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Supplementary material

The matrix effects (ME) in simultaneous analysis of pesticide residue using liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) were evaluated by comparing the slopes
of matrix-matched and reagent-only calibrations of four types of vegetable samples. Both
the sampling and measurement variances of the ME were also determined using one-way
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magnitude varied significantly due to sample variability for some pesticides, but it varied by
no more than 4% as a result of analytical procedure variance. This study also showed that
the addition of stable isotope-labeled internal standards at low concentrations improved the
recovery of pesticides from samples at various residue levels. The findings of this study high-
light the importance and practical application of internal standards and the matrix-matched
calibration method in residue analysis using LC-MS/MS.
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Introduction

Fungicides, insecticides, and herbicides (hereafter jointly re-
ferred to as pesticides) are important for stable and efficient
crop production, and serve as countermeasures against diseas-
es, pests, weeds, and other plant pathogens.!”> Consumers may
become exposed to the active ingredients in pesticides through
pesticide-treated food products,*® although applied pesticides
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are gradually degraded and/or washed away by sunlight, micro-
organisms, and rainfall. In Japan, the Ministry of Health, La-
bour, and Welfare (MHLW) has banned the sale and processing
of food commodities that contain residues at levels exceeding
a maximum residue level (MRL) or a uniform limit (0.01 ppm)
depending on the pesticide and the food combinations.

To ensure food safety, regular monitoring of pesticide resi-
dues in agricultural product by a simultaneous analysis plays a
crucial role in accurately assessing exposure levels and ensuring
compliance. Mass spectrometry coupled with chromatographic
separation is a powerful tool for identifying analytes in sample
extracts.” Polar, nonvolatile, and thermally unstable compounds
are more suitable for analysis using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) in electrospray ioniza-
tion (ESI) mode than gas chromatography-tandem mass spec-
trometry®'? and thus, LC-MS/MS is frequently adopted for a

simultaneous analysis.!! '3
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However, the changes in the target analyte ionization efficien-
cy caused by the presence of compounds co-extracted from food
samples, called the matrix effect (ME), remains problematic for
the analysis using LC-MS/MS. This effect leads to a deteriora-
tion in the quality and reliability of data obtained from quantita-
tive assays, because it can significantly affect the reproducibility,
linearity, and accuracy of the method.!*) Previous studies have
suggested several ME mechanisms: 1) the matrix prevents the
analyte from gaining access to the charge at the surface of the
droplet, 2) the matrix competes with the analyte to gain charge,
3) the matrix increases the viscosity and surface tension of the
droplets, which prevents further coulombic explosion and slows
down solvent evaporation, and 4) the matrix interferes with the
ability of the analyte to remain charged in the gas phase.!>!®

To satisfy the quality control and method validation require-
ments of analysis,”!” minimizing the ME should be consid-
ered.' The inclusion of a clean-up procedure for sample or
dilution of the final solution are common approaches for re-
ducing the ME in the pesticide residue analysis. However, for a
simultaneous analysis, previous studies have shown that addi-
tion of some clean-up procedures, such as liquid-liquid parti-
tioning and solid-phase extraction only led to a slight reduction
in MEs.!"2Y Moreover, lowering analyte concentrations in the
final solution by dilution could limit the analytical scope and de-
crease the likelihood of analyte detection in devices with low re-
covery or sensitivity.? On the other hand, the internal standard
(IS) or matrix-matched calibration methods can compensate for
MEs in a simultaneous analysis, and no change in the clean-up
procedure is required.?” In the IS calibration method, a stable
isotope-labeled (SIL) IS, which possesses almost equivalent
physicochemical properties as the target analyte, is used to com-
pensate for the ME. In the matrix-matched calibration method,
the calibration standard is dissolved in the final solution of the
blank sample, which is cleaned-up in the same manner as the
test sample.

Obstacle for the application of the IS calibration method is
low availability and high cost of SIL-ISs to satisfy the analyte
multiplicity.'” Jiao et al. compared the capabilities of imidaclo-
prid-d,, acetamiprid-d;, and thiamethoxam-d, for compensat-
ing for the ME in eight neonicotinoid pesticides for the simul-
taneous analysis of pesticide residues in tea using LC-MS/MS.2%
They suggested that acetamiprid-d; would be the best SIL-IS
for method evaluation among the three SIL-ISs but concluded
that using an SIL-IS other than the corresponding pesticide to
compensate for the ME would be a poor choice.?® Therefore, the
selection of SIL-ISs that function with reasonable certainty and
evaluation of the minimal amount of SIL-IS necessary to com-
pensate for the ME are the important for applying this method
to a routine simultaneous analysis with an acceptable low cost.
However, it is still not clear that which pesticides are strongly af-
fected by sample matrices and how much SIL-ISs should be used
for peak compensation. Moreover, previous studies have defined
ME:s as being strongly influenced by the retention time (t) rath-
er than by the chemical structure of the analyte.!!*) Our previ-

ous study showed that the #; of the neonicotinoid pesticide and
its SIL-IS differed by approximately 0.01 min.'? The effects of
these differences between pesticides and SIL-ISs on ME remain
to be elucidated.

In the matrix-matched calibration method, blank samples
equivalent to test samples are not always available in most food-
market screening tests. Thus, blank samples of not identical but
same type of agricultural crops which are not treated with target
pesticides are commonly used for matrix-matched calibration.
In this situation, the consistency of the MEs from the test and
blank samples is important to compensate for the ME. Kruve et
al. reported that the relative standard deviation (RSD) of ME for
five varieties of apples was as high as 34% for some pesticides.>”
Kwon et al. showed that the calculated standard deviation values
of 20 spinach, apple, and rice varieties, were below 10% for all
target analytes, but that those of 20 orange varieties were greater
than 20% for some pesticides analyzed using LC-MS/MS.?® The
ME consistency could vary not only due to sample type but also
due to measurement error, however, these studies only suggested
sampling variance in a single analysis, and discussion of sam-
pling and measurement variance on the ME among the same
sample type has not yet been clarified.

