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during the identification process. Here we present and discuss the use of collision
cross section (CCS) values in addition to mass accuracy and retention times in a
pesticide screening method that integrates all the features offered by coupling
ultra‐performance

liquid

chromatography

(UPLC)

with

ion

mobility

mass

spectrometry (IMS‐MS).
Methods:

All experiments were carried out using UHPLC coupled to a travelling

wave ion mobility mass spectrometer equipped with an electrospray ionization (ESI)
source working in positive mode. An in‐house library containing 200 pesticides was
built using standard solutions and used as reference for a TWCCS calibration study.
Matrix extracts were analyzed to evaluate the performance of different screening
workflows based on TWCCS, mass accuracy and retention times.
Results:

The results proved that TWCCS values are very consistent, as the

measured values do not differ more than 1% from the in‐house reference data
library and emphasized the importance of the first low m/z mobility calibration
point to guarantee full independence from instrument parameters and calibrant. The
screening procedure was simplified to a single step by fully exploiting the content
of ion mobility without generating any false detections, either positive or negative,
from spiked samples and a previous proficiency test.
Conclusions:

The screening approach proposed in this study is unconventional and

based on large mass accuracy (20 ppm) and retention time windows (0.5 min) to
capture, in a first step, a maximum of detected compounds. Compounds of interest
are then identified by comparing measured collision cross sections with the
measured reference library collision cross sections (with relative error tolerance
lower than 2%).
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effects strongly depends on the experimental conditions used, e.g.
mobile phase additives, chromatography, sample preparation, as well

The objective of a screening method is to rapidly detect and identify

as the chemical properties of the analyte and matrix type.25,26

targeted compounds in the sample under investigation, with false

Hence, these detrimental effects are unpredictable and known

negative rates kept as low as possible, typically less than 5%. In the

strategies to overcome this problem, e.g. sample dilution/intensive

past decade, the detection step has been improved by the

sample clean‐up,27,28 are difficult to implement in large‐scale

introduction of high‐resolution mass spectrometry (HRMS) platforms,

screening methods. Under these inauspicious conditions, an extra

e.g. Time‐of‐Flight (ToF) and Orbitrap™. As no pre‐selection of the

dimension of separation can help to mitigate these issues.29 Ion

target compounds during data acquisition is performed, thousands of

mobility (IM) is an analytical technique capable of separating ions in

compounds can be detected in a single analysis.1-5 Instrument

a gaseous phase under an electric field on the basis of charge and

developments in terms of scan speed, resolving power, sensitivity,

collision cross section (CCS, Ω).30 When IM is coupled with mass

and ease of instrument set‐up has increased the analytical

spectrometry (MS), the ions are first separated based on their size‐

capabilities of these mass analyzers.6-8 The potential value of HRMS

to‐charge ratio in the IM component and further separated by the

for screening methods was demonstrated with applications targeting

mass

specific groups of compounds such as pesticides,4 veterinary drugs,9

hyphenation provides more structural information within one

metabolites10 and antibiotic residues.11 Recently, publications have

analysis improving the identification process of the analyte which

shown a clear trend towards wide‐scope multiclass compound

was first reported in 1962.32 Since then, commercially available IM‐

12

analysis such as pesticides, mycotoxins, natural plant toxins,

and

MS

analyzer

based

instruments

and

on

their

mass‐to‐charge

additional

ratio.31

hyphenation

to

This

liquid

targeted

chromatography (LC) has enabled diverse applications in the field of

compounds.13,14 In addition to the diversity of constituents, a variety

small and large molecules which is evidenced by the large number of

of sample matrices are being covered from food,15 samples from the

related publications.33,34 Without reservation, compelling results

multiple

organic

contaminants

16

body such as urine

17

and blood,

with

over

625

to environmental samples, e.g. air

were obtained when more peptides were identified in spiked

and water.18,19 Although many applications have been successfully

samples using LC/IM‐MS compared with LC/MS for the same

implemented, the identification process represents the major

analysis.35 This identification power results from the enhanced

obstacle to having fully automated high‐throughput screening

selectivity and peak capacity offered by this particular set of

methods.20 This problem is particularly magnified when target

instruments. Based on this unique analytical capability, we have

compounds at low concentrations are nested in complex samples

explored in a previous work the potential benefits of adding IM to

where matrix compounds are frequently present in higher amounts,

LC/HRMS for the measurement of pesticides in food matrices.36 Key

producing spectra that are difficult to interpret or exacerbate the

findings from this research show that drift time measurements are

detection by hampering the ionization process. These challenges are

reproducible

frequently met in most published methods when analysts have to

concentration leading to the proposition of using this parameter as a

and

independent

from

matrix

and

compound

develop analytical strategies to detect ultra‐trace levels of small

new identification point. To apply this approach with automated and

molecules in complex biological samples. To exploit the full potential

wide‐scale screening methods further developments in processing

of HRMS, different steps of the identification process have to be

software have been made which allow conversion of drift times into

carefully optimized. Data extraction of selected exact masses can be

calculated collision cross section (CCS) values (a metric independent

done using narrow mass extraction windows, typically 5 ppm, to

of instrumental conditions). Introductory work using these new

enhance selectivity,21 or wider mass windows (up to 50 ppm) to

features confirmed the higher degree of selectivity of the screening

favour sensitivity.22,23 Ion count thresholds can also be applied to

method when using ion mobility.37-39 Since then, the approach has

minimize the contribution of background noise to the number of

been successfully tested and validated.40,41 Nonetheless, the

detections. Then, the extracted data is matched against libraries

reported travelling wave CCS (TWCCS) screening workflows utilized

using multiple entries for each targeted compound such as adducts,

IM at the ultimate step after closing down the retention time and

isotopes and diagnostic fragments. At the final step, tolerances (e.g.

mass accuracy windows. In this case, IM is essentially used to

mass accuracy, isotope ratio) associated with the different screening

eliminate the remaining false positives and avoids false negatives

parameters are used by the processing software to refine the

possibly generated from the initial screening steps. In addition, key

screening outcome. Although these strategies significantly improve

information important for the evaluation of

the confidence in the identification process, they rely heavily on high

omitted in published papers along with details on how acceptable

quality data, mostly an intense signal that can be significantly

errors are determined. Here, we report a detailed study focused on

differentiated from the noise. In contrast, when the response of the

determining appropriate positivity criteria for screening methods of

targeted compound is low, the resultant mass spectrum is lacking

small molecules based on a multi‐dimensional acquisition strategy.

