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Abstract

Developing methods that can analyze multiple categories of organic chemical residues such as pesticides, veterinary drugs,
mycotoxins, human drugs, and environmental contaminants in food with a single analytical procedure is a growing trend. These
methods for mixed organic chemical residues and contaminants focus on the chemical properties of these analytes rather than
how they are used and adulterate the food supply. This paper highlights recently published methods for mixed residue and
contaminant methods in food including advances in technology (instrumental hardware, data processing programs, and sample
cleanup) that allow for a larger number of compounds to be monitored simultaneously. The factors that determine the scope, or
number and type of analytes in a given method, including needs for specific food commodities, complexity of the analytical
procedure, and the intended purpose (qualitative vs quantitative analysis) will be examined. Although there are clear advantages
to expanding the number of unwanted chemicals being monitored in the global food supply, challenges to developing and
implementing mixed organic residue and contaminant methods will also be discussed. Going forward, it will be important to
implement these methods to more thoroughly protect the food supply for a wide variety of targeted and non-targeted chemical
residues and contaminants while also having the regulatory framework in place to effectively manage the results of these
comprehensive analyses.

Keywords Mixed chemical residues - Veterinary drugs - Pesticides - Mycotoxins - Environmental contaminants - LC-MS -
GC-MS - HRMS

Introduction

Unwanted chemicals in food can result from naturally occur-
ring toxins, pesticides applied during growing or harvesting,
veterinary drugs administered to animals, compounds pro-
duced during food processing (e.g., acrylamide), and contam-
inants from packaging materials such as bisphenol A. These
chemicals may be classified as residues (remaining traces of
chemicals added intentionally such as pesticides and
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veterinary drugs) or contaminants (compounds not added in-
tentionally) [1, 2]. Regardless of the source, analytical
methods to monitor for residues and contaminants in food
are important because these chemicals may have acute or
chronic adverse human health effects [3]. For example, toxins
in food can cause immediate and potentially severe distress
when ingested [4]. Many pesticides have been linked to a large
number of reproductive, developmental, and metabolic dis-
eases [5]. Some of these contaminants and residues are known
carcinogens. For example, the International Agency for
Research on Cancer (IARC) which classifies chemicals on
their potential human carcinogenicity based on available evi-
dence lists aflatoxin as “carcinogenic to humans” [6] and cer-
tain organophosphate pesticides (glyphosate, malathion, and
diazinon) as “probably carcinogenic to human” [7]. The indis-
criminate use of antibiotics in food-producing animals can
cause drug residues in food and exacerbate the spread of glob-
al antimicrobial resistance [8]. The toxicity of polyaromatic
hydrocarbons, dioxins, and other environmental contaminants
has been extensively documented [9]. Human drugs and other
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personal care products present in environmental surface wa-
ters [10] may also contaminate food. Other potentially harmful
chemicals may also occur in food, either due to deliberate
adulteration or accidental exposure. For example, the presence
of food packaging chemicals [11] or compounds added inten-
tionally to commit food fraud, e.g., melamine added to in-
crease apparent protein content [12]. Because of these con-
cerns, global regulatory agencies have had rigorous programs
in place to monitor for chemical residues and contaminants in
food products for many years.

Historically, analytical methods were developed to monitor
for single or a few related compounds in a common class such
as quinolone antibiotic or organophosphate pesticide residues.
In recent years, multi-analyte methods have been developed to
cover many different compounds in a specific category of
chemicals such as pesticides, veterinary drugs, or mycotoxins.
These analytical procedures typically utilize mass spectrome-
try, specifically GC-MS and/or LC-MS instrumentation.
Modern methods for pesticide residues in food include hun-
dreds of analytes representing different chemical classes of
compounds. Reviews of pesticide methods are available for
a variety of foods [13, 14]; both LC-MS/MS and GC-MS
platforms are utilized for pesticide residues depending on the
specific analytes [15]. For example, organochlorine pesticides
are typically analyzed by GC-MS, while carbamates and
benzoylureas are more suited for analysis with LC-MS.
Many classes of pesticides (organophosphates, pyrethroids)
can be monitored by both GC-MS and LC-MS. There are
reviews of multi-class veterinary drug residue methods
(primarily LC-MS) available which include antibiotics, an-
thelmintics, as well as other functional drug classes
(coccidiostats, NSAIDs, tranquilizers) depending on the food
product being tested [13, 16, 17]. Multi-analyte methods for
naturally occurring toxins have also been developed for dif-
ferent classes of mycotoxins including aflatoxins, fumonisins,
ochratoxin, as well as many potential metabolites [18-20].
Analytical procedures to simultaneously monitor different
classes of persistent organic pollutants including polyaromatic
hydrocarbons and halogenated contaminants in mussels and
clams using either GC-MS [21] or a combination of GC-MS
and LC-MS [22] have been reported. Several papers also de-
scribe methods that have detected a wide variety of human
drugs and other emerging chemical contaminants in the envi-
ronment [10] and some have also evaluated the occurrence of
these residues in food, especially fish and other aquatic spe-
cies [23, 24].

