responses from either Kinetex C18 or Atlantis dC18 were close to
each other as shown in Figure 4A. However, when comparing peak
heights (Figure 4B), the responses fromKinetexC18 were in general
higher (bars above x-axial) than those from Atlantis dC18. The
Kinetex C18 provided narrower or shaper peaks, shortened the
analytical run time by 2/3, and improved single-to-noise ratio or
increased the sensitivity, as compared to Atlantis dC18 (Figure 3).
Furthermore, the amount of sample extracts injected onKinetexC18

column was reduced while still achieving the required sensitivity.
Consequently, it helped to reduce ion source contamination, to
extend column life, and to reduce matrix effects. As a good practice,
3μLof sample extractswas used to inject onKinetexC18 to generate
data for method performance evaluation or method validation.
Matrix Effects. It was expected that the narrow or sharp

chromatographic peaks would result in reduced matrix effects.
Because of the improved chromatographic resolution of a core�
shell column, analytes of interests should show improved separa-
tion from coextractives. However, this was not observed in the
current study. Matrix effects 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 μg/kg equivalent in
sample. The pesticides may encounter either ion suppression or
enhancement in presence of grain matrices. Figure 5 showed the
profile or distribution of matrix effects, and x-axial is the ratio,
expressed as percentage, of pesticide responses in the presence of

Figure 4. LC-MS 151 pesticide response comparison between Kinetex C18 and Atlantis dC18. The pesticides were prepared in solvent buffer at a
concentration of 100 μg/kg equivalent in sample. Injection volume: 5 μL. Data were acquired using nonscheduled MRM. (A) By peak area and (B) by
peak height. Bars above x-axial (pesticide ID number) are response ratios (>1) of Kinetex C18 over Atlantis dC18. Bars below x-axial are response ratios
(<�1) of Atlantis dC18 over Kinetex C18.
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matrix to those in solvent buffer. More ion suppression was
observed from the Kinetex C18 (Figure 5A) than from Atlantic
dC18 (Figure 5B). The distribution fromAtlantic dC18 was skewed
toward the range 71�110%, which was translated into less matrix
effects. Therefore, Kinetex C18 may not end up with reduced
matrix effects when injecting the same amount of samples as on
Atlantis dC18. Nevertheless, allmatrices examined, except for seven
grains, showed similar matrix effects profiles on either column.
Therefore, in routine practice, grains (or nonmixed) may be used
interchangeably to prepare matrix-matched standard calibration
curves along with isotopically labeled internal standards to com-
pensate matrix effects when analyzing samples.
MethodValidationandMethodPerformance.Both UHPLC/

ESI-MS/MS (Kinetex C18) with scheduled MRM and LC/
ESI-MS/MS (Atlantis dC18) with nonscheduled MRM 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 evaluate method per-
formance parameters in terms of accuracy expressed as overall
recovery, intermediate precision, and measurement uncer-
tainty (MU). Pesticides were spiked into six grain matrices
at 10, 90, 240, and 400 μg/kg in triplicate, and each experiment

was repeated by a different analyst on a separate day. The
performance parameters were calculated using a combined SAS
statistical program. Detailed calculations and equations were
described elsewhere.7,8 The method performance results are
summarized in Table 1 (Kinetex C18, table columns 13�15;
Atlantis dC18, table columns 18�20) and are depicted in
Figure 6. Generally, 90 or 91% of the pesticides (Figure 6A) had
recoveries between 81 and 110%byKinetexC18 andAtlantis dC18,
respectively. However, Kinetex C18 provided better intermediate
precision and less measurement uncertainty than Atlantis dC18.
For example, 54% of the pesticides had intermediate precision
e10% by Kinetex C18, whereas 41% by Atlantis dC18 (Figure 6B).
Consequently, 45% of the pesticides possessed MU e 20% by
Kinetex C18, as compared to 30% by Atlantis dC18 (Figure 6C).
Using either column, the method was able to quantify 90% of the
pesticides withMUe 50% in grains, whichwas recommended as a
default value in European Union Document SANCO/10684/
2009 for pesticide analysis and enforcement decisions (MRL-
exceedances).11 The use of scheduledMRMmay contribute to the
better quantitative results from Kinetex C18.
Sensitivity. The method sensitivity was evaluated according to

signal-to-noise (S/N) ratios (peak-to-peak) at the lowest concen-
tration level (Table 1, columns 12 and 17). Generally, most
pesticides were detected and quantified below or at 5μg/kg, except
for abamectin B1a, aclonifen, benoxacor, chlorbromuron, cyano-
fenphos, diclocymet, dodemorph, etofenprox, isoxathion, linuron,
molinate, prodiamine, propamocarb, pyridalyl, pyridaphenthion,
pyridate, pyrifenox, quizalofop, quizalofop-ethyl, spirodiclofen,
thiofanox, and/or zinophos, the lowest concentration levels
(LCLs) of which are bolded and underlined in Table 1 (columns
12 and 17), by either Kinetex C18 (3 μL injection) or Atlantis dC18

(5 μL injection). In general, Kinetex C18 provided better sensitivity
than Atlantis dC18, despite 3/5 injection volume was used.
Pilot Study. Because of its overall superior method perfor-

mance, the UHPLC/ESI-MS/MS (Kinetex C18) was used to
analyze 100 samples in a pilot study to further evaluate method
performance or applicability. Different kinds of grains including
wheat, rice, corn, durum wheat, etc. were purchased, processed,
and analyzed. No positive or incurred pesticide samples were
found. As a control practice during the pilot study, a proficiency
test (PT) sample was also analyzed for thiabendazole. The study
showed that the method performed as it should and yielded a
result of 178 μg/kg thiabendazole with a z-score +0.36.
In conclusion, both UHPLC/ESI-MS/MS (Kinetex C18) and

LC/ESI-MS/MS (Atlantis dC18) methods reported in this paper
can be routinely used to determine 151 pesticides in grain
samples. The analytical range is 5�500 μg/kg with the lowest
concentration level at 5 μg/kg for all pesticides (S/N > 10),
except for a few pesticides. For UHPLC/ESI-MS/MS (Kinetex
C18) with scheduled MRMs, 90% of the pesticides studied had
recoveries between 81 and 110%, 88% of the pesticides had
intermediate precisione20%, and 84% of the pesticides showed
measurement uncertaintye40%. As compared to UHPLC/ESI-
MS/MS (Kinetex C18), LC/ESI-MS/MS (Atlantis dC18)
showed a relatively lower sensitivity, less repeatability, and larger
measurement uncertainty. Apparently, both 2.6 μm core�shell
particle column (Kinetex C18) and scheduled MRM contri-
buted to the better performance of the UHPLC/ESI-MS/MS
method, in addition to its shortened analytical run time.
UHPLC/ESI-MS/MS (Kinetex C18) proved to be an ideal
means for the determination of pesticides in grains in routine
monitoring programs.

Figure 5. LC-MS matrix effects comparison between Kinetex C18 and
Atlantis dC18. The 151 pesticides were prepared in matrix extracts (six
grain matrices) at a concentration of 100 μg/kg equivalent in sample.
Injection volume: 5 μL. Data were acquired using nonscheduled MRM.
(A) Kinetex C18 and (B) Atlantis dC18.
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