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Abstract: The application of polar pesticides in agricultural production has been of great interest due
to their low costs and their high effectiveness. For this reason, the possibility of their transfer to foods
of animal origin is of great concern for human health. The manuscript describes the implementation
and validation of an analytical method to detect polar pesticides, at regulatory levels, in three foods
of animal origin, including bovine fat, chicken eggs, and cow milk. The method was fully validated
to detect glyphosate, glufosinate, and their respective metabolites in the above-mentioned foods
obtaining fit-for-purpose sensitivity, recoveries (76–119%), repeatability (≤20%), within-laboratory
reproducibility (≤20%), and experimental measurement uncertainty less than 50% as required by
the SANTE/11312/2021 criteria. Given the satisfactory results, the applicability of the method
to additional molecules belonging to the same category (AMPA, cyanuric acid, ethephon, fosetyl
aluminum, HEPA, maleic hydrazide, and N-acetyl-glyphosate) was also evaluated in order to meet
possible future requests. Finally, the implemented method was applied to analyse samples over
the period of March 2021 to August 2022 from two Italian regions (Umbria and Marche) within the
national monitoring programme. In agreement with previously available data, none of the samples
analysed showed the presence of glyphosate and glufosinate at levels above the legal limit.

Keywords: glyphosate; polar pesticides; cow milk; chicken egg; bovine fat; multiannual control
programmes for pesticide residues

1. Introduction

Pest control in intensive agriculture involves treatments with a variety of synthetic
chemicals generically known as pesticides. These chemicals can be transferred from
plants to animals via the food chain. Consequently, both contamination routes lead to
bio-accumulation of pesticides in food products of animal origin such as meat, fish, fat,
offal, eggs, and milk [1]. Currently, there are more than a thousand pesticides, belonging to
different classes such as herbicides, fungicides, insecticides, and bactericides, and approxi-
mately 2 million tons of these products are used every year around the world [2]. Within
this context, the application of polar pesticides in agricultural production has been of great
interest due to their low costs and their high effectiveness.

The most known pesticide from the so-called “highly polar pesticides” class is
glyphosate. Glyphosate was introduced under the industrial name of Roundup® in 1974 [3].
In agriculture, glyphosate is used extensively on crops both in the field and during the
storage of cereals to reduce water content, but it is also commonly used around homes in
yards, gardens, and other non-agricultural areas [4]. Microbial degradation processes in
soil and water lead to aminomethyl phosphonic acid (AMPA). Glyphosate is inactivated
by converting it to CO2, mainly determined by microbial processes in soil and water, and

Separations 2023, 10, 44. https://doi.org/10.3390/separations10010044 https://www.mdpi.com/journal/separations

https://doi.org/10.3390/separations10010044
https://doi.org/10.3390/separations10010044
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0002-8146-600X
https://orcid.org/0000-0002-2354-4436
https://orcid.org/0000-0001-9874-2835
https://orcid.org/0000-0003-2889-1071
https://doi.org/10.3390/separations10010044
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations10010044?type=check_update&version=1


Separations 2023, 10, 44 2 of 15

has been deeply investigated by laboratory experiments [5,6]. Glyphosate is inactivated by
converting it to N-acetyl glyphosate and further N-acetyl AMPA and AMPA [7].

Besides glyphosate and its main metabolite, AMPA, other polar pesticides deserve
some attention due to their widespread use.

Glufosinate (2-amino-4-(hydroxy(methyl)phosphoryl) butanoic acid) is being increas-
ingly used to combat the increasing number of glyphosate-resistant weeds, working as
an alternative herbicide to glyphosate [8]. The degradation products of glufosinate, N-
acetyl glufosinate (NAG) [9] and 3-methylphosphinicopropionic acid (MPP), have similar
biological and toxicological effects to the parent compound [10].

Cyanuric acid is used in disinfectants, sanitizers and bleaches, and as a chlorine
stabilizer [11,12]. Ethephon (2-chloroethylphosphonic acid), an organophosphorus systemic
growth regulator, is used for accelerating and controlling maturation processes of fruits
and vegetables during storage and transport [13]. The study of ethephon metabolism in
animals shows that it is converted to ethylene and 2-hydroxyethyl phosphonic acid (HEPA).
Ethephon and HEPA residues were found in the liver and kidneys of animals [14]. Fosetyl
aluminum (fosetyl—Al) is a systemic fungicide that is widely used in different crops and
degrades into phosphonic acid [15]. Finally, maleic hydrazide, a plant growth regulator
with some herbicidal activity, is applied to control vine growth, thereby improving grape
quality [16].

In Europe, all foodstuffs intended for human consumption are subject to a maximum
residue level (MRL) of pesticides in order to protect human health [17]. In Table 1, the MRLs
for the pesticides belonging to the “polar class” considered in this study are summarized.

Table 1. MRL (mg/kg) of studied pesticides in bovine fat, chicken eggs, cow milk.

MRL (mg/kg)

Bovine Fat Chicken Eggs Cow Milk

AMPA (glyphosate metabolite) n.i. n.i. n.i.