Emergence of mixed organic chemical residue
and contaminant (MOCRC) methods

A current trend in monitoring food for chemical residues and
contaminants is to combine as many analytes as possible into a
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single method with an emphasis on developing laboratory
methods which simultaneously analyze compounds from mul-
tiple categories including pesticides, veterinary drugs, myco-
toxins, and other organic chemicals in a variety of food com-
modities. Methods that combine several categories of residues
and contaminants utilize analytical techniques best suited to
detect and identify compounds based on their chemical prop-
erties regardless of how they were used and adulterated food
products. These have been described as “Mega” [25, 26] or
“unified approach” [27] methods. Although it is not
established terminology, the phrase “mixed organic chemical
residues and contaminants” abbreviated for brevity as
“MOCRC” succinctly describes the combination of analytes
that may be included in these methods and will be used in this
paper. Inorganic chemicals (e.g., certain metals and salts) are
also of concern in food but would not be included in methods
designed for organic chemicals. In addition to reviewing re-
cent examples of analytical methods developed for mixed or-
ganic residues and contaminants in foods, the advantages and
challenges associated with this approach will be discussed.

One of the first examples of a MOCRC method was pub-
lished by Mol et al. in 2008 [28]. This method was developed
using an iterative approach. Initially, several extraction proce-
dures for pesticides, mycotoxins, and plant toxins were eval-
uated for animal feeds. It was determined that using acidified
acetonitrile (water/acetonitrile/1% formic acid) to extract the
samples was best for maximizing the recovery of a wide va-
riety of analytes and minimizing matrix effects. The sample
preparation procedure did not involve any cleanup other than
the protein precipitation step with acidified acetonitrile. This
method was then tested with several other matrices (maize,
honey, milk, eggs, and meat) and eventually expanded to in-
clude veterinary drugs. Despite the simple extraction and the
complexity of the food matrices, very good quantitative re-
sults were obtained for majority of compounds including the
penicillins and cephalosporins. LC-MS/MS with triple quad-
rupole detection was utilized for method development and
validation, but the use of high-resolution MS (LC-Time-of-
Flight) was also explored. This generic extraction procedure
was validated for 86 veterinary drugs, 136 pesticides, and 36
natural toxins in feed and honey. Many aspects of this seminal
procedure serve as a basis for MOCRC methods being devel-
oped and implemented today.

Several other methods combining different categories of
compounds have been published since this paper by Mol
et al. A 2014 review describes several methods developed
for simultaneous analysis of veterinary drugs and pesticide
residues [1]. The authors of this paper developed many of
the methods described in this review [29-33] for a wide vari-
ety of matrices (e.g., honey, meat, milk, feed). The analytical
approach used by this group was to develop a generic extrac-
tion which also used acidified acetonitrile. Several sample
cleanup procedures were also investigated. The use of
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fluorosil solid phase extraction cartridges was useful as a
cleanup for animal feed. For other matrices, such as honey,
there was significant recovery loss for some analytes and a
simple dilution was used. These early papers utilized the uni-
versal detection of full scan high-resolution MS with a single-
stage Orbitrap instrument. The methods were applied to many
food matrices with real-world sample assignments.

Building on these early successes, many other researchers
have continued to develop and implement MOCRC methods.
As evidence of the popularity of this trend, many additional
publications have become available, and representative
MOCRC methods [25-27, 34-50] are summarized in Table 1.

