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Abstract. Glyphosate is one of the most widely used herbicides around the world. Over the past decade, the use
of glyphosate and related molecules has significantly risen despite its suggested harmful effects on human health.
Therefore, it is of great interest to establish reliable and scalable extraction and quantification pipelines for
glyphosate in food-associated products. This herbicide is difficult to detect in foods and related matrices because
of its chemical features. In this work, we tested different concentrations of solvents and various extraction
protocols for recovering this pesticide. For quantification, we used a dynamic multiple reaction monitoring
(dMRM) method in an ultra-high resolution liquid chromatograph coupled to a triple quadrupole mass
spectrometer (UPLC-MS-QqQ). We determined that 20 % (v/v) methanol in water was the best solvent for
extraction. Accelerated solvent extraction (ASE) and ultrasonication approach allowed better recovery values.
However, extraction with the energized dispersive extraction system (EDGE) exhibited a more efficient result in
half of the time compared to the other automated protocol tested in our study. Our investigation provides valuable
information for the extraction, identification, and quantification of glyphosate-2-'*C, which will contribute to
monitoring the level of this herbicide in corn flour.

Keywords: Glyphosate-2-13C quantification; herbicide extraction; corn flour; liquid chromatography coupled to
mass spectrometry.

Resumen. El glifosato es uno de los herbicidas mas utilizados en todo el mundo. Durante la tltima década, el uso
del glifosato y las moléculas derivadas de este compuesto ha aumentado significativamente a pesar de los efectos
nocivos que se han indicado para la salud humana. Por lo tanto, es de gran interés establecer herramientas de
extraccion y cuantificacion confiables y escalables para glifosato en los productos asociados con alimentos. Este
plaguicida es dificil de detectar en alimentos y otras matrices afines debido a sus caracteristicas quimicas. En este
estudio probamos diferentes concentraciones de solventes y varios protocolos de extraccion para la recuperacion
de este herbicida. Para la cuantificaciéon utilizamos un método de monitoreo dindmico de multiples reacciones
(dMRM) en un cromatoégrafo de liquidos de ultra alta resolucion acoplado a un espectrometro de masas de triple
cuadrupolo (UPLC-MS-QqQ). Determinamos que 20 % (v/v) de metanol en agua era el mejor solvente para la
extraccion. Las herramientas de extraccion acelerada por solventes (ASE) y ultrasonicacion permitieron los
mejores valores de recuperacion. Sin embargo, la extraccion con el sistema de extraccion dispersiva energizada
(EDGE) mostro resultados eficientes en la mitad del tiempo, en comparacion con el otro protocolo automatizado
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probado en nuestro estudio. Nuestra investigacion provee informacion valiosa para la extraccion y cuantificacion
de glifosato-2-*C, lo que contribuird a monitorear niveles de este herbicida en harina de maiz.

Palabras clave: Cuantificacion de glifosato; extraccion de herbicidas; harina de maiz; cromatografia de
liquidos acoplada a espectrometria de masas.

Abbreviations
ASE: Accelerated Solvent Extraction w/w: Weight per Weight
EDGE: Energized Dispersive Extraction System dMRM: Dynamic Multiple Reaction
FA: Formic Acid Monitoring
UPLC-MS-QqQ: Ultra-Performance Liquid LOD: Limit of Detection
Chromatography coupled to a Triple Quadrupole LOQ: Limit of Quantification
Mass Spectrometer RM: Recovered Mass
EPSPS: 5-Enolpyruvylshikimate-3-Phosphate- IM: Initial mass _
Synthetase QuEChERS: Quick, Easy, Cheap, Effective,
AMPA: Aminomethylphosphonic Acid Rugged and Safe

v/v: Volume per Volume

Introduction

The constant need for high-quality foods and related raw materials has put substantial pressure on
agriculture to increase the yield of essential crops like soybean, rice, cotton, wheat, and corn. It is expected that
by 2050 the need for food will double, an unreachable goal under the current climate change scenario [1]. One
of the major strategies to improve food production is pest, phytopathogen, and weed control, which modern
agriculture has addressed using a variety of agrochemicals [2,3]. Nevertheless, herbicides can be traced from
crop fields through the food distribution and consumption chain, and the indiscriminate use of pesticides due to
the resistance of weeds and insects endangers the health of future generations of wildlife and humans [4-7].

Glyphosate (n-phosphonomethyl-glycine), registered as a pesticide by Monsanto Company in 1974, is
the most successful and widely used herbicide worldwide, and it has been detected in fresh and processed food
and human fluids[3]. The golden age of glyphosate in weed management came with the introduction of
glyphosate-resistant crops such as soybean, maize, and cotton [8]. Currently, several glyphosate-based
herbicides are available on the market and sold under several brand names in various countries around the world
[9]. Glyphosate is a non-selective, broad-spectrum herbicide that enters the plant through the leaf system and
disperses to the rest of the plant’s tissues, killing all meristems [10]. The mechanism of action of this compound
involves the arresting of the biosynthesis of aromatic amino acids by inhibiting the enzyme 5-
enolpyruvylshikimate-3-phosphate-synthetase (EPSPS) [11]. However, several weed species have now evolved
resistance to glyphosate worldwide, which points out the implementation of new application strategies for this
herbicide. It is therefore necessary to generate new technologies for weed control in agriculture [12]. In addition,
the use of glyphosate has generated controversy due to its association with severe health conditions such as the
increase in the probability of developing cancer, endocrine alterations, neurological disorders, and autism [13—
16]. Consequently, glyphosate was reclassified in 2015 as "probably carcinogenic" in Group 2A by the
International Agency for Research on Cancer [17].

The main concern about the massive use of glyphosate is its potentially detrimental effect on human
health. This raises the need to establish reliable and robust analytical approaches to survey glyphosate, which
can persist for several months in soil, water, and other substrates [18]. Due to glyphosate’s chemical features
(amphoterism, high polarity, non-volatility, low molecular weight, and hydrophilicity), mass spectrometry has
become the keystone for detection and quantification [19,20]. Both gas and liquid chromatography have been
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coupled to mass spectrometry to detect glyphosate successfully [18-20]. For example, glyphosate content has
been determined by capillary gas chromatography with mass-selective detection, however, this technique has
become tedious due to the previous column conditioning (clean up) and the need for a derivatization step, [21],
which can lead to the loss of analytes of interest, content underestimation when the derivatization reaction yield
is poor, low reproducibility, and variation in the detection and quantification limits [22—24]. In addition, there
are reports about glyphosate determination by liquid chromatography coupled to mass [25,26], fluorescence
[27] and ultraviolet detectors [28,29], where most of these, also it is required a derivatization step to facilitate
the detection, which is caused by the high water solubility, low volatility, and the lack of chromophore groups
resulting in time-consuming and more complex methods [30,31]. Glyphosate derivatization step can be made
before or after column separation to form fluorescent-adducts to allow its detection and/or to reduce its polar
characteristics and thus facilitate its chromatographic retention [32,33]. The extraction procedures used for the
determination of glyphosate depend mainly on the type of matrix to be analyzed, and the most frequent
approaches are solid-phase extraction, ultrasonication [20,27,34,35], agitation [27], and accelerated solvent
extraction (ASE) [27,36]. However, there have been few efforts to systematically determine the best and most
efficient extraction approach by comparing different protocols applied to different matrices. Most of the latest
published methods related to analytical methods for the quantification of glyphosate and related compounds
report the modification of protocols previously described where it is evaluated changes in pH, solvents,
concentrations, derivatization steps, etc. [37—41].

