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Carmela Maria Montone *, Enrico Taglioni , Anna Laura Capriotti
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H I G H L I G H T S

• Automated online extraction of polar and non-polar pesticides from beer.
• Validation of online extraction from beer followed by HPLC-MS/MS analysis.
• Polar and non-polar pesticides analyzed by reversed-phase HPLC single run.
• Glyphosate, AMPA, glufosinate were analyzed with non-polar pesticides.
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A B S T R A C T

Background: Multi-residue methods for pesticide analysis in food are available for many compounds, but polar 
pesticides are not generally included due to their specific properties, which include high polarity and low mo
lecular weight. Single residue methods are therefore needed for sample preparation, while chromatographic 
separation often requires derivatization, ion paring, or dedicated methods suitable for polar compounds, mostly 
ion chromatography and hydrophilic interaction liquid chromatography (HILIC). These challenges affect the 
important pesticide glyphosate and the related compounds aminomethylphosphonic acid (AMPA) and glufosi
nate. There are only a few methods including these compounds in large-scale analysis, mostly complex methods 
based on multidimensional chromatography.
Results: A new method, for the global online extraction and analysis of pesticides in beer was developed and 
validated. The method exploited an online trapping device, with reversed-phase (RP) and anion exchange 
properties, that can trap small molecules from liquid samples. The ion exchange mechanism was used to retain 
the very polar pesticides glyphosate, AMPA, and glufosinate. The hydrophobic properties of the trapping column 
were also exploited to trap pesticides suitable for multi-residue investigations. The chromatographic separation 
was optimized by comparison of HILIC and RP C30, which could separate pesticides, including the polar ones, 
with modulation by the trapping column after proper selection of the mobile phase composition and basic 
modifier. The validation for beer provided recoveries in the range 71–112 %, with <15 % RSD, and LOD and 
LOQ values of 0.02–1 and 0.3–3 μg L− 1, respectively. The result was competitive with previous methods on polar 
pesticide analysis in beer.
Significance: The method was validated for 15 pesticides, over the log Kow range from − 4.4 to 4.5, using a 
methodology with single and fast chromatographic separation under conditions compatible with multi-residue 
analysis by RP-LC-MS/MS. In the case of beer, for which the method was validated, the sample preparation 
was also performed online, after simple degassing, and sample dilution.

1. Introduction

Glyphosate (GLY) is the most-used herbicide worldwide in the 

history of agriculture due to the introduction of genetically modified 
GLY-resistant crops. The metabolite aminomethylphosphonic acid 
(AMPA) is also of concern due to its long-term contamination of 
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sediments, surface water, and groundwater and potential health prob
lems for people and the environment [1]. In 2015, the International 
Agency for Research on Cancer (IARC) classified GLY as a probable 
human carcinogen (Group 2A) [1,2]. Nonetheless, the US Environ
mental Protection Agency and the European Food Safety Authority have 
not found significant evidence linking GLY to human cancer [3,4].

For the extraction of GLY and AMPA in environmental, plant, food, 
and human samples, solid-phase extraction (SPE) is mostly employed 
with cation and anion exchange sorbents or mixed-mode sorbents [5]. In 
addition, reversed-phase (RP) sorbents, immobilized metal affinity 
chromatography, metal oxides, and molecularly imprinted polymers 
have also found significant applications [5]. When RP sorbents are used, 
derivatization is often required to improve retention [5]. Specifically in 
food, common multi-residue methods, such as QuEChERS (quick, easy, 
cheap, effective, rugged, and safe), are not applicable. Indeed, polar 
pesticide analysis requires specific single-residue methods, such as the 
Quick Polar Pesticides Method (QuPPe), which is used for food of plant 
and animal origin and honey [6]. The inclusion of GLY and related 
compounds in the few multiclass methods developed for other acidic 
pesticide classes was also generally not achieved [7,8], except in a report 
analyzing ionic and acidic pesticides, including GLY, where QuPPe was 
used for oat and beer extraction [9].

Derivatization is necessary for GC analysis due to the zwitterionic 
nature, high polarity, and poor volatility of GLY and AMPA [5,10]. 
Moreover, due to their physicochemical properties, polar pesticides are 
not retained by classical RP C18 or C8 columns used in the multi-residue 
analysis [11,12]. On LC platforms, derivatization can be used to improve 
the detector sensitivity and chromatographic retention [5,10]. However, 
these approaches need extensive sample preparation, introduce isobaric 
interferences, and can dirty the instrument, thus providing signal sup
pression and sensitivity reduction [12]. Therefore, ion chromatography 
(IC), hydrophilic interaction liquid chromatography (HILIC), hydro
philic/weak exchange, RP/weak exchange mixed-mode chromatog
raphy, and porous graphitic carbon (PGC) are used for direct separation 
and detection methods in LC-MS [12–14]. However, IC and HILIC have 
the drawbacks of retention time-shifts, matrix effects, and high dilution 
factors and may need specific instrumentation instead of standard LC 
instrumentation [12,15]. HILIC is less common in multi-residue 
methods, compared to RP C18 columns, for the analysis of contami
nants in foodstuffs, with limited exceptions [16]. A wider polarity range 
can be covered using orthogonal multidimensional chromatographic 
strategies. For instance, a combination of HILIC and RP-LC, employing 
the heart-cutting methodology on the void fraction from the first 
dimension, was used for the analysis of 20 pesticides with log Kow from 
− 3.2 to 4.3, except GLY, AMPA, and GLUFO. The method was not fully 
validated, although a representative application to tomato was reported 
[17]. A previous concept report, which also exploited 2D-LC-MS/MS for 
analysis, described the HILIC-RP-LC separation of 325 QuEChERS 
amenable compounds and 9 polar pesticides, including GLY and me
tabolites, but no samples were analyzed using this method [18]. The 
injection of two sample aliquots simultaneously on two orthogonal 
separation columns was also described for the analysis of 41 multiclass 
pesticides over log Kow from − 4 to +5.5 with application to leek [19].

