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a b s t r a c t

Pesticides are widely used in agriculture and can be transferred to animals in a number of ways. Con-
sequently, reliable analytical methods are required to determine pesticide residues in foods of animal
origin. The present review covers published methods and research articles (1990–2010) in which pes-
ticide residues have been extracted from meat and meat products, milk and dairy products, fish and
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seafood, and eggs, then cleaned up, and isolated by chromatographic techniques to be identified and
quantified by various detection methods. Recovery rates, quantification limits, the matrix effect and
related parameters have all been considered. Lastly, future developments in this field are outlined.
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. Introduction

Pest control in intensive agriculture involves treatment of crops
fruits, vegetables, cereals, etc.) pre- and post-harvests with a vari-
ty of synthetic chemicals generically known as pesticides [1].
erbicides and insecticides are mainly used in the pre-harvest

tages, rodenticides are employed in the post-harvest storage
tages, and fungicides are applied at any stage of the process
epending on the crop. These chemicals can be transferred from
lants to animals via the food chain [2]. Furthermore, breeding ani-
als and their accommodation can themselves be sprayed with

esticide solution to prevent pest infestations [3]. Consequently,
oth these contamination routes can lead to bioaccumulation of
ersistent pesticides in food products of animal origin such as meat,
sh, fat, eggs, and milk.

Pollution by persistent chemicals is potentially harmful to the
rganisms at higher trophic levels in the food chain. Since diet is the
ain source of chronic exposure to low doses of these substances,

umans are mainly exposed to these chemicals through ingestion
2,4,5]. The chronic effects of pesticides from food intake on human
ealth are not well defined, but there is increasing evidence of car-
inogenicity and genotoxicity, as well as disruption of hormonal
unctions [6,7].

To ensure that pesticide residues are not found in food or feed
t levels presenting an unacceptable risk for human consumption,
aximum residue levels (MRLs) have therefore been set by the

uropean Commission. MRLs are the upper legal concentration lim-
ts for pesticide residues in or on food or feed. They are set for a wide
ange of food commodities of plant and animal origin, and they
sually apply to the product as placed on the market. MRLs are
ot simply set as toxicological threshold levels, they are derived
fter a comprehensive assessment of the properties of the active
ubstance and the residue behaviour on treated crops.

Both the periodic estimation of human exposure to persistent
rganic pollutants and the establishment by the EU authorities of
RLs in foods have required the development of analytical methods

uitable for research purposes and inspection programmes [7–9].
Most pesticide residue detection methods for food sam-

les comprise two key preparation steps prior to identifica-
ion/quantification: extraction of target analytes from the bulk of
he matrix, and partitioning of the residues in an immiscible solvent
nd/or clean-up of analytes from matrix co-extractives, especially
at which interferes with assays [10–13]. Complex samples such as

eat products very often require a two-step clean-up which com-
ines different chromatographic techniques in series [14]. When
ater-miscible extraction systems are used, such as with pesticide

nalysis in liquid milk for instance, it is also necessary to include a
ater removal or partitioning step [10].

However, most of these methods are time consuming and use
arge quantities of organic solvents to remove interference. Recent
nalytical developments have attempted to minimise the number
f physical and chemical manipulations, the solvent volumes, the
umber of solvent evaporation steps, the use of toxic solvent, and
ave aimed to automate the extraction and clean-up procedures as

ar as possible [15].
Following the extraction/purification procedures, pesticide

ompounds are separated either on gas chromatography (GC)
r liquid chromatography (LC), and then identified and quan-
ified using different kinds of detection methods depending on
he molecules to be analysed. Electron-capture detection (ECD),
ame photometric detection (FPD), nitrogen–phosphorus detec-

ion (NPD), fluorescence detection, and diode-array detection
DAD) were mostly used for pesticide identification and quan-
ification until recently. Many research papers on the analysis of
esticide residues in foods of animal origin report on the results
chieved with these classical detection systems, even recently. But
218 (2011) 1021–1036

the expanding role of GC and LC coupled with mass spectrometry
(MS) and tandem mass spectrometry (MS/MS) in pesticide residue
analysis is clear in both monitoring and research applications.

The methodology for pesticide analysis in environmental and
plant samples is very well documented and many examples are
available in the literature. A number of recent reviews dealt with
pesticide residue analysis in various foodstuffs [16–24]. However,
none of these highlighted the problems, pitfalls and achievements
in the foods of animal origin. Scientific documentation on analytical
methods applied to pesticide determination in animal products is
less abundant. This paper will aim to summarise the documentation
published on the analysis of pesticide residues in meat and meat
products, poultry and eggs, fish, and milk and dairy products over
the past two decades.

2. Foods of animal origin

2.1. Meat and meat products

Breeding animals can accumulate persistent organic pollutants
from contaminated feed and water, and/or from pesticide applica-
tion in animal production areas (treatment of cowsheds, pigsties,
sheepfolds, warrens and/or treatment of animals themselves) [25].
While pesticide compounds are mostly stored in the fat and mus-
cle of animals, they can also reach other compartments such as the
brain, liver and lungs [26]. Consequently, these chemical residues
have been studied in the meat [14,27] and adipose tissue [14,28] of
various species such as dairy cattle [29], beef cattle [3,12,15,30–34],
pigs [25,26,31,35–37], sheep [34,37,38], rabbits [7], and camel [34].
Some papers have also reported on pesticide determination in offal
[1,39–41] and in food containing meat products, such as infant [42]
and processed [6,11,43] foods.

2.2. Poultry and eggs

Insecticides and acaricides are used in henhouses to control
poultry ectoparasites such as red mite; chickens and laying hens
can then be accidentally exposed to these chemicals [44]. Poul-
try can also be contaminated by feeding on plant materials that
have been treated with pesticides during the growing and/or stor-
age stages. Consequently, chickens and hens accumulate residues
in muscles, fat, and liver [4,29,37]. Pesticide residues can also be
detected in eggs [44–46], even long after the chemicals have been
eliminated from the other tissues of the laying hens [47]. In some
countries poultry and eggs can be a major source of human expo-
sure to pesticide contamination [4].

2.3. Fish and shellfish

The uncontrolled agricultural discharge of pesticides has created
significant environmental concern since these chemicals are prone
to long-range transport. Through surface runoff, river inputs and
atmospheric deposition, persistent pesticides have spread to every
aquatic environment, entering the marine food chain [48–52].
Aquatic organisms such as fish and shellfish are able to accumu-
late pesticide residue concentrations several times higher than the
surrounding water [5]. In aquaculture farms, fish feed, contami-
nated by pesticides, is a potential source of direct introduction into
fish [53]. Consequently, fish are a major source of contamination
for both top marine predators [54] and human consumers [48].
2.4. Milk and milk products

Like all foraging animals, lactating cows may be exposed to pes-
ticides from contaminated feed; they can then accumulate residues
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Table 1
Pesticides naturally detected in foods of animal origin during research or monitoring programmes (published results).

Matrix Milk Milk Milk Egg Egg Egg Fish Fish Fish Fish

References [72] [30] [55] [31] [72] [4] [31] [84] [99] [48]
N 7 1/156 8 29 4 24 24 14 3 72
Units ng/g �g/l �g/l ng/g �g/g ng/g ng/g ng/g ng/g ng/g
�-HCH 1.3–21.6 1.58 0.3–0.9 0.8–7.0 8.5–33.2
�-DDT 1.3 2.5–4.4 2.42 0.5–9.9 11.6–59.0 7.9 37.5–139.0
HCB 0.8–9.6 0.1–0.2 2.7–.3 <LOQ 2;7–.5
Aldrin 1;1 –13.3
Dieldrin 2.7 –4.4
Endrin
Heptachlor
Hepta. epoxide
�-Endosulphan n.d. n.d.
Chlordane 5.2–9.0
Simazine n.d.–2.5 30.1–59.5
Atrazine n.d.–1.8 n.d.–52.2
Deltamethrin <LOD–1.45
Cypermethrin <LOD–3.68

Matrix Fish Fish Shellfish Crab Meat4 Pork meat Beef meat Chicken meat Rabbit meat

References [50] [5] [51] [52] [31] [26] [30] [4] [7]
N 14 389 18 9 77 4 8/10 48 ?
Units ng/g ng/g ng/g ng/g ng/g ng/g ng/g fat ng/g �g/g
�-HCH 225–660 3.3–25.8 2.0–25.7 0.2–21.4 1.2–3.4 0.05
�-DDT 3.5–515.0 4–47 1.0–11.8 1;5–24;8 1.1–9.8 2.8–19.8 <3–6.23 0.12
HCB n.d.
Aldrin 0.2–1.9
Dieldrin <LOD –6 0.2–1.9
Endrin 0.6–5.6
Heptachlor 0.7–5.9
Hepta. epoxide <LOD –6 0.3–7.2
�-Endosulphan 5–22 n.d.
Chlordane
Simazine 0.9
Atrazine n.d.
Deltamethrin
Cypermethrin

1. �-HCH, hexachlorocyclohexane (�, �, �, and � isomers).
2 rs.
3
4
n
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. �-DDT = DDT and its metabolites DDE & DDD, appear as both o,p′- and p,p′-isome

. �-Endosulphan, � and � isomers;

. Beef, pork, lamb, & chicken.

.d., not detected.

n different compartments including milk. However, the contami-
ation of milk by pesticides can also be caused by their application
o the cow’s body, in the cow barn, or even in the milk process-
ng areas [55–57]. Milk contamination is of extreme concern since

ilk is an essential food for human health, widely consumed in
he early stages of life [55]. This point is of particular interest since
oung children may be highly exposed to pesticides and pesticide
esidues, and they may be at higher risk of adverse health effects
ecause of their physiological characteristics [58].

. Pesticides

In the reported studies from the literature consulted for this
eview, products of animal origin were mostly analysed for five
ain groups of pesticides, namely organochlorine pesticides,

rganophosphorus pesticides, carbamates, pyrethroids, and tri-
zines. Few of them have been detected in various animal products
Table 1). However, various other pesticides have been studied dur-
ng validation methods for detecting residues in foods of animal
rigin (Table 2).

