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This article addresses the use of high-resolution mass spec-
trometry (HRMS) in the field of pesticide testing in food.
The societal interest and concerns on the presence of pesti-
cide residues in food has triggered the interest toward
the development of more comprehensive methods that
enable a faster and more effective control of the chemi-
cals. For this purpose, the introduction of HRMS in this
field, first with the development of time-of-flight (TOF)
instrumentation with enhanced quantitative capabilities
along with the introduction of Orbitrap technology has
opened new possibilities in the last decade, and nowa-
days constitute an attractive and versatile alternative to
current targeted pesticide residue methods relying on liquid
chromatography-tandem mass spectrometry (LC-MS/MS)

and gas chromatography-tandem mass spectrometry (GC-
MS/MS) with triple quadrupole analyzer (QQQ).

1 INTRODUCTION

The application of pesticides is one of the main practices
to protect agricultural crops against weeds, pest, and
diseases, and to ensure crop yields and quality in order to
supply food worldwide. Although the use of agrochem-
icals is controlled through good agricultural practices,
pesticide residues may well be present in plant-origin
foodstuffs. Pesticide residue control is, thus, central,
not only to secure crop quality and for official trade
control purposes but also to protect human health.(!
Several regulations address this issue worldwide.?-> For
instance, European Commission Regulation 396/2005
lists over 150000 maximum residue levels (MRLs) for
pesticides in 380 defined plant-origin commodities (http://
www.pesticides-online.com/).9

Owing to the international trade of fruits and vegeta-
bles and the lack of worldwide harmonized regulations
on the use of pesticides, the development of comprehen-
sive screening methods for analyzing hundreds of pesti-
cides and other banned chemicals in a unique assay is
very convenient. From the scientific point of view, pesti-
cide residue analysis is a relevant and challenging appli-
cation of mass spectrometry. It requires the simultaneous
detection of a plethora of species with a broad range of
physicochemical properties. For the assessment of pesti-
cides in food, laboratories usually rely on targeting a
list of ca. 200-300 liquid chromatography and gas chro-
matography (GC)-amenable compounds, typically those
more widely used or more frequently detected. The stan-
dard approach for LC-amenable compounds consists of
a method using LC-MS/MS operated in the multiple
reaction monitoring (MRM) mode, which remains the
gold standard for the quantitative targeted analysis of a
limited number of species due to its robustness, ease-of-
use, extended dynamic range, and reliability. The tech-
nical progress and advances in instrumentation (e.g. soft-
ware for automated MS/MS (tandem mass spectrometry)
transitions optimization, reduced dwell times, enhanced
separation capability using ultra high-performance liquid
chromatography (UHPLC)) enable the monitoring of up
to 300400 compounds in a single run. On the other hand,
the detailed prior knowledge of the method parameters
(retention time, optimized MS/MS transitions, and colli-
sion energies) required in advance for each analyte sought
is probably the main limitation of this approach. Method
development requires studies with analyte reference stan-
dards prior to the actual sample. Therefore, LC-MS/MS
(MRM) methods are blind to compounds not included
(e.g. untargeted species such as pesticide metabolites,
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unauthorized agrochemicals, and/or their impurities) in
the acquisition method.

The need for a comprehensive examination of hundreds
of pesticides in food has recently triggered the develop-
ment of the so-called screening methods,'*12 which were
officially introduced in the guidance document on analyt-
ical quality control and method validation procedures
for pesticide residues and analysis in food and feed in
2012.%% According to this document, screening methods
provide laboratories a cost-effective approach to extend
the method scope to analytes which potentially have a
low probability of being present in the samples. Analytes
that occur more frequently should yet be sought using
carefully validated quantitative multiresidue methods.
Liquid chromatography high-resolution mass spectrom-
etry (LC-HRMS) has shown to be an effective approach
to screen food samples for the presence of a higher (than
QQQ) number of analytes. The use of HRMS instru-
mentation (Orbitrap and TOF) with either GC or LC
separations allows accurate mass measurements and, thus,
the effective screening and identification/confirmation
of a theoretically unlimited number of compounds. This
unique feature of HRMS instrumentation is remark-
ably convenient for food safety testing. Amongst the
experiments that can be accomplished using HRMS,
we should highlight the use of ‘universal’ accurate-mass
databases for standard-free identification of pesticides
and also the retrospective examination of former data
for compounds not originally sought, but, that for some
reason, become interesting.!) With the recent advances
of HRMS instrumentation, these attractive features are
no longer associated with poor quantitative performance.
Nowadays, the performance of HRMS instrumentation in
terms of linearity, precision, repeatability, and ruggedness
is comparable to that attainable with QQQ technology. In
parallel with LC-HRMS, a growing interest has arisen in
the development and application of GC-HRMS, partic-
ularly with the introduction of atmospheric pressure gas
chromatography-mass spectrometry (GC-MS) sources
and Orbitrap technology,’® which provides this system
the ability to cover a broader range of species, enabling
both targeted and retrospective suspect screening analysis
in a single GC-MS platform, overcoming most interfer-
ences usually common in GC-MS and GC-MS/MS
low-resolution systems.

In this article, an overview of HRMS applications in
the field of pesticide testing in food is presented. The
societal interest and concerns on the presence of pesti-
cide residues in food has triggered the interest toward
the development of more comprehensive methods that
enable a faster and more effective control of the chem-
icals. For this purpose, the introduction of HRMS has
created a paradigm shift in this field. The development
of TOF instrumentation with enhanced quantitative
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capabilities along with the introduction of Orbitrap tech-
nology has opened new possibilities in the last decade,
and nowadays constitutes an attractive and versatile
alternative to current targeted pesticide residue methods
using LC or GC-(QQQ) MS/MS. The workflows enabled
by HRMS methods do not have the boundaries related
to information required and availability of standards that
MS/MS (MRM) do suffer, permitting flexible acquisition
schemes where both targeted and untargeted analysis are
feasible.(10)

2 FUNDAMENTALS AND BASIC
CONCEPTS OF MODERN
HIGH-RESOLUTION MASS
SPECTROMETRY

A brief summary of selected terms associated to HRMS
used onward is provided in Table 1. Mass spectra can be
acquired at either low or high resolution. This will depend
on the instrumentation and experiment used. Typical
low-resolution MS experiments, typically performed
using triple quadrupole or ion trap instruments, provide
information of the nominal mass of the ionized species
(integer mass). In contrast, high resolution enables
the measurement of ions with 3-5 decimal place accu-
racy. This accuracy has implications in many aspects,
but perhaps, the more significant one is the ability to
assign elemental compositions in organic molecules.
Organic molecules are composed mainly by carbon,
hydrogen, oxygen, and nitrogen atoms along with other
elements in less extension such as sulfur, fluorine, or
chlorine. Although the number of protons in an atom
of an element is constant, atoms have different isotopes
because the number of neutrons in the nucleus of the
atom may vary, and thus, each of these stable isotopes
has a different exact mass. For example, 1>C always has 6
protons and 6 neutrons, 1°0 has 8 of each and 'H only one
proton. Although the number of nucleons of '>?CH, and
160 is the same, the exact mass of each species is different
(16.03176 vs 15.9994 Da). This should be attributed
to mass defects, the missing mass that corresponds to
the energy released (nuclear binding energy) when the
actual nucleus was formed (using Einstein’s E =mc?).
This mass defect is unique to each individual stable
isotope given its properties. Therefore, each combination
of the different elements (and isotopes) that typically
occurs in organic compounds (Cy,Hy,N,,Oy,...) yield
different and ‘quantized’ exact masses (monoisotopic
masses, if the more abundant isotopes are used for the
calculation).

