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Abstract
Mycotoxins and pesticides regularly co-occur in agricultural products worldwide. Thus, humans can be exposed to both toxic
contaminants and pesticides simultaneously, and multi-methods assessing the occurrence of various food contaminants and residues
in a single method are necessary. A two-dimensional high performance liquid chromatography tandem mass spectrometry method for
the analysis of 40 (modified) mycotoxins, two plant growth regulators, two tropane alkaloids, and 334 pesticides in cereals was
developed. After an acetonitrile/water/formic acid (79:20:1, v/v/v) multi-analyte extraction procedure, extracts were injected into the
two-dimensional setup, and an online clean-upwas performed. Themethodwas validated according to CommissionDecision (EC) no.
657/2002 and document N° SANTE/12682/2019. Good linearity (R2 > 0.96), recovery data between 70-120%, repeatability and
reproducibility values < 20%, and expanded measurement uncertainties < 50% were obtained for a wide range of analytes, including
very polar substances like deoxynivalenol-3-glucoside and methamidophos. However, results for fumonisins, zearalenone-14,16-
disulfate, acid-labile pesticides, and carbamates were unsatisfying. Limits of quantification meeting maximum (residue) limits were
achieved for most analytes. Matrix effects varied highly (−85 to +1574%) and were mainly observed for analytes eluting in the first
dimension and early-eluting analytes in the second dimension. The application of the method demonstrated the co-occurrence of
different types of cereals with 28 toxins and pesticides. Overall, 86% of the samples showed positive findings with at least one
mycotoxin, plant growth regulator, or pesticide.

Keywords 2D-LC-MS/MS .Multi-method .Mycotoxins . Modifiedmycotoxins . Pesticides . Cereals

Introduction

Cereal crops are major staple foods, while wheat accounts for
more than half of the cereal production in the European Union

(EU) [1]. To obtain a high yield, crops are often treated with
pesticides and fertilizers. Due to their plant protection ability,
they defend against crop losses, e.g., due to fungi, weeds, or
insects [2]. Moreover, crops can be contaminated with toxic
compounds. Especially under humid conditions, cereals are
often infected with fungi, which can produce mycotoxins as
toxic secondary products [3]. Further contamination sources
represent plant growth regulators and tropane alkaloids. The
latter contaminate cereals by co-harvested undesired weeds [4].

The application of pesticides and fertilizers to prevent crops
from being attacked by undesired pests improves food produc-
tion worldwide. Pesticides ensure practically one-third of the
plant production. Nevertheless, heavy use has been criticized
for possible pest resistance, health problems, and environmental
impact [5, 6]. The European Commission (EC) has set maximum
required limits (MRLs) for pesticides in or on food and feed of
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plant and animal origin in Commission Regulation (EC) no. 396/
2005 to protect humans [7].

Mycotoxins are low-molecular-weight contaminants that
can cause toxicological effects while their prevalence is al-
most unavoidable [3, 8]. The establishment of rapid, accurate,
and reliable analytical methods has become essential to inves-
tigate their presence, conduct risk assessments, and remove
them as far as possible from the food chain [9]. Maximum
levels (MLs) for mycotoxins in food and feed are regulated
in Commission Regulation (EC) no. 1881/2006 [10]. In con-
trast to free mycotoxins, modified mycotoxins are not yet
regulated in the EU. These substances can be biosynthesized
by the impact of the plant, animal, and fungi enzymes, formed
during food processing, and co-occur with their free forms [9].
Modified mycotoxins are often not detectable in the routine
analysis but contribute to toxicity as well [11].

Plant growth regulators chlormequat and mepiquat are qua-
ternary ammonium pesticides approved for cereal cultivation
[12]. They reduce the cell elongation, decrease the growth of
stalks, and prevent lodging [13, 14]. MRLs are established in
Commission Regulation (EC) no. 396/2005 [7].

Tropane alkaloids are natural toxins, occurring in particular
in Brassicaceae and Solanaceae. Like mycotoxins, they are
produced as secondary products and contaminate cereals dur-
ing harvest or food and feed processing [4, 15]. Most studied
toxins are atropine and scopolamine, for which maximum
levels are established in Commission Recommendation (EU)
no. 2015/976 [16] and Commission Regulation (EU) no.
2016/239 in certain cereal-based foods for infants and young
children [17].

Because of the possible simultaneous contamination of grain
with contaminants and residues, the concurrent analysis of these
substances is necessary for food safety and food control.

A common method for sample preparation in pesticide
analysis is the QuEChERS method, which stands for quick,
easy, cheap, effective, rugged, and safe [18]. After an extrac-
tion, polar compounds are separated from unpolar analytes.
Other clean-up procedures involve solid phase extraction
(SPE), matrix solid phase dispersion (MSPD), or liquid-
liquid extraction (LLE) [5, 18].Mycotoxins are often analyzed
after clean-up using SPE or immune-affinity columns (IAC)
[19]. However, the sample preparation should be as simple
and fast as possible when a wide range of analytes is measured
in one chromatographic run.

While liquid chromatography (LC) methods are usually the
method of choice for non-volatile or thermally labile analytes,
gas chromatography (GC)methods are used for volatile, thermal-
ly stable compounds. To analyze a large number of substances,
like the ones presented before, at the same time, a
high performance liquid chromatography tandem mass spec-
trometry (HPLC-MS/MS) method is required, which offers suf-
ficient peak capacity, high resolving power, and, ideally, carries
out an online clean-up. Since one-dimensional liquid

chromatography (1D-LC) cannot meet these requirements, the
use of two-dimensional liquid chromatography (2D-LC) is a
solution. 2D-LC offers selectivity and separation efficiency by
coupling two independent columns. The peak capacity is en-
hanced drastically, resulting in an increased resolving power,
which presents the most crucial advantage of 2D-LC setups. A
fundamental distinction is made between heart-cutting (LC-LC)
and comprehensive (LCxLC) liquid chromatography. In LC-LC,
selected fractions are transferred from the first dimension to the
second dimension, while in LCxLC, the whole effluent is ana-
lyzed through both separation stages [20–23]. Furthermore, 2D-
LC approaches can be extended by a solid phase extraction for
the storage of specific fractions.

Orthogonality is achieved by two different separation tech-
niques in both dimensions. However, this constitutes the crit-
ical point of 2D-LC systems. The mobile phase of the fraction
from the first dimension is often not optimal for separating the
early eluting analytes on the second dimension. This may
cause low retention, peak broadening, and decreased separa-
tion efficiency [24].

Kittlaus et al. (2013) developed a 2D-LC system to analyze
more than 300 pesticides [25]. This system used amodified LC-
LC approach. It is based on the use of hydrophilic interaction
liquid chromatography (HILIC) as the first and reversed phase
(RP) chromatography as the second dimension. The early-
eluting unpolar analytes from the HILIC column are trapped
in a kind of packed loop interface in one single fraction and thus
separated from the interfering matrix on the HILIC column.
The trapping simultaneously facilitates the necessary exchange
of the organic solvent from the first dimension, which offers a
too high elution strength for the second dimension. Polar
analytes from the HILIC column are analyzed by MS/MS di-
rectly after trapping of the unpolar ones is finished, and lastly,
separation of the trapped compounds is carried out on the RP
column. This approach provides an online clean-up step, which
results in short and time-saving sample preparation for the anal-
ysis of multiple analyte classes [25].