Cyanuric Acid not set not set not set

Ethephon 0.05 * 0.05 * 0.05 *

Fosetyl Al (sum of fosetyl-al and phosphonic acid) 0.5 * 0.1 * 0.5

Glufosinate Am (sum of glufosinate, MPP, and NAG) 0.1 0.05 0.03 *

HEPA (ethephon metabolite) n.i. n.i. n.i.

Glyphosate 0.05 * 0.05 * 0.05 *

Maleic hydrazide 0.1 0.1 0.07

N Acetyl glyphosate (glyphosate metabolite) n.i. n.i. n.i.
n.i.: not included in the MRL definition. * LOQ could be equal to MRL.

For many of these polar pesticides, the MRL definition includes the presence of
metabolites. Pesticide metabolites are scientifically relevant because these substances
may still possess the intrinsic properties and side effects of the parent compound. For
instance, the currently applicable MRL for glufosinate ammonium also includes its salts
and metabolites. In the case of glyphosate, a review of MRLs was recently completed by the
European Food Safety Authority (EFSA), the European authority responsible for the risk
assessment associated with the consumption of this substance. Two different definitions
for animal commodities were agreed upon as the basis for the MRL review: the sum of
glyphosate, AMPA, and N-acetyl glyphosate for monitoring; the sum of glyphosate, AMPA,
and N-acetyl glyphosate, and N-acetyl AMPA expressed as glyphosate for risk assessment.
However, the lack of information about the presence of glyphosate and its metabolites in
products of animal origin causes the MRLs to still be considered as tentative [18].

To fill this gap, the European Food Safety Authority (EFSA) underlines the need
for confirmatory methods for glyphosate, AMPA, and N-acetyl glyphosate in fat, liver,
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and kidneys, as well as a confirmatory method for AMPA and N-acetyl glyphosate in all
matrices [18].

In this context, multiannual control programmes for pesticide residues (MACP) are
carried out by all Member States to guarantee compliance with maximum residue levels
(MRLs) of pesticides and to evaluate the consumer exposure to pesticide residues in foods
of plant and animal origin [19]. The Regulation (EU) 2021/601 for the current multi-year
control plan (2022–2024) requires the analysis of glyphosate and glufosinate ammonium in
the following foods of animal origin: cow milk and swine fat (2022), poultry fat and bovine
liver (2023), and bovine fat and chicken eggs (2024). Moreover, monitoring analyses for the
presence of other polar pesticides (ethephon, fosetyl aluminum) in foods of plant origin
are required.

Reliable methods to enable enforcement of the regulations are therefore highly de-
sirable; however, only a few are currently available and not proven to be applicable
to foods of animal origin. A method for the detection of 11 polar pesticides in sev-
eral matrices of vegetable origin (honey, grapes, and wheat) was reported by Gasparini
et al. [20]. A method based on liquid chromatography–high resolution tandem mass spec-
trometry (LC–HRMS/MS) was developed for the determination of glyphosate in samples
of gastric content in the Iberian hare (Lepus granatensis) [21]. An alternative procedure,
based on electroanalytical methods [22,23] for the determination of glyphosate in different
foods and environmental matrices, was also investigated, but no data on animal samples
were reported.

An updated overview of the analytical methodologies available for the determination
of polar pesticides in foods of animal origin was presented by Verdini et al. [24]. The review
underlines the need for dedicated methods, commonly called single residue methods,
covering only one or a limited number of pesticides with similar chemical characteristics.

Single residue methods for polar pesticides typically use mass spectrometry as a
detection technique because these pesticides do not have chromophore or fluorophore
groups. Fluorescence or photometric detectors can be used only upon derivatization
procedures, which often involve long and complex steps [25–27].

Most methods require long and complex purification procedures to minimize matrix
effects [24]. To properly compensate for any matrix effects, different approaches may be
used, including the use of matrix-matched calibrants such as a standard addition to the
blank matrix at the beginning of the sample preparation process or at the end of it, before
instrumental injection. Alternatively, “isotopic dilution” (i.e., the addition of isotopically
labelled internal standards) can be used for the same purpose.

Another issue in the analysis of polar pesticides is the lack of satisfactory retentive
efficiency shown by the typical chromatographic columns used for multiresidue pesticide
analyses (C18 or C8) [28]. Therefore, specific chromatography columns (anion exchange,
hydrophilic interaction liquid chromatography (HILIC), porous carbon graphite (PGC),
and mixed mode columns) must be used [24,29,30].

All the above-mentioned issues make the analysis of polar pesticides, especially in
foods of animal origin, not very common in control laboratories.

To the best of our knowledge, only a few methods have been reported for the detection
of glyphosate and of glufosinate ammonium and its metabolites (NAG, MPP) in foods of
animal origin to be applied in the multi-year monitoring plans.