The coupling of a mass spectrometry detector to a chromatographic separation system allows solving
efficiently the problems of identification and quantification of metabolites. Mass spectrometry is used to
identify unknown compounds and quantify known compounds and elucidate the structure and chemical
properties of molecules. In principle, the mass spectrum of each compound is unique and can be used as its
"chemical fingerprint". The mass spectrometry foundation is the formation of ions from organic molecules in a
gas phase, and the separation according to their mass/charge ratio [42—44]. The dynamic multiple reaction
monitoring (AMRM) acquisition methods in a triple quadrupole mass analyzer consist of selecting the m/z value
from the molecular ion (parent ion) in the first quadrupole, breaking the molecule in the second quadrupole
(collision cell-kind), and selecting an m/z from a diagnostic fragment (daughter ion) in the third quadrupole.
So, this approach is highly selective and sensitive.

Given the aforementioned gaps, we evaluated different extraction protocols for glyphosate recovery,
including ultrasonication, ASE, and the energized dispersive guided extraction (EDGE) approaches. Our extracts
from corn flour were analyzed with a dJMRM method in ultra-performance liquid chromatography coupled to a
triple quadrupole mass spectrometer (UPLC-MS-QqQ). Our comparative scrutiny showed that the extraction
methods tested allowed optimal recovery percentages of glyphosate-2-'>C, leading to the development of more
alternative analytical approaches for regulatory purposes in the agricultural and health sectors.

Experimental

Material and methods
Chemicals and standards

Glyphosate-2-1*C (PubChem ID 329759134, molecular weight 170.07) and aminomethylphosphonic
acid (AMPA, PubChem ID 24859469, molecular weight 111.04), PESTANAL analytical standards (purity >
98.0 %) were purchased from Sigma-Aldrich (St. Louise, MO, USA). AMPA, which is a glyphosate-related
compound found in treated matrices with the herbicide, was used to validate the specificity of the method.
Formic acid (99 %), water Optima LC/MS grade, and methanol CHROMASOLV LC/MS were purchased from
Thermo Scientific (Fisher chemical, Waltham, Massachusetts, USA) and Honeywell Riedel-de Haén (Wabash,
Indiana, Estados Unidos), respectively.

Preparation of standards
Glyphosate-2-3C and AMPA standard stock solutions were prepared at a concentration of 1 mg/mL
in water LC/MS grade and stored at 4 °C in dark conditions until their use. The standard stock solutions for the
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calibration curve for glyphosate-2-'>C and AMPA were 0.1,0.2,0.4, 1,2, 4, 6,8, 10, 12, 14, 16, 18, and 20 uM
(1 mL each) for chromatographic analysis.

Glyphosate extraction systems

Three different extraction protocols were evaluated using in two cases completely automated
instruments (for details see Fig.1), an Accelerated Solvent System (ASE 350, Dionex Corporation, Thermo-
Scientific, Sunnyvale, California, USA), an automated Energized Dispersive Guided Extraction system
(EDGE™, CEM Corporation, Charlotte, North Caroline, USA), and an ultrasonic bath (Quick Start CPXH
Series, Cole-Parmer, Vernon Hills, Illinois, USA). Condition parameters were established and modified for
each system according to the manual and previously reported extraction efficiencies [45—47]. Extraction
methods using ASE and ultrasonication have been previously reported and were used and adapted in this work
[27,48]. For ASE, samples were dispersed with 0.1 g diatomaceous earth and then placed separately in each 5
mL extraction cell. We set a single static cycle for 5 minutes at 40 °C. Methanol/water (20:80 and 50:50) with
1 % (v/v) formic acid (FA) was used as the extraction and rinse solvent. The obtained extracts were filtered and
stored for further analysis. For the ultrasonic extraction, samples were transferred to a 50 mL polypropylene
centrifuge tube, and methanol/water (20:80 and 50:50) with 1 % (v/v) formic acid was used as the extraction
solvent. The tube was capped, shaken, and vortexed for 1 minute, and stored at -20 °C for 1 hour. Then, the
sample was defrosted to continue to be sonicated in a cold bath with four 5-minutes pulses. Finally, the tube
was centrifuged for 20 minutes at 4 °C and the supernatant was recovered and filtered for further analysis.

| 300 mg Maseca™ cornflour ‘

Fortify with Glyphosate-2-C

3 I .
-"‘ EDGE™ = <
Ace Encreized Dispersive SONICATION =
_‘_g Guided Extraction. E
ASE cell ‘ EDGE cell ‘ Polypropylene
vial
One eyele of $ minules OmeTinse al 60 C wilh H,O-McOH (30:20) +

ul 60 C wilh H.OMeOH (80:20) + 1% FA cold
H,OMeOLL (80:20) + w1
1% FA

1 ;«
; 1
)

E:

‘ Liquid Chromatography/Mass Spectrometry |

Fig. 1. Flowchart summarizing the extraction methods evaluated (ASE, EDGE and ultrasonication).

For EDGE, samples were placed in the extraction cell. G1 (glass fibre, 0.3 pm) and C9 (cellulose, 40
pum) filters were used in a stacked C9+G1+C9 configuration for extraction. Methanol/water (20:80 and 50:50)
with 1 % (v/v) formic acid was used as the extraction and rinse solvent. The cycle consisted of adding 5 mL to
the top and rinsing with 15 mL. The temperature was set at 40 °C with a hold time of two minutes, and the rinse
step was set at 15 seconds.

Fortified sample preparation
The glyphosate-2-'*C internal standard was added to corn flour (Maseca™, purchased from the local
market) samples (300 mg) and homogenized to obtain fortified samples. The 20:80 methanol/water + 1 % FA samples
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were fortified with 34 ug of glyphosate-2-1>C to obtain a final concentration of 113.33 ppm (w/w). Additionally,
50:50 methanol/water + 1 % FA samples were fortified with 68 pg of glyphosate-2-13C to obtain a final concentration
of 226.66 ppm (w/w). Only for the 50:50 methanol/water + 1 % FA in the ultrasonication system, samples were
fortified with 13.62 pg of glyphosate-2-'>C equivalent to 45.40 ppm (w/w). To evaluate the specificity of the method,
20 uM of the standard stock solution of AMPA was prepared and added to the corn samples.

Analysis by UPLC-MS-QqQ

An Ultra-High Performance Liquid Chromatography Agilent 1290 (Agilent Technologies Santa Clara,
California, USA) coupled with a triple quadrupole mass spectrometer (Agilent 6460; Serial# SG13369040-
UPLC-MS-QqQ) with a dynamic multiple reaction monitoring (dMRM) method was employed.
Chromatographic separation was performed in a ZORBAX Eclipse Plus C18 column (2.1 x 50 mm, 1.8 Micron,
600 Bar) with a flow rate of 0.1 mL/min. The spectrometric analyses were conducted using an electrospray
ionization source in negative mode. The injected volume was 5 pL. The binary mobile phase consisted of 1 %
FA in water (phase A) and 1 % FA in methanol (phase B). The initial composition consisted of 95 % A and 5 %
B (v/v). This condition was held for 3 minutes, followed by linear ramping to 95 % B over 1 minute, maintained
for 5 minutes. Then, the phases were returned to the initial composition over 1 minute (5 % B) and held for 5
minutes. The total chromatographic run time was 15 minutes. The IMRM method was optimized by evaluating
four different transitions and three collision energies. For quantification, the glyphosate transition of m/z
169.0>151.1 was used. The chromatographic conditions used in this work were selected by reviewing the
literature, considering instrumental similarities, derivatization steps, reagents, and the objective of the study
[19,20,25,27,48,49]. The data were acquired using the Agilent Mass Hunter Workstation software, processed
with the Agilent Mass Hunter Quantitative module to establish the calibration curves and with the Agilent
Qualitative software to determine the glyphosate-2-'*C and AMPA peaks (Agilent, Santa Clara, CA, USA).