In this study, the magnitude of ME on 25 analytes in the pesti-
cide residue analysis for four vegetables (Japanese mustard spin-
ach (komatsuna), spinach, tomato, and aubergine) of five vari-
eties of each commodity cultivated on different farmland, pre-
pared using a modified Japanese official method using LC-MS/
MS, were clarified. Moreover, not only sampling variance but
also measurement variance in the MEs were evaluated for the
first time using one-way analysis of variance (ANOVA) to mea-
sure the extent and constancy of the MEs for 25 analytes. Subse-
quently, the consistency of ME between pesticides and their cor-
responding SIL-ISs for the IS calibration method was evaluated,
and the application of external standard, IS and matrix-matched
calibration methods for the simultaneous analysis of pesticide
residues was assessed.

Materials and methods

1. Chemicals and samples

Acetonitrile, toluene, methanol, and ultrapure water used for
the clean-up processes and LC-MS/MS analysis were purchased
from Fujifilm Wako Pure Chemical Corporation (Tokyo, Japan).
Pesticide standards were purchased from Fujifilm Wako Pure
Chemical Corporation. PL pesticides surrogate mix VII (neo-
nicotinoid-II 7 mix) including acetamiprid-d;, clothianidin-d;,
dinotefuran-d;, imidacloprid-d,, nitenpyram-d;, thiacloprid-
d,, and thiamethoxam-d; were purchased from Hayashi Pure
Chemical Industry (Osaka, Japan). Pirimiphos-methyl-(O,0-
dimethyl-dg) (pirimiphos-methyl-dy), prometryn-(N,-isopro-
pyl-d;) (prometryn-d;), and acephat-(acetyl-d;) (acephate-ds)
were purchased from Honywell International Inc. (North Caro-
lina, US). Atrazine-d;, cyanazine-ds, diuron-d,, flufenoxuron-d;,
hexazinone-d,, (E, Z)-methomyl-d; (methomyl-d;), (*)-triad-
imefon-d,, (triadimefon-d,), propoxur-d;, and propyzamide-d;
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were purchased from CDN Isotopes, Inc. (Quebec, Canada).
Fluopyram-(benzamide ring-d,) (fluopyram-d,), hexaconazole-
(butyl-2,2,3,3,4,4,4-d;) (hexaconazole-d,), propiconazole-(phenyl-
ds) (propiconazole-ds), and tebuconazole-(trimethyl->C;) (tebu-
conazole-'*C;) of Sigma-Aldrich® were purchased from Merck
KGaA (Darmstadt, Germany). [13C6]-Boscalid (boscalid-"*Cy),
[13C6]-Fluxapyroxad (Fluxapyroxad-'*C;), and [13C, 2H3]-
Mepronil (Mepronil-*C, d;) were obtained from Alsachim
(Illkirch Graffenstaden, France). Triphenyl phosphate (TPP) of
Dr.Efrenstorfer™ was purchased from LGC Limited (Tedding-
ton, UK).

Komatsuna, spinach, tomato, and aubergine were selected as
food samples in this study as representative vegetable commodi-
ties. Five varieties of each commodity cultivated on different
farmlands in Osaka were purchased from several local markets
(cultivars unknown).

2. Sample preparation and clean-up procedure for vegetable food
samples

The clean-up procedure was performed according to a modified
Japanese official method (multiresidue method I for agricul-
tural chemicals by LC/MS (agricultural products)).?”’ The edible
parts of the food samples, weighing more than 1kg were thor-
oughly homogenized using a Robo-coupe Blixer BF3 (FMI, Ltd.,
Tokyo, Japan), and 20.0 g of the homogenized sample was added
to 100 mL of acetonitrile in a conical flask. The mixture was agi-
tated vigorously for 30 min on a shaker. The extract was then fil-
tered through 5A (I.D. 70mm) filter paper (Toyo Roshi Kaisha,
Ltd., Tokyo, Japan) by suction filtration. The residue was rinsed
three times with approximately 20 mL acetonitrile. The solvent
extracts were then combined, and the volume was increased to
200mL with acetonitrile. An 80 mL aliquot of the extraction so-
lution was mixed with 10g of sodium chloride and 20mL of a
0.5mol/L phosphate buffer (pH 7) in a 300 mL separation fun-
nel. The mixture was vigorously agitated for 10 min and allowed
to stand for approximately 10 min. After discarding the aqueous
phase, the acetonitrile phase was dried over anhydrous sodium
sulfate and filtered. The filtrate was concentrated using a rotary
evaporator at 40°C and dried under a gentle stream of nitrogen.
The residue was reconstituted in 5mL of acetonitrile/toluene
(3:1 v/v) and the resulting solution was loaded onto a graphite
carbon/aminopropylsilanized silica gel-layered cartridge (In-
ertSep® GC/NH,; GL Science, Tokyo, Japan), preconditioned
with 10mL of acetonitrile: toluene (3:1 v/v). After the target
compounds were eluted using 15mL acetonitrile/toluene (3:1
v/v), the eluate was concentrated and dried. The residue was re-
constituted in methanol and analyzed using LC-MS/MS.

3. LC-MS/MS conditions for analysis

LC-MS/MS analysis was performed on an LCMS-8050® system
and the analytes were identified in the selected reaction moni-
toring (SRM) (ESI positive) mode (Shimadzu Corp., Kyoto,
Japan). A Kinetex® C5 column (2.6um, 100X2.1mm? Phe-
nomenex, California, USA) coupled with SecurityGuard™

ULTRA biphenyl guard cartridge (4X2.1mm?, Phenomenex,
California, USA) was used for analyte separation in LC. Sol-
vents A (2 mmoL/L ammonium formate and 0.002% formic acid
in ultrapure water) and B (2mmol/L ammonium formate and
0.002% formic acid in methanol) were used as the mobile phase.
A binary gradient mode was used to separate the t; of the ana-
lytes. The other LC-MS/MS conditions are listed in Supplemen-
tal Table S1. The method package No. 621 (Shimadzu) was used
to determine the analyte parameters. For the analytes not listed
in the package, the most intense SRM transition was selected for
each analyte. The CE was tuned for the selected transition mass
by injecting a mixture of pesticides and the SIL-IS standard so-
lutions. The limits of determination and quantification were
0.00125 and 0.0025mg/kg, respectively, for all pesticides. The
SRM transitions for each analyte are listed in Table 1. The ana-
lytes are listed according to the order of #.2¥