Consequently, if we are able to measure with an instru-
ment — providing high mass accuracy — the very exact mass
of a molecule in the gas-phase (a previous ionization step
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Table 1 Concepts frequently used in high-resolution mass spectrometry

Term

Definition

Exact mass
Accurate mass

Mass accuracy
Nominal mass

Parts per million
(ppm)/relative mass
error

Monoisotopic mass

Average mass

Resolution or mass
resolving power

Mass defect

Isobar (in mass
spectrometry) or
isobaric species

Unified atomic mass
unit (u)

Theoretically calculated mass of an ion or molecule with specified isotopic composition

Experimentally determined mass of an ion of known charge. It can be used to determine elemental
composition to within limits defined by both the accuracy and precision of the measurement. Note that
accurate mass and exact mass are not synonymous. Accurate mass refers to a measured mass, and exact
mass refers to a (theoretically) calculated mass based on the tabulated masses of the different isotopes

Difference between the mass measured by the mass analyzer (accurate mass) and the expected
theoretical value (exact mass). It is usually expressed in parts per million (ppm)

Mass of a molecular ion or molecule calculated using the mass of the most abundant isotope of each
element

It is a dimensionless unit for mass accuracy. It is also known as relative mass error. For a given ion
measured, it is calculated as follows:
Mass accuracy in ppm = [[accurate mass — exact mass]/exact mass] x 10°

Exact mass of an ion or molecule calculated using the mass of the most abundant isotope of each element
(typically the lightest)

Mass of an ion or molecule weighted for its isotopic composition, i.e. the average of the isotopic masses
of each element, weighted for isotopic abundance

Measure of the ability of a mass analyzer to distinguish two signals of slightly different m/z values. The
full-width at half maximum (FWHM) definition (based on a single ion) is nowadays more widely used
than the 10% valley (based on two peaks of equal height) It is expressed as m/Am, where, m is the
mass of the ion of interest, and/Am is the ion peak m/z width at half height

Difference between the nominal mass and the monoisotopic mass of an atom, molecule, or ion. It can be
a positive or negative value dependent upon the elemental composition

Atomic or molecular species with the same nominal mass but different exact masses

The term atomic mass unit (amu) is deprecated. The term Thompson (7#) is also deprecated. Use either
u symbol or Da

Reproduced with permission from Ref. 17. © Walter de Gruyter GmbH, 2013.

is required in mass spectrometry experiment), we may
predict its elemental composition/molecular formula. For
this purpose, the so-called isotopic signatures are also
highly useful to further reduce the tentative elemental
compositions and even to confirm the actual one. Once
the molecules become larger and heavier with a higher
number of atoms, the possible combinations of elements
become larger so that the actual exact masses (if a mass
accuracy of 0.0001 Da is used) are no longer quantized.
Consequently, there are several element combinations
that lead to the same exact mass, so that the use of
high resolution and accurate mass measurements do not
allow the unambiguous assignment of a unique elemental
composition.

This fact is illustrated in Figure 1, where the number of
possible elemental compositions is charted for different
m/z values (192, 395, and 873). When HRMS is used
(accuracy better than 0.001 m/z units) in relatively low
molecular weight compounds (200 Da or below), there
is a reduced number of fitting elemental compositions.
In contrast, higher m/z values lead to larger number of
possible elemental compositions. Note that this example
was calculated using only isotopes from main atoms (C,
H, N, and O). For a model molecule such as reserpine
(Mw 608), and calculating only considering C, H, N, and

O, the number of possible elemental compositions varied
from above two hundred combinations using low reso-
lution (quadrupole) (e.g. 0.1 m/z mass accuracy to only
two candidates). This feature makes mass spectrometry
a powerful tool for structure elucidation and for confir-
matory purposes in quantitative studies, especially consid-
ering the high sensitivity featured by mass spectrometry.

2.1 Selectivity in High-resolution Mass Spectrometry:
Resolution, Mass Accuracy, Accurate Mass in
Qualitative Analysis

The central role mass accuracy plays in HRMS is
connected to the actual resolution of the mass spectrom-
eters. Improvements in resolving power undoubtedly
lead to an improvement in mass accuracy. The greater
the number of ions that are detected, in a normally
distributed peak, the more precise the centroid can be
assigned, and thus, the better mass accuracy.!® The
progress of TOF technology has led to an increase of
the resolving power in electrospray-TOF instruments
from 5000 to 10000 (delivering 5-10 ppm mass accuracy
with internal correction) in the late 1990s instruments
to current 35000-50000 (full-width half maximum,
FWHM) for m/z values >1000, with mass accuracies
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Figure 1 (a) Effect of the mass accuracy on the number of possible elemental compositions of organic molecules, limiting the type
of elements to carbon, nitrogen, oxygen, and hydrogen. (b) Example of reserpine and the impact of mass accuracy on the number of

possible elemental compositions.

in the 0.5-1ppm range under optimum ion abundan-
cies using continuous calibration systems. In the case
of Q-Exactive Orbitrap (hybrid quadrupole-Orbitrap
analyzer), mass accuracy is even more stable, and contin-
uous calibration and mass correction is not required to
deliver sub-2ppm mass accuracy. If such correction is
used, lower errors can be expected when the instrument
is operated at resolution values above 100000-150000
(FWHM). All these improvements have impacted the
criteria used for the application of mass spectrometry
to regulatory analysis in food (e.g. pesticides, veterinary
drugs) or clinical applications (e.g. sport drug testing).(!¥)
Table 2 includes a summary of the criteria required for the
confirmation of pesticide residues in incurred samples
using different mass spectrometric methods including
HRMS.®D The accurate mass of a target ion is valuable
information for its unambiguous identification. Modern
instruments are able to provide very low mass errors,
which allow a reliable confirmation. For instance, the
DG SANTE establishes a tolerance in mass accuracy of
5 ppm as a reliable identification criterion, but frequently
most of the modern HRMS instruments feature mass
accuracies lower than 2-3 ppm.??

The main identification criterion is mass accuracy of
precursor using a threshold of ca. 5ppm and product
ions from MS/MS experiments. Besides, additional
information for confirmatory purposes is provided
by isotopic signature of common elements with more
than one stable isotope with significant abundances
(e.g. Cl, Br, S, or even C). This isotopic signature
represents an additional dimension of chemical infor-
mation that is usually included in the qualitative analysis

software of HRMS instrumentation as an isotopic fitting
percentage.

Mass accuracy can be affected by different factors.
Leaving aside the instrumental mass calibration aspects,
which are important to deliver a stable mass accuracy
performance, one of the main factors is the actual sample
interrogated and the potential presence of coeluting
isobaric matrix interferences, which can alter accurate
mass measurements, resulting in either false-negative
or false-positive results. Because of the large amount
of matrix components present in food samples when
using generic sample extraction procedures with limited
cleanup steps such as QuEChERS or QuPPE, these
coelutions are relatively frequent, especially when
the number of pesticides included in the scope of
the analytical method is high, as expected in HRMS
methods.?22%)

Chromatographic separation is often insufficient to
overcome these interferences. Except in the case of
isomers, higher mass resolutions may provide enhanced
selectivity to discriminate between isobaric species
(same nominal mass). In most cases, a resolution >30000
(FWHM) is enough to distinguish the analyte from matrix
interferences, although there are cases where the higher
resolving power of the Orbitrap is required. The use of
high-resolution acquisition (e.g. above 70000 (FWHM))
enables the use of narrow windows to reconstruct ion
chromatograms for a particular m/z value with a reduced
bias of for instance +5 ppm. This is shown in Figure 2,
where the mass spectra of norfloxacin in a food matrix is
shown with acquisitions at resolutions of ca. 10000 and
100000 (FWHM). The acquisition at higher resolution
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Table 2

Identification requirements for different MS techniques according to DG SANTE guidelines.?”

Requirements for identification

MS detector/  Typical systems Acquisition Minimum number Other

characteristics (examples) of ions

Unit mass Quadrupole, ion trap  Full-scan, limited m/z range, Three ions S/N > 3%

resolution selected ion monitoring Analyte peaks in the extracted ion
(SIM) chromatograms must fully

overlap. Ion ratio within +30%
(relative) of average of calibration
standards from the same sequence

MS/MS Triple quadrupole, ion Selected or multiple reaction Two product ions

trap, Q-trap, Q-TOF,
Q-Orbitrap

monitoring (MRM), mass
resolution for precursor ion

isolation equal to or better
than unit mass resolution

Accurate mass High-resolution MS:

Full-scan, limited m/z range,

Two ions with mass
accuracy <5 ppm®¢

measure- (Q-)TOF SIM, fragmentation with or
ments IT-TOF without precursor ion
(Q-) Orbitrap selection, or combinations
FT-ICR-MS thereof
Sector MS

Combined single-stage MS

and MS/MS with mass

resolution for precursor ion
isolation equal to or better
than unit mass resolution

Two ions: one molecular
ion, (de)protonated
molecule, or adduct
ion with mass
accuracy <5 ppm, plus
1 MS/MS product ion®

IT-TOF, hybrid ion trap-time of flight; FT-ICR, Fourier-transform ion cyclotron resonance; Q-TOF, hybrid quadrupole time-of-flight; TOF, time-of-

flight.

In case noise is absent, a signal should be present in at least five subsequent scans.
bPreferably including the molecular ion, (de)protonated molecule or adduct ion.

¢Including at least one fragment ion.

d<1 mDa for m/z <200.

