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Recently, concerns have been raised over succinate dehydrogenase inhibitor (SDHI) fungicides and their po-
tential adverse effects on the environment and nontarget organisms including humans. Appropriate analysis
methods are thus necessary for their proper risk assessment. Here, a highly sensitive method based on QUEChERS
and UHPLC-MS/MS was developed and validated for the simultaneous quantification of 12 SDHIs and seven of
their metabolites in beverages, fruits and vegetables. The method displayed linearity over more than three orders
of magnitude, precision with RSD <20 % and recoveries between 70 and 120 % for all compounds, ensuring

robustness across a wide concentration range. Limits of quantification as low as 0.003-0.3 ng/g depending on the
matrix and analytes were reached. The method was applied to 28 representative samples of fruits, vegetable, fruit
juices, wine and water samples. The results illustrate the reliability of this method for the quantification of SDHI
fungicides in a variety of foodstuff matrices.

1. Introduction

Fungicides are pesticides used to control phytopathogenic fungi.
Among fungicides, succinate dehydrogenase inhibitors (SDHIs) repre-
sent the fastest-growing class in terms of new compounds developed and
introduced on the market (Sierotzki & Scalliet, 2013). SDHIs have
gained attention due to their unique chemical structures (Fig. 1), high
levels of activity, and broad fungicidal spectrum against basidiomycetes,
deuteromycetes, and ascomycetes (Veloukas & Karaoglanidis, 2012).
SDHIs block the enzyme complex succinate dehydrogenase (SDH), a
universal and highly conserved complex which plays a key role in the
mitochondrial respiratory chain and the functioning of the Krebs cycle.
SDH is essential for cellular energy production, not only in fungi but in
all living organisms with mitochondria, including humans (Bénit et al.,
2019). In the mitochondrial respiratory chain, electron transport be-
tween complex II (SDH) and complex III takes place via co-enzyme Q.
SDHIs bind to the co-enzyme Q binding pocket, thereby inhibiting SDH
function. Inhibition of SDH leads to an accumulation of superoxide ions
(ROS) in the mitochondrial respiratory chain. The disruption of the
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Krebs cycle by preventing the transformation of succinate into fumarate,
leads to an accumulation of succinate, whose excess in turn causes in-
hibition of so-called a-KG-dependent enzymes. This deregulation has
epigenomic, transcriptional, metabolomic and growth factor-inducing
consequences which are potentially involved in carcinogenesis (Bénit
et al., 2022; Duarte-Hospital et al., 2023).

In 2023, twenty-four molecules from three generations are listed as
SDHIs in the Fungicide Resistance Action Committee (FRAC) classifi-
cation (FRAC, 2023). In the European Union (EU), ten are authorized
(flutolanil, boscalid, penthiopyrad, sedaxane, fluopyram, bixafen, pen-
flufen, fluxapyroxad, benzovindiflupyr, isofetamid), five are no longer
approved (carboxin, benodanil, fenfuram, mepronil, isopyrazam) and
four are under evaluation (pydiflumetofen, isoflucypram, inpyrfluxam,
fluidapyr). SDHI fungicides are widely used to control pathogenic fungi
on various crops such as fruits, vegetable, cereals, turfs and ornamentals.
Consequently, research on potential food and environmental contami-
nations is crucial. Analytical methods for the determination of SDHI
fungicides in environmental and/or foods matrices are scarce in scien-
tific literature. Most are multi-residue methods which are non-specific to
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Fig. 1. Structural overview of SDHI fungicides. The graphical representation is based on Chen et al., 2021; FRAC, 2023; Luo & Ning, 2022; Umetsu & Shirai, 2020.

the SDHI family and include only a few selected SDHIs (e.g., boscalid),
resulting in relatively low coverage and sensitivity. Over the last decade,
more targeted procedures have been developed for the analysis of seven
SDHIs in fruits and vegetable crops (Abad-Fuentes et al., 2015; Wu et al.,
2019), eight in surface water (Gulkowska et al., 2014), nine in cereals,
vegetable and fruits (Tian et al., 2020) and eighteen in cereals (Zhao
et al., 2022). These procedures are generally based on a “Quick, Easy,
Cheap, Effective, Rugged and Safe” (QUEChERS) extraction method
followed by sensitive analysis by ultra-high performance liquid chro-
matography coupled with tandem mass spectrometry (UHPLC-MS/MS).

To our knowledge, there is no analytical method able to monitor all
EU approved major SDHIs in a variety of foodstuff matrices, with high
sensitivity and including their metabolites. The aim of this study was
thus to develop a robust and sensitive method for the simultaneous
determination of 12 SDHI fungicides currently or once authorized in the
EU and 7 of their metabolites in foodstuffs such as beverages, fruits and
vegetable. An approach based on the QUEChERS method coupled with
UHPLC-MS/MS was developed. Several parameters for sample prepa-
ration, chromatographic separation and mass spectrometric detection
were optimized, and the method was validated and applied to the
analysis of various foodstuffs.