The manuscript describes the implementation and validation of a method to detect po-
lar pesticides at regulatory levels in foods of animal origin. The applicability of the method
to additional polar pesticides not yet included in the monitoring plan (AMPA, cyanuric acid,
ethephon, fosetyl aluminum, HEPA, maleic hydrazide, and N-Acetyl Glyphosate) was also
evaluated in order to cope with possible future inclusion in EC monitoring programmes.
Finally, the implemented method was applied to analyse samples over the period of March
2021 to August 2022 within the national monitoring programme, from two Italian regions
(Umbria and Marche).
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2. Materials and Methods
2.1. Chemicals and Reagents

Reference standard solutions of AMPA, ethephon, glufosinate-ammonium, glyphosate,
HEPA, maleic hydrazide, MPP, N-acetyl glyphosate in water:acetonitrile (9:1 v/v)
(1000 ug/mL); fosetyl aluminum, NAG in water:acetonitrile (9:1 v/v) (100 ug/mL); iso-
topically labelled internal standard (ILIS) solutions of AMPA 13C 15N, cyanuric acid 3C3,
ethephon D4, glufosinate D3, HEPA D4, maleic hydrazide D2, MPP D3 in water:acetonitrile
(9:1 v/v) (1000 ug/mL); and reference materials of cyanuric acid, fosetyl aluminum D15
and N-Acetyl-Glyphosate-13C2,15N as a pure solid were purchased from Lab Instruments
Srl (Castellana Grotte, Italy). ILIS solution of glyphosate 2-13C, 15N in water was supplied
from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA).

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) was obtained from
Merck (Darmstadt, Germany) and Polygoprep™ 300-30 C18 from Macherey-Nagel GmbH
& Co. KG (Düren, Germany). Methanol (MeOH) and Acetonitrile (ACN) were obtained
from Carlo Erba Reagents Srl (Milan, Italy). All solvents used were of LC–MS or analytical
grade. Unless otherwise specified, water purified by a Milli-Q system (Millipore, Merck
KgaA, Darmstadt, Germany) was used for sample preparation and analysis.

2.2. Samples

Forty-five samples (8 samples of chicken eggs, 31 of fat, and 6 of cow milk) were
collected over the period of March 2021 to August 2022 within the national monitoring
programme, from two Italian regions (Umbria, Marche), and analysed by the Istituto
Zooprofilattico Sperimentale of Umbria and Marche “Togo Rosati”. All samples (except for
milk) were ground by a knife mill (GRINDOMIX GM 300, Restek, Haan, Germany) with
dry ice. The samples were stored at −20 ◦C until analysis.

2.3. Reference Materials and Working Solutions

Stock solutions of cyanuric acid, N-Acetyl-Glyphosate-13C2,15N, and fosetyl-Al-D15
were prepared by dissolving the commercial crystalline pesticides in water:acetonitrile (9:1
v/v) at 1000 µg/mL and stored in plastic tube vials at 4 ◦C. Four working solutions (WS)
were obtained by making appropriate dilutions of the stock solutions and the reference
solution with acetonitrile at the following concentrations: (1) WS1: 5 µg/mL AMPA,
cyanuric acid, ethephon, fosetyl Al, glyphosate, HEPA, Maleic hydrazide, and N-acetyl-
glyphosate; (2) WS2: 1 µg/mL glufosinate ammonium, MPP, NAG; (3) WS3: 2 µg/mL
glufosinate ammonium, MPP, and 0.5 µg/mL NAG; (4) WS4: 0.2 µg/mL AMPA, cyanuric
acid, ethephon, fosetyl Al, glyphosate, HEPA, Maleic hydrazide, N-acetyl- glyphosate,
and 0.04 µg/mL glufosinate ammonium, MPP, and NAG; (5) WS5: 0.05 µg/mL cyanuric
acid, ethephon, fosetyl Al, glyphosate, HEPA, Maleic hydrazide, N-acetyl- glyphosate;
and 0.01 µg/mL glufosinate ammonium, MPP, and NAG. Mixed internal standard (ILIS)
solution for spiking (WSIS1) was prepared by mixing the commercial individual ILIS stock
solutions to obtain a mixture of 5 µg/mL AMPA-13C,15N cyanuric acid 3C3, ethephon D4,
fosetyl al D15, glyphosate 2-13C,15N, HEPA D4, N-Acetyl-glyphosate 13C2,15N and maleic
hydrazide D2, 1 µg/mL glufosinate ammonium D3, MPP D3, and NAG D3. WSIS1 was
diluted (1:33.3 v/v) to prepare the WSIS2 used for the matrix-matched calibration curve.

Matrix-matched calibration solutions, including isotopically labelled internal stan-
dards, (five points for chicken eggs and six points for cow milk and bovine fat) were
prepared by mixing appropriate volumes of WSIS2, WS4, and WS5 solutions, and wa-
ter and blank sample extract (purified according to the clean-up procedure described in
Section 2.4), as described in Table S1. The final volume of each calibrant solution was
500 µL.
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2.4. Sample Preparation
2.4.1. Bovine Fat

Two grams of sample were weighed in a 50 mL plastic vessel. The extraction was
carried out by adding 10 mL of water and 10 mL of MeOH 1% formic acid (v/v) placing
the samples in a water bath at 80 ◦C until the fat was completely dissolved. The samples
were vortexed for 2 min and placed in the freezer at −80 ◦C for 15 min. After 10 min
of centrifugation (15,000 g, 4 ◦C), the samples were filtered with PTFE filters, and then
0.25 mL of the filtered extract were added with 0.25 mL of water directly into plastic
vials. Ten microliters (equivalent to 0.5 mg of sample matrix) were injected into the UPLC–
QTOF system.

