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ABSTRACT: A multiresidue method analyzing 209 pesticides in 24 agricultural commodities has been developed and validated
using the original Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) procedure and high performance liquid
chromatography-positive electrospray ionization�tandem mass spectrometry (LC-MS/MS) analysis. Using solvent-only calibra-
tion standards (SOCSs) and matrix-matched calibration standards (MMCSs), it was demonstrated that a minimal concentration of
5�10 μg/kg (part per billion, ppb) of analytes in matrix is required for the consistent identification of targeted pesticides with two
MRM transitions. Method performance was validated by the precision and accuracy results obtained from fortification studies at 10,
25, 100, and 500 ppb andMMCSs. The method was demonstrated to achieve an average recovery of 100( 20% (n = 4) for >75% of
evaluated pesticides at the low fortification level (10 ppb) and improved to >84% at the higher fortification concentrations in all 24
matrices. Matrix effects in LC-MS/MS analysis were studied by evaluating the slope ratios of calibration curves (1.0�100 ng/mL)
obtained from the SOCSs andMMCSs. Principal component analysis (PCA) of LC-MS/MS andmethod validation data confirmed
that each matrix exerts its specific effect during the sample preparation and LC-MS/MS analysis. The matrix effect is primarily
dependent on the matrix type, pesticide type and concentration. Some caution is warranted when using matrix matched calibration
curves for the quantitation of pesticides to alleviate concerns on matrix effects. The QuEChERS method with LC-MS/MS was used
to identify and quantitate pesticides residues, with concentrations ranging from 2.5 to >1000 ppb in a variety of agricultural samples,
demonstrating fitness for screening and surveillance applications.

KEYWORDS: QuEChERS, LC-MS/MS, matrix effects, identification criteria, multiresidue pesticide analysis

’ INTRODUCTION

There are approximately 1500 pesticides used frequently
around the world for pest control applications.1 Because of
potential overuse and adverse health effects of pesticides, there
is a need for multiresidue methods to screen, quantitate, and
identify as many pesticides as possible to achieve consistent data
quality and optimized operational effeciency. Gas chromatogra-
phy (GC) coupled to element selective and mass spectrometric
detectors were the primary instruments used because they were
successful to analyze organochlorine, organophosphorus, pyre-
throid, and other semivolatile and thermally stable pesticides.2,3

However, there are classes of polar, thermally labile, and newly
registered pesticides that are not susceptible or not stable to the
high temperature conditions typically used for GC analysis,
therefore requiring alternative procedures such as high perfor-
mance liquid chromatography methods. The availability of LC-
MS/MS has improved the selectivity and sensitivity of the
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analysis and the workflow for identification and quantitation of
other pesticide classes in various agricultural products. These
reasons led to the development and use of LC-MS/MS multi-
residue methods in many pesticide laboratories. The result was
consistent, targeted quantitative multiresidue pesticides analysis
from a single injection beginning in 2002.4 With increased
instrument sensitivity the number of target pesticides screened
in one injection increased.5�16

The sample preparation methods used involve an organic
solvent extraction step to extract pesticides from the sample,
followed by a cleanup procedure to remove matrix coextractives
from the solvent extract. The coextractants potentially interfere
with the analysis of the pesticides, i.e. matrix effects. Solvents that
have been used for extraction include methanol,6,10 ethyl acetate,7,8

acetone,9,12 and acetonitrile,8,9 with acetonitrile being the most
popular due to the development of the QuEChERS and generic
extraction procedures.11,13�16 QuEChERS, developed by Anastas-
siades et al.,17 is a relatively simple and quick procedure that makes
use of acetonitrile salt-out extraction involving excess amounts of
salts (anhydrous magnesium sulfate mixed with sodium chloride,
sodium acetate, or sodium citrate/disodium citrate sesquihydrate),
followed by a solid-phase dispersive cleanup step involving the
acetonitrile extract and a mixture of magnesium sulfate and
primary�secondary (PSA) sorbent. Additional cleanup treatments
of the extract can also include other dispersive sorbents such as C18

and graphitized carbon, as well as using solid-phase extraction
cartridges in place of solid-phase dispersion tubes.14 The sample
extracts are diluted prior to LC-MS/MS analysis tominimizematrix
effects at the cost of reduced LC-MS/MS sensitivity. Few studies
have been performed on the fitness of these methods to perform
quantitative analysis under the influence of sample matrices. Nor
has there been any evaluation of the recently developed data
acquisition software, i.e. Scheduled MRM, to enhance selectivity
thus increasing the signal-to-noise ratio (SNR), hence improved
data quality, of the LC-MS/MS experiment.

Documented in this paper is aQuEChERS sample preparation
and LC/MS-MS analysis based multiresidue method for the
measurement of 209 targeted pesticides including carbamates,
polar organophosphates, phenylureas, anilides, benzoyl pheny-
lureas, conazoles, macrocyclic lactone, neonicotinoids, strobilur-
ines, triazines, and other thermally labile pesticides. The
analytical results presented here were obtained using the Sched-
uled MRM data acquisition algorithm and include instrument
detection limits (IDL) and method recovery. Method recovery
data were obtained using replicate samples (n = 4) at 10, 25, 100,
and 500 ppb fortification concentrations in 20 fresh produce and
four agricultural commodities. Method recovery data were also
used to estimate method detection limits according to the U.S.
Environmental Protection Agency (EPA) protocols.18,19 The
validity of using two MRM transitions and their peak area ratios
to identify target pesticide compounds to meet the European
Commission criteria for the mass spectrometric identification of
target compounds20 was investigated. Matrix effects were also
studied during the method validation stage. The same method
recovery data were used to determine the method detection
limits (MDL) as well as the effects of the sample matrix on LC-
MS/MS ion suppression and quantitative results (Supporting
Information Table S4). Principal components analysis (PCA) is
used to investigate analytical data to gain an in depth under-
standing of the matrix effects derived from these 24 different food
matrices. Finally, the method was applied to the analysis of
incurred residues in a variety of agricultural commodities.

