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Given the unsuitability of the standard quick, easy, cheap, effective, rugged, and safe (QuEChERS)-based method
for multiresidue pesticide analysis in mealworm larvae due to their complex composition and high lipid content,
we established a gas chromatography-tandem mass spectrometry-based procedure for the detection and quan-
titation of 247 pesticides in this matrix. The optimized extraction solvent (0.1 % formic acid in acetonitrile) was
combined with the original QUEChERS salt packet to achieve high recovery rates, and matrix-derived interferents
were effectively removed without analyte loss using primary secondary amine-based dispersive solid-phase
extraction (cleanup step). Acceptable linearities, high recoveries, and low detection limits were achieved for

most analytes. The detection of triadimenol in 24 field samples suggested that mealworms absorb pesticides from
bran, their primary feed source. The developed method is suitable for monitoring pesticide residues in mealworm
larvae and similar edible insects, providing a reliable tool for regulatory bodies and relevant industries.

1. Introduction

The consumption of animal products has increased with the
increasing global population, and the demand for consumable
crop—derived calories and proteins is expected to increase 2.1-fold by
2050 (Hunter et al., 2017). Given the need to promote sustainable food
production, considerable attention has been drawn to decreasing the
reliance of pest management on chemicals (Rockstrom et al., 2017).
However, the fact that wheat, corn, and cotton losses due to pests
reached 38.3 % in 1964-2003 (Poppe et al.,, 2003) indicates the
importance of pesticides for preventing crop damage by fungi, insects,
mites, weeds, and other pests and thus securing stable food production
(Burger et al., 2008). Additionally, climate and weather changes directly
and indirectly affect crop production and pest reproduction, distribu-
tion, and migration. Thus, food production should be increased while
reducing the use of chemicals (Porter et al., 1991).

Insects are rich in proteins (40 %-70 %), minerals, and vitamins, thus
holding promise as alternative protein sources for the food industry
(Gravel & Doyen, 2020). Over 2000 insect species are consumed in
various countries, including those in Asia and Europe (van Huis, 2020).
The production of edible insects is more environmentally friendly and
sustainable than livestock farming (FAO, 2013), and the growth of the
domestic and international insect market is expected to continue. Edible
insects include members of the orders Lepidoptera, Coleoptera,
Orthoptera, and Hymenoptera (Yoo et al., 2013). In particular, the
larvae of the mealworm beetle (Tenebrio molitor) have a protein content
of 46.44 % and are nutritionally rich alternative food sources
(Ravzanaadii et al., 2012). However, edible insects may contain harmful
substances, such as microorganisms, chemicals, and parasites, with
numerous studies reporting the detection of pesticides, including or-
ganophosphates and benzoquinones (Belluco et al., 2013).

Pesticides are toxic to humans and the environment and can harm
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the immune, reproductive, and nervous systems. In response to the
concerns related to pesticide residues in agricultural products and
human exposure (Damalas & Eleftherohorinos, 2011; Lushchak et al.,
2018), the European Union (EU) has established 464 maximum residue
limits to regulate pesticides in terrestrial invertebrates, including insects
(EU, 2024). In South Korea, the Rural Development Administration and
Ministry of Food and Drug Safety set safety guidelines and residue limits
for various crops, while the National Agricultural Products Quality
Management Service and Ministry of Food and Drug Safety conduct
safety investigations on harmful substances, including pesticide resi-
dues, in domestically produced and distributed agricultural products to
ensure safe food production. However, no residue limits have been
established for pesticides in edible insects in South Korea, which in-
dicates the need to establish and monitor pesticide residue analysis
methods, particularly for applying uniform PLS (positive list system)
standards and future maximum residue limits.