¢No specific requirement for mass accuracy.

Reproduced with permission from Ref. 21. © Elsevier, 2016.

(above) revealed the presence of an interfering peak
from the matrix coeluting at 6.4 min. When using a lower
resolving power, the presence of this matrix component
is not visible, and thus, an error is made as the integrated
peak area and the quantitative data reported is higher
than the true value. Therefore, the use of HRMS not only
provides advantages in terms of qualitative analysis but
also provides more reliable quantitative data.

3 HARDWARE: LIQUID
CHROMATOGRAPHY
HIGH-RESOLUTION MASS
SPECTROMETRY AND GAS
CHROMATOGRAPHY
HIGH-RESOLUTION MASS
SPECTROMETRY INSTRUMENTATION

The main HRMS available technologies so far have been
TOF, Orbitrap, magnetic sector instruments (MSI), and
Fourier-transform ion cyclotron resonance (FT-ICR).

While the use of Orbitrap and TOF are widely extended
for pesticide residue analysis, the number of FT-ICR,
and MSI devoted to such application is scarce. FT-ICR is
still a widely used technique as it still offers the ultimate
in resolution (>1M) for selected applications such as
petroleomics and other ultra-high-resolution applica-
tions. The reason that FT-ICR is not widely used in this
context is related to the relatively high acquisition time
(not in the UHPLC scale) required to record spectra
at resolving power above those attainable. The use of
MSI has decayed because its reduced resolving power
compared to FT instruments and the relatively low acqui-
sition rate since it is a scanning instrument. For years, GC
has been coupled to MSI instruments for many persistent
organic pollutants (POPs) particularly dioxins such as
including polychlorinated dibenzo-p-dioxins (PCDDs)
and polychlorinated dibenzofurans (PCDFs). However,
recently there has been a growing interest in GC-HRMS
with TOF and Orbitrap mass analyzers partly associated
with the higher resolving power and acquisition rate.
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Figure 2 Tllustration of the impact of HRMS acquisition on method selectivity. A case of a matrix isobaric coeluting species
revealed only when using the Q-Exactive Orbitrap operated at a resolution of ca. 100000 FWHM. (Reproduced with permission

from Ref. 24. © Elsevier, 2012.)

Most of the HRMS instrumentation typically utilizes
ionization sources operated at atmospheric pressure,
mainly through electrospray ionization coupled to
UHPLC as sample introduction device, although the
use of GC combined with atmospheric pressure chem-
ical ionization (APCI) ionization is also offered as an
alternative. Recently, different vendors have launched
dedicated electron impact GC-HRMS instruments (GC-
QTOF-MS/MS and GC-Orbitrap), which is an indicator
of the potential usefulness of such devices in different
applications including food safety and environmental
testing. Another realm that is being expanded in recent
years is the combination of Q-TOF (hybrid quadrupole
time-of-flight) technology with ion mobility spectrometry
(IMS)@>29 50 that an additional dimension related to the

shape of molecules (collisional cross section) is provided
to enable the separation of the species of interest.
Besides details of electronic performance, particularly
those related to the frequency at which TOF detectors
operate and the ion acceleration and the pulse, the reso-
lution of a TOF mass spectrometer depends heavily on
the flight path length and the use of a reflectron. The
latter reduces the spread in time of ions populations with
the same m/z value.!® In addition, it also duplicates
(even multiplex) the flight path; and thus, the resolu-
tion, although sometimes at the expense of a decrease in
the sensitivity. Current state-of-the-art TOF instruments
deliver resolutions of up to 50000 (FWHM) at m/z 1 000.
It is important to provide the m/z value used to calculate
the resolution since most of the vendors deliver resolution
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Figure 3 Dependence of the resolution of m/z for Q-Exactive
Orbitrap (red line) and time-of-flight (blue line). (Reproduced
with permission from Ref. 21. © Elsevier, 2016.)

values using higher m/z ratios (e.g. above 1000) than those
typically found in pesticide analyses.

Resolution in Orbitrap strongly depends on the mass-
to-charge ratio and the acquisition time. In this case, the
resolution at which an ion is measured is inversely propor-
tional to the square root of its m/z. Resolution is increased
at higher acquisition time. To some extent, it is similar to
a TOF since the harmonic oscillation of the ions trapped
inside the Orbitrap originate an effective path length
much longer than that from TOF instruments. The longer
they are kept in the trap, the higher the resolution. Like-
wise, TOF are designed with a longer flight tube, which
sometimes makes that the instrument cannot be designed
as a benchtop unit.

TOF technology provides higher resolution at higher
m/z ratios since the mass spectrum peak width did not
change significantly at different m/z ratios. Therefore,
considering the FWHM formula, the higher the m/z value,
the higher the resolving power calculated. In contrast,
Orbitrap technology performs the other way around.
Higher m/z ratio leads to lower resolution. Orbitrap
instruments render the highest resolution for low m/z ions
(e.g. m/z 200), which are similar to those usually expected
in pesticide residue analysis (Figure 3). An elegant and
detailed discussion of the resolution required to match or
exceed the selectivity attained with MRM mode MS/MS
methods was realized by Kaufmann.?

With regards to the rise of interest toward GC-HRMS
instruments, this is likely due to the possibility of imple-
menting APCI offered by most manufacturers. In addi-
tion, dedicated GC-HRMS instrument with classic elec-
tron impact (EI) ionization sources are also available
(Table 3). Some of these instruments offer the possibility
of a cold EI ionization delivering chemical ionization-
like mass spectra, which combined with HRMS features
provide a powerful tool to identify unknown moderately
volatile species. Another interesting feature is the ability

PESTICIDES

to use exact mass electron impact libraries (e.g. National
Institute of Standards and Technology (NIST) databases),
which are available for selected applications such as food,
environmental analysis, or forensics.

4 ACQUISITION METHODS IN
HIGH-RESOLUTION MASS
SPECTROMETRY: OVERLAPPING
TARGETED AND NONTARGETED
APPROACHES

The main features of HRMS for pesticide residue analysis
include: (i) the ability to perform accurate mass measure-
ments; (ii) increased sensitivity in full-scan acquisition;
(iii) the inherent acquisition flexibility, since operating in
full-scan mode permits the detection of a theoretically
unlimited number of compounds with a minimum effort
in the optimization of analytical parameters; and (iv)
the possibility of retrospective analysis of data (impos-
sible with QQQ). With these features in mind, different
workflows/approaches/analytical strategies can be used in
HRMS depending on the purpose of the analysis. Before
getting to the description of the workflows, first we need
to describe the acquisition methods available and more
commonly used in HRMS.

Unlike MS/MS with QQQ instruments, HRMS can
be operated with minimum a priori information on the
analytes and their optimal conditions.®D This represents
the main strength, seamless (windowless) targeted and
untargeted analysis, provided by the outstanding sensi-
tivity available with state-of-the-art HRMS instruments,
now approaching the sensitivity attained using MS/MS
(MRM mode).

The acquisition methods can be classified according to
the preliminary requirements of data needed to estab-
lish the method (e.g. m/z values, retention time windows,
availability of standards, inclusion list).

4.1 Data-dependent Analysis

According to Mann,173% DDA is a mode of data collec-
tion in MS/MS in which a fixed number of precursor ions
whose known m/z values — recorded in a survey scan (full-
scan) —are selected in real time using predetermined rules
and are subjected to a second stage of mass selection in an
MS/MS analysis (Figure 4). After acquiring the product
ion mass spectra, the system returns back to the survey
scan. Amongst the general term of DDA, the default and
more common acquisition experiment is product ion scan,
where a precursor ion of a particular m/z is selected and
isolated, fragmentation is induced and the mass spectrum
of the resulting product ions is recorded. This mode could
be carried out by the different hybrid mass spectrometers
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Figure 4 Scheme of strategies available for providing tandem mass spectrometry fragmentation in high-resolution mass spectrom-
etry (HRMS). DDA, data dependent acquisition; DIA, data independent acquisition.®? (Reprinted with permission from X. Zhu, Y.
Chen, R. Subramanian. Comparison of Information-Dependent Acquisition, SWATH, and MSALL techniques in metabolite iden-
tification study employing ultrahigh-performance liquid chromatography-quadrupole time-of-flight mass spectrometry. Anal. Chem.