2. Materials and methods
2.1. Chemicals

Acetonitrile LiChrosolv grade and acetonitrile LC/MS Hipersol
Chromanorm were purchased from VWR (Rosny-sous-Bois, France).

Ultrapure water was obtained from a Milli-Q water purification system
(Millipore, Bedford, MA, USA). Formic acid and ammonium formate of

ULC/MS grade were purchased from Biosolve (Dieuze, France). All salts
used for QUEChERS (anh. MgSO4, NaCl, citrate sodium hydrate and
disodium hydrogen citrate sesquihydrate) were obtained from Sigma-
Aldrich. Isolute® PSA bulk phase was purchased at Biotage (Uppsala,
Sweden). C18 (Zeoprep 90) bulk phase was supplied by ZeoChem
(Uetikon, Switzerland).

Twelve SDHIs and seven metabolites were considered in this study.
The metabolites were selected based on three criteria: i) they are
commercially available as reference standards, ii) are included in the
definition of pesticide residues (i.e., bixafen BYF00587, boscalid
M510F01, fluopyram benzamid, oxycarboxin and penthiopyrad car-
boxamide), and iii) have been associated with environmental meta-
bolism and possess potential toxicological effects on mammals (i.e.,
bixafen M44, fluopyram benzamid and fluxapyroxad M700F001).
Thirteen certified pesticide standards with purity between 95.0 % to
99.9 % (bixafen, bixafen M44, boscalid, carboxin, fluopyram, fluopyram
benzamid, flutolanil, fluxapyroxad, fluxapyroxad M700F001, iso-
fetamid, penthiopyrad, penthiopyrad carboxamid and sedaxane) and
three isotopically labelled standards (boscalid-d4, fluopyram-d4 and
flutolanil-d7) were purchased from Cluzeau Info Lab (Sainte-Foy-la-
Grande, France). Six other certified pesticide standards with purity be-
tween 98.7 % and 99.6 % (bixafen BYF00587, boscalid M510F01, iso-
pyrazam, penflufen, oxycarboxin and thifluzamide) were purchased
from Sigma-Aldrich (Isle d’Abeau, France). Standard solutions of each
chemical were prepared at 1 mg/mL in acetonitrile LiChrosolv grade and
stored at —20 °C.

2.2. Samples

The foodstuff commodities used in this study were tap water, orange
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Optimized LC-MS/MS parameters for target compounds and their labelled forms including internal standard, ion source, retention time (RT) of each pesticide, MRM

transitions and collision energies (CE).

Analyte Internal standard Ion source RT (min) transition 1 (quantifier) CE (V) transition 2 (qualifier) CE (V)
Bixafen Fluopyram-d4 ESI+ 8.49 414.0 — 394.0 20 414.0 — 374.0 31
Bixafen BYF00587 Fluopyram-d4 ESI+/- 7.95 400.0 — 360.0 31 398.0 — 358.0 —22
Bixafen M44 Fluopyram-d4 ESI- 2.24 161.0 — 141.0 -12 141.0 - 66.0 —25
Boscalid Boscalid-d4 ESI+ 7.92 343.0 - 307.0 29 343.0 — 140.0 33
Boscalid M510F01 Boscalid-d4 ESI-+/- 6.22 359.0 — 323.0 29 357.0 — 244.0 —26
Carboxin Fluopyram-d4 ESI+ 6.42 236.1 - 143.1 21 236.1 —» 93.1 53
Fluopyram Fluopyram-d4 ESI+ 8.03 397.1 — 208.0 30 397.1 - 145.0 70
Fluopyram benzamide Fluopyram-d4 ESI+ 3.82 190.0 - 170.0 15 190.0 - 130.0 28
Flutolanil Flutolanil-d7 ESI+ 8.30 324.1 — 262.1 27 324.1 - 242.1 37
Fluxapyroxad Fluopyram-d4 ESI+ 7.82 382.1 — 362.1 31 382.1 — 342.1 20
Fluxapyroxad M700F001 Fluopyram-d4 ESI+/- 3.37 177.0 - 137.0 23 175.0 - 91.0 -27
Isofetamid Flutolanil-d7 ESI+ 8.70 360.2 — 182.2 21 360.2 —» 125.2 39
Isopyrazam Fluopyram-d4 ESI+ 9.34 360.2 — 320.2 30 360.2 — 258.2 27
Oxycarboxin Fluopyram-d4 ESI+ 4.98 268.1 —» 175.1 22 268.1 - 147.1 33
Penflufen Fluopyram-d4 ESI+ 8.40 318.2 — 234.2 25 318.2 - 141.2 43
Penthiopyrad Fluopyram-d4 ESI+ 8.87 360.1 — 276.1 20 360.1 — 236.1 29
Penthiopyrad carboxamide Fluopyram-d4 ESI+ 2.95 194.1 - 174.0 15 194.1 - 154.0 20
Sedaxane Fluopyram-d4 ESI+ 8.12 332.2 —» 159.1 28 332.2 - 292.1 23
Thifluzamid Flutolanil-d7 ESI- 8.66 526.8 — 125.0 -74 526.8 — 166.0 -26
Boscalid-d4 ESI+ 7.89 347.1 > 112.0 55