2.4.2. Chicken Eggs

Two grams of sample were weighed in a 50 mL plastic vessel and 8 mL water were
added. After vortexing the samples for 30 s, 10 mL of MeOH with 1% of formic acid water
were added. The samples were mechanically shaken for 5 min and placed in the freezer
at −80 ◦C for 15 min. After 10 min of centrifugation (15,000 g, 4 ◦C), 2 mL of extract were
collected and placed in a centrifuge tube containing 100 mg of C18 sorbent and 2 mL of
acetonitrile. Finally, the samples were vortexed for one minute and centrifuged for 10 min
(12,000 g, 0 ◦C). The final extract was filtered with PTFE filters. Ten microliters (equivalent
to 0.5 mg of sample matrix) were injected into the UPLC–QTOF system.

2.4.3. Cow Milk

Two grams of cow milk sample were extracted with 6 mL of water, 2 mL of EDTA
solution (5 mM), and 10 mL of MeOH 1% formic acid (v/v) on an orbital shaker for 5 min.
Subsequently, the samples were placed in a freezer at -80 ◦ C for 15 min and centrifuged
for 10 min (15,000 g, 4 ◦C). The supernatant was then filtered with PTFE filters (13 mm,
0.2 µm). A quantity of 0.25 mL of the filtered extract was added with 0.25 mL of water
directly into plastic vials. Ten microliters (equivalent to 0.5 mg sample) were injected into
the UPLC–QTOF system.

The three sample preparation procedures are represented in Figure 1.
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2.4.4. Recovery Experiments

For recovery experiments, carried out at 2 spiking levels, individual sub-samples (2 g)
were spiked with the following volume of working solution: 0.02 mL of WS1 and 0.05 mL
of WS2 for bovine fat; 0.02 mL of WS1 and 0.02 mL of WS2 for chicken eggs; and 0.02 mL of
WS1 and 0.02 mL of WS3 for cow milk.

The mass concentrations were calculated according to the following equation:

Cx(mg/kg) =
(RF− a)

b
x DF/1000 (1)

• RF was the response factor (the peak area ratio of the relevant analyte and the corre-
sponding internal standard in the sample test solution or the peak area of the relevant
analyte (only for maleic hydrazide in the eggs and in the milk matrix);

• a was the slope of the calibration curve from calibration data, in µg − 1;
• b was the intercept of the calibration curve from calibration data;
• DF was the dilution factor of the method (20).

2.5. LC–QTOF Analysis

The LC–QTOF analysis was performed on a Triple TOF 6600 + system equipped with
an electrospray ionization (ESI) interface and a UPLC Exion LC system comprising a binary
pump, a degassing unit, and an auto-sampler, all from AbSCIEX (Foster City, CA, USA).

The LC column was a Hypercarb column (100 × 2.1 mm; 5 µm) equipped with a
Hypercarb drop-in guard (2.1 × 10 mm; 5 µm), both by Thermo Scientific™ (Waltham,
MA, USA). The column oven was set at 40 ◦C. The injection volume was 10 µL. The flow
rate of the mobile phase was set at 200 µL/min for the first 10 min; then, it was increased
to 400 µL/min throughout the gradient. Eluent A was water + 5% MeOH; eluent B was
MeOH; both containing 1% acetic acid. The following gradient was used: the proportion of
eluent B was increased from 0% to 30% in 10 min and kept constant for 8 min; then, it was
linearly increased to 90% in 1 min and held for 3 min. For column re-equilibration, eluent B
was decreased to 0% in 0.1 min and kept constant for 8 min at 200 µL/min.

The ESI (electrospray ionization) interface was used in negative ion mode, with the
following settings: curtain gas at 30 psi, ion spray voltage at −4500 volts; ion source
temperature at 500 ◦C; ion source gas 1 at 55 psi; ion source gas 2 at 65 psi, pressure interval
at 0–9500 psi. The mass spectrometer was running in Product Ion mode (Analyst TF 1.8.1
AbSCIEX software). This method involves two types of scans at the same time: in the
first, a “TOF MS” scan, in a predefined range of masses during which all the precursors
were acquired in high resolution, is performed. The second one, called “Product ion
scan”, requires the mass of the precursor to be set in low resolution, and the fragment ions
generated by it are acquired in high resolution. Both kinds of ions (precursors and/or
fragments) were used for identification purposes.

The main MS parameters and the exact masses used as quantifiers and qualifiers are
provided as Supplementary Materials (see Supplementary Materials Tables S2 and S3).
Quantification was carried out by matrix-matched calibration (see Section 2.3).

2.6. Method Validation Procedure

According to point G7 and Table 4 of the SANTE/11312/2021 document [31], the
following parameters were tested for validation purposes: linearity range, LOQ, recovery,
precision in repeatability conditions as RSDr, and precision in within-laboratory repro-
ducibility conditions RSDwR.

2.6.1. Calibration Curves and Linearity Ranges

Calibration curves were built as follows. Calibrant solutions were prepared as de-
scribed in Section 2.3. In each of the targeted animal foods, the following calibration ranges
were evaluated:
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(i) Bovine fat: 0–0.040 mg/kg for AMPA, ethephon, fosetyl Al, and glyphosate;
0–0.020 mg/kg for cyanuric acid, HEPA, and maleic hydrazide; 0–0.010 mg/kg for
N-Acetyl-glyphosate; and 0–0.008 mg/kg for glufosinate ammonium, MPP, and NAG.