Organochlorine pesticides (OCPs), effective against a variety of

nsects, were widely used worldwide in agriculture and animal
roduction until restrictions were introduced by developed coun-
ries in the late 1970s [59]. These pollutants have a highly stable,
ow volatile, non-polar, lipophilic nature, and consequently exhibit
onsiderable environmental persistence with a tendency to bioac-
cumulate, leading to the contamination of foodstuffs, especially
those with a high fat content [6,31]. Residue concentrations have
decreased in monitored foods since these chemicals were banned
in most countries, although trace levels are still detected in many
foodstuffs [60]. European regulation establishing pesticide residue
levels in food has prompted EU members to monitor OCPs [61–63].

Organophosphorus pesticides (OPPs), mainly used as insecti-
cides, are esters of phosphoric acid with different substituents
[25]. OPPs have widely varying physico-chemical properties such
as polarity and water solubility [27]. Since these substances act
through inhibition of acetyl-cholinesterase, they also represent a
risk to human health [64]. Maximum residue limits (MRLs) have
therefore been established for OPPs by the EU authorities [61–63].

Carbamate pesticides (CBs), or N-substituted carbamic acid
esters (RO–C(O)–NR′R′′), are used for broad-spectrum insect control
around the world [65]. Exposure to carbamate pesticides, acting as
acetyl-cholinesterase inhibitors, can lead to reversible neurologic
disorders [64], and some are suspected carcinogens and mutagens
[57]. CBs are thermally unstable compounds; their stability has
been studied in foodstuffs such as beef and poultry liver [40]. The
Canadian authorities recently initiated a re-evaluation of exposure
to these substances [42]. In the EU, MRLs have been established for

CBs [61–63].

Synthetic pyrethroid pesticides (PYRs) are effective broad-
spectrum insecticides with low mammalian toxicity and
short-term environmental persistence [3,56]. Pyrethroids
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Table 2
Pesticides evaluated for analysis in foods of animal origin.

Class Pesticide References Class Pesticide References

OCP Aldrin [3,6,9–11,30,31,34,36–39,48–51,60,
75,78,80,90–94,96,99]

OPP Acephate [10,25,27,37,38,47,75,76,78]

Azinphos-ethyl/-methyl [1,10,43,47,75,76,78,97]
Chlordane (cis-/trans-) [3,6,9,11,17,28,30,34,36,39,78,84,

90,94,96]
Carbophenothion [10,43,47,78]

Chlordene (trans-) [11,30,31,84] Chlorfenvinphos [10,37,38,43,47,73,75,78,89]
Chlorfenson [1] Chlorpyrifos methyl [27,28,76,78,97]
Chlorobenzilate [1] Chlorpyrifos [10,25,27,32,37,38,43,47,73,76,96,97]
Chlorthalonil [37,38,78,96] Dialifos [43]
DDT/DDD/DDE [3–6,9–11,13–15,17,26,28,30,31,34,

36–39,47–51,53,54,60,75,78,80,84,86,
89–94,96,99]

Diazinon [25,43,47,73,75,76,78,89,96,97]

Dichlorvos [10,37,38,43,73,75,78,96]
Dichloran [37,38,96] Dicrotophos [47]
Dicofol [1,9,75] Dimethoate [10,37,38,43,47,73,75,76,78,97]
Dieldrin [3,5,6,9–11,14,15,17,28,30,31,34,36–39,47,

49–51,60,75,78,80,90,92–94,96]
Disulphoton [43,73,75,78]

Ethion [10,28,37,38,43,47,73,75,78,97]
Endosulphan (�-/�-) [3,5,6,9–11,28,30,31,36–39,49,60,75,78,

80,91,94,96,99]
Ethoprophos [37,38,43,78]

Etrimphos [37,38,78]
Endosulphan sulphate [3,6,11,28,36,39,78,91,99] Famfur [37,38]
Endrin [3,6,9,11,14,17,30,31,34,36–39,49–51,

60,78,80,89–94,96]
Fenamiphos [10,37,38,47,76]

Fenchlorphos [43,47]
Endrin aldehyde [39] Fenitrothion [1,28,43,76,78]
Endrin ketone [39] Fenthion [10,37,38,43,73,76,78]
Ethylan (Ethyl-DDD) [11] Fonofos [43,78,96]
HCB [3,6,9–11,13,14,17,26,30,31,34,36–38,

48–50,53,54,60,75,78,84,86,90,96,99]
Gardona [47]

Heptenophos [37,38,78]
HCH (�-/�-/�-/�-) [3–6,9–11,13–15,26,28,30,31,34,36,38,39,

47–49,53,60,75,78,80,84,89–94,96,99]
Iodenofos [47]

Isofenphos [37,38,43,78,97]
Heptachlor [3,5,9,10,28,30,31,36–38,49–51,54,60,75,78,

80,84,90–94,96,99]
Malaoxon [43,78]

Malathion [10,27,32,37,38,43,47,73,75,78,89,96]
Heptachlor epoxide [3,5,6,9,10,14,15,17,28,30,31,36–39,47,50,

51,60,75,78,80,84,89–94,99]
Methamidophos [25,37,38,47,75,78]

Methidathion [10,25,43,47,75,78,89]
Hexaconazole [75,76] Mevinphos [43,73,75,78]
Iprodione [10,75,76,78] Monocrotophos [47]
Isodrin [49] O-Methoate [10,47,75,76,78]
Methoxychlor [37,38,49,75,78,84,90,91,94,99] Paraoxon [43,78]
Mirex [37,38,90,99] Parathion [25,37,38,43,47,73,75,76,78,89,96,97]
Nonachlor (cis-/trans-) [14,30,31,47,49,60,84,89,90] Phorate [10,25,32,43,73,76,78,96]
Octachlorostyrene [13,48] Phosalone [37,38,43,76,78]
Oxychlordane [3,6,9,17,36,84,90] Phosmet [42]
Oxyfluorfen [10] Phoxim [44,46]
Pentachlorobenzene [39] Pirimiphos [25,27,32,37,38,47,75,76,78]
Pentachloronitrobenzene [10] Propetamphos [29,78]
Pentachlorophenol [39] Prothiofos [27,32,78]
Procymidone [32,75,78] Pyrazophos [43,47,75,76,78,97]
Quintozene [37,38,75,78] Pyrimifos-methyl [43]
TDE [9,36,90,92,93] Quinalphos [37,38,43,47,75,97]
Tecnazene [3,78] sulphotep [37,38,43,75]
Tetradifon [1,75] Sulprofos [10]
Vinclozolin [32,37,38,75,78] Tetrachlorvinphos [10,43,78]

Thionazin [37,38,43]
Carbamate Aldicarb [10,38,40,41,57,76] Thio-OPP Bromophos [43]

Bufencarb [40,41] Coumaphos [43,73]
Carbaryl [10,40–42,57,75,76,78] Cyanophos [47]
Carbofuran [10,32,40–42,57,75,76,78] EPN [43]
Chlorpropham [10,75,78] Formothion [43]
Methiocarb [40–42,78] Mecarbam [43,75,104]
Methomyl [40–42,57] Pyrethroid Alphamethrin [29]
Oxamyl [42,76,104] Bifenthrin [3,12,15,33,75,78]
Pirimicarb [57,76,78] Cyfluthrin [9,33,35,56,75,78]
Propham [10,75,78] Cyhalothrin [3,9,12,35,56,75,78]
Propoxur [10,42,44,45,57,76] Cypermethrin [3,9,12,15,33,35,55,56,69,70,75,78]
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Table 2 (Continued)

Class Pesticide References Class Pesticide References

Triazine Atrazine [7,10,68,72,75,76,78,85,96] Cyphenothrin [33,56]
Simazine [7,10,68,72,75,76,78,85,96] Deltamethrin [3,9,15,29,33,35,55,56,75,78,95]

Amine Diphenylamine [10,78] Fenvalerate [3,9,10,33,75,78]
Fluoride Ethalfluralin [10] Flucythrinate [33,56,75,78]
Quinoxaline Chinomethionate [28] Fluvalinate [15,33,56,75,78]
Sulphured Dimethipin [28] Permethrin (cis-/trans-) [3,9,10,12,15,29,33,35,55,56,75,78,96]
Sulphite ester Propargite [10,78] Tefluthrin [33,56,78]
Benzoylurea Chlorfluazuron [83] Benzoylurea Hexaflumuron [83]
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Diflubenzuton [83]
Flucycloxuron [83]
Flufenoxuron [83]
Fluometuron [83]

re non-polar to low-polarity lipophilic compounds [12,33].
wing to their metabolism in animals, they tend to bioac-
umulate in lipid compartments, becoming a potential
ource of human exposure through foodstuffs [3]. Maximum
esidue limits for PYRs have been set by several organi-
ations, including the FAO/WHO [66] and the EU Council
61–63].

Triazines (TRZs) are among the most widely used herbicides
n agriculture. Most of them are derived from s-triazine (1,3,5-
riazine), but a few are based on 1,2,4-triazine [67]. The triazines are
egraded by chemical and biological processes in their respective
ydroxytriazines [65]. s-Triazines and their degradation products
re weakly basic, poorly water-soluble compounds of low polarity,
table in the environment and therefore persistent. 1,2,4-Triazines
ave similar physico-chemical properties but are more polar [67].
hese herbicides are suspected of causing cancers, birth defects,
nd disruption of hormone function [7]. MRLs for triazines in food-
tuffs have also been established by the EU Council [61–63].

Other pesticides, such as benzoylureas, quinoxalines, amines,
nd fluorides, have been evaluated for analytical purposes in foods
f animal origin (Table 2).

. Extraction methods

In the past two decades, the most widely used pesticide extrac-
ion technique from foods of animal origin was direct solid–liquid
xtraction (SLE). This procedure consists in grinding chopped sam-
les or extracted fats several times at high speed in selected
rganic solvents. This technical procedure has been applied to meat
nd meat products [3,7,11,12,15,33,35,42,43,68–70], animal fat
14,27,29,30,36], offal [25,29,41], eggs [44–47,71] and fish [31,36]
or extracting different kinds of pesticides. Similarly, liquid–liquid
xtraction (LLE) is still the preferred method for extracting pesticide
esidues from liquid milk [10,25,29,30,35,55,57,69,70,72,73]. This
rocedure consists in shaking liquid milk samples several times in
elected organic solvents for extracting pesticide residues from the
ulk of the milk. Several SLE and LLE protocols have been standard-

sed for extracting 23 OCP and 22 OPP residues from fatty foods of
nimal origin (milk and milk products, meat and meat products,
sh and seafood, eggs) [74].