Scope of MOCRC methods based on food
commodity

One of the defining characteristics of a MOCRC method is the
scope of analytes included in the procedure. The number and
type of chemicals in the scope will depend on the feasibility of
combining different classes of compounds in a single method.
The number and diversity of analytes will also determine the
analytical techniques used for MOCRC methods. Although
most methods focus on pesticides, veterinary drugs, and my-
cotoxins, other contaminants such as disinfectants, packaging
materials, and environmental pollutants continue to be added.
The number and type of analytes selected may depend on
the specific food matrix. Table 1 lists the foods tested and the
categories of analytes represented in each MOCRC method.
Figure 1 further elaborates by giving an estimate of the num-
ber of analytes representing each category of compounds. The
relative percentage of each type (i.e., the number of pesticides
compared with the number of veterinary drugs) varies signif-
icantly between the published MOCRC methods and is not
necessarily dependent on the food commodity. Often, the
number of analytes from each chemical category will depend
on how the method was originally developed. Similar to the
approach first described by Mol et al. [28], MOCRC methods
may first focus on specific chemical categories and then ex-
tend the scope of analytes. For example, a method initially
developed for a large number of pesticides might be modified
to also include veterinary drugs or mycotoxins, while a pro-
cedure initially focused on veterinary drugs may later expand
to relevant pesticides and other chemical contaminants.
Meat, fish, feed, eggs, and dairy products are food com-
modities which may be adulterated with a variety of unwanted
chemicals. The specific analytes selected may be tailored to
the residues and contaminants that can logically be expected
to be present in those foods. For example, the MOCRC in a
method for aquacultured fish might include veterinary drugs
such as antibiotics, antifungals, and pesticides that could be
present from nearby agricultural runoff, as well as human
drugs and personal care products resulting from

environmental contamination of surface waters [46]. Other
classes of compounds, such as coccidiostats and mycotoxins,
may not need to be monitored in aquacultured fish. On the
other hand, for a method intended for poultry tissues and eggs,
it would be important to include coccidiostats and insecti-
cides, but not pharmaceutical and personal care products prev-
alent in environmental surface water. Mycotoxins may be food
matrix specific with aflatoxin M1 being of particular impor-
tance in milk and patulin more critical to monitor in apples [4].
A wide variety of compounds, such as veterinary drugs, pes-
ticides, mycotoxins, and even plant toxins, are important to
monitor in animal feeds. A published method for over 600
analytes representing not only veterinary drugs, pesticides,
and mycotoxins but also food packaging components,
perfluorinated compounds, and sweeteners was tested in to-
matoes, oranges, and baby food [41]. There are also examples
of MOCRC methods designed for unique matrices such as
edible insects (crickets, mealworms, crickets, etc.) [44].

Advances in technology facilitating
development of MOCRC methods

Developments in technology have facilitated the development
of analytical methods that are able to detect a wide scope of
compounds. Sample preparation techniques which effectively
remove matrix components without affecting analyte recovery
are used for generic sample extraction procedures. Mixed
MOCRC methods often take advantage of the fact that many
(but not all) drugs, pesticides, and chemical contaminants
have similar basicity, polarity, and volatility. These com-
pounds can generally be effectively extracted from complex
food matrices using acidified organic solvents. Many methods
listed in Table 1 utilize acidified acetonitrile for the initial
extraction as described in early publications [28, 30-32];
others used a combination of acidified acetonitrile or acetone
and a more nonpolar solvent such as ethyl acetate [36, 44].
MOCRC papers often describe an optimization process to
maximize the recoveries and responses for as many analytes
as possible by varying the composition of the extracting sol-
vent, the amount of acid added, etc. Some researchers used
sophisticated statistical analysis techniques such as response
surface modeling design to document the effects of these var-
iables [35, 43, 44].

The sample extraction and cleanup approach known as
QuEChERS (“Quick Easy Cheap Effective Rugged and
Safe”) developed for pesticides is used for many MOCRC
methods in Table 1 [25-27, 34, 35, 38, 39, 41, 42, 47, 51].
One recent paper describes a novel adaptation of QUEChERS
for MOCRC in eggs using carbon nanotubes [47]. In this
method, multi-walled carbon nanotubes were modified with
iron oxide and used for dispersive solid phase extraction sam-
ple cleanup. The advantage of using these materials was that
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Fig. 1