(ii) Cow milk: 0–0.020 mg/kg for AMPA, fosetyl Al, glyphosate, HEPA, maleic hy-
drazide, and N-Acetyl-glyphosate; 0–0.040 mg/kg for cyanuric acid and ethephon;
0–0.008 mg/kg for glufosinate ammonium; and 0–0.004 mg/kg for MPP and NAG.

(iii) Chicken eggs: 0–0.020 mg/kg for AMPA, cyanuric acid, ethephon, fosetyl Al,
glyphosate, HEPA, maleic hydrazide, and N-Acetyl- glyphosate; and 0–0.004 mg/kg
for glufosinate ammonium, MPP, and NAG.

These ranges were chosen taking into account a dilution factor of 20 during the
extraction/purification process of all samples.

Calibration curves were obtained by plotting for each analyte the Response factor (RF)
versus the concentration (µg/kg). The RF was calculated as the ratio between the peak area
of the natural analyte and the relative ILIS for all pesticides, except maleic hydrazide in
chicken eggs and cow milk, for which external calibration was used.

For linearity evaluation, calibration curves (prepared as described in Section 2.3) were
injected on three different days spread over two weeks.

The Ordinary Least Squares (OLS) method including the point (0; 0) was used to obtain
the calibration function. For each calibration point, the deviation of back-calculated concen-
tration (BCC), that is, the deviation of calculated concentration by the calibration function
(Cmeasured) from the true concentration (Ctrue), was evaluated according the following
expression: (Cmeasured − Ctrue) × 100/Ctrue). According to the SANTE/11312/2021 docu-
ment [31], the calibration curve was considered linear when, for each point, the deviation
of BCC from true concentration was ≤±20%.

2.6.2. LOQ, Recovery, Repeatability, and Within-Laboratory Reproducibility

Evaluation of analytical parameters was carried out by analysing blank samples of
bovine fat, chicken eggs, and cow milk fortified at two concentration levels as reported in
Table 2. Level 1 was the estimated LOQ, while level 2 was set at 5 × LOQ for all pesticides
in all matrices except 2.5 × LOQ for glufosinate ammonium and 10 × LOQ for MPP and
NAG in cow’s milk.

Table 2. Validation levels for all pesticides in each matrix. Level 1 = LOQ, Level 2 = 5 × LOQ for all
pesticides in all matrices except 2.5 × LOQ for glufosinate ammonium and 10 × LOQ for MPP and
NAG in cow’s milk.

Validation Levels (mg/kg)

Bovine Fat Chicken Eggs Cow Milk

Level 1 Level 2 Level 1 Level 2 Level 1 Level 2

AMPA (glyphosate metabolite) 0.05 0.25 0.05 0.25 0.05 0.25

Cyanuric acid 0.05 0.25 0.05 0.25 0.05 0.25

Ethephon 0.05 0.25 0.05 0.25 0.05 0.25

Fosetyl Al 0.05 0.25 0.05 0.25 0.05 0.25

Glyphosate 0.05 0.25 0.05 0.25 0.05 0.25

Glufosinate Ammonium 0.025 0.125 0.01 0.05 0.02 0.05

HEPA (ethephon metabolite) 0.05 0.25 0.05 0.25 0.05 0.25

Maleic hydrazide 0.05 0.25 0.05 0.25 0.05 0.25

MPP (glufosinate metabolite) 0.025 0.125 0.01 0.05 0.005 0.05

N-acetyl glyphosate 0.05 0.25 0.05 0.25 0.05 0.25

NAG (glufosinate metabolite) 0.025 0.125 0.01 0.05 0.005 0.05
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The spiking levels set for LOQ were equal to or lower than the MRL based on different
commodity/analyte combinations, as defined in the Regulation EC 396/2005 and subse-
quent amendments [17]. Furthermore, in the case of glufosinate and its metabolites, the
spiking levels were set considering the complex definition of the MRL expressed as the
sum of the parent compound and related metabolites, each multiplied by their respective
conversion factor (the ratio of the molecular mass of the parent pesticide to the molecular
mass of the metabolite).

For the two concentration levels as defined above, validation experiments confirmed
the compliance with performance criteria (recoveries in the range of 70–120% and precision
values lower than or equal to 20%).

For the calculation of intra-laboratory reproducibility (RSDwR), blank samples of
bovine fat, chicken eggs, and cow milk were fortified at 0.1 mg/kg for glyphosate and
at 0.05 mg/kg for glufosinate ammonium, MPP, and NAG and analysed by 3 different
operators on 3 different days each (n = 9).

2.6.3. Measurement Uncertainty

According to the approach described in appendix C of the SANTE document, relative
expanded measurement uncertainty (U′) was calculated, as required by ISO/IEC 17025 [32],
using intra-laboratory validation/QC data [31].

The relative expanded measurement uncertainty was calculated by applying a cov-
erage factor k = 2 (level of confidence of approximately 95%) to the relative combined
uncertainty (u′) which was calculated using the within-laboratory reproducibility relative
standard deviation (RSDwR) and the method and the laboratory bias.