Most studies published on foods of animal origin have usually
nly dealt with one or two pesticide classes. The polarities of pes-
icide compounds are then more or less similar and the choice
f solvent is generally not insuperable. Yet, in some cases, espe-
ially with multi-residue methods, solvent mixtures have to be
ble to extract pesticide residues with a wide range of polarities

rom the same matrix. However, it is difficult to extend a class-
pecific procedure to a wider range of analytes because the polarity
f the extraction solvent mixture may not be suitable for efficient
xtraction of other classes of compounds [10]. Moreover, non-polar
esticides may have more polar compounds, as their metabolites or
Lufenuron [83]
Teflubenzuron [83]
Triflumuron [83]

thers (Multiresidues) [10,76,78]

degradation products, whose extraction requires different solvent
systems according to their polarity [69,70].

Overall, SLE and LLE are efficient methods in terms of recovery,
except for a few pesticides such as hexachlorobenzene for instance
which is extremely volatile [3]. Different recovery values have been
reported when different solvent mixtures were used for extract-
ing pesticide residues from the same matrix [7,15,68,75]. Different
solvents and combinations thereof have been compared for extract-
ing pesticides [55,76]. One of the EU standard SLE protocols was
successfully used in an inter-laboratory study for determination
of OCP and pyrethroid residues in milk, fish, eggs, and beef fat
[9].

SLE and LLE mostly yielded recovery rates between 70 and
120% as recommended by the EU [77] (Table 3). Even multiresidue
methods showed recoveries in this range for over 80% of the ana-
lytes [76,78]. However, low recovery rates were encountered for
some pesticide/commodity pairs using these extraction methods
(Table 3). On the other hand, such classical methods of ana-
lyte extraction using sample homogenisation and solid–liquid or
liquid–liquid partitioning are time-consuming, labour-intensive,
expensive in terms of materials and solvent volumes, and often
cannot be completed before the materials in question have been
placed on the market. Furthermore, evaporation of large solvent
volumes is a source of analyte loss and atmospheric and environ-
mental pollutions [60,79].

The traditional Soxhlet extraction method has also been
applied to the extraction of organochlorine pesticides from meat
[4,26,37,71,80], from eggs [4], and from fish [5,48,49,51,80]. Usu-
ally either n-hexane or an n-hexane–acetone mixture was used,
however, other solvent systems such as ethyl acetate [37] or ace-
tone: DCM [4] have been sporadically used. Furthermore, Soxhlet
protocols have been integrated into the EU standard for extracting
23 OCP and 22 OPP residues from fatty foods of animal origin [74].
Soxhlet usually performs efficient extractions for a large range of
pesticides; however, using this technique or performing it under
unfavourable conditions can result in poor recovery rates. For
instance, recoveries below 70% have been reported for a few pes-
ticide residues (7 out of 46 OCPs and OPPs) extracted from animal
muscles by Soxhlet using ethyl acetate [37]. In any case, Soxhlet
extraction is time-consuming, and expensive in terms of energy
(heating), analyst time (much handling), and solvent use (large
volumes).

Pesticide supercritical fluid extraction (SFE) has been attempted
for extracting contaminants from meat products [32,33,81,82]. SFE
is usually an efficient extraction method, primarily applicable to
solid samples. However, as well as its numerous advantages (effi-
cacy, selectivity, short extraction times, low solvent volumes) it also
has serious drawbacks (difficult optimisation, high apparatus and

maintenance cost, high blank and noise levels) [67]. In the case of
pesticide residue analysis, recoveries for several compounds were
unacceptable [82]. Indeed, SFE techniques have not tended to be
widely used for pesticide analysis in food from animal origin.
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Table 3
Methods for determination of pesticide residues in foods of animal origin.

Pesticides Extraction procedure Clean-up procedure Separation technique Recovery rate LOQ Ref.

Liver 4 OCPs
2 OPPs
1 CB

Solid:liquid
extraction
DCM:acetone
[1:1] + Na2SO4

GPC SX-3
n-
Hexane:chloroform:acetone
[75:20:5]
SPE silica
n-
Hexane:chloroform:acetone
[75:20:5]

LC-DAD LiChrospher
RP-18 5 �m gradient
Water:acetonitrile:methanol

>90% 0.10–0.23 ng/g [1]a

GC-ECD BP-5 25m 94–100% 0.10–0.23 �g/g
Pirimicarb
0.46 �g/g
Azinphos
2.03 �g/g

Beef meat 19 OCPs
6 PYRs

Solid:liquid
extraction
Petroleum
ether + Na2SO4 + sand

SPEs NT3/C18/Florisil
Acetonitrile

GC–MS HP-5ms 30 m 70–110%
but HCB
49-57%

5–125 ng/g [3]

Poultry
Meat & liver
Egg

10 OCPs Soxhlet
Acetone:DCM [2:8]

Liquid partitioning
SPE silica
n-Hexane/n-hexane:DCM
[3:2]

GC-ECD HP-5 30 m n.s. n.s. [4]

Fish
(muscle tissue)

10 OCPs Soxhlet
n-Hexane

SPE Silica
n-Hexane

GC-ECD DB-608 30 m 94–103% 1 ng/g [5]

Bovine milk 20 OCPs
4 PYRs
2 TRZs

Liquid:liquid
extrac-
tion + Na2SO4

Ethanol:ethyl
acetate [9:95]
freezing

SPE Si-C18
Acetonitrile
SPE Aminopropyl
Methanol: DCM
[7:93]

GC-ELCD DB-608 30 m 69–128% 0.6–58.6 ng/g [10]

18 OPPs GC-FPD DB-1701 30 m 54–136% 0.3–1.8 ng/g
6 CBs LC-Fluorimetry C18

5 �m gradient
Water:acetonitrile
�ex:340 nm �em 455
nm

87–110% 0.9 ng/g

Multiresidue GC–MS HP-1 12 m 46–130% 9–141 ng/g
Pork meat & meat

products
24 OCPs Solid:liquid

extraction
DCM + Na2SO4

GPC SX-3
DCM:c-hexane [15:85]

GC–MS HP MS-5 30 m 65–104% 2–25 ng/g fat [11]

Beef meat 4 PYRs Solid:liquid
extraction
Acetone + Na2SO4

Partitioning with
petroleum Ether
Na2SO4 column

SPEs Si-C18/Extrelut-NT3
Acetonitrile:n-hexane
SPE Florisil
n-Hexane:toluene

GC-ECD DB-608 30 m 87–110% 50–250 ng/g [12]

Fish (muscle tissue) 8 OCPs ASE with Na2SO4

n-Hexane:DCM [1:1]
vs. [4:1]
n-Hexane:Acetone
[1:1] vs. [4:1]

GPC SX-3
c-Hexane:ethyl
Acetate [1:1]

GC-ECD DB-5 or
DB-7 60m

n.s. n.s. [13]a

Soxhlet with Na2SO4

n-Hexane:DCM [1:1]
vs. [4:1]
n-Hexane:acetone
[1:1] vs. [4:1]

Animal fat 16 OCPs Solid:liquid
extraction
Ethyl
acetate:c-hexane
[1:1]

GPC SX-3
c-Hexane:ethyl acetate [1:1]
SPE Silica
Toluene:acetone:n-hexane
[10:2:88]

GC-ECD CPSil-8CB 60
m

77–90% n.s. [14]

Beef meat 5 PYRs Solid:liquid
extraction
Iso-
Octane + Na2SO4

Liquid partitioning
SPE Florisil
Acetonitrile

GC–ITMS DB-5 30
m

70–82% 2–18 ng/g [15]

5 OCPs 59–75% 2–24 ng/g
Bovine milk 9 OPPs Liquid:liquid

extraction
Acetone:acetonitrile
[1:4]

Liquid partitioning
SPE Silica C18
Acetonitrile then
Iso-propanol (combined)

GC-NPD ZB-50 30 m 46–117% 5 ng/g [25]

Boar muscle and
liver

3 OPPs Solid:liquid
extraction
Acetone:acetonitrile
[1:4]

Liquid partitioning
\SPE silica C18
Acetonitrile

GC-NPD ZB-50 30 m 65–77% 5 ng/g [25]

Pork meat, fat and
liver

6 OCPs Tissues ground with
Na2SO4

Soxhlet
n-Hexane:acetone
[3:1]

SPE acidified silica
n-Hexane followed by DCM

GC-ECD HT-8 50 m 72–80% 0.2 ng/g [26]
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Table 3 (Continued)

Pesticides Extraction procedure Clean-up procedure Separation
technique

Recovery rate LOQ Ref.