In the past, further 2D-LC methods were introduced not
only for the analysis of pesticide residues but also for the si-
multaneous quantification of contaminants. Urban et al. (2019)
analyzed 370 pesticides, two tropane alkaloids, 30 pyrrolizi-
dine alkaloids, two plant growth regulators, and nine myco-
toxins by a 2D-LC-MS/MS method [26]. In the same year,
Kresse et al. published a 2D-LC-MS/MSmethod for the simul-
taneous determination of 350 pesticides, 16 mycotoxins, two
tropane alkaloids, and two plant growth regulators [27]. A con-
cept for the analysis of pesticides and polar pesticides by 2D-
LC high resolution mass spectrometry (HRMS) was presented
by Jost and Habedank (2020) [28]. 2D methods, coupled to
GC, are used to analyze pesticides and contaminants concur-
rently as well [28–31]. Even though 2D-LC methods for the
analysis of mycotoxins are published not as often as for pesti-
cides, they are still an emerging trend [29–31].
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This study aimed to develop and validate a 2D-LC-MS/MS
multi-method. Based on the system designed by Kittlaus
et al. (2013), 24 free and 16 modified mycotoxins, two plant
growth regulators, two tropane alkaloids, and 334 pesticides
were analyzed. The focus was set on the integration of rele-
vant toxic modified mycotoxins. To our knowledge, this is the
first 2D-LC-MS/MSmethod that includes such a high number
of pesticides and mycotoxins at the same time.Most modified,
as well as free mycotoxins, were integrated into a 2D-LC
method for the first time.

Materials and methods

Reagents and chemicals

Methanol (MeOH) and acetonitrile (ACN) were purchased
from Merck KGaA (Darmstadt, Germany) in HPLC grade.
Ammonium formate (AFNH4) was obtained from Sigma-
Aldrich (Steinheim, Germany). Th. Geyer (Renningen,
Germany) supplied formic acid (FA). Purified water was pro-
duced using a Milli-Q® apparatus (Integral ultrapure water
[type 1], 18.2 MΩ∙cm, Merck KGaA, Darmstadt, Germany).

Standards

Mycotoxin reference standards were supplied by Sigma-Aldrich
(Steinheim, Germany), LGC Standards (Wesel, Germany), HPC
Standards (Cunnersdorf, Germany), ASCA (Berlin, Germany),
Cfm Oskar Tropitzsch (Marktredwitz, Germany), WITEGA
Laboratorien Berlin-Adlershof (Berlin, Germany), Toronto
Research Chemicals (Toronto, ON, Canada), and Romer Labs
Diagnostic (Tulln, Austria). Hydrolyzed fumonisin standards
were prepared as described previously in Rausch et al.
(2020) [32]. Plant growth regulators and tropane alkaloids were
purchased from LGC Standards (Wesel, Germany) and
Honeywell (Seelze, Germany). All pesticide and internal stan-
dards (ISTD) were obtained from Sigma-Aldrich (Steinheim,
Germany), LGC Standards (Wesel, Germany), and HPC
Standards (Cunnersdorf, Germany). Analyte-dependent stock so-
lutions were prepared at different concentration levels. A com-
bined multi-standard working solution, containing all analytes
(except deoxynivalenol-3-glucoside), was prepared in ACN
(acidified with FA, 0.05%) and stored at 5 °C (see
Supplementary Information (ESM) Table S1). Deoxynivalenol-
3-glucoside was prepared as an additional working solution with
a concentration of 50 μg/mL since the reference solution was
only available at this concentration. Deuterated internal standards
(ISTD) zearalenone dimethyl ether-d6, chlormequat-d4,
mepiquat-d4, carbendazim-d4, imidacloprid-d4, diazinon-d10,
and diuron-d6 were combined in an ISTD working solution
(see ESM Table S2). Propamocarb-d7 was used as an injection
control standard.

Sample preparation

Using an ultra-centrifugal mill ZM 200 (Retsch, Haan,
Germany), samples were ground by cryogenic milling. A total
of 2.50 ± 0.02 g of the sample was weighed into a 50 mL
disposable screw-capped polypropylene centrifuge tube
(VWR, Darmstadt, Germany). A volume of 10 mL of an ex-
traction mixture of ACN/water/FA (79:20:1, v/v/v) was
added. The tube was shaken vigorously, and the matrix was
allowed to soak for 15 min at room temperature. Afterward,
the sample was spiked with 20 μL of the ISTD solution and
mixed using the Reax top vortex mixer (VWR, Darmstadt,
Germany). Extraction was carried out by rotating the sample
for 30 min using a Reax 2 overhead shaker (Heidolph
Instruments, Schwabach, Germany). After that, the extract
was centrifuged for 3 min at 1902×g (Centrifuge 5810,
Eppendorf, Hamburg, Germany). An aliquot of the superna-
tant was filtered through Chromafil RC-20/15 filters
(MACHEREY-NAGEL, Düren, Germany), followed by dilu-
tion with ACN, spiked with propamocarb-d7 (10 μg/L), to the
same extent. The final extract was transferred into a plastic
vial (VWR, Darmstadt, Germany).

2D-LC-MS/MS analysis

The 2D-LC-MS/MS analysis was performed using a 1260
Infinity II HPLC system equipped with two pumps, two
degassers, and two column ovens (Agilent, Waldbronn,
Germany). For the coupling of both pumps and column ovens,
three 6-port and one 10-port valves were used. The HPLCwas
coupled to a 5500 triple quadrupole mass spectrometer pro-
vided with an electrospray ionization (ESI) interface (Sciex,
Darmstadt, Germany). A detailed setup of the 2D-LC-MS/MS
system is shown in Fig. 1. Chromatographic separation was
performed using different columns, mobile phases, and gradi-
ents for both dimensions. In the first dimension, analytes were
separated on a HILIC column, namely a YMC-Pack Diol-NP
5 μm, 120 Å, 100 × 2.1 mm (Dinslaken, Germany) equipped
with a 5 μm, 120 Å, 10 × 2.1 mm guard column cartridge.
Mobile phase A (water, 0.1% FA, 10 mM ammonium for-
mate) and mobile phase B (ACN/water [90:10, v/v], 0.1%
FA, 10 mM ammonium formate) were optimized. The gradi-
ent elution applied is summarized in Table 1. A trap column
consisting of three columns connected in series was installed
for coupling the first and second dimension by storing the
analytes for the second dimension in the packed loop interface
during the first dimension analysis. The three columns used
were ZORBAX SB-C8 5 μm, 80 Å, 12 × 4.6 mm (Agilent,
Waldbronn, Germany). Second dimension separation was
performed on two columns connected in series, a Raptor
FluoroPhenyl 2.7 μm, 50 × 2.1 mm and Raptor Biphenyl
2.7 μm, 50 × 2.1 mm, equipped with a FluoroPhenyl
2.7 μm, 5 × 2.1 mm guard column cartridge (Restek, Bad
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Homburg, Germany). Mobile phase A (water, 0.001% FA,
5 mm ammonium formate) and mobile phase B (MeOH,
0.001% FA, 5 mM ammonium formate) were applied. The
gradient used for the second dimension is displayed in
Table 1 as well. Furthermore, valve phases and switching
times are listed. Flow rates varied during both dimensions.
While in the first dimension, a constant flow rate of 200 μL/
min (pump 2) was chosen, in the second dimension, a flow
rate of 300 μL/min (pump 1) was applied in the first phase of
equilibration. In the next phase, collecting the early eluting
analytes from the HILIC column on the trap column, the flow
rate of pump 1was increased to 2000μL/min. A total of 100%
of mobile phase A were used and mixed with the eluate of
pump 2 using a mixing t-piece. During the third phase, anal-
ysis of (first dimension) HILIC analytes, the flow rate of pump
1 was set to 0 μL/min, and in the last phase, the initial flow
rate of 300 μL/min for pump 1 was re-established for analysis
of the RP analytes. The injection volume was 10 μL. Column
temperatures of both column ovens were set to 40 °C. The
total run time was 25 min.

The mass spectrometer was performed in the scheduled
multiple reaction mode (sMRM) in positive and negative
ESI modes, scanning the two most intensive transitions for
each analyte. The settings of the ion source were set as fol-
lows: source temperature (500 °C), curtain gas (40 psi), ion
source gas 1 (60 psi), ion source gas 2 (65 psi), ion spray
voltage in positive/negative ionization mode (4500 V/
−4500 V), spray and collision cell gas (nitrogen). Optimized
analyte-dependent MS/MS parameters, including declustering
potentials (DPs), collision energies (CEs), collision exit po-
tentials (CXPs), and retention times (RTs), are listed in ESM
(Table S3).