Validation method of glyphosate-2-'3C determination and quantification.

The validation of the method was carried out following the method validation guide for the analysis of
pesticides issued by the Center of the National Reference for Pesticides and Contaminants issued by the
National Service of Health and Food Quality (SENASICA) from Mexico [50]. The identity confirmation of
glyphosate-2-'>C was carried out with the combination of two validation parameters: selectivity and specificity.
Selectivity is the aptitude of a method to qualify the compound of interest in the presence of other components
of similar behaviour under the established conditions of the test and was validated by determining the presence
of glyphosate-2-'3C in fortified and non-fortified flour samples. For specificity, which is the aptitude of a
method to respond exclusively to the analyte in the presence of similar compounds or the ability to differentiate
isomers of a compound under the established conditions of the test, the presence of glyphosate-2-'*C was
determined in a sample fortified with AMPA (at 20 pM), which is a product of microbial degradation of
glyphosate and a structurally related compound [30,51].

For quantification, it was made calibration curves for glyphosate-2-'3C and AMPA with 14
concentration points (0.1, 0.2, 0.4, 1, 2,4, 6, 8, 10, 12, 14, 16, 18, 20 uM). The limit of detection (LOD) was
determined as the minimum concentration of the analyte in a sample which can be detected with a signal/noise
ratio value >3 [50]. The limit of quantification (LOQ) was determined as the minimum concentration of the
substance of interest that can be reliably quantified. The method’s accuracy was determined considering the
Alimentarius Codex which refers to this parameter as the coincidence between the mean value obtained from a
series of results and an accepted reference value [52]. For this work, this parameter was evaluated in two
different ways, first by the quantification of glyphosate-2-'>C at a known concentration in different samples
analyzed on the same day. The second way was by establishing the recovery percentages obtained with different
extraction protocols according to the following formula:

RM x 100
% extraction = u‘?M Eq.1

Where RM = Recovered mass (in pg) and IM = Initial mass (in pg).
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The precision of the method was validated by considering the repeatability and reproducibility.
Repeatability is the proximity of the results obtained with the analytical method under similar working
conditions (e.g., same analyst, same instrument in a short time scale). To validate this parameter, serial analyses
of samples fortified with glyphosate-2-'3C were performed at the same concentration on the same day. The
reproducibility parameter considers changes in the protocol, and we validated this parameter with glyphosate-
2-13C determinations at a known concentration in similar working conditions but on three different days.

Statistics

We used a one-way analysis of variance (One Way-ANOVA) to determine whether there were
statistically significant differences between the means of the recovery percentage among the extraction systems
and solvents (methanol/water + 1% FA at 20:80 versus 50:50 v/v). When the ANOVA exhibited significant
differences, we calculated all pairwise multiple comparisons using a Tukey Test. The statistical analyses were
done in SigmaStat Software for Windows, Version 3.5.

Results

Optimal parameters for multiple reaction monitoring determinations

Four different transitions and three collision energies were evaluated for optimal glyphosate detection,
and three different transitions and a single voltage were evaluated for AMPA as well. We carried out our
spectrometric analyses in positive and negative ionization modes. However, a higher sensitivity was obtained
in the negative mode. The selection criterion was the abundance of the product ion. Therefore, we selected for
glyphosate-2-'3C the precursor ion of m/z 169.0 [M—H]" and the product ion of 151.1. For AMPA, we selected
the m/z 110.0 [M—H]" as the precursor ion (parent) and the m/z 79.0 as the product ion (daughter). The retention
time obtained for glyphosate-2-'*C was 1.41 minutes and for AMPA was 1.35 minutes (Fig. 2).

A Cc
X102 X10
-ES| MRM Frag=135.0V(169.0->151.1)
1.6
6.0
1.24
0.8/ 5.0
0.4 1 . S 4.0
04 08 1.2 1.6 20 24 1.0 2.0 3.0 4.0 5.0
B Counts vs. acquisition time (min) D Counts vs. acquisition time (min)
%102 “ES!MRM:3 (1.410 min) Frag=138 0V(169.0-2151.1) %107 -ESIMRM:A (1349 min) Frag71035 0V(110.0-579.0)
1511
1.5 6.0
1.0 4.0
0.5 2.0
0.0 0.0 :
145 147 149 151 183 155 157 76 77 78 79 80 81 82
Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z)

Fig. 2. Representative chromatograms and mass spectra of glyphosate (A, B) and AMPA (C, D) at 20 uM.

Standard calibration curves for glyphosate-2-*C.

We used 14 different concentration points to build calibration curves for glyphosate-2-'*C and AMPA in
a concentration range of 0.1-20 uM. The coefficients of determination for those curves were 0.99763831 and
0.99806048 for glyphosate-2-1>C and AMPA, respectively (Fig. 3). The LOD for glyphosate-2-13C and AMPA
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were 0.1 and 0.2 uM, respectively (Table 1) while the LOQ was 0.2 uM for Glyphosate-2-'*C uM and 1 uM for

AMPA (Table 2).
A B
X10° Glyphosate R-squared= 0.99763831 100.5 | x102| AMPA R-squared= 0.99806048 98.9
10?.8 l. 99.8 99 61501 ‘:
w 1.2 103.2 . 2.5 1001 i
5 91 1030 | ) 20 i l !
3081 124 | L. 1.51 99.6 l J
© 0.4 1084] 10231 | * 1.01 105888[1 l
B . L)
19.24 Lo 0.4 135.31 l
o i % 10225
0 0 1333

L J
0 2 4 6 8 10 12 14 16 18 20

Glyphosate concentrations (UM)

0 2 4 6 8 10 1214 16 18 20

AMPA concentrations (uM)

Fig. 3. Calibration curves for glyphosate (A) and AMPA (B) in a concentration range of 0.1-20 uM. Numbers
in purple along the trend line specify the percent accuracy at each point.

Table 1. Determination for Limit of detection (LOD) for glyphosate -2-'*C, and AMPA.