they effectively removed the egg matrix and could be easily
separated from the final extract with an external magnet.
However, an overall disadvantage with QUEChERS is that
very polar analytes can be lost in the phase separation proce-
dure [28]. For this reason, other MOCRC methods do not use
QuEChERS and keep sample cleanup to a minimum to avoid
analyte loss. A simple dilute-and-shoot approach can be an
effective way to prepare samples to monitor for a wide variety
of MOCRC, including metabolites, provided there is adequate
instrument sensitivity for detection [20, 28]. Some MOCRC
cleanup procedures use techniques to remove excessive lipids
which can cause ion suppression with electrospray LC-MS.
These may include a hexane wash or use of solid phase ex-
traction cartridges designed to selectively remove lipids [46,
50, 51]. Subjecting food extracts to low temperatures to freeze
out lipid components has also gained popularity as a tool for
sample cleanup [36, 37]. Another trend in sample preparation
is automation to increase sample throughput [42]. Analyzing
more samples, along with the expanding the scope of large
mixed contaminant methods, has the potential to greatly im-
prove the coverage of harmful chemicals being monitored.

316
Milk

[27]

% Pesticides ® % Mycotoxins

7 258 356 28 630

104 74 333 49

76

Milk = Eggs, Eggs Infant Infant Edible Multiple Multiple Multiple Multiple
Milk foods formula insect
[49] [43] [47] [35] [50] [44] [28] [29-33] [37] [41]
% Other

Distribution of compound categories included in mixed organic chemical residue and contaminant methods

Improvements in instrumentation, for both GC-MS and
LC-MS, have also played a critical role in the development
of wide-scope MOCRC methods without the need for exten-
sive sample cleanup [52]. Because many analytes of interest
are amenable to liquid chromatography separation and
electrospray ionization, a majority of methods listed in
Table 1 utilize LC-MS/MS for targeted analysis. Increases in
sensitivity, scan speed, and data processing for triple quadru-
pole instruments make it possible to monitor hundreds of
targeted analytes at low concentration levels with multiple
ion transitions for each compound. Of course, several impor-
tant classes of chemicals including volatile pesticides, dioxins,
and emerging contaminants such as halogenated fire retar-
dants are more applicable to separation by GC. Recent ad-
vances in GC technology including the use of faster and/or
low-pressure separations, GC x GC, and novel ionization
techniques have increased the scope and number of analytes
that can be analyzed simultaneously [53]. Developments in
data processing software, for both LC-MS and GC-MS, have
also facilitated the ability to quickly query MS data for hun-
dreds of analytes in an automated manner. In fact, efficient
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data processing is a critical aspect of MOCRC methods that
monitor hundreds of compounds. Data processing, reporting,
and documentation of results for regulatory action is often a
limiting step in implementing these methods.

Another strategy for MOCRC methods is to combine LC-
MS/MS and GC-MS/MS analyses in a single workflow to
greatly expand the scope of analytes; multi-class pesticide
methods have often used this approach. Five MOCRC
methods listed in Table 1 use GC-MS/MS in combination with
LC-MS/MS. For example, Jadhav et al. [27] have published a
method that combines LC-MS and GC-MS for the analysis of
over 300 pesticides and veterinary drugs using extracts from a
QuEChERS procedure. The unified sample preparation pro-
tocol used in this method is shown in Fig. 2. A group at the US
Department of Agriculture have developed several methods
that utilize both LC-MS/MS and robotic mini-SPE plus low-
pressure GC-MS/MS for a wide scope of analytes including
pesticides and environmental contaminants in meat (cattle,
swine, and poultry) and shrimp tissue [34, 42]. Their approach
has recently been extended to develop a “mega method” for
beef [25] and catfish [26] tissue which also includes veterinary
drug residues. This is accomplished by combining workflows
from several previously published methods [34, 42, 54].

Using high-resolution (HR) MS is gaining popularity for
MOCRC methods because these instruments can acquire full
scan data with high mass accuracy. HRMS scanning data ac-
quisition is more adaptable to an expanding number of
analytes than multiple reaction monitoring with a triple quad-
rupole MS because precursor-product ion transitions specific
for each analyte do not need to be pre-selected. The most
common HRMS instruments used for the analysis of residues
and contaminants in food are the Time-of-Flight (ToF) or
Orbitrap mass analyzers [52]. With either HRMS instrument,
full scan MS1 data for precursor ions (e.g., [M+H]") are col-
lected and used for analyte detection and quantification. These
instruments can also collect MS/MS data for further com-
pound identification when coupled with a quadrupole to filter
precursor ions prior to collisional dissociation. Product ion
spectra can be generated using either targeted (for specific
set of analytes) or non-targeted (for all precursor ions) data
acquisition and the advantages and disadvantages of these
have been discussed [39, 50, 55, 56].