86 (2014) 1202-1209. Copyright 2014 American Chemical Society.)

available including Q-TOF, hybrid ion trap/time-of-flight
(IT-TOF), and hybrid quadrupole-Orbitrap (Q-Exactive
Orbitrap). However, the main drawback is the inherently
limited MS/MS rate, the actual time required to perform
each MS/MS experiment — which limits the number of
species subjected to MS/MS — and the fact that these
precursor species should be fixed and known in advance
(inclusion lists or previous method information). A slight
modification is ion intensity-dependent MS/MS acquisi-
tion (Top N-based DDA), where, only the more abundant
compounds will be subjected to MS/MS experiments. In
this case, there is no need for any previous knowledge of
the m/z values of the precursors, as the selection is carried
out after the survey scan.®® Unfortunately, this strategy is
biased toward the more abundant compounds, which are
usually endogenous matrix species. Most analytes present
at lower concentration levels, the usual situation in pesti-
cide residue analysis, will not be subjected to MS/MS.
Only information from endogenous species would be
eventually obtained in most cases.

4.2 Data-independent Analysis Acquisition

DDA modes are the more commonly implemented in
quantitative mass spectrometry. They rely on previous
information collected; precursor ions should be fixed in
advance to allow their isolation and subsequent MS/MS
analysis. In the opposite scenario, DIA approaches have
recently become a powerful alternative for identification
and quantification purposes. Full-scan acquisition is
undoubtedly the oldest and more common DIA approach
and the most widely used acquisition data mode in

HRMS. In full scan, the entire mass spectra are acquired
across a fixed range of masses (m/z) with a typical
frequency between 1 and 20 Hz, matching chromato-
graphic requirements. All the advantages inherent to
HRMS are attributed by the flexibility of full-scan acqui-
sition. In contrast, scarce fragmentation information is
usually obtained as the conditions typically used are
those which provide higher intensity of (de)protonated
molecules or molecular ions in the case of LC-MS or GC-
MS (APCI) respectively. Full scan is neither adequate
for the confirmation of targeted compounds nor to eluci-
date unknowns or to distinguish isomers. The more basic
approach to overcome this limitation is in-source collision
induced dissociation (CID), available in any mass spec-
trometer with ionization sources operated at atmospheric
pressure,®> where a pseudo-MS/MS experiment — with
no precursor ion isolation — takes place in an intermediate
pressure section of the mass spectrometer, between the
atmospheric pressure source and the intermediate-high
vacuum of the ion transportation region in the mass spec-
trometer. Precursor ions are generated in the ionization
chamber, being directed to the vacuum region. Then,
ions are accelerated under various voltage conditions,
prompting gentle collisions with surrounding species
(e.g. nitrogen) to yield (diagnostic) fragment ions. Thus,
it would be possible to obtain pseudo MS/MS spectra
using single-stage HRMS instruments with no dedicated
devices to prompt fragmentation.

An enhanced version of in-source CID, in terms of
fragmentation efficiency, is product ion scan MS/IMS
acquisition without precursor ion isolation, realized in a
dedicated collision cell. This acquisition mode is referred
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by manufacturers with different brand names: MSE
(Waters), all-ion mode (Agilent), MSAM (Sciex), and
all-ion fragmentation (AIF) (Thermo Scientific). Full-
scan spectra are usually acquired in the same run with
two different conditions: low collision energy (to yield
unfragmented precursor ion species) and the other one
at a higher collision energy. Therefore, all the fragment
ions of each individual species eluted are acquired in
a unique run. On the other hand, the interpretation of
the obtained product ion spectra is a challenging task,
due to the presence of fragment ions not only from
the (isolated) targeted species such as in an MS/MS
experiment with precursor ion isolation but also the frag-
mentation from all the coeluting matrix interferences.
Additional data processing and peak deconvolution
may be required to extract useful fragmentation infor-
mation for confirmatory purposes. Yet, it is possible
to find interferences and consequently, high relative
mass errors in the selected ions due to these coexisting
species, particularly at the expected low concentra-
tion level sought in these experiments. Anyhow, this
acquisition mode has been proven very useful for quali-
tative purposes and retrospective analysis using full-scan
HRMS acquisition.

To overcome this lack of selectivity and to approach
that attained with dedicated MS/MS with precursor ion
isolation, there is a relatively novel acquisition method,
first introduced by Sciex, so-called SWATH (sequen-
tial window acquisition of all theoretical fragment-ion
spectra). It is also used by Thermo as variable data-
independent acquisition (VDIA). It consists in the
use of predefined m/z windows with fixed width (e.g.
20Da) for ion isolation, rather than the entire mass
range to limit the number of potentially interfering
compounds.®637) Thus, relatively narrow mass windows
are isolated in Ql, subjected to fragmentation in the
collision cell and subsequently mass analyzed. The
number and width of segments are adjusted according
to the nature of the samples and the molecular weight
distribution expected. The use of this strategy for pesti-
cide residue analysis was assessed by Zommer and
Mol.®® Enhanced selectivity and enhanced signal-to-
noise ratio with regards to AIF approaches are the main
features of this mode, while at the same time, decent
MS/MS spectra are collected for each individual species
detected. The main limitation is the fact that this acqui-
sition mode is hampered by the overall cycle time, that
should be within one second by LC-MS or even less in
GC-MS.

PESTICIDES

4.3 Overlapping Targeted and Nontargeted
Approaches

Likewise acquisition methods, typical workflows in pesti-
cide residue analysis can be classified according to the
preliminary requirements of information needed to run
the method (e.g. m/z values, retention time (tg), avail-
ability of standards, etc.). Pesticide analysis using HRMS
is usually accomplished by combining full-scan mass
spectra and MS/MS product ion scan (with a variable
precursor ion isolation width which varies from abso-
lutely no isolation of precursors to variable DIA/SWATH
scheme or finally the more selective case of a targeted
compound specific MS/MS with a m/z isolation below
3Daln),

According to different authors, (734D three main
data analysis workflows are used in HRMS, which
includes target screening/target analysis, where a priori
method information (e.g. fg and primary standards are
available); suspect screening, intended for the iden-
tification of suspected known substances (standards
eventually available), based on previous information
(databases), although no a priori information (reten-
tion time) from reference standards is available. Finally,
nontarget screening, referring to completely or partially
unknown species, when neither prior information nor
reference standards are available.

According to these authors, the two first types are
targeted strategies because they involve previous selec-
tion of analytes and the use of, e.g. customized informa-
tion of exact masses, fz (in target screening) or MS/MS
spectra. However, there are some discrepancies in the
semantics as other authors!'? classified the choice of
target, nontarget, or unknown analysis, based on the
availability of information from standards, the acquisition
method chosen, and method information (g, m/z) prior
to the data acquisition of the actual sample. Consequently,
with the latter criterion, the retrospective inspection of a
data set for compounds not specifically anticipated would
be considered untargeted, despite some information (e.g.
elemental composition) is already available. This is the
accepted scenario in pesticide residue analysis in food.

Leaving aside semantics, the use of HRMS and the
plethora of data generated require the use of tools to scru-
tinize raw data, desirably in an automated fashion. Much
progress has been accomplished in this respect in the last
years, although data mining and processing often need
manual check for ultimate confirmation. Figure 5 illus-
trates the steps undertaken within each type of approach
discussed.®”

At this stage, the use of specific HRMS/exact masses
and specific filtering algorithms/tools to discard nonrel-
evant or orthogonal unnecessary data is central. This is
particularly important for truly unknown analysis (e.g.
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Figure 5 Main workflows used in high-resolution mass spectrometry (HRMS) methods. (Reproduced with permission from Ref. 37.

© Elsevier, 2017.)

completely unknown species with no possible standards).
The development of nontargeted screening strategies is
challenging and requires great effort by the analysts.(42~4%
Some of the different approaches used recently are as
follows: (i) the application of statistical methods (e.g.
PCA) to remove/discriminate peaks of interest from
the endogenous matrix components™®; (ii) the use
of MS/MS fragmentation prediction tools (MetFrag,
SmartMass, MIDAS, Molecular structure correlator
(Agilent), MassFrontier (Thermo)); (iii) Isotope-specific
filters/mass defect filters or, (iv) dedicated/custom MS/MS
high-resolution libraries.