Meat 7 OPPs Solid:liquid extraction
Ethyl acetate + Na2SO4

2 SPEs Si-C18 in series
Ethyl acetate:methanol
[1:1] (fraction 1)
Methanol (fraction 2)

GC-NPD DB-1701
30 m

32–102% 2–34 ng/g [27]

Beef meat 18 OCPs
2 OPPs

Solid:liquid extraction
Microwave assisted
Acetonitrile

Freezing −70 ◦C/20min
Centrifugation

GC-ECD SPB-608
30 m

OCP 45–90%
OPP 74 & 95%

1.0–4.2 ng/g
1.3 and 2.4 ng/g

[28]

Pork, beef, lamb,
chicken meat
Fish, Egg

21 OCPs Solid:liquid extraction
Petroleum Ether + Na2SO4

GPC SX-3
n-Hexane:ethyl acetate
[1:1]

GC-ECD Quadrex
007-2 50 m

80–110% 1–18 ng/g [31]

Beef meat OPPs SFE CO2 SPE Florisil
Heptane then Acetone (2
fractions)

GC-NPD DB-1701
30m

78–95% 0.02–0.03 �g/g [32]

Beef meat 10 PYRs Solid:liquid extraction
Acetonitrile

Filtration Freezing
−29 ◦C/3H
Liquid partitioning
n-Hexane:acetonitrile

GC-ECD DB-17
30 m

29–100% n.s. [33]

Camel, bovine,
sheep meat

9 OCPs Solid:liquid extraction
Petroleum ether + Na2SO4

Liquid:liquid partitioning
(n-Hexane:acetonitrile)
SPE Florisil
Diethyl
ether:n-Hexane:methylene
chloride [1:29:70]

GC-ECD J&W 30 m 86–109% n.s; [34]

Bovine milk 4 PYRs Liquid:liquid extraction
n-Hexane

Freezing −72 ◦C/Liquid
partitioning

GC-ECD HP-5 30 m 83–99% 9–25 ppm [35]

Pork meat Solid:liquid extraction
n-Hexane

SPE Florisil 84–99% 10–27 ppm

Fish oil 20 OCPs Solid:liquid extraction
Ethyl acetate:c-hexane
[1:1]

GPC Envirosep-ABC
c-Hexane:ethyl acetate
[1:1]

GC–MS2 VF-5ms 30
m

65–103% 6 ng/g [36]

Pork fat 64–101% 6 ng/g
Chicken meat 22 OCPs

23 OPPs
ASE
Ethyl acetate

GPC Envirogel
n-Hexane:ethyl
acetate [1:1]

GC–MS2 VF-5ms 30
m

62 93% 0.19–7.1 ng/g
Acephate 14.6 ng/g

[37]a

Soxhlet
Ethyl acetate

70–104%

Polytron
Ethyl acetate

59–93%

Lamb meat 22 OCPs
23 OPPs

Polytron
Ethyl acetate

GPC Envirogel
n-Hexane:ethyl
Acetate [1:1]

GC–MS2 VF-5 ms
30 m

72–91% n.s. [37]

Pork meat 71–102%
Cattle adipose

tissue
19 OCPs ASE DCM:acetone [1:1]

Concentration/Dissolution
in n-Hexane: MTBE [1:1]
Washing H3PO4/KCl

GPC SX-3
DCM:acetone [1:1]
SPE silica
DCM: n-Hexane (Fraction A
non-polar OCP)
Methanol:DCM (fraction B
more polar OCP)

GC–MS DB-5 ms
30 m

41–111% n.s. [39]

Swine liver 24–88%
Bovine, swine,

duck livers
10 CBs Solid:liquid extraction

DCM + Na2SO4

GPC SX-3
DCM:c-hexane [1:1]

[40,41]

Poultry-based
baby-food

10 CBs Solid:liquid extraction
Acetonitrile

Filtration
SPE Oasis HLB
MTBE: Methanol [9:1]
SPE Aminopropyl
DCM: Methanol [99:1]

LC-Fluorimetry
NovaPak C18
4 �m gradient
Water:methanol
�ex:339 nm �em

445 nm

66–87% 2 ng/g but
Methiocarb
4 ng/g

[42]

Pork meat & meat
products

39 OPPs Solid:liquid extraction
DCM + Na2SO4

GPC SX-3
DCM:c-hexane [15:85]

GC-FPD DB-5 30 m
OV-1701 25 m

40–100% 5–10 ng/g
Malaoxon
20 ng/g

[43]

Egg 1 CB
(Propoxur)
1 OPP
(Phoxim)

Solid:liquid extraction
Acetonitrile

Liquid partitioning
SPE silica
n-hexane/n-Hexane:DCM
[4:6] (washing)
DCM (Elution)

LC-DAD
LiChrospher C18
5 �m
Water:acetonitrile
DAD 200–350 nm

85–90% 5 ng/g [44,45]

Egg OCP/OPPs Solid:liquid extraction
Acetonitrile

Liquid partitioning
SPE Silica
n-Hexane/n-hexane:DCM
[1:1]

LC-DAD
LiChrospher C18
5 �m
Water:acetonitrile
DAD 200–350 nm

89% 5 ng/g [46]

Egg 6 OCPs Solid:liquid extraction
Acetonitrile

SPEs GNPC/Aminopropyl
Acetone: Toluene [3:1]
SPE Florisil
Petroleum Ether

GC-ECD DB-225
30 m

86–108% n.s. [47]
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Table 3 (Continued)

Pesticides Extraction procedure Clean-up procedure Separation
technique

Recovery rate LOQ Ref.

Egg 28 OPPs Solid:liquid extraction
Acetonitrile

SPEs GNPC/Aminopropyl
Acetone:toluene [3:1]

GC-FPD DB-225
30 m

60–148% n.s. [47]

Fish (muscle tissue) 10 OCPs Soxhlet
n-Hexane

SPE Florisil
n-Hexane/n-hexane:DCM
[42.5:7.5]

GC-ECD DB-5 30m 70–102% 0.12–3.10 ng/g [48]

Shellfish 13 OCPs Soxhlet
n-Hexane:acetone
[3:1] + Na2SO4

SPE H2SO4 impregnated Si
(acid resistant OCP)
SPE Alumina/Silica/Florisil
(acid sensitive)
n-Hexane:DCM [3:1]

GC-ECD DB-5 30 m 78–89% 0.1–0.6 ng/g [51]

Mollusc, Crab 8 OCPs Soxhlet
n-Hexane:acetone [1:1]

SPE Na2SO4/Florisil
n-Hexane

GC-ECD DB-1701
30 m

60–116% 0.1–0.6 ng/g [52]

Fish feed 6 OCPs Soxhlet
Petroleum ether

GNPC (Envi-Carb)
n-Hexane + H2SO4

GC-ECD AT-5 30 m 90–130% 3 ng/g [53]

Lard 8 OCPs ASE
n-Hexane: DCM
[1:1] + Na2SO4

SPE Acidified Silica
n-Hexane
SPE Silica/Activated Carbon
n-Hexane: DCM [10:4]

GC–MS2 ZB-1 60 m 45–86% 0.7–1.9 pg/g [54]

Bovine milk 2 PYRs Liquid:liquid extraction
Acetonitrile

Freezing −20 ◦C/12H
Filtration on Na2SO4

GC-ECD HP-5 30 m n.s. 0.75 �g/l [55]

Bovine milk 14 PYRs Liquid:liquid
Acetonitrile:Ethanol [5:1]

SPE ChemElut
Light
petroleum:acetonitrile:ethanol
[100:25:5]
GPC Envirosep-ABC
Toluene

GC-FPD DB-5 30 m
OV-1701 25 m

60–119% n.s. [56]

Bovine milk 6 CB MSPD Crystobalite
Hot Water (90 ◦C)

SPE (MSPD) Crystobalite
Hot Water (90 ◦C)
Filtration on regenerated
cellulose filter (0.2�m)

LC–MS
Alltima-C18 5 �M
gradient
Methanol:water
ESI source

76–104% 3–8ng/g [57]

Bovine milk 22 OCPs MSPD Si-C18
n-Hexane

SPE Silica C18
Acetonitrile:water:n-
hexane
SPE neutral alumina
n-Hexane

GC-ECD Quadrex
007-2 50 m

79–99% 0.02–0.62 �g/l [60]

Bovine milk and
cream

1 PYR Cyper-
methrin

Liquid:liquid extraction
n-Hexane

Liquid:liquid partitioning
(n-Hexane:acetonitrile)
SPE Silica

GC-ECD DB-5 15 m 70–100% 10 ng/g [69,70]

Muscle and liver
(Vulture)

13 OCPs Soxhlet
n-Hexane

SPE Silica
n-Hexane

GC-ECD DB-608
30 m

94–103% 1–5 ng/g [71]

Egg (Vulture) 13 OCPs Sample ground with
Na2SO4/Celite/Alumina put
in a glass column eluted
with n-Hexane

Bovine milk 2 TRZs Liquid:liquid extraction
n-Hexane:acetone [2:1]

SPE aromatic sulphonic
acid
Acetic Acid:water
[1:99]/acetoni-
trile/water/buffer
(washing)
Acetonitrile:phosphate
buffer [1:1] (elution)

LC-DAD C18 ODS
5 �m
DAD 200–400 nm

n.s. 500 ng/g Atrazine
800 ng/g Simazine

[72]

Egg Solid:liquid extraction
Acetone

SPE Silica C18
Water (washing) then
methanol

Bovine milk 13 OPPs Liquid:liquid extraction
Ethyl acetate + Na2SO4

Evaporation/Liquid
partitioning
n-Hexane:acetonitrile
[1:2.5]

GC-FPD HP-1 25 m 60–99% but
Disulphoton
33%
Ethion 43%
Malathion
47%

5–19 ng/g [73]

Minced meat
Whole egg

136 multi-
residues

Solid–liquid extraction
Acetonitrile

LC-MS/MS
BEH-C18 1.7 �m
gradient
Buffer:water/methanol
MS Electrospray
mode

70–120% for
over 80% of
the analytes

<0.01–0.05 mg/kg [76]

Raw milk Liquid:liquid extraction
Acetone

Meat-based
baby-food

236 multi-
residues

Solid:liquid extraction
QuEChERS
n-Hexane
Acetonitrile:acetic acid
[99:1]

centrifugation Hexane
removed
mixing with
PSA + magnesium sulphate
Centrifugation

GC–ITMS ZB-5 ms 70–121% 0.30–45.00 ng/g [78]
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Table 3 (Continued)

Pesticides Extraction procedure Clean-up procedure Separation
technique

Recovery rate LOQ Ref.

Shellfish
Fish
Bovine meat
Pork meat
Chicken meat

14 OCPs Soxhlet
n-Hexane

SPEs Si-C18/Florisil
Acetonitrile

GC-ECD PTE-5
30Acetonitrile

77–105%
82–98%
69–125%
79–110%
77–105%

0.5–4.8 ng/g
n.s.