Compound Concentration (uM) Signal/Noise ratio
0.1 3.5
Glyphosate -2-3C 8‘2‘ 3431
1 15.8
0.2 5.2
AMPA 0.4 9.4
1 5.2

Table 2. Determination for the limit of quantification (LOQ) for glyphosate -2-'3C, and AMPA.
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Calculated Glyphosate-2-13C AMPA
conc(e;llt/ll';ltmn Final c?sggltratlon Accuracy (%) Final C(()Slc\;ltratlon Accuracy (%)
0.1 0.0192 19.2 0 0
0.2 0.2168 108.4 0.2667 133.35
0.4 0.3750 93.8 0.50725 126.8
1 1.1242 112.4 1.02245 102.25
2 1.8353 91.8 2.1162 105.8
4 4.0913 102.3 3.5238 88.1
6 6.0560 100.9 5.97505 99.6
8 7.7545 96.9 8.05655 100.7
10 10.3036 103.0 10.10195 101
12 11.9176 99.3 12.01165 100.1
14 14.4511 103.2 13.9678 99.8
16 15.2718 95.4 15.9429 99.65
18 18.1509 100.8 18.34165 101.9
20 20.0951 100.5 19.7587 98.8
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Validation and selectivity of glyphosate-2-3C and AMPA detection

Method selectivity addresses the method’s ability to quantify the substance of interest in the presence
of other components with analogous behavior under specific assay conditions. This parameter, along with the
specificity, allows us to establish the confirmation of a compound identity, which ensures that the signal
produced in the measurement is attributed exclusively to the analyte, and not to the presence of a different
(physically or chemically related) substance [50]. Fig. 4, shows representative chromatograms of the matrix
fortified with glyphosate-2-'*C (Fig. 4(A)), the non-fortified matrix (Fig. 4(B)), and the matrix fortified with
AMPA (Fig. 4(C), 4(D)). AMPA is a product of the microbial degradation of glyphosate, and it is therefore
structurally related to glyphosate [30]. When intending to detect glyphosate-2-'3C in AMPA-fortified samples,
no glyphosate-2-'*C was detected (Fig. 4(C)), and there was no interference in the retention time established
for each compound. These two results confirm the selectivity and specificity of the glyphosate assay.

A C
o[ Esimr X10"  [TESTMRM Frag=1350V(169.0>151.1)
X100_ Fortified
4.0
0.84
0.64
- 3.9
044 — —I T
0.4 0.8 1.2 16 2.0 2.4 0.2 0.6 1.0 1.4 1.8 22 26
B Counts vs. acquisition time (min) D Counts vs. acquisition time (min)
1
1 |-ESI MRM Fra V(169 x10 -ESI MRM Frag=135.0V(110.0->79.0)
Y Non-fortified 5.5
3.94 50
4.5
3.85
0.0 . —
0.4 0.8 1.2 16 20 24 0.2 0.6 1.0 14 1.8 22 2.6
Counts vs. acquisiticn time (min) Counts vs. acquisition time (min)

Fig. 4. Selectivity and specificity of the glyphosate quantification method in corn flour. Chromatograms of
glyphosate (A, B, and C) and AMPA (D) in samples fortified with glyphosate (A) and non-fortified with
glyphosate (B) and fortified with AMPA (C) and (D). The ASE extraction method was used for these tests.

To validate the repeatability of the method, three serial glyphosate determinations were made in fortified
samples on the same day (Table 3), obtaining standard deviations of 0.1961 and 0.2372 uM for glyphosate-2-'*C
and AMPA quantifications, respectively. The reproducibility was calculated by determining the concentration of
glyphosate-2-13C on three different days; the average of the three injections was 18.5120 = 1.0703 uM (Table 4).

Table 3. Repeatability of glyphosate -2-'>C and AMPA determinations.

Compound 1 Re llca;es (M) 3 Average | Standard deviation
Glyphosate -2-13C | 18.5192 | 18.8817 | 18.5705 | 18.6571 0.1961
AMPA 15.9053 | 16.3779 | 16.1058 | 16.1297 0.2372

Table 4. Reproducibility of glyphosate -2-'*C determinations.

Concentration (uM) Average Standard
Day 1 Day 2 Day 3 deviation
Glyphosate -2-3C 18.0554 | 19.7349 | 17.7458 | 18.5120 1.0703

Compound
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Glyphosate-2-3C extraction protocol

In this work, the recovery percentage varied from 41.65 % to 109.19 % (Table 5). In all cases, the
methanol-water mixture in a 20:80 ratio, acidified with 1 % of FA exhibited the highest recovery percentages
(Table 5). The extraction with ASE and ultrasonication exhibited the highest recovery values with 109.19 %
and 93.12 %, respectively (Table 5). In contrast, the EDGE protocol exhibited recovery values of 41.49 —
58.49 % (Table 5) but in a shorter time (2 h, 20 min) (Table 6).

Table 5. The recovery percentage of glyphosate with three different extraction methods and different solvent
proportions.

. Concentration (ppm)
- * o
Extraction system | MeOH -H20 Expected Observed Recovery (%)
20:80 113.33 66.29 + 11.554 58.49 +10.19*
EDGE

50:50 226.67 94.40 +59.124 41.65 +26.08*

ASE 20:80 113.33 123.75+9.36€ 109.19 + 8.26°
50:50 226.67 148.91 +29.804B | 65.70 +13.15%

R 20:80 113.33 105.53 + 1.67 B¢ 93.12 + 1.48

Ultrasonication

50:50 45404 21.98 +0.324 48.42+0.71*

The highest recovery percentages are shown in bold (ASE n=3, EDGE n=3, and Ultrasonication n=4).
*Formic acid (0.1 %) was added to the solvent. Different superscript letters among concentration values denote
statistically significant differences (P < 0.05).

Table 6. Time invested in each extraction system workflow for 12 samples.

Procedure steps Extraction methods
ASE EDGE | ULTRASONICATION

Assembly of extractions cells* 45 min 10 min NA
Sample weighing 60 min 30 min 40 min

Equipment assembly 20 min 10 min NA
Extraction time 180 min 80 min 101 min

Dismantling of extraction cells 45 min 10 min NA
Centrifugation NA NA 20 min

Total working time (h:min) 5:50 2:20 2:41

*Cells are used by ASE and Q-cup for EDGE.

Discussion

The development of methods to detect and quantify glyphosate in different food-related matrices are
necessary to safeguard human health from the harmful effects of this pesticide. The main challenge for the
detection and quantification of glyphosate is that it can be masked by the chemical components in the food
matrix. Due to the chemical nature of glyphosate, most of the published methods include a derivatization step
to increase the possibility of detection. However, this can also introduce bias during the estimation of the total
content of these pesticides during routine analysis. In our study, we tested three different alternatives for
glyphosate extraction and one quantification method that avoids the derivatization step.

In studies on pesticide detection, different columns have been used (including anion exchange, HILIC, etc.)
and each one works for a specific condition [19,20,49,53]. However, considering that most of the reported glyphosate
and AMPA assays are performed by reverse phase HPLC, in this study a C18 column was used. In addition, C18
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columns are used as a stationary phase because it offers a very simple hydrophobic interaction, allowing the retention
of highly polar ionizable molecules, as is the case of glyphosate and its highly polar catabolites. The short retention
time did not result in a lower sensitivity of its detection, so the direct determination of glyphosate-2-'3C and AMPA
was also feasible. The column remained stable throughout all the operating conditions, and no modification in
retention time or peak shape degradation was observed at more than 250 injections.