’MATERIALS AND METHODS

Chemicals. Most of the 201 pesticide standards used in this work
were obtained from the United States Environmental Protection Agency
(US EPA) Pesticide Repository (Ft. Meade, MD), while others were
obtained through Fluka/Sigma Aldrich (St. Louis, MO), EQ Labora-
tories (Dr. Ehrenstofer, Atlanta, GA) and Wako Chemicals USA
(Richmond, VA) and are listed in Supporting Information Table S1.
Methanol, acetonitrile, HPLC-grade water, formic acid, ammonium
formate, anhydrous MgSO4, and NaCl were purchased from Fisher
Scientific (Pittsburgh, PA). Six deuterium (2H) isotope labeled internal
standards, diazinon-d10 (diethyl-d10), dimethoate-d6 (O,O-dimethyl-d6),
diuron-d6 (dimethyl-d6), linuron-d6 (dimethyl-d6), dichlorvos-d6
(dimethyl-d6), and malathion-d6 (dimethyl-d6) were purchased from
CDN-Isotopes (Montreal, Quebec, Canada). Two QuEChERS pro-
ducts, i.e. 4 g of anhydrousmagnesium sulfate and 1 g of sodium chloride
packets with 50 mL centrifuge tubes and 15 mL centrifuge tubes
containing 1.2 g of anhydrous magnesium sulfate and 400 mg of
primary�secondary amine sorbents, were purchased from United
Chemical Technologies (UCT, Bristol, PA). Fresh produce consisting
of apple, avocado, beet, bell pepper, blueberry, broccoli, cabbage, carrot,
corn, cucumber, eggplant, grape, green bean, onion, orange, peach,
potato, spinach, strawberry, and tomato and agricultural commodities,
ground hazelnuts, honey, milled wheat flour, and raisins, were purchased
as organic products from commercially available sources. Incurred
produce samples were obtained from FDA Office of Regulatory Affairs
laboratories and from the EPA Analytical Chemistry Laboratory, Ft.
Meade, MD.

Separate stock solutions of analytical standards, including those for
the isotope-labeled internal standards, were prepared for individual
compound by weighing 10�75 mg each and dissolving in 10 or
25 mL of acetonitrile, methanol, or methanol:water (50:50/v:v) in
volumetric flasks or calibrated plastic tubes (Simport, Quebec, Canada).
Intermediate solutions and spike solutions were prepared in 200 mL
volumetric flasks by mixing the stock solutions and used in the
preparation of solvent-only calibration standards (SOCSs) and matrix-
matched calibration standards (MMCSs) and method recovery studies.
SOCSs were transferred to amber vials containing PTFE screw caps and
stored at �20 �C.
Sample Preparation. All sample matrices (apple, avocado, beet,

blueberry, broccoli, cabbage, carrot, corn, cucumber, eggplant, grape,
green bean, onion, orange, peach, potato, spinach, strawberry, tomato,
and raisin) were cryo-grounded by blending broken pieces of a half-size
block of dry ice in a Blixer 4 blender (Robot Coupe USA Inc., Jackson,
MS) until a powdery consistency is obtained. The food samples
including skins were cut into portions to allow thorough blending with
the dry ice powder. The food portions were blended with the dry ice
until powdery, sand-like consistencies were obtained. Approximately
10 lb of the sample were composited in batches and later pooled and
mixed together. The homogenized samples were stored in double plastic
(polyethylene) freezer bags, left opened to allow the dry ice to evaporate,
and later sealed. The samples were stored in a �40 �C freezer until
further use.

Method recovery study samples were prepared, in quadruplicates,
from the homogenized sample matrices at four spiking concentrations.
Method blank samples were also prepared in each sample batch as
quality control (QC) samples, as well as used in the preparation of
MMCSs in the matrix effects studies. These samples were prepared by
weighing 10( 0.2 g of cryo-grounded sample in 50mL disposable screw
capped polypropylene centrifuge bottles (Fisher Scientific, Pittsburgh,
PA). For fortification studies, spiking solutions at concentration of 0.2,
0.5, and 2.0 μg/mL (0.5 mL) and 5 μg/mL (1 mL) were added into
sample tubes to achieve levels of 10, 25, 100, and 500 ppb. These sample
tubes were vortexed for 1 min to achieve a homogeneous sample,
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followed by the addition of 10 mL of acetonitrile, 4 g of anhydrous
MgSO4, and 1 g of sodium chloride (UCT, Bristol, PA). After hand-
shaking the sample to prevent clumping of the salts, 200 μL of internal
standard solution was added into each sample and the sample tube
placed on a GenoGrinder mechanical shaker (SPEX Sample Prep, LLC,
Metuchen, NJ) for 1min at 1000 strokes/min. Samples were centrifuged
at 4500 rpm (4000g) for 5 min. The final extracts (∼9 mL) were
transferred to a centrifuge tube containing 400 mg of PSA sorbents and
1200 mg of MgSO4 (UCT, Bristol, PA). The sample tubes were shaken
on the GenoGrinder for 1 min (500 strokes/min) and centrifuged at
3500 rpm (2000g) for 5 min. Sample extracts were removed from the
centrifuge tube (about 6.5�7.0 mL recovered) and transferred to clean,
15 mL glass centrifuge tubes and stored in freezer until LC-MS/MS
analysis. Prior to LC-MS/MS analysis, QC blank and fortified sample
extracts were prepared by diluting 200 μL of sample extracts with 300 μL
of acetonitrile and 500 μL of sample buffer and filtered to concentrations
of 2, 5, 20, and 100 μg/mL for the 10, 25, 100, and 500 ppb fortified
samples, respectively. Samples were cloudy at this stage and were filtered
using 0.2 μmnylon membrane filters (Sun SRi, Rockwood, TN) directly
into the autosampler vials, upon which the solutions became clear and
were analyzed as is.