Among the foodstuffs that suffer from pesticide contamination, beer 
is not an exception. Pesticide residues in beer come from barley [20,21] 
and hop [22,23] (mostly sulfonyl urea, pyrethroids, and triazoles), soil 
contamination, and water used for beer production [24]. From a survey 
of the fate of 368 pesticides during beer brewing, hydrophilic pesticides 
were found to be more persistent [25]. For the extraction of GLY and 
polar pesticides, single residue methods are used [9,26], while ion ex
change chromatography [9] and capillary electrophoresis [27] were 
used for analysis. Derivatization by nitrosation was also described, 
coupled with anion-exchange chromatography and chemiluminescence 
determination [28].

It is desirable to develop new comprehensive methods for both polar 
and non-polar pesticide analysis to improve the throughput and reduce 

time and costs while reducing the environmental impact, especially 
when high energy-consuming techniques are employed. In this work, a 
new mixed-mode sorbent based on poly (propargyl amine) polymer was 
exploited for the global retention of pesticides commonly found in beer. 
The sorbent, which was already proven good for the retention of 
β-estradiol from serum samples by RP mechanism [29], was used for 
extraction and clean-up of non-polar pesticides. Simultaneously, the 
presence of tertiary amine moieties further allowed for an anion ex
change mechanism, which we envisioned would elegantly suit the 
retention of polar pesticides, especially GLY. The method was validated 
for the analysis of 15 pesticides in beer, which was chosen as a repre
sentative matrix to demonstrate the scope of analyte trapping and 
clean-up without dedicated sample extraction.

2. Material and methods

2.1. Chemicals and reagents

Pure standards of GLY, AMPA, glufosinate-ammonium (GLUFO), 
trifloxystrobin (TRIFLO), fluopyram (FLUOPY), pyraclostrobin (PYRA), 
fluxapyroxad (FLUXA), malathion (MELA), tebuconazole (TEBU), 
pirimiphos-methyl (PIRI), thiamethoxam (THIA), myclobutanil 
(MYCLO), imidacloprid (IMIDA), atrazine (ATRA), and diflubenzuron 
(DIFLU) were purchased from Merck Life Science (Darmstadt, Ger
many). The list of chemicals and the related information is provided in 
Table S1. Stock solutions were prepared at 1 mg mL− 1 in acetonitrile, 
except GLY, AMPA, and GLUFO, for which water was used; working 
solutions were prepared in water/acetonitrile, 90:10 (v/v) every month 
to prevent degradation, stored at 4 ◦C, and brought to room temperature 
before use.

2.2. Preparation and characterization of the poly (propargyl amine) 
monolithic trapping column

The online monolithic trapping column was prepared as described 
previously [29]. Briefly, the monolith was prepared inside an activated 
PEEK-sil tubing (150 × 0.530 mm I.D., 1.59 mm × O.D.) by a one-pot 
multicomponent reaction of 1,4-bis(aminomethyl)-benzene (0.10 
mmol), benzene-1,4-diboronic acid (0.10 mmol), 3-(p-tolyl)propiolic 
acid (0.2 mmol), and formaldehyde (0.4 mmol) in 0.5 mL of dichloro
ethane at 90 ◦C to produce a covalently bonded poly (propargyl amine) 
polymer (Fig. 1a and S1). The presence of several aromatic rings and 
tertiary amine groups allows the polymer to be used both as RP and 
anion exchange material, as described in the following sections. To 
assess the reproducible preparation of the trapping devices, they were 
characterized using scanning electron microscopy (SEM) for morpho
logical analysis and Fourier transform infrared (FT-IR) spectroscopy for 
chemical derivatization analysis. High-resolution SEM images were 
obtained after gold coating using FEG SEM Zeiss Gemini 460; FT-IR 
spectra were obtained on an IR spectrophotometer Nicolet iS50 
coupled with a Nicolet Continuum FT-IR microscope (Thermo Scientific) 
with diamond cell and acquiring 40 spectra in the range 4000–650 
cm− 1, with a spatial resolution of 8 cm− 1. Background spectra were 
subtracted for each measure.

Adsorption experiments were used to investigate the interaction of 
the stationary phase with GLY, which was used as a representative 
molecule for the ion exchange interaction, by application of the Lang
muir, Freundlich, and Scatchards models [30,31]. Details are provided 
in the Electronic Supplementary Material (1. Adsorption experiments).

2.3. Optimization of the sample preparation method

The extraction program for polar and non-polar pesticides in beer 
was optimized based on previous work with some modifications [29]. 
The monolithic trapping column was placed inside an Ultimate 3000 
UHPLC autosampler (Thermo Fisher Scientific, Milan, Italy) equipped 
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with a degasser, a thermostatted column compartment, a 100 μL injec
tion loop, and a programmable 6-port Rheodyne switching valve.