The ASE and ultrasonication methods provided high percentages of glyphosate recovery. The major
advantage of ASE extraction over the ultrasonication method is its reliability and process automatization, which
enables several continuous extractions and does not require centrifugation. However, the ASE requires additional
consumables like gaseous nitrogen. In contrast, the ultrasonication method requires conventional items like
polypropylene test tubes, pipette tips, and considerably fewer solvents, decreasing the cost of the analysis. However,
it is a mostly manual process which may be impractical for many samples. For comparison purposes, we summarize
reported methods for glyphosate analysis in several food and soil matrixes (Table 7). One of the best protocols
proposed for glyphosate and AMPA determination used water as the extraction solvent. Crude extracts of crops were
homogenized with maceration at high speed (3-5 min). Then the sample preparation pipeline included cation
exchange cleanup and derivatization with heptafluorobutanol and trifluoroacetic anhydride. The analysis of the
sample mentioned above with capillary gas chromatography with mass-selective detection (MSD) exhibited
significant performance [19,21]. The highest glyphosate recovery percentage has been reported in potatoes (106 %).
This study tested the detection of glyphosate in different fruits and vegetables by using water as a solvent and avoided
derivatization. The proposed protocol also included a mixed-mode hydrophilic interaction/weak anion-exchange
liquid chromatography (HILIC/WAX) coupled with electrospray tandem mass spectrometry [19,21]. The protocols
mentioned above provide invaluable tools for detecting and quantifying glyphosate and AMPA. However, in terms
of cost, time, and sample handling steps does not provide a feasible method for heterogeneous matrices like corn flour
and related products. In contrast, simple methods like agitation/ultrasonic had percentage recoveries values in maize
samples ranging from 85 to 104 % [20,48,49,54] (Table 7).

Druart and collaborators included the evaluation of three extraction systems such as ASE,
ultrasonication, and agitation (magnetic stirring, using an agitation from 1 to 15 hours) for glyphosate, AMPA,
and glufosinate, using a derivatization step [27]. The authors suggested that ASE is not optimal for the extraction
of hydrophilic herbicides like glyphosate in soil, but it is optimal for samples soluble in organic solvents.
Besides, the recovery percentage obtained with ultrasonication extraction outperformed that of ASE (18 % for
glyphosate and 34 % for AMPA). We considered some points of the aforementioned studies in our proposed
protocol. For example, that study suggested mixing clay-rich soils with sand to allow the solvent to pass through
the cell. In addition, the authors also suggested the use of water as the sole extraction solvent and a short
extraction time (10 min). In our protocols, we mixed the samples with diatomaceous earth (3:1 ratio) to avoid
compaction of the sample in the cell and improve solvent contact with the entire sample surface area for efficient
extraction. Furthermore, we used methanol-water with 1 % FA, obtaining recovery percentages up to 109 % for
glyphosate. Another study reported the extraction of glyphosate from the soil by ultrasonication in phosphate
buffer for 60 minutes and obtained a recovery efficiency of 44 % [34].

We also evaluated the glyphosate extraction efficiency with the automated EDGE system. The conditions
used in the equipment were adapted according to the available literature from pesticide extraction application notes
[45]. This system has exhibited high extraction efficiency for pesticides in products for human consumption,
without derivatization and with automated extraction protocols, obtaining recovery percentages comparable to the
QuEChERS method for pesticides [39]. Reported extraction methods involving the EDGE system exhibited
recovery percentages greater than 80 %, identifying more than 140 pesticides in green tea, and validating 361
pesticides in cocoa beans [55]. To the best of our knowledge, our study is the first report on the use of EDGE to
detect and quantify glyphosate in food matrices. Previous studies that included EDGE system comprised post-
sowing foliar herbicides, such as 2,4-D (84 % recovery), corn growth inhibitors such as pendimethalin (120 %
recovery), and herbicides from the group of photosynthesis inhibitors used for corn cultivation, such as atrazine
(112 % recovery) [55-57]. We obtained glyphosate recovery percentages between 41 % and 58 % in commercial
corn flour samples fortified with glyphosate (depending on the solvent, Table 5). Considering previous reports
with EDGE, our protocol might be improved by using 100 % water as the main extraction solvent. Therefore, it is
necessary to standardize each technique according to the food matrices as well as the availability of workload,
work staff, and variety of samples to process.
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Table 7. The recovery percentage of glyphosate and AMPA reported using different extraction systems,
solvents, and matrices.

o
Matrix Extraction method Solvent Glypllllf)cs(:t’: A/IOVIP A References
HO 0 0
ASE NaOH 0.1 M 124 ND
Ultrasonic H0 28 164
Soil NaOH 0.1 M 9 24 [27]
H,O 1.3 3.8
Agitation H3PO4 0 0
CaCl, 7 17
Ultrasonic KH,PO4 44 ND [34]
Agitation/Centrifugation | 1120- MEOH 50:30+15% 85 ND [48]
formic acid
Maize Ultrasonic H,O: MeOH 50:50 85 ND [20]
Homogenization H,O 89.2 98.4 [54]
o Acetic acid 50 mM: Na, EDTA
Agitation 10 mM 104 ND [49]
AOAC
Potato Official Method HO 106 80.8 [19,24]
2000.05
H,0: dichloromethane (1:1; 586 537
v/v)
H,0: dichloromethane (2:1; 64.8 50.4
v/v)
Borates Buffer (pH=9) 30.5 28
KOH solution (0.5 M) 26.7 24.5
H,0: methanol:
dichloromethane (2:2:1; v/v/v) 712 65.3
Canola Homogenization HO 82 75.2 [25]
MeOH 68.2 62.5
Acetonitrile 58.4 48.7
Tetrahydrofuran 32.5 28.7
H>0: MeOH (1:1; v/v) 75.6 69.3
H,0 + 1 % formic acid 88.1 80.7
H,O + 1 % HCI 83.3 76.3
H,0 + 0.1 % formic acid 934 85.6
H,O +0.1 % HClI 88.3 80.9
Cereals Ultrasonic H,O 93 ND [58]
Méndez-
Cornflour ASE H:0 +MeOH (30:20) 1 % 109.19 ND | Barredo et
formic acid al.
Conclusions

We compared different extraction protocols and developed a dMRM method for glyphosate
quantification in fortified corn flour samples without derivation steps or column regeneration. This provides a
rapid method by combining the advantages of using ultra-high resolution liquid chromatography with the
sensitivity and specificity provided by tandem mass spectrometry, obtaining high recovery percentages. The
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selective analytical method demonstrated here was validated in terms of selectivity, specificity, repeatability,
and reproducibility. The established protocol is a simple and low-cost method, which can be adaptable and
modifiable for use in other food matrices, which could be considered in the near future for regulatory agencies
in the food industry.

Acknowledgements

We greatly appreciate Instrumentos y Equipos Falcon S.A. de C.V. division analitica, for the training
and accessibility to the EDGE platform and consumables for our study. Our research was funded by a grant
awarded to E. R-M from the Consejo Nacional de Ciencia y Tecnologia (CONACyT) #316098 entitled
"Establecimiento de un protocolo de deteccion y cuantificacion de glifosato y acido aminometilfosfonico en
granos de maiz mediante cromatografia liquida acoplada a espectrometria de masas (primer paso hacia la
acreditacion).”

References

1. Razzaq, A.; Wani, S. H.; Saleem, F.; Yu, M.; Zhou, M.; Shabala, S. J. Exp. Bot. 2021, 72, 6123—6139.
DOI: https://doi.org/10.1093/JXB/ERAB276

2. Laing, R.; Gillan, V.; Devaney, E. Trends Parasitol. 2017, 33, 463-472.

3. Meftaul, I. M.; Venkateswarlu, K.; Dharmarajan, R.; Annamalai, P.; Asaduzzaman, M.; Parven, A.;
Megharaj, M. Environ. Pollut. 2020, 263, 114372. DOI:
https://doi.org/10.1016/J. ENVPOL.2020.114372

4. Zoller, O.; Rhyn, P.; Zarn, J. A.; Dudler, V. Int. J. Hyg. Environ. Health. 2020, 228, 113526.

5. Wozniak, E.; Reszka, E.; Jabtonska, E.; Mokra, K.; Balcerczyk, A.; Huras, B.; Zakrzewski, J.;
Bukowska, B. Toxicology In Vitro. 2020, 66, 104878.