Method validation

Themulti-method was validated according to the criteria set in
Commission Decision (EC) no. 657/2002 [33] and Regulation
(EC) no. 401/2006 [34] for mycotoxins, and guidelines de-
fined in document N° SANTE/12682/2019 [35]. The calcu-
lated validation parameters were the following: linearity, the

Fig. 1 2D-LC-MS/MS system
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limit of quantification (LOQ), recovery, precision, and mea-
surement uncertainty. Furthermore, matrix effects (MEs) were
assessed and compensated for using standard addition for rou-
tine sample analysis. Wheat was selected as a representative
matrix for cereal validation material since it is known as being
vulnerable to contamination with mycotoxins, plant growth
regulators, and tropane alkaloids, as well as pesticides.
Blank samples were spiked with the multi-standard working
solution and deoxynivalenol-3-glucoside at different concen-
tration levels (see ESM Table S4). Validation experiments
were carried out on three different days.

The linearity was assessed by determination of the calibra-
tion curve equations and coefficients of determination (R2).
The LOQ was set as the lowest spiking point and calculated
based on the signal-to-noise (S/N) ratios of at least 10, accord-
ing to the International Union of Pure and Applied Chemistry
(IUPAC). For all regulated substances, LOQs should meet the
MLs set in Commission Regulation (EC) no. 1881/2006 for
contaminants [10] and Commission Regulation (EC) no. 396/
2005 for pesticides [7]. Absolute recoveries (RE, n = 6) were
expressed as the mean recovery determined by ratios of
matrix-spiked to matrix-matched standards at different con-
centration levels. Repeatability (RSDr) and within-laboratory

reproducibility (RSDR) were obtained by calculation of the
relative standard deviations (RSDs) of a set of six replicates
three-times on the same day or at different days, respectively.
The expanded measurement uncertainty (MU, k = 2) was cal-
culated based on intra-laboratory validation data and a confi-
dence level of 95%. MEs were assessed by the ratios of
matrix-matched to solvent-only standards. Matrix suppression
was visualized in negative values, while matrix enhancement
was presented in positive values.

Analysis of cereal samples

By using the standard addition approach, a set of 36 samples
were screened for all analytes. More precisely, wheat, barley,
rice, oat, spelt, and rye samples were investigated for the co-
occurrence of contaminants and pesticides. Samples were
spiked with known concentrations of the multi-standard work-
ing solution and deoxynivalenol-3-glucoside at different con-
centrations. An ISTD solution mix was added to all samples at
the beginning of the sample preparation. The signal intensities
of the ISTDs must be in the range of 0.8 – 1.2 between sam-
ples and spiked samples. The results were adjusted by this
factor.

Table 1 Gradient elution system
for 2D-LC-MS/MS analysis Phase Pump 2 (HILIC)a, 40 °C, 500 bar Pump 1 (RP)b, 40 °C, 590 bar

Time [min] B [%] Flow rate [μL/min] Time [min] B [%] Flow rate [μL/min]

1 0.00 100 200 0.00 5 300

2 1.20 5 300

1.30 0 2000

3 2.15 0 2000

2.20 0 0

2.50 100 200

3.00 90 200 3.00 0 0

3.80 20 200

7.45 0 0

4 7.50 5 300

7.60 20 200

7.80 100 200

8.20 50 300

13.00 70 300

15.50 85 300

18.50 100 300

20.50 100 300

21.00 5 300

25.00 100 200 25.00 5 300

aMobile phase A: water, 0.1% FA, 10 mm ammonium formate; mobile phase B: ACN/water (90:10, v/v), 0.1%
FA, 10 mM ammonium formate
bMobile phase A: water, 0.001% FA, 5 mm ammonium formate; mobile phase B: MeOH, 0.001% FA, 5 mM
ammonium formate

3045Development, validation, and application of a multi-method for the determination of mycotoxins, plant...



Data analysis

Analyst software version 1.6.3 and MultiQuant software ver-
sion 3.0.3 (Sciex, Darmstadt, Germany) were applied for data
acquisition and evaluation. Furthermore, Microsoft Excel
2010 (Microsoft Co., Redmond, WA, USA) and custom soft-
ware developed in Node.JS (Linux Foundation, San
Francisco, CA, USA) were used for data processing.

Results and discussion

Method development

Development of chromatographic separation
by 2D-LC-MS/MS

Using both positive and negative ionization modes, analytes
were optimized, and the two most intensive transitions were
determined. As shown in ESM Table S3, most analytes were
analyzed in positive ESI mode. Since some mycotoxins re-
vealed a significantly higher ionization response in the nega-
tive mode, polarity switching took place.

Next, a 2D-LC-MS/MS system was installed since the
study aimed to analyze pesticides and mycotoxins in one chro-
matographic run without classical clean-up steps in sample
preparation. Furthermore, a 1D-LC method would not have
provided a sufficient resolution for all analytes resulting in co-
elution and unresolved peaks. For this approach, a complex
setup, as displayed in Fig. 1, was assembled. This procedure
allowed the separation of matrix compounds as well as the
maximization of the peak capacity and resolving power for a
huge amount of analytes. The two-dimensional method con-
sists of four different phases. In the first phase, samples are
injected and the columns are equilibrated. In the next phase,
unpolar analytes elute from the HILIC column and are collect-
ed on a trap column. Thus, a high flow of mobile phase A
consisting of water is used because the fraction contains a high
amount of organic solvent, which has to be changed before the
RP analysis starts. In the third phase, the remaining very polar
substances on the HILIC column are analyzed by eluting di-
rectly into the MS/MS. The last phase starts immediately after
the elution of the HILIC analytes. The unpolar substances
stored on the trap interface are separated on an RP-column
combination. During this phase, remaining matrix compounds
on the HILIC column are directed into the waste. This allows
the replacement of complex sample preparation by separation
of the interfering matrix in an online clean-up.

The two-dimensional LC-MS/MS method offers many
parts that can be developed and optimized. In Table 2, all
evaluated columns for the first and second dimensions, as well
as trap columns, are listed. In the first step of method devel-
opment, we tested different kinds of polar stationary phases

for the first dimension (mainly HILIC columns). The aim of
using a HILIC column was to purify the extracts by a highly
polar mobile phase, which results in the compensation of clas-
sical liquid-liquid extraction steps in sample preparation [25].
The columns differed significantly in their retention ability.
Most columns revealed late eluting peaks with a broad peak
shape. Since the aim was to keep the measurement of the first
dimension as short as possible, columns with retention of
more than 8 min were excluded.