Fluopyram-d4 ESI+ 8.01 401.1 — 208.0 30

Flutolanil-d7 ESI+ 8.27 331.2 — 283.0 21

juice, red wine, potato and tomato. Tap water samples were collected in
50 mL Falcon™ tubes in May and July 2022 from three French cities in
the Loiret department (Orleans: urban area, St-Cyr-en-Val: peri-urban
area and Ruan: intensive agricultural area). Each sampling tube was first
rinsed with tap water before sampling. The samples were frozen at
—20 °C immediately after collection and until analysis.

Orange juices, red wines and potatoes were obtained from super-
markets in Orleans, France, in April-May 2022. Tomatoes were obtained
from supermarkets in Neuchatel, Switzerland, in June 2023. All samples
were frozen at —20 °C shortly after their arrival at the laboratory and
thawed prior to sample preparation.

2.3. Sample Preparation.

2.3.1. Water samples

Water sample analysis was performed using a “dilute and shoot”
procedure. 80 pL of water was diluted with 80 pL of an acetonitrile so-
lution containing an internal standard (IS) mix composed of three
labelled SDHIs (10 ng/mL boscalid-d4, 0.5 ng/mL flutolanil-d7 and 0.5
ng/mL fluopyram-d4). The diluted sample was filtered through a 13 mm
PTFE hydrophilic 0.22 pm porosity syringe filter (BGB Analytik,
Bockten, Switzerland) into an HPLC vial containing a 250 pL conical
insert.

2.3.2. Beverage samples

Beverage (orange juice and wine) sample analysis was performed
using a QUEChERS procedure. A 6 mL volume of beverage was poured
into a 15-mL Falcon™ polypropylene centrifuge tube, followed by the
addition of 6 mL acetonitrile solution containing an internal standard
(IS) mixture of three labelled SDHIs as described above (10 ng/mL
boscalid-d4, 0.5 ng/mL flutolanil-d7 and 0.5 ng/mL fluopyram-d4). The
resulting solution was shaken, centrifuged for 4 min at 6000 rpm to
ensure deposition of any solid particle that could be present in the
sample. Ten mL of the supernatant was pipetted into a new 15 mL tube
containing 3.25 g of extraction salts for QUEChERS (2 g MgSOy4, 0.5 g
NacCl, 0.5 g sodium citrate dihydrate and 0.25 g sodium citrate sesqui-
hydrate) and cooled in an ice bath in order to prevent possible thermal
degradation due to the exothermic reaction generated by the hydration
of anhydrous magnesium sulfate (anh. MgSO4) during the extraction.
After the mixture was vigorously shaken by hand for approximately 2
min, the tube was centrifuged at 6000 rpm for 4 min. A volume of 1 mL

of supernatant was transferred into a 2 mL Safe-Lock Eppendorf® tube
containing the purification salts (30 mg MgSO4 and 20 mg C18). After
vigorous shaking, the tube was centrifuged for 3 min at 14,000 rpm. An
aliquot of 0.5 mL supernatant was then taken and diluted by addition of
0.5 mL of ultrapure water. Finally, the diluted sample was filtered
through a 13 mm PTFE hydrophilic 0.22 pm porosity syringe filter (BGB
Analytik, Bockten, Switzerland) into an HPLC vial containing 250 pL
conical insert.

2.3.3. Fruits and vegetable

Fruits and vegetable (tomatoes, potatoes) were blended and ho-
mogenized with a mixer (4 in 1 Moulinex® blender). For samples having
water content below 90 % (i.e., potatoes), 3.5 mL of milliQ water was
added to 3.5 g of weighed samples. For samples with water content
higher than 90 % (i.e., tomatoes), 7 g of samples were used without the
addition of water. A volume of 7 mL of acetonitrile containing the in-
ternal standard (IS) mixture of three labelled SDHIs (10 ng/mL boscalid-
d4, 0.5 ng/mL flutolanil-d7 and 0.5 ng/mL fluopyram-d4) was added to
the 15-mL Falcon™ polypropylene centrifuge tube containing either
homogenized fruit or vegetable samples. The QUEChERS procedure
described above for the beverages was then followed.

2.4. Chromatography and mass spectrometric conditions.

The analysis of SDHIs was performed on a UHPLC-MS/MS system
composed of an ACQUITY UPLC I-Class system (Waters, Milford, USA)
coupled to a QTRAP 6500+ (AB Sciex, Framinghal, USA) equipped with
an electrospray ionization source.