The method and laboratory bias were calculated by recovery experiments carried out
in an intra-laboratory reproducibility study according to the following equation:

u′(bias) =
√

RMS′(bias)=
√

mean2
bias + SD.P2

bias

where the meanbias equals the mean of the corresponding bias and the SD.Pbias equals the
population standard deviation of the corresponding bias (calculated with the function
stdev.p in excel) obtained in the intra-laboratory reproducibility study.

To assess compliance with the legislation regarding the MRL exceedances, a default
value of uncertainty of 50%, as stated by the SANTE criteria, should be applied. To apply
this default parameter, labs must demonstrate to have an experimental U′ value of ≤50%.

3. Results and Discussion
3.1. Set-Up of the Sample Pretreatment Method

Two methods were considered as starting points as they were the only ones available in
the literature involving the determination of several polar pesticides: (i) the Quick Method
for the Analysis of Numerous Highly Polar Pesticides in Foods Involving Extraction with
Acidified Methanol and LC–HRMS Measurement in Foods of Animal Origin (QuPPe
AO) [30] and (ii) the procedure developed by Herrera et al. [33].

The application of both procedures to the analysis of the targeted polar pesticides in
the foods of animal origin included in the Regulation (EU) 2021/601 [19] showed some
limitations. Specifically, peak splitting of AMPA, ethephon, and fosetyl was observed in
cow milk analysed in the QuPPe AO method due to the large amount of matrix injected on
the column (0.05 g). The dilution of the final test sample in order to decrease the amount of
matrix injected on the column and to avoid peak splitting was evaluated; however, this
resulted in a significant decrease in sensitivity. On the other hand, the protocol by Herrera
et al. [33] foresaw a higher dilution factor, which was not compatible with the sensitivity of
the equipment used in the study.

To set up a protocol suitable for implementation by laboratories not equipped with
high end instrumentation, some modifications to the above-mentioned procedures, such as
speed and time of centrifugation, the adding of additional purification steps, and different
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dilution factors, were tested and applied in order to obtain a good compromise between
sensitivity and the matrix effect and to improve LOQ for the selected analytes. Finally, a
20-fold dilution factor was chosen in the implemented method to reduce the matrix effect.

3.2. In-House Verification of Method Performance

Data obtained from in-house validation are summarized in Table 3.

Table 3. In-house analytical performances of the LC–MS/MS method for polar pesticides in bovine
fat, chicken eggs, and cow milk including spiking levels of validation (level 1, level 2), and related
recovery % and repeatability (RSDr), spiking level of within-laboratory reproducibility study and
related recovery (n = 6) and within-laboratory reproducibility (RSDWLR).

Bovine Fat

Analytes
Level 1
(LOQ)

(mg/kg)

Rec
(%)

RSDr
(%)

Level 2
(mg/kg)

Rec
(%)

RSDr
(%)

Reproducibility
Level

(mg/kg)

Rec
(%)

RSDWR
(%)

AMPA 0.05 93 6 0.25 96 6 - - -

Cyanuric acid 0.05 94 5 0.25 100 3 - - -

Ethephon 0.05 97 6 0.25 93 4 - - -

Fosetyl Al 0.05 92 5 0.25 101 6 - - -

Glufosinate 0.025 117 17 0.125 95 7 0.05 97 15

Glyphosate 0.05 96 14 0.25 89 12 0.01 91 11

HEPA 0.05 92 5 0.25 107 3 - - -

Maleic hydrazide 0.05 76 7 0.25 100 12 - - -

MPP 0.025 91 16 0.125 101 9 0.05 92 13

N-acetyl glyphosate 0.05 119 9 0.25 113 10 - - -

NAG 0.025 108 9 0.125 102 8 0.05 104 16

Chicken Egg

Analytes
Level 1
(LOQ)

(mg/kg)

Rec
(%)

RSDr
(%)

Level 2
(mg/kg)

Rec
(%)

RSDr
(%)

Reproducibility
Level

(mg/kg)

Rec
(%)

RSDWR
(%)

AMPA 0.05 81 18 0.25 88 12 - - -

Cyanuric acid 0.05 86 14 0.25 108 6 - - -

Ethephon 0.05 101 6 0.25 106 5 - - -

Fosetyl Al 0.05 84 8 0.25 97 4 - - -

Glufosinate 0.01 111 9 0.05 76 19 0.05 103 16

Glyphosate 0.05 95 10 0.25 108 12 0.01 94 14

HEPA 0.05 107 4 0.25 102 4 - - -

Maleic hydrazide 0.05 90 11 0.25 91 13 - - -

MPP 0.01 96 7 0.05 97 11 0.05 97 18

N-acetyl glyphosate 0.05 96 17 0.25 98 8 - - -

NAG 0.01 94 14 0.05 90 9 0.05 94 17

Cow Milk

Analytes
Level 1
(LOQ)

(mg/kg)

Rec
(%)

RSDr
(%)

Level 2
(mg/kg)

Rec
(%)

RSDr
(%)

Reproducibility
Level

(mg/kg)

Rec
(%)

RSDWR
(%)

AMPA 0.05 114 14 0.25 93 11 - - -
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Table 3. Cont.