characteristic information (e.g. isotope pattern and fragment ions)

Critical issues addressed during the present work were the

thus preventing reliable identification.24 Low signal response is very

assessment of long‐term precision and robustness of

complex to overcome as it can be caused by multiple effects taking

after conversion from drift time measurements (with different IM

place in the ionization chamber. In addition, the amplitude of these

parameters and calibrants), and how to delineate screening hierarchy

TW

CCS data is often

TW

CCS values
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for the different parameters used. Equally important was the

gradient method was used consisting of water as eluent A and

evaluation of the performance of the proposed methodology in

acetonitrile as eluent B, both containing 0.1% formic acid. The

terms of false negative and positive rates using known samples.

sample analysis was performed using a linear gradient over a 17 min
total run time with an initial portion of the gradient at 98% A and

2

2% B. For the next 12 min the gradient was ramped linearly to 99%

EXPERIMENTAL

|

B and held at this composition for 1 min; hereafter the system was
switched back to 2% B and 98% A in 1 min and equilibrated for an

2.1

Reagents, solvents and standard solutions

|

additional 3 min. The sample volume injected was 5 μL.

Individual pure pesticide standards were purchased from Dr.
Ehrenstorfer (Ausburg, Germany). Water, methanol, acetonitrile and
formic acid were of UHPLC/MS grade obtained from Biosolve

2.3.2

|

Ion mobility and mass spectrometry

(Nalkenwaard, The Netherlands). Leucine enkephalin, DL‐polyalanine,
acetic acid, sodium hydroxide and ammonium acetate were
purchased from Sigma‐Aldrich (Diegem, Belgium).

The UHPLC system was coupled to a travelling wave ion mobility
(TWIMS) hybrid quadrupole orthogonal acceleration time‐of‐flight

The selection of 200 pesticides aimed to cover a large range of

mass spectrometer (Synapt G2‐S HDMS, Waters Corporation,

analytes with different chemical structures (linear, e.g. dichlorvos;

Manchester, UK). This instrument has been previously described and

monocyclic, e.g. chlortoluron; and polycyclic, e.g. difenoconazole),

details can be found elsewhere.43 Electrospray was used in positive

different composition (containing halogens, phosphorous, sulfur or

mode with the capillary voltage set to 1 kV and the cone voltage to

nitrogen) and also with different polarity character (from polar such

20 V. The source and desolvation temperatures were set to 150 and

as cyromazine with retention time at 1.3 min to nonpolar such as

550°C, respectively. Nitrogen gas was used at 1000 L h−1 flow for the

dinotefuran at 11.9 min). The list of the targeted pesticides is given in

source desolvation. In the ion mobility chamber, helium and nitrogen

Table S1 (supporting information).

cell gas flows were set to 180 and 90 mL min−1, respectively. The

Individual stock solutions were prepared at 1 mg.mL−1 by

travelling wave height was fixed to 40 V and the velocity ramped from

dissolving 10 mg of powder in 10 mL volumetric flasks with

300 to 1000 m s−1. During data acquisition, the energy of the transfer

acetonitrile and 0.1% acetic acid. From the stock solutions, 10

cell was operating with two alternating collision energies, 5 eV (low

−1

in methanol containing 20

collision energy scan) and ramping from 15 eV to 45 eV (high collision

pesticides each. With the same stock solutions, a mixture of all the

energy scan). The ions are collected in two separate functions, one

solutions were prepared at 0.5 μg mL

−1

pesticides was prepared at 10 μg mL
−1

1 μg mL

in methanol, then diluted to

for high‐ and low‐level fortification, respectively. All the

solutions were stored at −20°C.

containing the unfragmented data (low‐energy function) while the
other collects all fragments (high‐energy function). The mass range
covered by the TOF analyzer was 50–1200 Da and mass calibration
was performed using a sodium formate solution in resolution mode

2.2

Samples and sample preparation

|

The sample preparation was based on a previously published

with a scan time of 0.25 s. Leucine enkephalin (0.5 ng mL−1) infused at
a constant flow of 10 μL min−1 was used as the lockmass with a
sampling frequency of 30 s.

method.42 Briefly, all the samples were ground and homogenized
using a mixer‐blender. Sub‐samples of 10 g for fresh samples, 5 g for
cereal and 2 g for dry commodities were extracted with 60 mL of
methanol containing 20 mM ammonium acetate mixed for 1 min

2.3.3 | Travelling wave collision cross section
calibration

using an Ultraturrax (Ika‐Werke, Staufen, Germany) device. The
extract was then filtered using a Büchner system. A 3 mL aliquot of

After mass calibration, the Synapt was switched to mobility mode and

crude extract was transferred to a 5 mL glass flask and the volume

left to equilibrate for 1 h. Then, an acquisition of DL‐polyalanine

was adjusted to 5 mL with water containing 5 mM ammonium

solution of 5 μg mL−1 (prepared in acetonitrile/0.1% aqueous formic

acetate. Fortified samples were spiked with pesticide mixture to the

acid) was performed by infusion. Based on published CCS values for

desired final concentration before adjusting the volume.

DL‐polyalanine,44 a cross‐sectional calibration curve was built using
MassLynx software. The calibration performance was evaluated by

2.3

Instrumentation

|

confirming the presence of all the targeted ions from the polyalanine
solution and the output calibration must demonstrate a root‐mean‐

2.3.1

|

Liquid chromatography configuration

square (RMS) error less than 1% with an r2 value >0.95. The
generated calibration was saved and automatically associated with all

The pesticides separation was achieved using a Waters® ACQUITY

the

UPLC® chromatograph system and a Waters ACQUITY UPLC BEH

controlled with MassLynx version 4.1 SCN916 (Waters). Then, the

C18 (100 mm x 2.1 mm, 1.7 μm) maintained at 45°C. A binary

data were processed and evaluated using UNIFI 1.8 software (Waters).

acquisitions

performed

afterwards.