Owing to the high protein and fat contents of mealworm larvae, the
analysis of pesticide residues therein requires pretreatment to prevent
contamination (Ravzanaadii et al., 2012), as exemplified by protein and
fat removal based on the QuEChERS method and n-hexane treatment
(Houbraken et al., 2016; Ramluckan et al., 2014; Shin et al., 2020).
Acetonitrile/hexane partitioning is necessary to improve the recovery
rates of high-distribution-coefficient pesticides during gas
chromatography-tandem mass spectrometry (GC-MS/MS) analysis
(Shin et al., 2018). Additionally, adsorbents commonly employed in the
QuEChERS method, such as primary secondary amine (PSA), C18, Z-Sep,
Z-Sep+, and HLB (hydrophilic lipophilic balance), should be used to
remove potential interferents from the extract. Herein, we aimed to (i)
develop a method for the simultaneous analysis of multiple pesticides
and related metabolites in mealworm larvae using a GC-MS/MS-based
modified QUEChERS approach and (ii) validate the effectiveness of this
method by applying it to real mealworm larvae. The method improves
routine residual pesticide analysis procedures to provide a breakthrough
the analysis of high-protein and high-fat samples.

2. Materials and methods
2.1. Reagents

Reference pesticides (>97 %) were obtained from Dr. Ehrenstorfer
(Augsburg, Germany), Wako pure chemical industries (Osaka, Japan),
sigma-Aldrich (St. Louis, MO, USA), and ChemService (West Chester,
PA, USA). Stock solutions (100-1000 pg/mL) were acquired from
AccuStandard (New Haven, CT, USA). Methanol (LiChrosolv grade) and
ammonium formate (liquid chromatography-mass spectrometry grade)
were obtained from Merck (Darmstadt, Germany). Formic acid (98-100
%), acetonitrile (high-performance liquid chromatography grade), and
n-hexane (analytical grade) were sourced from Thermo fisher scientific
(Waltham, MA, USA). Deionized water was obtained using an automatic
purification system (Wasserlab, Navarra, Spain), and the QuEChERS
extraction packet was sourced from Agilent Technologies (Santa Clara,
CA, USA). Dispersive solid-phase extraction (d-SPE) sorbents containing
PSA and/or C18 were sourced from Agilent Technologies (Santa Clara,
CA, USA). Z-Sep and Z-Sep + were obtained from Supelco (Bellefonte,
PA, USA). The OASIS PRiME HLB cartridge (1 mL, 30 mg) was procured
from waters (Milford, MA, USA)

2.2. Edible insects and pesticides

Mealworms were provided by the Industrial Insect Division of the
National Institute of Agricultural Sciences in South Korea (for method
optimization) or collected from domestic mealworm larva farms (for
real sample analysis). The samples were homogenized with dry ice after
lyophilization and stored at —20 °C until use. The test pesticides cor-
responded to 247 compounds used to inspect the safety of domestic and
foreign agricultural products.
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2.3. Working and matrix-matched standard solutions

Stock solutions were prepared using the reference pesticides, mixed
with acetonitrile, and stored at —20 °C until use. The mixed standard
solution (2.5 pg/mL) was serially diluted to prepare working solutions
with concentrations of 1000, 500, 250, 80, 40, 20, 10, 4, 2, 1, 0.4, and
0.2 ng/mL. Matrix-matched standard solutions were prepared by mixing
the final extract and standard solution in a ratio of 3:1 (v/v). The final
extract was prepared following the protocol for blank mealworm sample
preparation.

2.4. Instrumentation

Pesticide analysis was performed using an Agilent 7000C triple-
quadrupole mass spectrometer coupled with an Agilent 7890B gas
chromatograph (Santa Clara, CA, USA). The carrier gas (helium) was
supplied at a flow rate of 1 mL/min. Samples were injected in the solvent
vent mode, and the vent flow rate was held at 50 mL/min for the first
1.5 min, decreased to 25 mL/min, and maintained (5 psi) for 0.3 min.
The target analytes were separated on an HP-5 ms column (30 m x 250
pm x 0.25 pm). The oven temperature was held at 50 °C for 3 min,
increased to 185 °C at 30 °C/min, 250 °C at 5 °C/min, and 300 °C at
10 °C/min, and held for 7 min. The source and transfer line temperatures
were set to 250 and 290 °C, respectively. Electron ionization was per-
formed at 70 eV, and all pesticides were analyzed in the dynamic mul-
tiple reaction monitoring mode.