Matrix effects study samples were prepared in pure solvent (i.e.,
SOCSs) and blank QC sample extracts (i.e., MMCSs) prepared in the
method recovery study. In the preparation of a matrix effects study, nine
sample batches involving 24 sample matrices were used. The matrix
effect study was run over a 72 day period. Seven different concentrations
of SOCSs and MMCSs were prepared in quadruplicate for each sample
batch. A batch may contain 1�3 different sample matrices. Seven
MMCSs were prepared by mixing 300 μL of 3.33. 6.67, 16.7, 33.3,
66.7, 167, 333, and 667 ng/mL standard solutions with 200 μL of matrix
blank extracts and 500 μL of sample buffer (8 mM ammonium formate)
and filtering with a 0.2 μm nylon membrane. This procedure forms
concentrations of 1.0, 2.0, 5.0, 10, 20, 50, 100, and 200 ng/mL. Seven
SOCSs were prepared in the same manner with the 200 μLmatrix blank
extracts replaced by 200 μL of acetonitrile. These SOCSs were used as
calibration standards for the LC-MS/MS analysis and as quality control
samples for the IDL evaluation and used to evaluate matrix effects on the
LC-MS/MS quantitatively.

Samples of agricultural commodities, e.g. 5.0( 0.5 g of milled wheat
flour, cryo-grounded raisin, and grounded hazelnuts, were used in the
study and fortified with 0.25 mL of the 2, 0.5, and 0.2 μg/mL spike
solutions to final concentrations of 0.10, 0.025, and 0.01 ppm. For the
0.5 ppm fortified sample, 0.5 mL of the 5 ppm spike solution was used.
For honey samples, 10 g were used and the fortification amounts were
the same as fresh produce. The wheat flour, raisin, hazelnut and honey
samples were vortexed for 10 s and allowed to sit before adding 10 mL of
HPLC-grade water. A steel ball bearing was added to the aqueous sample
mixture and the samples were shaken on the GenoGrinder at 1000
stroke/min for 1 min prior to the addition of acetonitrile and salts. The
raisin sample required additional blending and was shaken with the
GenoGrinder until a homogenized mixture was obtained. Once the
samples were well homogenized with water, the salts are added, the
sample test tubes were hand shaken, and 200 μL of the internal standard
was added to each tube. The rest of the procedure for these commodities
is the same as for the fresh produce samples.
Instrumentation. Liquid chromatography separation was achieved

using a Shimadzu Prominence/20 series (Columbia, MD) and was
interfaced to an Applied Biosystems (Forest City, CA) 4000 Q Trap
mass spectrometer through an electrospray ionization (ESI) interface.
ScheduledMRM data were acquired and processed for all compounds in
positive ion mode. Identification of target pesticides in incurred samples
was done using two specific MRM transitions for each pesticide to
achieve an identification point (IP) of 4 according to the European
Commission (EC) criteria.20 Quantification was carried out using

internal standard calibration with 2H10-diazinon as internal standard.
Nitrogen gas of 99% purity from a nitrogen generator (Parker Balston,
Haverhill, MA) was used in the ESI source and the collision cell. A Restek
LC column (Bellefonte, PA, USA, Ultra Aqueous, C-18, 100 mm �
2.1 mm, 3 μm) and a 10 mm � 2.1 mm guard cartridge (in guard
cartridge holder) were used in the analysis. Mobile phases, column
temperatures, injection volume, flow rate, and LC gradient parameters
used in the separations are listed in Figure 1. Curtain, collision, nebulizer,
and auxiliary gases of the 4000 Q Trap were set at 20, 6, 35, and 45 psi,
respectively. Source temperature and entrance potential (EP) were kept
at 400 �C and 10 V for the analysis. Ion spray voltage and collision cell
entrance potential used were 5000 and 10 V, respectively. Using direct
infusion for each analyte, the declustering potential (DP), collision
energy (CE), collision cell exit potential (CXP), and the two most
intense ion pairs of each analyte were optimized and chosen for the
analysis. Values of DP, EP, CE and CXP and the two specific, most
intense MRM pairs are listed in Supporting Information Table S1 and
used for Scheduled MRM data acquisition.
Data Analysis. Pesticide concentrations from LC-MS/MS analysis

were determined using Analyst software version 1.5 using 2H10-diazinon
as the internal standard. These data were exported to Microsoft Excel
2003, and averages, standard deviations (SD) and relative standard
deviations (RSD) from instrument analysis and fortification studies were
determined. Principal components analysis was carried out using the
Pirouette 4.0 software package (Infometrix Inc., Bothell, WA) to
compare matrix effects exerted to pesticides by different matrices.