[80]

Bovine meat 9 BUs ASE + Diatomaceous
earth
Ethyl acetate 80 ◦C
1500PSI

– LC–ITMS/MS
Luna-C18 5 �M
gradient
Methanol:water
APCI source

28–106% 2–10 ng/g [83]

Egg 83–99%
Milk 70–106%
Mackerel fillet Cod
liver

12 OCPs ASE + Na2SO4

Ethyl acetate:c-hexane
[1:1]

GPC SX-3
c-Hexane:ethyl acetate
[1:1]
SPE silica
n-Hexane

GC-ECD CPSil-2
50Acetonitrile

n.s. n.s. [84,86]a

Microwaves + Na2SO4

Ethyl acetate:c-hexane
[1:1]

GPC SX-3
c-Hexane:ethyl acetate
[1:1]

Oysters 15 herbicides
included
7 TRZs

ASE
Acetonitrile

SPE Florisil
Acetone
SPE Oasis HLB Acetonitrile:
Methanol [1:1]

LC-MS Zorbax
SB-C18 5 �m
gradient
Acetonitrile:water
MS Electrospray
mode

n.s. n.s. [85]

Bovine milk 5 OCPs MSPD Si-C18
Acetonitrile
Acetonitrile/water
(MSPD washing)

SPEs Si-C18(MSPD)/Florisil
Acetonitrile
SPE Florisil
Petroleum ether:ethyl
ether [94:6]
Petroleum ether:ethyl
ether [85:15]
(Florisil–2 separated
fractions)

GC-ECD DB-608
30Acetonitrile

76–98% 5 ng/g [89]

Bovine milk 5 OPPs MSPD Si-C18
Acetonitrile (extraction)
Acetonitrile/water
(washing)

SPEs C18 (MSPD) Florisil
Acetonitrile

GC-FPD DB-1
30Acetonitrile

75–104% 10 ng/g [89]

Crab 24 OCPs Solid:liquid extraction
Acetonitrile/Centrifugation

SPEs Si-C18/Na2SO4/Florisil
3% Toluene–Petroleum
Ether (discard)
then 2% Diethyl
Ether–Petroleum Ether

GC-ECD DB-5
30Acetonitrile

48–102% n.s. [90]

Bovine milk MSPD Si-C18 Acetonitrile SPE Si C18
Acetonitrile
SPE Florisil
Petroleum ether:diethyl
ether [98:2]

42–94%

Shellfish 14 OCPs MSPD Si-C18
Acetonitrile: Methanol
[90:10]

SPEs SI-C18(MSPD)/Florisil
Acetonitrile:methanol
[9:1]

GC-ECD DB-5 25 m 66–84% n.s. [91]

Fish (muscle tissue) 9 OCPs MSPD Si-C18
Acetonitrile

SPEs SI-C18(MSPD)/Florisil
Acetonitrile

GC-ECD DB-5
25Acetonitrile

82–97% n.s. [92]

Bovine fat 9 OCPs MSPD Si-C18
Acetonitrile

SPEs SI-C18(MSPD)/Florisil
Acetonitrile

GC-ECD DB-5 25 m 71–110% [93]

Fish (muscle tissue) 24 OCPs Solid:liquid extraction
n-Hexane:acetone [2:5]
(Sonication)

Freezing −24 ◦C/filtration
SPE Florisil vs. silica
Acetone:n-hexane [1:9]

GC–MS DB-5ms
30 m

78–115% 0.5–2.5 ng/g [94]a

Composite diet
samples

15 OCPs
9 OPPs
2 TRZs
2 PYRs

Soxhlet
n-Hexane:acetone [1:1]

Liquid partitioning over
diatomaceous earth
Acetonitrile:n-hexane
SPE alumina
DCM:n-hexane [7:3]

GC–MS HP-5ms
30 m

65–135% 0.2–5.3 pg/g [96]

Bovine milk 24 OPPs Liquid:liquid extraction
Acetonitrile:ethanol [5:1]

SPE ChemElut
Light
petroleum:acetonitrile:ethanol
[100:25:5]

GC-FPD SPB-608
15 m

72–109% but
Omethoate &
Dimethoate
0%

3–66 ng/g [97]

Fish (muscle &
liver)

16 OCPs Solid:liquid extraction
n-Hexane (refluxing
extraction)

HPLC Silica
n-Hexane (mobile phase)
Ethyl acetate (modifier)

GC–MS2 DB-5ms
30 m

75–112% 0.3–4.5 ng/g [99]

Bovine muscle 1 PYR
Cypermethrin

Solid:liquid extraction
n-Hexane + Na2SO4

Liquid:liquid partitioning
(n-Hexane:acetonitrile)
SPE Silica

GC-ECD DB-5 15 m 89–114% 50 ng/g [102,103]
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Table 3 (Continued)

Pesticides Extraction procedure Clean-up procedure Separation
technique

Recovery rate LOQ Ref.

Bovine liver &
kidney

71–100% 50 ng/g

Bovine fat 83–103% 50 ng/g

Abbreviations: APCI, atmospheric pressure chemical ionisation; ASE, accelerated solvent extraction; BU, benzoylurea; CB, carbamates; DCM, dichloromethane; DAD, diode
array detector; ECD, electron-capture detector; ELCD, electrolytic conductivity detector; FPD, flame photometric detector; GC, gas chromatography; GPC, gel permeation
chromatography; GNPC, graphitized non-porous carbon; HLB, hydrophilic–lipophilic balance (cartridge); HPLC, high performance liquid chromatography; ITMS, ion-trap
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group [44–46] thus extracted different classes of pesticides from
ass spectrometry; LC, liquid chromatography; MS, mass spectrometry; MSPD, m
etector; n.s., not specified; OCP, organochlorine pesticide; OPP, organophosphorus
cartridge); TRZ, triazine.

a Comparison of extraction procedures and/or purification steps (SPE cartridges)

Recently, accelerated solvent extraction (ASE) using a pres-
urised liquid extraction system (Dionex®), was applied to
rganochlorine pesticide extraction from animal internal organs,
uscles, adipose tissue, eggs and milk [37,39,54,83] as well as from

sh liver and flesh [13,84] and shellfish [85]. The main advantages
f ASE are low solvent consumption and the short time needed for
erforming the extraction step, but the purchase cost of the equip-
ent is higher than that of the standard Soxhlet method [13]. A

omparison of the ASE and Soxhlet extraction techniques showed
hat the efficacy of ASE was slightly higher compared to Soxhlet
37]. In the same study, both these methods were also compared
o an extraction procedure using a Polytron® extractor apparatus
Kinematica, Luzern, CH) for mixing, dispersing, and homogenising
round meats in an extraction solvent system. ASE and Polytron®

xtraction gave higher recovery rates for several studied pesticides
ith the advantages of shorter extraction times and lower con-

umption of solvents compared to Soxhlet extraction. However, a
ew pesticides (7 out of 46 analysed) were poorly recovered (<70%)
sing ASE with ethyl acetate. On the other hand, Saito et al. [39]
btained quite consistent results with both ASE and conventional
olvent extraction of organochlorine pollutants from swine internal
nd adipose tissues.

Microwave-assisted extraction (MAE) has also been tested for
oth OCP and OPP extractions from fatty fish tissue [84,86]. Applica-
ion of microwave energy as a heat source causes selective heating
f the matrix over the extractant. The highly localised temperature
nd pressure cause selective migration of target compounds from
he material to the surrounding area more rapidly and with a similar
ecovery rate compared with conventional extraction [87]. MAE has
een assayed and compared with the accelerated solvent extraction
ASE) method. The two analytical procedures gave similar results
n terms of recovery [84].

Matrix solid-phase dispersion (MSPD) is a sample disrup-
ion/extraction method that combines the use of mechanical forces
enerated from the grinding of a sample matrix with irregular
haped particles (silica- or polymer-based solid supports) with the
ipid solubilising capacity of a support-bound polymer (octade-
ylsilyl or others) to produce a sample/column material from
hich dispersed sample matrix components such as pesticide

esidues can be selectively isolated [88]. MSPD combines sample
omogenisation, disruption, extraction, fractionation, and clean-
p within a single process [19]. This methodology has been applied
o the extraction of both OCP and OPP residues from whole milk
60,89,90], shellfish [91], fish [92], and beef fat [93]. The proce-
ure is simple, rapid, and requires only small sample sizes and
olvent volumes [91–93]. A similar technique using graphitized
on-porous carbon (GNPC) material was proposed for extract-

ng OCPs from fat; ENVI-carb® GNPC, which combines adsorption

nd anion-exchange retention mechanisms, has a strong affinity
owards planar molecules and was used to remove pigments and
terols commonly found in foods and natural products [47,53].
nfortunately, GNPC does not eliminate all kinds of co-extracted
solid-phase dispersion; MTBE, methyl t-butyl ether; NPD, nitrogen–phosphorus
ide; PYR, pyrethroid; SFE, supercritical fluid extraction; SPE, solid-phase extraction

ection techniques.

matrix compounds, whereas some pesticides such as thiabendazole
and carbamates are strongly retained [78].

5. Clean-up methods

Matrix constituents can be co-extracted and later co-eluted
with analysed components and can consequently interfere with
analyte identification and quantification. Moreover, co-extracted
compounds, especially lipids, tend to adsorb in GC systems
such as injection port and column, resulting in poor chro-
matographic performance [94]. A thorough clean-up minimises
such matrix issues, improves sensitivity, permits more consis-
tent and repeatable results, and extends the capillary column
lifetime [1,14]. Several approaches have been attempted to elim-
inate co-extracted interference from extracts, including freezing
centrifugation, liquid–liquid partitioning, gel permeation chro-
matography (GPC), solid-phase extraction (SPE) and solid-phase
micro-extraction (SPME).

Most of the published analytical methods involve the use of
anhydrous sodium sulphate at one or more of the steps in order
to remove water traces from the extraction solvent system, mostly
during clean-up steps such as solvent partitioning or purifica-
tion columns (as one of the layers of the column). However,
some authors [1,3,8,11–13,15,26,27,29,31,37,41,43,54,71] utilised
sodium sulphate from the grinding step during the extraction pro-
cedure to further disintegrate the sample. Sodium sulphate was
also used at the early partitioning step of the analytical procedure
for pesticide extraction from milk [10,73].

The significant differences in melting points have been used
to separate lipids and pesticides after solvent extraction from
meat, fish, and milk [28,33,35,55,94,95]. Lipids were precipitated in
frozen form at very low temperature while pesticides remained dis-
solved in cold organic solvents. After eliminating the frozen lipids,
most of the remaining interference was removed by a convenient
clean-up procedure such as SPE [94].