Furthermore, fumonisins were neither trapped nor analyzed
on most columns due to strong retention. The only column
that was able to analyze all polar substances within 7.5 min
was the YMC Pack Diol-NP. As this column does not allow
for the chromatographic separation of fumonisins B2 and B3,
an additional confirmation method is necessary when
fumonisin B2/B3 is detected using the advanced screening
method. A total of 359 (95%) of the analytes showed low
retention and eluted at the beginning of the chromatographic
HILIC run, while 19 analytes (5%) were measured on this
column. Next, the gradient system was revised, followed by
mobile phase development. Ammonium salt and acid concen-
trations were optimized. Acidic conditions showed better re-
sults for carboxylic acids like daminozide, while unacidified
eluents revealed higher intensities of fumonisins. Due to the
high amount of analytes of the multi-method and thus many
different chemical properties, the developed method has al-
ways to be a compromise. Therefore, an ammonium formate
concentration of 10 mM and acid content of 0.1% FA were
chosen for both mobile phases [A: water; B: ACN/water
(90:10, v/v)]. In the next step, different trapping times and
materials were tested. Different settings, more precisely trap-
ping until minutes 1.95, 2.0, 2.05, 2.1, and 2.15, were used to
optimize the switching point between phase 2 and phase 3.
After 1.95, 2.0, and 2.05min, changing the valve positions led
to split peaks of polar substances like, e.g., methamidophos or
glucosylated modified mycotoxins. Trapping until minutes
2.1 and 2.15 revealed less peak splitting. However, with in-
creasing trapping time, aminocarb no longer showed retention
on the trap column. Overall, the best results were obtained by
switching the valves after 2.15 min. These tests were carried
out with a ZORBAX SB-C8 trap column. In the next step,
other trappingmaterials were tested, and the retention capacity
was compared. The SB-C8 column showed the highest reten-
tion ability and best results compared to other traps. However,
since the retention of a few analytes could be even better, we
compared using one SB-C8 trap column with three SB-C8
trap columns connected in series and a 50 mm trap column
of the same type. The connection of the three columns led to a
better enrichment of the analytes. For example, aldoxycarb,
methomyl, and omethoate were not saved as well using only
one trap column, but they were stored optimally by using three
trap columns. Compared to the 50 mm trap column, the same
retention capacity was obtained for all analytes except for the
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mycotoxin deoxynivalenol, which showed more unsatisfacto-
ry results. Since deoxynivalenol is ubiquitous in nature and
one of the most contaminating mycotoxins, the use of the
50 mm column was excluded, even if it constitutes a more
stable system. Because the fumonisins showed very strong
retention on the HILIC column used, an approach was briefly
followed to retain them after the HILIC analysis (phase 3) and
thus to incorporate two trap phases into the method. However,
due to excessive flow on the trap column, some saved analytes
were already flowing into the waste, and the approach was not
further optimized. Lastly, the analysis of the analytes trapped
on the second dimension was optimized. For this, different
columns, gradients, and mobile phases were tested. The focus
was set on the separation of isomers, peak shapes, and peak
areas, which revealed the best results using the connection of
two Raptor columns, namely Raptor FluoroPhenyl and
Biphenyl. Variations between all tested columns were ob-
served, especially for the peak shapes. Increased peak broad-
ening was observed for polar toxins eluting first due to the
slightly incompatible injection solvent. The gradient and mo-
bile phase composition was finally optimized. Different com-
binations of water and organic solvents with different acid and
ammonium salt concentrations were applied. Mobile phases
consisting of water and MeOH, both added with 5 mM am-
monium formate and 0.001% FA, were finally used.

The main advantage of using the developed method, a 2D-
LC approach combined with solid phase extraction, posed the

simultaneous analysis of different chemical groups with vary-
ing properties. Especially the high polarity range of the inves-
tigated analytes and enormous peak capacity was covered by
the developed 2D-LC setup. Besides, the applied online clean-
up led to a reduced sample preparation, which is essential for
routine analysis. Multi-methods based on a QuEChERS ex-
traction approach [36–39] or the analytical procedure pro-
posed by Klein and Alder (2003) [40] are comparatively
time-consuming but have their advantages in sample purifica-
tion and thus resulting matrix effects. Furthermore, the reduc-
tion in analysis time is noteworthy. Even if there are already
LC-MS/MS methods published that record a combination of
distinct chemical classes in one measurement [36, 39, 41],
these still represent the minority. Such other multi-class
methods, covering the analysis of pesticides, mycotoxins,
and partially plant growth regulators and antibiotics, rest on
1D-LC-MS/MS methods, which offer high sensitivity and se-
lectivity [39, 41]. Nevertheless, various analyte groups such as
pesticides and mycotoxins are measured often in individual
multi-methods, so several analytical runs per sample are nec-
essary. At the same time, disadvantages arise using 2D-LC
methods. Besides the high costs and particular care of the
instrumentation, limitations in the methods sensitivity, analy-
sis time of the RP dimension, and solvent compatibility affect-
ing the methods validation data may occur. Overall, compar-
ing extremely high-throughput methods like the presented
method with focused approaches based on particular groups

Table 2 Tested columns during
2D-LC-MS/MS method
development

2D-LC setup Name Dimension

1. Dimension YMC-Pack Diol-NP 100×2.1 mm; 5 μm; 120 Å

Raptor HILIC-Si 100×2.1 mm; 2.7 μm; 90 Å

Cortecs UPLC HILIC 100×2.1 mm; 1.6 μm; 90 Å

Obelisc R 100×2.1 mm; 5 μm; 120 Å

SeQuant ZIC-HILIC 150×2.1 mm; 5 μm; 200 Å

Hypercarb 100×2.1 mm; 5 μm; 250 Å

Acquity UPLC BEH HILIC 50×2.1 mm; 1.7 μm; 130 Å

Luna Omega Sugar 100×2.1 mm; 3 μm; 100 Å

Torus DEA 100×2.1 mm; 1.7 μm; 130 Å

Raptor Polar X 100×2.1 mm; 2.7 μm; 130 Å

Trap ZORBAX SB-C8 3 times 12.5×4.6 mm; 5 μm

ZORBAX SB-C8 12.5×4.6 mm; 5 μm

ZORBAX SB-C8 50×4.6 mm; 5 μm

ZORBAX Extend-C18 12.5×4.6 mm; 5 μm

ZORBAX Eclipse XDB-Phenyl 12.5×4.6 mm; 5 μm

ZORBAX SB-AQ 12.5×4.6 mm; 5 μm

2. Dimension Raptor FluoroPhenyl + Raptor Biphenyl Each 50×2.1 mm; 2.7 μm; 100 Å

Synergi Fusion-RP 100×2.0 mm; 2.5 μm; 90 Å

Raptor FluoroPhenyl 100×2.1 mm; 2.7 μm; 100 Å

Raptor Biphenyl 100×2.1 mm; 2.7 μm; 100 Å
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of compounds reveals that fast results are possible with the
first mentioned screening methods. When gaining positive
findings, the latter methods are beneficial for confirmation
purposes with, for instance, lower LOQs.

Optimization of extraction process

The extraction process is a critical step in method develop-
ment for multi-methods since a wide range of different polar-
ities and chemical compounds are included. The aim of this
process was to develop a simple and fast sample preparation
without complex purification steps. The extraction tests were
carried out using different solvent combinations containing
ACN, water, and partly FA. First, the following extraction
solvents were tested: ACN/water (80:20, v/v) and ACN/wa-
ter/FA (75:20:5, v/v/v; 79:20:1, v/v/v; 74:25:1, v/v/v). Using
solvents without FA led to low recovery rates of, e.g.,
fumonisins, which have tricarboxylic side chains, while a high
content of FA revealed poor recovery rates of acid-labile com-
pounds like, e.g., benfuracarb or carbosulfan. An extraction
solvent containing 1% FA showed the best recovery rates
overall. Next, QuEChERS salts were applied after 20 min
extraction for further sample purification. Comparison of re-
covery rates revealed the exclusion of a QuEChERS-based
extraction method because low recoveries for a huge amount
of compounds, such as polar mycotoxins deoxynivalenol-3-
glucoside or nivalenol, were obtained. The use of sodium
sulfate for water binding was also tested, but the approach
was discarded due to lower recoveries and no improvements
of the HILIC peak shapes. Furthermore, various syringe filters
and dilutions were tested after extraction. Both transitions of
tiocarbazil showed interferences when using syringe filters,
even if the filters were rinsed before. The different syringe
filters showed identical results for all analytes, wherefore
Chromafil RC-20/15 filters were selected, and a higher LOQ
for tiocarbazil was accepted. A dilution of the final extract
with ACN (1:1) was chosen since the water content of the
extract was too high for early eluting peaks in HILIC chroma-
tography, and further sample purification was performed with
this step.

Further optimization of the sample preparation process was
carried out. For example, dilutions for matrix-matched sam-
ples to determine recovery rates were compared using plastic
reaction vessels and screw-capped glass vials. Since carba-
mate esters such as desmedipham and phenmedipham had a
short half-life in the used not acidified working solution and
were no longer detectable after several hours in the mix, opti-
mization of the working solution was implemented.
Therefore, experiments were carried out to determine the ex-
tent to which the spiking mix must be acidified. Acidification
with 0.05% and 0.1% FA showed that the analytes were stable
for 24 h. Finally, a content of 0.05% acid was chosen because
a higher FA content led to rapid hydrolysis of dimefox, while

also dichlorvos showed a lower signal intensity. Even though
poor results for the modified mycotoxin zearalenone-14,16-
disulfate were obtained (recoveries < 10%), a simple extrac-
tion process using ACN/water/FA (79:20:1, v/v/v) as the op-
timum extraction solvent and a working solution containing
0.05% FA were finally chosen for the validation.

