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Abstract: The extensive use of pesticides represents a risk to human health. Consequently, legal frame-
works have been established to ensure food safety, including control programs for pesticide residues.
In this context, the performance of analytical methods acquires special relevance. Such methods
are expected to be able to determine the largest number of compounds at trace concentration levels
in complex food matrices, which represents a great analytical challenge. Technical advances in
mass spectrometry (MS) have led to the development of more efficient analytical methods for the
determination of pesticides. This review provides an overview of current analytical strategies applied
in pesticide analysis, with a special focus on MS methods. Current targeted MS methods allow the
simultaneous determination of hundreds of pesticides, whereas non-targeted MS methods are now
applicable to the identification of pesticide metabolites and transformation products. New trends
in pesticide analysis are also presented, including approaches for the simultaneous determination
of pesticide residues and other food contaminants (i.e., mega-methods), or the recent application of
techniques such as ion mobility–mass spectrometry (IM–MS) for this purpose.

Keywords: pesticides; mass spectrometry; single-residue methods; mega-methods; non-targeted
analysis; ion mobility–mass spectrometry

1. Introduction

Today, there is a growing interest in the consumption of organic food by part of the
population, most of whom largely associate these products with food free of pesticides
and mineral fertilizers [1]. However, the use of pesticides is still relevant in agricultural
production to prevent disease and infestation of crops. The consumption of agro-food
products is the main source of exposure to pesticides [2]. In 2019, around 403,569.6 tons
of pesticides were sold in the European Union (EU) [3], which is an indicator of the risk
that these substances represent to today’s society. There are currently up to 448 active
ingredients that can be used in the EU as pesticides, while up to 934 compounds have
been banned for this purpose [4]. These substances are regulated by Regulation (EC)
No. 1107/2009 [5]. The Codex Alimentarius Commission, the EU, and many countries
around the world have established maximum residue levels (MRLs) for active substances
in food to protect consumers’ health, since exposure to higher concentrations poses a health
risk [6,7]. Likewise, prohibited active substances must not be found in foodstuffs. A default
MRL of 0.01 mg/kg has been established for pesticides in plant and animal commodities
when not otherwise indicated.

Control plans are currently carried out under Regulation (EC) No 396/2005 to examine
the levels of pesticide residues in food on the European market [6]. In 2019, 1.0% of the
12,579 food samples that were investigated under the EU-coordinated control program
were declared non-compliant, since they exceeded the MRLs established for specific pesti-
cide compounds [8]. A total of 182 pesticides was included in this monitoring program.
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Several pesticides not approved in the EU—such as carbofuran, acephate, and fipronil,
among others—were found in samples of products grown in the EU or in imported samples.
This highlights the importance of efficient control plans that involve the application of
reliable analytical methods, which are not only essential to comply with current legislation,
but ultimately are also necessary to protect the health of citizens in accordance with current
knowledge on the toxicity of pesticides.

The HBM4EU initiative has recently identified a list of substances of very high concern
due to their potential adverse effects on humans, including several classes of pesticides
(i.e., pyrethroids, organophosphates, glyphosate, polyethoxylated tallow amine (POEA),
or fipronil) [9]. However, the simultaneous monitoring of these substances and other
pesticide residues in food represents an analytical challenge. Pesticides consist of different
chemical classes with different psychochemical properties, and are present at low concentra-
tions in complex food matrices [10]. Food samples can contain highly polar and non-polar
pesticides, making it impossible to achieve good recovery through the application of a spe-
cific sample treatment or their chromatographic separation by a single analytical method.
Moreover, today, the monitoring of pesticides per se does not seem sufficient, and the
analysis of their transformation products also seems necessary. Pesticide transformation
products are a consequence of their degradation in the environment through hydrolysis,
photolysis, oxidation, and biodegradation processes and, in certain cases, their toxicity
is greater than that of their chemical precursors [11]. Despite this, the toxicity of these
transformation products is not taken into account for pesticide marketing approval [12].
The analysis of pesticide transformation products in food can be analytically difficult and
cumbersome. Information on these compounds is limited, and chemical standards that
allow their identification are not always available [13].

In this framework, the EU guidelines on analytical quality control and method valida-
tion procedures for the analysis of pesticide residues in food indicate that, although other
detection systems are possible, mass spectrometry (MS) is the preferred detection technique
for this purpose [14]. The main reason for this is that MS provides more confidence in the
identification of compounds. Gas chromatography (GC) coupled with MS has traditionally
been applied for the determination of pesticides, but liquid chromatography LC–MS is now
more widely used for this purpose. LC–MS is more suitable for the analysis of a broader
range of compounds, especially for more polar pesticides and pesticide metabolites, as well
as for non-volatile analytes [15]. In this sense, there is also a clear tendency to go beyond
traditional targeted methods focused on the determination of specific pesticide residues,
such as those methods used in official control plans. Currently, there is a trend towards
the development of suspect screening and non-targeted methods aimed at the detection of
initially expected pesticide residues and the identification of unknown pesticide-related
substances (e.g., transformation products) [16].

This review discusses the current role of MS in pesticide analysis workflows, includ-
ing the evolution from single-residue methods to multiclass methods and, more recently,
to mega-methods aimed at the simultaneous analysis of chemical residues and contami-
nants. Furthermore, although targeted methods are commonly used in pesticide residue
monitoring, recent approaches focused on the development of suspect screening and non-
targeted methods for this purpose are also presented. A brief discussion of the sample
treatments and chromatographic separations currently applied in the determination of
pesticides is also included. They are of great importance in the matrix effect observed in
MS-based methods and in the quality of the mass spectra obtained. This is not a compre-
hensive review, and only a few of the most relevant studies have been selected to illustrate
the current analytical strategies in pesticide analysis.

2. From Single-Residue Methods to “Mega-Methods”

Pesticide residue monitoring programs are generally restricted to a reduced num-
ber of selected pesticides and metabolites. Therefore, the scope and capabilities of these
multiresidue methods are limited and, among other issues, the presence of less common



Separations 2022, 9, 148 3 of 29

or misused pesticides and/or their transformation products may go unnoticed [17]. Al-
though the development of analytical methods for the determination of a reduced num-
ber of pesticides belonging to the same chemical family is still reported [18–20], current
selective analytical approaches are largely limited to the determination of challenging pesti-
cides. In general, multiresidue methods must be applied for pesticide analysis according
to SANTE/2020/12830 [14]. If multiresidue methods are not applicable for a specific pesti-
cide, data and/or justification explaining why must be provided. Single-residue methods
are intended for selected pesticides that, due to their particular physicochemical prop-
erties (e.g., usually high polarity), require specific protocols for their determination [21].
The main drawbacks that prevent the simultaneous determination of these compounds with
other pesticides are their low or close-to-zero affinity for the organic solvents commonly
used as the extraction phase in sample treatments, and their low retention in conventional
reversed-phase columns used in pesticide analysis [22]. To overcome these problems, the EU
Reference Laboratories have proposed up to 11 different main single-residue methods for
the determination of up to 55 polar pesticides [23].

Despite the different physicochemical properties of pesticides, which are especially
crucial for the efficient extraction of analytes from complex food samples, the development
of large-scale multiresidue methods based on generic conditions has been the main goal in
recent decades. Multiresidue methods are typically called multiclass methods because they
cover two or more families of pesticides. The development of these methods to determine
most of the pesticides on the market in a single analysis is of great interest for reducing
time and economic costs. Both issues are critical in pesticide residue monitoring because
almost 800 compounds must be investigated, and the application of various methods
to routinely monitor them presents serious limitations for food control laboratories [24].
Initial attempts have been made to implement multiresidue methods for highly polar
pesticides, but in general these methods do not achieve the determination of 20 compounds
in total [22,25,26]. In this sense, large-scale multiresidue methods refer to those capable of
covering at least 80 analytes [27]. Multiresidue methods for less-polar pesticides can cover
the determination of hundreds to thousands of pesticides and metabolites, using either
GC–MS methods [28–30] or LC–MS methods [31,32].