2.5. Optimization of sample preparation procedure

2.5.1. Extraction efficiency

Homogenized pesticide-free mealworms (5 g) were hydrated with
water (7 mL) and spiked with pesticides to 25 pg/kg. Each sample was
separately treated with acetonitrile (10 mL) and 0.1 % formic acid in
acetonitrile (10 mL) and extracted/partitioned using the original
QuEChERS (1 g NaCl and 4 g MgSO4) or EN-15662 QUEChERS (1 g NaCl,
4 g MgSO4, 1 g NasCitrate-2H0, and 0.5 g NayHCitrate-1.5H50)
extraction packet. The extract (6 mL) was transferred to a 15 mL conical
tube and partitioned with n-hexane (4 mL). The lower acetonitrile layer
was transferred to a new tube, while the upper n-hexane layer was
further partitioned with n-hexane-saturated acetonitrile (2 x 6 mL).
Finally, the solution, acetonitrile, was purified using a d-SPE tube con-
taining 25 mg PSA and 150 mg MgSO4 and then mixed with acetonitrile
in a 3:1 (v/v) ratio. Pesticide extraction efficiencies were expressed in
terms of the corresponding recovery rates, which were calculated as
follows.

Amount of Pesticide treated

%) = !
Recovery (%) Recovered pesticide X 100

2.5.2. Partitioning efficiency

Homogenized pesticide-free mealworms (5 g) were hydrated with
water (7 mL) and spiked with pesticides to 25 pg/kg. Extraction and
partitioning were performed using 0.1 % formic acid in acetonitrile (10
mL) and the original QUEChERS extraction packet. The extract (6 mL)
was transferred to a 15 mL conical tube, mixed with n-hexane (4 mL),
and centrifuged at 1300 rpm. The acetonitrile layer was transferred to a
new tube, while the hexane layer was either discarded (N = 1) or sub-
jected to up to three additional partitioning steps (N = 2, 3, 4) using n-
hexane-saturated acetonitrile (6 mL). After each partitioning step, the
acetonitrile layer was purified using d-SPE (25 mg PSA, 150 mg MgS04)
and combined with acetonitrile in a 3:1 (v/v) ratio. Partitioning effi-
ciencies were expressed in terms of the corresponding recovery rates,
which were calculated as follows.

2.5.3. Cleanup efficiency
Homogenized pesticide-free mealworms (5 g) were hydrated with
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Table 1
Recovery rates of 247 pesticides obtained for different extraction sol-
ution—-QuEChERS salt combinations.

Recovery RSD
(%) (%)
at25ug/kg  n=4

Number of pesticides (%)

Original salts EN 15662 salts

MeCN 0.1 % FA in MeCN 0.1 % FA in
MeCN MeCN
<10 >0 0 (0) 0 (0) 0 (0) 0(0)
10-30 <20 4(1.6) 2(0.8) 2(0.8) 2(0.8)
>20 1 (0.4) 0 (0) 1 (0.4) 1(0.4)
30-70 <20 43 29 (11.7) 39 28 (11.3)
17.9) (15.8)
>20 7 (2.8) 3(1.2) 6 (2.4) 6 (2.4)
70-120 <20 182 201 (81.4) 190 194 (78.5)
(73.7) (76.9)
>20 4(1.6) 5(2.0) 1(0.4) 9(3.3)
>120 <20 4(1.6) 2(0.8) 4149 5(2.0)
>20 1(0.4) 4(1.6) 3(1.2) 1(0.4)
Not detected 1(0.4) 1(0.4) 1(0.4) 1(0.4)
Sum 247 247 (100) 247 247 (100)
(100) (100)

FA = formic acid. MeCN = acetonitrile.

Table 2
Recovery rates of 247 pesticides obtained for different numbers of acetonitrile/
n-hexane partitionings (N).