The

instrument

was

4
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at appreciable intensities (e.g. bifenazate). Also 11 pesticides
showed significant fragment ions dominating their mass spectra. For

2.4.1 | Building a library for the 200 targeted
pesticides

example, carbaryl could only be monitored by the ion at m/z
145.0653 corresponding to one of the carbamate's characteristic

From the Waters pesticide library, we collected the targeted

fragments [M − 57]+.45 These raw data were used to build an
in‐house library. The same acquisitions were processed via accurate

pesticides. For each of them, the library contains the corresponding

mass and Rt matching to automatically generate TWCCS values for all

formula, theoretical exact mass, and known fragments. After the

the ions sought (275 ions in total). At a final stage, the TWCCS values

injection of the solution mixtures at 500 ng mL−1, the data was
manually investigated to determine retention times and the presence
of adducts. This information was inserted in the library before
applying the screening method to the same injections to determine
the measured

TW

CCS (ΩN2) (see terminology in the supporting

information) of the 200 pesticides and associated adducts. The
screening processing method is completed by inserting the

TW

CCS

ΩN2 values with their corresponding ions. For the sake of clarity,
these CCS values are called “reference CCS”, coded as

Ref

CCS

throughout the text.

2.4.2

|

123.0446 (fragment 2 of carbofuran C7H6O2) and avermectin (B1a)
sodiated adduct as the heaviest ion with a m/z of 895.4820. The
mobility parameters have been optimized to ensure that all the
targeted compounds are within 180 bins mobility window to avoid
roll‐over effect.46 All the data resulting from this investigation are
compiled in Table S1 (supporting information). For sodium adduct
ions of pesticides, it was observed that their

TW

CCSs do not

proportionately increase from the pseudo‐molecular ion (Figure S1,

Software‐assisted screening process

The automatic screening process starts by transforming the raw data
using the algorithm to obtain centroid spectrum. All detected ions
were taken into account as background subtraction and threshold
were not applied. Then, the software forms a peak list (monoisotopic
ions) which are associated with significant peak features (e.g.
retention times, high‐energy window fragments). This list is compared
with the database (in‐house library) with pre‐defined customizable
search criteria generating tentative candidates.
Our screening post‐acquisition processing method sets tolerances
for search criteria for accurate mass at ±20 ppm, retention time at
±0.5 min and for % CCS error at 10. This latter parameter is
automatically calculated by the software as follows:

% CCS error ¼

were associated with their corresponding ions in the in‐house
library, covering a mass range from the smallest ion with a m/z of

ðMeasured CCS − Reference CCSÞ
× 100
Measured CCS

supporting information). Four pesticide sodium adducts (clethodim,
fluazifop‐p‐butyl,

mandipropamid

and

methiocarb‐sulfoxide)

surprisingly had smaller CCSs than their respective pseudo‐molecular
ions and, while clethodim isomers had identical
TW

sodium adduct ions exhibited different

TW

CCSs, their

CCS values. In contrast,

ethoprophos and thiacloprid sodium adducts presented strikingly
larger

TW

CCSs

than

their

respective

molecular

ions.

Such

observations motivate further structural theoretical calculations in
the process of understanding and interpreting these experimental
data. Nonetheless, this is beyond the scope of this study and will be
presented elsewhere.
As a travelling wave ion mobility (TWIMS) device uses a
non‐uniform electric field, calculations of

TW

CCS from measured

drift time is not a straightforward application of the Mason−Schamp
equation.47,48 However,

TW

CCS values can be determined if the

mobility cell is calibrated with drift time measurements of ions with
known

TW

CCS

values

derived

from

drift

tube

analysis.49,50

Polyalanine was adopted as a mobility calibration reference
Then, an in‐house filter is applied to the tentative candidate list to
display only the detections with a % CCS error below 2%.

compound because it is the most commonly used TWIMS
calibrant for small molecules and the number of monomer units used
were from 3 to 14 with m/z from 232.1297 to 1013.5379,
respectively. However, 27% of the pesticides targeted have lower

3

RESULTS AND DISCUSSION

|

masses than the first

TW

CCS calibration point of tri‐alanine at m/z

232.1297 (limit highlighted by the dashed line in Figure 1). Under

3.1

|

TWIMS calibration study

this critical point, the generated

TW

CCS values are coming from an

extrapolation of the modelled curve. Hence, we could not discount
The initial step was to generate
pesticides to build an in‐house

TW

TW

CCS values for all the 200

CCS library. The mixtures of

the possibility of generating subtly different

TW

CCS values in the

extrapolated region.

pesticides (at 0.5 μg/mL) were injected and the data collected in the
low collision energy function were manually investigated to

3.1.1

|

Long‐term precision study

determine the retention times (Rts) and the base peak ions. The
protonated molecules were the predominant ions produced for 78%

To assess the validity of the regression model proposed in the

of the pesticides studied here under these analytical conditions. For

low‐mass range, errors associated with

TW

CCS values generated by

33 pesticides the sodiated molecules formed the base peak ion of

the proposed protocol were estimated. The long‐term precision of

the spectra and the corresponding protonated ion was not observed

TW

CCS values was tested by measuring standard solutions of 200

GOSCINNY
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FIGURE 1 Mean CCS errors (±SD) for the 200 pesticides over 4 years. Zone in grey highlights the compounds with m/z below 200 [Color figure
can be viewed at wileyonlinelibrary.com]

pesticides at 100 ng mL−1 during a period of 4 years from 2013 to

3.1.2

|

Robustness study

2017 (n = 10). Following the acquisition for the in‐house CCS library
TW

(month 0), eight additional essays were carried out after 1, 2, 4, 5, 6,

The robustness of the

7, 8 and 9 months and two additional acquisitions were done, 3 and

deliberately changing the IM parameters and comparing the

4 years later, after the annual instrument maintenance to test its

measured

TW

CCS calibration was then tested by

TW

CCS values with the reference

TW

CCSs. Three sets of

CCS values and derived relative standard

experiments were performed by changing the IM velocity (static

deviation (RSD) were calculated for these acquisitions including the

mode = fixed value and dynamic mode = velocity ramping) and also

reference values, yielding a population of 11 acquisitions. The results

the IM gas pressure. The parameters are reported in Table 1. An

are reported in Table S1 (supporting information). Over this 4‐year

example of the consequence of the different IM parameters on the

performance. Mean

TW

CCS values is very

mobility peak is shown in Figure S3 (supporting information) for

stable with only two compounds (bendiocarb fgt and carbendazim

fenamiphos at m/z 304.1136. In general, with higher static wave

fgt) having the highest RSD of 0.7%. However, the criterion used for

velocity the mobility peak width is wider and the drift times are

period, the intra‐laboratory reproducibility of

screening is not the measured

TW

CCS value, but the relative TWCCS

error compared with the reference value. Systematically, the

TW

CCS

values measured during this time period were compared with the
reference

TW

CCS values (RefCCSs) and their error differences were

calculated and expressed as percentages. Figure 1 clearly shows that
the

TW

CCS errors are lower than 1%, except for the three ions

longer, meaning that the compounds stay in the mobility cell longer.
Hence, for the last two sets of parameters,

TW

CCS calibration was

performed for polyalanine polymer masses up‐to m/z 871.4637
(parameter set 2) and m/z 729.3895 (for parameter set 3). The
TW

CCS values measured for each set of parameters were compared

with the reference CCS values corresponding to the standard

plot.

protocol for IM parameters and the error % are plotted in Figure 2.