Method validation

The developed 2D-LC-MS/MS method was validated for
wheat by spiking blank samples onmultiple levels. The results
for linearity are shown in ESM Table S5 and Table S6 for
contaminants and pesticides, respectively. Good linearity
was obtained for all analytes with an R2 > 0.96. Results for
contaminants were slightly better than for pesticides. Based on
S/N ratios, LOQs were calculated. Due to the relatively high
dilution of analytes in 2D-LC setups, sensitivity is a critical
factor in evaluating the method’s performance. Since the de-
scribed 2D-LC application used a kind of solid phase extrac-
tion and concentration of the sample can be done, a negative
effect on the sensitivity is not expected. As given in Table 3,
LOQs for mycotoxins, plant growth regulators, and tropane
alkaloids ranged from 1 to 300 μg/kg and were far belowMLs
set in European regulations and recommendations [7, 10, 16].
Significance differences in the LOQs between free and mod-
ified forms were observed for fumonisins and zearalenone,
whereas modified forms revealed poorer sensitivities. LOQ
data for pesticides are presented in Fig. 2. The LOQ was set
at 5 μg/kg for 245 (73%) of the investigated analytes while 40
(12%) analytes reached a LOQ of 10 μg/kg, one (0.3%) ana-
lyte of 50 μg/kg, and 38 analytes (11%) of 100 μg/kg. For the
majority of analytes, the LOQs were low enough to enforce
the MRLs for pesticides established in the European
Regulation [7].

Recovery rates were determined on multiple concentration
levels. Results for contaminants and plant growth regulators
evaluated at their respective LOQs are shown in Table 3. The
lowest recoveries were assessed for zearalenone-14,16-
disulfate and citrinin with values of 7% and 57%, respectively.
The remaining analytes showed recoveries within the target
range of 70–110%, and regulated analytes were within limits
given in Commission Regulation (EC) no. 401/2006 [34] and
the document N° SANTE/12682/2019 [35]. The results for
pesticides are displayed in Fig. 2. A total of 301 (90%)
analytes revealed recoveries evaluated at spiking level no. 7
(500 μg/kg for aminopyralid/dodine, 100 μg/kg for the re-
maining pesticides) within limits of 70–120% set in SANTE
guidelines [35]. Acid-labile compounds displayed recoveries
< 60%, while mainly carbamates showed values < 130%.

The repeatability and within-laboratory reproducibility
were tested at different concentration levels. In Table 3, pre-
cision data for contaminants and plant growth regulators are
shown at the lowest spiking point. Good results (RSDr/RSDR
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< 20%) for all analytes were reached except for fumonisins.
Fumonisins B1, B2, and B3 revealed RSDr values (< 15%)

within limits of Commission Regulation (EC) no. 401/2006
[34] but concerning RSDR data of 105% for fumonisin B1

Table 3 Limits of quantification
(LOQ), recoveries (RE, n = 6),
repeatabilities (RSDr), within-
laboratory reproducibilities
(RSDR), and matrix suppression/
enhancement effects (MSE) for
mycotoxins, plant growth regula-
tors, and tropane alkaloids in
wheat

Analyte LOQ [μg/kg] RE (RSD) [%]a RSDr [%]a RSDR [%]a MSE [%]b

Aflatoxin B1 1 90 (10) 11.5 6.94 − 13

Aflatoxin B2 1 91 (10) 10.2 14.4 − 5

Aflatoxin G1 1 108 (8) 10.8 10.7 18

Aflatoxin G2 1 94 (12) 9.32 12.3 − 1

Altenuene 20 94 (9) 12.1 9.24 7

Alternariol 1 98 (5) 8.33 11.1 − 12

Alternariol monomethyl ether 1 105 (5) 5.36 7.08 − 10

Citrinin 50 57 (6) 8.20 13.3 − 55

Deoxynivalenol 50 93 (7) 7.31 9.99 25

Deoxynivalenol-3-glucoside 50 87 (7) 7.87 6.61 − 25

15-Acetyldeoxynivalenol 50 85 (16) 12.4 10.1 − 8

3-Acetyldeoxynivalenol 50 107 (10) 11.8 13.7 − 12

Diacetoxyscirpenol 5 90 (7) 9.21 6.70 − 4

Fumonisin B1 10 79 (17) 12.9 105 221

Hydrolyzed fumonisin B1 100 91 (9) 8.73 8.44 − 1

Fumonisin B2 10 76 (12) 8.24 48.9 249

Hydrolyzed fumonisin B2 100 93 (5) 9.95 5.24 − 56

Fumonisin B3 10 89 (7) 6.67 49.1 296

Fusarenon X 300 104 (16) 10.7 11.7 − 2

HT-2 toxin 50 96 (6) 9.61 10.9 − 7

Neosolaniol 5 93 (9) 11.6 13.8 7

Nivalenol 200 99 (4) 6.69 6.74 − 49

Ochratoxin A 3 89 (6) 7.07 9.79 650

Sterigmatocystin 1 104 (8) 9.87 8.26 4

T-2 toxin 10 98 (7) 7.77 9.42 1

Tentoxin 5 101 (12) 9.54 12.8 − 12

Zearalenone 10 107 (5) 4.19 8.18 − 7

Zearalenone-14-glucoside 50 85 (8) 7.57 10.0 274

Zearalenone-14-sulfate 50 84 (8) 7.28 9.04 5

Zearalenone-14,16-disulfate 100 7 (10) 10.6 13.4 − 7

α-Zearalenol 10 102 (5) 5.24 7.25 − 5

α-Zearalenol-14-glucoside 50 100 (12) 13.3 15.7 1058

α-Zearalenol-14-sulfate 10 79 (7) 9.54 9.28 − 8

β-Zearalenol 10 97 (4) 8.11 8.92 − 8

β-Zearalenol-14-glucoside 50 80 (11) 16.0 16.5 1574

β-Zearalenol-14-sulfate 10 70 (8) 15.0 11.1 −2
Zearalanone 10 104 (6) 6.34 7.57 − 7

Zearalanone-14-glucoside 10 92 (11) 8.16 8.33 267

α-Zearalanol 100 101 (6) 6.18 7.80 − 11

β-Zearalanol 100 95 (9) 8.34 13.7 − 5

Chlormequat 5 91 (5) 7.40 3.60 − 58

Mepiquat 5 95 (4) 10.2 4.08 − 33

Atropine 5 103 (4) 11.5 6.52 − 57

Scopolamine 5 105 (3) 8.96 4.95 − 47

a Evaluated at spiking level of LOQ
bEvaluated at spiking level no. 7
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and 48% for both fumonisins B2 and B3 (within limits of <
60%). The method was precise on the respective days but
showed large fluctuations within the three days of processing.
Correction by internal standards could support circumventing
the problem of insufficient precision. However, this approach
is not attainable when analyzing such a high number of
analytes as in the presented method. Pesticide precision data
are presented in Fig. 2. According to SANTE, values up to
20% are acceptable. Similar to the recovery results, most
analytes reached these targets, more precisely 317 (95%)
and 311 (93%) analytes for RSDr and RSDR, respectively.
Analytes that showed higher recoveries, mostly carbamates,
also displayed higher relative standard deviations.

The expanded measurement uncertainty was calculated at
the respective LOQs. For contaminants and plant growth reg-
ulators, data ranged from 10 to 297% (see ESMTable S5). For
pesticides, MU values varied between 8 and 250% (see ESM
Table S6). Since the MU is determined based on precision
data, fumonisins and carbamates showed significantly higher
values. One possible reason for the high values of the MU of
the carbamates may be the irreproducible degradation of car-
bamates into their respective metabolites. Carbamates can be
metabolized to sulfones and sulfoxides. Neither the MU of the
free carbamates nor the respective sulfones or sulfoxides re-
vealed results within specified limits. Overall, 301 (91%)
analytes reached the default criterion of < 50% established
in SANTE document [35].