Recovery (%) RSD (%)
at 25 pg/kg n=4

Number of pesticides (%)

N=1 N=2 N=3 N=4
<10 >0 2(0.8) 0(0) 0(0) 0 (0)
10-30 <20 7 (2.8) 4(1.6) 2(0.8) 3(1.2)
>20 1(0.4) 0 (0) 0 (0) 0 (0)
30-70 <20 72 (29.1) 58 (23.5) 29 (11.7) 23 (9.3)
>20 3@1.2) 7 (2.8) 3(1.2) 4(1.6)
70-120 <20 155 (62.8) 172 (69.6) 201 (81.4) 209 (84.6)
>20 2(0.8) 2(0.8) 5(2.0) 2(0.8)
>120 <20 4(1.6) 4(1.6) 2(0.8) 3(1.2)
>20 1(0.49) 0(0) 4(1.6) 31.2)
Not detected 0 (0) 0 (0) 1(0.4) 0 (0)
Sum 247 (100) 247 (100) 247 (100) 247 (100)
80.04
6.9
70.0
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water (7 mL) and spiked with pesticides to 25 pg/kg. Extraction and
partitioning were performed using 0.1 % formic acid in acetonitrile (10
mL) and the original QUEChERS packet. The extract (6 mL) was trans-
ferred to a 15 mL conical tube, mixed with n-hexane (4 mL), and
centrifuged at 1300 rpm. The acetonitrile layer was transferred to a new
tube, while the n-hexane layer underwent additional partitioning using
n-hexane-saturated acetonitrile (3 x 6 mL). The resulting solution was
purified using different types of d-SPE sorbents (Type I (25 mg PSA, 150
mg MgSO,), Type II (25 mg PSA, 25 mg C18, 150 mg MgS0Oy), Type III
(25 mg C18, 150 mg MgS0,), Type IV (50 mg Z-Sep, 150 mg MgSOy),
Type V (50 mg Z-Sep+, 150 mg MgSO,4)) and an SPE sorbent (30 mg
HLB). Each treated solution was mixed with acetonitrile in a 3:1 (v/v)
ratio, and recovery efficiency was evaluated as follows.

2.5.4. Established sample preparation method

Homogenized pesticide-free mealworms (5 g) were hydrated with
water (7 mL) for 15 min and then treated with 0.1 % formic acid in
acetonitrile (10 mL) and a ceramic homogenizer. The mixture was
shaken for 2 min at 1300 rpm (SPEX SamplePrep Geno/Grinder,

Table 3
Recovery rates of 247 pesticides obtained for different cleanup sorbents.

Recovery RSD Number of pesticides (%)

;(:35 , S/ 0 , PSA  PSA+ CI8  ZSep 2 HLB
ke He c18 Sep+
<10 S0 0(® 0() 104 0@  1(0.4) 0(0)
10-30 <20 3(L2) 3(L2) 3(L2) 4(1.6) 3(12) 2(0.8)
>20 0(0) 0(0) 1(04) 0(0) 0 (0) 0(0)
30-70 <20 23 33 38 56 25 40
©3) (134 (154 (227 (10.1)  (16.2)
520 4(1.6) 3(12) 2(0.8) 832 5(20 1(0.4)
70-120 <20 209 194 174 163 101 183
(846) (785 (704) (66.0) (77.3)  (74.1)
520 2(0.8) 6(24) 18 9(36) 8(32) 9(3.6)
7.3)
>120 <20 3(1.2) 728 5(20) 4(16) 7(28 7(28)
520 3(1.2) 1(04) 5(20) 3(12) 7(28) 5(2.0)
Not detected 00) 0@ 0@ 00 00  0(0)
Sum 247 247 247 247 247 247

(100) (100) (100) (100) (100) (100)
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Fig. 1. Recovery rates (bars) and partition coefficients (log P, triangles) of 10 representative pesticides showing a strong dependence of recovery (>25 %) on the
number of partitionings (N = 1, 2, 3, and 4). Error bars are the standard deviations of the recovery rates (n = 4).
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Fig. 2. Recovery rates (bars) and partition coefficients (log P, triangles) of 10 representative pesticides showing a strong dependence of recovery on the employed
absorbent (primary secondary amine (PSA), C18 + PSA, C18). T = triazine, OC = organochlorine, OP = organophosphate. Error bars are the standard deviations of

the recovery rates (n = 4).
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Fig. 3. Recovery rates (bars) and partition coefficients (log P, triangles) of seven representative pesticides showing a strong dependence of recovery on the employed
absorbent (Z-Sep, Z-Sep-+, HLB). C = conazole, T = triazine, OP = organophosphate. Error bars are the standard deviations of the recovery rates (n = 4).