Interestingly, the larger variability for these compounds is not related

The first set of parameters gave TWCCS values within 2% error from

(bupirimate,

cyprodinil

and

dimethoate)

circled

in

the

to their masses (m/z < 232.1297 for 2 of them) but mainly to their
mobility peak shape as no smoothing is applied to the mobility peak
data (see Figure S2, supporting information). Since drift time is
determined from the peak apex, a peak distortion will impact upon
the calculated

TW

CCS values. This issue could partially be solved by

using a smoothing feature; however, this is not critical here as all the
data falls within 2% error range from a reference based on a single
acquisition performed 4 years earlier. In Figure 1, there is a tenuous
trend that ions lower than m/z 200 exhibit larger variability for their
measured

TW

CCS value over time (section highlighted in grey). These

extreme values on the lower end of the m/z scale are the ones
further apart from the first input point of the polyalanine calibration
range. It can be expected that they are more influenced by small
changes in the instrument status as they lay outside the calibration
range. Nonetheless, even if the SDs are slightly higher, it does not
impact on the criterion of the determined value of 2%, set for
TW

CCS error tolerance. This is very important when the method has

to be applicable to a wide mass range including very small organic
molecules.

TABLE 1 TWIMS conditions used in four different experiments with
CCS values for fenpropidin as an example of a pesticide within the
CCS calibration and for methamidophos as an example of a pesticide
outside the CCS calibration
Standard
protocol

Experiment Experiment Experiment
Set 1
Set 2
Set 3

IMS wave
velocity (V)

40

40

IMS wave
height (m/s)

Parameters

40

40

Ramping
Static at
from 300
650
to 1000

Static at
850

Static at
950

Helium gas flow
(mL/min)

180

180

180

180

IMS gas flow
(mL/min)

90

90

90

105

Fenpropidin
(m/z 274)
TW
CCSN2 (Å2)

165.2

165.2

164.7

165.2

Methamidophos
(m/z 142)
TW
CCSN2 (Å2)

107.6

107.6

112

113.4

6
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FIGURE 2 Illustration of the impact upon
determined % CCS error when applying a CCS
calibration strategy with varying TWIMS
acquisition parameters. Marked value at m/z
232 corresponds to the first TWIMS
calibration point using polyalanine calibrant
the reference CCS values throughout the mass range of the pesticides

content is reported in Table S2, supporting information). In this case

(white dots in Figure 2), while, for the last two sets of parameters,

the calibration range is extended not only for the lowest

deviations beyond 2% error away from the reference CCSs are

values, but also for the highest

clearly marked under m/z 232.1297 (first

TW

TW

TW

CCS

CCS values. The mass range

CCS calibration point).

covered is from m/z 152.0712 up to 1155.6122; in addition, the

CCS values generated with

contribution of polyalanine to the calibration has changed from n = 2

the same calibration protocol are reproducible even for target

to n = 14 to n = 7 to n = 16 and replaced by other compounds and

From these results, we clearly see that
masses under the first

TW

TW

CCS calibration point, whereas robustness

is guaranteed within the strict limits of the calibration range. All the
experiments performed so far used polyalanine as a sole

TW

CCS

additional calibration points. Calibration was performed and the
measured

TW

CCS values for the pesticides were compared with

Ref

CCS values. The results are plotted as yellow triangles in Figure 3

calibrant, with the first calibration point at m/z 232.1297. Additional

and show the same trend as for the calibration containing

calibration options became available for TWIM CCS calibration for

acetaminophen and polyalanine. The

singly charged small molecules and the CCS values of the calibrant

higher than 2%, for pesticides with m/z lower than 232.1297.

compounds can be inserted in the instrument acquisition software

Interestingly, when comparing the

for TWIM calibration. Two additional calibration reference files with

acetaminophen‐polyalanine against the TWCCS values collected from

corresponding calibration solutions were used to calibrate the IMS

the small molecule mixture (cross‐shaped points in Figure 3), no

data under standard protocol IMS parameters. The first calibration

significant deviations were observed as all the results fell within 2%

reference was a mixture of polyalanine with the addition of

error. This finding shows that the nature of the reference

acetaminophen with m/z 152.0712 adding therefore a lower

compounds for calibration has not influenced the outcome of the

calibration point and covering a mass range up to m/z 1013.5380.

estimated

TW
Ref

TW

TW

CCS percentage errors are

CCS values generated with

TW

CCS values for the small molecules profiled.

CCS values generated by this calibration were compared with

CCS values obtained with polyalanine and the results are shown in

Figure 3 (diamond‐shaped points). All

TW

CCS values for ions with m/z

3.1.3 | CCS screening proof of concept
intercomparison study

TW

CCSHe

values higher than 232.1297 are within 2% difference from the RefCCS
values. The inclusion of acetaminophen extends the calibration range
down to m/z 152.0712, having an effect on the

TW

To the best of our knowledge, using the developed CCS screening

CCS values

protocol described herein this is the first intercomparison exercise

calculated of ions m/z lower than 232.1297. The second calibration

performed as proof of concept. The study was designed to evaluate

set is a mixture of small molecules containing polyalanine (detailed

and compare the capabilities of producing

TW

CCSHe values in

FIGURE 3 Illustration of impact upon %
CCS errors when applying a CCS calibration
with different TWIMS calibration strategies
[Color figure can be viewed at
wileyonlinelibrary.com]
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different laboratories using a Synapt G2‐S, with a standard CCS

observed for fluazifop‐p‐butyl with a SD of 3.4 and RSD of 2.6%. The

calibrated acquisition protocol for screening purposes of pesticides.

six values circled in Figure 4A are the ones with a larger variability

All the participants followed a strict optimized protocol (the protocol

with associated RSD >2% and only two of the six pesticides have a

is given in the supporting information). Four laboratories in three

mass below the first point of TWIMS calibration. No straightforward

different countries (UK, USA and Belgium) were involved in the test.