’RESULTS AND DISCUSSION

Multiresidue pesticides analytical methods discussed in this
paper involved two major components, i.e. QuEChERS sample
preparation and LC-MS/MS analysis. Therefore, the instrument
must first be evaluated as fit for purpose, using parameters such as
instrument sensitivity, stability, and linearity. Once the instrument
is fit for purpose, the method performance which includes the
QuEChERS sample preparation and LC-MS/MS analysis, could
be carried out to obtainmethod recovery data and related statistics
for method validation documentation. Listed in Supporting In-
formation Table S1 are names and characteristics of the 209
pesticides that were validated in the method by a single LC-MS/
MS analysis in positive ionization mode using deuterium labeled
internal standards. These 209 pesticides were selected because of
their wide usage and applications on agricultural products and
based on their wide range of chemical and physical properties such
as volatility, polarity, and nominal molecular weight range between
141.1 (methamidophos) and 899.1 (doramectin).

Scheduled MRM, because of its ability to enhance signal-to-
noise ratio (SNR), was used to efficiently screen a large number

Figure 1. Mobile phases, column temperatures, injection volume, flow
rate, and LC gradient parameters used in the separations.
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of target pesticides in a single LC-MS/MS analysis. Different
from previous multitargeted screening methods in which data
acquisition is done by the legacy approach using wide range time
segment windows for all analyte transitions that would elute
within the time segment,4�14 Scheduled MRM acquires transi-
tions of the analytes in time windows by their predicted retention
times. These MRM detection windows have a long enough dwell
time, permitting sufficient data collection to accurately define the
chromatographic peak. Optimizing the duty cycle and dwell
times for each individual analyte ensures the best SNR is
generated for each analyte as well as the optimal data points to
characterize chromatographic peak. This improves the precision
of the analyte peak area. From a previous study,21 SNR of
pesticides obtained from Scheduled MRM data acquisition can
be significantly increased by 52�611% compared to segmented
MRM data acquisition.
Instrument Performance. The instrument detection limit

(IDL) of LC-MS/MS for each analyte was obtained by using
procedures in the U.S. Environmental Protection Agency’s
(EPA) protocol for the determination of the method detection
limit (MDL).19 Rather than using the standard deviations of
recovery results obtained from the method used to calculate the
MDL, the standard deviations of the responses obtained from the
two MRM transitions from eight consecutive analyses of SOCSs
at concentrations 1.0, 2.0, 5.0, and 10 ng/mL were used instead
to calculate the IDL for each analyte (i.e., 2.998 � SD (critical
t0.010 = 2.998 at degree of freedom (df) of 7)). Supporting
Information Table S2 contains the calculated IDLs for each
MRM transition. Because of the difference in the relative
abundances for the different transitions, the true IDLs would
be for the transitions with the lower relative abundances. Matrix
dependent IDL (MD-IDL) was determined by analyzing eight
replicates ofMMCSs prepared at concentrations 1.0, 2.0, 5.0, and
10 ng/mL for each of the 24 agricultural matrices. Because of
matrix effects and depending on the ionization efficiency of each
pesticide, some pesticides were not detected at the lower levels,
and analytical data from the next higher level were used to
determine the IDL. The MD-IDLs were calculated using the
same procedure used for the determination of the IDLs. Sup-
porting Information Table S2 lists typical IDLs andMD-IDLs for

the 209 pesticides in 24 matrices. For each pesticide, there are
two listings which correspond to the two MRM transitions used
for each analyte. The limit of quantitation (LOQ) can be
calculated at three times the LOD values and were not listed in
this table. From the summary data in Supporting Information
Table S2, it is clear that the LC-MS/MS experiment described
above can achieve an IDL of 2 ppb or better for 95% of the two
MRM transitions used for each pesticide.
Using the data in Supporting Information Table S2, percen-

tages of pesticides with IDL and MD-IDL values less than 1 ppb,
between 1 to 2 ppb, greater than 2 ppb, and those could not be
detected/quantitated (ND) were summarized and listed in
Table 1. Table 1 also lists percent composition of major nutrients
in the 24 matrices studied for reference (USDA National
Nutrient Database, www.nal.usda.gov/fnic/foodcomp/search/).
The data in Table 1 indicate 2% of the pesticides in solvent only
had IDL values greater than 2 ppb and 3% could not be detected or
quantitated. The pesticides that could not be detected or quanti-
tated were primarily the macrocyclic lactone insecticides, avermec-
tin B1a and B1b, doramectin, eprinomectin, ivermectin, moxidectin,
or compounds whose primary or secondary transition ions were
poorly responsive such as amitraz, butocarboxim, cymoxanil,
flubendiamide, fludioxinil, mesotrione, and zoxamide. Because all
IDL values were derived by using the EPA protocol, they should be
considered as conservative and potentially these IDLs could be 10
times higher than those derived through the traditional signal-to-
noise ratio (SNR) approach. Such use of the U.S. EPA protocol
also formed a consistent metric for any laboratories to carry out
follow-up experiments for comparison purposes.
The European Commission (EC) criteria 20 for confirmation

of identity specify relative ion ratios of primary and secondary
MRM transitions for identification. To fulfill these criteria, it is
important to determine the minimal concentrations at which the
two MRM transitions of pesticides have stable and consistent
responses. During the 72-day study period the peak areas of
SOCSs at concentrations of 1.0, 2.0, 5.0, 10, 20, 50, and 100
ppb of nine sample batches were used to estimate the minimal
concentrations. As indicated in Figure 2, at 10 ppb or higher
concentrations, the majority (>89.4%) of pesticides have con-
sistent responses to ensure true-positive identification of target
compounds. This fact was also reported in previous single-
laboratory and interlaboratory validation studies.14,16,19