Chromatographic separation was carried out on an ACQUITY UPLC
HSS T3 column (2.1 x 100 mm, 1.8 pm, Waters) at 30 °C. The analysis
was performed in gradient mode using HyO containing 0.05 % formic
acid and 1 mM ammonium formate as mobile phase A, and acetonitrile
containing 0.05 % formic acid as mobile phase B. The following gradient
elution was used at a flow rate of 0.4 mL/min: 2-85 % B in 10 min,
85-100 % B in 0.5 min hold at 100 % B for 2.0 min and re-equilibration
to the initial condition (2 % B) for 3.1 min. The total chromatographic
run time was 15.6 min. The injection volume was set to 2.5 pL. Detection
was performed in both positive and negative electrospray ionization
using polarity switching and scheduled multiple reaction monitoring
(sMRM) with a retention time window of 30 s. One quantifier and one
qualifier sSMRM transition were monitored for each analyte. The
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EN15662 (n = 2).

retention time, qualifier and quantifier transitions, polarity and collision
energy of each analyte are listed in Table 1.

Considering the small number of commercially available isotopically
labelled standards for quantification, and to avoid any matrix effects due
to the complexity of the matrices, matrix-matched calibration curves
were used.

2.5. Method validation and greenness

The method was validated in terms of specificity, precision (intra-
and inter-day variability), recovery (accuracy), linearity, limit of
detection (LOD), and limit of quantification (LOQ) in accordance with
SANTE/12682/2019 method (European Commission, 2019). The vali-
dation was done on blank samples of representative beverages (water,
orange juice, wine) and food commodities (potatoes and tomatoes).
Blank matrices were tested before validation to confirm the absence of
interferences or quantifiable trace of SDHIs. Specificity was determined
by analyzing blank samples and samples spiked with a known amount of
SDHIs. The precision was evaluated using five replicates of blank sam-
ples (n = 5) spiked at five different concentrations (Supplementary
Table S1) within one day (intra-day variation) and over three consecu-
tive days (inter-day variation). The percentage of relative standard

deviation (%RSD) was calculated as the measure of precision. The re-
covery of the method was evaluated by calculating the percentage of
deviation between expected and measured concentrations at the five
concentration levels. Linearity was evaluated in matrix solutions using
six calibration levels spanning different ranges depending on the ana-
lytes and matrices. For example, in water, the tested linearity for car-
boxin ranged from 0.005 ng/mL to 10 ng/mL, while for bixafen M44 it
ranged from 0.05 to 100 ng/mL due to sensitivity differences. The LOQ
of each analyte was determined at the lowest concentration in fortified
matrices at which precision, recovery (accuracy) and linearity criteria
were met for validation. Matrix effects were evaluated in the different
matrices by the equation: ME% = (peak area of an analyte in a sample
matrix / peak area of the analyte in a solvent solution). The Horwitz
Ratio (HorRat) was calculated as the ratio of inter-day observed relative
standard deviation (RSD%) to the predicted RSD, set at 22 % as con-
centrations, expressed as mass fraction, were below 1.2 x 10-7 (Horwitz
& Albert, 2006). The measurement uncertainty (MU) was based on the
contribution from the bias, u’(bias), and the precision from the recovery
test, u’(precision), following the approach 1 of SANTE/12682/2019 (eq.
1). In case the number of recovery tests exceeds 9, MU can be approxi-
mated to u’(precision), which is equal to the RSD. The expanded un-
certainty is then calculated as the overall RSD multiplied by a coverage
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Fig. 3. Chromatograms of a standard mix (5 ng/mL in ACN:H,0 (50:50, v:v)) separated on an HSS T3 column (2.1 x 100 mm; 1.8 pm, top), BEH C18 column (2.1 x
100 mm; 1.7 pm, middle), and Cortecs C18+ column (2.1 x 100 mm, 1.6 pm, bottom). Mobile phases and gradient were kept identical. Insets: zoom on the

metabolite bixafen M44.

factor k = 2.

MU = u’(bias)2 + u’(precision)2 D

The greenness of the method was evaluated using the analytical
GREEnness metric (AGREE) approach (Pena-Pereira et al., 2020).

3. Results and discussion
3.1. Method optimization

3.1.1. Optimization of extraction method

In the QUEChERS extraction approach, the extraction solvent, salts
and sorbents can be optimized to achieve acceptable recovery and
cleanup.

The extraction solvent is one of the primary factors influencing re-
covery in the QUEChERS method. To extract pesticides, and in particular
SDHIs, from aqueous matrices, an overwhelming proportion of studies
have used acetonitrile, with a few reporting ethyl acetate and acetone
(Banerjee et al., 2012; Chen et al., 2019; Matadha et al., 2021; Valera-
Tarifa et al., 2020). Here, acetonitrile was used for its multipurpose
characteristics, including coverage of awide polarity range encompass-
ing both hydrophobic pesticides and their polar metabolites, miscibility
with water but easily separated when adding salt, and compatibility
with HPLC.