explanation was found as these compounds have different structures

For this comparison, only monoisotopic ions were selected and 6 out

and retention times. It is however possible that these pesticides could

of 40 selected pesticides had their masses under the first

TW

CCS

exhibit

different

protonation

sites,

having

different

mobility

calibration point (m/z 232.1297). The means and standard deviations

conformers (protomers) that are not resolved, causing subtle

of the absolute CCS values for the four systems are plotted in

differences (RSD ≤2.6%) in the mobility distribution.51 This could

Figure 4A. As can be seen, for each pesticide the

TW

CCSHe value is

explain the larger variability observed in

TW

CCSHe values from the

closely clustered around the mean value with the smallest deviation

different instruments. Interestingly, when each laboratory used their

for benthiavalicarb with a standard deviation (SD) of 0.9 and a relative

in‐house reference TWCCSHe to calculate the CCS percentage errors

standard deviation (RSD) of 0.8%, and the largest variation was

for a spiked mandarin extract, the results were well within the

FIGURE 4 (A) The error percentage of each laboratory data from the consensus value derived from the mean values of the four instruments. (B)
Results of % CCS errors for mandarin spiked matrix extract of the four laboratories using their in‐house CCS reference [Color figure can be viewed
at wileyonlinelibrary.com]
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proposed 2% CCS error tolerance window. These results are illustrated

library as the dominant ion with the molecular ion being rarely

in Figure 4B. While this is a single‐point comparison between four

detected due to very weak signal response under the analytical

different systems, these results in combination with the repeatability

conditions used. Consequently, eliminating this ion based on mass

experiments lead to the confident assertion that from this early stage

shift (−1.3 mDa) is generating a false negative as the molecular ion

research the calibration protocol proposed generates reproducible

detection is not a sufficient proof of correct compound identification

TW

software

or, at least, this situation would have triggered an additional manual

improvement to correct for any drift time deviation during the

CCSHe

values.

These

initial

findings

motivated

investigation which is time consuming. Moreover, for the second false

acquisition. In other words, this recent feature called “Drift lock”

negative case of fenamiphos sulfoxide with 5.1 ppm mass error, the

works like the lock mass and uses the lockspray acquisition to this

analyst would also investigate for additional criteria, e.g. expected

end. With progress other research has shown inter‐laboratory

fragments, before ruling out the compound. In this case, when looking

precision for CCS values typically below 1%.52,53

at the mass spectra, one can easily observe three of the expected
fragments (m/z 233.0032, 171.0475 and 108.0573), as can be seen in
Figure S5 (supporting information). This compound would have been

3.2 | TWIMS CCS parameter hierarchy in a screening
approach by UHPLC/IMS‐HRMS

set for confirmation. At a second stage, the CCS error percentage is
reduced to 2, ruling out the remaining five candidates out of the
eleven false identifications. In summary, all the eleven false positives

The added value of using the TWCCS parameter within a screening

have been eliminated; however, further investigation is required for

method was then assessed by performing the analysis of a previous

the two “false negatives” resulting from this approach.

proficiency test (PT) sample for pesticides in food (EURL‐PT‐FV‐
54

On the other hand (scenario B), when we directly apply a

The PT material was a sweet pepper homogenate containing

narrower CCS error percentage (from 10 to 2%) without filtering on

13 LC‐amenable pesticides in positive mode. Two additional

mass accuracy, we yield directly the 15 compounds present in the

pesticides could be added to this list, primicarb‐desmethyl and

PT sample without generating false negatives and discard the 11

tebuconazole, because they were in the sample but were not

false positives in one step. The two screening protocols were

evaluated in the PT results by the organizers as their concentrations

performed automatically without manual investigation or data

were below the minimum required reported limit (0.01 mg kg−1). In

mining. These results demonstrate how the combination of exact

total, we can expect 15 detections using our screening method. The

mass, retention time and CCS can quickly provide a tentative list of

post‐run processing was done automatically using three parameters

targeted compounds for this specific example treated here. Before

(retention time, exact mass and TWCCS) with tolerance windows

triggering a confirmation and quantification analysis, the screening

fixed at 0.5 min for retention times, 20 ppm for mass accuracy and

method can add more structure‐related parameters such as

10% CCS error. The approach of wide tolerance windows at the

characteristic isotopic and fragmentation patterns. Looking at the

initial screening step was found to be very effective to capture

high collision energy window mass spectrum of the 15 pesticides

additional valuable information from the analysis, e.g. identification

identified in the PT sample, at least one fragment was found. In

of protomers, or detection of substances that suffered from mass

addition, six pesticides contained chlorine which facilitated the low‐

shift due to the statistics at low intensities which is compound and

energy

matrix dependent. In the case of a retention time tolerance window

characteristic isotopic peaks. At the end of this one‐step screening

of 0.5 min, this was the result of a balanced compromise between

method with mass accuracy and retention time windows wider than

keeping the number of false positives low and avoiding the need to

the SANTE criteria, the screening result contains 15 identified

update retention times of the in‐house library after performance

pesticides in the PT sample that are correctly assigned.

16).

maintenance of the LC system, e.g. new column or tubing

window

mass

spectrum

analysis

by

producing

very

The LC‐amenable compounds comprised in the PT sample exhibit

replacement. The first results were screened based on the retention

very good signal‐to‐noise, resulting in high‐quality data (fragments

time criterion as the tolerance windows for mass accuracy and CCS

were found and the complete isotopic patterns detected). The

were very wide. The results obtained for the sample at that stage is

screening approach was also tested under extreme matrix‐

given in Table 2A showing a list of 26 putative candidates including

concentration conditions. The choice of the matrices was based on

the 15 PT pesticides but also 11 false identifications. From there,

previous results published by the European Reference Laboratory for

two different identification processes were applied. The two

Pesticides

screening workflows are illustrated in Figure S4 (supporting

representative matrices and a specific study on the matrix

information) with corresponding results summarised in Table 2B. The

effects.56,57 The matrix compound maps were built on extracts not

first one (scenario A) is a cascade of two steps, starting with a

subject to a purification step; consequently, the appreciation of a

narrower mass accuracy window going from 20 ppm to 5 ppm for m/z

complex matrix can be based on the number of matrix components

over 200 and 1 mDa for m/z lower than 200, as described in the

co‐extracted. In comparison, pepper extract (as for the PT sample)

SANTE document.55 This step ruled out eight candidates comprised

had 2169 matrix components while green tea showed 8229 matrix

of six false positives out of eleven and two false negatives. The first

components. The five matrices tested in this study were green tea

false negative, primicarb‐desmethyl fragment, has been set in the

powder (with 8229 matrix components), fresh garlic (with 8025

concerning

the

molecular

components

map

of
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TABLE 2A Screening results for the EURL‐PT material FV‐16 in pepper and pesticides median concentrations. Pesticides marked with an
asterisk were in the PT‐material but were not evaluated by the organisers due to very low concentrations
No.