4. Evaluation of ME on analytes and syringe spikes by vegetable
food samples

There are some methods for calculating the ME, which have

been reported in previous studies.” One of the major methods

is to calculate the ME using the peak area of the analyte in re-

agent-only and matrix-matched solutions at a certain concentra-

12.13.2229) The other is to calculate the ME using the slope of
26,30-32)

tion.
the calibration curve of the analyte in the two solutions.
When agricultural crops are tested, the concentration of pes-
ticide residues is unknown prior to conducting the analysis.
Therefore, understanding the MEs over a wide range of concen-
trations is essential to achieve reliable and precise results from
simultaneous analysis of pesticide residues. Therefore, the latter
method was selected to evaluate the ME on target analytes in
this study as follows:

slope of matrix-
matched calibration

ME= —1{%100% (1)

slope of reagent-only
calibration

To achieve the slope of calibration curve, the multi-level
calibration curves with weighing (weighing factor=1/x%
x=concentrations) for both the reagent-only and matrix-
matched calibrations were calculated using a linear regression.
Including a zero point in the calibration method may underes-
timate/overestimate the ME at a low concentration, therefore,
standard solutions containing the target analytes (5, 10, 25,
62.5, and 175ng/mL) and the syringe spikes (100 ng/mL) were
prepared to calculate the calibration curves in this study. The
residuals of the five concentrations were not equivalent, which
increased from low to high concentrations (Supplemental Fig.
S1), and the results suggested that a weighted regression is more
suitable to be applied to calculate calibration curves.’*** The
order of sample injections in the sequences was accorded to the
previous study.?® Each sequence began with the reagent-only
0 standard (reagent blank) followed by the matrix-matched 0
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Table 1. Liquid chromatography-tandem mass spectrometry parameters of the analytes.

No. Analyte tr (min) Precusor ion  Quantification ion Confirmationion QI Prebias (V) CE (V) Q3 Pre bias (V)
1 Acephate-d; 2.17 187.05 143.05 95.00 —20 —11 —24
2 Acephate 2.18 184.00 143.00 49.15 —20 —10 —27
3 Dinotefuran-ds 2.65 206.05 132.20 90.15 —16 —13 —22
4 Dinotefuran 2.66 203.00 129.30 114.30 —11 —13 —24
5 Nitenpyram-d; 2.90 274.15 192.20 126.00 —11 —15 =27
6 Nitenpyram 291 271.00 189.30 126.00 —11 —13 —19
7 Methomyl-d, 3.01 166.10 88.00 106.05 —12 —10 —13
8 Methomyl 3.02 163.00 87.90 106.15 —18 —10 —16
9 Thiamethoxam-d; 3.14 294.95 131.95 184.10 —11 —24 —26
10 Thiamethoxam 3.14 291.95 132.10 181.05 —12 —20 —23
11 Imidacloprid-d, 3.45 260.10 213.10 179.15 —10 —17 —20
12 Clothianidin-d; 3.46 252.95 132.00 172.10 —19 —16 —28
13 Imidacloprid 3.46 256.00 209.20 175.15 —10 —16 —-19
14 Clothianidin 3.47 250.05 132.10 169.15 —10 —20 —21
15 Acetamiprid-d; 3.64 226.00 59.05 59.05 —-17 —16 —23
16 Acetamiprid 3.65 223.10 126.05 56.15 —12 —20 —11
17 Thiacloprid-d, 3.84 257.10 126.10 126.10 —10 —22 —26
18 Thiacloprid 3.85 252.95 99.05 90.00 —10 —44 —17
19 Cyanazine-ds 4.16 246.15 219.15 137.10 —18 —17 —20
20 Cyanazine 418 240.80 214.00 104.00 —-27 —17 —22

21 Propoxur-d; 4.29 213.15 111.05 93.00 —16 —16 —-17
22 Propoxur 431 209.90 168.15 93.10 —22 -9 —18

23 Hexazinone-d, 4.35 259.20 177.15 77.10 —20 —19 —20
24 Atrazine-d; 4.90 221.15 179.05 101.10 —-17 —-19 —17
25 Atrazine 493 216.10 174.10 104.05 —24 —13 —18
26 Diuron-dg 5.04 239.10 78.10 52.15 —18 —23 —-30
27 Diuron 5.06 233.00 72.10 46.15 —26 -8 —27
28 Boscalid-1Cg 5.75 349.10 313.10 278.05 —13 —21 —-30
29 Boscalid 5.76 343.00 306.95 270.95 —18 —11 —21
30 Propyzamide-d; 5.90 259.10 148.00 176.00 -10 —37 —23
31 Propyzamide 5.90 256.00 145.05 173.00 —13 —35 —28
32 Fluxapyroxad-'*Cg 591 388.10 368.05 348.10 -15 -15 -23
33 Fluxapyroxad 591 382.00 342.00 392.00 —19 —-17 —24
34 Mepronil-°C, d, 5.94 274.15 123.10 232.15 -20 24 -20
35 Mepronil 5.95 270.20 228.00 119.05 —14 -9 —24
36 Triadimefon-d, 5.95 298.15 201.10 69.05 —22 —17 —-19
37 Triadimefon 5.97 294.10 196.95 225.00 —15 —15 —20
38 Fluopyram-d, 6.19 401.10 177.05 208.00 -15 —31 —16
39 Fluopyram 6.21 397.00 145.00 173.00 —12 -39 —27

40 Prometryn-d, 6.22 249.20 159.05 207.15 —19 —25 —14

41 Prometryn 6.25 242.10 158.00 200.15 —20 —12 —16

42 Tebuconazole-d; 6.90 311.15 125.00 70.05 —12 —35 —21

43 Tebuconazole 6.90 308.20 125.05 151.15 —16 —38 —23

44 Propiconazole-d, 7.01 345.15 69.10 162.05 —13 —22 —10

45 Propiconazole 7.02 342.00 158.90 69.10 —17 —28 —16

46 Hexaconazole-d, 7.13 321.15 70.05 159.00 —12 —23 —25

47 Hexaconazole 7.15 314.10 70.00 159.00 —16 —22 —27

48 Triphenyl phospate 7.18 327.05 152.05 77.05 —25 —40 —24

49 Pirimiphos-methyl-d, 7.32 312.15 108.05 164.15 —12 —33 -17
50 Pirimiphos-methyl 7.36 306.10 164.10 108.15 -17 —18 -17
51 Flufenoxuron-d, 8.87 492.10 161.05 144.00 —18 —21 —15
52 Flufenoxuron 8.88 489.00 158.10 140.90 -15 —21 -29

The abbreviations are as follows: Retention time (f3) and collision energy (CE).
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standards (sample blank) for checking a presence of false de-
tects. This pattern was repeated for the remaining reagents and
samples from low to high concentrations to calculate the calibra-
tion curves. The ME determination was replicated four times for
each sample.