Solvent partitioning has also been used, generally prior to addi-
tional clean-up procedures such as SPE, to eliminate co-extracted
compounds from pesticide extracts. For instance, pyrethroid
residues have been extracted from meat and milk using either
iso-octane or n-hexane and the extract was then partitioned with
acetonitrile [28,33,35,55,94,95]; Pagliuca et al. [25] extracted OPP
residues from milk with an acetone–acetonitrile (1:4, v/v) system
and then partitioned the extract with dichloromethane; Argauer
et al. [15] analysed OCP residues in meat using the same proce-
dure. Nonetheless, the partitioning phases often need subsequent
clean-up through SPE [15,25,29,35]. Hamscher and his research
eggs using acetonitrile and defatted the acetonitrile extract with
an n-hexane liquid–liquid washing prior to SPE clean-up. However,
solvent partitioning can lead to the loss of some analytes and thus
leads to lower recovery rates, especially in multiresidue analysis.
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Gel permeation chromatography (GPC) is considered a
ood technique for the separation of low molecular mass
ompounds (up to 400 �m) such as pesticides from high
olecular mass compounds such as lipids (600–1500 �m)

1,14]. GPC has therefore been widely used for cleaning up
xtracts from foods of animal origin with a high fat content
Table 3) [1,6,11,13,14,31,36,37,39–41,43,84,86]. However, co-
xtracted compounds, including remaining trace amounts of lipids,
an reach the GPC eluate and then interfere with the subsequent
nalysis. Complex samples such as fish, meat, and other fatty matrix
xtracts often require a two-step clean-up combining gel perme-
tion chromatography and adsorption chromatography in series
1,14].

Solid-phase extraction (SPE) has also been used as a purifi-
ation step to remove interfering compounds co-extracted with
ll classes of pesticides from a large selection of foods of ani-
al origin. Adsorption chromatography applied to this field has
ostly used adsorbents such as silica, C18-bonded silica, Florisil®,

r alumina, but the use of aminopropyl-bonded silica and graphi-
ized non-porous carbon (GNPC) packing materials has also been
eported (Table 3). Doong and Lee [80] compared ready-to-use
artridges filled with three different adsorbents for cleaning up
CP extracts from shellfish. In the analytical conditions, only

welve OCPs out of the fourteen spiked were detected when a
18 cartridge was used. For alumina and Florisil, all of the four-
een OCPs were detected, with Florisil giving better results in
erm of recovery, repeatability, and efficiency in eliminating matrix
omponents. Hong et al. [94] also compared Florisil and C18-
onded SPE adsorbents: for both SPE cartridges, several OCPs
xhibited poor elution efficiency with hexane as the elution sol-
ent; increasing the polarity of the solvent system using acetone
vercame the poor elution of these compounds. However, Florisil
as shown to be more efficient than C18 in removing fatty acids
hich interfered with the GC analysis of OCPs. Schenck et al.

90] also reported that slightly increasing the polarity of the elu-
ion solvent helped to improve to some extent the efficiency of
PE in terms of OCP recovery. Some authors used SPE directly
fter the extraction step, while others used it as an additional
urification step after a GPC clean-up or liquid–liquid partition.
oreover, two or three columns of different adsorbents have also

een used in series to achieve maximal analyte recovery with min-
mal matrix interference. The need for further clean-up following
PC could be overcome by the use of gas chromatography (GC)
oupled with tandem mass spectrometry (MS/MS). However, up to
hree SPE columns, involving three different adsorbents (Extrelut
T3, C18-bonded silica, Florisil), have been used for cleaning up
xtracts even when GC–MS was the analytical method employed
3,12,51,96].

After MSPD extraction which also used adsorption properties,
esticide (especially OCP) residue extracts were mostly subject to
dditional clean-up through a single SPE (Florisil or neutral alu-
ina) column for eliminating most of the residual co-extracted

nterference [60,91–93]. The C18 and Florisil combination columns
llowed clean extracts to be obtained from milk, especially using
cetonitrile as the elution solvent. Elution with either hexane or
thyl acetate, in the same analytical conditions, produced larger
uantities of co-extracted fat [92,93]. A solid-matrix dispersion
echnique, using solid-matrix diatomaceous material (Chem Elut®)
s the adsorbent, has also been developed for the analysis of OCPs,
PPs, and PYRs in milk [56,97,98]. The pesticide residues are then
xtracted by means of light petroleum saturated with acetonitrile

nd ethanol. This procedure minimises the formation of stable
mulsions, a major drawback of the solvent extraction step [98].
second clean-up step by adsorption (Florisil) or gel permeation

hromatography (Envirosep-ABC) was added for OCP and PYR anal-
ses by GC-ECD [30,56].
218 (2011) 1021–1036 1031

Several of the previously described techniques such as
liquid–liquid partitioning, SPE and GPC, have been included in the
European EN 1528 standard method for cleaning up OCP and OPP
extracts from fatty foods of animal origin (milk and milk products,
meat and meat products, fish and seafood, eggs) [74].

6. Separation and determination

At the present time, gas chromatography (GC) is the most
widespread method for the separation and determination of most
pesticides. However, liquid chromatography (LC) is also used for
measuring levels of some pesticide residues such as carbamates
and triazines, in foods of animal origin.

6.1. Gas chromatography

For GC separation, a great variety of stationary phases have been
used in capillary columns of various geometries (Table 3). Usu-
ally each research group has only used one column for the same
class of pesticides. However, some authors have reported the use
of two columns with different polarities and different geometric
parameters under the same or different chromatographic condi-
tions [8,14,43,56,80,84,86,90,97]. Often the first column was used
for analytical purposes, and the second column was used to con-
firm the peak identification [56,80]. Different columns have also
been used when mass spectrometry (MS) detectors were compared
to classical detectors for analysing residues from the same class of
pesticides, even more so when compounds from different pesticide
classes were analysed in one run in GC–MS [10,12,33,43,50,53].

GC is combined with different kinds of detection methods,
mainly depending on the class of pesticides to be quantified. Elec-
tron capture detection (ECD) has usually been employed for OCP
and PYR analyses. The quantification limits obtained by coupling
GC with ECD have been reported to be mostly around 0.1–20 ng/g,
depending on various parameters (Table 3). It has been reported
that the use of ECD usually requires particular attention to be paid to
the extract clean-up process [3]. Electrolytic conductivity detection
(ELCD) after GC separation has also been proposed for the detection
of several pesticide residues including OCP, pyrethroids, triazines,
and a carbamate, from whole milk samples [10]. Limits of quan-
tification ranged from 0.6 to 58.6 ng/g depending on the pesticide
(Table 3). Both flame photometric detection (FPD) with phosphorus
filter and nitrogen–phosphorus detection (NPD) have been used for
OPP detection. Quantification limits have been reported as low as
2–66 ng/g (Table 3).

Besides these conventional element-specific detection meth-
ods, GC hyphenation with mass spectrometric detectors (MSDs)
including single quadrupole, ion trap, and triple quadrupole mass
spectrometers, has been adapted to the analysis of pesticide
residues in foods of animal origin. At first, single quadrupole MSDs
running in electron impact (EI) ionisation mode were used to con-
firm peak identification of pesticides previously determined and
quantified by GC coupled with a specific detector [10,12,43,50,53].
However, GC equipped with a single quadrupole MSD has also been
used for pesticide residue quantification [3,11,94,96]. Ion-trap mass
spectrometry (IT-MS) in EI mode was also employed for determina-
tion and quantification of pesticides in foods of animal origin such
as OCPs and PYRs in ground beef meat, as well as pesticide mul-
tiresidues in meat-based baby-food [15,33,78]. Pesticide residue
detection has also been achieved by GC–MS in negative chemical

ionisation (NCI) mode with methane as the reagent gas [39].

In GC coupled with mass spectrometry (MS), pesticides were
identified by retention time and specific ions determined in
selected ion monitoring (SIM) mode using both target and quali-
fier ions. The detection of one to six qualifier ions was required for
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dentification depending on various parameters including authors’
hoice, matrix, and pesticide. Although GC–MS in SIM mode
rovided adequate quantification at low levels as required for mon-

toring purposes, confidence in confirmation of identity is reduced
f the selected ions are affected by matrix interference (see Section
.2). Alternatively, MS/MS, by decreasing such matrix influence,
ay achieve a higher selectivity level and lower detection limit

18,36]. GC–MS/MS has been used for analysing pesticide residues
n fatty food with either triple quadrupole [36–38] or ion trap
ass spectrometers [54,99]. Both the multiple reaction monitor-

ng (MRM) [36] and the selected reaction monitoring (SRM) [37]
cquisition methods have been applied to the GC–MS/MS analysis
f pesticide residues in foods of animal origin. The use of MS/MS
ay overcome the problems arising from chromatographic inter-

erence that occurred with GC-ECD [100] and consequently provide
etter sensitivity for the determination of OCPs [36,99]. Limits of
uantification are shown in Table 3.

Using mass spectrometry has the obvious advantage compared
o conventional element-specific detectors of being able to deter-

ine together pesticides from different classes and to identify their
etabolites and degradation products in the same acquisition run

67]. Multiresidue methods including GC–MS have been devel-
ped for the routine analysis of pesticides from different classes,
ncluding OCPs, OPPs, PYRs, TRZs, and their degradation products,
n composite foods and meat-based baby food [78,96].

.2. Liquid chromatography

Liquid chromatography (LC) has been used for the analysis of
olar and/or non-volatile and/or thermally labile pesticides for
hich GC conditions were not suitable, mainly carbamates and

riazines, and their metabolites and degradation products.
Various stationary phases have been tested for the sep-

ration of pesticides [67], but generally reversed phase
n octadecyl(C18)-bonded silica columns was preferred
1,7,10,18,42,44–46,65,72,85]. However, octyl(C8)-bonded
olumns have also been employed for separating carbamates
xtracted from beef and poultry meats [40,41].