Pesticide

Calculated m/z

Mass error
(mDa)
‐1

1

Acetamipride

223.0750

3

Bupirimate

317.1647

5.4

3

Buprofezine

306.1640

0.3

Mass error
(ppm)
−4.4
17
0.9

Rt error
(min)
0

% CCS error
0.5

−0.02
−0.06

Median values for conc.
(mg/kg)
0.632 (63.2 ng/mL)

−3
0.9

0.467 (46.7 ng/mL)
0.591 (59.1 ng/mL)

4

Cyprodinil

226.1344

0.1

0.4

−0.02

0.4

5

Diafenthiuron

385.2314

−5.9

−15.3

−0.02

−2.1

6

Difenoconazole

406.0725

0.9

2.3

−0.03

1

7

Difenoxuron

287.1396

3.5

12.1

−0.32

−7

0.953 (95.3 ng/mL)

8

DMST

215.0854

−0.8

−3.6

−0.07

3.6

9

Fenamiphos

304.1136

0.4

1.5

0.01

1.2

10

Fenamiphos sulphone

336.1035

−0.8

−2.4

0.01

0.3

0.110 (11 ng/mL)

11

Fenamiphos sulphoxide

320.1085

1.6

5.1

0.01

0.7

6.635 (663.5 ng/mL)

−0.16

−4.1

12

Fenbuconazole

337.1220

0.1

0.3

13

Fenhexamid

302.0715

0.3

1

14

Mepanipyrim

224.1188

0.3

1.4

−0.01

4

15

Methoxyfenozide

391.1998

0.5

1.2

−0.01

0.1

0

0.7

7.385 (738.5 ng/mL)

0.861 (86.1 ng/mL)

0.165 (16.5 ng/mL)

16

Phoxim fgt

129.0453

−0.1

−0.8

0.06

6.5

17

Piperonyl butoxide

361.1991

1.2

3.3

0.18

2.8

−0.01

1.9

0.731 (73.1 ng/mL)

1.7

Not reported

18

Pirimicarb

239.1508

0.1

0.4

19

Primicarb‐desmethyl

225.1352

−0.4

−1.7

Primicarb‐desmethyl fgt

168.1137

−1.3

−7.6

20

Pymetrozine

218.1042

3.2

14.6

Pyridaben

387.1274

−0.7

−1.7

0

0.1

Pyridaben fgt

309.0828

0.3

1

0

1.2

21

0
0

1.2

−0.21

−5

22

Spinosad

732.4687

−0.2

−0.2

0

1.1

23

Spiroxamine

298.2746

−1.7

−5.8

0.04

4.3

24

Tebuconazole

308.1530

−0.1

−0.2

0.01

1.1

25

Tebufenozide

353.2229

−4.9

−13.8

0.02

−7.1

26

Tetraconazole

372.0294

0.7

2

0

0.9

0.151 (15.1 ng/mL)

0.094 (9.4 ng/mL)

Not reported

0.104 (10.4 ng/mL)

Rows in grey are the tentative results not present in the PT sample
Cells in dark grey are mass accuracy results in ppm >5 but the compounds are present in the PT sample

matrix components), leek (with 7301 matrix components), fresh herb

compounds at low concentrations. At the end, considering five

chives (with 5364 matrix components) and rye (with 4551 matrix

matrices and nine pesticides, we should have a total number of 45

components).

study

detections, but with the two pesticides not detected we can

(independently selected with regards to the PT sample) were well

consider 43 detections. The mass accuracy given in ppm is higher

distributed over the UHPLC elution order (from 1.29 min for

than 5 for azinphos‐methyl (4 times out of 4), for cyromazine (4

cyromazine to 11.17 min for pyridate), the azinphos‐methyl targeted

times out of 5), for lufenuron (1 time out of 5), for pyridate (2 times

ion was an in‐source fragment and two pesticides (pymetrozine and

out of 4) and for pyrimethanil (3 times out of 5). Using this

thiodicarb) were targeted by their sodiated ion. Hence, the nine

parameter and a tolerance lower than 5 ppm would have generated

pesticides chosen form a heterogeneous mixture representative of

14 false negatives out of 43 detections. If we had used the absolute

the different types of ion targeted in this study. The injections were

mass accuracy parameter in mDa with a tolerance of ≤2 mDa, we

then processed using the one‐step screening method with 2%

would have two pesticides cut off, lufenuron (in rye) and pyridate (in

tolerance for the CCS error criteria. The summary of the results is

chives and leek). This would have resulted in three false negatives

reported in Tables 3 and 4. Except for azinphos‐methyl and pyridate

out of 43 whereas, using only the % CCS error, we have no false

in the green tea sample, all the pesticides were found. The two

negatives, all 43 detections are within the tolerance. Interestingly,

pesticides missing in the end results were not found even after

the measured

manual interrogation of the data; this could be explained by a

the reference value as the % CCS error was 1.9; in addition, for the

considerable matrix effect hampering the detection of these

other matrices, the % CCS errors for boscalid were lower than 0.3%.

The

nine

pesticides

chosen

for

this

TW

CCS value for boscalid in leek was quite far from
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TABLE 2B

False negative and positive rate yields from the two screening scenarios on the EURL‐PT material FV‐16 in pepper

Screening scenario A

Filtered parameter

Compounds eliminated

False positives missed

False negatives

Step 1

‐bupirimate
‐diafenthiuron
‐difenoxuron
‐fenamiphos‐sulfoxide

5 false positives missed

2 false negatives

Fenamiphos‐sulfoxide

‐primicarb‐desmethyl fgt*

DMST
Fenbuconazole
Mepamipyrim

‐pymetrosine

Phoxim fgt

Primicarb‐desmethyl fgt*

‐spiroxamine
‐tebufenozide

Piperonyl‐butoxide

‐DMST
‐fenbuconazole
‐mepamipyrim
‐phoxim fgt
‐piperonyl‐butoxide

0 false positive missed

0 false negative

‐bupirimate
‐diafenthiuron
‐difenoxuron
‐DMST
‐fenbuconazole
‐mepanipyrim
‐phoxim fgt
‐piperonyl‐butoxide
‐pymetrosine
‐spiroxamine
‐tebufenozide

0 false positive missed

0 false negative

Mass error window closed down to
5 ppm for m/z over 200 and 1 mDa
for m/z lower than 200

Step 2
CCS error window closed down to 2%

Screening scenario B

TABLE 3

ET AL.