From Table 1, MD-IDL values were affected by the matrices
and havemuch larger values than the IDL. In fact, 93% of analytes
evaluated have a < 1 ppb IDL value and only 3% of analytes are
deemed to be not detected/not quantitated (ND) when using
standards in solvent only (SOCSs) and the LC-MS/MS para-
meters. From Table 1, depending on the matrix, it can be
determined that only 52�79% of the analytes can achieve at
the lowMD-IDL of <1 ppb. The total percentage of analytes that
were deemed to be ND increased to at least 3% for broccoli and
as high as 14% in the carrot matrix. There was no observable
correlation between the percentage distribution of MD-IDL
values or the number of ND for each sample matrix and
individual sample nutrient compositions (water, protein, total
lipid, ash, carbohydrate, fiber, sugar, and total fatty acid). The
only observation is that matrix effects will affect LC-MS/MS
sensitivity and are independent of the overall nutrient composi-
tions in the sample matrices.
Another indicator that the sample matrix affects the analysis is

by a change in the slope of the calibration curve. To determine
what slope ratio between the standard and the sample is

Figure 2. Long-term quality assurance data (nine sample batches in 72
days) obtained from the RSD of area counts for each pesticide in the
seven-level solvent-only calibration standards (SOCSs, in quad-
ruplicates). The average percentage of the 418 MRM transitions with
a RSD e 12%, along with their respective RSD (n = 4), are shown to
demonstrate the minimal concentration requirement to fulfill positive
identification of the target compounds.
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experimentally significant, the confidence interval for the slope
using least-squares regression can be determined for the standard
(SOCS). From the confidence interval for the slope, the com-
puted ratio that suggests a matrix effect can be determined. The
data from a number of analytes andmatrices suggest a ratio of less
than 0.9 and greater than 1.1 are true matrix effects on the
calibration with MMCSs.
We also compared the slope ratios (Rslope) of calibration

curves obtained from SOCSs and MMCSs at levels 1.0�100
ng/mL to evaluate matrix effects for all analytes. In the absence of
experimental error, a value of 1.00 for the Rslope shows no matrix
effects, while values deviating from 1.00 indicates the existence of
matrix effects and can be suppression (<1.00) or an enhancement
(>1.00). Matrix effects, as expected, increase with increase
deviation of Rslope from 1.00. Supporting Information Table S1
shows 24 plots of Rslope values obtained from the 24 matrices
studied and plotted against the analyte number for the 209
pesticides. The Rslope averages and RSDs of all analytes in each

matrix are listed in Table 1 and provide a quantitative statement
of the “average matrix effect”. From Supporting Information
Table S1, three general trends can be seen depending on sample
matrices: matrix effects can be minimal and consistent for all 209
analytes studied (e.g., apple, tomato, broccoli, potato), severe but
consistent (e.g., honey, beet, eggplant, avocado and cucumber),
or severe and randomly affecting each analyte (e.g., onion,
orange, raisin, and peach). These observations matched well
with trends observed in the average values of Rslope and RSD
listed in Table 1.
To determine whether matrices with similar nutrient compo-

nents would present similar matrix effects, principal component
analysis (PCA) was used to further investigate the relationship
between the sample matrices, sample concentrations, and the
area counts obtained from the IDL and MD-IDL studies. The
PCA scores (Figure 3) were based on the area counts that
correspond to the primary MRM transitions of each analyte
obtained from both SOCSs and MMCSs at 1.0, 10, and
100 ng/mL in the 24 matrices. The three most significant factors
represent >96%weight of the data set that includes around 70000

Figure 4. Typical reconstructed MRM chromatograms for the 209
pesticide mixture obtained from two matrix-matched calibration stan-
dards (MMCSs) of avocado (A), blueberry (B), and one solvent-only
calibration standard SOCS (C) at concentration of 10 ng/mL.

Figure 3. Scores of the three most significant factors (represent >96%
weight of the ∼70000 data points) obtained from the principal
component analysis (PCA). PCA was used to investigate the relation-
ship between the sample matrices, sample concentrations, and the area
counts obtained from the IDL and MD-IDL studies. The two plots
(A and B) show the same data set viewed from two different Cartesian
axes. Plot (C) shows PCA results from a smaller data set (carrot,
hazelnut, and cabbage group) to reveal their respective matrix effects.
The results indicate there are no clear correlations between the different
fresh produce matrices.
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data points. In Figure 3A, the three main contributing groups of
matrix effects were lined up by the three arrows going in the
direction from 100 to 1.0 ng/mL, indicating that the scores are
proportional to the concentrations and there is minimal correla-
tion between matrix effects and the nutrient compositions listed
in Table 1.
Figure 3B illustrates the same PCA data plotted by arranging

the Cartesian axis from a different angle. Similar to Figure 3A,
most of the main contributing factors (100 ppb) can be seen in
Figure 3B along the three main groups. In addition, one could see
that there are smaller groups within the three main groups, with
the less significant components falling into three clusters at the
bottom of Figure 3B. The appearance of these same three groups
in Figure 3A is an aberration from scores of other matrices that
force each other into the three observed groups. To confirm this
statement, we carried out a simpler PCA using data obtained
from cabbage, carrot, and hazelnut with results plotted for the
three most significant factors shown in Figure 3C. Clearly, the
three matrices reveal its own characteristic groups and confirm
that each matrix exerts a different amount of effects to the
analytes and needs to be addressed separately. For food matrices