6. Tan, S.; Li, G.; Liu, Z.; Wang, H.; Guo, X.; Xu, B. Environ. Toxicol. Pharmacol. 2022, 90, 103792.

7. Baek, Y.; Bobadilla, L. K.; Giacomini, D. A.; Montgomery, J.S.; Murphy, B.P.; Tranel, P.J. Pest.
Manag. Sci. 2021, 255, 93-128.

8. Benbrook, C. M. Environ. Sci. Eur. 2012, 24, 1-13.

9. Williams, G. M.; Kroes, R.; Munro, I. C. Regul. Toxicol. Pharmacol. 2000, 31, 117-165.

10. Duke, S.O. Pest. Manag. Sci. 2018, 74, 1027-1034.

11. Zulet-Gonzalez, A.; Barco-Antonanzas, M.; Gil-Monreal, M.; Royuela, M.; Zabalza, A. Front. Plant.
Sci. 2020, 11, 459.

12. Heap, 1.; Duke, S. O. Pest. Manag. Sci. 2018, 74, 1040—1049.

13. Franke, A. A.; Li, X.; Shvetsov, Y. B.; Lai, J. F. Environ. Pollut. 2021, 277, 116848.

14. de Araujo-Ramos, A. T.; Passoni, M. T.; Romano, M. A.; Romano, R. M.; Martino-Andrade, A. J.
Front. Endocrinol. 2021, 12, 160.

15. Coullery, R. P.; Ferrari, M. E.; Rosso, S. B. Neurotoxicology. 2016, 52, 150-161.

16. Hashimoto, K.; Hammock, B. D. Proc. Natl. Acad. Sci. USA. 2021, 118.

17. Andreotti, G.; Koutros, S.; Hofmann, J. N.; Sandler, D. P.; Lubin, J. H.; Lynch, C. F.; Lerro, C. C.; De
Roos, A. J.; Parks, C. G.; Alavanja, M. C.; et al. J. Natl. Cancer Inst. 2018, 110, 509-516.

18. Chiesa, L. M.; Nobile, M.; Panseri, S.; Arioli, F. Food Addit. Contam. Part A Chem. Anal. Control
Expo. Risk Assess. 2019, 36, 592—-600.

224

Special issue: Celebrating Prof. Victor M. Loyola Vargas career


https://doi.org/10.1093/JXB/ERAB276
https://doi.org/10.1016/J.ENVPOL.2020.114372

Article J. Mex. Chem. Soc. 2023, 67(3)
Special Issue

©2023, Sociedad Quimica de México

ISSN-¢ 2594-0317

19. Chen, M. X.; Cao, Z. Y.; Jiang, Y.; Zhu, Z. W. J. Chromatogr. A. 2013, 1272, 90-99. DOI:
https://doi.org/10.1016/j.chroma.2012.11.069

20. Botero-Coy, A. M.; Ibafiez, M.; Sancho, J. V.; Hernandez, F. J. Chromatogr. A. 2013, 1313, 157-165.
DOI: https://doi.org/10.1016/j.chroma.2013.07.037

21. Alferness, P. L.; Wiebe, L. A. J AOAC Int. 2001, &84, 823-846. DOI:
https://doi.org/10.1093/jaoac/84.3.823

22. Manzano-Séanchez, L.; Martinez-Martinez, J. A.; Dominguez, 1.; Vidal, J. L. M.; Frenich, A. G.;
Romero-Gonzalez, R. Foods. 2020, 9. DOI: https://doi.org/10.3390/f00ds9050553

23.Hanke, I.; Singer, H.; Hollender, J. Anal. Bioanal. Chem. 2008, 391, 2265-2276. DOI:
https://doi.org/10.1007/s00216-008-2134-5

24. Ibaiiez, M.; Pozo, O. I; Sancho, J. V.; Lépez, F. J.; Hernandez, F. J. Chromatogr. A. 2005, 1081, 145—
155, DOI: https://doi.org/10.1016/j.chroma.2005.05.041

25. Kaczynski, P.; Lozowicka, B. Open Chem. 2015, 13, 1011-1019. DOI: https://doi.org/10.1515/chem-
2015-0107

26. Paravani, E. V.; Sasal, M. C.; Sione, S. M. J.; Gabioud, E. A.; Oszust, J. D.; Wilson, M. G.; Demonte,
L. D.; Repetti, M. R. Rev. Int. Contam. Ambiental. 2016, 32, 399-406. DOI:
https://doi.org/10.20937/RICA.2016.32.04.03

27. Druart, C.; Delhomme, O.; De Vaufleury, A.; Ntcho, E.; Millet, M. Anal Bioanal Chem 2011, 399,
1725-1732, doi:10.1007/s00216-010-4468-z.

28.Khrolenko, M. V.; Wieczorek, P. P. J Chromatogr. A. 2005, 1093, 111-117. DOL:
https://doi.org/10.1016/j.chroma.2005.07.062

29.Li, X.; Xu, J.; Jiang, Y.; Chen, L.; Xu, Y.; Pan, C. Acta Chromatogr. 2009, 21, 559-576. DOI:
https://doi.org/10.1556/AChrom.21.2009.4.4

30. Matozzo, V.; Fabrello, J.; Marin, M. G. J Mar. Sci. Eng. 2020, 8 DOI
https://doi.org/10.3390/IMSE8060399

31.Gill, J. P. K.; Sethi, N.; Mohan, A. Environ. Chem. Lett. 2017, 15, 85-100.

32. Jansons, M.; Pugajeva, 1.; Bartkevics, V.; Karkee, H. B. J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci. 2021, 1177. DOLI: https://doi.org/10.1016/j.jchromb.2021.122779

33. Bressan, 1. G.; Llesuy, S. F.; Rodriguez, C.; Ferloni, A.; Dawidowski, A. R.; Figar, S. B.; Giménez,
M. 1. J  Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2021, 1171. DOL:
https://doi.org/10.1016/j.jchromb.2021.122616

34. Babic, S.; Ivankovi¢, A.; Macan, J.; Astelan-macan, M. Agriculturae Conspectus Scientificus. 2005,
70,99-103.

35.Ggbura, K.; Wieczorek, P. P.; Poliwoda, A. Membranes (Basel). 2022, 12, DOI:
https://doi.org/10.3390/membranes12010020

36. Rodriguez-Gil, J. L.; Lissemore, L.; Solomon, K.; Hanson, M. Sci. Total Environ. 2016, 550, 449—
458. DOI: https://doi.org/10.1016/j.scitotenv.2016.01.140

37.Knaak, J. B. Reviews of Environmental Contamination and Toxicology Glyphosate; 1st ed.; Springer,
2021; Vol. 255; ISBN 978-3-030-68482-2.