Advances in LC–MS and GC–MS instrumentation have contributed to the implemen-
tation of multiresidue pesticide methods as they provide higher sensitivity and selectivity.
Furthermore, the replacement of classical sample preparation methods with QuEChERS
(Quick, Easy, Cheap, Effective, Rugged and Safe) procedures has allowed us to reach
the current situation, where hundreds of pesticides can be analyzed simultaneously in
a large variety of different samples (Figure 1) [33,34]. Multiresidue or multiclass methods
involve both low-resolution mass spectrometry (LRMS) and high-resolution mass spec-
trometry (HRMS) instruments. In addition, new analytical strategies for data acquisition,
based mainly on suspect screening or non-targeted analysis, have contributed to a step
towards multiresidue methods capable of a more comprehensive monitoring of pesticides,
metabolites, and transformation products—even when there is a lack of information about
them or they are totally unknown [35,36]. LRMS is already widely implemented in official
control laboratories for the targeted analysis of pesticide residues. However, HRMS brings
new possibilities for unexpected findings, as this technology is used for non-targeted analy-
sis. Furthermore, retrospective analysis is possible. Consequently, MS data can be explored
over time to identify metabolites and transformation products [37].
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Figure 1. Chromatogram obtained from the simultaneous analysis of a mixture of 250 pesticide 
residues, each at 0.01 mg/kg, in grape extract, using ultrahigh-performance liquid chromatography 
(UHPLC)–tandem mass spectrometry (MS/MS) on a triple-quadrupole (QqQ) instrument in se-
lected reaction monitoring (SRM) mode with rapid polarity switching. Reprinted with permission 
from Ref. [34]. Copyright (2014) Elsevier. 
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tion of a wide range of pesticides and other substances. These methods are of great value 
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present in food and feed samples in addition to pesticides. The simultaneous determina-
tion of all of these chemical hazards provides more complete information to ensure food 
safety, and reduces costs and analysis time. In 2008, Mol et al. reported the first com-
prehensive method for the simultaneous determination of 136 pesticides, 86 veterinary 
drugs, and 36 natural toxins—including plant toxins and mycotoxins—in different feed 
and food matrices (i.e., maize, honey, meat, egg, and milk) [38]. Since then, the number of 
reported methods for the analysis of various categories of residues and contaminants has 
increased [39]. The main characteristic of these methods is that they focus more on how 
analytical techniques are best suited to the detection and identification of compounds 
based on their chemical properties, rather than on how they reach the food supply chain 
(i.e., environmental contaminants, residues, etc.). Although these types of methods cov-
ering multiple classes of residues and contaminants are also called multiresidue or mul-
ticlass methods, they can be described as mega-methods [40]. 

3. Sample Preparation in MS-Based Methods 
A proper selection of the sample treatment is crucial to achieve good analytical re-

sults in the control of pesticide residues in food [41,42], and could be considered the bot-
tleneck of the whole analytical process. Sample preparation requires a systematic ap-
proach to answer the question: How do we get the analytes from the sample to extract? This is 
not a trivial issue, since the main objectives of sample preparation are the removal of 
possible matrix interferences, the pre-concentration of the analytes, and the obtaining of a 
final extract compatible with the chromatographic system [43]. Analytical methods for 
the determination of pesticides are generally based on UHPLC–MS/MS using elec-

Figure 1. Chromatogram obtained from the simultaneous analysis of a mixture of 250 pesticide
residues, each at 0.01 mg/kg, in grape extract, using ultrahigh-performance liquid chromatography
(UHPLC)–tandem mass spectrometry (MS/MS) on a triple-quadrupole (QqQ) instrument in selected
reaction monitoring (SRM) mode with rapid polarity switching. Reprinted with permission from
Ref. [34]. Copyright (2014) Elsevier.

Analytical advances in data acquisition and sample preparation have also led to the
development of generic analytical workflows applicable to the simultaneous determination
of a wide range of pesticides and other substances. These methods are of great value in
routine monitoring programs as chemical contaminants, such as mycotoxins, may be present
in food and feed samples in addition to pesticides. The simultaneous determination of all of
these chemical hazards provides more complete information to ensure food safety, and re-
duces costs and analysis time. In 2008, Mol et al. reported the first comprehensive method
for the simultaneous determination of 136 pesticides, 86 veterinary drugs, and 36 natu-
ral toxins—including plant toxins and mycotoxins—in different feed and food matrices
(i.e., maize, honey, meat, egg, and milk) [38]. Since then, the number of reported methods for
the analysis of various categories of residues and contaminants has increased [39]. The main
characteristic of these methods is that they focus more on how analytical techniques are best
suited to the detection and identification of compounds based on their chemical properties,
rather than on how they reach the food supply chain (i.e., environmental contaminants,
residues, etc.). Although these types of methods covering multiple classes of residues and
contaminants are also called multiresidue or multiclass methods, they can be described as
mega-methods [40].
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3. Sample Preparation in MS-Based Methods

A proper selection of the sample treatment is crucial to achieve good analytical results
in the control of pesticide residues in food [41,42], and could be considered the bottleneck
of the whole analytical process. Sample preparation requires a systematic approach to
answer the question: How do we get the analytes from the sample to extract? This is not a trivial
issue, since the main objectives of sample preparation are the removal of possible matrix
interferences, the pre-concentration of the analytes, and the obtaining of a final extract com-
patible with the chromatographic system [43]. Analytical methods for the determination of
pesticides are generally based on UHPLC–MS/MS using electrospray ionization (ESI) and
reversed-phase chromatographic separations. However, one of the main drawbacks of ESI
for quantitative purposes is the well-known matrix effect. The matrix effect is due to the
presence of co-eluting interfering species in the final extract. Therefore, these species can
cause signal suppression of the analytes of interest. The matrix effect hampers the accuracy
and trueness of the results, and reduces laboratory throughput, because external calibration
with standards in pure solvent for accurate quantification is not possible [44]. Various ap-
proaches have been developed to overcome, minimize, or compensate for the matrix effect
observed in MS methods. These strategies include the improvement of chromatographic
performance [45,46], the use of isotope dilution mass spectrometry [47], the matrix dilution
or “dilute-and-shoot” approach [48], and the application of specific dedicated clean-up
protocols [49].

Regarding the latter strategy, various sample treatments ranging from traditional
liquid–liquid extraction (LLE) and solid–liquid extraction (SLE) methods to solid-phase
extraction (SPE) have been applied for sample preparation in the determination of pesticide
residues in food [50]. The most suitable sample treatment for analyte extraction and matrix
removal ultimately depends on the complexity of the sample. In this sense, food products
(not feed) are currently divided into nine main commodity groups (e.g., foods with high
content of oils, high content of water, etc.) according to the SANTE/2020/12830 guide-
line [14]. It is expected that samples of food products belonging to the same commodity
group can be prepared following the same sample treatment protocol for the determination
of the same pesticide mixture. In this sense, SANTE/2020/12830 claims that analytical
methods for pesticide analysis must be validated for at least one representative commodity
from each commodity group.

One of the main handicaps of applying exclusively LLE or SLE is the excessive num-
ber of endogenous sample compounds co-extracted, which may cause the matrix effect.
Therefore, the current trend is to apply LLE or SLE as the first step of sample treatment,
followed by clean-up procedures—usually based on SPE purification [51,52] or dispersive
SPE (dSPE) [53,54]. Sugitate et al. studied the relationships between the co-extracted com-
pounds depending on the nature of the solvent extract [55]. As shown in Figure 2, the use of
acetonitrile (MeCN) allowed the determination of pesticides with a wide range of polarities,
reducing the number of co-extracted matrix components compared with acetone. Therefore,
a key aspect is the proper selection of the extraction solvent, taking into account the oc-
tanol/water partition coefficient (log PO/W) of the pesticide. Organic solvents such as MeCN,
ethyl acetate, acetone, or hexane are used to isolate the analytes of interest from the ma-
trix [56]. Other binary extraction solutions—such as dichloromethane/acetone [57] and ethyl
acetate/cyclohexane [58]—have also been used for this purpose. In this sense, the Quick
Polar Pesticides (QuPPe) method has become very popular for the analysis of highly po-
lar pesticides that are not amenable to common multiresidue methods (e.g., QuEChERS).
This method mainly consists of the adjustment of the sample water and extraction with
acidified methanol, followed by LC–MS analysis [59]. Two different protocols have been
reported for the analysis of pesticides by the QuPPe method, which are related to the sam-
ple matrix: a protocol for the determination of pesticides in products of plant origin and
honey [23], and another protocol for their analysis in products of animal origin, excluding
honey [60].
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The combination of SLE with dSPE, widely known as the QuEChERS approach,
has revolutionized the way multiresidue pesticide analyses are carried out [50,61,62].
In general, this sample preparation method consists of an extraction with MeCN, which is
caused by partitioning between the aqueous phase of the sample and that of MeCN by
adding magnesium sulfate and sodium chloride salts. Finally, a dSPE step is carried out
to remove most of the remaining matrix interference [63]. Initially, QuEChERS was devel-
oped for the determination of pesticides in vegetables using PSA as a dSPE sorbent [64].
The most commonly used dSPE sorbents are primary secondary amine (PSA), bonded
octadecyl silica (C18), and graphitized carbon black (GCB). New sorbents have also been
commercialized for the analysis of pesticides in fatty samples such as avocado, nuts,
or salmon. Among them, Z-Sep (i.e., a zirconia-based sorbent) and Enhanced Matrix
Removal-Lipid (EMR-Lipid) have been developed for selective clean-up of lipids from
fatty matrices, providing good results in terms of the matrix effect [65–67]. The rapid
implementation of QuEChERS in routine laboratories has been due to its excellent per-
formance, including high extraction efficiency (recoveries > 85%), high reproducibility,
high sample throughput of around 30 samples per hour, low waste generation, low cost
of the reagents used in the method, the small number of devices needed to carry out
sample preparation, and its application in the simultaneous extraction of a large number
of analytes. For example, as a consequence of the application of QuEChERS extrac-
tion, 400 pesticide residues in tea leaves [68] or 248 pesticide residues in seeds [69] can
currently be monitored in a single analysis.