While matrix impacts the lifetime of columns and source of
mass spectrometers, also precise quantification may be

adversely influenced [42]. MEs have been investigated for
all analytes. As displayed in Table 3, the matrix suppression/
enhancement (MSE) effect of contaminants and plant growth
regulators ranged highly from −58 to +1574%. Matrix sup-
pression was mainly observed in the third phase of HILIC
analysis. In comparison, strong matrix enhancement was ob-
served for already as critically described fumonisins and mul-
tiply glucosylated zearalenone forms. For pesticides, MSE
effects are subdivided into several groups (Fig. 2). MSE
values ± 10% are considered to be not affected by matrix
components. No matrix effects, observed for 222 (66%)
analytes, may result from the advanced separation of analytes
and matrix compounds using 2D-LC-MS/MS. While strong
matrix suppression was determined for amitraz and amitraz-
amidin, matrix enhancement was monitored particularly for
early eluting analytes of the RP analysis. Overall, pronounced
MEs were expected since LC-ESI-MS/MS was used. ESI
sources are compared to other ionization modes such as atmo-
spheric pressure chemical ionization (APCI) or atmospheric
pressure photoionization (APPI), more prone toMEs [43, 44].
MEs constitute a major bottleneck in multi-analyte methods,
where compensation by, e.g., stable isotope dilution assays
(SIDA) or matrix-matched calibration (MMC) is only appli-
cable in a limited manner. In comparison to other two-
dimensional studies, reduced matrix effects were achieved
for most analytes by optimal online clean-up in the second
phase of 2D-LC and chromatographic separation of purified
analytes eluting from the RP column in phase three [26, 27].
While Mahdjoubi et al. (2020) observed only signal

Fig. 2 Validation data for pesticides at spiking level no. 7 in wheat. a Limits of quantification. b Recoveries (n = 6). c Repeatabilities (RSDr), within-
laboratory reproducibilities (RSDR). d Matrix suppression/enhancement effects
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suppression for investigated mycotoxins in cereal samples
using the positive ESI mode [45], Juan et al. (2016) came to
similar results revealing signal suppression for all mycotoxins
except for ZEN and enniatins [46]. Comparing the matrix
effects of mycotoxins presented here with a recently published
LC-MS/MS method using the same mass spectrometer by
Rausch et al. (2020) reveals slight differences for mentioned
fumonisins and glucose-conjugated zearalenone forms [37].
The results suggest that the abnormally high matrix effects
may have their origin in the 2D-LC setup. MEs for plant
growth regulators and tropane alkaloids were assimilable with
the literature [47–49].

Numerical values of LOQs, recoveries, precisions, and ma-
trix effects for all pesticides are listed in ESM Tables S6, S7,

and S8, respectively. Further recoveries and precisions for
mycotoxins, plant growth regulators, and tropane alkaloids
are given in ESM Table S9. In Table S10, a final overview
of the validation results is presented. Analytes that are consid-
ered in-house validated are listed, while those analytes where
validation parameters were outside the range are marked with
their respective unsatisfactory validation parameter.

Application to samples

The validated method was applied on 36 cereal samples (18
wheat, seven barley, three rice, five oats, one spelt, two rye
samples). Due to especially co-eluting matrix components
during HILIC analysis and thus analyte-dependent MEs,

Table 4 Survey results of contaminants and pesticides in cereals

Ratea and rangeb of contamination [μg/kg]

Analyte Wheat Barley Rice Oats Spelt Rye

Alternariol 2/18 (1.1, 1.1) 4/7 (7.9–16) 1/3 (7) 3/5 (6.5–46) 1/1 (> LIN)c

Alternariol monomethyl ether 2/18 (1.3, 4.7) 3/7 (2.2–3.3) 1/3 (13) 3/5 (1.1–5.7) 1/1 (> LIN)c

Deoxynivalenol 1/18 (640) 3/7 (672–1034) 1/3 (153) 1/5 (171)

Deoxynivalenol-3-glucoside 3/18 (60–259) 4/7 (111–252)

HT-2 toxin 1/7 (59) 1/5 (52)

Nivalenol 1/7 (453) 1/5 (521)

Ochratoxin A 1/18 (10) 1/5 (5.1)

Sterigmatocystin 1/18 (18) 2/3 (1.1, 3.4) 1/5 (> LIN)c

T-2 toxin 1/7 (19) 1/5 (17)

Tentoxin 6/18 (5.5–27) 4/7 (13–15) 3/5 (8.2–21) 1/1 (11) 2/2 (12, 24)

Zearalenone 2/7 (17, 22) 1/3 (38) 1/5 (21) 1/1 (25)

Chlormequat 4/18 (6.7–213) 1/5 (23) 1/2 (34)

Azoxystrobin 2/18 (7.4, 9.9) 1/3 (5.4)

Carbendazim 4/7 (17–44)

Cyproconazole 1/3 (89)

Diethyltoluamide 1/2 (27)

Diflubenzuron 2/7 (7.6, 7.7)

Epoxiconazole 1/18 (5.7) 1/7 (5.7) 1/3 (16)

Imidacloprid 1/3 (31)

Malathion 1/18 (44)

Piperonyl butoxide 3/18 (6.2–461) 4/7 (5.7–11) 1/3 (6.2)

Propiconazole 4/7 (8.2–11) 1/3 (22)

Pyraclostrobin 2/7 (5.5, 5.8)

Tebuconazole 3/18 (17–42) 5/7 (11–27) 1/3 (20)

Teflubenzuron 1/3 (11)

Thiamethoxam 1/3 (7.5)

Tricyclazole 1/3 (20)

Triflumuron 4/7 (16–24)

a Number of samples contaminated with the listed analyte/number of matrix samples analyzed
b Concentration range of contamination levels of the listed analyte
c Contamination level higher than linear range
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quantification was carried out using the standard addition
technique. As shown in Table 4, samples were contaminated
with eleven mycotoxins, one plant growth regulator, and 16
pesticides. For mycotoxins, Alternaria toxins, type B tricho-
thecenes, and zearalenone were mostly detected in wheat, bar-
ley, rice, and oats. Besides deoxynivalenol-3-glucoside, no
other modified mycotoxins were found. In two samples, och-
ratoxin Awas analyzed in concentrations above the maximum
levels set in Commission Regulation (EC) no. 1881/2006
[10]. While the plant growth regulator chlormequat was found
in five samples (wheat and oats), pesticides revealed positive
findings in 15 samples. The application of pesticides could be
observed mainly in wheat, barley, and rice. The greatest num-
ber of pesticides was identified in two barley samples. While
one rye sample contained diethyltoluamide, oats and spelt
were free from residues. In general, the investigated cereals
were often contaminated with different types of triazoles and
piperonyl butoxide. The latter was detected in the highest
concentrations up to 461 μg/kg. Teflubenzuron, tricyclazole,
and triflumuron were quantified in concentrations higher than
10 μg/kg, which did not meet regulations established in
Commission Regulation (EC) no. 396/2005 [7].

Overall, wheat, barley, rice, and oats samples were contam-
inated mainly with at least one analyte. In contrast, spelt and rye
were contaminated with only four and three substances, respec-
tively. In conclusion, co-occurrence of both mycotoxins and
pesticides was detected primarily in wheat and barley samples
using the proposed method under the experimental conditions
applied (see ESM Table S11). Five samples were free of inves-
tigated contaminants and residues. A total of 25% of the inves-
tigated mycotoxins, 50% of the plant growth regulators, and
4.8% of the pesticides were quantified in the cereals.