In one example of using HRMS for MOCRC analysis, the
US FDA Center for Veterinary Medicine developed a multi-
residue method for 30 veterinary drugs in raw milk using the
generic extraction procedure described by Mol et al. in 2008
[28] with very minor modification of extraction solvent com-
position and extraction times. High-resolution MS (Orbitrap
Q Exactive) detection was utilized for method development.
This method was validated according to FDA guidelines [57]
and all 30 veterinary drugs were quantified at their target
levels using positive and negative ionization modes. This
method [49] has since been expanded to include many other
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veterinary drugs, mycotoxins, and pesticides for a total of 76
compounds. After the generic extraction procedure, high-
resolution MS (Q-ToF) was utilized for method development
and validation. Preliminary results from the generic extraction
procedure are very promising producing quantitative results
for the majority of analytes. Even though the main emphasis is
to develop a screening method, quantitation will be attempted
for commonly found compounds in milk.

Although most MOCRC methods using HRMS published
thus far have been coupled to LC, GC-HRMS instruments
(ToF and Orbitrap) have recently become commercially avail-
able. Hayward et al. have demonstrated the successful appli-
cation of GC-quadrupole-Orbitrap to the analysis of persistent
organic pollutants such as polychlorinated dibenzo-p-dioxins
and dibenzofurans in human and bovine milk [58]. Other re-
searchers, including Mol [59], have also begun to investigate
this platform to develop MOCRC methods for analytes ame-
nable to GC including pesticides, PCBs, PAHs, and flame
retardants.

Types of MOCRC methods

MOCRC methods can be qualitative or quantitative in nature.
The scope of analytes included and the type of instrumentation
used can also depend on whether the primary goal is screening
with qualitative identification or if more rigorous quantifica-
tion is required.

Methods which prioritize quantification typically utilize
GC-MS or triple quadrupole LC-MS/MS for a limited set of
targeted analytes. LC-MS/MS instruments can have an inher-
ent advantage in terms of sensitivity and selectivity because
specific precursor-product ion transitions are selected [52].
Parameters to maximize signal for precursor ions (e.g., solvent
declustering potential) and product ions (e.g., collision ener-
gies) can be optimized for every analyte. Many of the methods
in Table 1 utilize triple quadrupole detection [25-28, 34, 36,
37, 40, 42, 43, 45, 47] including procedures for over 100
analytes. Quantitative results can also be obtained with
HRMS instruments; this is usually done by generating narrow
m/z (e.g., 5 ppm window) extracted ion chromatograms for
protonated molecules from the MS1 scan data. Several
MOCRC papers [30-32, 35] describe the quantitative perfor-
mance for targeted analytes (N up to 300-630) using HRMS.
It is also possible to tailor HRMS data acquisition for specific
compounds. For example, one MOCRC method used parallel
reaction monitoring with an LC-quadrupole Orbitrap [50] to
emphasize sensitive quantitation for a limited number of
analytes.

Method performance elements that need to be evaluated for
quantification include accuracy (recoveries), precision, linear-
ity, and limits of detection and quantitation. Matrix effects,
particularly ion suppression and enhancement with LC-MS,
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Fig. 2 Unified sample
preparation workflow. Reprinted
from Food Chemistry, 272: 292—
305, Jadhav et al. [27], A unified
approach for high-throughput
quantitative analysis of the resi-
due of multi-class veterinary
drugs and pesticides in bovine
milk using LC-MS/MS and GC-
MS/MS, (2019), with permission
from Elsevier

Unified sample preparation protocol for milk for analysis of veterinary drugs and
pesticides with diverse polarity ranges

Step I: Liquid-liquid extraction
Milk sample (5 g) + Acetonitrile (15 mL)
Vortex (2 min)

Vo

Extract I (4 mL)
Aqueous-organic phase (1:3)

h 2

Combined extract (7 mL)
(Extract I (4 mL) + Extract IT (3 mL))

Step II: Phase separation
Remaining extract (= 16 mL) +
MgSOy o, + NaCl
(Vortex 1 min, Centrifuge 3970 x g/5 min)

¥

d Extract II: Organic phase (~ 12 mL)

¥

A 2

dSPE cleanup
Combined extract (7 mL) +C18 sorbent (50
mg/mL)
(Vortex 30 seconds, Centrifuge 3970 x g/5
min)