Furthermore, the application of QuEChERS procedures is gaining significant popular-
ity in the analysis of a wide spectrum of analytes (e.g., antibiotics, mycotoxins, hormones)
in different types of complex samples. In this regard, Lehotay et al. have recently up-
dated the QuEChERS approach with the QuEChESER mega-method (“Quick, Easy, Cheap,
Effective, Rugged, Safe, Efficient, Robust”), which broadens the range of polarity of the
compounds for which mega-methods are applicable [70]. In this improved version of the
QuEChERS protocol, a small volume of the initial extract is taken for the determination of
pesticides, veterinary drugs, and other LC-amenable analytes by LC–MS. The remaining
extracted portion is submitted to MeCN–water partitioning and further sample clean-up
with an automated SPE system. Subsequently, GC-amenable pesticides and environmen-
tal contaminants are determined by fast, low-pressure (LP)-GC–MS [71,72]. This sample
treatment tailored for both LC–MS and GC–MS analyses extends the analytical scope of
mega-methods to cover a broader range of chemical residues and contaminants that may
be present together in food samples. Today, mega-methods are capable of covering the
determination of more than 1200 residues and contaminants in feed, including around
500 pesticides [73].
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In addition to QuEChERS, “dilute-and-shoot” approaches are very efficient for sim-
ple sample preparation in multiresidue analysis [37]. “Dilute-and-shoot” procedures
involve diluting the sample before “shooting” it into an analytical instrument for analysis.
Such methods have become increasingly popular in the last 10–15 years because they sig-
nificantly improve sample throughput. They are now used in many types of multiresidue
LC–MS analyses [74]. Considering the definition described, it seems that “dilute-and-shoot”
is limited to liquid samples. However, a previous SPE and subsequent dilution of the
organic extract could also be considered as a “dilute-and-shoot” approach. Dilution of
the sample or the organic extract is an excellent approach to simplify sample treatment
and overcome the matrix effect. It should be noted that “dilute-and-shoot” approaches
have been made possible by the improvement of LC–MS/MS instrumentation in terms
of concentration sensitivity [56]. To estimate which dilution factor(s) can be applied, it is
necessary to take into account several variables, such as the expected concentration of the
analytes, the sample matrix, and the selectivity and sensitivity of the MS platform used.
Dilution factors typically range from 1:1 up to 1:100. Advantages of this methodology
include its simplicity, minimal analyte losses, high sample throughput, and the number of
analyte classes included [75].

Although QuEChERS and “dilute-and-shoot” approaches provide high sample through-
put, and are simple and low-cost sample preparation strategies, more intensive sample
treatments—such as traditional SPE—are required to remove matrix interference and reduce
the matrix effect. SPE is one of the most widely used sample treatments for multiresidue
analysis [76], mainly because it provides high extraction efficiency, moderate solvent con-
sumption, and high reproducibility. Today, there is a wide variety of SPE sorbents available
on the market, and these stationary phases are generally available in cartridge or disk
forms. Selection of the most suitable SPE sorbent is based on the characteristics of the
analyte and the sample. There is a plethora of SPE sorbents, and the most widely used are
Florisil (magnesium silicate), C18, alumina (Al2O3), diol (diol-bonded silica), SAX (strong
anion exchange), Extrelut™ (SiO2·n H2O), PSA, ENVI-Carb™ (GCB), and Oasis HLB (hy-
drophilic/lipophilic balanced copolymer of N-vinylpyrrolidone and divinylbenzene) [77].
Moreover, the well-known mixed-mode SPE is a practical approach for the analysis of pesti-
cides with different properties, because this type of SPE sorbent is able to retain compounds
through two modes of interaction. Likewise, different combinations of SPE sorbents have
also been used, such as dual-layer GCB–PSA for removing lipids from fatty matrices [78],
C18 combined with PSA [79], or GCB with PSA [80]. Despite its advantages in reducing the
matrix effect, traditional SPE involves many time-consuming and tedious steps, including
cartridge conditioning, sample loading, cartridge washing, and sample elution. Conse-
quently, several approaches have been proposed to increase the laboratory throughput
when using SPE sorbents. In this sense, there are commercially available SPE cartridges
based on pass-through, in which traditional SPE steps such as conditioning, equilibration,
and washing are not required. Oasis PRiME HLB and Captiva EMR-Lipid are clear examples
of this trend [81]. Aside from the traditional SPE formats, disposable pipette extraction
(DPX) has been increasing in use in recent years. DPX is a type of SPE in which the sorbent
is placed into a disposable pipette tip instead of a cartridge (Figure 3). The sorbent is then
mixed with the sample, and the analytes are eluted with small amounts of solvent [82].
As in traditional SPE, there is a wide variety of sorbents for DPX, and it is a rapid, efficient,
and reproducible approach for the development of multiresidue methods in food analysis.
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In addition to the abovementioned sample treatments, other sample preparation
strategies have been proposed for the analysis of pesticide residues in food. However,
they have been implemented less or not at all in routine laboratories for the control of
pesticide residues. In general, the main objective of these approaches has been to de-
crease the solvent consumption, which has led to the miniaturization of traditional sample
treatments [83]. Solid-phase microextraction (SPME) is the most popular of these microex-
traction techniques, and involves the extraction of target analytes with a thin fiber made of
fused silica coated with a suitable stationary phase. Then, the analytes are released at high
temperatures in GC–MS analysis, or by solvent desorption when applying LC–MS meth-
ods [84]. SPME has been show to provide efficient clean-up and minimize the matrix effect
that typically occurs in ESI-MS analyses [85]. In recent years, other miniaturized approaches
have been developed, such as stir bar sorptive extraction (SBSE), magnetic solid-phase
extraction (MSPE), molecularly imprinted solid-phase extraction (MISPE), single-drop
microextraction (SDME), hollow-fiber liquid-phase microextraction (HF-LPME), and dis-
persive liquid–liquid microextraction, among others [86,87].

4. Chromatographic Separations in MS-Based Methods

Chromatographic separation is generally carried out prior to MS analysis of pesticides
in food. In general, it contributes to reducing the matrix effect [88]. It also decreases the
probability of false positive results, and simplifies mass spectra when working in HRMS;
therefore, it improves method selectivity. In general, LC–MS and GC–MS are the techniques
most widely applied to the analysis of pesticides in food [49,56,89]. GC has been widely
used for the determination of pesticides in the field of food analysis for decades. However,
GC is limited to the determination of volatile and semi-volatile compounds. Although non-
volatile compounds can be analyzed after carrying out a derivatization process, this process
is considered laborious and time-consuming. Consequently, these pesticides are usually
analyzed by LC [90]. Nevertheless, it should not be considered that LC has totally replaced
GC in the analysis of pesticides, as both are complementary techniques. Indeed LC–MS has
been shown to be more sensitive in the determination of almost all pesticides, but not for
pyrethrins and organochlorines [91].