with similar nutrient composition (e.g., fresh produce), there is
no clear pattern regarding matrix effects in the 24 matrices
studied, with the exception of the concentration level (1, 10,
and 100 ppb) effect.
The effects of the matrix are illustrated in Figure 4, which

shows typical reconstructed MRM chromatograms for the 209
pesticide mixture obtained from two MMCSs (avocado and blue
berry, Figure 4A,B) and one SOCS at 10 ng/mL. From Figure 4,
one can see that due to matrix effects, the relative peak intensities
differ in each of the two matrix and solvent standards. The SOCS
(Figure 4C) generally showed higher peak intensities, while the
blueberry (Figure 4B) and avocado matrices (Figure 4A) exerted
moderate and severe (lower) matrix effects, respectively, on the
peak intensities in the MMCS samples. For example, the
intensities of fuberidazole, E-Fenpyroximate, and pyridaben
(Figure 4C, peaks 1, 3 and 4) were reduced as much as 25%
from the SOCS compared to the blueberry MMCS and 67%
compared to the avocado MMCS. The reduction in the inten-
sities of the fuberidazole and pyridaben peaks (peaks 1 and 4,
Figure 4C) due to matrix suppression is indicated by the
replacement of dimethomate-d6 and pyriproxyen (peaks 1 and

Table 2. Results of Fortification Studies and % Nutrient Composition of Each Sample Matrix (ND, Not Detected/Quantitated;
RSD, Relative Standard Deviation)

average recovery ( relative standard deviation (%) % of analytes with 100 ( 20% recoveries

fortification levels (μg/kg, ppb) fortification levels (μg/kg, ppb)

commodity 10 25 100 500 no. of “ND” analyte 10 25 100 500

apple 96 ( 14 99( 14 99( 14 105( 14 14 80 86 85 87

avocado 90( 27 99( 20 86( 12 83( 13 15 59 74 74 67

bean (green) 91( 17 92( 13 94( 15 98( 12 15 76 82 84 90

beet 91( 13 83 ( 12 86( 14 91( 9 11 82 66 73 90

blueberry 90( 17 93( 15 99( 16 89( 16 11 77 82 84 82

broccoli 102( 16 98( 16 99( 15 102( 15 9 81 86 88 91

cabbage 96( 14 99( 14 90( 15 89( 15 14 80 86 85 87

carrot 100( 33 100( 16 96( 10 88( 12 34 73 76 79 77

corn 98 ( 14 82( 12 91( 10 87( 12 9 83 64 89 83

cucumber 114( 12 108( 13 121 ( 14 108( 11 12 68 81 38 91

eggplant 101( 20 109 ( 14 94( 14 77( 16 11 79 74 86 61

grape 96( 13 97( 13 106( 14 103 ( 14 10 81 87 87 92

hazelnut 102( 24 101( 13 98 ( 12 97( 12 21 75 79 83 82

honey 108( 17 103( 16 111( 17 95( 15 10 75 86 71 90

onion 107( 15 98( 13 105( 13 102 ( 12 10 77 84 89 91

orange 109( 35 105( 29 101 ( 9 105( 9 16 78 84 90 92

peach 107( 33 110( 33 107( 10 102( 9 16 82 84 86 92

pepper (bell) 116( 16 110( 13 97( 13 97( 13 12 57 72 86 87

potato 98( 16 98( 15 103( 17 91( 15 10 81 85 87 89

raisin 109( 58 107( 51 102( 14 97( 9 24 72 77 81 85

spinach 100( 32 93( 26 92( 10 89( 10 19 75 77 84 81

strawberry 100( 11 90( 13 104( 13 106( 11 11 85 82 85 91

tomato 98( 13 94( 10 100( 12 78( 12 12 85 87 90 70

wheat flour 111( 16 109( 14 112( 12 110( 12 24 50 65 51 64

average 101 99 100 92 - 75 79 81 84

RSD 8 8 8 20 - 9 7 9 10

maximum 116 110 121 110 - 85 87 90 92

minimum 90 82 86 83 - 50 64 38 61
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4, Figure 4A) as the more dominating peaks. The two blue traces
of prometon and terbumeton (peak 2, Figure 4C) have their
intensities reduced by at least 75% in the avocado matrix,
resulting in a chromatogram that reveals prometon (peak 2,
Figure 4A) as the only observable peak present in the avocado
matrix.
Matrix effects can impact the data quality for the LC-MS/MS

analysis of pesticides and other chemical contaminants. One type
of matrix effect, isobaric interference, is a result of coeluting
compounds of equal nominal masses and does not depend on the
ionization method. This type of matrix effect can be resolved by
changing the MRM transition pair, improving the LC separation
to resolve the analyte from the interfering matrix component or
using an orthogonal method such as HPLC-high resolution mass
spectrometry to distinguish the exact masses of the analyte from
the matrix component.22,23 The second matrix effect, suppres-
sion/enhancement, is atmospheric pressure ionization-depen-
dent. This is caused by the interaction between the analyte and
matrix coextractives in the prepared sample that could either
suppress or enhance the ionization of the analyte in the ion
source, resulting in a lower/higher measured signal and affecting
the accuracy of the quantitative result. The result can be in the
form of signal suppression or enhancement when compared to
the pure analytical standard prepared in solvent only. This is a
challenging issue for LC-MS/MS analysis because this type of
matrix effect can depend on the analyte, sample matrix, or mode
of ionization.
Several approaches have been used to circumvent the pro-