38. Koskinen, W. C.; Marek, L. J.; Hall, K. E. Pest. Manag. Sci. 2016, 72, 423-432. DOI:
https://doi.org/10.1002/ps.4172

39. Wilkowska, A Biziuk, M. Food Chem. 2011, 125, 803-812. DOI:
https://doi.org/10.1016/j.foodchem.2010.09.094

40. Farajzadeh, M. A.; Abbaspour, M.; Kazemian, R.; Afshar Mogaddam, M. R. J. Sci. Food Agric. 2020,
100, 1904—-1912. DOI: https://doi.org/10.1002/jsfa.10200

225
Special issue: Celebrating Prof. Victor M. Loyola Vargas career


https://doi.org/10.1016/j.chroma.2012.11.069
https://doi.org/10.1016/j.chroma.2013.07.037
https://doi.org/10.1093/jaoac/84.3.823
https://doi.org/10.3390/foods9050553
https://doi.org/10.1007/s00216-008-2134-5
https://doi.org/10.1016/j.chroma.2005.05.041
https://doi.org/10.1515/chem-2015-0107
https://doi.org/10.1515/chem-2015-0107
https://doi.org/10.20937/RICA.2016.32.04.03
https://doi.org/10.1016/j.chroma.2005.07.062
https://doi.org/10.1556/AChrom.21.2009.4.4
https://doi.org/10.3390/JMSE8060399
https://doi.org/10.1016/j.jchromb.2021.122779
https://doi.org/10.1016/j.jchromb.2021.122616
https://doi.org/10.3390/membranes12010020
https://doi.org/10.1016/j.scitotenv.2016.01.140
https://doi.org/10.1002/ps.4172
https://doi.org/10.1016/j.foodchem.2010.09.094
https://doi.org/10.1002/jsfa.10200

Article J. Mex. Chem. Soc. 2023, 67(3)
Special Issue

©2023, Sociedad Quimica de México

ISSN-¢ 2594-0317

41. Farajzadeh, M. A.; Mohebbi, A.; Fouladvand, H.; Mogaddam, M. R. A. Microchem. J. 2020, 155.
DOI: https://doi.org/10.1016/j.microc.2020.104795

42. Pastor, S. J.; Castoro, J. A.; Wilkins, C. L. High-Mass Analysis Using Quadrupolar Excitation/ lon
Cooling in a Fourier Transform Mass Spectrometer; 1995; Vol. 67.

43. Schwartz, J. C.; Senko, M. W.; Syka, J. E. P. Focus: quadrupole ion traps a Two-Dimensional
Quadrupole lon Trap Mass Spectrometer; 2002.

44, Murray, K. K.; Boyd, R. K.; Eberlin, M. N.; John Langley, G.; Li, L.; Naito, Y. Pure Appl. Chem.
2013, 85, 1515-1609. DOI: https://doi.org/10.1351/PAC-REC-06-04-06

45. https://cem.com/, accessed in October 2022.

46. Cole-Parmer, https://www.coleparmer.com/i/cole-parmer-20-liter-ultrasonic-cleaner-with-digital-
timer-and-heat-230-vac/0889574, accessed in November 2022.

47. Thermo Scientific Dionex ASE 350 Accelerated Solvent Extractor Operator’s Manual. 2011; Vol.
065220.

48. Santilio, A.; Pompili, C.; Giambenedetti, A. J. Environ. Sci. Health B. 2019, 54, 205-210, DOI:
https://doi.org/10.1080/03601234.2018.1550306

49. Chamkasem, N.; Harmon, T. Anal. Bioanal. Chem. 2016, 408, 4995-5004. DOI:
https://doi.org/10.1007/s00216-016-9597-6

50. Trujillo, F. J.; Vélez, A.; Zamora, M. C.; Cedillo, J. G.; et al., SENASICA, 2022.

51. Gimsing, A. L.; Borggaard, O. K.; Jacobsen, O. S.; Aamand, J.; Serensen, J. Appl. Soil Ecol. 2004, 27,
233-242. DOI: https://doi.org/10.1016/j.aps0il.2004.05.007

52. Pesticide Detail | CODEXALIMENTARIUS FAO-WHO Available online: https://www.fao.org/fao-
who-codexalimentarius/codex-texts/dbs/pestres/pesticide-detail/en/?p_id=158, accessed on 22 March
2023.

53. Martins-Junior, H. A.; Lebre, D. T.; Wang, A. Y.; Pires, M. A. F.; Bustillos, O. V. Rapid Commun.
Mass Spectrom. 2009, 23, 1029—1034. DOI: https://doi.org/10.1002/rcm.3960

54. Nagatomi, Y.; Yoshioka, T.; Yanagisawa, M.; Uyama, A.; Mochizuki, N. Biosci. Biotechnol. Biochem.
2013, 77,2218-2221. DOI: https://doi.org/10.1271/bbb.130433

55. https://www.eurl-pesticides.eu, accessed in November 2022.

56. https://www.epa.gov/pesticide-registration/pesticide-registration-manual-chapter-6-amending-

registered-pesticide, accessed in November 2022.

57.Rosales, E.; Ricardo, R.; de La Cruz, S. INIFAP 2006, 1-39.

58. Granby, K.; Johannesen, S.; Vahl, M. Food Addit. Contam. 2003, 20, 692-698. DOI:
https://doi.org/10.1080/0265203031000109477

226
Special issue: Celebrating Prof. Victor M. Loyola Vargas career


https://doi.org/10.1016/j.microc.2020.104795
https://doi.org/10.1351/PAC-REC-06-04-06
https://cem.com/
https://www.coleparmer.com/i/cole-parmer-20-liter-ultrasonic-cleaner-with-digital-timer-and-heat-230-vac/0889574
https://www.coleparmer.com/i/cole-parmer-20-liter-ultrasonic-cleaner-with-digital-timer-and-heat-230-vac/0889574
https://doi.org/10.1080/03601234.2018.1550306
https://doi.org/10.1007/s00216-016-9597-6
https://doi.org/10.1016/j.apsoil.2004.05.007
https://www.fao.org/fao-who-codexalimentarius/codex-texts/dbs/pestres/pesticide-detail/en/?p_id=158
https://www.fao.org/fao-who-codexalimentarius/codex-texts/dbs/pestres/pesticide-detail/en/?p_id=158
https://doi.org/10.1002/rcm.3960
https://doi.org/10.1271/bbb.130433
https://www.eurl-pesticides.eu/
https://www.epa.gov/pesticide-registration/pesticide-registration-manual-chapter-6-amending-registered-pesticide
https://www.epa.gov/pesticide-registration/pesticide-registration-manual-chapter-6-amending-registered-pesticide
https://doi.org/10.1080/0265203031000109477