S APPLICATIONS AND RECENT TRENDS

In the last decade, different authors have addressed
the development of LC-HRMS screening methods
using either time-of-flight or Orbitrap mass
spectrometers.#7D  Selected LC-HRMS applications

have been summarized in Table 4. As can be observed,
sample preparation based on generic procedures such
as QuEChERS is commonly used for the extraction
of pesticides from food, while solid-phase extraction
(SPE) is employed for water analysis. LC separation is
usually performed in a C;g column under a gradient of
water—methanol or water—acetonitrile mixtures. Run time
has been reduced in the last decade, from 30 to 40 min
required for the separation of a hundred of pesticides in
conventional columns (3-5 pm particle size)***® to the
analysis of more than 300 pesticides in 15 min®” or over
600 contaminants in 10 min.*®

Although TOF instruments are the most commonly
used, interesting applications can be also found in the
literature using LC-Orbitrap-MS, such as the analysis
more than 350 pesticides and pharmaceuticals in meat
samples®® or in baby food,®” requiring just 14 min run
time. One approach that has gained a lot of interest is
the use of accurate mass databases for both targeted and
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suspect analysis, which allow the screening of hundreds of
contaminants in few minutes.!¥

In the past, most applications were accomplished
solely using full-scan acquisition and single-stage instru-
ments. Recent developments in pesticide residue analysis
have moved toward the use of tandem MS instru-
ments. In-source CID fragmentation has been widely
used in LC-HRMS to obtain additional information
for compound identification in residue analysis, but
this approach is clearly limited when compared to CID
fragmentation obtained in a collision cell of a MS/MS
instrument. Accurate-mass MS/MS analysis are typically
performed in Q-TOFMS and Q-Orbitrap-MS equip-
ment. As an example, more than 1000 contaminants
were screened comparing both target and nontarget
approaches by UHPLC-Q-TOFMS analysis in wastew-
ater, urine, and food samples.* On the other hand, the
use of UHPLC-Q-Orbitrap-MS coupled to online SPE
was employed for the simultaneous semiquantitative
analysis of 539 compounds (pesticides and drug residues)
in tap water.®® Other applications are summarized in
Table 4, including the use of nanoflow LC separation
coupled to Q-Orbitrap-MS to overcome matrix effects
by the use of high dilution factors without compromising
method sensitivity.’D

In contrast to HPLC-HRMS, the number of applica-
tions in pesticide residue analysis using GC-HRMS is
scarce. To a large extent, this is because of the use of
electron ionization (EI) in GC. This ionization source
produces extensive fragmentation of the molecule, which
led to the absence of the molecular ion in most cases, thus
making difficult the elucidation of unknown compounds.
However, despite EI is the most extensively used ioniza-
tion source in GC-MS instrumentation, equipment with
soft ionization sources such as APCI is commercially
available. The combination of soft ionization with high-
resolution tandem MS provide additional accurate-mass
information for GC-amenable compound identification.
As an example, GC-(APCI)Q-TOFMS was used for the
analysis of 132 pesticides in fruits and vegetables.(’?

Selected GC-HRMS applications in pesticide testing
during the last decade are summarized in Table 5.72-7®
The extraction method preferentially used is QUEChERS
procedure, but a solvent exchange from acetonitrile
to ethyl acetate is required prior to injection of the
extract in the gas chromatograph. The separation of
the analytes of interest is carried out in most cases in
capillary columns coated with stationary phases compa-
rable to 5% phenyl/95% dimethylpolysiloxane, typically
achieving run times between 30 and 45 min. For instance,
a nontarget screening of contaminants in pollen and
honeybees was performed in a 40.5min analysis by
GC-TOFMS (gas chromatography time-of-flight mass
spectrometry), concluding in eight positive findings of

PESTICIDES
pesticides.’® Particularly remarkable is the separation
of 111 pesticides in 7min by low-pressure GC-TOFMS,
meeting the requirements of EU regulation on MRLs of
pesticides in baby food.’ Just to cite one example on
the use of the hyphenation GC-Orbitrap-MS, it has been
employed for the separation of organochlorine pesticides
and herbicides in tomato, leek, and orange samples.(’”)

Future developments may involve the integration of
IMS and the use of collision cross sections as an addi-
tional dimension for confirmatory purposes in the field
of pesticide residue analysis.?>2 Although the current
selectivity achieved with resolving power above 100 000 is
usually outstanding for avoiding coeluting matrix compo-
nents, yet the use of IMS may provide a broader perspec-
tive enabling enhanced isomer differentiation as well as
matrix background reduction. An appropriate scenario
for these novel tools is also the unknown analysis, where
the additional information attained can be useful for
elucidation purposes including the resolution of isomers.

ABBREVIATIONS AND ACRONYMS

APCI Atmospheric Pressure Chemical
Tonization
CID Collision Induced Dissociation

DDA Data Dependent Acquisition

DIA Data Independent Acquisition

EI Electron Impact

FWHM Full-width Half Maximum

FT-ICR Fourier-transform Ion Cyclotron
Resonance

GC Gas Chromatography

GC-MS Gas Chromatography-mass
Spectrometry

GC-MS/MS Gas Chromatography-tandem
Mass Spectrometry

GC-TOFMS Gas Chromatography
Time-of-flight Mass Spectrometry

HRMS High-resolution Mass
Spectrometry

IMS Ion Mobility Spectrometry

IT-TOF Hybrid Ion Trap/Time-of-Flight

LC Liquid Chromatography

LC-HRMS Liquid Chromatography
High-resolution Mass
Spectrometry

LC-MS/MS Liquid Chromatography-tandem
Mass Spectrometry

MRLs Maximum Residue Levels

MRM Multiple Reaction Monitoring

MSI Magnetic Sector Instruments

MS/MS Tandem Mass Spectrometry
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NIST National Institute of Standards
and Technology

QQQ Triple Quadrupole Analyzer

Q-exactive Orbitrap  Hybrid Quadrupole-Orbitrap
Analyzer

Q-TOF Hybrid Quadrupole
Time-of-flight Analyzer

SWATH Sequential Window Acquisition
of all Theoretical Fragment Ion
Spectra

TOF Time-of-flight Analyzer

UHPLC Ultra-high Performance Liquid
Chromatography

vDIA Variable Data-independent
Acquisition

RELATED ARTICLES

Mass Spectrometry
High-resolution Mass Spectrometry and its Applications
e Liquid Chromatography/Mass Spectrometry

Pesticides

Multiclass, Multiresidue Analysis of Pesticides, Strategies
for e High-performance Liquid Chromatography/Mass
Spectrometry Methods in Pesticide Analysis @ Gas Chro-
matography/Mass Spectrometry Methods in Pesticide
Analysis

REFERENCES

1.

A. Masia, M. Morales-Suarez-Varela, A. Llopis-Gonzélez,
Y. Pic6, ‘Determination of Pesticides and Veterinary Drug
Residues in Food by Liquid Chromatography-mass Spec-
trometry: A Review’, Anal. Chim. Acta, 936, 40-61 (2016).

The Chinese National Health and Family Planning
Commission. National Food Safety Standard GB-2763-
2016. Maximum residue limits for pesticides in food, Stan-
dardization Administration of the People’s Republic of
China, 2017. Replacing GB-2763-2014. A translation avail-
able at: https:/gain.fas.usda.gov/Recent %20GAIN %20
Publications/China%20Releases % 20New %20Maximum

%20Residue %20Limits %20for %20Pesticides %20in %20

Food_Beijing_China%20-%20Peoples %20Republic %20

of_4-28-2017.pdf (last accessed: February 2018).

US. Department of Agriculture, Foreign Agricultural
Service, Maximum Residue Limit Database, 2018.
Available at: http://www.fas.usda.gov/maximum-residue-
limits-mrl-database (last accessed: February 2018).

Health Canada, Maximum Residue limits for Pesticides.
Available at: http://pr-rp.hc-sc.gc.ca/mrl-Irm/index-eng.
php (last accessed: February 2018).

10.

11.

12.

13.

14.

15.

Codex Alimentarius, Pesticide residues in food, Maximum
Residue Limits. Available at: http://www.fao.org/fao-
who-codexalimentarius/codex-texts/maximum-residue-
limits/en/ (last accessed: February 2018).

European 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, 70, 1-16
(2005).

EU pesticides database. Available at: http://ec.europa.eu/
food/plant/pesticides/eu-pesticides-database/public/?event
=homepage&language=EN (last accessed: February
2018).

JJ. Villaverde, B. Sevilla-Mordn, C. Loépez-Goti, J.L.
Alonso-Prados, P. Sandin-Espafia, “Trends in Analysis of
Pesticide Residues to Fulfil the European Regulation (EC)
No. 1107/2009’, Trends Anal. Chem., 80, 568-580 (2016).

H. Botitsi, D. Tsipi, A. Economou, ‘Current Legislation
on Pesticides’, in Applications in High Resolution Mass
Spectrometry, Elsevier, 83-130, 2017.