Several procedures based on the QUEChERS method were evaluated
on water samples in order to establish the best extraction parameters:
original (Anastassiades et al., 2003), citrate known as EN15662
(European Committee for Standardization, 2008), sodium acetate
known as AOAC (Lehotay et al., 2010) and ammonium acetate. In the

original QUEChERS procedure, the extraction salt was a mixture of
magnesium sulfate (MgSO4) and sodium chloride (NaCl). Ammonium
acetate, sodium acetate and citrate QuEChERS procedures were
composed of magnesium sulfate and respectively ammonium acetate
(NH4Ac), sodium acetate (NaOAc) and a mixture of sodium chloride,
sodium citrate (NagCgHs07) and disodium citrate sesquihydrate. An
extraction recovery between 70 % and 120 % was defined as acceptable.
As shown in Fig. 2-A, for all QUEChERS methods used, the recoveries
ranged from 80 % to 115 % except for three analytes, fluxapyroxad
M700F001, bixafen M44 and carboxin. Fluxapyroxad M700F001 and
bixafen M44 reached satisfactory recovery only with the citrate based
EN15662 method. However, the recovery of carboxin decreased by a
factor of 1.7 with the EN15662 method compared to the others
QuEChERS methods. This might be due to the exothermic hydration
reaction that can degrade carboxin into carboxin oxide. This hypothesis
was confirmed by an HRMS analysis, which detected a peak corre-
sponding to the oxidized carboxin (m/z 252.0695, proposed formula
C12H13NO3S) in the citrate QUEChERS extract solution. In order to
reduce the exothermic reaction, tubes containing salt and solution were
cooled in an ice bath. This increased the extraction recovery for carboxin
to almost 100 %. The citrate based EN15662 was thus selected as the
best approach for salting-out liquid-liquid extraction of SDHIs.

3.1.2. Optimization of clean-up procedure

The clean-up step is crucial for ensuring the reduction of matrix co-
extractants. Considering that beverage and foodstuff matrices can be
rich in lipids, pigments, sugars and other interfering compounds, mag-
nesium sulfate (MgS0Oj4), primary secondary amine (PSA) and octadecyl
silica (C18) were evaluated as purification adsorbents for d-SPE.
Anhydrous magnesium sulfate (anh. MgSO4) is widely used for
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Summary of validation results for all analytes at 3 to 5 fortification levels and across matrices. Only data at and above the limit of quantification (LOQ) were used to
calculate recoveries and precision values. For the complete set of data, see Supplementary Table S1.

Intra-day Inter-day
Pesticide LOQ Recovery (%) Precision (%RSD) Recovery (%) Precision (%RSD)
(ng/ml or ng/g)
Carboxin 0.01-0.02 85.1-108.1 1.9-14.9 83.6-109.1 2.8-14.8
Oxycarboxin 0.01-0.2 87.3-104.0 1.1-7.5 89.5-101.4 4.0-13.8
Penthiopyrad carboxamid 0.01-0.02 81.0-116.3 0.7-13.2 86.0-105.2 3.7-15.2
Fluopyram benzamide 0.01-0.02 83.6-109.9 1.6-17.4 81.9-113.7 5.4-17.7
Fluopyram 0.01-0.02 78.3-106.4 1.8-13.0 92.2-106.9 3.1-20.8
Flutolanil 0.01-0.02 84.6-106.3 2.1-20.4 88.0-103.6 4.0-16.3
Bixafen 0.01-0.02 83.6-110.4 2.2-17.6 84.1-105.7 4.7-19.9
Fluxapyroxad 0.01-0.02 84.1-104.8 2.0-18.5 87.3-103.9 3.2-17.9
Isopyrazam 0.01-0.02 89.9-108.0 1.3-9.6 91.5-107.5 3.4-15.1
Penthiopyrad 0.01-0.02 85.1-106.8 2.0-7.5 91.4-111.1 3.8-16.1
Isofetamid 0.01-0.2 80.0-111.4 5.8-18.9 82.1-118.8 7.7-20.7
Penflufen 0.01-0.02 84.3-107.6 0.9-11.5 89.4-109.8 2.0-13.5
Sedaxane 0.01-0.1 86.3-111.4 1.7-12.1 91.8-101.6 3.3-18.8
Bixafen BYF00587 0.1-0.4 82.2-111.2 2.3-21.5 84.8-103.6 3.5-18.0
Bixafen M44 0.1-0.2 78.7-121.0 1.4-16.6 73.4-110.4 3.8-23.4
Fluxapyroxad M700F001 0.1-1.0 72.9-113.8 1.5-14.8 82.3-112.2 5.1-15.3
Boscalid M510F01 0.05-0.2 88.2-112.1 2.4-17.5 86.2-114.9 3.5-17.9
Thifluzamid 0.05-0.1 82.1-109.9 1.6-20.3 83.5-115.9 3.0-18.6
Boscalid 0.05-0.1 74.3-117.5 3.3-17.6 80.1-105.3 4.6-17.4