CCS error window closed down to 2%

Mass accuracy and CCS errors for spiked matrices at 10 ng mL−1

Matrices

Chives

Pesticides/parameters

mDa

Garlic
ppm

% CCS
error

mDa

Leek
ppm

% CCS
error

mDa

Rye
ppm

% CCS
error

mDa

Matcha (green tea)
ppm

% CCS
error

ppm

ppm

% CCS
error

2

0.1

Azinphos‐methyl fgt

−0.9

−6.8

0.6

−0.9

−6.7

0.5

−1.5

−11.6

0.5

−1

−7.4

0.5

ND

Azoxystrobin

−0.9

−2.2

0.4

−1.2

−2.9

0.4

−1.8

−4.5

0.4

−0.8

−1.9

0.2

0.8

Boscalid

−1.5

−4.3

0.2

−1

−3

0.3

−0.7

−2

1.9*

−0.9

−2.5

0.1

0.6

1.7

0

Cyromazine

−1

−6.0

0.7

−1.6

−9.3

0.2

−1.5

−8.7

0.7

−0.8

−4.6

0.6

−1.4

−8.6

0.7

Lufenuron

−1.5

−3

−0.3

−0.4

−0.8

−0

−1.7

−3.4

−0.1

−2.6

−5.1

−0.2

−1.1

−2.1

−0.2

Pyridaben

−1.8

−4.7

−0.3

−0.7

−1.9

−0.1

−1.3

−3.3

0

−1.2

−3.2

0

ND
−2.6

−0.1

Pyridaben fgt

−1.1

−3.4

0.1

0.3

0.8

0.3

−1.2

−3.8

0.2

−0.6

−1.9

0.1

−0.8

Pyridat

−2.3

−6.0

0.2

−1.3

−3.4

0.1

−2.1

−5.5

0.3

−0.5

−1.2

0

ND

Pyridafol

−1.2

−5.9

−0.4

−0.5

−2.53

−0.4

−1.1

−5.5

−0.4

−1.2

−5.8

−0.6

ND

Pyrimethanil

−1

−5.1

−0.2

−1

−5.1

0

−1.1

−5.7

−0.2

−0.8

−4.1

−0.4

−0.7

−3.4

−0.3

Thiodicarb

−1.1

−3

0

−0.5

−1.2

0.1

−0.9

−2.5

0

0.1

0.2

−0.6

−0.4

−1

0

In light grey are mass accuracy results in ppm >5
In dark grey are mass accuracy results in mDa >2
In bold with * is the CCS error % very close to 2
ND = Not detected

In the previous study,36 it was demonstrated that drift times were not

Additional pesticides were detected in the leek and green tea

influenced by matrix or concentration and these observations were

samples with all the parameters within required tolerance windows and

TW

CCS values (data reported in Figures S6 and

fragments were also found as can be seen in Table S3 (supporting

S7, supporting information). Hence, the screening outcome for

information). The green tea sample was purchased in a local Asian food

boscalid in leek was not expected. After investigation, it was found

store and was not labelled as an organic product. Thiacloprid detected

also confirmed for

that the boscalid signal in leek was very low and that had an impact

in the leek‐spiked sample was also present in the non‐spiked matrix

on the mobility peak profile (see Figure 5). This is typically the case

extract. All the screening parameters confirm the presence of this

of a chromatographic distortion that has negative effects on peak

pesticide although the matrix material was organic. For this crop,

detection. Smoothing the peak would have allowed a correct peak

thiacloprid has a relatively high MPL of 0.1 mg kg−1,58 which could

apex value and less variation from the reference.

partly explain this detection. Other detected compounds were
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is as high as −11.5 ppm for azinphos‐methyl in leek, the analyst will

TABLE 4 Association between mass accuracy, CCS errors and
related IPs
Mass accuracy

IP obtained for
each iona

further examine the data. The ion we are targeting for this

IP obtained for ion
mobility additionb

132.0449) with further fragmentation in the transfer giving the
fragment ion m/z 77.0391 (C6H5)+. The mass spectra at low and high

Error higher than 10 mDa
Single ion

1.0

+2

energy in leek matrix are given in Figure 6. This figure shows the

Precursor ion

1.0

+2

retention time aligned spectra for azinphos‐methyl. Looking closer at

Product ion

1.5

Mobility product ion

the high‐energy window (Figure 6B), there is a fragment at 132.9028
and another fragment at 77.04 that could be the ones we are

2

targeting. It is very difficult to make a conclusion based on these

Error between 2 and 10 mDa
Single ion

1.5

+2

observations. If we look at the same data but drift time aligned in

Precursor ion

1.5

+2

Figure

Product ion

2.0

Mobility product ion

7,

interferences

are

completely

discarded,

even

the

interference at mass 132.9028. This is a perfect example of the high
selectivity added by ion mobility in the screening assay. The

2.5

contribution of the interference at 132.9028 comes from a precursor

Error below 2 mDa
Single ion

2.0

+2

ion with a different drift time than the azinphos‐methyl fragment

Precursor ion

2.0

+2

and is therefore removed from the spectrum leaving only ions that

Product ion

2.5
3

would have been discarded even after spectral analysis. This

Mobility product ion

originate from m/z 132.0428. Without ion mobility, this detection
phenomenon is comparable to selected reaction monitoring (SRM),

a

Criterion proposed by Hernandez et al.62

b

compound is the fragment (C8H5NO with [M + H]+1 at m/z

where the precursor ion selected in the first quadrupole yields to

Criterion proposed in this paper.

product ions after collision‐induced dissociation in the collision cell.
eliminated due to % CCS error higher than 2% (data not shown here).
Pyridafol was detected in all the samples and was on the final screening
list as the CCS criterion was always below 2% regardless of the mass
accuracy. This result is not surprising because it is the degradation
product of pyridate and degradation in solution has been reported.59
The analysis of the stock solution used confirms the presence of
pyridafol; moreover, the non‐spiked matrix extracts were free from this
compound. These results support the choice of the one‐step screening
workflow which is completely automated, simple and rapid. Although
wide mass and retention time tolerance windows are kept throughout
the processing method, false identifications are dealt with confidently,
via software and application of data filter with a tight CCS error tolerance.