The optimization of the trapping conditions was performed using 
100 μL of a mix solution of GLY, AMPA, and GLUFO at 4 ng mL− 1. The 
sample was loaded using an offline syringe pump at 50 μL min− 1. 
Loading was tested in 0.1 % (v/v) acetic acid or 0.5 % (v/v) NH4OH. The 
flow-through was dried down in a speed-vac system (Speed-Vac SC250 
Express, Thermo Savant, Holbrook, NY, USA) and reconstituted in 100 
μL of water/acetonitrile (80:20, v/v). The analysis provided the amount 
of GLY, AMPA, and GLUFO that were not retained on the trapping col
umn during the loading step. The samples were analyzed by LC-MS/MS 
using an iHILIC®-Fusion UHPLC Column, SS (100 × 2.1 mm i.d., 1.8 μm 
particle size, Hilicon, Umeå, Sweden) with an iHILIC-Fusion Guard 
Column, SS, (20 × 2.1 mm, 1.8 μm particle size). Mobile phase A was 
acetonitrile with 0.2 % (v/v) formic acid; mobile phase B was water with 
100 mmol L− 1 ammonium formate and 0.2 % (v/v) formic acid. The 
following gradient was used for analysis: t0, B = 3 %; t3, B = 3 %; t5, B 
= 80 %; t8, B = 80 %; t10, B = 3 %; equilibration for 2 min at 3 % phase 
B. The HESI source was operated in switching polarity mode with a 
spray voltage of±4 kV. The vaporizer temperature was 300 ◦C; the 
capillary temperature was 275 ◦C. The gas pressures were set to 45 
(arbitrary units) for sheath gas, 0 for ion sweep gas, and 4 for auxiliary 
gas. The analytes were detected by multiple reaction monitoring (MRM) 
using three selected transitions, according to the details reported in 
Table S2.

The elution, washing steps after analyte trapping, the draw and 
dispense speed, and the mobile phase flow rate were studied using the 

autosampler equipped with the trapping column and GLY, AMPA, and 
GLUFO mix solutions at three concentration levels (4, 10, 20 ng mL− 1) in 
0.1 % (v/v) acetic acid. The elution was studied using the mobile phase 
as the eluent. The following compositions and mobile phase matchings 
were tested: a) acetonitrile with 0.2 % (v/v) formic acid (phase A) and 
water with 100 mmol L− 1 ammonium formate and 0.2 % (v/v) formic 
acid (phase B); b) acetonitrile (phase A) and water with 0.1 % (v/v) 
NH4OH (phase B); c) acetonitrile with 0.2 % (v/v) formic acid (phase A) 
and water with 100 mmol L− 1 ammonium formate (phase B). The 
optimization of the washing conditions after analyte trapping was 
studied using 100 μL of: a) water; b) acetonitrile; c) 2 steps with water; 
or d) 2 steps with acetonitrile. Finally, the draw and dispense speed, and 
the mobile phase flow rate were investigated at 0.1, 0.2, 0.3, 0.5, and 1.2 
min− 1. Recoveries were calculated on three experimental replicates with 
three technical replicates.

2.4. Optimized online sample preparation program

Under the optimized protocol, the trapping column was first acti
vated and conditioned, setting the valve to the load position (6–1). One 
hundred μL of Reagent A (acetonitrile) was passed through the trapping 
column and discarded twice (Fig. 1a). The same procedure was then 
repeated with Reagent B (water with 0.1 % acetic acid) for conditioning. 
Then, 100 μL of the sample was loaded and discarded (Fig. 1b). The 
trapping column was then washed with 100 μL of water (Fig. 1c), then 
the valve was switched to the inject position (1–2), and the mobile phase 
was used for elution (Fig. 1d). The valve and autosampler were operated 

Fig. 1. Graphical representation of the method used in the autosampler program for automated use of the monolithic trapping column. a) Activation of the trapping 
column; b) loading of sample onto the trapping column; c) washing step for analyte clean-up; d) elution of the analytes from the trapping column by the mobile phase 
and analyte separation.
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according to the steps graphically displayed in Fig. 1.

2.5. UHPLC separation and MS/MS method

In the final conditions, the samples were analyzed by UHPLC–MS/ 
MS using an Ultimate 3000 binary pump (Thermo Fisher Scientific in 
Bremen, Germany) and a triple quadrupole mass spectrometer (TSQ 
Vantage EMR, Thermo Fisher Scientific, Bremen, Germany) connected 
via a heated electrospray ionization source (HESI). Xcalibur software, 
version 2.2 (Thermo Fisher Scientific, Bremen, Germany) was employed 
to manage, acquire, and process LC–MS data. Samples were injected 
using the program described previously with the trapping column con
nected after the loop. Analyte separation was performed using an 
Accucore C30 column (2.1 × 150 mm, particle size 2.6 μm, Thermo 
Scientific) equipped with an Accucore C30 precolumn (2.1 × 4 mm, 
particle size 5 μm, Thermo Scientific) at 45 ◦C and 0.3 mL min− 1 flow 
rate. The mobile phase A was water with 0.025 % (v/v) NH4OH (pH 8); 
mobile phase B was acetonitrile. The following gradient was used (t in 
min): t0, B = 0 %; t4, B = 0 %; t8, B = 100 %; t12, B = 100 %; t13, B = 0 
%; t16, B = 0 %. The HESI source was operated in switching polarity 
mode with a spray voltage of±4 kV. The vaporizer temperature was 
350 ◦C; the capillary temperature was 270 ◦C. The gas pressures were set 
to 50 (arbitrary units) for sheath gas, 0 for ion sweep gas, and 30 for 
auxiliary gas. The analytes were detected by multiple reaction moni
toring (MRM) using three selected transitions, according to the details 
reported in Table S2.

2.6. Beer samples

Beer samples were degassed by placing them in an ultrasonic bath for 
15 min. Then, an aliquot of 1 mL of sample was used for analysis. If the 
ethanol content in the beer was >5 %, the sample was diluted with 
UHPLC-MS water to reach 4 % ethanol content. Finally, the sample pH 
was adjusted to 3–4 with acetic acid, then it was filtered through 
Acrodisc 13 mm minispike 0.2 μm GHP membranes (Pall Corporation, 
Puerto Rico) and placed in autosampler vials. For method development, 
the samples were spiked at the appropriate concentration before placing 
them in the autosampler vials for injection. Six beer brands were pur
chased at a local supermarket for the application of the developed 
method. The types included two brands of Pilsner, four Lager, and one 
Weiss (Table S3).