M. Mezcua, O. Malato, J.F. Garcia-Reyes, A. Molina-
Diaz, A.R. Fernandez-Alba, ‘Accurate-Mass Databases
for Comprehensive Screening of Pesticide Residues in
Food by Fast Liquid Chromatography Time-of-Flight Mass
Spectrometry’, Anal. Chem., 81, 913-929 (2009).

S. Saito-Shida, T. Hamasaka, S. Nemoto, H. Akiyama,
‘Multiresidue Determination of Pesticides in Tea by Liquid
Chromatography-High-Resolution Mass Spectrometry:
Comparison Between Orbitrap and Time-of-Flight Mass
Analyzers’, Food Chem., 256, 140-148 (2018).

M.M. Gémez-Ramos, C. Ferrer, O. Malato, A. Agiiera,
A.R. Ferndndez-Alba, ‘Liquid Chromatography-High
Resolution Mass Spectrometry for Pesticide Residue Anal-
ysis in Fruit and Vegetables: Screening and Quantitative
Studies’, J. Chromatogr. A, 1287, 24-37 (2013).

European Commission, Directorate General for Health
and Food Safety. SANTE/12495/2011. Guidance document
on analytical quality control and method validation proce-
dures for pesticide residues and analysis in food and feed,
2011.

L. Polgar, JLF. Garcia-Reyes, P. Fodor, A. Gyepes,
M. Dernovics, L. Abranko, B. Gilbert-Lépez, A. Molina-
Diaz, ‘Retrospective Screening of Relevant Pesticide
Metabolites in Food Using Liquid Chromatography
High Resolution Mass Spectrometry and Accurate-Mass
Databases of Parent Molecules and Diagnostic Fragment
Ions’, J. Chromatogr. A, 1249, 83-91 (2012).

S. Uclés, A. Uclés, A. Lozano, M.J. Martinez Bueno,
A.R. Fernandez-Alba, ‘Shifting the Paradigm in Gas
Chromatography Mass Spectrometry Pesticide Analysis
Using High Resolution Accurate Mass Spectrometry’,
J. Chromatogr. A, 1501, 107-116 (2017).

Encyclopedia of Analytical Chemistry, Online © 2006-2018 John Wiley & Sons, Ltd.

This article is © 2018 John Wiley & Sons, Ltd.
This article was published in the Encyclopedia of Analytical Chemistry in 2018 by John Wiley & Sons, Ltd.
DOI: 10.1002/9780470027318.29604



22

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

A.Kaufmann, ‘The Current Role of High Resolution Mass
Spectrometry in Food Analysis’, Anal. Bioanal. Chem.,
403, 1233-1249 (2012).

K.K. Murray, R.K. Boyd, M.N. Eberlin, G.J. Langley, L. Li,
Y. Naito, ‘Definitions of Terms Relating to Mass Spectrom-
etry (IUPAC Recommendations 2013)’, Pure Appl. Chem.,
85, 1515-1609 (2013).

J.C. Fjeldsted, ‘Advances in Time-of-Flight Mass Spec-
trometry’, in Applications of Time-of-Flight and Orbitrap
Mass Spectrometry in Environmental, Food, Doping and
Forensic Analysis, Comprehensive Analytical Chemistry,
eds S. Pérez, P. Eichhorn, D. Barceld, Elsevier, Amsterdam,
Netherlands, 19-48, Vol. 71, 2016.

European Commission, Directorate General for Health
and Food Safety. SANTE/12571/2013. Guidance document
on analytical quality control and method validation proce-
dures for pesticide residues and analysis in food and feed,
2013.

European Commission, Directorate General for Health
and Food Safety. SANTE/11813/2017. Guidance document
on analytical quality control and method validation proce-
dures for pesticide residues and analysis in food and feed,
2018.

L. Rajski, M.M. Gémez-Ramos, A.R. Fernandez-Alba,
‘Application of LC-Time-of-Flight and Orbitrap-MS/MS
for Pesticide Residues in Fruits and Vegetables’, in Appli-
cations of Time-of-Flight and Orbitrap Mass Spectrometry
in Environmental, Food, Doping and Forensic Analysis,
Comprehensive Analytical Chemistry, eds S. Pérez, P. Eich-
horn, D. Barceld, Elsevier, Amsterdam, Netherlands,
119-154, Vol. 71, 2016.

P. Pérez-Ortega, FJ. Lara-Ortega, J.F. Garcia-Reyes,
B. Gilbert-Lépez, M. Trojanowicz, ‘A Feasibility Study
of UHPLC-HRMS Accurate-Mass Screening Methods
for Multiclass Testing of Organic Contaminants in Food’,
Talanta, 160, 704-712 (2016).

P. Pérez-Ortega, FJ. Lara-Ortega, B. Gilbert-Lépez,
D. Moreno-Gonzilez, J.F. Garcia-Reyes, A. Molina-Diaz,
‘Screening of Over 600 Pesticides, Veterinary Drugs,
Food Packaging Contaminants, Mycotoxins, and Other
Chemicals in Food by Ultra-High Performance Liquid
Chromatography Quadrupole Time-of-Flight Mass Spec-
trometry (UHPLC-QTOFMS)’, Food Anal. Methods, 10,
1216-1244 (2017).

A. Kaufmann, ‘High Mass Resolution Versus MS/MS’,
in TOF-MS within Food and Environmental Analysis.
Comprehensive Analytical Chemistry, ed A.R. Fernandez-
Alba, Elsevier, 169-215, Vol. 58, 2012.

S. Goscinny, L. Joly, E. De Pauw, V. Hanot, G. Eppe,
‘Travelling-Wave Ion Mobility Time-of-Flight Mass Spec-
trometry as an Alternative Strategy for Screening of
Multiclass-Pesticides in Fruits and Vegetables’, J. Chro-
matogr. A, 1405, 85-93 (2015).

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

PESTICIDES

M. Hernandez-Mesa, A. Escourrou, F. Monteau, B. Le
Bizec, G. Dervilly-Pinel, ‘Current Applications and
Perspectives of Ion Mobility Spectrometry to Answer
Chemical Food Safety Issues’, Trends Anal. Chem., 94,
39-53 (2017).

T. Portolés, M. Ibainez, B. Garlito, J. Nacher-Mestre,
V. Karalazos, J. Siva, M. Alm, R. Serrano, J. Pérez-Sancehz,
F. Herndndez, M.H.G. Berntssen, ‘Comprehensive
Strategy for Pesticide Residue Analysis Through the
Production Cycle of Gilthead Sea Bream and Atlantic
Salmon’, Chemosphere, 179, 242-253 (2017).

J. Regueiro, N. Negreira, M.H.G. Berntssen, ‘lon-Mobility-
Derived Collision Cross Section as an Additional Identifi-
cation Point for Multireside Screening of Pesticides in Fish
Feed’, Anal. Chem., 88, 11169-11177 (2016).

L. Bijlsma, R. Bade, A. Celma, L. Mullin, G. Cleland,
S.Stead, F. Hernandez, J.V. Sancho, ‘Prediction of Collision
Cross-Section Values for Small Molecules: Application to
Pesticide Residue Analysis’, Anal. Chem., 89, 6583-6589
(2017).

JF. Garcia-Reyes, D. Moreno-Gonzalez, R. Nortes-
Méndez, B. Gilbert-Lopez, A. Molina-Diaz, ‘HRMS:
Hardware and Software’, in Applications in High Resolu-
tion Mass Spectrometry, Elsevier, 15-57, 2017.

S. Grimalt, J.V. Sancho, O.J. Pozo, F. Hernandez, ‘Quantifi-
cation, Confirmation and Screening Capability of UHPLC
Coupled to Triple Quadrupole and Hybrid Quadrupole
Time-of-Flight Mass Spectrometry in Pesticide Residue
Analysis’, J. Mass Spectrom., 45, 421-436 (2010).

X. Zhu, Y. Chen, R. Subramanian, ‘Comparison
of Information-Dependent  Acquisition, SWATH,
and MSALL Techniques in Metabolite Identifica-
tion Study Employing Ultrahigh-Performance Liquid
Chromatography-Quadrupole Time-of-Flight Mass Spec-
trometry’, Anal. Chem., 86, 1202-1209 (2014).

M. Mann, R.C. Hendrickson, A. Pandey, ‘Analysis of
Proteins and Proteomes by Mass Spectrometry’, Annu.
Rev. Biochem., 70, 437-473 (2001).

S. Ma, SK. Chowdhury, ‘Data Acquisition and Data
Mining Techniques for Metabolite Identification Using
LC Coupled to High-Resolution MS’, Bioanalysis, 5,
1285-1297 (2013).