In this study, TPP and hexazinone-d, were added to all re-
agent-only and matrix-matched calibration standards at same
concentration (100 ng/mL) as syringe spikes, therefore, the aver-
age ME on syringe spikes (ME,,) were calculated using the for-
mer method for each sequence as follows:

I averege peak area of syringe
spike in matrix-matched
calibration standards

MEg = —1|X100% (2)

averege peak area of syringe

spike in reagent-only
calibration standards

5. Evaluation of the sampling and measurement variances of ME
on SIL-ISs in vegetable food samples

The measurement variance (0§) caused by uncertainty in analy-
sis and the sampling variance (07) due to the difference between
the food samples contribute to the variance calculated from ran-
dom samples.® Calculation of these variances were performed
according to the theory explained in Ref. 33. First, the mean
square values within and between groups were determined using
the following equations;

mean square within groups = ZZ(x,—j —%)?h(n-1) (3)
j

mean square between groups = nZ(E,« -x)?/(h-1) (1)

where, n and h represent the number of replicates and the sam-
ple varieties, respectively. x; is the jih measurement value of the
ith sample. x; and Xrepresents the mean value of each sample and
the grand mean, respectively. The mean square within identi-
cal sample is independent from the mean of each sample, thus
a3 could be estimated from Eq. (3). On the other hand, mean
square between groups could be altered by both variability
among samples and uncertainty in measurement, and is esti-
mated by 63 + no?. If there is a significant difference between the
mean square values within and between groups, which means
01#0, the estimated sampling variance can be calculated by the
following equation:

mean square between groups —
mean square within groups (5)

n

If there is no significant difference between the mean square
values within and between groups, that is 07=0, only ¢} is con-
sidered for a discussion of ME in this study. The estimated stan-

dard deviation (ESD=g0,) of each variance was calculated from
the square root of the estimated variances of measurement and
sampling.

6. Recovery test of pesticides from a vegetable food sample
Recovery tests at the three concentrations were performed in
five replicates using a blank komatsuna sample. A pesticide stan-
dard solution was spiked into 20.0g of the homogenized sample
at 0.0025, 0.01, and 0.04 mg/kg concentration. The samples were
processed following the clean-up procedure, and the residue
was reconstituted in 2mL of methanol (4g/mL of methanol). A
standard solution of SIL-IS was spiked into the final solution at
0.0025 mg/kg. The final solution was analyzed using LC-MS/MS
and quantification was performed. The recovery was calculated
using three methods: external standard, IS, and matrix-matched
calibration. Each calibration curve was calculated with weight-
ing (weighing factor=1/x?). For the external standard calibra-
tion method, the calibration curve of the analyte concentration
versus the peak area in the methanol solution was investigated.
For the matrix-matched calibration method, the calibration
curve of the analyte concentration versus the peak area in the
cleaned-up extract solution (4g/mL of methanol) was investi-
gated. For the IS calibration method, calibration curves were
constructed using the concentration and peak area ratios of the
pesticides to 0.0025 mg/kg of SIL-ISs. All calibration curves were
investigated in the range of 5-175ng/mL. Equivalent amounts
of TPP and hexazinone-dy were added to the final solution as
syringe spikes (100ng/mL). Recovery was calculated for all
analytes using external standard and matrix-matched calibra-
tion methods. For the IS calibration method, the recoveries of
propyzamide and propiconazole were not analyzed because
discrimination of the pesticides from their SIL-IS was not pos-
sible using LC-MS/MS when these analytes were mixed in the
final solution. These pesticides contain two chlorine atoms but
their SIL-ISs contains only three d isotopes. The reason of this
inability could be because the molecular mass of the pesticides
and SIL-ISs were nearly identical due to the presence of natural
isotopes of chlorine atoms, which has made LC-MS/MS difficult
to discriminate them.

Results and discussion

1. Repeatability of LC-MS/MS analysis in evaluation of ME and
recovery test
The response of the analyte from an identical sample may be al-
tered depending on the day of the analysis due to environmental
conditions and other unknown reasons even the measurement
process and LC-MS/MS parameters are fixed. To obtain valid re-
sults and discuss the MEs of the tested vegetables, the LC-MS/
MS performance was assessed throughout the experimental pe-
riod. In this study, the suitability of TPP and hexazinone-d as
syringe spikes was evaluated. First, TPP and hexazinone-d; were
added to all reagent-only and matrix-matched calibration stan-
dards immediately prior to analysis (100ng/mL) in four repli-
cates for each variety of vegetable sample. In the evaluation of



70 A.Bannoetal.

Journal of Pesticide Science

Table 2. Repeatbility of peak areas (RSD) and matrix effect of triphenyl phosphate (TPP) and hexazinone-dg (ME,) (%).