	The constant need for high-quality foods and related raw materials has put substantial pressure on agriculture to increase the yield of essential crops like soybean, rice, cotton, wheat, and corn. It is expected that by 2050 the need for food will dou...
	Glyphosate (n-phosphonomethyl-glycine), registered as a pesticide by Monsanto Company in 1974, is the most successful and widely used herbicide worldwide, and it has been detected in fresh and processed food and human fluids[3]. The golden age of glyp...
	The main concern about the massive use of glyphosate is its potentially detrimental effect on human health. This raises the need to establish reliable and robust analytical approaches to survey glyphosate, which can persist for several months in soil,...
	The coupling of a mass spectrometry detector to a chromatographic separation system allows solving efficiently the problems of identification and quantification of metabolites. Mass spectrometry is used to identify unknown compounds and quantify known...
	Given the aforementioned gaps, we evaluated different extraction protocols for glyphosate recovery, including ultrasonication, ASE, and the energized dispersive guided extraction (EDGE) approaches. Our extracts from corn flour were analyzed with a dMR...
	Experimental
	Material and methods
	Chemicals and standards
	Glyphosate-2-13C (PubChem ID 329759134, molecular weight 170.07) and aminomethylphosphonic acid (AMPA, PubChem ID 24859469, molecular weight 111.04), PESTANAL analytical standards (purity > 98.0 %) were purchased from Sigma-Aldrich (St. Louise, MO, US...
	Preparation of standards
	Glyphosate-2-13C and AMPA standard stock solutions were prepared at a concentration of 1 mg/mL in water LC/MS grade and stored at 4  C in dark conditions until their use. The standard stock solutions for the calibration curve for glyphosate-2-13C and ...
	Glyphosate extraction systems
	Three different extraction protocols were evaluated using in two cases completely automated instruments (for details see Fig.1), an Accelerated Solvent System (ASE 350, Dionex Corporation, Thermo-Scientific, Sunnyvale, California, USA), an automated E...
	Fig. 1. Flowchart summarizing the extraction methods evaluated (ASE, EDGE and ultrasonication).
	For EDGE, samples were placed in the extraction cell. G1 (glass fibre, 0.3 µm) and C9 (cellulose, 40 µm) filters were used in a stacked C9+G1+C9 configuration for extraction. Methanol/water (20:80 and 50:50) with 1 % (v/v) formic acid was used as the ...
	Fortified sample preparation
	The glyphosate-2-13C internal standard was added to corn flour (Maseca™, purchased from the local market) samples (300 mg) and homogenized to obtain fortified samples. The 20:80 methanol/water + 1 % FA samples were fortified with 34 µg of glyphosate-2...
	Analysis by UPLC-MS-QqQ
	An Ultra-High Performance Liquid Chromatography Agilent 1290 (Agilent Technologies Santa Clara, California, USA) coupled with a triple quadrupole mass spectrometer (Agilent 6460; Serial# SG13369040-UPLC-MS-QqQ) with a dynamic multiple reaction monitor...
	Validation method of glyphosate-2-13C determination and quantification.
	The validation of the method was carried out following the method validation guide for the analysis of pesticides issued by the Center of the National Reference for Pesticides and Contaminants issued by the National Service of Health and Food Quality ...
	For quantification, it was made calibration curves for glyphosate-2-13C and AMPA with 14 concentration points (0.1, 0.2, 0.4, 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 µM). The limit of detection (LOD) was determined as the minimum concentration of the an...
	Where RM = Recovered mass (in µg) and IM = Initial mass (in µg).
	The precision of the method was validated by considering the repeatability and reproducibility. Repeatability is the proximity of the results obtained with the analytical method under similar working conditions (e.g., same analyst, same instrument in ...
	Statistics
	We used a one-way analysis of variance (One Way-ANOVA) to determine whether there were statistically significant differences between the means of the recovery percentage among the extraction systems and solvents (methanol/water + 1% FA at 20:80 versus...
	Results
	Optimal parameters for multiple reaction monitoring determinations
	Four different transitions and three collision energies were evaluated for optimal glyphosate detection, and three different transitions and a single voltage were evaluated for AMPA as well. We carried out our spectrometric analyses in positive and ne...
	Fig. 2. Representative chromatograms and mass spectra of glyphosate (A, B) and AMPA (C, D) at 20 µM.
	Standard calibration curves for glyphosate-2-13C.
	We used 14 different concentration points to build calibration curves for glyphosate-2-13C and AMPA in a concentration range of 0.1–20 µM. The coefficients of determination for those curves were 0.99763831 and 0.99806048 for glyphosate-2-13C and AMPA,...
	Fig. 3. Calibration curves for glyphosate (A) and AMPA (B) in a concentration range of 0.1–20 µM. Numbers in purple along the trend line specify the percent accuracy at each point.
	Table 1. Determination for Limit of detection (LOD) for glyphosate -2-13C, and AMPA.
	Table 2. Determination for the limit of quantification (LOQ) for glyphosate -2-13C, and AMPA.
	Validation and selectivity of glyphosate-2-13C and AMPA detection
	Method selectivity addresses the method’s ability to quantify the substance of interest in the presence of other components with analogous behavior under specific assay conditions. This parameter, along with the specificity, allows us to establish the...
	Fig. 4. Selectivity and specificity of the glyphosate quantification method in corn flour. Chromatograms of glyphosate (A, B, and C) and AMPA (D) in samples fortified with glyphosate (A) and non-fortified with glyphosate (B) and fortified with AMPA (C...
	To validate the repeatability of the method, three serial glyphosate determinations were made in fortified samples on the same day (Table 3), obtaining standard deviations of 0.1961 and 0.2372 µM for glyphosate-2-13C and AMPA quantifications, respecti...
	Table 3. Repeatability of glyphosate -2-13C and AMPA determinations.
	Table 4. Reproducibility of glyphosate -2-13C determinations.
	Glyphosate-2-13C extraction protocol
	In this work, the recovery percentage varied from 41.65 % to 109.19 % (Table 5). In all cases, the methanol-water mixture in a 20:80 ratio, acidified with 1 % of FA exhibited the highest recovery percentages (Table 5). The extraction with ASE and ultr...
	Table 5. The recovery percentage of glyphosate with three different extraction methods and different solvent proportions.
	The highest recovery percentages are shown in bold (ASE n=3, EDGE n=3, and Ultrasonication n=4). *Formic acid (0.1 %) was added to the solvent. Different superscript letters among concentration values denote statistically significant differences (P < ...
	Table 6. Time invested in each extraction system workflow for 12 samples.
	*Cells are used by ASE and Q-cup for EDGE.
	Discussion
	The development of methods to detect and quantify glyphosate in different food-related matrices are necessary to safeguard human health from the harmful effects of this pesticide. The main challenge for the detection and quantification of glyphosate i...
	In studies on pesticide detection, different columns have been used (including anion exchange, HILIC, etc.) and each one works for a specific condition [19,20,49,53]. However, considering that most of the reported glyphosate and AMPA assays are perfor...
	The ASE and ultrasonication methods provided high percentages of glyphosate recovery. The major advantage of ASE extraction over the ultrasonication method is its reliability and process automatization, which enables several continuous extractions and...
	Druart and collaborators included the evaluation of three extraction systems such as ASE, ultrasonication, and agitation (magnetic stirring, using an agitation from 1 to 15 hours) for glyphosate, AMPA, and glufosinate, using a derivatization step [27]...
	We also evaluated the glyphosate extraction efficiency with the automated EDGE system. The conditions used in the equipment were adapted according to the available literature from pesticide extraction application notes [45]. This system has exhibited ...
	Table 7. The recovery percentage of glyphosate and AMPA reported using different extraction systems, solvents, and matrices.
	Conclusions
	We compared different extraction protocols and developed a dMRM method for glyphosate quantification in fortified corn flour samples without derivation steps or column regeneration. This provides a rapid method by combining the advantages of using ult...
	Acknowledgements
	We greatly appreciate Instrumentos y Equipos Falcon S.A. de C.V. división analítica, for the training and accessibility to the EDGE platform and consumables for our study. Our research was funded by a grant awarded to E. R-M from the Consejo Nacional ...