Performance enhancement of GC–MS methods has recently focused on reducing analy-
sis time to improve sample throughput without losing sensitivity and analytical quality [92].
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While many parameters can be optimized to reduce the runtime (e.g., use of short columns,
fast oven temperature ramps, or higher carrier-gas linear velocities), changing these param-
eters can lead to a loss of chromatographic resolution [93]. In this sense, low-pressure gas
chromatography (LPGC)–MS has also been evaluated as an alternative to modifying the
parameters of the method, avoiding the aforementioned disadvantages [94,95]. LPGC–MS
is the most practical and beneficial fast GC technique available to achieve chromatographic
separations in less than 10 min for applications that typically involve analysis times be-
tween 20 and 40 min [96]. For example, the determination of 244 pesticides in an 11 min
run has been achieved using LPGC–QqQ-MS. This means a 50% decrease in analysis time
compared to a traditional GC separation using a 30 m column [94]. Furthermore, the devel-
opment and application of multidimensional GC has undoubtedly been a major trend in
GC–MS methods in recent years, as it is a powerful tool to increase resolving power [97].

In addition, the growing interest in the application of GC in pesticide analysis is
related to the development of soft ionization sources for GC–MS coupling, as discussed in
more detailed in Section 5. It is well known that ionization sources commonly employed
under vacuum conditions in GC–MS methods—such as electron impact (EI) ionization
or chemical ionization (CI)—provide an excessive fragmentation pattern, especially for
labile compounds. This hard ionization is due to the universally established ionization
energy of 70 eV in EI ionization [91]. To overcome this issue, the use of “milder” EI
conditions is a promising alternative [98]. This term refers to the application of an ionization
energy of around 20 eV. Therefore, it is possible to obtain mass spectra with a higher
relative abundance of the parent ion and reduce fragmentation at lower mass-to-charge
ratio (m/z) values at the same time. Recently, other soft ionization sources have been
developed, such as atmospheric-pressure ionization (API) or plasma-based ion sources.
The ionization mechanisms of atmospheric-pressure chemical ionization (APCI) have
been shown to involve less fragmentation than EI [99]. APCI enables the acquisition of
spectral data typically rich in molecular or quasi-molecular ion information [100]. However,
the main disadvantage of the APCI source is that the matrix effect could be remarkable [101].
In this sense, dielectric barrier discharge ionization (DBDI), which could be considered the
most representative plasma-based ionization source, could overcome this problem while
allowing soft ionization [102].

It is well-known that LC is applied as a separation technique in the analysis of highly
polar and non-volatile and/or thermally labile pesticides. In recent years, in food analysis,
the major contribution to advances in LC separation has been the introduction of columns
packed with sub-2 µm particles. These columns have led to the emergence of UHPLC,
which has greatly improved chromatographic efficiency [103]. Mass transfer is improved
with small particles, and high mobile-phase flow rates can be applied. Consequently,
laboratory throughput is increased, and analysis costs are decreased. Other advantages
of UHPLC–MS methods over traditional LC–MS methods include an increased resolving
power and minimized matrix effect, because co-elution of matrix interferences can be
avoided. Furthermore, UHPLC–MS enables methods with lower limits of quantification
(LOQs) in comparison to conventional LC methods. For all of these reasons, its use has
increased exponentially in the last decade, and has been widely employed in research and
routine laboratories [104]. In addition, the use of two-dimensional liquid chromatography
(2D-LC) has grown in recent years [105]. It has been demonstrated that if the number
of components exceeds 37% of the peak capacity of the method, the peak resolution is
clearly reduced [106]. 2D-LC allows the number of compounds in a single run to be
increased compared to single-dimension chromatography. In this sense, two independent
and complementary separation mechanisms could be employed in each dimension to
obtain efficient results.

Although C18 columns are still the most widely used in LC separations of pesticides,
new stationary phases have been developed to expand LC applications, such as hydrophilic
interaction liquid chromatography (HILIC) and ion-exchange phases. The use of HILIC
columns is the best option for the chromatographic separation of highly polar pesticides,
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as opposed to other approaches such as ion-pair chromatography. However, most HILIC
methods are single-residue methods because it is very difficult to compromise between the
many variables involved in HILIC separation (i.e., the type of buffer and its concentration,
pH, sample solvent composition). Thus, multiresidue-based HILIC methods are not yet
common [107]. Among others, LC–MS methods for the determination of glyphosate and its
main degradation product—aminomethylphosphonic acid (AMPA)—can be highlighted
as examples of currently used single-residue HILIC methods. Glyphosate and AMPA are
highly polar and ionic molecules, and have minimal solubility in organic solvents. Conse-
quently, their determination is more challenging than for most pesticides on the market
today, and none of these compounds are included in typical multiresidue pesticide monitor-
ing methods [108]. Although reversed-phase columns can be used to achieve the separation
of these compounds if they are previously derivatized to modify their polarity [109], ion-
exchange chromatography (IEC)–MS and HILIC–MS are the main analytical techniques
used to separate and detect this type of pesticides [25,110]. The use of mixed-mode LC
columns involving HILIC and IEC interactions has recently been proposed as an attractive
tool to improve the performance of analytical methods for the determination of these com-
pounds [111]. In general, special separation conditions must be applied in single-residue
methods. In the case of glyphosate and AMPA, their determination is challenging not only
because of their high polarity, but also because they have a phosphate group that makes
them sensitive to metals. As a consequence, poor-quality chromatographic peaks can be
observed for these analytes. Additives such as medronic acid or pyrophosphoric acid
can be added to the mobile phase to improve the peak shape, and without observing the
significant signal suppression caused by the addition of ethylenediaminetetraacetic acid
(EDTA) as a metal chelator [112]. This strategy helps to overcome the poor peak shapes
commonly observed for polar-charged analytes.

5. Mass Spectrometry

In accordance with guidance documents for the analytical quality control and method
validation procedures for pesticide residue analysis, MS is the detection technique recom-
mended for use in pesticide analysis, as other selective detectors for GC and LC offer limited
specificity [14,113]. Despite this fact, the use of these detection systems instead of MS is
possible in pesticide analysis, and can be considered in monitoring methods. However, it is
essential to note that MS provides more confidence for compound identification, and has
been the gold standard for pesticide determination for the last 20 years [114]. The number
and type of ions that must be observed for the correct identification of the analytes of
interest by MS is indicated by the SANTE/2020/12830 guideline, and varies between 2 and
3 ions when using LRMS, or requires 2 ions with a mass accuracy lower than 5 ppm when
applying HRMS [14].

In addition to selectivity and specificity, concentration sensitivity is one of the main an-
alytical parameters to be taken into account in a method for the determination of pesticides.
These substances are usually present in food samples at concentration levels of µg/kg,
or even ng/kg. Therefore, analytical methods must provide low limits of detection (LODs)
to detect such a concentration of residues. In monitoring methods for pesticide residues in
food commodities, the validated LOQ is generally at the default MRL of 0.01 mg/kg [14].
In MS-based methods, the sensitivity is highly dependent on the ionization source used
for LC (or GC)-MS coupling, as well as the type of mass spectrometer used. This section
discusses the most commonly used ionization techniques in pesticide analysis when ap-
plying LC–MS or GC–MS workflows, as well as the analytical strategies followed for data
acquisition, depending on the type of mass spectrometer used. In addition, new trends in
MS for pesticide analysis are covered, such as IM–MS hyphenation and ambient (desorp-
tion/ionization) mass spectrometry (AMS).
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5.1. Ionization Sources

ESI is the most commonly applied ionization technique in LC–MS. The ESI technique
is characterized by high ionization efficiency (i.e., the effectiveness of producing gas-phase
ions from analytes in solution) and high transmission efficiency (i.e., the ability to transfer
the ions from atmospheric pressure to the low-pressure zone of the MS system); therefore,
high sensitivity is generally observed in LC–ESI-MS methods [115]. ESI is a soft ionization
technique that not only provides high concentration sensitivity under properly optimized
source conditions, but also often provides information on the protonated or deprotonated
ions of pesticides. This information is of great relevance for the identification of unknown
molecules in non-targeted analysis (e.g., pesticide transformation products), as this feature
is advantageous to identify the molecular mass of the analytes. In contrast, the mass
spectra resulting from ESI-MS analyses provide little information about the structure of
the analytes, making structural elucidation difficult [116]. This fact also hampers the si-
multaneous determination of a large number of analytes in a single run [27]. Therefore,
fragmentation experiments are required to overcome these problems, as well as to com-
ply with current legislation and recommendations regarding the number of ions to be
observed [14]. However, this does not represent a technical limitation at present. In-source
fragmentation can be investigated to collect the ions required for identification, but can lead
to complex mass spectra due to background interference that complicates the identification
process. Therefore, MS/MS (or MS2) is preferred to clearly obtain sufficient characteristic
fragment ions for increased confidence in pesticide identification [117], whether in targeted
or non-targeted analyses.