Komatsuna Spinach Tomato Aubergine

TPP RSD of peak response (%) 13 15 14 5
ME (%) Average 1 1 1 0

Max. 2 3 2 2

Min. 0 0 -1 -1

Hexazinone-d, RSD of peak response (%) 14 5 5 5
ME (%) Average =5 -3 —4 -2

Max. -2 -2 -2 -1

Min. -7 -3 =5 -3

ME, the RSD of the TPP and hexazinone-d; response varied
from 5 to 15% and 5 to 14%, respectively, depending on the
vegetable sample (Table 2). The results showed that the LC-MS/
MS performance was good throughout the study, as the repeat-
ability of both TPP and hexazinone-dy did not exceeded more
than 20% for all vegetable samples.” Although the difference in
the response of TPP and hexazinone-d, depending on the day
of the analysis was small throughout the study, the peak areas

of hexazinone-d, showed a slight downward trend from the low
to high concentrations of the calibration during the sequences
(Supplemental Fig. S2-1). A similar trend was reported in a pre-
vious study for apple, spinach, orange, and rice samples cleaned
up with modified QuEChERS method and LC-MS/MS.?®) Kwon
et al. suggested that this trend is presumably caused by the ac-
cumulation of co-injected matrix materials in the system or in-
creasing analyte concentration in the calibration standards with

Table 3. Two tailed t-test result of the average matrix effect (ME) on the target pesticides against the ME on the corresponding stable isotope-labeled
(SIL) internal standards (ISs) with or without (w/0) compansation for peak area by hexazinone-d, (t=2.306 (p=0.05), n=5). The t-value in bold showed
significant difference between the MEs. R represents the absolute value of the difference between ME on the pesticides and SIL-ISs. The analytes are listed

according to the order of retention time.?®

W/O hexazinone-dg With hexazinone-dj

No. Pesticide SIL-IS
t-value R (%) t-value R (%)
1 Acephate Acephate-d; 0.292 0 0.374 0
2 Dinotefuran Dinotefuran-d, 1.863 1 2.154 2
3 Nitenpyram Nitenpyram-d; 1.673 2 1.469 2
4 Methomyl Methomyl-d; 1.555 1 1.071 1
5 Thiamethoxam Thiamethoxam-d, 2.919 4 2.699 6
6 Imidacloprid Imidacloprid-d, 1.898 2 1.919 2
7  Clothianidin Clothianidin-d; 1.313 2 1.457 1
8  Acetamiprid Acetamiprid-d, 0.023 0 0.019 0
9  Thiacloprid Thiacloprid-d, 3.252 5 3.725 5
10 Cyanazine Cyanazine-d; 1.974 2 2.008 2
11 Propoxur Propoxur-d, 0.579 0 0.688 1
12 Atrazine Atrazine-d; 1.111 1 1.561 1
13 Diuron Diuron-dg 8.089 5 12.136 6
14 Boscalid Boscalid-3Cg 2.749 7 2.811 8
15 Propyzamide Propyzamide-d; 2.202 4 2.224 5
16  Fluxapyroxad Fluxapyroxad-'*Cgq 0.067 0 0.068 0
17 Mepronil Mepronil-"C, d; 0.313 1 0.375 0
18 Triadimefon Triadimefon-d, 2.548 2 1.956 3
19 Fluopyram Fluopyram-d, 1.155 1 1.458 1
20 Prometryn Prometryn-d, 3.260 2 6.979 2
21 Tebuconazole Tebuconazole->C, 0.137 1 0.211 1
22 Propiconazole Propiconazole-d, 1.891 3 1.634 2
23 Hexaconazole Hexaconazole-d, 0.542 1 0.412 1
24  Pirimiphos-methyl Pirimiphos-methyl-dj 0.384 0 0.291 0
25 Flufenoxron Flufenoxron-d, 0.316 0 0.957 0
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Fig. 1. Matrix-matched calibration curve of methomyl-d; for blank
komatsuna sample (a) without and (b) with compensation for peak area
by hexazinone-ds.

sequence progression.?® In this study, the TPP response showed
a slight increase at the beginning of the analysis, followed by a
downward trend (Supplemental Fig. S2-2). The slight upward
trend could be due to the accumulation of TPP in the LC-MS/
MS system because the trend was not noticed after the initial
approximately 10 injections of the sequence. Moreover, Mol
et al. explained that substantial signal suppression or enhance-
ment (ME<—20% and ME>20%) interfered with accurate de-
termination using LC-MS/MS analysis.*® The ME, of TTP and
hexazinone-dg was calculated using Eq. (2) and the results show
that the ME, of TPP and hexazinone-d, was sufficiently low to
be ignored because the ME was between —7% and 3% (Table
2). Ideally, normalization of analyte peaks to the corresponding
SIL-IS eliminates a trend in the sequence and ME, however, it
is impractical due to availability, cost and other practical limi-
tations in a simultaneous analysis.?® Overall, hexazinone-ds was
a better syringe spike than TPP in compensating for the slight
downward trend in the sequence in this study.

In the recovery test, the RSD of hexazinone-d, throughout the
sequence was only 2% because the number of samples in the se-

quence was less than that in the ME evaluation. Therefore, com-
pensation for the peak area of the target analyte by hexazinone-
dg was not conducted for the recovery test.

2. Difference in ME on pesticide and its SIL-IS in an identical
sample
In this study, the ME magnitude on 25 pesticides and their SIL-
ISs were compared, and the similarity of the MEs on the pesti-
cides and their SIL-ISs were assessed using a blank komatsuna
sample. The sample was cleaned-up, and both the pesticide and
its SIL-IS were spiked into the final solution for all analytes, ex-
cept propyzamide and propiconazole. For these two combina-
tions, the pesticides and SIL-ISs were spiked separately into the
sample solution. The MEs on the pesticides and SIL-ISs were
calculated using Eq. (1). A two-tailed t-test (t=2.31 (p=0.05),
n=>5) was used to determine the significance.*® The results
showed that there was no significant difference in the MEs on
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Fig. 2. Box plot diagram of the matrix effect (ME) on 25 stable isotope-
labeled internal standards for komatsuna, spinach, tomato, and aubergine
samples when the peak area is compensated for by hexazinone-dy (n=5).
Each analysis was repeated four times for each sample. The analytes are
listed according to the order of retention time.?®) In the boxplot, the box's
bottom end represents the lower quartile of the data, the bold line in the
middle of the box represents the median of the data, and the box’s top end
represents the upper quartile of the data. The lower and upper whisker
represents the minimum and maximum data, respectively. The outliers are
shown in white dots.
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the pesticides and SIL-ISs, except in some cases (Table 3). The
MEs were significantly different between thiamethoxam, thia-
cloprid, diuron, boscalid, triadimefon and prometryn and their
SIL-ISs. Peak area compensation by hexazinone-d, did not alter
the results, except for triadimefon-d,. This study showed that
some pesticides and SIL-ISs can experience significantly differ-
ent MEs, although their physicochemical properties are nearly
identical. There was no significant difference in the number of
isotopes between these six SIL-ISs and the remaining nineteen
SIL-ISs, suggesting that the number of an isotope substitution
is not responsible for the significant difference in ME between
the pesticides and their SIL-ISs in this study. Nevertheless, the
average difference in the MEs of the 25 pesticides and those of
the SIL-IS was 2% with and without compensation of the peak
area by hexazinone-d,. The maximum difference in the ME
of boscalid and boscalid-ds was only 8% when the peak area is
compensated for hexazinone-d,. Although random errors in
measurement may significantly alter magnitude of ME, this
study suggests that pesticides and their SIL-ISs undergo MEs of
a similar magnitude. This study also suggests that both 4 and/or
3C substituted SIL-ISs would work well with the IS calibration
method. Overall, the MEs on the SIL-ISs were evaluated to esti-
mate the ME patterns in the market samples in this study.