Metuchen, NJ, USA). The contents of the original QuEChERS packet
were added, and the mixture was shaken again at 1300 rpm for 1 min.
The sample was centrifuged at 3500 rpm for 5 min (Combi-514R, Hanil
Science Co., Ltd., Incheon, South Korea). The supernatant (6 mL) was
transferred to a 15 mL conical tube, mixed with n-hexane (4 mL), and
centrifuged at 3500 rpm for 5 min. The lower acetonitrile layer was
transferred to a new tube, while the upper n-hexane layer underwent
additional partitioning with n-hexane-saturated acetonitrile (3 x 6 mL).
The extract was purified using a d-SPE tube containing PSA (25 mg) and

MgSO4 (150 mg), and the purified solution was mixed with acetonitrile
in a 3:1 (v/v) ratio and analyzed using GC-MS/MS.

2.5.5. Method validation and matrix effect evaluation

Limits of quantitation (LOQs) were determined based on a signal-to-
noise ratio of >10. Calibration curves were constructed using a matrix-
matched standard, and linearity was evaluated using the correlation
coefficient (r?) with a weighting factor of 1/x. Recovery tests were
conducted at two spiking levels (LOQ and high concentration), and
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Table 4
Validation test results obtained for 247 pesticides in mealworm larvae.

Validation factor Range Number of pesticides

(%)

Limit of quantitation 1 pg/kg 26 (10.5 %)
(LOQ) 2 pg/kg 43 (17.4 %)
5 pg/kg 102 (41.3 %)
10 pg/kg 75 (30.4 %)
50 pg/kg 1 (0.4 %)
Sum 247 (100 %)
Linearity > 0.990 (LOQ to 200 pg/kg) 247 (100 %)
(o]

197 (79.8 %)
41 (16.6 %)

Recovery (%)
(RSD, 0 %-19.9

Low and high (70 %-120 %)
Low and high, <30 % or > 120

%) %)
Low or high (70 %-120 %) 9 (3.6 %)
Sum 247 (100 %)
Matrix effect Less than —50 % (strong) 8 (3.2 %)
—50 % to —20 % (medium) 9 (3.6 %)

—20 % to 0 % (soft)
0 %-20 % (soft)

20 %-50 % (medium) 52 (21.1 %)
>50 % (strong) 84 (34.0 %)
Sum 247 (100 %)

42 (17.0 %)
52 (21.1 %)

accuracy and precision were assessed using the average recovery rates
and relative standard deviations (RSDs) of six replicate analyses. The
matrix effect was calculated from the slopes of the calibration curves for
matrix-matched (a) and pure (b) standards as.

Matrix effect (%) = 100 x (a/b - 1). (1).

3. Result and discussion
3.1. Optimization of sample preparation procedures

The multiple reaction monitoring parameters used for the 247 pes-
ticides, along with the corresponding GC-MS/MS conditions, are listed
Table S1. After determining the optimal number of acetonitrile and n-
hexane partitionings, we identified the optimal extraction sol-
vent-QuEChERS salt combination and then compared the effects of d-
SPE and SPE sorbents as cleanup agents.