Furthermore, although almost all current LC–MS methods for pesticide analysis
involve ESI as the ionization mode, other soft ionization techniques—such as atmospheric-
pressure photoionization (APPI) and APCI—can also be used. ESI has been shown to be
more universal than APCI for the ionization of many pesticides, whereas photoionization
of pesticides has rarely been reported [90]. A large number of multiresidue methods and
mega-methods have been proposed for the determination of pesticide residues by LC–ESI-
MS in a wide variety of feed [73] and food products, such as vegetables and fruits [118] or
honey [119].

EI ionization has been the most predominant ionization technique in GC–MS. In this
framework, GC–EI-MS methods were commonly applied in the control of pesticide residues
in food until the widespread implementation of LC–ESI-MS methods for pesticide analysis.
However, LC–ESI-MS has been shown to achieve higher concentration sensitivity compared
to GC–EI-MS for most classes of pesticides, except for pyrethrins and organochlorines [91].
This better performance could be one of the reasons that explains the shift from GC–EI-MS
to LC–ESI-MS methods for pesticide determination. In this sense, the higher sensitivity
observed in the LC–ESI-MS methods may be related to the larger sample volumes that are
injected into LC columns than into GC columns, and to the lower fragmentation observed
in ESI sources compared to EI ionization [90].

Recently, the implementation of the APCI source in GC–MS instruments has signifi-
cantly improved the sensitivity typically observed in GC–EI-MS systems [91]. For example,
a 1–8-fold increase in sensitivity has been observed for the determination of organophos-
phorus pesticides when an APCI source is used instead of an EI source [120]. APCI is
a much softer ionization technique compared to EI. Therefore, in-source fragmentation
is reduced, and the protonated or deprotonated ions of the compounds can be observed
in satisfactory abundance [121]. Due to the ionization mechanisms that occur in APCI
(i.e., charge transfer and proton transfer), both the molecular ion (M+) and the protonated
ion ([M + H]+) can be observed simultaneously. In this sense, water or methanol can be
added as a modifier in the source chamber to promote the exclusive formation of proto-
nated ions, thus increasing the sensitivity [100,122]. Currently, although it is a promising
technique, GC–APCI-MS has rarely been applied to the determination of pesticides in
food [123]. Among the studies focused on the analysis of pesticide residues in food by
GC–APCI-MS, a screening method validated for 130 pesticides can be highlighted as an
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example of a multiresidue method applied to the determination of pesticides in a wide
range of fruits and vegetables (i.e., strawberries, oranges, apples, carrots, lettuces, zucchini,
red peppers, and tomatoes) [124]. The strength of the reported method is that it was also
applied to the retrospective analysis of other 286 pesticides, which was facilitated by the
presence of the molecular ion/protonated molecule in the APCI spectra.

5.2. Matrix Effect

Regardless of the analytical approach, a similar drawback is observed in LC–MS and
GC–MS methods—the so-called matrix effect. The matrix effect refers to the observed
enhancement or suppression of the analytical signal for a specific analyte when determined
in real samples, and compared to the analysis of its analytical standard. In the determination
of pesticides, the matrix effect is calculated according to Equation (1). It is considered
significant if it exceeds ±20% [14].

Matrix e f f ect (%) = 100 ×
[

peak area or slop (matrix)
peak area or slop (solvent)

]
− 100 (1)

In the case of LC–MS methods, the matrix effect is associated with phenomena that
occur in the ESI source. The ionization of analytes is reduced or favored by the presence of
matrix components [125]. However, in the case of GC–MS methods, the matrix effect is usu-
ally caused by the retention/decomposition of analytes at the active sites (i.e., free silanol
groups) in the injector, column, or detector. This is observed when standards are injected in
pure solvents, but not when real samples are injected. In the latter case, matrix components
can block the active sites; therefore, there are fewer active sites available to adsorb the
analytes. Consequently, an enhancement in their signals is observed [126]. The determi-
nation of 341 and 315 pesticides in rice by LC–MS and GC–MS, respectively, represents
a clear example of how signal suppression is usually observed in LC–ESI-MS, while signal
enhancement is observed in GC–MS [127]. If the sample treatment proves ineffective in
avoiding the matrix effect, it can be compensated for by applying two main strategies:
(1) by using matrix-matched calibration curves (i.e., calibration curves of standards pre-
pared in blank matrix extracts), or (2) by using isotopically labeled internal standards
(IL-ISs). Both strategies are commonly applied for either LC–MS [25,128] or GC–MS meth-
ods [129,130]. It should be noted that although only one or a few IL-ISs are selected for the
IL-IS approach, the quantitative performance of multiresidue methods increases when mul-
tiple IL-ISs covering different families of pesticides are used [131,132]. Other strategies to
reduce the matrix effect include the possibility of applying standard addition or procedural
calibration; however, matrix-matched calibration is still the preferred approach according
to SANTE/2020/12830 [14]. The main challenge of using matrix-matched calibration is
to find blank samples. In addition, this approach also implies the assumption that the
matrix effect for a given product is the same for different samples, which is not necessarily
true [133].

In GC–MS methods, the use of analyte protectants or coated inlet liners also re-
duces the matrix effect [126]. For example, a mixture of analyte protectants consisting
of ethylglycerol, gulonolactone, D-sorbitol, and shikimic acid prepared in 4/1 (%, v/v)
MeCN/water containing 0.05% (v/v) formic acid has been used for the analysis of 35 pes-
ticides (i.e., organophosphorus pesticides, organochlorine pesticides, triazines, triazoles,
carbamates, imidazoles, etc.) in tropical fruits [134]. In general, the matrix effect was
significantly reduced when the analyte protectants were used. A reduction of more than
three times was observed in the case of the compounds that showed a more significant
matrix effect. Nevertheless, although the use of analyte protectants reduces the matrix
effect and improves peak shape [135,136], these compounds must be dissolved in polar
solvents such as water and MeCN. The injection of these solvents in GC systems has several
drawbacks (i.e., limitations on injection volumes due to their high expansion coefficient,
and poor focusing of chromatographic peaks due to their high polarity), which represents
the main disadvantage of this strategy for reducing the matrix effect [69,126].
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5.3. Targeted MS-Based Methods

Current developments in mass spectrometers and data analysis have led to a growing
interest in non-targeted methods for pesticide analysis; however, targeted methods are
more established in routine food testing laboratories [137]. GC–MS-based targeted meth-
ods were the technique of choice for pesticide analysis until the late 1990s [91]. GC–MS
methods were initially limited to the determination of volatile and thermostable analytes,
but the implementation of derivatization strategies also allowed the analysis of non-volatile
compounds. In general, early GC–MS methods involved the use of a single quadrupole (Q)
operating in selected ion monitoring (SIM). Nevertheless, the development of hybrid mass
spectrometers made GC–QqQ-MS, in addition to GC–Q-linear ion trap (LIT)-MS, the pre-
ferred tool for pesticide residue control. GC–MS/MS works in SRM or multiple reaction
monitoring (MRM). This acquisition mode is very selective, because it allows monitoring of
at least two fragmentation transitions per analyte (one transition corresponds to a precur-
sor/fragment ion pair), minimizing or avoiding matrix interference, and meeting current
guidelines for proper pesticide identification [138]. It is also very sensitive, because it
reduces the chemical noise in the chromatogram, allowing lower LODs to be achieved [139].
Current GC–QqQ-MS-based methods allow the simultaneous determination of hundreds
of pesticides, as has been shown in the analysis of 220 pesticides in sesame seeds with
a separation run of 22 min [140], or in the determination of 365 pesticides in grain, beans,
fruits, and vegetables with a separation time of 36 min [141].