The selectivity of SRM is unique at the mass level, whereas ion
mobility selectivity is based on charge, shape, mass and interaction
with the mobility gas. Considering these principles, we propose to
assign the name “mobility product ions” to fragments that are drift
time aligned with the precursor ion. Understanding the mechanism
involved in this gas‐phase separation is crucial to apprehend the
strengths of the proposed approach that is not only centered on
CCS measurement, but gives an additional chemical characteristic highly
discriminative to interferences. In the light of the experimental results
from this study, ion mobility with the addition of accurate mass
measurement is able to distinguish the target analytes from
interferences and the measurement of CCS in solvent does not differ
from matrix experiments. These are the prerequisite conditions to be

3.3

|

eligible as an identification point (IP),60 a concept established in the

Resolving identification ambiguity using IM

European Commission Decision 2002/657/EC for identification and
So far, we have demonstrated how TWCCS values used as a screening

quantification purposes.61 The minimum IPs required for identification

parameter efficiently eliminate false positives and most importantly

confirmation of authorized substances is 3 while 4 for forbidden

TW

CCS

substances and, for each type of analytical technique used, a number of

measured value for boscalid was investigated, when a mass accuracy

IPs can be earned. One interesting study from Hernandez and

avoid false negative reporting. However, just as the

FIGURE 5 Mobility spectra for boscalid at
10 ng.mL−1 in green tea extract (A) and leek
extract (B)
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FIGURE 6 Low (A) and high (B) energy window ion extracted spectra for azinphos‐methyl in leek. Corresponding larger scale in (a) and (b) [Color
figure can be viewed at wileyonlinelibrary.com]
co‐workers focused on an alternative approach to the European Union IP

current EU guideline on quality control in pesticide residue analysis55

assignment related to mass spectrometry measurements. This pragmatic

does not use the IP system but states minimum criteria for

approach is based on the accuracy of the measurement (expressed in

identification using HRMS. The latest revision of the SANTE document

62

mDa) instead of the resolution power of the technique used.

This is

for pesticides requires two ions (with preference for the quasi‐

very important because mass deviations expressed in relative units

molecular ion or adduct ion) and at least one fragment ion, having a

(ppm) do not give a meaningful appreciation of the measurement as its

mass accuracy lower than 5 ppm if the m/z is higher than 200,

value is mass dependent. On the other hand, using an absolute unit for

otherwise the criterion switches to absolute mass accuracy units with a

mass accuracy (e.g. mDa) with a threshold of 2 mDa allows a good

tolerance of less than 1 mDa. In fact, transposing these SANTE criteria

estimate as to how far the result is from the identification of the

in IP would yield a score of 4.5, which is more stringent than the 4 IP

compound. Table 4 reports the alternative IP assignment for each ion

required for forbidden substances. One critical issue is the need to have

detected. This latter approach will be used from here on, although the

data of high quality, either by a thorough sample preparation that

FIGURE 7 Mobility extracted spectra of azinphos‐methyl in leek. Upper and lower spectra correspond to the low‐ and high‐energy window,
respectively [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 5

Mass and CCS errors for pesticides spiked in different matrices and the corresponding earned IPs

Compound

Matrix

[M − H]+1

Deviation (mDa)

CCS error (%)

Assigned IPs

Boscalid

Leek

343.0405
307.0638
139.9903

−0.7
ND
ND

1.9

2+2

Green tea

397.1530
309.0828
147.1174

ND
−0.8
−1.4

−0.1

379.1247
207.0325

−2.3
ND

0.2

Total IPs

4

Pyridaben

2+2
3

Total IPs

7

Pyridate

Chives

1.5 + 2

Total IPs

3.5

reduces the number of co‐extracts, minimizing matrix effect and

calibration mixtures were tested and results show that the type of

interference contribution, or rely heavily on the resolution power of the

the compound used for calibration has not influenced

TW

CCS

TW

instrument used. This latter is of paramount importance when dealing

measurement. However,

with a tolerance of less than 1 mDa. Based on the collective results

with m/z values outside the mass range covered by the calibration

from this work, an extended IP ranking scheme for ion mobility addition

are calibrant and IMS parameter dependent. These results enabled

to the method is proposed for unequivocal identification. First,

TW

CCS

Ref

the

development

of

CCS values generated for substances

a

one‐step

post‐acquisition

screening

CCS is

methodology based on wide mass accuracy (20 ppm) and retention

additive to the IP for mass accuracy proposed by Hernandez et al,62 as

time (0.5 min) windows, while a strict tolerance is applied on the

TW

relative error of CCS measurement (2%). Applying this methodology

measurement exhibiting less than 2% error away from the

CCS measurement was demonstrated to be independent of mass
TW

CCS

to a previous proficiency test and spiked matrix extracts have

measurement errors less than 2%. Then, for mobility product ions the

resulted in no false reporting, in one‐step filtering. The results

number of IPs assigned is 3 because the allocation of the product ion to

presented in this paper, although processed on a limited number of

the precursor ion is unambiguous, as they share the same drift time. To

pesticides spiked in matrix, highlight the discriminative power of ion

illustrate this new IP proposal, three examples from the spiked

mobility, which in turn gives us the means to designate a new

experiments in the section were selected and IP assignment is displayed

nomenclature to fragment ions generated from a specific drift time

accuracy. A full additional 2 IP is assigned to ions having

in Table 5. Boscalid in leek yields 4 IPs from accurate mass

as “mobility product ions”. These unique and powerful ion mobility

measurement (lower than 2 mDa) and associated CCS error lower than

features in conjunction with the data reported in this paper will help

2%. Although the SANTE criteria are not met with only the

to extend applications to other small molecules. As ion mobility

monoisotopic mass detected, lacking any isotopic profile and

processing functionality and hardware technology evolves, use of ion

fragments, the identification was still possible and reliable. For

mobility in routine regulated screening protocols is likely to increase;

pyridaben in green tea, the 7 IPs earned came from the detection of

in parallel, these studies will provide the opportunity to challenge

the in‐source fragment with good mass accuracy and associated CCS

the proposed identification system and screening methodology.

error below 2%, in addition to the detection of the mobility product
ion of the fragment with mass accuracy lower than 2 mDa. In this
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