Conclusion

Increased global crop production and the application of pesti-
cides and fertilizers demand fast analytical methods to analyze
multiple analyte classes. Therefore, a 2D-LC-MS/MS multi-
method for quantifying 40 (modified) mycotoxins, two plant
growth regulators, two tropane alkaloids, and 334 pesticides
has been developed, validated, and applied to cereal samples.
Simple sample preparation was the basis for an online clean-
up using the 2D-LC setup. Matrix components are separated
from analytes in the first dimension on a HILIC column.
Unpolar substances elute directly and are saved on a trap col-
umn. Next, few highly polar analytes elute directly into the
MS and are detected, while the majority of matrix compounds
show still retention on the HILIC column. The remaining
saved analytes are analyzed after switching the mobile phase
composition in the second dimension on an RP column com-
bination. The developed method showed overall good valida-
tion data for most analytes within limits set in Commission

Decision (EC) no. 657/2002 [33] and document N° SANTE/
12682/2019 [35]. A few analytes, more precisely fumonisins
and a few groups of pesticides like carbamates, did not reach
established criteria. Nevertheless, the results suggest that the
developed analytical method along the fast sample preparation
is a useful tool for high-throughput routine screening. Not only
a broad range of pesticides are analyzed simultaneously but also
both free and modified food- and feed-relevant mycotoxins, as
well as plant growth regulators and tropane alkaloids. Most
modified mycotoxins were included in a multi-method contain-
ing both pesticides and contaminants for the first time. Even
though confirmatory analyses may be necessary from time to
time, the method is time- and cost-saving by studying the co-
occurrence of nearly 380 analytes in one analytical run. The
analysis of real samples confirmed the natural occurrence of
contaminants and the use of pesticides in agriculture. While
mycotoxins revealed positive findings in all investigated cereal
matrices, pesticides were mainly detected in wheat, barley, and
rice. In a few samples, concentrations of ochratoxin A and three
pesticides slightly exceeded maximum (residue) levels.
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LC, Two-dimensional liquid chromatography; ACN, Acetonitrile;
AFNH4,Ammonium formate; APCI,Atmospheric pressure chemical ion-
ization; APPI, Atmospheric pressure photoionization; CE, Collision en-
ergy; CXP, Collision exit potential; DP, Declustering potential; EC,
European Commission; ESI, Electrospray ionization; EU, European
Union; FA, Formic acid; GC, Gas chromatography; HILIC, Hydrophilic
interaction liquid chromatography;HPLC,High performance liquid chro-
matography; HRMS, High resolution mass spectrometry; IAC, Immune-
affinity columns; ISTD, Internal standard; IUPAC, International Union of
Pure and Applied Chemistry; LC-LC, Heart-cutting liquid chromatogra-
phy; LCxLC, Comprehensive liquid chromatography; LLE, Liquid-liquid
extraction; LOQ, Limit of quantification; ME, Matrix effect; MeOH,
Methanol; ML, Maximum level; MRL, Maximum residue level; MSPD,
Matrix solid phase dispersion;MS/MS, Tandem mass spectrometry;MU,
Measurement uncertainty; R2, Coefficients of determination; RE,
Recovery; RP, Reversed phase; RSD, Relative standard deviation;
RSDr, Repeatability; RSDR, Within-laboratory reproducibility; RT,
Retention time; sMRM, Scheduled multiple reaction mode; S/N, Signal-
to-noise; SPE, Solid phase extraction; QuEChERS, Quick, easy, cheap,
effective, rugged, safe

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03239-1.

Acknowledgements The authors would like to thank the lab staff for their
support in preparing the multi-standard working solution.

Author contribution AKR: conceptualization, methodology, software,
validation, formal analysis, investigation, resources, data curation,
writing—original draft, visualization, project administration

RB: conceptualization, methodology, writing—review and editing,
supervision

TS: conceptualization, writing—review and editing, supervision

Funding Open Access funding enabled and organized by Projekt DEAL.

3052 Rausch A.-K. et al.

https://doi.org/10.1007/s00216-021-03239-1


Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. European Commission Cereals, oilseeds, protein crops and rice.
Protection of EU farmers and the agricultural sector through policy
on market intervention, trade measures, legislation, and monitoring
the market. https://ec.europa.eu/info/food-farming-fisheries/plants-
and-plant-products/plant-products/cereals_en. Accessed 27
Jul 2020.

2. Liu Y, Pan X, Li JA. 1961–2010 record of fertilizer use, pesticide
application and cereal yields: a review. Agron Sustain Dev.
2014;35:83–93.

3. Berthiller F, Crews C, Dall’Asta C, De Saeger S, Haesaert G,
Karlovsky P, et al. Masked mycotoxins: a review. Mol Nutr Food
Res. 2013;57:165–86.

4. EFSA. CONTAM Panel Scientific Opinion on tropane alkaloids in
food and feed. EFSA J. 2013;11:1–113.

5. Samsidar A, Siddiquee S, Shaarani SM. A review of extraction,
analytical and advanced methods for determination of pesticides
in environment and foodstuffs. Trends Food Sci Technol.
2018;71:188–201.

6. Wang J, Vanga SK, Saxena R, Orsat V, Raghavan V. Effect of
climate change on the yield of cereal crops: a review. Climate.
2018;6.

7. European Commission Commission Regulation (EC) No 396/2005
of the European Parliament and of the Council of 23 February 2005
on maximum residue levels of pesticides in or on food and feed of
plant and animal origin and amending Council Directive 91/414/
EEC. Off J Eur Union. 2005;70:1–16

8. Bennett JW, Klich M. Mycotoxins. Clin Microbiol Rev. 2003;16:
497–516.

9. Bryła M, Wáskiewicz A, Ksieniewicz-Wózniak E, Szymczyk K,
Edrzejczak RJ Modified fusarium mycotoxins in cereals and their
products—metabolism, occurrence, and toxicity: an updated re-
view. Molecules (2018):23:963.

10. European Commission Commission Regulation (EC) No 1881/
2006 of 19 December 2006 setting maximum levels for certain
contaminants in foodstuffs. Off J Eur Union. 2006;364:5–24.

11. Rychlik M, Humpf H-U, Marko D, Dänicke S, Mally A, Berthiller
F, et al. Proposal of a comprehensive definition of modified and
other forms of mycotoxins including “masked” mycotoxins.
Mycotoxin Res. 2014;30:197–205.

12. European Food Safety Authority Modification of the existing max-
imum residue levels for chlormequat in barley and animal commod-
ities. EFSA J. 2020;18:1–39.

13. European Food Safety Authority Review of the existing maximum
residue levels for chlormequat according to Article 12 of
Regulation. EFSA J. 2017;14.

14. European Food Safety Authority Conclusion regarding the peer
review of the pesticide risk assessment of the active substance
mepiquat. EFSA Sci Rep. 2008;146:1–73.

15. Adamse P, van Egmond HP, Noordam MY, Mulder PPJ, De Nijs
M. Tropane alkaloids in food: poisoning incidents. Qual Assur Saf
Crop Foods. 2014;6:15–24.

16. European Commission Commission Recommendation (EU) 2015/
976 of 19 June 2015 on the monitoring of the presence of tropane
alkaloids in food. Off J Eur Union. 2015;L157:97–98.

17. European Commission Commission Regulation (EU) 2016/239 of
19 February 2016 amending Regulation (EC) No 1881/2006 as
regards maximum levels of tropane alkaloids in certain cereal-
based foods for infants and young children. Off J Eur Union.
2016;L 45:3–5.

18. Masiá A, Suarez-Varela MM, Llopis-Gonzalez A, Picó Y.
Determination of pesticides and veterinary drug residues in food
by liquid chromatography-mass spectrometry: a review. Anal
Chim Acta. 936:40–61.

19. Turner NW, SubrahmanyamS, Piletsky SA. Analytical methods for
determination of mycotoxins: a review. Anal ChimActa. 2009;632:
168–80.

20. Montero L, Herrero M. Two-dimensional liquid chromatography
approaches in foodomics—a review. Anal Chim Acta. 1083:1–18.

21. François I, Sandra K, Sandra P. Comprehensive liquid chromatog-
raphy: fundamental aspects and practical considerations—a review.
Anal Chim Acta. 641:14–31.