LC has also been combined with conventional detectors such as
uorescence or UV detectors for identifying and quantifying pes-
icide residues. A derivatisation procedure using o-phthalaldehyde
OPA) has been introduced for the fluorescence detection of car-
amates [101] which allowed low detection limits to be reached
Table 3) [10,40–42]. Most triazines exhibit absorption maxima in
queous or methanolic solutions around 220–225 and/or 255 nm
67]. Liquid chromatography coupled with diode-array detector
LC-DAD) was thus used for analysing triazine contamination of
abbit meat and fat, and cow milk [7,72]. Moreover, propoxur and
irimicarb, two carbamate pesticides extracted from egg and liver
espectively, have been successfully quantified at ppb level using
DAD after LC separation on an RP-18 column [1,44]. LC-DAD was
lso used for pesticide multiresidue determination in animal tissue
1].

Recently, LC has been coupled with different kinds of MS
etectors, including single quadrupole, ion trap, tandem-MS, and
ime-of-flight-MS (TOF-MS) in order to determine pesticide residue
evels and/or to elucidate their structures in aqueous and solid
nvironmental samples as well as in foods of vegetable origin and
aby food [16,18,20–22,102]. The enhanced selectivity afforded by
S/MS detection was able to discriminate between target pesti-

ides that were marginally separated by LC [19]. A quite number of

esticides can be analysed by both GC–MS and LC–MS techniques.
owever, although a method based on LC–MS was considered

o cover a wider scope than one based on GC–MS [76], some
esticide compounds are difficult to analyse by LC–MS. Sensitiv-

ty remains the point of concern with both techniques. However,
218 (2011) 1021–1036

electrospray ionisation (ESI) and atmospheric pressure chemical
ionisation (APCI) have improved the feasibility of the identification
of pesticides of different chemical structures in food and vegetables,
at concentrations comparable to those obtained by GC–MS [19].
Indeed, only two publications have dealt with pesticide residues in
foods of animal origin using LC–MS [76,85]. Buisson et al. [85] used
LC-MSD in electrospray mode for studying the contamination of
oysters harvested from two estuary sites. The method was tested
for fifteen herbicides and herbicide metabolites, including seven
triazines; six pesticide residues were detected in seawater, but no
pesticides were observed in oyster flesh. Unfortunately, the paper
gave no information on the method’s performance. LC–MS/MS
was also used to detect 136 pesticide residues in spiked minced
pork/beef meat, raw milk, and whole egg after a single extrac-
tion step [76]. However, this method was strictly validated only
for honey and horse compound feed. Recently, mass spectrome-
try using time-of-flight (TOF) as the mass analyser was coupled
with liquid chromatography (LC) for screening pesticide residues
in honey and plant extracts [84,103,104]. With respect to compre-
hensive screening for residues, full scan techniques such as TOF-MS
may be more appropriate than those using targeted acquisition
such as MS/MS detection [76]. This high-resolution MS technology
has also been described as an excellent tool for the identification
and structural elucidation of metabolites and transformation prod-
ucts of pesticides in foodstuffs [103,104]. However, the narrow
dynamic range of these instruments limits accurate quantification
and restricts TOF-MS to identification and confirmatory analysis.

7. Recovery and matrix effects

7.1. Recovery

In an analytical method, various extraction and clean-up steps
are mixed and matched to achieve maximal analyte recovery with
minimal matrix interference at the final measurement step [10].
Recovery has been defined by the IUPAC as “the proportion of
the amount of analyte present in or added to the analytical por-
tion of the test material which is extracted and presented for
measurement” (IUPAC 1996 Symposium on harmonisation of qual-
ity assurance systems for analytical laboratories, Orlando, 4–5
September 1996). In the pesticide analysis field, recovery rates in
the range of 70–120% are considered to be acceptable and can be
extended to routine analysis, as recommended by the Codex Ali-
mentarius guidelines (Codex, updated at the 26th session of the
Codex Alimentarius Commission, 30 June 2003) [35] as well as by
the EU Commission guidelines [77].

Recovery studies are commonly performed on blank food sam-
ples spiked with known levels of studied pesticides. Unfortunately,
it is not always possible to obtain totally residue-free matrices e.g.
case of Mediterranean tuna [50]. Certified reference material can
also be used if available [36]. Generally, there are six or more repli-
cates for each sample at different fortification levels, sometimes
in relation with either quantification limits or maximum residue
limits (MRLs) [3,10,12,27,35,46].

Methods developed for the determination of pesticides from the
same class mostly reach the guideline rates of recovery for all the
studied pesticides. However, in multi-residue methods it is very
difficult to obtain satisfactory results for all of the analysed com-
pounds because of the diverse physical and chemical properties of
the different classes of agricultural chemicals [10,73]. Then, rec-

ommended recovery rates are not always reached for all the tested
pesticides (Table 3). For instance, triazines and anilines are not usu-
ally recovered from fatty food samples by the same methods as
OCPs and OPPs due to the difficulty in resolving the chemically
diverse range of pesticides from dietary fat [96]. Similarly, in a



gr. A 1

m
p
t
n
p
e
o
c
t

t
a
n
p
m

v
e
a
s
a
s
o
o
t

F
P
t
t
c
P
t
S
i
g
m
l

p
r
H
e
h
e
c
i
s

i
D
r
w
s
f

7

r
e
l
b
c
o

M. LeDoux / J. Chromato

ulti-residue study on 117 pesticides from various classes, Hop-
er [82] reported recovery rates of 82 pesticides ranging from 73
o 115% while 4 compounds were recovered poorly and 31 were
ot recovered at all through the clean-up procedure. In a method
roposed for the analysis of 24 typical OPPs in whole milk, recov-
ry rates of 22 residues ranged from 72 to 109% but two of them,
methoate and dimethoate, were not recovered. The authors [97]
laimed that the analytical conditions did not favour the elution of
hese polar compounds from the SPE used in this study.

Recovery rates vary depending on various parameters such as
he matrix, the sample processing procedure, analyte properties,
nd analyte concentration. Poor recovery rates are presumably con-
ected to different causes such as losses during the extraction,
artitioning, and evaporation steps, analyte adsorption on clean-up
aterial, and degradation into GC.
Residue amounts have been reported to influence recovery

alues [38]. Indeed, Argauer et al. [15] observed different recov-
ry rates at different spiked levels. However in most cases, no
pparent differences in recovery rates between the spiking levels
tudied have been reported [3,10,56,60]. Garrido-Frenich et al. [38]
ssessed the recovery factor with the analyte concentration in meat
amples for the determination of OCPs and OPPs by GC–MS/MS. The
btained values indicated that the recovery factor did not depend
n the analyte concentration, except when close to the quantifica-
ion limit.

The extraction step has also been described as a critical point.
or instance, Argauer et al. [33] reported low recovery rates for four
YRs (tefluthrin, bifenthrin, deltamethrin, and permethrin) out of
he 10 included in their study, probably because of the solvent parti-
ioning step. The non-polar/polar extraction solvent ratio has been
laimed to have a strong influence on the recovery in the case of
YRs [15]. Similarly, Przybylski and Segard [78] noted that the ace-
onitrile/hexane ratio during the washing step was a crucial point.
evere losses of apolar residues can occur when hexane volume is
ncreased above a critical value. Likewise, Park et al. [28] obtained
ood recovery rates for 19 pesticides but poor ones for three DDT
etabolites, probably related to their persistence in the n-hexane

ayer during solvent partitioning.
Losses during the evaporation steps as well as adsorption of

esticides on clean-up or analytical columns [78] may also be
esponsible for poor recovery rates. For instance, the highly volatile
CB [3] and the low-boiling dichlorvos [43,96] can be lost during
vaporation of extraction solvents, inducing low recovery rates and
igh coefficients of variation. Acidic treatment can cause low recov-
ry of certain pesticides such as HEPO, an epoxide compound which
an be converted into the corresponding diol or sulphate, which
s much more hydrophilic and is then not extracted by organic
olvents [53].

Losses can also occur during the chromatographic run [78]. For
nstance, Rosenbaum et al. [96] reported degradation of DDT into
DD in the GC inlet, leading to apparently high DDD recovery

ates. In multi-residue methods using gas chromatography coupled
ith ion-trap mass spectrometry (GC–ITMS), the intrinsic low mass

pectrometry response can also be a source of poor recovery rates
or some compounds [78].

.2. Matrix chromatographic interference

The presence of co-extractives has a major influence on accu-
acy as well as on the sensitivity of analytical methods. Matrix

ffects can lead to abnormally poor or high recovery rates and high
imits of detection/quantification. Food matrix and fat levels have
een related to poor recovery rates of certain residues in some
ases [15,78]. For instance, it was reported that the lipid content
f ground beef meat samples lowered the PYR recovery rates [33].
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In GC, such problems caused by matrix components may occur
both at the injector/column and the detector sites [18]. Using detec-
tion methods such as ECD, FPD, and NPD, co-elution of matrix
components with pesticide residues may result in different prob-
lems such as masking of analyte peak (false negative result),
identifying impurities as analytes (false positive result), increasing
the detector signal (overestimated result), and quenching of the
detector signal (underestimated result) [17,18]. Mass spectrome-
try (MS) has overcome some problems due to higher specificity
based on the analyte’s molecular structure, but some drawbacks
still remain, e.g. matrix components can induce the diminution of
the signal corresponding to an analyte by decreasing the ionisation
potential [78]. MS/MS offers additional specificity with secondary
fragmentations, and thus may circumvent co-elution problems.
Increasing the separation power of the chromatographic system
may be an alternative solution. Using two columns with station-
ary phases of different polarities was reported to reduce the risk
of obtaining false positive data due to co-elution [43,84,86,90].
Recently, a comprehensive two-dimensional technique (GC × GC)
coupled with time-of-flight (TOF) mass spectrometry was claimed
to make an important contribution to the residue analysis field
[105]. This new methodology has not yet been applied to the
analysis of pesticide residues in foods of animal origin, although
Hajšlovšá and Zrostlíková [17] have argued that GC × GC/TOF-MS
will undoubtedly become a technique of choice in the future when-
ever unbiased determination of multiple trace analytes in very
complex matrices is needed.

However, a thorough clean-up procedure may help in substan-
tially reducing matrix interference since recovery values obtained
have demonstrated the absence of a significant matrix effect, even
from high-fat foods [80,99]. For instance, Argauer et al. [15] reduced
co-extractives by using acetonitrile pre-saturated with iso-octane
in their extraction solvent system. Another study showed no dif-
ference in recovery rates while analysing OCP and OPP residues in
composite food samples with low, medium, and high fat contents
[35]. Studying the influence of the matrix’s nature, Garrido-Frenich
et al. [37] also obtained similar recovery values in chicken, pork,
and lamb meats for 46 pesticides from different classes (each at
two different fortification levels).