2.7. Method validation

The optimized method was validated for the analysis of 15 pesticides 
in beer, according to FDA guidelines [32]. The recovery (RE, %), matrix 
effect (ME, %), precision, linear dynamic range, and the limit of detec
tion and quantification (LOD and LOQ) were used for validation, and 
matrix effect was evaluated for further performance investigation.

Recovery of pesticides from spiked beer samples was calculated at 
three concentration levels (c1: 3 μg L− 1; c2: 10 μg L− 1, c3: 100 μg L− 1 for 
GLY, AMPA, and GLUFO, and at c1: 0.3 μg L− 1; c2: 1 μg L− 1, c3: 10 μg L− 1 

for all other analytes) by comparing the areas according to Equation (1). 

RE=
AreaS1 − AreaS0

Area S2
× 100 Eqn. 1 

S1 is the beer sample spiked before injection with the trapping col
umn inserted in the autosampler, S0 is the beer sample without spiking 
(endogenous amount), and S2 is the spiked neat solvent analyzed by 
direct injection without the trapping column.

The ME was calculated at three concentration levels (c1: 3 μg L− 1; c2: 
10 μg L− 1, c3: 100 μg L− 1 for GLY, AMPA, and GLUFO, and at c1: 0.3 μg 
L− 1; c2: 1 μg L− 1, c3: 10 μg L− 1 for all other analytes) by comparing areas 
according to Equation (2). 

ME=
AreaS1 − AreaS0

Area S3
× 100 Eqn. 2 

S3 is the spiked neat solvent injected using the setup with the trap
ping column.

Calibration curves were prepared in beer by adding a known amount 
of analytes in the range of 3–100 μg L− 1 for GLY, AMPA, and GLUFO and 
in the range of 0.3–10 μg L− 1 for all other analytes. All samples were 
analyzed in triplicate, and the results were averaged.

Six replicate extractions and recovery analysis were performed 
within a day to calculate intra-day precision as relative standard devi
ation (RSD, %). Analyses were repeated in the following 5 days to 
evaluate the inter-day precision.

LOD was evaluated by analyzing different concentrations and 
determining the minimum concentration that produced a signal-to-noise 
ratio (S/N) ≥3. This LOD value was experimentally determined and not 
simply calculated by the S/N ratio due to the very low noise level of 
MRM transitions [33]. The LOQ was set at the lowest limit of the linear 
dynamic range.

3. Results and discussion

3.1. Characterization of the poly (propargyl amine) monolith and static 
binding under ion-exchange mechanism

The monolith was prepared inside PEEK-sil tubing. The tubing was 
15 cm long, and the length of the tubing was not optimized. The tubing is 
commercially available and it cannot be cut, but it has the advantage of 
being easily modifiable on the inside by activation of the silica lining and 
functionalization, which in this study was achieved by the multicom
ponent reaction. The monolith was characterized by the presence of 
several aromatic rings, a C ––– C, tertiary amine moieties, and methyl 
moieties according to the picture provided in Fig. S1. To ensure that the 
preparation of the monolithic trapping device was reproducible in a new 
batch, the material was characterized by FT-IR analysis (Fig. S2) to 
check for signals associated with the structure of the product and assess 
the absence of signals associated with the reagents. The weak signal of 
the C ––– C stretching (2212 cm− 1) was observed, according to a previous 
report [29]. No signal for the B–O stretching and O–H in-plane bending 
(1032 and 1002 cm− 1, respectively) was observed, which confirmed the 
reaction of the borane reagent; the same applied to the signals associated 
with the N–H moiety, indicating the reaction proceeded as expected. The 
spectra acquired had the same pattern as in our previous work [29], 
especially in the fingerprint region, which was indicative of the suc
cessful preparation of the material. Spectra included the signals of aro
matics C–H (stretch at 3200 cm− 1 and 3028 cm− 1) and of aromatics C–C 
(stretch at 1510 cm− 1), alkyne C–H stretch (3376 cm− 1) and C ––– C 
stretch (2212 cm− 1), alkane C–H stretch (2920 cm− 1) and bending 
(1400 cm− 1), and signals associated with the C–N stretch (1112 cm− 1). 
The SEM images showed a thin layer of monolith inside the PEEK-sil 
tubing, according to our previous report (Fig. S3) [29]. The character
ization confirmed the successful preparation of the trapping column.

The static adsorption of GLY was studied as a representative example 
of interaction by anion exchange mechanism on the trapping device. 
GLY solutions were loaded using the optimized method, as explained in 
our previous work [29] and Electronic Supplementary Material (section 
1). The results are summarized in Fig. 2 and Table 1.

The Langmuir fitting exhibited a better correlation than the 
Freundlich one (R2 of 1.0 vs 0.59), suggesting a sorption mechanism 
involving interaction in a monolayer with uniform active sites rather 
than a multilayer with heterogeneous active sites. The Scatchard model 
also showed a good fit (R2 0.98). It was consistent with the results 
previously described for the RP interaction [29] and indicated that the 
binding sites were very similar but not identical. The fitting provided 
values for KD from the slope and QMax from the intercepts. The values of 
QMax extracted by applying the Langmuir and Scatchard models were 
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consistent and indicated that the total amount of adsorbed analyte on 
the developed monolithic column was approx. 1.6 μg for a 15 cm long 
tubing. This value was significantly larger than the one obtained for 
β-estradiol [29]. The loading amount of polar analytes by ion exchange 
mechanism was compatible with the specific application to GLY, AMPA, 
and GLUFO analysis in beer, where the linearity was explored up to 10 

ng of the total amount of polar analytes.