22. Franco MS, Padovan RN, Fumes BH, Lanças FM. An overview of
multidimensional liquid phase separations in food analysis.
Electrophoresis. 2016;37:1768–83.

23. Tranchida PQ, Dugo P, Dugo G, Mondello L. Comprehensive two-
dimensional chromatography in food analysis. J Chromatogr A.
2004;1054:3–16.

24. Chen Y, Montero L, Schmitz OJ. Advance in on-line two-dimen-
sional liquid chromatography modulation technology. TrAC -
Trends Anal Chem. 120:115647.

25. Kittlaus S, Schimanke J, Kempe G, Speer K. Development and
validation of an efficient automated method for the analysis of
300 pesticides in foods using two-dimensional liquid
chromatography-tandem mass spectrometry. J Chromatogr A.
2013;1283:98–109.

26. Urban M, Hann S, Rost H. Simultaneous determination of pesti-
cides, mycotoxins, tropane alkaloids, growth regulators, and pyr-
rolizidine alkaloids in oats and whole wheat grains after online
clean-up via two-dimensional liquid chromatography tandem mass
spectrometry. J Environ Sci Heal - Part B Pestic Food Contam
Agric Wastes. 2019;54:98–111.

27. Kresse M, Drinda H, Romanotto A, Speer K. Simultaneous deter-
mination of pesticides, mycotoxins, andmetabolites as well as other
contaminants in cereals by LC-LC-MS/MS. J Chromatogr B Anal
Technol Biomed Life Sci. 2019;1117:86–102.

28. Jost U, Habedank F. Two-dimensional hydrophilic interaction and
reversed phase liquid chromatography easily extracted pesticides
and polar pesticides multi-residue method––a concept. J
Chromatogr A. 1621;2020:461040.

29. Qi D, Fei T, Liu H, Yao H, Wu D, Liu B. Development of multiple
heart-cutting two-dimensional liquid chromatography coupled to
quadrupole-orbitrap high resolution mass spectrometry for simulta-
neous determination of aflatoxin B1, B2, G1, G2, and ochratoxin A
in snus, a smokeless tobacco product. J Agric FoodChem. 2017;65:
9923–9.

30. Campone L, Rizzo S, Piccinelli AL, Celano R, Pagano I, Russo M,
Labra M, Rastrelli L Determination of mycotoxins in beer by multi

3053Development, validation, and application of a multi-method for the determination of mycotoxins, plant...

http://creativecommons.org/licenses/by/4.0/
https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/cereals_en
https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/cereals_en


heart-cutting two-dimensional liquid chromatography tandem mass
spectrometry method. Food Chem (2020):318:126496.

31. Breidbach A, Ulberth F. Two-dimensional heart-cut LC-LC im-
proves accuracy of exact-matching double isotope dilution mass
spectrometry measurements of aflatoxin B1 in cereal-based baby
food, maize, and maize-based feed. Anal Bioanal Chem. 2015;407:
3159–67.

32. Rausch A-K, Brockmeyer R, Schwerdtle T Development and val-
idation of a liquid chromatography tandem mass spectrometry
multi-method for the determination of 41 free and modified myco-
toxins in beer. Food Chem (2021):338:127801.

33. European Commission Commission Decision of 12 August 2002
implementing Council Directive 96/23/EC concerning the perfor-
mance of analytical methods and the interpretation of results. Off J
Eur Commun. 2002;221:8–36.

34. European Commission Commission Regulation (EC) No 401/2006
of 23 February 2006 laying down the methods of sampling analysis
for the official control of the levels of mycotoxins in foodstuffs. Off
J Eur Union. 2006;70:12–34.

35. European Commission Directorate General Health and Consumer
Protection Analytical Quality Control and Method Validation
Procedures for Pesticide Residues Analysis in Food and Feed.
SANTE/12682/2019.

36. Lacina O, Zachariasova M, Urbanova J, Vaclavikova M, Cajka T,
Hajslova J. Critical assessment of extraction methods for the simul-
taneous determination of pesticide residues and mycotoxins in
fruits, cereals, spices and oil seeds employing ultra-high perfor-
mance liquid chromatography-tandem mass spectrometry. J
Chromatogr A. 2012;1262:8–18.

37. Rausch A-K, Brockmeyer R, Schwerdtle T. Development and val-
idation of a QuEChERS-based liquid chromatography tandemmass
spectrometry multi-method for the determination of 38 native and
modified mycotoxins in cereals. J Agric Food Chem. 2020;68:
4657–69.

38. Malinowska E, Jankowski K, Sosnowski J, Wiśniewska-Kadżajan
B. Pesticide residues in cereal crop grains in Poland in 2013.
Environ Monit Assess. 2015;187:1–7.

39. Romero-González R, Garrido Frenich A, Martínez Vidal JL,
Prestes OD, Grio SL. Simultaneous determination of pesticides,
biopesticides and mycotoxins in organic products applying a quick,
easy, cheap, effective, rugged and safe extraction procedure and
ultra-high performance liquid chromatography-tandem mass spec-
trometry. J Chromatogr A. 2011;1218:1477–85.

40. Klein J, Alder L. Applicability of gradient liquid chromatography
with tandem mass spectrometry to the simultaneous screening for
about 100 pesticides in crops. J AOAC Int. 2003;86:1015–37.

41. Danezis GP, Anagnostopoulos CJ, Liapis K, KoupparisMA.Multi-
residue analysis of pesticides, plant hormones, veterinary drugs and
mycotoxins using HILIC chromatography—MS/MS in various
food matrices. Anal Chim Acta. 2016;942:121–38.

42. Steiner D,MalachováA, SulyokM, Krska R. Challenges and future
directions in LC-MS-based multiclass method development for the
quantification of food contaminants. Anal Bioanal Chem. 2020:25–
34.

43. Zhou W, Yang S, Wang PG. Matrix effects and application of
matrix effect factor. Bioanalysis. 2017;9:1839–44.

44. Truffeli H, Palma P, Famiglini G, Cappiello A. An overview of
matrix effects in liquid chromatography-mass spectrometry. Mass
Spectrom Rev. 2010;30:491–509.

45. Mahdjoubi CK, Arroyo-manzanares N, Hamini-kadar N. Multi-
mycotoxin occurrence and exposure assessment approach in food-
stuffs from Algeria. Toxins (Basel). 2020;12:1–18.

46. Juan C, Covarelli L, Beccari G, Colasante V, Mañes J.
Simultaneous analysis of twenty-six mycotoxins in durum wheat
grain from Italy. Food Control. 2016;62:322–9.

47. Francesquett JZ, Rizzetti TM, Cadaval TRS, Prestes OD, Adaime
MB, Zanella R. Simultaneous determination of the quaternary am-
monium pesticides paraquat, diquat, chlormequat, and mepiquat in
barley and wheat using a modified quick polar pesticides method,
diluted standard addition calibration and hydrophilic interaction
liquid chrom. J Chromatogr A. 2019;1592:101–11.

48. Bauer A, Luetjohann J, Rohn S, Kuballa J, Jantzen E. Development
of an LC-MS/MS method for simultaneous determination of the
quaternary ammonium herbicides paraquat, diquat, chlormequat,
and mepiquat in plant-derived commodities. Food Anal Methods.
2018;11:2237–43.

49. Gonçalves C, Cubero-Leon E, Stroka J Determination of tropane
alkaloids in cereals, tea and herbal infusions: exploiting proficiency
testing data as a basis to derive interlaboratory performance char-
acteristics of an improved LC-MS/MSmethod. Food Chem (2020):
331:127260.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

3054 Rausch A.-K. et al.


	Development,...
	Abstract
	Introduction
	Materials and methods
	Reagents and chemicals
	Standards
	Sample preparation
	2D-LC-MS/MS analysis
	Method validation
	Analysis of cereal samples
	Data analysis

	Results and discussion
	Method development
	Development of chromatographic separation by 2D-LC-MS/MS
	Optimization of extraction process

	Method validation
	Application to samples

	Conclusion
	References