3. Linearity assessment of calibration curves for SIL-1Ss

The linearity of the calibration curves of the target analytes was
also assessed to determine the LC-MS/MS performance in ob-
taining reliable MEs. The guideline states that the deviation of
the back-calculated concentrations of the calibration standards
from the true concentrations, using the calibration curve in the
relevant region should not be more than +£20%.” The matrix-
matched calibration curve of methomyl-d; for blank komatsuna
sample is shown in Fig. 1. The calibration curve of methomyl-
d; satisfied the guideline as the deviation of the back-calculated
concentrations was between —3% and 3% at all concentration
levels in komatsuna sample (Supplemental Table S2). The de-
viations of the back-calculated concentrations from the true
concentrations for all analytes and vegetable sample combina-
tions, using the matrix-matched calibration curves are listed in
Supplemental Table S2 and all calibration curves satisfied the
guideline. When hexazinone-d,; was used to compensate for the
peak response, the deviations were also satisfactory for all com-
binations. The r-squared (r*) values of calibration curves with or
without peak compensation by hexazinone-d, were greater than
0.990 and 0.989, respectively for all vegetable samples (Supple-
mental Table S3). Moreover, satisfactory results were obtained
from the reagent-only calibration curves. These results showed
that both the reagent-only and the matrix-matched calibration
curves could be used to accurately calculate ME in any cases.

4. Evaluation of the MEs on SIL-ISs in four types of vegetable
samples

The MEs on the SIL-ISs in komatsuna, spinach, tomato, and au-

bergine with or without peak compensation by hexazinone-d,

were calculated using Eq. (1). Each calculation was repeated four
times for each sample. Figure 2 shows the MEs on the SIL-ISs in
five varieties of all vegetables samples when the peak area was
compensated for by hexazinone-d. The results demonstrate that
the ME on some of the target analytes can be altered depend-
ing on the variety of the same type of vegetable, even downward
trend in a sequence is compensated for. The MEs for all combi-
nation of the SIL-ISs and the samples are listed in Supplemental
Table $3-S6. According to the criteria defined by Mol et al.,*
substantial ion suppression (ME<<—20%) was observed for
dinotefuran-ds, clothianidin-d;, and thiacloprid-d, for komat-
suna, acetamiprid-d; and flufenoxron-d; for spinach, and niten-
pyram-d; for tomato, in at least one result of the four replicates.
No substantial ion enhancement (ME>20%) was observed for
any analyte and test sample combinations. Compensation of the
peak area by hexazinone-d, contributed to the mitigation of sub-
stantial ion suppression for a few percent. Grand mean was also
calculated by dividing the sum of each mean ME by the number
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Fig. 3. Estimated standard deviation (ESD) of the matrix effect on
25 stable isotope-labeled internal standards for komatsuna, spinach,
tomato, and aubergine sample when the peak area is compensated for
by hexazinone-d; (n=5). ¢, and o, represent the square root value of the
measurement and sampling variances, respectively. Each analysis was
repeated four times for each sample. The analytes are listed according to
the order of retention time.?®)
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of sample varieties (h=5).>» The grand mean of the ME on these
SIL-ISs when peak area was compensated for by hexazinone-d,,
were between —20% and 20% except for thiacloprid-d, in kom-
atsuna (Supplemental Table S3-S6). This difference in the mean
and grand mean of the ME suggests that the MEs could vary due
to sampling and/or measurement differences. Additionally, a
one-way ANOVA (The degree of freedom (df) within groups=
15, df between groups=4, F critical value=3.045 (p=0.05)) was
performed to investigate whether there was a significant differ-
ence in the mean ME between varieties of samples.*® The results
of the one-tailed F-test are shown in Supplemental Table S3-S6
and suggest that 20 out of 25 analytes in komatsuna, and 17,
17, and 12 out of 25 analytes in spinach, tomato, and aubergine,
showed significant difference in the ME between varieties of
samples, when peak area was compensated for by hexazinone-d,.

5. Sampling and measurement variances of ME on SIL-ISs in
vegetable food samples

To further discuss the variance in the ME, both the estimated

variances of measurement and sampling when peak area is

compensated for by hexazinone-dg were evaluated using Egs.

(3)-(5). The result showed that the measurement variance were
below 4% for all combination of the SIL-ISs and the samples
(Fig. 3). The ESD of measurement was 0.6-3% for komatsuna,
0.4-2% for spinach, 0.5-3% for aubergine, and 0.6-4% for toma-
to, respectively, undergoing the same clean-up procedure by the
same analyst using the same instrument. On the other hand, the
sampling variance differed among the combination of the SIL-
ISs and the samples (Fig. 3). The ESD of sampling were higher
than ESD of measurement in 16, 14, 10 and 10 out of 25 ana-
Iytes in the komatsuna, spinach, tomato, and aubergine, respec-
tively. These results demonstrated that variance in ME was more
influenced by sampling than measurement for about half of the
analytes. The ESD of sampling for acetamiprid-d; and flufenox-
uron-d; in spinach were 13% (Fig. 3). In a previous study, the
consistency of ME between samples was assessed by calculating
standard deviation values and the consistency of ME was sug-
gested when the standard deviation values were <10%.2° These
results suggest the consistency of ME between the same types
of vegetable samples, except for acetamiprid-d; and flufenoxu-
ron-d; in spinach. However, the results in the previous chapter
showed that there was a significant difference among the five

Table 4. Average recovery and relative standard deviation (RSD) of the pesticides from blank komatsuna sample in five replicates (%). The bold values
show the recovery or RSD that did not satisfied the Ministry of Health, Labour, and Welfare-criteria (recovery: 70-120%, RSD%<25% for 0.0025 mg/kg
concentration level and RSD<15% in 0.01 and 0.04 mg/kg concentration level). The analytes are listed according to the order of retention time.?)