L. Abranko, J.F. Garcia-Reyes, A. Molina-Diaz, ‘In-Source
Fragmentation and Accurate Mass Analysis of Multiclass
Flavonoid Conjugates by Electrospray Ionization Time-of-
Flight Mass Spectrometry’, J. Mass Spectrom., 46, 476-488
(2011).

A.T. Roemmelt, A.E. Seuer, M. Poetzsch, T. Kraemer,
‘Liquid Chromatography in Combination with a
Quadrupole Time-of-Flight Instrument (LC QTOF),
with Sequential Window acquisition of all Theoretical
Fragment-Ton Spectra (SWATH) Acquisition: Systematic
Studies on its Use for Screenings in Clinical and Forensic

Encyclopedia of Analytical Chemistry, Online © 2006-2018 John Wiley & Sons, Ltd.

This article is © 2018 John Wiley & Sons, Ltd.
This article was published in the Encyclopedia of Analytical Chemistry in 2018 by John Wiley & Sons, Ltd.
DOI: 10.1002/9780470027318.29604



HIGH-RESOLUTION MASS SPECTROMETRY FOR THE ANALYSIS OF PESTICIDE RESIDUES IN FOOD 23

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Toxicology and Comparison with Information-Dependent
Acquisition’, Anal. Chem., 86, 11742-11749 (2014).

A. Agiiera, A.B. Martinez-Piernas, M.C. Campos-Maiias,
‘Analytical Strategies used in HRMS’, in Applications
in High Resolution Mass Spectrometry. Food Safety and
Pesticide Residue Analysis, eds R. Romero-Gonzilez,
A. Garrido-Frenich, Elsevier, 2017.

P.Zommer, H.G.J. Mol, ‘Simultaneous Quantitative Deter-
mination, Identification and Qualitative Screening of Pesti-
cides in Fruits and Vegetables Using LC-Q-Orbitrap-MS’,
Food Addit. Contam. A, 32, 1628-1636 (2015).

M. Krauss, H. Singer, J. Hollender, ‘LC-High Resolution
MS in Environmental Analysis: From Target Screening to
the Identification of Unknowns’, Anal. Bioanal. Chem.,
397, 943-951 (2010).

F.Hernandez, J.V. Sancho, M. Ibanez, E. Abad, T. Portolés,
L. Mattioli, ‘Current Use of High-Resolution Mass Spec-
trometry in the Environmental Sciences’, Anal. Bioanal.
Chem., 403, 1251-1264 (2012).

R. Diaz, M. Ibaiiez, J.V. Sancho, F. Herndndez, ‘Target and
Nontarget Screening Strategies for Organic Contaminants,
Residues and Illicit Substances in Food, Environmental
and Human Biological Samples by UHPLC-QTOF-MS’,
Anal. Methods, 4,196-209 (2012).

A.M. Knolhoff, J.A. Zweigenbaum, T.R. Croley, ‘Nontar-
geted Screening of Food Matrices: Development of a
Chemometric Software Strategy to Identify Unknowns in
Liquid Chromatography-Mass Spectrometry Data’, Anal.
Chem., 88, 3617-3623 (2016).

A.M. Knolhoff, T.R. Croley, ‘Non-Targeted Screening
Approaches for Contaminants and Adulterants in Food
Using Liquid Chromatography Hyphenated to High Reso-
lution Mass Spectrometry’, J. Chromatogr. A, 1428, 86-96
(2016).

A. Bauer, J. Luetjohann, S. Rohn, E. Jantzen, J. Kuballa,
‘Development of a Suspect Screening Strategy for Pesti-
cide Metabolites in Fruit and Vegetables by UPLC-Q-
ToFMS’, Food Anal. Methods, 11, 1591-1607 (2018).

J. Cotton, F. Leroux, S. Broudin, M. Marie, B. Corman,
J.-C. Tabet, C. Ducruix, C. Junot, ‘High-Resolution Mass
Spectrometry Associated with Data Mining Tools for the
Detection of Pollutants and Chemical Characterization of
Honey Samples’, J. Agric. Food Chem., 62, 11335-11345
(2014).

I. Ferrer, A.R. Fernandez-Alba, J.A. Zweigenbaum, E.M.
Thurman, ‘Exact-Mass Library for Pesticides Using a
Molecular-Feature Database’, Rapid Commun. Mass
Spectrom., 20, 3659-3668 (2006).

I. Ferrer, E.M. Thurman, ‘Multi-Residue Method for the
Analysis of 101 Pesticides and Their Degradates in Food
and Water Samples by Liquid Chromatography/Time-of-
Flight Mass Spectrometry’, J. Chromatogr. A, 1175, 24-37
(2007).

48.

49.

50.

51

52.

53.

54.

5.

56.

JE. Garcia-Reyes, M.D. Hernando, C. Ferrer, A. Molina-
Diaz, A.R. Ferndndez-Alba, ‘Large Scale Pesticide
Multiresidue Methods in Food Combining Liquid
Chromatography-Time-of-Flight Mass Spectrometry and
Tandem Mass Spectrometry’, Anal. Chem., 79, 7308-7323
(2007).

M. Mezcua, O. Malato, M.A. Martinez-Uroz, A. Lozano,
A. Agiiera, A.R. Fernandez-Alba, ‘Evaluation of Relevant
Time-of-Flight-MS Parameters Used in HPLC/MS Full-
Scan Screening Methods for Pesticides Residues’, J. AOAC
Int., 94, 1674-1684 (2011).

A. Zhang, J.S. Chang, C. Gu, M. Sanders, ‘Non-Targeted
Screening and Accurate Mass Confirmation of 510 Pesti-
cides on the High Resolution Exactive Benchtop LC/MS
Orbitrap Mass Spectrometer’, Braz. J. Anal. Chem., 1,
60-74 (2010).

M.L. Gomez-Pérez, P. Plaza-Bolanos, R. Romero-
Gonzalez, J.L. Martinez-Vidal, A. Garrido-Frenich,
‘Comprehensive Qualitative and Quantitative Determina-
tion of Pesticides and Veterinary Drugs in Honey Using
Liquid Chromatography-Orbitrap High Resolution Mass
Spectrometry’, J. Chromatogr. A, 1248, 130-138 (2012).

H.GJ. Mol, P. Zomer, M. de Koning, ‘Qualitative Aspects
and Validation of a Screening Method for Pesticides in
Vegetables and Fruits Based on Liquid Chromatography
Coupled to Full Scan High Resolution (Orbitrap) Mass
Spectrometry’, Anal. Bioanal. Chem., 403, 2891-2908
(2012).

O. Lacina, J. Urbanova, J. Poustka, J. Hajslova, ‘Identi-
fication/Quantification of Multiple Pesticide Residues
in Food Plants by Ultra-High-Performance Liquid
Chromatography-Time-of-Flight Mass Spectrometry’,
J. Chromatogr. A, 1217, 648-659 (2010).

M.J. Taylor, G.A. Keenan, K.B. Reid, D. Uria-Ferndndez,
“The Utility of Ultra-Performace Liquid Chromatog-
raphy/Electrospray  Ionization Time-of-Flight Mass
Spectrometry for Multi-Residue Determination of Pesti-
cides in Strawberry’, Rapid Commun. Mass Spectrom., 22,
2731-2746 (2008).

P. Sivaperumal, P. Anand, L. Riddhi, ‘Rapid Determina-
tion of Pesticide Residues in Fruits and Vegetables, Using
Ultra-High-Performance Liquid Chromatography/Time-
of-Flight Mass Spectrometry’, Food Chem., 168, 356-365
(2015).

P. Pérez-Ortega, FJ. Lara-Ortega, J.F. Garcia-Reyes,
M. Beneito-Cambra, B. Gilbert-Lopez, N. Ramos Martos,
A. Molina-Diaz, ‘Determination of Over 350 Multiclass
Pesticides in Jams by Ultra-High Performance Liquid
Chromatography Time-of-Flight Mass Spectrometry
(UHPLC-TOFMSY’, Food Anal. Methods, 9, 1939-1957
(2016).

Encyclopedia of Analytical Chemistry, Online © 2006-2018 John Wiley & Sons, Ltd.

This article is © 2018 John Wiley & Sons, Ltd.
This article was published in the Encyclopedia of Analytical Chemistry in 2018 by John Wiley & Sons, Ltd.
DOI: 10.1002/9780470027318.29604



24

57.

358.

59.

60.

61

62.

63.

64.

65.

66.