3.1.1. Extraction efficiency

The extraction efficiencies obtained using different extraction sol-
vents and QUEChERS salts are presented in Table 1. The replacement of
pure acetonitrile with acetonitrile containing 0.1 % formic acid
increased the pesticide extraction efficiencies by 1.6-7.7 percentage
points, regardless of the QuEChERS salts used, which was ascribed to the
stabilizing effect of formic acid on pesticides sensitive to basic condi-
tions (Walorczyk & Gnusowski, 2009). Additionally, the citrate buffer in
the QUEChERS EN-15662 packet maintained the extraction solution pH
at ~5, preventing pesticide ionization and degradation (Gonzalez-Cur-
belo et al., 2015). Shin et al. (2020) maximized the efficiency of pesti-
cide extraction from mealworm larvae using acidic extraction solvents
combined with the EN-15662 packet. However, herein, the highest
extraction efficiency was achieved by combining 0.1 % formic acid in
acetonitrile with the original QUEChERS packet, and 201 pesticides
were recovered (81.4 %). Considering that different extraction methods
have been used depending on the physicochemical properties of the
pesticides, sample types, and analytical instruments (Perestrelo et al.,
2019), we concluded that the combination of an acidic extraction sol-
vent with the original packet was most suitable for extracting 247 of
254pesticides from mealworm larvae and analyzing them using GC-MS/
MS.

3.1.2. Partitioning efficiency
Mealworm larvae have a fat content of 21.9 wt% (Imathiu, 2020) and
should therefore be defatted prior to analysis to remove interferents and
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prevent the contamination of the GC-MS/MS instrument. Therefore, n-
hexane, a nonpolar solvent effective for fat removal, was employed
(Ramluckan et al., 2014). Additionally, n-hexane (partition coefficient
= 3.90) has a higher affinity than acetonitrile (partition coefficient =
—0.34) and can therefore extract nonpolar pesticides that may remain in
the extraction solvent. Using n-hexane-saturated acetonitrile, we
examined the effect of partitioning frequency on recovery rates
(Table 2). Each additional partitioning led to a higher pesticide recov-
ery, with four partitions yielding a 22 percentage point increase in re-
covery (84.6 %) compared with a single partition. At this level, 209
pesticides demonstrated acceptable recovery rates (70 %-120 %) and
precisions (RSD < 20 %). Thiocarbamate and organochlorine pesticides
exhibited low recovery rates, probably because of their high partition
coefficients (log P = 4.1-6.9) due to their low polarities, and were
therefore retained in the n-hexane phase (Mathieu et al., 2015; Mdeni
et al., 2022). However, the recovery rates of these pesticides increased
with the increasing partitioning frequency (Fig. 1). Therefore, parti-
tioning with n-hexane-saturated acetonitrile was concluded to be
essential for improving the recovery of pesticides with high partition
coefficients, and the optimal number of partitions was identified as four.

3.1.3. Cleanup efficiency

Table 3 lists the purification efficiencies of different sorbents. PSA
demonstrated the highest purification efficiency, yielding an acceptable
recovery range (70 %-120 %) with RSD < 20 % for 209 pesticides (84.6
%). PSA is typically used to remove sugars, fatty acids, and organic acids
but may engage in polar interactions with low-partition-coefficient
pesticides and thus reduce their recovery rates (Sobhanzadeh and
Nemati, 2013; Belarbi et al., 2021). Herein, this effect appeared to be
mitigated by the use of an acidic extraction solvent. Triazine herbicides,
organochlorines, and organophosphate insecticides showed a 6.1-14.2
percentage point decrease in recovery when C18 was used instead of
PSA (Fig. 2). Given that C18 is used to remove fats and lipids and can
therefore adsorb nonpolar pesticides (Tuzimski & Rejczak, 2016;
Walorezyk & Gnusowski, 2009), the high partition coefficients of these
pesticides could have led to their reduced recovery through adsorption
onto C18 (Fig. 2). Z-Sep and Z-Sep-+, which feature ZrO,-coated silica
surfaces, effectively remove lipids and lipid-associated carboxylic acids
through Lewis acid-base interactions (Belarbi et al., 2021; Walorczyk &
Gnusowski, 2009). However, Z-Sep + has been reported to adsorb azole
fungicides, while Z-Sep strongly binds phosphates (Rajski et al., 2013;
Tuzimski & Rejczak, 2016). Herein, the recovery rates of azole and
organophosphate pesticides obtained for Z-Sep and Z-Sep + were lower
than those obtained for the other adsorbents (Fig. 3), which was
attributed to the presence of ZrO, in Z-Sep and Z-Sep+. HLB, charac-
terized by a hydrophilic-lipophilic balance, contains divinylbenzene
and N-vinylpyrrolidone moieties that can adsorb both nonpolar and
polar compounds (Lucci & Nunez, 2014). The recovery rates of the
nonpolar triazine pesticides obtained for HLB exceeded those obtained
for Z-Sep or Z-Sep+. However, PSA was determined to be the most
suitable sorbent for the GC-MS/MS-based analysis of 247 pesticides in
mealworm larvae.