Although LC separations have partially replaced GC separations in pesticide analysis
in recent decades, QqQ-MS and QLIT-MS remain the gold standard detection tools used
in analytical workflows for pesticide determination [15]. As in GC–MS/MS methods,
SRM/MRM is applied as acquisition mode in LC–MS methods. Two or even three frag-
mentation transitions per pesticide are recorded to reduce the risk of false positives [142].
Recent multiresidue methods based on LC–MS workflows tend to cover the simultaneous
analysis of a wide range of pesticides [143,144], which requires monitoring of a large num-
ber of fragmentation transitions. This is a real challenge for QqQ-MS instruments due to
their slow acquisition rates. To ensure a minimum of 15 data points per chromatographic
peak for satisfactory analysis reproducibility, transitions related to each analyte are only
monitored within a time-limited window that covers the retention time of the compound.
However, any unexpected shift in the retention time can partially or completely exclude
an analyte from its detection window, resulting in truncated or undetected peaks [142].
Advanced targeted acquisition approaches for pesticide analysis should be explored to
overcome this drawback following applications in other research fields [145]. For example,
“Scout MRM” represents one of these advanced acquisition strategies that has already been
applied to pesticide determination [142]. “Scout molecules” are compounds spiked in
the samples and detected along the chromatographic separation. Once one of the “scout
molecules” is detected, it triggers the monitoring of a transition group (i.e., a group of
transitions from various analytes of interest). It stops upon detection of the next “scout
molecule” and activation of the subsequent transition group acquisition.

Other recent improvements in LC–MS/MS methods for pesticide determination in-
clude performing MS experiments complementary to MRM transitions, such as acquisition
of the full MS/MS spectrum. Recent advances in QqQ-MS technology have made it possible
to decrease the dwell time required per MRM transition and to trigger such additional MS
experiments. This strategy has been shown to increase confidence in pesticide identification
compared to classical identification based on two MRM transitions [32].

5.4. Non-Targeted MS-Based Methods

Quadrupole instruments today are very robust, and probably provide the highest
concentration sensitivity compared to other mass spectrometers, but only allow unit mass
resolution. Consequently, their use is limited to targeted applications. The development of
HRMS instruments has opened up new possibilities allowing semi-targeted (i.e., suspect
screening) and non-targeted analysis of pesticide residues. Furthermore, high mass resolu-



Separations 2022, 9, 148 14 of 29

tion is of great interest to avoid overestimating the amount of the target compound due to
co-elution of the analyte with isobaric compounds in the matrix (Figure 4) [146]. Depending
on the HRMS technology, high mass accuracy (±0.001 Da), high mass resolution (ratio
of mass to mass difference ≥ 20,000), and wide mass range (simultaneous acquisition of
ions up to 2000 Da) can be obtained [147]. Mass resolving power of up to 1,000,000 can
be achieved in routine analyses, specifically when using Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometers [148]. The term “resolving power” describes the
ability to distinguish between ions that differ in the m/z by a small increment, and is
equal to the full width at half-maximum (FWHM). FWHM is defined as m/∆m, where m
represents the mass of the ion being measured, and ∆m is the full width of the spectral peak
at half-maximum peak height [149].
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spiked at 10 µg/kg, with a resolving power setting of 15,000 FWHM, 30,000 FWHM, 60,000 FWHM,
and 120,000 FWHM at m/z 200. Reprinted with permission from Ref. [146]. Copyright (2021) Elsevier.

Due to the analytical performance and instrumentation cost, time-of-flight (ToF) and
Orbitrap spectrometers, as well as hybrid Q-ToF and Q-Orbitrap instruments, are mainly
used for pesticide determination in applications in which high mass accuracy is required [49].
More information on the capabilities of high-resolution mass spectrometers can be found
in the literature [150,151]. One of the main reasons that have limited the implementation
of HRMS in official pesticide controls has been the lower concentration sensitivity shown
by high-resolution mass spectrometers compared to the low-resolution mass spectrome-
ters traditionally used for this purpose. Despite QqQ-MS having been shown to be more
sensitive and robust for pesticide determination at trace levels, Q-Orbitrap-MS operating
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in full scan can provide equal or even higher sensitivity for certain applications [146].
In fact, Orbitrap-MS has been shown to be applicable as an analytical tool in routine pes-
ticide monitoring. Up to 210 pesticides have been determined simultaneously in fruits
and vegetables under routine conditions (i.e., 102 samples), demonstrating these devices
to be robust and efficient in terms of sensitivity (LOQs ≤ 10 µg/kg for the majority of
pesticides and commodities) and mass accuracy (±1 mDa) [152]. Regarding high-resolution
mass spectrometers, Orbitrap-MS (140,000 FWHM, m/z 200) and ToF-MS (30,000 FWHM,
m/z 556), both operating in full scan, have been compared for the quantification of pesti-
cide residues (n = 146) in tea samples [153]. In general, similar results were observed for
both mass spectrometers, but Orbitrap-MS was found to provide slightly better sensitivity
and selectivity than ToF-MS at lower concentration levels (10 µg/kg), due to its higher
mass resolution. Nevertheless, both mass spectrometers were demonstrated to be suitable
for routine pesticide monitoring, not only because of the LODs achieved (i.e., detectable
responses between 0.01 and 0.1 mg/kg, depending on the pesticide and the detector),
but also in terms of intra- and inter-day precision (RSDs < 20%).

In the context of routine pesticide monitoring programs, LRMS-based methods operat-
ing in SIM or SRM/MRM have traditionally been applied to the simultaneous determina-
tion of 100–200 pesticides in a single run. However, as discussed in Section 2, analytical
methods are evolving to cover a larger number of compounds. In this framework, HRMS-
based methods have significantly expanded the testing scope of pesticides, monitoring
almost 1000 analytes in less than 15 min [118]. Despite the fact that targeted analysis of
pesticides can also be addressed by HRMS [22,154], HRMS-based workflows are primarily
intended for non-targeted analysis of pesticides, including suspect screening approaches.
The main objective of such methods is to determine pesticide residues in food products
beyond a predefined scope of target pesticides. At the same time, these methods also make
the identification of pesticide metabolites or (bio)transformation products feasible [155].
LC (or GC)–HRMS methods are mainly applied in two different contexts:

1. Determination of “known unknowns” (i.e., pesticides with known chemical structure
and suspected presence in the food sample, but without available reference standards).
Suspect screening approaches are based on screening of large lists of priority com-
pounds using their exact mass, and subsequent tentative identification by comparing
MS/MS spectra against mass spectral databases [156]. For example, Bauer et al. de-
veloped a UPLC–Q-ToF-MS method for the suspect screening of pesticide metabolites
in fruit and vegetables [35]. A database of 684 metabolites of 58 active compounds
was created based on relevant pesticide metabolites reported in scientific literature
and approval documents. This database was subsequently applied to the tentative
identification of 47 pesticide metabolites in 96 representative fruit and vegetable sam-
ples selected from a daily routine pesticide analysis. This strategy is of high interest,
since the detection of metabolites in the absence of the parent pesticide may provide
evidence of its illegal use.

2. Identification of “unknown unknown pesticides” without any a priori criteria, which re-
quires a solid basic knowledge of chemistry and biochemistry to achieve an unam-
biguous structural elucidation of the relevant analytical signals [157]. Non-targeted
analysis involves the detection of a large number of peaks, of which a significant num-
ber remain unidentified [155]. Since this analytical approach has several limitations,
and does not always lead to satisfactory results to compensate for the time and effort
involved in its execution, suspect screening approaches are the most commonly fol-
lowed in applications related to pesticide analysis in food. In this regard, most HRMS
methods for pesticide determination directly involve a list of high-interest pesticides.
Consequently, they should be classified as suspect screening approaches rather than
non-targeted approaches, as is often reported by many authors. Nevertheless, great ef-
forts are currently being made to develop suitable non-targeted methods based on
HRMS to detect unexpected contaminants and chemical residues in food, such as in
the case of fipronil in Dutch eggs spread in Europe in 2017, much earlier [158].
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In addition, HRMS has another important advantage over LRMS. Full-scan HRMS
analyses provide complete information on the content of the sample, being limited only
by the satisfactory ionization and detection of the molecules under the conditions of
the analytical method carried out. Therefore, raw mass spectra can be retrospectively
exploited to search for a specific substance if a specific concern arises. This approach
is also applicable to the determination of pesticide metabolites or (bio)transformation
products whose detection was not part of the primary study objective of the original
analyses. A retrospective analysis of HRMS data has been carried out for the identification
of pesticides in infant milk formulas. Pesticides are not the main contaminants or chemical
residues expected in this type of matrix, but they were reported to be present in 33.3% of
the samples [159]. In addition, retrospective data analysis has also been carried out for
the identification of pesticide transformation products in food products (i.e., honey, meat,
feed, and nutraceutical products such as ginkgo, soya, green tea, and royal jelly) that
were previously found to content pesticide residues. One substance—3,5,6-trichloro-2-
pyridinol—was identified as transformation product of alachlor and chlorpyrifos [160].
Although retrospective analysis opens up new possibilities for wide-scope screening and
reuse of raw mass data, it is not without limitations. Its application in routine analysis may
be ineffective due to the necessity of high experience of the operators and the time required
for compound identification, as well as for extracting information of interest from HRMS
data generated without a previous hypothesis.