removing water from the organic solvent and/or sample. Primary sec-
ondary amine (PSA) is mainly employed to remove acidic compounds
such as organic acids, fatty acids and certain sugars. C18 is used to
adsorb non-polar compounds such as fat-soluble pigments and lipids. In
this work, the clean-up efficiencies of four different mixtures of sorbents
(30 mg MgSO4, 30 mg MgSO4 + 20 mg C18, 30 mg MgSO4 + 20 mg PSA
and 30 mg MgSO4 + 20 mg C18 + 20 mg PSA) were assessed. As shown
in Fig. 2-B, the extraction recoveries for MgSO4 ranged from 78.9 to 124
%, for (MgSO4 + C18) they ranged from 86.2 to 128.2 %, for (MgSO4 +
PSA) from 15.8 to 115.9 %, and for (MgSO4 + C18 + PSA) from 15.2 to
115.9 %. The recommendation of SANTE/12682/2019 regarding
extraction recovery was only satisfied for MgSO4 and (MgSO4 + C18).
PSA is known to strongly bind to acidic compounds (Kamel, 2010),
hence to the carboxylic acid group present in the chemical structure of
fluxapyroxad M700F001 and bixafen M44, which resulted in low re-
coveries. Therefore, a purification based on the combination of MgSO4
and C18 was finally selected as the cleanup sorbent.

In order to increase the method’s sensitivity, we evaluated the pos-
sibility of adding a concentration step involving evaporation and
reconstitution in a smaller volume. Using centrifugal evaporation at
35 °C, satisfactory recoveries ranging from 80 % to 110 % for all SDHIs
were obtained, except for carboxin for which extraction recovery was
only 2 %. Decreasing the temperature to 5 °C in the evaporation
chamber increased the extraction recovery for carboxin to 20 %, and
partial evaporation (leaving a few microliters in the tube) further
increased it to 80-100 %. However, partial evaporation can be very
tricky to implement for large batches in routine analysis. Therefore,
evaporation was not used in further experiments.

3.1.3. Optimization of liquid chromatography

Several chromatographic conditions were studied to achieve the best
separation and retention for the SDHIs under investigation. First, three
reverse phase chromatographic columns were tested: Waters Cortecs
C18+ (2.1 x 100 mm; 1.6 pm) for providing excellent peak shape for
basic analytes at low pH, Waters BEH C18 (2.1 x 100 mm; 1.7 pm) for its
universality and suitability for a diverse range of analytes and Water
HSS T3 (2.1 x 100 mm; 1.8 pum) for its high retentivity of polar com-
pounds. Each column was tested with the same mobile phases, i.e. HoO
+ 0.05 % formic acid + 1 mM ammonium formate and acetonitrile +
0.05 % formic acid. Overall, the HSS T3 column offered the best
compromise in terms of peak distribution along the chromatogram, peak
shape and sensitivity (Fig. 3). In particular, it better retained the more

polar metabolites such as bixafen M44. Then, the influence of the mobile
phase composition on retention and MS response was studied. The
addition of 1 mM ammonium formate to the acidic aqueous mobile
phase generally had a positive effect on signal intensity except for the
two polar metabolites bixafen M44 and fluxapyroxad M700F001. The
volume and the composition of solvent injected was also evaluated. One
ng/mL mix solutions were prepared at different percentage of acetoni-
trile (from 0 % ACN to 100 % ACN) and different volumes were injected
in the LC-MS/MS system. Peak intensities and peak shapes were evalu-
ated in order to achieve the best compromise between injected volume,
percentage of ACN and compound sensitivity. A clear deterioration of
the peak shapes was observed with increasing injection volume and ACN
percentage, especially for the most rapidly eluting analytes (Supple-
mentary Fig. S1). The best compromise was obtained for a 2.5 pL in-
jection volume of 50 % ACN.