¥

dSPE cleanup
Extract II (4 mL) + C18 sorbent (50 mg/mL)
+ MgSOyann, (150mg/mL)
(Vortex 30 seconds, Centrifuge 3970 x g/5
min)

Concentration step
Evaporation of cleaned extract (3.5 mL)
under N, gas at 35 °C to = 0.1 mL aqueous
extract

¥

¥

Concentration step
Evaporation of cleaned extract (3 mL) under
N, gas at 35 °C to = dryness

¥

Reconstitution (50:50 methanol-water)
Addition of 0.5 mL methanol to the residual
liquid and final volume make up to 1 mL
using water
(Vortex 1 min, Centrifuge 7826 x g/5 min,
Filter through PTFE filter 0.22 um)

2

Reconstitution
Reconstitute residue in acetonitrile (1 mL)
(Vortex 1 min, Centrifuge 7826 x g/5 min)

¥

UFLC-MS/MS Analysis
Sample injection (20 uL)

GC-MS/MS Analysis
Sample injection (2 pL)

must also be addressed. This is especially challenging for
methods that include a large number of analytes with different
chemical properties because observed matrix effects can de-
pend on the specific compound as well as the matrix. There
are several known strategies for mitigating matrix effects for
quantitative LC-MS. For certain (more nonpolar) analytes,
changing from electrospray to atmospheric pressure chemical
ionization (APCI) can help, but that is not generally applicable
to the wide range of compounds in a MOCRC method. The
use of isotopically labeled internal standards can correct for
matrix effects, but this is also difficult to apply to large num-
bers of analytes. Matrix-matched calibration curve where stan-
dards are prepared in corresponding matrix is a practical so-
lution to compensate for variable ion suppression/enhance-
ment. This was used for many of the quantitative methods in
Table 1. Dilution of a sample can also be very effective in
reducing matrix effects. One study for multi-class pesticide

residues showed that diluting samples (avocado, orange, spin-
ach, honey, hazelnut) up to 100 times reduced matrix effects
for most analytes [60].

Qualitative screening methods can either be developed for
a targeted list of MOCRC or be used to discover unexpected,
or non-targeted, compounds. The number of analytes included
in a targeted screen method which emphasizes qualitative
identification can be significantly higher compared with quan-
titative methods because performance requirements (recovery,
linearity) are less stringent. It is also not necessary to maintain
a full suite of current calibration standards for screening
methods. With any qualitative GC-MS or LC-MS procedure,
including those that use HRMS, there are guidelines describ-
ing the criteria (number of product ions, retention time
matching) that are required for compound identification
[61-65]. If the analytes in a targeted screening MOCRC meth-
od have regulatory limits (e.g., maximum residue levels or
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tolerances), then threshold cutoff limits [57] or screening con-
centration levels [50, 66] may need to be established to deter-
mine if analytes are present at or above levels of concern.
Targeted qualitative screening for MOCRC can be performed
using either HRMS or more traditional triple quadrupole MS
instruments, but the number of analytes that can be monitored
using multiple reaction monitoring with a triple quadrupole
MS may be limited.

In addition to monitoring for large lists of targeted MOCRC:s,
a key advantage of HRMS methods is that they can be easily
adapted for non-targeted analyses. The ability to detect unexpect-
ed potentially harmful chemicals in the food supply is becoming
more important; the adulteration of food with melamine is an
important example [2, 12]. Methods developed for MOCRC will
easily lend themselves to a non-targeted analyte workflow be-
cause of the generic sample preparation and use of universal M'S
detection (full scan GC-MS and/or HRMS). Several MOCRC
methods demonstrate this adaptation [33, 55, 67, 68]. They typ-
ically utilize a similar generic sample extraction with non-
targeted data acquisition along with expanded data analysis tech-
niques such as searching against large compound databases [67],
online libraries, or applying chemometrics and metabolomics
approaches [68] to find unexpected analytes. For example, retro-
spective analysis of HRMS data for MOCRC has been used to
identify additional metabolites or analyte transformation products
such as anhydroerythromycin in honey, 3,5,6-trichloro-2-
pyridinal in feed [33], as well as desmethyl leucomalachite green
in farmed eel [55].