M.L. Gémez-Pérez, R. Romero-Gonzilez, J.L. Martinez-
Vidal, A. Garcia-Frenich, ‘Analysis of Pesticide and Veteri-
nary Drug Residues in Baby Food by Liquid Chromatog-
raphy Coupled to Orbitrap High Resolution Mass Spec-
trometry’, Talanta, 131, 1-7 (2015).

M.L. Goémez-Pérez, R. Romero-Gonzalez, P. Plaza-
Bolanios, E. Génin, JL. Martinez-Vidal, A. Garrido-
Frenich, ‘Wide-Scope Analysis of Pesticide and Veterinary
Drug Residues in Meat Matrices by High Resolution MS:
Detection and Identification Using Exactive-Orbitrap’,
J. Mass Spectrom., 49, 27-36 (2014).

P. Deme, V.V.R. Upadhyayula, ‘Ultra Performance Liquid
Chromatography Atmospheric Pressure Photoionization
High Resolution Mass Spectrometric Method for Deter-
mination of Multiclass Pesticide Residues in Grape and
Mango Juices’, Food Chem., 173, 1142-1149 (2015).

L. Rajski, M.M. Gémez-Ramos, A.R. Fernandez-Alba,
‘Large Pesticide Multiresidue Screening Method by Liquid
Chromatography-Orbitrap Mass Spectrometry in Full Scan
Mode Applied to Fruit and Vegetables’, J. Chromatogr. A,
1360, 119-127 (2014).

Z. Wang, Q. Chang, J. Kang, Y. Cao, N. Ge, C. Fan, G.-F.
Pang, ‘Screening and Identification Strategy for 317 Pesti-
cides in Fruits and Vegetables by Liquid Chromatography-
Quadrupole Time-of-Flight High Resolution Mass Spec-
trometry’, Anal. Methods, T, 6385-6402 (2015).

Z. Wang, Y. Cao, N. Ge, X. Liu, Q. Chang, C. Fan, G.-F.
Pang, ‘Wide-Scope Screening of Pesticides in Fruits and
Vegetables Using Information-Dependent Acquisition
Employing UHPLC-QTOF-MS and Automated MS/MS
Library Searching’, Anal. Bioanal. Chem., 408, 7795-7810
(2016).

M. Garcia Lépez, RJ. Fusell, SL. Stead, D. Roberts,
M. McCullagh, R. Rao, ‘Evaluation and Validation of
an Accurate Mass Screening Method for the Analysis
of Pesticides in Fruits and Vegetables Using Liquid
Chromatography—Quadrupole-Time of Flight-Mass Spec-
trometry with Automated Detection’, J. Chromatogr. A,
1373, 40-50 (2014).

X. Yang, J. Luo, Y. Duan, S. Li, C. Liu, ‘Simultaneous
Analysis of Multiple Pesticide Residues in Minor Fruits by
Ultrahigh-Performance Liquid Chromatography/Hybrid
Quadrupole Time-of Flight Mass Spectrometry’, Food
Chem., 241, 188-198 (2018).

J. Regueiro, N. Negreira, R. Hannisdal, M.H.G. Berntssen,
‘Targeted Approach for Qualitative Screening of Pesticides
in Salmon Feed by Liquid Chromatography Coupled to
Traveling-Wave Ion Mobility/Quadrupole Time-of-Flight
Mass Spectrometry’, Food Control, 78, 116-125 (2017).

M.M. Goémez-Ramos, L. Rajski, H. Heinzen, A.R.
Ferndndez-Alba, ‘Liquid Chromatography Orbitrap
Mass Spectrometry with Simultaneous Full Scan and
Tandem MS/MS for Highly Selective Pesticide Residue
Analysis’, Anal. Bioanal. Chem., 407, 6317-6326 (2015).

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

PESTICIDES

W. Jia, X. Chu, Y. Ling, J. Huang, J. Chang, ‘High-
Throughput Screening of Pesticide and Veterinary Drug
Residues in Baby Food by Liquid Chromatography
Coupled to Quadrupole Orbitrap Mass Spectrometry’,
J. Chromatogr. A, 1347, 122-128 (2014).

J. Cotton, F. Leroux, S. Broudin, M. Poirel, B. Corman,
C. Junot, C. Ducruix, ‘Development and Validation of
a Multiresidue Method for the Analysis of More Than
500 Pesticides and Drugs in Water Based on On-line and
Liquid Chromatography Coupled to High Resolution Mass
Spectrometry’, Water Res., 104,20-27 (2016).

L. Rajski, M.M. Gémez-Ramos, A.R. Fernandez-Alba,
‘Simultaneous Combination of MS2 Workflows for Pesti-
cide Multiresidue Analysis with LC-QOrbitrap’, Anal.
Methods, 9, 2256-2264 (2017).

J. Wang, W. Chow, J. Chang, J.W. Wong, ‘Development and
Validation of a Qualitative Method for Target Screening
of 448 Pesticide Residues in Fruits and Vegetables Using
UHPLC/ESI Q-Orbitrap Based on Data-Independent
Acquisition and Compound Database’, J. Agric. Food
Chem., 65, 473-493 (2017).

D. Moreno-Gonzélez, P. Pérez-Ortega, B. Gilbert-Lopez,
A. Molina-Diaz, J.F. Garcia-Reyes, A.R. Fernandez-Alba,
‘Evaluation of Nanoflow Liquid Chromatography High
Resolution Mass Spectrometry for Pesticide Residue Anal-
ysis in Food’, J. Chromatogr. A, 1512, 78-87 (2017).

T. Portolés, JGJ. Mol, JV. Sancho, FJ. Loépez,
F. Hernandez, ‘Validation of a Qualitative Screening
Method for Pesticides in Fruits and Vegetables by Gas
Chromatography Quadrupole-Time of Flight Mass Spec-
trometry with Atmospheric Pressure Chemical Ionization’,
Anal. Chim. Acta, 838, 76-85 (2014).

T. Cajka, J. Hajslova, ‘Gas Chromatography-High-
Resolution Time-of-Flight Mass Spectrometry in Pesticide
Residue Analysis: Advantages and Limitations’, J. Chro-
matogr. A, 1058, 251-261 (2004).

T. Cajka, J. Hajslova, O. Lacina, K. Mastovska,
SJ. Lehotay, ‘Rapid Analysis of Multiple Pesticide
Residues in Fruit-Based Baby Food Using Programmed
Temperature Vaporiser Injection-Low-Pressure Gas
Chromatography-High-Resolution Time-of-Flight Mass
Spectrometry’, J. Chromatogr. A, 1186, 281-294 (2008).

N. Belmonte Valles, S. Uclés, N. Besil, M. Mezcua, A.R.
Fernandez-Alba, ‘Analysis of Pesticide Residues in Fruits
and Vegetables Using Gas Chromatography-High Resolu-
tion Time-of-Flight Mass Spectrometry’, Anal. Methods, 7,
2162-2171 (2015).

E. Hakme, A. Lozano, M.M. Goémez-Ramos, M.D.
Hernando, A.R. Ferndndez-Alba, ‘Non-Target Evaluation
of Contaminants in Honey Bees and Pollen Samples by
Gas Chromatography Time-of-Flight Mass Spectrometry’,
Chemosphere, 184, 1310-1319 (2017).

Encyclopedia of Analytical Chemistry, Online © 2006-2018 John Wiley & Sons, Ltd.

This article is © 2018 John Wiley & Sons, Ltd.
This article was published in the Encyclopedia of Analytical Chemistry in 2018 by John Wiley & Sons, Ltd.
DOI: 10.1002/9780470027318.29604



HIGH-RESOLUTION MASS SPECTROMETRY FOR THE ANALYSIS OF PESTICIDE RESIDUES IN FOOD 25

77. H.GJ. Mol, M. Tienstra, P. Zomer, ‘Evaluation of Gas
Chromatography Electron Ionization Full Scan High Reso-
lution Orbitrap Mass Spectrometry for Pesticide Residue
Analysis’, Anal. Chim. Acta, 935, 161-172 (2016).

78. Y. Xionghai, S. Yiyin, Z. Shanzhen, M. Linghua, P. Xiaobo,
S. Yonggang, H. Li, Z. Jian, D. Xiaojun, G. Dehua, ‘Rapid

Screening of 182 Pesticide Residues in Foods by Gas Chro-
matography Coupled with Quadrupole-Time of Flight
Mass Spectrometry’, Chin. J. Chromatogr., 34, 1097-1105
(2016).

Encyclopedia of Analytical Chemistry, Online © 2006-2018 John Wiley & Sons, Ltd.
This article is © 2018 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Analytical Chemistry in 2018 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470027318.a9604