3.2. Method development

3.2.1. Optimization of the online extraction and clean-up of polar pesticides
The trapping conditions were studied in detail for GLY, AMPA, and 

GLUFO (Fig. 3). The loading on the trapping column was investigated 
considering the effect of pH from a water mixture to exploit the ion 
exchange properties of the sorbent (details on the conditions are re
ported in section 2.3). The loading in 0.1 % acetic acid was far better 
than the one in 0.5 % ammonia solution, with residual analyte amounts 
between 1 and 6% in the former case and 70–90 % in the latter one 
(Fig. 3a). Loading under acidic conditions improved the binding by 
activation of the amine moieties of the stationary phase by protonation 
and subsequent interaction with the negatively charged phosphonate 
moiety of the analytes. At the same time, the experiments indicated that 
analyte binding was inhibited under basic pH values.

The elution was studied using the online setup and three mobile 
phase compositions (details are reported in section 2.3). The best re
covery was achieved using condition c, namely acetonitrile with 0.2 % 
(v/v) formic acid (phase A) and water with 100 mmol L− 1 ammonium 
formate (phase B, Fig. 3b). The mobile phase was used for elution from 
the trapping column and analyte separation on the iHILIC column; 

Fig. 2. a) binding of GLY to the trapping column to saturation; fitting of static binding data by the b) Langmuir, c) Freundlich, or d) Scatchard models.

Table 1 
Parameters calculated by fitting the experimental 
data using the Langmuir, Freundlich, and Scatchard 
models.

Langmuir isotherm

QMax (μg cm− 1) 0.11
KL (mL μg− 1) 1.2
R2 1.0
Freundlich isotherm
KF (mL cm− 1) 0.04
n 2.2
R2 0.59
Scatchard
KD 0.85
R2 0.98
QMax 0.11
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therefore, a compromise was necessary. Acetonitrile was needed to 
allow retention on the iHILIC column and, consequently, analyte sepa
ration before MS detection; ammonium formate was used to elute the 
analytes, which in this optimization included only the polar GLY, AMPA, 
and GLUFO compounds retained on the trapping column by anion ex
change mechanism.

Next, a washing step was considered for analyte clean-up (section 
2.3). Recoveries were >95 % using a single wash with water and 
decreased to 76–82 % when two washing steps were used. Similarly, in 
acetonitrile, a single washing step did not affect the recovery (87–95 %), 
but two steps decreased it significantly (79–85 %, Fig. 3c). The re
coveries for GLY, GLUFO, and AMPA were almost quantitative also 
without any washing, with a performance compatible with the single 
washing with water. Nonetheless, a single washing step with water was 
chosen as the best condition to prevent unwanted components from the 
much more complex beer matrix from reaching the column and MS 
instrumentation.

Finally, the effect of the draw speed and dispense speed for loading 
and washing was evaluated, along with the effect of the mobile phase 

flow rate for elution (section 2.3). The recoveries were >95 % for mobile 
phase flow rates <0.3 mL min− 1. Higher flow rates were not compatible 
with the trapping column due to excess back pressure that would cause 
the disconnection of the trapping column. The flow rate of 0.3 mL min− 1 

was chosen to reduce the run time (Fig. 3d). The dispense speed had no 
significant effect on the recovery (>98 % for all conditions). It was set to 
0.15 mL min− 1. The draw speed was the most important factor, as it 
affected the contact between the sample and the stationary phase during 
the loading. The recovery was good for speeds <0.3 mL min− 1, whereas 
all other conditions provided unacceptable recoveries <60 %. The best 
condition was found at 0.15 mL min− 1.

3.2.2. Extension of the trapping conditions to non-polar pesticides and 
optimization of the chromatographic conditions for global analysis of 
pesticides

The RP mechanism was expected to be the main interaction type for 
the non-polar pesticides, according to what was previously demon
strated for β-estradiol [29]. As such, the loading from the 0.1 % acetic 
acid solution was expected to be compatible with the retention of the 

Fig. 3. Results of the optimization of GLY, AMPA, and GLUFO trapping conditions on the monolithic trapping column. Optimization described for a) loading using 
acid (0.1 % acetic acid) or basic (0.5 % ammonia) water; b) elution using the mobile phase pairs of A) acetonitrile with 0.2 % formic acid and water with 100 mmol 
L− 1 ammonium formate and 0.2 % formic acid; B) acetonitrile and water with 0.1 % ammonia; C) acetonitrile with 0.2 % formic acid and water with 100 mmol L− 1 

ammonium formate; c) test with no washing step or single (100 μL) or double (200 μL) washing with either water or acetonitrile; d) effect of the mobile phase flow 
rate, draw and dispense speeds.
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non-polar pesticides. HILIC was initially employed during the optimi
zation of the trapping conditions, but it was found unsuitable for the 
other pesticides included in the study. HILIC employs an 
acetonitrile-rich mobile phase at the start of the gradient, which would 
disrupt the hydrophobic interaction between most pesticides and the 
trapping column. Consequently, non-polar pesticides eluted at the 
beginning of the gradient, close to the dead volume with no good sep
aration between them. The result agreed with the published literature, 
as it is one drawback limiting the development of global methods for 

simultaneous analysis of polar and non-polar pesticides [17]. The end of 
the gradient, which had a mobile phase rich in water with the basic 
modifier, allowed the elution of the compounds retained by the ion 
exchange mechanism (Fig. 4).