Another approach used for MOCRC methods, especially with
HRMS, is to use a combination of qualitative screening and
traditional quantification; several HRMS procedures in Table 1
were developed for wide-scope qualitative screening of hundreds
of compounds with a subset of these analytes validated for quan-
titative or semi-quantitative application. For example, Ledn et al.
[38] developed a method for veterinary drugs and toxins in feed
using LC-Orbitrap HRMS which was quantitative for 77
analytes, but data were also retrospectively evaluated for the
presence of 425 compounds by searching a database with exact
mass information. Similarly, Turnipseed et al. developed a LC-
HRMS method for MOCRC in aquacultured products [46, 48]
which was validated for approximately 130 compounds using a
semi-quantitative limit test (i.e., establishing that target analytes
were detected, identified, and present at or above a level of con-
cern). An in-house database with exact mass and retention time
information was subsequently used to search for additional resi-
dues and contaminants (V> 500) in the farmed fish and shellfish.

Advantages and challenges of mixed
contaminant methods

The advantages of MOCRC methods are clear. Expanding the
scope of chemicals being monitored, especially with a single
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sample preparation procedure, will allow regulatory agencies
to better ensure the safety of the global food supply. For ex-
ample, it is a challenge to collect and analyze a representative
amount of food imported into the USA, so it is critical to
perform a thorough investigation of these samples to monitor
for any adulteration. A recent report from US FDA recom-
mends developing analytical methods for imported products
that produce results more quickly and detect more than one
kind of contaminant [69]. Procedures developed for a wide
variety of chemical classes also have the flexibility to add
additional analytes that may emerge as a concern.

There are also several challenges to developing and
implementing MOCRC methods. Some important compounds
have chemical properties that are significantly different enough
to preclude them from being part of a wide-scope MOCRC
procedure. Analytes that are very polar or nonpolar can be diffi-
cult to include in these combined methods without requiring
more complex, multi-step, sample preparation. For example, po-
lar analytes such as aminoglycoside antibiotics or the herbicide
glyphosate and its degradants do not perform well in generic
sample extraction procedures and LC separation programs.
Efforts to monitor for aminoglycosides in multi-analyte methods
have succeeded by adding ion-pair reagent to final reconstitution
solution [54] or splitting the extraction procedure into multiple
streams [51]. Others have utilized hydrophilic interaction liquid
chromatography (HILIC) MS which is well suited for polar
analytes [37]. On the other extreme, nonpolar compounds that
may not readily form protonated ions including avermectins and
pyrethroids may also require additional work to be included in
these methods.

Effectively building analytical methods with large numbers
of different types of chemicals in food requires the develop-
ment and dissemination of databases containing important
compound information (exact mass of precursor, product ions,
relative retention times, etc.). This type of information is be-
ginning to be published [31, 48, 56] or become available in
online databases and spectral libraries (e.g., https://www.
mzcloud.org/) which should also facilitate the wide spread
development and application of MOCRC methods.

Another complicating issue for MOCRC methods is the fact
that regulatory levels of concern (allowable concentrations) can
vary significantly depending on the category or even specific
compound. For example, the target testing levels for veterinary
drug residues in aquacultured products can vary from at or below
1 ng/g for triphenyl methane dyes, chloramphenicol, and methyl-
testosterone to > 100 ng/g for drugs with approval for use in
some fish species such as tetracyclines and florfenicol amine.
The persistent organic pollutants (POPs), such as the dioxins
and PCB class of environmental contaminants, are a mixture of
congeners with varying toxicity and overall very low levels of
concern (pg/g) [9, 58]. It is difficult to include POPs in these
combined methods due to very lengthy extraction/cleanup pro-
cedures specific to these compounds.
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Aside from these difficulties, another challenge with
implementing MOCRC methods is that food control agencies
often have separate organizational structures and programs to
regulate pesticides, veterinary drugs, mycotoxin, or chemical
contaminants. This reflects the fact that these chemicals adul-
terate food via different routes whether it be misuse of ap-
proved or unapproved veterinary drugs and pesticides, occur-
rence of naturally occurring toxins, use of poor processing or
packaging practices, or even intentional contamination for
economic fraud. Although having a single analytical proce-
dure to monitor for these different categories of chemicals
may streamline the laboratory portion of the analysis, new
approaches for reviewing results and recommending regulato-
ry action may also be required. For example, in both the USA
and EU, there are guidance documents that describe criteria
for identification of residues that are specific to pesticides [62,
63] or veterinary drugs [61, 65]. Another document written for
exact mass data describes criteria applicable to all categories
of residues and contaminants in food [64]. Although these
guidance documents have common principles to describe
criteria for identification (number of ions, signal-noise, ions
ratios, exact mass, retention time), the details and approaches
to evaluating the results vary depending on the analyte cate-
gory and their tolerances in different food commodities which
may complicate the review of data from MOCRC methods.