Cyanuric acid 0.05 107 12 0.25 94 5 - - -

Ethephon 0.05 109 3 0.25 96 6 - - -

Fosetyl Al 0.05 85 6 0.25 95 6 - - -

Glufosinate 0.02 100 14 0.05 96 9 0.05 105 9

Glyphosate 0.05 86 17 0.25 97 9 0.01 104 4

HEPA 0.05 97 11 0.25 87 7 - - -

Maleic hydrazide 0.05 100 11 0.25 108 6 - - -

MPP 0.005 100 16 0.05 93 18 0.05 104 8

N-acetyl glyphosate 0.05 111 8 0.25 89 7 - - -

NAG 0.005 94 12 0.05 94 15 0.05 104 6

-—not assessed.

Full in-house validation was performed for the four molecules required by the co-
ordinated control plan, namely glyphosate, glufosinate, MPP, and NAG, including the
evaluation of linearity ranges, recovery rates (%), limit of quantification (LOQ), repeatability
(RSDr), and within-laboratory reproducibility (RSDwR).

In addition, to explore the extension of the method’s scope to the analysis of further
molecules such as AMPA, cyanuric acid, ethephon, fosetyl aluminum, HEPA, maleic
hydrazide, and N-acetyl glyphosate, the following parameters were validated: linearity
ranges, recovery rates (%), repeatability (RSDr), and LOQ.

The linearity study, using the back-calculated concentrations method, provided fully
satisfactory results for all the polar pesticides analysed.

The evaluation of method precision, in repeatability conditions, revealed that in all
cases RSDr was lower than 20%, meeting the SANTE requirements for each of the analytes
at the relevant tested concentrations. Moreover, satisfactory recovery values were obtained,
ranging from 76% to 119%, in compliance with acceptability criteria established by the
SANTE criteria [31].

According to the Regulation EC 396/2005 and subsequent amendments [17], quantifi-
cation limits suitable for enforcement of the legal limit shall be equal to the MRL if there is
an asterisk in the value of the MRL, or lower than the MRL if there is not an asterisk (see
Table 1).

Therefore, the estimated LOQs for all analytes, corresponding to the first level of
validation, were fit for purpose for the official control of the regulated analytes. Given
the satisfactory performance obtained, the method has been accredited according to the
ISO/IEC 17025 [31] standard for the detection of four polar pesticides required in the
multi-year control plan (glyphosate, glufosinate ammonium, MPP, and NAG). To this aim,
an intra-laboratory reproducibility study and the calculation of measurement uncertainty
were performed.

Data obtained from the intra-laboratory reproducibility study of samples from bovine
fat, chicken eggs, and cow milk confirmed the accuracy of the analytical method. Recovery
values ranged from 91 to 105% with RSDwR values lower than 20%. Data are reported in
Table 3 for the three matrices.

The experimental relative expanded measurement uncertainties (U′) of glyphosate,
glufosinate ammonium, MPP, and NAG were between 33 and 46%, 39 and 48%, and 15
and 27% for the above-mentioned pesticides in bovine fat, chicken eggs, and cow milk,
respectively. Therefore, the obtained experimental values were lower than the maximum
expanded uncertainty stated by the SANTE criteria [31] which report a maximum accept-
able value U′ = 50% for pesticides. Experimental U′ values for each molecule for the three
matrices included in the study are reported in Table S4.
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Figure 2 reports an LC–MS/HRMS chromatogram of a bovine fat sample spiked at
0.040 mg/kg for AMPA, cyanuric acid, ethephon, fosetyl Al, glyphosate, HEPA, maleic
hydrazide, N-Acetyl- glyphosate; at 0.008 mg/kg for glufosinate ammonium, MPP, and
NAG; at 0.006 mg/kg AMPA-13C,15N, cyanuric acid 3C3, ethephon D4, fosetyl Al D15,
glyphosate 2-13C,15N, HEPA D4, and N-Acetyl-glyphosate 13C2,15N; and at 0.0012 mg/kg
for glufosinate ammonium D3, MPP D3, and NAG D3.
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for glufosinate ammonium, MPP, and NAG. Concentration levels for ILIS were 0.006 mg/kg for
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Figure 3 reports an LC–MS/HRMS chromatogram of a chicken egg sample spiked at
0.020 mg/kg for AMPA, cyanuric acid, ethephon, fosetyl Al, glyphosate, HEPA, maleic
hydrazide, and N-Acetyl- glyphosate, at 0.004 mg/kg for glufosinate ammonium, MPP,
and NAG, at 0.006 mg/kg AMPA-13C,15N, cyanuric acid 3C3, ethephon D4, fosetyl Al D15,
glyphosate 2-13C,15N, HEPA D4, and N-Acetyl-glyphosate 13C2,15N, and at 0.0012 mg/kg
for glufosinate ammonium D3, MPP D3, and NAG D3.