Most reported HRMS methods for pesticide analysis involve LC separation [49] and data
acquisition in one of the following main MS modes: full scan, data-dependent acquisition
(DDA), or data-independent acquisition (DIA) [161]. Full-scan acquisition involves only mon-
itoring the accurate mass and isotopic distribution of ions reaching the detector, so full-scan
data may not be sufficient for complete compound identification. Therefore, full-scan acqui-
sition may be suitable for targeted analysis of pesticides when using HRMS [146,153], but it
is not the most appropriate for suspect screening and non-targeted analysis. In these cases,
product ion scan (MS2) data are needed for molecular structure identification. HRMS of-
fers DDA and DIA modes as two data acquisition possibilities to simultaneously acquire
information on the precursor ion and related fragmentation ions [162].

In DDA mode, data acquisition is carried out in full scan (MS1), and when precursor
ions meet predefined criteria such as a specific m/z or an intensity threshold, they are
selected as candidates for fragmentation (MS2). Conversely, in DIA mode, all precursor
ions are fragmented without applying any criteria, so maximum MS2 is obtained. To date,
various DIA strategies have been implemented [163], although the most commonly ap-
plied in pesticide analysis are those integrated into MS vendor software, including all-ion
fragmentation (AIF) employed in Orbitrap instruments, or “all-in-one” analysis (MSE)
developed by Waters. Regardless of the applied DDA or DIA mode, the collected MS2

is compared against mass spectral libraries for compound identification. DIA can poten-
tially generate more MS2 matches, resulting in a higher chance of identifying pesticides
or related compounds of interest, but without the high selectivity of DDA that provides
cleaner mass spectra [161,162]. The application of DDA mode can be recommended for
pesticide residue determination, since most of these compounds are known and can be
effectively identified by DDA [164]. On the other hand, DIA should be implemented in
those workflows aimed at the discovery of pesticide metabolites and (bio)transformation
products, since these are usually unknown compounds [165]. However, recent work has
shown that pesticide identification rates can be increased when the DDA and DIA modes
are combined, while also providing fewer false results for the target pesticides [166,167].

Although GC–HRMS methods have been reported for the analysis of pesticides in
food, they represent a lower percentage than the LC–HRMS methods developed for this
purpose. GC–HRMS workflows are not yet well defined, and the possibilities of this
technique have not been fully explored [91]. The commercialization of hyphenated GC–
Orbitrap-MS platforms is recent (2015) and, as previously mentioned, LC–MS methods
cover a wide range of applications traditionally addressed by GC–MS without requiring
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derivatization, and involving soft ionization (ESI vs. EI). In this sense, the ionization source
for GC–HRMS coupling can also raise several questions, as occurs in GC–LRMS meth-
ods. APCI produces molecular ions that facilitate compound identification in pesticide
screening [124], and is a fairly generic ionization technique for GC-amenable compounds,
but is not as generic as EI [168]. In addition, generic spectral libraries for APCI-MS are still
lacking, while several mass spectral libraries exist for EI-MS (e.g., NIST spectral database),
which are crucial for compound identification in non-targeted analyses. Although the
latter refer to nominal spectral libraries (i.e., based on EI-LRMS measurements), they are
instrument-independent, and can be used for library matching if the standard ionization
energy of 70 eV is used. Minor differences between EI-LRMS and EI-HRMS spectra can
be observed, such as a reduced relative abundance of ions < 90 m/z when working with
GC–EI-Orbitrap-MS operated in full scan compared to the NIST library [168]. However,
such differences do not prevent the observation of a high match for pesticide mass spec-
tra, thus providing high confidence in compound identification (Figure 5). For example,
non-targeted analysis of different food commodities—such as mushrooms and peppers,
among others—by GC–EI-Q-Orbitrap-MS, along with further comparison of data against
libraries containing more than 200,000 spectra, allowed the detection of several pesticides
(i.e., lambda-cyhalothrin, triadimenol, imazalil, pyrimethanil, and tebuconazol as the most
common compounds) without any prior hypothesis [169].
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5.5. IM–MS Hyphenation

The recent commercialization of ion mobility–mass spectrometry (IM–MS) instruments
has brought new possibilities to food analysis, and specifically to pesticide residue analysis
in the field of food safety [170,171]. The IMS dimension is located after the ionization
source, so this analytical technique is applied to the separation of charged molecules based
on their mass, charge, and shape under an electric field and in the presence of a neutral
gas (e.g., typically N2, He, or CO2). In addition, chromatographic techniques (either LC
or GC), ion-mobility spectrometry (IMS), and MS can be coupled, since the separation in
these three dimensions occurs on different time scales (i.e., minutes/seconds, milliseconds,
and microseconds, respectively). There are different IMS technologies coupled with MS
on the market, including drift-tube ion-mobility spectrometry (DTIMS), traveling-wave
ion-mobility spectrometry (TWIMS), trapped ion-mobility spectrometry (TIMS), high-field
asymmetric-waveform ion-mobility spectrometry (FAIMS), and differential ion-mobility
spectrometry (DIMS). To date, pesticide analysis has only been addressed by DTIMS–
MS [172], TWIMS–MS [173–175], and DMS–MS [176]. Commercial DTIMS–MS and TWIMS–
MS systems typically involve TOF mass spectrometers, because these types of analyzers
offer a high acquisition rate. This instrumentation has been developed primarily for non-
targeted analysis purposes. In contrast, DMS–MS systems involve QqQ-MS technology.
Unlike DTIMS and TWIMS cells—where all ions entering the mobility cell are likely to
reach the exit and, subsequently, be detected by MS—DMS cells act as filters of the analytes
of interest [103,177]. Therefore, DMS–MS is mainly applied for targeted analysis purposes.

The high selectivity of DMS contributes to the removal of matrix compounds that
co-elute in the LC dimension with target pesticides, as shown for the determination of phos-
phonic acid in samples that naturally contain a high concentration of phosphoric acid [23].
When applying LC–MS methods, the chromatographic separation of both substances can
be compromised, while the most important qualifier mass transition of phosphonic acid is
also the minor transition of phosphoric acid. Therefore, phosphoric acid can exert interfer-
ence with phosphonic acid, leading to false positives. This can be avoided by integrating
DMS into the LC–QqQ-MS workflow. In addition, the removal of interferences and matrix
compounds in the DMS dimension not only improves method selectivity, but also improves
method sensitivity by reducing chemical noise and removing adjacent chromatographic
peaks from the matrix compounds. This improvement has been observed for the analysis
of triazole fungicides at 0.01 mg/kg in different samples of plant origin (e.g., turnip and
soy bean), which were barely identified as chromatographic peaks when applying an
LC–MS method, but which could be integrated perfectly when using an LC–DMS–MS
method [178].