3.1.4. Optimization of mass spectrometry parameters

The detection of trace levels of pesticides requires a sensitive
analytical method. To maximize the sensitivity and selectivity of our
analytical method, an optimization of all mass spectrometric parameters
was performed (Table 1). For each SDHI, the responses in negative or
positive modes were compared and the polarity chosen according to the
highest signal-to-noise ratio obtained. For most analytes, the pseudo-
molecular ions [M+H]" or [M-H]~ were selected. The MRM method
was developed using the most sensitive and selective transition of each
analyte for quantification, and the second best transition was used for
confirmation. Two MRM transitions for each SDHIs and one transition
for labelled internal standards were selected, resulting in 41 transitions
in total. In order to increase the sensitivity and the dwell time spent on
each transition, two acquisition strategies were tested, time segments
and scheduled-MRM (sMRM). The sMRM enables optimized cycle time
and maximized dwell times during acquisition allowing an increased
sensitivity (Lozano et al., 2012). For segmented acquisition, three pe-
riods could be set up, however the third period contained 27 transitions
due to the concomitant presence of several analytes eluting in the same
chromatographic region. This resulted in dwell times as low as 12 ms,
which could impact sensitivity and peak shapes at low intensity. Using
sMRM with an acquisition window of 30 s around each analyte, the
minimum dwell time increased to 25 ms and peak shapes significantly
improved for low intensity peaks (Supplementary Figs. S2 and S3). The
sMRM mode was thus selected for the SDHIs method.
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Table 3
Comparison of the method described here with other methods in the academic literature.
Matrix Number of SDHIs and names Extraction Analysis Recovery LOD LOQ References
8
bixafen, boscalid, fluopyram, flutolanil, LC-MS/ o 0.5-5 ng/ Gulkowska
Surface water fluxapyroxad, isopyrazam, penflufen, and SPE MS 84-100 % 0.1-1 ng/L. L et al., 2014
penthiopyrad
Fruits and vegetables 7
- Abad-F
(apple, strawberry, fluxapyroxad, boscalid, fluopyram, penflufen, QuEChERS &I;IZ\I;I(; 81-136 % 0.8-2 pg/kg 10 pg/kg cr)'?]d zl(l)?ges
tomato, and spinach) bixafen, penthiopyrad, and isopyrazam o N
7
Fruits (watermelon) isopyrazam, fluopyram, pydiflumetofen, boscalid, d-SPE- UHPLC- 72.0-111.6 0.2-0.4 pg/kg 0.1 pg/kg Wu et al., 2019
. . . DLLME MS/MS %
penthiopyrad, fluxapyroxad, and thifluzamide
Cereals, vegetables and 9
fruits (grape, potato, bixafen, sedaxane, benzovindiflupyr, isopyrazam, UHPLC- 75.7-104.2 Tian et al.,
rice, corn, wheat and penthiopyrad, flutolanil, fluopyram, penflufen and QuECERS MS/MS % 1 ng/kg 10 pg/kg 2020
soybean) fluxapyroxad
12
. benzovindiflupyr, bixafen, boscalid, carboxin, UHPLC- o Schusterova
Wine fluopyram, flutolanil, fluxapyroxad, isopyrazam, QuEChERS MS/MS 84-108 % 0.3 ng/ks 1ug/ke et al., 2021
mepronil, penflufen, penthiopyrad and sedaxane
18
. carboxin, oxycarboxin, mepronil, flutolanil,
Cereals (rice, sorghum benodanil, fenfuram, boscalid, thifluzamide,
wheat, buckwheat, benzovin d’iﬂu . fu’ramet r’ enthiopyra d’ QUEChERS UHPLC- 79.6-126.2 0.01-2.96 pg/ 10 ug/L Zhao et al.,
maize, millet, oat, _ pyL Pyh, penthiopyrad, MS/MS % L K8 2022
Jutinous rice) isopyrazam, fluxapyroxad, bixafen, sedaxane,
& penflufen, fluopyram, isofetamid and
pydiflumetofen
Fruits and vegetables 12 + 7 metabolites 71.0-117.5 0.003-0.13 0.01-0.4
(tomato and potato) bixafen, boscalid, carboxin, fluopyram, flutolanil, % ng/g ng/g
fluxapyroxad, isofetamid, isopyrazam, penflufen, UHPLC
penthiopyrad, sedaxane, thifluzamide, bixafen QuEChERS This study
Beverage '(tap wate}', BYF00587, bixafen M44, boscalid M510F01, MS/MS 73.7-118.8 0.003-0.067 0.01-0.2
orange juice and wine) % ng/mL ng/mL

fluopyram benzamide, fluxapyroxad M700F001,
oxycarboxin and penthiopyrad carboxamide

3.2. Method validation and greenness

The method developed was validated to verify its applicability in
routine analysis and ensure the reliability of the results. The method
specificity, precision (intra- and inter-day variability), recovery (accu-
racy), linearity and limits (LOD and LOQ) were calculated to evaluate
the performance of the method. In addition, the HorRat and the mea-
surement uncertainty were calculated. Method validation was carried
out in representative beverages (Milli-Q water, orange juice and red
wine) and food commodities with water content under 90 % (potatoes)
and above 90 % (tomatoes). The results are shown in Table 2 and Sup-
plementary Table S1.

Analysis of blank matrices did not present any interferences at the
retention times for targeted SDHIs, except for oxycarboxin in wine,
demonstrating the specificity of the method. Indeed, a significant
amount of oxycarboxin was present in the supposedly blank wine sample
used for validation, which does not allow a proper validation for this
molecule. Precision and recovery data were obtained for all SDHIs
spiked into beverage and food commodities at concentrations ranging
from 0.01 to 200 ng/mL (n = 5 at each concentration). The results
summarized in Supplementary Table S1 show that, with the exception of
the lowest concentrations in complex matrices, precision and recoveries
were all within the norm recommendations (precision below 20 %RSD
and recovery between 70 % and 120 %). Indeed, at low spiked con-
centrations, the noise generated by the matrices or the presence of
interferents greatly reduced the precision and recoveries for a number of
molecules, especially metabolites. For example, in tomato, the recovery
and precision (%RSD) for fluxapyroxad M700F001 reached 150 % and
93 %, respectively, for the lowest concentration of 0.1 ng/g. Conse-
quently, while its LOQ in water was as low as 0.1 ng/mL, it increased to
1 ng/g in tomato. In agreement with SANTE/12682/2019, LOQs were
determined as the lowest analyte concentration successfully validated, i.
e. meeting the requirement of an acceptable recovery within the range of

70-120 % and an RSD <20 %. LODs were estimated at one third of the
LOQs. Table 2 and Supplementary Table S1 show that the LOQs values
were in the range of 0.01 to 0.2 ng/mL in beverages and from 0.01 to 0.4
ng/g in food-based products, except for the metabolite fluxapyroxad
M700F001 which had an LOQ of 1 ng/mL in wine and 1 ng/g in tomato.