3.2. Method validation

The developed method was validated by assessing its LOQ, linearity,
recovery, and matrix effect according to the SANTE/12682/2019
guidelines (Tables 4 and S2). The analysis of 247 matrix-matched
standards was used to establish LOQs as concentrations at which the
signal-to-noise ratio exceeded 10. For 246 compounds, the LOQ was
equal to or less than the default limit of 10 pg/kg; however, because of
low sensitivity, the LOQ for endosulfan-alpha was 50 pg/kg. The matrix-
matched standards of the 247 pesticides showed high linearity with
correlation coefficients above 0.99. Among the tested compounds, 197
(79.8 %) showed acceptable recovery rates at both levels and were
therefore suitable for quantitative analysis. However, 41 compounds
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Fig. 4. Chromatograms of triadimenol obtained for acetonitrile, control, pure standard (10 pg/kg), matrix-matched standard (10 pg/kg), and mealworm samples (6,

8, 15, 18, 20, 21, 22, 26, 28, 30, and 31).

met the recovery criteria at only one level, and 9 compounds failed to
meet the criteria at both levels, which suggested that these compounds
were more suitable for qualitative analysis. According to the matrix
effect, 94 compounds fell within the “soft” range (|matrix effect| < 20
%), i.e., could be quantified without matrix-matched standards. How-
ever, 153 compounds fell within the “medium” (|matrix effect| = 20 %—
50 %) or “strong” (|matrix effect| > 50 %) ranges, which indicated the
need for matrix-matched standards to offset matrix effects during inlet
and ionization processes for accurate quantitation.

3.3. Real sample analysis

Among the 24 samples collected from domestic mealworm larva
farms, 11 contained the triazole fungicide triadimenol at concentrations
of 14-996 pg/kg (Fig. 4) and were therefore noncompliant with the EU
residue limit for terrestrial invertebrates (10 pg/kg). Considering that
the triadimenol residue limit for wheat, the primary ingredient of bran
fed to mealworms, is 100 pg/kg, pesticide absorption probably occurred
through bran consumption. Thus, the established method for the mul-
tiresidue analysis of 247 pesticides in mealworm larvae was concluded
to be applicable in field settings and enable both quantitative and

qualitative analyses.

4. Conclusions

A GC-MS/MS-based multiresidue method for the detection and
quantitation of 247 pesticides in mealworm larvae was developed,
optimizing the standard QUEChERS procedure to account for matrix
complexity and high fat content, and validated. Pesticide recovery rates
were maximized by combining 0.1 % formic acid in acetonitrile
(extraction solvent) with the original QUEChERS packet. Further
cleanup (PSA d-SPE) effectively removed matrix interferences without
significant analyte loss, enhancing detection accuracy. According to the
results of validation tests, the developed method exhibited high linear-
ities, acceptable recovery rates, and low detection limits for most ana-
lytes and was therefore concluded to be robust and suitable for both
quantitative and qualitative analyses. The analysis of 24 field samples
revealed detectable levels of triadimenol, suggesting its potential uptake
from bran feed. Thus, this validated approach was concluded to be
suitable for application in regulatory and industrial settings, offering a
reliable tool for monitoring pesticide residues in mealworm larvae and
similar edible insect matrices.
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