Average recovery (RSD) (%)

No. Pesticide SIL-IS External standard calibration Internal standard calibration Matrix-matched calibration
0.0025mg/kg 0.01mg/kg 0.04mg/kg 0.0025mg/kg 0.01mg/kg 0.04mg/kg 0.0025mg/kg 0.01mg/kg 0.04mg/kg
1 Acephate Acephate-d; 0 (—) 0(—) 0(—) 0 (—) 0(—) 0(—) 0 (—) 0(—) 0(—)
2 Dinotefuran Dinotefuran-ds 85 (4) 80 (4) 71 (2) 91 (4) 88 (3) 85 (5) 92 (4) 90 (4) 81 (2)
3 Nitenpyram Nitenpyram-d; 43 (8) 51 (6) 45 (12) 48 (10) 48 (7) 45 (17) 51 (7) 55 (6) 47 (11)
4 Methomyl Methomyl-d, 63 (5) 69 (2) 66 (2) 82 (4) 85 (4) 86 (5) 93 (4) 9% (2) 91 (2)
5 ‘Thiamethoxam Thiamethoxam-d; 85 (6) 90 (3) 82 (3) 82 (11) 89 (6) 93 (7) 95 (6) 94 (3) 85 (3)
6 Imidacloprid Imidacloprid-d, 86 (3) 86 (3) 81 (2) 92 (4) 90 (3) 89 (4) 94 (3) 94 (3) 90 (2)
7 Clothianidin Clothianidin-d; 86 (11) 84 (4) 77 (3) 96 (5) 85 (7) 90 (6) 99 (11) 96 (4) 88 (3)
8  Acetamiprid Acetamiprid-d; 93 (1) 91 (1) 86 (1) 93 (5) 90 (3) 95 (5) 100 (1) 98 (1) 92 (1)
9 Thiacloprid Thiacloprid-d, 72 (10) 70 (2) 68 (1) 88 (7) 84 (2) 85 (2) 89 (11) 94 (2) 92 (1)
10 Cyanazine Cyanazine-ds 93 (3) 94 (2) 92 (3) 91 (3) 95 (3) 95 (4) 97 (3) 97 (2) 95 (3)
11 Propoxur Propoxur-d, 86 (3) 88 (2) 86 (3) 89 (4) 89 (2) 92 (5) 96 (3) 94 (2) 91 (3)
12 Atrazine Atrazine-d; 92 (1) 95 (2) 90 (1) 92 (2) 93 (2) 94 (2) 100 (1) 100 (2) 95 (1)
13 Diuron Diuron-d, 91 (3) 90 (2) 85 (1) 91 (3) 90 (2) 90 (1) 98 (3) 96 (2) 91 (1)
14 Boscalid Boscalid-"*Cy 97 (13) 94 (4) 93 (3) 86 (11) 88 (8) 101 (16) 95 (13) 95 (5) 95 (3)
15 Propyzamide Propyzamide-d, 97 (7) 99 (4) 95 (2) NA NA NA 97 (8) 100 (4) 96 (2)
16 Fluxapyroxad Fluxapyroxad-'*Cg 97 (2) 96 (1) 92 (1) 94 (3) 91 (3) 89 (2) 99 (2) 98 (1) 94 (1)
17 Mepronil Mepronil-"*C, d, 98 (1) 98 (3) 92 (2) 93 (3) 90 (6) 92 (10) 100 (1) 101 (3) 95 (2)
18 Triadimefon Triadimefon-d, 102 (3) 99 (3) 96 (2) 98 (6) 96 (4) 96 (6) 105 (3) 100 (3) 97 (2)
19  Fluopyram Fluopyram-d, 101 (2) 97 (2) 94 (1) 97 (2) 92 (3) 95 (2) 100 (2) 100 (2) 98 (1)
20 Prometryn Prometryn-d, 94 (4) 94 (2) 94 (1) 93 (4) 91 (2) 95 (2) 98 (4) 97 (2) 97 (1)
21 Tebuconazole Tebuconazole-1*C, 106 (13) 98 (7) 96 (2) 105 (18) 95 (10) 88 (13) 100 (14) 96 (7) 96 (2)
22 Propiconazole Propiconazole-d; 98 (3) 99 (2) 98 (2) NA NA NA 95 (3) 99 (2) 98 (2)
23 Hexaconazole Hexaconazole-d, 98 (2) 95 (2) 93 (2) 91 (5) 89 (4) 89 (5) 97 (2) 97 (2) 95 (2)
24 Pirimiphos-methyl Pirimiphos-methyl-dg 9 (2) 95 (2) 96 (3) 93 (4) 92 (3) 96 (3) 97 (2) 96 (2) 97 (3)
25  Flufenoxuron Flufenoxron-d; 101 (2) 101 (2) 102 (2) 93 (2) 94 (3) 96 (1) 98 (2) 98 (2) 100 (2)

The abbreviations are as follows: Stable isotope-labeled (SIL), internal standard (IS), and not available (NA)
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sample variabilities for 20, 17, 17 and 12 out of 25 analytes in
the komatsuna, spinach, tomato, and aubergine (Supplemental
Table S3-S6). Besil et al. demonstrated that ME were different
among citrus species but similar between varieties in orange and
mandarin.?® On the other hand, Kruve et al. showed that there
were differences in ME among apple varieties for some pesti-
cides.? Although, the cultivar of the test samples was untrace-
able in this study, the sampling variance in ME may be due to
the difference in the cultivation area and/or cultivars among the
samples in vegetable samples for these pesticides. Therefore, the
blank sample of a same cultivar from the same farmland to the
test sample is recommended for compensation of the MEs using
matrix-matched calibration method to avoid an insufficient/
excess compensation of peak area. Besides, the measurement
variance cannot be mitigated by the matrix-matched calibration
method. The IS calibration method can compensate for both the
ME and other variabilities among sample vials due to dilution,
evaporation, and injection volume, therefore, an application of
an IS calibration method, should be discussed to mitigate the
measurement variance if necessary.