Different calibration curves were calculated using a matrix-matched
standard calibration approach in blank samples. Satisfactory linearities
(R? > 0.99) were obtained for all compounds in the range of 0.01 to 20
ng/mL, 0.05 to 100 ng/mL (boscalid M510F01, thifluzamid and
boscalid) and 0.1 to 200 ng/mL (bixafen BYF00587, bixafen M44,
fluxapyroxad M700F001), using linear regressions weighted by 1/x.
Matrix effect was found to vary depending on the analytes and matrices.
No matrix effect was observed in water. By contrast, a significant matrix
effect (i.e. superior to + 20 %) was detected for three SDHIs metabolites
(fluxapyroxad M700F001, penthiopyrad carboxamide, fluopyram ben-
zamide) in orange juice, for 59 % of all SDHIs in tomatoes and for 70 %
of all SDHIs in wine. In general, the more polar metabolites suffered
from higher matrix effects than the less polar parent pesticides. Alto-
gether, these results highlight the variable complexity of the different
matrices and the need for matrix-matched calibration.

In order to assess the reproducibility of the method, the HorRat was
calculated. HorRat values, with some exceptions at low concentrations,
were below 0.5 for all SDHIs in various matrices (Supplementary
Table S1). Thus, the methodology presents satisfactory reproducibility.

The estimation of the measurement uncertainty was carried out
following the “top-down” model by using the data from intra-day vali-
dation of 17 SDHIs, at the 0.05 ng/g fortification level in all matrices
(water, orange juice, tomato, wine and potato). The overall mean re-
covery (98.7 %) and RSD (15.7 %) demonstrated the fitness of the
method. When considering a coverage factor (k) of 2, the expanded
uncertainty was 31.3 %, which is below the ISO/IEC 17025 and SANTE/
12682/2019 recommendation not to exceed the default value of 50 %.

The recovery and sensitivity of our method were compared with
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Fig. 4. Analytical greenness score obtained by AGREE software for the devel-
oped method.

other methods from the scientific literature reported for the determi-
nation of SDHIs in foodstuff matrices and beverages (Table 3). All the
methods present comparable performances in terms of recovery. How-
ever, our method exhibits enhanced sensitivity, reaching LOD/LOQ up
to an order of magnitude lower than other methods for given analytes
and matrices.

The method greenness was evaluated using the AGREE software
based on the estimation of 12 principles of green analytical chemistry
combined into three main criteria: sample preparation (sample pre-
treatment used, sample size, number of distinct steps), reagents and
solvents used (waste amount, bio-based reagents, toxic reagents, safety
for the operator), and instrumentation (in-situ measurement, automated
and miniaturized method, derivatization, multi-analytes/parameter
method, energy used). Using this approach, our method obtained a
score of 0.47 (Fig. 4), which is in alignment with standard LC-MS/MS
methodologies.

3.3. Application of the methods to real samples

In order to verify the effectiveness of the method and its applicability
in routine analysis, we applied it to the analysis of 28 samples (four
water samples, six orange juices, six wines, eight potatoe samples, and
four tomatoe samples) collected in France and Switzerland (Supple-
mentary Table S2). No SDHI was detected in water samples, and only
fluopyram benzamid was quantified from 0.11 to 0.55 ppb in orange
juice. Three wine samples contained boscalid at concentrations ranging
from 0.09 to 0.96 ppb, four wine samples contained fluopyram and
fluopyram benzamid at concentrations between 0.02 and 1.39 ppb and
between 0.03 and 0.43 ppb, respectively. In potatoes, bixafen was found
in only one sample at 0.02 ppb. In tomatoes, fluopyram, fluopyram
benzamid and bixafen M44 were quantified at levels between 0.98 and
34.0 ppb, 0.32 and 57.4 ppb, and at 0.20 ppb, respectively. All these
values arebelow the maximum residue limits set by the European
Commission.

4. Conclusion

In this study, a simple and reliable method was established for the
determination of 12 SDHI fungicides and 7 of their metabolites in five
representative beverage and food matrices (water, orange juice, red
wine, potatoes and tomatoes). The proposed method shows excellent
sensitivity and acceptable levels of linearity, repeatability, reproduc-
ibility, and accuracy for the 19 targeted analytes. The method will be
used for future risk assessment studies on SDHIs and will provide a
strong basis for the integration of these analytes into broader multi-
residue methods.
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