blems resulting from the matrix components. These include
extensive sample cleanup, improving LC separation to avoid
coeluting with the matrix components, serially dilution of the
final extract such that fewer matrix components will be injected
into the analytical system, or postcolumn infusion.24�26 Splitting
the LC eluent flow before entering the mass spectrometer may
also help eliminate matrix effects.27 It was also suggested that
MMCSs be used to establish a calibration curve.26,28 In this study,
we used a 1:5 dilution and MMCSs to study matrix effects in
terms of instrument performance (IDL and MD-IDL) and
method performance (recoveries and MDL).
Method Validation. Method validation is performed by

fortifying quadruplicate samples of fresh produce and agricultural
commodities at four concentration levels of 10, 25, 100, and 500
ppb. Diazinon-d10 was used as an internal standard and seven
levels of MMCSs fitted to 1/C weighted (C being the concentra-
tion of each calibration curve) linear equations with correlation
coefficients (r2) greater than 0.99 were used for quantitative
analysis in their respective sample matrices. Listed in Supporting
InformationTable S3 are the averagemethod recoveries (%R, n=4)
and RSD of each target pesticide in the 24 matrices and at the
four fortification levels obtained from the 96 fortification
experiments.
From Supporting Information Table S3, we summarized the

average recoveries of all analytes in each matrix at four fortifica-
tion levels in Table 2. The range of results from the fortification
studies list average recoveries and relative standard deviations
(RSDs) of each commodity between 82 (corn, 25 ppb) and
121% (cucumber, 100 ppb) recovery. The average recoveries
((RSDs) at the 10, 25, 100, and 500 ppb levels were 101 ( 8,
99 ( 8, 100 ( 8, and 92 ( 20%, respectively. Higher RSDs
(>20%) at the two lower fortification (10 and 25 ppb) concen-
trations were observed in matrices (carrot, hazelnut, orange,
peach, raisin, and spinach). Although higher RSDs (>25%) were

observed at the 10 and 25 ppb concentrations for individual
commodities such as avocado, orange, peach, raisin, and spinach, a
larger variation in the average recovery was observed at the
500 ppb level for eggplant (77 ( 16%) and tomato (78 ( 12%)
to cucumber (108 ( 11%) and wheat flour (110 ( 12%). These
results suggest that specific coextractives in the different commod-
ities may affect specific pesticides at the lower fortification concen-
trations. The variability at the 500 ppb concentration could be a
result of variability in the sample preparation which becomes more
evident at the higher fortification concentration.
The method at the lowest fortification level of 10 ppb was

shown to achieve an average recovery at 100 ( 20% for 75% of
the analytes in all 24 matrices. Method performance improves
with increasing fortification concentrations as indicated by the
increasing average recoveries in the 24 matrices, with values of
79%, 81% and 84% at the higher fortification concentrations of
25, 100, and 500 ppb. Using the lowest SDs obtained from the
fortification experiment (Supporting Information Table S3),
MDLs for each pesticide were calculated at the 95% confidence
level according to the U.S. EPA protocol and listed in Supporting
Information Table S3,Supporting Information Table S3. The
number of analytes that could not be detected in a specific matrix
(i.e., no MDL values and labeled as ND in Supporting Informa-
tion Table S3) were also listed in Table 2. At the outset, and for
reasons unknown, the method performed poorly for five of the
96 fortification experiments (i.e., corn at 25 ppb, cucumber at 10
and 100 ppb, and eggplant and tomato at 500 ppb), and these five
data experiments were treated as outliers in the method valida-
tion data shown in Table 2.
Method performance data documented in Table 2 and Sup-

porting Information Table S3 were determined using MMCSs
and were expected to facilitate correcting for matrix effects.26

Therefore, method performance measured by the average re-
coveries of all analytes in each sample matrix should be similar,
improve with increasing fortification concentrations, and not be
affected by matrix effects. From Table 2, the percentage of the
number of analytes with recoveries at 100 ( 20% in each matrix
at the four fortification levels was used as a metric for method
performance. This table shows similar trends to theMD-IDL data
in Table 1. Both studies showed that avocado, wheat, honey, peach,

Figure 5. Results of PCA analysis of the % recovery data obtained from
the fortification studies. The PCA analysis was determined by a total of
20096 recovery data points to reach the scores for the 24 matrices at the
four fortification level.
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and orange exerted severe matrix effects, while apple, corn, cabbage,
and tomato showed the least matrix effects at the 10 ppb fortification
concentration. Similar observations can be made at the higher
fortification concentrations. This observation gave reasonable indica-
tion that each matrix exerted different effects on the LC-MS/MS
instrument and method performance. It is likely these matrix effects
propagate through the sample preparation, cleanup, and dilution
process andmay be inherent in the LC-MS/MS analysis andmay not
always be resolved sufficiently using MMCSs.
Using PCA, we also examined and characterized recovery data

obtained from the 96 fortification studies. At the outset, data
from fortification studies are expected to behave better than
those from the MD-IDL data because of the use of MMCSs.
Method performance, i.e. variability during the QuEChERS
preparation and LC-MS/MS analysis, may play amore important
role and is reflected in the recovery data. As can be seen in
Figure 5, PCA analysis showed three separate groups and two
outliers (avocado matrix). The main contributors to the two red-
circled groups were spinach and hazelnut in one and spinach,
carrot, raisin, orange and wheat flour in the other. The rest of
matrices fell into the third group (green circled) due to their
smaller and similar contribution to the data set. Obviously, the
application of MMCSs cannot eliminate the all the factors in the
course of the entire analytical procedure such as instrument
performance, sample preparation (using QuEChERS), and day-
to-day variations and other random factors. If MMCSs could
eliminate all of these factors, the clustering patterns in Figure 5
would only depend on how well theMMCSs can compensate for
matrix effects (suppression or enhancement) in quantitating the
pesticide analytes by using the appropriate matrices.
We note that in the MD-IDL study, sample matrices were