Given the result, RP with a C30 stationary phase was tested, to 
maximize the interaction with small polar molecules and avoid their 
elution with the dead volume of the system. The chromatographic 
conditions of the gradient and mobile phase composition on the C30 
column were evaluated and optimized with the rationale that the basic 

Fig. 4. Chromatograms showing the sum of the extracted transitions (Δm/z ±0.5, the specific transitions for each m/z are reported in Table S2) of the m/z precursors 
with the related intensities for the 15 pesticides using HILIC. Conditions: Mobile phase A was 0.2 % (v/v) formic acid in acetonitrile; mobile phase B was 100 mmol 
L− 1 ammonium formate and 0.2 % (v/v) formic acid in water. The following gradient was used for analysis: t0, B = 3 %; t3, B = 3 %; t5, B = 80 %; t8, B = 80 %; t10, 
B = 3 %. Equilibration for 2 min at 3 % phase B. Peak numbers: 1-AMPA, 2-GLY, 3-GLUFO, 4-ATRA, 5-IMIDA, 6-MYCLO, 7-THIA, 8-PIRI, 9-TEBU, 10-DIFLU, 11- 
MELA, 12-FLUXA, 13-PYRA, 14-FLUOPY, 15-TRIFLO.
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modifier would trigger the elution of the polar analytes retained by ion 
exchange, and that could be achieved either using it in the mobile phase 
B, in mobile phase A, or in both of them.

The use of 0.1 % (v/v) NH4OH in acetonitrile as mobile phase B 
allowed the retention of the polar GLY, AMPA, and GLUFO, and their 
elution at the end of the chromatographic gradient. However, the other 
pesticides were strongly suppressed, and sensitivity was lowered (in
tensities for these analytes were 30–58 % lower than the intensities 
measured using a mobile phase without the basic modifier). The use of 
the basic modifier in mobile phase A allowed the elution of GLY, AMPA, 
and GLUFO at the beginning of the chromatographic run with a reten
tion time different from the dead volume of the system (Fig. 5). All other 
compounds were efficiently separated after the polar ones, with no 
suppression. This condition was chosen for further method validation.

The retention times and LOD values of the 15 analytes were also 
calculated for both HILIC and C30 separations (Table S4). In both cases, 
no compound eluted with the dead volume, although the HILIC sepa
ration had 12 pesticides very close to it. The C30 column performed 
better in retaining the target analytes but also provided a better sensi
tivity over the HILIC column, with LOD values in the range of 0.2–1.0 μg 
L− 1 vs 1–9 μg L− 1. The C30 was finally selected for method validation.

3.3. Method validation

Beer is a water-rich matrix with a low protein content; therefore, a 
dilution was considered only for those samples with an ethanol content 
>5 % to ensure the binding of the non-polar pesticides. The binding of 
polar pesticides was ensured by checking the pH and adjusting it if 
needed, according to the optimization described in the previous sec
tions. CO2 was removed by degassing to avoid forming bubbles in the 
UHPLC system. Finally, possible particulate matter in the samples was 
removed by filtration to avoid clogging. Beer samples were then directly 
injected into the UHPLC-MS system using the maximum volume ca
pacity of the installed loop, which was 100 μL. The volume was suffi
cient for method development and validation and was not subjected to 
further investigation.

The method for analysis of polar and non-polar pesticides was vali
dated for beer based on RE, inter-day and intra-day precision, linear 
regression parameters, and experimentally confirmed LOD and LOQ 
values. All parameters and validation results are summarized in 
Table S5.

The linear dynamic range was investigated between 3 and 100 μg L− 1 

for the polar pesticides AMPA, GLY, and GLUFO, as they are particularly 
abundant in a polar matrix like beer, whereas for all other pesticides, the 
range was 0.3–10 μg L− 1. The linearity was found to be very good for 
both types of analytes, with coefficients of determination for the linear 
regression (R2) between 0.992 and 1.0 for the polar compounds and 
0.99–1.0 for all other analytes (Table S5).

The RE values were calculated at three concentration levels. At the 
lowest concentration level, recoveries were 84–112 %, except for 
MYCLO, which was 71 %. At the intermediate concentration level, the 
recoveries were 86–103 %. Recoveries at the highest concentration level 
were 85–110 %. Recoveries were reproducible within the same day and 
between consecutive days. In the first case, recoveries were 82–111 %, 
with an RSD <15 %. In the second case, recoveries were 85–102 %, with 
RSD <15 %. The most remarkable part of these results was that they 
were satisfying for both classes of polar and non-polar pesticides, which 
could all be efficiently retained and recovered.

The LOD was experimentally found at 1 μg L− 1 for the polar com
pounds GLY, AMPA, and GLUFO. These values matched the ones found 
in spiked neat solvents (Table S4), which is very valuable and indicated 
an efficient clean-up and reduction of noise due to the online extraction. 
The results were confirmed by the study of the matrix effect at three 
concentration levels. The matrix effect was a mild signal enhancement 
(105–120 %) for most compounds, except TEBU, which was slightly 
suppressed (97 %), and FLUXA and MELA, which were enhanced (150 

and 130 %, respectively). At the intermediate concentration level, the 
matrix effect was between 94 and 115 %, except for GLUFO (134 %) and 
FLUXA (133 %), which were enhanced. At the highest concentration 
level, the matrix effect was negligible (97–115 %). The LOQ was set at 
the lower limit of the linear dynamic range.

Before proceeding to the analysis of the beer samples, the repeat
ability of analyte binding and elution from the monolithic column was 
investigated for GLY over 120 cycles in spiked beer samples at a con
centration of 4 μg L− 1 (Fig. S4). The results indicated that the same 
column could be used several times with only 8 % RSD of the measured 
area of the target analyte, which is sufficient robustness for the analysis 
of commercial samples without loss of capture performance.