The validation of MOCRC methods with hundreds of
analytes can also be very challenging. The requirements
for method performance will depend on the intended pur-
pose (qualitative screening or quantitative). Regardless, the
amount of analytical work and subsequent documentation
needed to initially validate and then monitor ongoing per-
formance can be overwhelming. Several guidance docu-
ments address validation and quality assurance require-
ments [57, 62, 66]. The difficulties of evaluating and
documenting the performance for a very large number of
residues are addressed in the EU procedures for pesticide
analysis [62]. This document states that, when practical, the
recoveries of all analytes should be measured in each ana-
lytical batch. However, alternatives are suggested for a
minimum number of representative residues selected for
recovery check with a rolling program to monitor the per-
formance of the other pesticides in the method. Many of the
current validation guidelines are written for just one cate-
gory of residue or contaminant making it difficult to ensure
that MOCRC methods with several analyte categories ad-
here to requirements from multiple documents. There has
been an effort within the US FDA food and veterinary
medicine program to harmonize the validation require-
ments for chemical residue and contaminant methods. The
current guidance document [57] describes quantitative and
qualitative method performance criteria for single labora-
tory and multi-laboratory validations of any category of
chemical analytes in food and feed.

Outlook

Because MOCRC methods have the potential to further ex-
pand the scope of analytes monitored and better protect the
food supply, the expanded development and application of
these methods is expected. Indeed, the large number of
methods published in the last few years (Table 1) demon-
strates this is the case.

As the implementation of this approach in regulatory pro-
grams is still evolving, there are not yet extensive case studies
documenting the advantages and challenges of MOCRC
methods on a large scale. However, several papers listed in
Table 1 include a survey of market samples that found food
products containing compounds from multiple analyte catego-
ries. For example, Xu et al. [47] found an individual egg
sample with significant levels of the antibiotic
sulfachloropyrazine (72 pg/kg) and the mycotoxin aflatoxin
B1 (22 ng/kg); another egg contained sulfachloropyridazine
(2.4 pg kg), trimethoprim (6.6 pug kg), and the pesticide
fipronil sulfone (313 pg kg). The method for edible insects
was applied to real samples and several different compounds
were found in the samples including drugs from the environ-
ment (salicylic acid, paracetamol, metoprolol), veterinary
drugs (nicarbazin), mycotoxins (HT2-toxin, zearalenone),
and the pesticide isoproturon [44]. Other papers also report a
variety of analytes detected in market survey samples for
MOCRC:Ss in baby food [35] and animal feed [38]. These
examples demonstrate the added value of using methods that
can monitor for a wide variety of chemicals and residues.

More is becoming known about the long-term effect of
chemical residues and contaminants on human health. A
recent study evaluated contributions to the “dietary
exposome” described as the total exposure to chemicals
over a person’s lifetime [70]. The study focused on contam-
inants (rather than residues from allowed use of pesticides
and veterinary drugs where risk assessment is established
upon approval) and found aflatoxins, persistent organic
pollutants, and acrylamide to be among the organic com-
pounds of highest concern. This study also cited how ex-
posure to multiple chemical contaminants over time could
result in more adverse health effects than indicated by the
risk assessment of individual compounds because many
exhibit similar mode of action (i.e., targeting the liver).
The synergistic effect of chronic exposure to multiple cat-
egories of toxins emphasizes the importance of developing
methods to monitor for mixed residues and contaminants in
food. Another paper described a non-targeted LC-HRMS
study to characterize and validate changes in the metabolic
profile of calf urine as a result of exposure to growth pro-
moters such as 3-agonists [71]. This forward-looking study
raises the possibility of needing to even further expand the
scope of analytical methods to secondary metabolites and
resulting biomarkers.
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Overall, MOCRC methods must strike a balance between
protecting the global food supply by monitoring as many
foods for as many different residues and contaminants as pos-
sible with the need for validated procedures capable of gener-
ating supportable information on analyte identity and concen-
tration levels. Going forward, it will be important to take ad-
vantage of advances in technology (instrumental hardware,
data processing programs, and sample cleanup) to more thor-
oughly monitor the global food supply for a wide variety of
targeted and non-targeted chemical residues and contaminants
while also having the regulatory framework in place to effec-
tively manage the results of these comprehensive analyses.
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