7.3. Matrix enhancement effects

Besides detection difficulties due to co-extractives, the matrix
components can also block active sites in the GC inlet and col-
umn, thus protecting the pesticide compounds from adsorption
and/or decomposition. As a consequence, transfer of those analytes
in the matrix-containing solution from injector/column to detec-
tor is more complete than when analyte standards are dissolved
in matrix-free solvent. This occurrence, called matrix-induced
response enhancement, results in recovery rates in excess of 100%
for residue-free extracts spiked with pesticides when standards
prepared in residue-free solvents are used for calibration [106]. This
phenomenon can also occur in the ion volume when using MSD
[78]. Different recovery values were obtained both for polar and
thermally labile pesticides when comparing pesticides in compos-
ite food matrices vs. pesticides in solvent [96]. Similar results were
observed for several residues from all pesticide classes when recov-
ery rates of pesticides extracted from meat-based baby food were
compared to values obtained for the same pesticides in solvent [78].

Matrix effects in pesticide multiresidue analysis by LC–MS
in fruits and vegetables were recently reviewed [107]. The co-

extraction of matrix constituents may reduce the lifetime of the
LC column and affect the ionisation process in LC–MS analysis,
causing the suppression or enhancement of the analyte response
[76]. The ion suppression/enhancement effect can drastically affect
both identification and quantification of pesticide residues since
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he response of the analytes in pure standard solution or in a
eal sample extract differs significantly as a consequence of the
bsence/presence of matrix components during analyte ionisa-
ion [17,19,20]. This effect has also been observed when analysing
oods of animal origin. Indeed, Mol et al. [76] observed exten-
ive matrix effects which decreased for the matrixes in the order
eat > milk > egg.
Matrix enhancement prevention techniques are well docu-

ented in the analysis of pesticides in fruits and vegetables, but less
o in the analysis of residues in fatty foods of animal origin. Nev-
rtheless, most of the proposed solutions can probably be adapted
o pesticide analysis in meat products. Two alternative approaches
an be considered to avoid overestimation due to matrix-induced
esponse enhancement: (1) elimination of causes, and/or (2) effec-
ive compensation [17].

.3.1. Elimination of causes
In practice, obtaining totally deactivated GC inlets and/or

olumns is unrealistic. Additionally, the wide range of physico-
hemical properties of pesticides complicates the efficient removal
f co-extracted matrix components from crude extracts. Schenck
nd Lehotay [102] observed that even the use of three SPE car-
ridges did not eliminate the matrix enhancement effect from fruit
nd vegetable extracts for the most affected pesticides. Obtain-
ng matrix-free extracts from fatty foods of animal origin therefore
ppears unlikely. Nevertheless, efficient clean-up procedures may
ubstantially reduce matrix enhancement effects and contribute to
he overall performance of a given analytical method. On the other
and, as most of the problems are encountered in the hot vapor-

sing injectors, significant elimination of analyte adsorption can be
artially achieved using an on-column injector [106], programmed
emperature vaporisation (PTV) injector [78], pulsed splitless injec-
or [105], and direct sample introduction (DSI) [108]. Bennett et al.
10] adopted an on-column injector in track-oven mode, but with-
ut any mention of the matrix effect. Some recovery rates were over
20% for several pesticide residues in this study. A few other authors
14,15,37,38] used split/splitless programmed-temperature injec-
ors with good recovery rates, but without commenting on any
elationship between injection mode and matrix enhancement
ffects. Finally, Rosenbaum et al. [96] investigated the use of a
emperature-programmable pre-separation column in the GC inlet
s a final step in the separation of pesticides from dietary fats. These
uthors reported the ability of such a temperature-programmable
re-column separator to separate most of the co-extracted fats
rom pesticide analytes.

Improving sample preparation and optimising chromatographic
onditions can help to reduce matrix effects in LC methods. Mod-
fication of the mobile phase composition is another alternative.
hus, Mol et al. [76] reduced matrix effects using acetonitrile as an
xtraction solvent instead of methanol or acetone, for all the tested
nimal matrixes. Bogialli et al. [57] increased ion signal intensi-
ies for some poorly recovered carbamates from milk extracts by
ecreasing the strength of the LC mobile phase.

.3.2. Effective compensation
Calibration with matrix-matched standards and/or addition of

nalyte protectants to sample extracts have been proposed for
asking active sites and limiting matrix effects [77]. Matrix-
atched calibration standards are prepared in a solution that

orresponds as closely as possible to the composition of the sam-
le solution. Such matrix calibration standards are prepared by

he addition of pure pesticides to blank extracts, i.e. ones that
ave undergone the clean-up procedure, as varied as a medium

at composite food [96], meat-based baby food [78], and chicken,
ork and lamb meats [37,38]. Several drawbacks associated with
atrix-match calibration have been reported. These included (a)
218 (2011) 1021–1036

problems obtaining totally residue-free matrices for some food
products [50], (b) difficulties getting a blank matrix for every
commodity or alternatively a representative blank extract for a
defined range of food-stuffs [19], (c) gradual accumulation of
non-volatile matrix components in the GC system, thus reducing
column lifetime and ruggedness of the method [109], (d) additional
workload, thus increasing the time and cost of analyses [17]. The
calibration approaches, calibration using external matrix-matched
standards and calibration using internal standards, can also com-
pensate for the matrix effect in pesticide residue analysis by LC–MS
[17,19]. This approach respects the previously discussed limitation
of obtaining totally residue-free matrices for every sample type.
Another approach in GC is the use of analyte protectants. Using
compound additives to minimise the matrix-induced response
enhancement was first attempted in the early 1990s by Erney and
Poole [110]. Later, various additives were evaluated as analyte pro-
tectants for overcoming the matrix effect in pesticide analysis in
fruits and vegetables [108,109,111]. To our knowledge, the use
of analyte protectants has not been mentioned in the published
scientific literature on pesticide analysis in animal tissue. How-
ever, the use of analyte protectants is officially considered as a
practical alternative approach to minimising matrix effects in GC
analyses [77]. Another option, reported as the most effective way
to negate matrix enhancement or suppression effects, is calibra-
tions using isotope-labelled analytes as internal standards [77].
However, some restrictions should be pointed out, (1) availability
of such compounds, (2) cost, (3) not well suited to multi-residue
methods [19].

8. Conclusion

The determination of pesticide residues in the environment
and in foods is necessary for ensuring that human exposure to
contaminants, especially by dietary intake, does not exceed accept-
able levels for health. Consequently, robust analytical methods
have to be validated for carrying out both research and monitor-
ing programmes, and thus for defining limitations and supporting
enforcement of regulations. In this field, reproducible analytical
methods are required to allow the effective separation, selective
identification, and accurate quantification of pesticide analytes at
low levels in food-stuffs including foods of animal origin.

One analytical challenge in the food safety is to present reliable
results with respect to official guidelines, as fast as possible without
impairing method properties such as recovery, accuracy, sensi-
tivity, selectivity, and specificity. Classical extraction procedures
including homogenisation of food matrices, solvent extraction of
analyte compounds, liquid–liquid partitioning, and clean-up steps
are tedious and time-consuming, require a lot of handling, and use
large volumes of solvents. These conventional methods are still
widely used because they have been proved to be reliable. How-
ever, advances in sample preparation aim to minimise laboratory
solvent use and hazardous waste production, save employee labour
and time, and reduce the cost per sample, while improving the effi-
ciency of the analyte isolation. Newer developments in extraction
and clean-up steps involve alternative techniques such as accel-
erated solvent extraction (ASE), solid-phase extraction (SPE), and
matrix solid-phase dispersion (MSPD). As described in this review, a
few drawbacks mean that additional improvements are required in
order to adapt these methods for use with the various food matrices
of animal origin. However, these techniques appear promising.
In the 1990s, mass spectrometry (MS) was mostly used to con-
firm identification of analytes after quantification by means of
specific detection methods such as ECD, FPD, and NDP. During
the last decade, MS has tended to be used largely for direct iden-
tification and quantification of the pesticide compounds in the
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xtracts. However single quadrupole MS is restricted to screening
urposes since these instruments do not meet the more recent cri-
eria set by the EU, especially those regarding the requested number
f identification points. In the 2000s, tandem-MS was also used
or identification and quantification of pesticide residues in food.
he enhanced selectivity afforded by tandem-MS detection may
lso contribute to the simplification of the extraction procedure,
f attention is paid to ion suppression phenomena. At this point,
he use of triple quadrupole and ion trap analysers has been widely
eported in the scientific literature in this field of research. Recently,
C–TOF-MS was used for screening pesticide residues, confirming
he identification of contaminant compounds, and elucidating the
tructure of their metabolites in honey and plant extracts. In the
ear future, therefore, it would be interesting to assay this high-
esolution mass spectrometry detection technique for research
urposes on pesticide residues and their possible metabolites in
oods of animal origin. Indeed, in the food safety research field, it
ould be valuable for identifying pesticide degradation products
eo-formed during various food processes.

On the other hand, two-dimensional gas chromatography
GC × GC) coupled with TOF-MS has been adapted to the determi-
ation of multiple pesticide residues in fruit [105]. In the same way,

uture developments could explore the adaptation of this technique
o meat, fish, milk and related matrices. This technique appears
ffective at eliminating the matrix effect on the detector site.

However, the study of new and effective analyte protectants for
C analysis would be an appreciable improvement in this topic.

n the meantime, the use of matrix-matched standards and stan-
ard addition calibration is a good solution for reducing the matrix
nhancement effect.

Finally, the role of LC–MS in analysing pesticide residues, their
etabolites and degradation products in fruits and vegetables has

ecently been expanding. No doubt, this will soon have repercus-
ions on the analysis of foods of animal origin.
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[109] K. Maštovská, S.J. Lehotay, M. Anastassiades, Anal. Chem. 77 (2005) 8129.
[110] D.R. Erney, C.F. Poole, J. High Resolut. Chromatogr. 16 (1993) 501.
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