Figure 4 reports an LC–MS/HRMS chromatogram of a cow milk sample spiked at
0.040 mg/kg for AMPA, cyanuric acid, ethephon, fosetyl Al, glyphosate, HEPA, maleic
hydrazide, and N-Acetyl- glyphosate, at 0.008 mg/kg for glufosinate ammonium, MPP,
and NAG, at 0.006 mg/kg AMPA-13C,15N, cyanuric acid 3C3, ethephon D4, fosetyl Al D15,
glyphosate 2-13C,15N, HEPA D4, and N-Acetyl-glyphosate 13C2,15N, and at 0.0012 mg/kg
for glufosinate ammonium D3, MPP D3, and NAG D3.
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Figure 3. LC–MS/HRMS chromatogram of chicken egg extract spiked at 0.020 mg/kg for AMPA,
cyanuric acid, ethephon, fosetyl Al, glyphosate, HEPA, maleic hydrazide, and N-Acetyl-glyphosate
and at 0.004 mg/kg for glufosinate ammonium, MPP, and NAG. Concentration levels for ILIS
were 0.006 mg/kg for AMPA-13C,15N, cyanuric acid 3C3, ethephon D4, fosetyl Al D15, glyphosate
2-13C,15N, HEPA D4, and N-Acetyl-glyphosate 13C2,15N, and the levels were 0.0012 mg/kg for
glufosinate ammonium D3, MPP D3, and NAG D3. For each native pesticide and relative ILIS, one
ion is reported.
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Figure 4. LC–MS/HRMS chromatogram of cow milk extract spiked at 0.040 mg/kg for AMPA,
cyanuric acid, ethephon, fosetyl Al, glyphosate, HEPA, maleic hydrazide, and N-Acetyl-glyphosate
and at 0.008 mg/kg for glufosinate ammonium, MPP, and NAG. Concentration levels for ILIS
were 0.006 mg/kg for AMPA-13C,15N, cyanuric acid 3C3, ethephon D4, fosetyl Al D15, glyphosate
2-13C,15N, HEPA D4, and N-Acetyl-glyphosate 13C2,15N and at 0.0012 mg/kg for glufosinate ammo-
nium D3, MPP D3, and NAG D3. For each native pesticide and relative ILIS, one ion is reported.
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3.3. Application of the Implemented Method for Official Control Purposes

The validated and accredited method was used for the analysis of 45 real samples of
foods of animal origin, i.e., 8 samples of chicken eggs, 31 of fat (11 of bovine fat, 12 of swine
fat, and 8 of poultry fat), and 6 of cow milk. The data obtained represent the first results of
a monitoring plan in two regions located in central Italy (Umbria and Marche). Glufosinate
and its metabolites and glyphosate were never detected in any of the analysed samples.

Data described in this study were in line with occurrence data reported in the literature,
where glyphosate has rarely been detected in cow milk, including infant formula milk; and
never above the MRL [34–36]. Few studies have been carried out regarding the occurrence
of polar pesticides in foods of animal origin required by the monitoring plan. Only one
manuscript reported the quantification of glyphosate in different samples of animal origins
(3 milk, 1 egg, and 15 samples of meat and fish). The results showed the presence of
glyphosate in two samples of meat and fish only, but neither one was above the established
MRL [37].

4. Conclusions

In this study, we developed and validated an LC–QTOF method for the detection of
11 polar pesticides in three matrices of animal origin—eggs, milk, and fat. The extraction
procedure is simple and does not require special purification steps. Good validation
parameters, according to the SANTE document [31], were obtained for all molecules. For
this reason, the method can be considered reliable and sensitive for routine monitoring of
polar pesticides. No contaminated samples were found when the method was applied in the
annual monitoring programme. These findings were in agreement with the literature data.
The implementation of the accredited method in routine analysis will provide data useful
for re-evaluating risk assessment studies in foods of animal origin. An inter-laboratory
comparison (in progress) will provide data on method transferability to other laboratories
and/or other mass spectrometers such as triple quadruple detectors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations10010044/s1. Table S1. Preparation of matrix-matched
calibration solutions. Table S2. MS parameters for pesticide quantification Table S3. Exact masses
of precursor ion (*) extract by TOF MS experiment and exact masses of product ion used for quan-
tification (1) and qualification (2). Table S4. Relative expanded measurement uncertainty (U′) data.
Table S5. AMPA—Verification of linearity using the method specified in C17 of the document
SANTE/2019/12682. Table S6. Cyanuric acid—Verification of linearity using the method specified in
C17 of the document SANTE/2019/12682. Table S7. Ethephon—Verification of linearity using the
method specified in C17 of the document SANTE/2019/12682. Table S8. Fosetyl—Verification of lin-
earity using the method specified in C17 of the document SANTE/2019/12682. Table S9. Glyphosate—
Verification of linearity using the method specified in C17 of the document SANTE/2019/12682.
Table S10. HEPA—Verification of linearity using the method specified in C17 of the document
SANTE/2019/12682. Table S11. Maleic hydrazide—Verification of linearity using the method spec-
ified in C17 of the document SANTE/2019/12682. Table S12. N acetyl glyphosate—Verification
of linearity using the method specified in C17 of the document SANTE/2019/12682. Table S13.
Glufosinate ammonium—Verification of linearity using the method specified in C17 of the document
SANTE/2019/12682. Table S14. MPP—Verification of linearity using the method specified in C17
of the document SANTE/2019/12682. Table S15. NAG—Verification of linearity using the method
specified in C17 of the document SANTE/2019/12682.
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