3.4. Comparison of the validated method to other systems

Compared to the few methods previously described for analysis of 
pesticides over a wide range of polarity and employing multidimen
sional chromatography [17], the method described in this study in
cludes GLY, AMPA, and GLUFO and is fully validated. Compared to 
another paper [18], the analytes included in our study are fewer, but the 
method works with standard solutions at concentrations significant for 
the application (Table 2), and there is the application to beer as a 
representative example. Finally, a multidimensional method applied to 
leek [19] had recoveries in the range of 70–120 %, with RSD <15 % and 
LOQ at 0.2–210 μg kg− 1. Leek and beer are different types of samples, 
and a direct comparison was not possible; however, the method 
described in our study can be implemented in ordinary LC systems and 
exploits a single chromatographic run instead of dedicated instrumen
tation. Our method was competitive also in terms of recovery and 
sensitivity and included both GLY and AMPA, which were not included 
in the previous study [19].

As compared to other methods for the analysis of beer, only two 
works described a direct method without dedicated sample preparation 
and included the important analyte GLY (Table 2) [27,34]. In all other 
cases, extensive sample preparation was required. All works but one 
were focused on GLY and related compounds or polar compounds, and 
dedicated chromatographic conditions were used. When other analytes 
were addressed, dedicated methods, such as QuPPe and chromatog
raphy on PGC, were used [26]. From this point of view, the method 
developed in our study was innovative, with a wide scope of analyte 
applicability and automated sample preparation. The LOD and LOQ 
values were generally lower than the ones reported in previous works, 
which means an improved sensitivity was achieved under these condi
tions and clean-up was still sufficient for proper quantitative analysis. 
Recoveries matched previous reports, which made the described method 
competitive with more elaborate sample preparation strategies.

For a general comparison to multi-residue methods applied to beer, a 
recent paper investigating 184 compounds was considered [35]. The 
sample preparation was similar, as a dilute and shoot method was used, 
and the number of target analytes was significantly larger than ours. The 
performance is nonetheless comparable in terms of recovery, with some 
improvement in the sensitivity with the method described in this study, 
possibly due to the lack of dilution and preconcentration achieved on the 
trapping column.

The Blue Applicability Grade Index (BAGI) [36] was used to evaluate 
the practicality of the developed method. It scored 62.5 (Fig. S5), which 
is an intermediate value in the BAGI scale above the threshold for a 
“practical” method (i.e., 60). The strength involved that the method was 
quantitative and confirmatory, that 6–15 compounds were investigated 
in 2–4 samples per h by a semi-automated analytical system (HPLC with 
autosampler) starting from low amounts of sample (<10 mL). The 
drawbacks were associated with the use of instrumentation that is not 
commonly available in most laboratories (LC-MS/MS), no simultaneous 
sample preparation, and the need for a miniaturized extraction for 
sample preconcentration employing a material that was synthesized for 
the purpose. The other methods compared in this work (Table 2) scored 
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Fig. 5. Chromatograms showing the sum of the extracted transitions (Δm/z ±0.5, the specific transitions for each m/z are reported in Table S2) of the m/z precursors 
with the related intensities for the 15 pesticides using RP C30 chromatography. Conditions: Mobile phase A was 0.025 % (v/v) NH4OH; mobile phase B was 
acetonitrile. The optimized gradient was used for analyte separation. Peak numbers: 1-AMPA, 2-GLY, 3-GLUFO, 4-ATRA, 5-IMIDA, 6-MYCLO, 7-THIA, 8-PIRI, 9- 
TEBU, 10-DIFLU, 11-MELA, 12-FLUXA, 13-PYRA, 14-FLUOPY, 15-TRIFLO.
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between 52.5 and 72.5. All had in common the type of analysis (quan
titative and confirmatory), the degree of automation (semi-automated 
with common devices), and the low amount of sample (<10 mL). 
Methods with lower scores than 62.5 were classical approaches using 
complex off-line sample preparations for <5 target analytes [37,38]. 
Methods that scored better targeted >15 analytes [9,26,35], involved 
simple, low-cost sample preparation methods [9,27,34,35], using 
commercially available reagents and with no need for preconcentration 
[9,26,34,35].

The compliance with the Green analytical chemistry was evaluated 
using the AGREE tool [39]. The method described in this study scored 
0.72 (Fig. S6). The advantages involved the online analysis, the low 
amount of sample, the simple procedure, the semi-automated and 
miniaturized sample preparation, the lack of derivatization reagents, the 
low amount of waste, the number of target analytes quantified in a single 
run, and the operator’s safety with reagents and solvents. The draw
backs involved the distance from the sampling site of the analytical 
device, and the use of high-energy consuming LC-MS instrumentation 
and related wastes. The use of hyphenated MS and no analysis per
formed in situ were drawbacks of all methods considered in the com
parison, which scored lower than the method described in this study 
(0.50–0.69). Classical traditional methods employing SPE and offline 
analyses had low scores [37,38]. Intermediate values were obtained for 
traditional approaches using simple extractions [9,26], followed by 
procedures employing simple dilution/centrifugation with direct anal
ysis [27,34,35]. The use of online sample preparation contributed to 
improving the scores, along with lower sample amounts and wastes. 
From this point of view, the miniaturization of the procedures described 

in this work was the main contribution to the better score obtained using 
AGREE.