The integration of DTMIS or TWIMS into non-targeted LC–MS workflows enhances
the analytical performance of the method from three standpoints: selectivity, sensitivity,
and confidence in compound identification [171]. This last aspect is of special importance
for reducing the number of false positives reported in residue analysis. Both DTIMS and
TWIMS (also TIMS) provide an additional identification parameter to chromatographic
retention indices and mass spectra—the so-called collision cross-section (CCS). CCS is
a molecular characteristic related to the spatial conformation of the ions in the gas phase.
Although the drift time (i.e., the time required for ions to traverse the IMS cell) has also
been used as an identification parameter in the analysis of pesticides in different fruits and
vegetables [173], this parameter is instrument-dependent, and varies depending on the
applied instrument settings. Nevertheless, CCS values have been shown to be reproducible
between different IM–MS platforms when using the same IMS technology [179,180]. Con-
sequently, it is possible to rely on CCS databases reported by different laboratories to use
this information for identification purposes in pesticide analysis.

Several CCS databases for pesticides have been already reported [181,182]. They are
also expected to be improved with CCS values for more pesticides, including transfor-
mation products and metabolites, due to the increasing implementation of LC–IM–MS
instrumentation in residue analysis laboratories. In this context, the number of false posi-
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tives in the screening analysis of pesticides is drastically reduced when the CCS is included
in the identification criteria (i.e., threshold of ±2% from values in databases) [182]. This fact
has been shown for the screening of 110 pesticides in cocoa beans at three different con-
centration levels (10, 50, and 150 µg/kg) [183], and for the screening of 156 pesticides at
10, 50, and 200 µg/kg in salmon feed (n = 20) [174]. In this last case, the number of false
positives was reduced from 42 to 1 when the CCS was also selected as an identification
criterion. Furthermore, the use of CCS values as identification criteria in the determination
of pesticides by screening analysis has been shown to lead to a higher detection rate than
the identification of at least one fragment ion, as this criterion is compromised for pesticides
at low concentration levels [175].

The selectivity improvement provided by DTIMS or TWIMS in LC–IM–MS methods is
directly related to their resolving power, which obviously depends on the IMS technology.
In general, it has been estimated that the resolving power is still very limited in the LC–
IM–MS instrumentation used in multiresidue analysis [103]. However, IMS has already
been shown to be effective for the separation of isomeric pesticides, such as the protonated
ions of ipconazole and tebufenpyrad (C18H24ClN3O) (Figure 6) [181]. The use of current
IMS technology with increased resolving power, such as cyclic-TWIMS, also allows the
separation of charged isomers (e.g., protomers). This helps to understand why the relative
abundance of characteristic product ions of a pesticide can vary depending on whether
they are produced from analytical standards or chemical residues in food matrices [184].
Although according to SANTE 11312/2021 it is not necessary to take into account the ion
ratio for pesticide identification when using HRMS, the ion ratio is a parameter to consider
for this purpose when using LRMS [138]. Information on the formation of promoters for
different pesticides could justify non-detected compounds present in the sample in targeted
analyses when using unit mass spectrometers—due to a missing quantifier/qualifier ion,
or to the alteration of their ion ratio [175]. Therefore, it could be useful to avoid false
negatives when the ion ratio criterion is not fulfilled but pesticide residues are present in
the sample.
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Figure 6. Extracted ion-mobility spectra obtained for the [M + H]+ ions of the structural isomers
ipconazole and tebufenpyrad. Conditions: trap bias, 40 V; IMS wave velocity, 250 m/s; IMS wave
height, 45 V. Reprinted with permission from Ref. [181]. Copyright (2016) American Chemical Society.

Finally, DTIMS and TWIMS in LC–IM–MS workflows also isolate targeted compounds
from background noise, providing cleaner mass spectra, facilitating mass spectral interpre-
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tation, and improving confidence in pesticide identification [172]. This effect also provides
extracted ion chromatograms of greater quality, resulting in increased concentration sensi-
tivity due to the improvement of the signal-to-noise ratio (S/N). Although this effect has
not been extensively explored for the determination of pesticides in complex food matrices,
improvements of S/N from 2- to 7-fold have been reported for the determination of small
molecules when TWIMS has been integrated into an LC–MS method [185].

5.6. Ambient Mass Spectrometry

Ambient-ionization mass spectrometry (AIMS) is an emerging technology in the
field of pesticide analysis. Compared to traditional analytical techniques used in this
field, AIMS provides higher sample throughput as it involves direct, real-time, in situ
analysis with minimal or no sample preparation. However, although the performance
of AIMS has been studied with great interest by many routine food safety laboratories,
the applications evaluated so far have not met the monitoring demands in field trials
for pesticide screening. The main limitations of AIMS observed in the initial trials for
routine implementation are related to the narrow analytical scope and the high rate of
false positives and negatives [186]. AIMS can be considered as a promising approach for
application in pesticide analysis—especially as an initial strategy to decide which samples
should be sent to the laboratory for further testing. However, technical advances are still
required to improve the poor reproducibility currently observed in sample analysis due
to the sample heterogeneity and ion collection. These advances should also increase the
concentration sensitivity, which is crucial in residue analysis but is quite limited due to
the high matrix effect attributed to AIMS [76].

There is a wide range of AIMS techniques currently available for pesticide analysis,
but these are mainly classified into ESI-related and APCI-related techniques. Although
different AIMS approaches have been evaluated for the determination of pesticides [187],
desorption electrospray ionization (DESI) and direct analysis in real time (DART) represent
the most commonly used AIMS techniques in residue analysis. DESI is based on the spray-
ing of charged solvent microdroplets at the sample surface, desorbing and ionizing the
analytes that subsequently enter into the mass spectrometer [188]. The high irreproducibil-
ity of the analytical results provided by DESI is mainly associated with instrument setup
and operation [189], as well as the fact that only a part of the sample surface is examined
even when the pesticide residues are not homogeneously distributed on it. In this sense,
the use of IL-ISs improves the reproducibility of DESI methods, and (semi)-quantification of
pesticide residue levels is feasible [190]. On the other hand, DART involves the generation
of plasma via the ionization of gas molecules (i.e., He, Ar, or N2), which can be consequently
heated, and are impinged on the sample to cause desorption and ionization of the ana-
lytes [191]. Despite AIMS having generally been applied to the qualitative determination
of pesticides in food, DART in combination with the QuPPe extraction method has been
shown to be efficient for quantification purposes in the analysis of highly polar pesticides
in lettuce and celery [192].

6. Conclusions

The determination of pesticide residues in food has greatly evolved in recent decades,
mainly due to technological advances in MS instrumentation. This has allowed the shift
from the analysis of a limited number of pesticides (single-residue methods) to the determi-
nation of hundreds of pesticide residues in a single run (multiresidue methods). The new
trends in the analysis of residues and contaminants in food go further. Mega-methods are
being developed to achieve the simultaneous determination of a wide variety of chemical
agents such as pesticides, mycotoxins, and environmental contaminants, among others,
increasing the capabilities of routine laboratories. However, the analysis of polar pesticides
remains challenging, and they still require single-residue methods for their determination.

As multiresidue and mega-methods pursue the analysis of a large number of com-
pounds with different physicochemical properties, sample preparations have become more
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generic, and provide higher sample throughput. In this sense, QuEChERS has been become
the gold standard of sample treatments in the determination of pesticide residues. How-
ever, simple sample treatments such as QuEChERS protocols also involve less exhaustive
sample clean-up, and higher matrix effect can be expected for pesticide analysis in complex
samples. Reducing or avoiding the matrix effect, without renouncing the application of
simple sample preparations, is currently one of the main challenges of LC–ESI-MS methods
for the control of pesticide residues.

In general, LC–ESI-MS has largely replaced GC–EI-MS for pesticide analysis, mainly
because softer ionization occurs and (de)protonated ions are observed. However, the de-
velopment of APCI sources for GC–MS coupling has revived interest in this analytical
technique. The development of HRMS is also revolutionizing LC–MS and GC–MS methods
for pesticide analysis, as it provides the measurement of the accurate mass of ions, and data
acquisition is no longer limited to target pesticides. It also allows the determination of
both target pesticides and pesticides suspected of being present in the sample, as well as
the detection and subsequent identification of other pesticides, metabolites, or transforma-
tion products whose presence in the sample was unexpected, or which were previously
unknown compounds.

Finally, advances in analytical techniques such as IMS and AIMS are also impacting
pesticide determination. IMS adds an extra separation dimension to LC–MS and GC–MS
workflows, allowing the separation of isobaric and isomeric pesticides, and providing
additional information for compound identification (i.e., the CCS parameter). In contrast,
AIMS avoids the need for any chromatographic separation, giving it great potential to be
implemented as a first step for rapid pesticide screening.
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