extracted by QuEChERS, cleaned up by dispersive SPE, and
then fortified into the pesticide standards. This is different from
the fortification study in which pesticides were fortified with

the matrix sample first and subjected to acetonitrile salt-out
extraction and dispersive SPE cleanup. Matrix-matched cali-
bration standards would alleviate matrix effects in quantifica-
tion only if sample matrices remained the same before and after
the sample preparation, which can be difficult to achieve. This
is best illustrated in the PCA grouping of scores showed in Figure 5,
where amajority of the 96 fortified samples cluster into three groups
with few outliers (e.g., avocado 10 and 25 ppb).
Results of Incurred SampleAnalysis.Grab samples collected

from various sources were prepared in replicates of three or four
and analyzed by the method validated in this work. In total, 11
samples encompassed ninematrices including seven different fresh
produce samples and two dried commodities were prepared and
analyzed.We found various pesticides in these incurred samples at
various concentrations as shown in Table 3. Consistent with the
results from the method validation study presented here, as
expected, samples analyzed at the low ppb levels tend to have
higher uncertainty as indicated by the RSD calculated from the
replicate analysis. The higher the concentration of the pesticides
found, the better the precision of the analytical results. Results
obtained for imidacloprid in tomato behaved differently than those
observed during the method validation. Imidacloprid had higher
RSD values than other pesticides. As the tomato used in the
method validation was a different species from that incurred
samples, this may have contributed differently to the uncertainty
in the analysis. Pesticides found in each sample represented those
commonly used for that specific produce/commodity and are
considered to be accurate. None of the pesticide found would be
considered a violation of permitted uses.

’CONCLUSIONS

Results obtained from this current work suggest that analytes
must have concentrations of at least 5�10 ppb to obtain consistent

Table 3. Results of Pesticides Found and Concentrations (μg/kg or ppb) in Incurred Samples Using QuEChERS Sample
Preparation and LC-MS/MS Analysis for 11 Agricultural Commodities (Apple, Bean (Green), Black Rice, Blueberry, Cabbage,
Goji Berry, Pepper (Bell), and Tomato) (“-” Not Detected in Sample)

reporting value (μg/kg or ppb) ( RSDc

pesticide apple 1a apple 2a beana black riceb blueberrya cabbage 1a cabbage 2a goji berryb peppera tomatoa no. 123669 tomatoa no. 123667

3-hydroxycarbofuran - - - - - - - 4.5 ( 11 - - -
acetamiprid - - - - - - - 305 ( 3 - - -
azoxystrobin - - - - - - - - 6.5 ( 8 - -
buprofezin - - - 9.0 ( 11 - - - - - - -
carbaryl - - - - - 225 ( 9 - - - - -
carbendazim - - - - - - - 115 ( 4 - - -
clofentezine - - - - - - - 10.5 ( 14 - - -
cyazofamid - - - - - - >1000 - - - -
dimethoate - - - - - - - <0.5 - - -
flutolanil - - - 45.5 ( 5 - - - - - - -
hexaconazole - - - 17.0 ( 6 - - - - - - -
imidacloprid - - - 9.5 ( 32 - - - 22 ( 5 - 50 ( 20 60 ( 25
isoprocarb - - - 3.5 ( 14 - - - - - - -
novaluron - - 115 ( 13 - - - - - 80 ( 13 - -
omethoate - - - - - - - 11.5 ( 4 - - -
prometryne - - - - - - - - 3 ( 33 - -
propamocarb - - - - - - 6.5 ( 8 - - - -
spinosad 2.5 ( 4 4.0 ( 13 - - <0.5 - - - - -
spirodiclofen - - - - 515 ( 11 - - - - -
thiophanate-methyl - - - - - - 155 ( 3 - - -
tricyclazole - - - 65 ( 8 - - - - - -
triflumizole - - - - - 340 ( 6 - - - -

a n = 4. b n = 3. c relative standard deviation, %.
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results using the EC identification criteria for targeted compounds
using two MRM transitions. Matrix effects produced by coex-
tractives from the sample that interfere with the LC-MS/MS
response of the analyte were found to be significant for pesticide
analyses in QuEChERS prepared extracts. To better evaluate the
analytical procedure in terms of sensitivity and quantitation,MMCSs
must be used to compensate signal suppression or enhancement
resulting from coelutedmatrix components that would interfere with
the analyte response. Thus, it is important to assess the matrix effects
by comparing MMCSs to SOCSs, which is a practical approach that
can be incorporated into routine sample analysis. Extract dilution
might be a solution to reduce matrix effects but the sensitivity of the
LC-MS/MS system used in this study prevents further investigation
to assess the applicability of this approach. The use of isotopically
labeled internal standards to carry out isotope dilution mass spectro-
metric quantification would bemore effective, but it is an impractical
and expensive solution. Using high resolution mass spectrometry to
resolve analytes from matrix effects, and/or the use of a higher
sensitivityLC-MS/MSsystem for the effectiveness of sampledilution
in removing matrix effects may offer useful and cost-effective
solutions and will be investigated in the near future.
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