3.5. Application to commercial beer samples

The validated method was finally applied to the analysis of 7 types of 
commercial beer samples with different productions (Table 3). The 
target analytes were mostly below the LOD or detected below the LOQ 
values. As indicated in previous literature, polar pesticides are more 
detected in beer than non-polar ones. GLY was detected in all but one 
sample and was measured at 3.1–5.1 μg L− 1 concentration. AMPA and 
GLUFO were also detected in 4 samples, although < LOQ. As for the 
other analytes, DIFLU was quantified in brands number 2, 5 (unfiltered), 
and 6; TEBU was quantified in brands number 5 and 6; the most 
contaminated beer with pesticide residues was brand 5 in the unfiltered 
version, in which 12 pesticides were at least detected out of 15.

4. Conclusions

The work described the simultaneous analysis of polar and non-polar 
pesticides over a wide range of log Kow from − 4.4 to 4.5, using a simple 
methodology exploiting a trapping column that can retain small mole
cules by both RP and anion exchange mechanisms, with the latter 
allowing elution by modulation of the basic modifier in the mobile 
phase. By this approach, GLY, AMPA, and GLUFO were analyzed with 12 
pesticides that are usually addressed in multi-residue analysis. The 
method was validated for analysis of beer and included online analyte 
extraction and clean-up, using the same trapping column for automated 

Table 2 
Comparison with previously developed methods for extraction and clean-up of GLY, AMPA, polar pesticides, and multi-residue analysis of pesticides from beer. The 
main features of the study are reported, including type of extraction, investigated analytes, if the online analysis is performed, type of chromatography-detector used, 
method results (LOD, LOQ, recovery, RE %), BAGI, and AGREE values.

Extraction Analytes online Platform LOD LOQ RE % BAGI AGREE ref

SAX-SPE GLY, GLUFO, AMPA (+2 
metabolites)

no IC-MS/MS – 10 μg kg− 1 74–103 % 55 0.56 [37]

RP-SPE + SAX-SPE GLY no HILIC-MS/MS 0.2 μg kg− 1 0.50 μg kg− 1 87–123 % 52.5 0.50 [38]
– GLY, AMPA, GLUFO (+ other 11 

polar pesticides)
– HILIC-MS/MS – 10–500 μg kg− 1 

(10 μg kg− 1)
76–119 % 72.5 0.68 [34]

QuPPe ionic and acidic pesticides no SAX-MS/MS – 10–20 μg kg− 1 80–110 % 72.5 0.58 [9]
modified QuEChERS/ 

SRM
GLY, 16 compounds no GC-MS/MS; RP- 

MS/MS; 
PGC-MS/MS

– 2–50 μg kg− 1 70–120 % 65 0.55 [26]

– GLY, AMPA – CE-MS/MS 5–30 μg L− 1 10–50 μg L− 1 80–111 % 70 0.69 [27]
Dilute and shoot 184 pesticides and mycotoxins – RP-MS/MS 0.001–0.002 mg 

kg− 1
0.01 mg kg− 1 70–103.6 

%
72.5 0.67 [35]

Multicomponent 
monolith

3 polar, 12 non-polar pesticides yes RP-MS/MS 0.02–1 μg L− 1 0.3–3 μg L− 1 71–112 % 62.5 0.72 This 
work

Table 3 
Quantitative analysis using the validated method for online extraction of 15 polar and non-polar pesticides from 7 commercial beer samples. For each beer type, the 
amount of each analyte is provided as a concentration in mg L− 1. When analytes were detected but not quantifiable, <LOQ is provided. – indicates the analyte was not 
detected (<LOD).

Compound Brand 1 Brand 2 Brand 3 Brand 4 Brand 5 Brand 6 Brand 5 (unfiltered)

AMPA – – <LOQ – <LOQ <LOQ <LOQ
GLY <LOQ 0.0032 ± 0.0001 <LOQ <LOQ 0.0031 ± 0.0002 – 0.0051 ± 0.0001
GLUFO – – <LOQ – <LOQ <LOQ <LOQ
TRIFLO – <LOQ – – <LOQ – 0.0027 ± 0.0002
FLUOPY – – – – <LOQ – <LOQ
PYRA – <LOQ <LOQ <LOQ <LOQ – 0.0012 ± 0.0009
FLUXA – – – – – – –
MELA – – – – <LOQ – 0.0011 ± 0.0021
TEBU – <LOQ – – 0.0041 ± 0.0009 0.001 ± 0.0002 0.0081 ± 0.0001
PIRI – – – – – – –
THIA <LOQ – – <LOQ <LOQ <LOQ <LOQ
MYCLO – – – – – – –
IMIDA – – – <LOQ – <LOQ 0.0013 ± 0.0008
ATRA <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.0011 ± 0.0001
DIFLU – 0.0005 ± 0.0001 – – – 0.0042 ± 0.0001 0.0008 ± 0.0001
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sample preparation. The method proved competitive with few previous 
reports addressing the global analysis of polar and non-polar pesticides 
by multidimensional chromatography while providing a simpler and 
general approach, compatible with most HPLC instrumentation, and fast 
single chromatographic separation. The method was also competitive 
with previous applications in beer. The work demonstrated the scope of 
the trapping device and the potential of analyzing small molecules over 
a wide range of polarity under simple conditions.

CRediT authorship contribution statement

Susy Piovesana: Writing – original draft, Supervision. Sara Elsa 
Aita: Validation, Methodology, Investigation. Chiara Cavaliere: 
Writing – review & editing, Supervision. Andrea Cerrato: Visualization, 
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[24] G. Pérez-Lucas, G. Navarro, S. Navarro, Understanding how chemical pollutants 
arise and evolve in the brewing supply chain: a scoping review, Foods 13 (2024) 
1709, https://doi.org/10.3390/foods13111709.
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