6. Recovery test using external, internal, and matrix-matched
calibration
The differences in pesticide recovery based on the calibration
method is discussed. Table 4 shows the recoveries of the 25 pes-
ticides from blank komatsuna samples. In the external calibra-
tion method, the RSD values for the analyte recovery were below
15%, but the recoveries of acephate, nitenpyram, methomyl,
and thiacloprid were lower than 70% for at least one concentra-
tion level, which did not satisfy the MHLW-criteria'” (recovery
70-120%, RSD<25% at 0.0025ng/kg, and RSD<15% at 0.01
and 0.04ng/kg). The mean MEs on acephate-d;, nitenpyram-
d;, methomyl-d; and thiacloprid-d, in blank komatsuna when
the peak area was not compensated for by hexazinone-d; were
—2, =6, —9, and —15%, respectively (Supplemental Table S3).
The recoveries of acephate and nitenpyram were not improved
by changing the calibration method from external standard to
IS or matrix-matched calibration. Therefore, the reason for this
unsatisfactory recovery was not attributed to the ME. These pes-
ticides are not the target analytes of the Japanese official meth-
0d?”; thus, the clean-up procedure may not be suitable to ana-
lyze acephate and nitenpyram from vegetable samples. The aver-
age recovery of methomyl and thiacloprid among the calibration
methods was compared using Tukey’s multiple comparison test
(T critical value=4.60 and 6.98 (p=0.05 and 0.01, respectively),
n=>5). The application of the matrix-matched calibration signifi-
cantly improved the recovery of methomyl and thiacloprid (Fig.
4). Similarly, the application of an IS calibration significantly
improved the recovery of methomyl and thiacloprid, except
at 0.0025mg/kg for thiacloprid. There was a significant differ-
ence between the recoveries calibrated using the IS and matrix-
matched method for methomyl at 0.0025 and 0.01 mg/kg, and
for thiacloprid at 0.01 and 0.04 mg/kg. There was no significant
difference between the MEs on methomyl from that on metho-
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Fig. 4. Average pesticide recovery from the blank komatsuna sample
calibrated using external standard (std.), internal std., and matrix-
matched calibration (cal.) methods in three concentration levels (0.0025,
0.01, and 0.04mg/kg). The analysis was repeated five times for each
sample. The difference in the average recovery of each pesticide was
assessed using Tukey's multiple comparison test (**: p<<0.01, *: p<<0.05).

myl-d; and the MEs on thiacloprid were different from that on
thiacloprid-d, but only for 5% in blank komatsuna (Table 3).
The difference in recovery between the two calibration methods
may be because the pesticide and their corresponding SIL-IS ex-
hibit similar magnitude of ME but are not physically identical;
thus, SIL-IS compensated for the MEs but not as accurately as
the matrix-matched calibration method using the blank sample
which is identical to the test sample. This study also suggests
that, in most cases, the use of the IS calibration method entail-
ing the addition of low concentrations of SIL-ISs (0.0025 mg/kg)
into samples delivers improved recoveries compared to those
when an external calibration method entailing low to high con-
centrations is used.

Conclusion

In this study, we demonstrated that the ME magnitudes of the
25 pesticides and their corresponding SIL-IS were similar in the
blank komatsuna samples using ¢-tailed test. The number of an



Vol. 49, No. 2, 65-76 (2024)

Matrix effects on internal standards in LC-MS/MS analysis of vegetable pesticides 75

isotope substitution in the SIL-IS was not responsible for the sig-
nificant difference in the MEs on the SIL-ISs of thiamethoxam,
thiacloprid, diuron, boscalid, triadimefon and prometryn and
those on the pesticides in this study. The MEs of four types of
vegetable samples in LC-MS/MS pesticide analysis were evalu-
ated by comparing the slopes of the matrix-matched and re-
agent-only calibrations. The result of the evaluation showed that
substantial ion suppression (ME<<—20%) was observed in the
simultaneous analysis of pesticide residues in komatsuna, spin-
ach, and tomato, but not in aubergine when a modified Japa-
nese official method was used. No substantial ion enhancement
(ME>20%) was observed in all cases. This study also revealed
both the sampling and measurement variance in the MEs for the
first time and suggests that the blank sample of a same cultivar
which are cultivated in the same farmland to the test sample
is recommended for compensation of the MEs using matrix-
matched calibration method. The sampling ESD of the ME was
below 10% for all combinations of the analyte and the four veg-
etables, except for acetamiprid-d; and flufenoxuron-d; in spin-
ach. However, it was suggested that the average ME were signifi-
cantly different between the samples in most of the analytes in
komatsuna, spinach, and tomato, even sampling ESD were be-
tween 0.4-10%. The measurement ESDs of some pesticides were
<4% in all the sample and the target analyte combinations. In
such cases, compensating for the ME by using SIL-IS in every
vial is recommended to obtain reliable results. This study dem-
onstrated that the addition of a low concentration (0.0025mg/
kg) of SIL-IS to the final solution compensated for the MEs at
varying concentrations and improved the recovery of metho-
myl and thiacloprid which suffer ion suppression in komatsuna.
The findings of this study highlight the importance and limita-
tions of compensating for the ME using an IS and/or the matrix-
matched calibration method to achieve accurate and precise re-
sults in the simultaneous analysis of pesticide residues without
changing the clean-up procedure of the ordinary official meth-
od. This study did not show a clear relationship between ME and
tp of the analytes. Further understanding of the relationship be-
tween the magnitude of ME and the physicochemical properties
of the target analytes may help in a selection of SIL-ISs which
are available in the market and suitable for applying IS calibra-
tion method in screening analysis of pesticide residues in veg-
etable samples.
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