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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description
of the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as a
global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
four decades, as reflected in the more than 150 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contribu-
tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific
understanding, and provides a valuable source not only for scientists but also for
environmental managers and decision-makers. Today, the series covers a broad
range of environmental topics from a chemical perspective, including methodolog-
ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include
life cycle analysis, environmental management, sustainable development, and
socio-economic, legal and even political problems, among others. While these
topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a
particular emphasis on chemistry, but also covering biology, geology, hydrology
and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of
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viii Series Preface

“pure” chemistry, including those in industry, business, government, research
establishments, and public interest groups. It would be very satisfying to see
these volumes used as a basis for graduate courses in environmental chemistry.
With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their
knowledge on the different aspects of environmental problems, presenting a wide
spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via www.springerlink.com/content/110354/. Articles are published online as soon
as they have been approved for publication. Authors, Volume Editors and
Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new
topics to the Editors-in-Chief are always very welcome.

Damia Barceld
Andrey G. Kostianoy
Series Editors


https://www.springerlink.com/content/110354/

Preface

The book on “Pyrethroid Insecticides” is based on the scientific developments and
results achieved along several years of research. Pyrethroid insecticides, introduced
in the late 1970s, actually represent 25% of global sales of insecticides. In the last
decades, they have increasingly replaced organochlorine pesticides due to their
relatively lower mammalian toxicity, selective insecticide activity and lower envi-
ronmental persistence. They are considered to be “safe” because they are converted
to non-toxic metabolites by oxidative metabolism in fish and by hydrolysis in
mammals. However, recent studies demonstrated their environmental ubiquity,
their bioaccumulation and their toxicity in different aquatic and terrestrial
organisms and even in humans.

This book aims to review and compile the main developments and knowledge
acquired over many years of study from a multidisciplinary way, including
analytical chemistry, environmental, biological and toxicological developments.
The book is structured in 12 different chapters, covering the state of the art of
analysis, fate and behaviour and toxicity of pyrethroid insecticides. Experts in the
field provide an overview of their physico-chemical properties and uses, the
advanced chemical analytical methods, the occurrence in environment and biota,
the isomeric and enantiomeric behaviour, the toxicological effects and the human
exposure. Finally, the last chapter concerns the main conclusions and future trends,
being the starting point to be taken in mind for the future studies in the field of
pyrethroid insecticides.

We hope the book will be of interest to a broad audience of scientific researchers
as well as for authorities and producers. Finally, I would like to thank all the
contributing authors of this book for their time and effort in preparing this com-
prehensive compilation of research papers.

Barcelona, Spain Ethel Eljarrat
January 2020
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Abstract During the 1920s, pyrethrin was studied because of its potential as a
precursor for synthetic organic pesticides. The first pyrethroid pesticide, allethrin,
was identified in 1949. It is a type I pyrethroid because of a carboxylic ester of
cyclopropane. Type II was created with the addition of a cyano group in a position.
Some phenylacetic 3-phenoxybenzyl esters missing the cyclopropane but with the
cyano group are also considered type II. In the 1970s, pyrethroids transitioned from
mere household products to pest control agents in agriculture. Later, pyrethroids
have replaced organophosphate pesticides in most of their applications the same way
the latter had replaced organochlorinated pesticides before. Works on the optimisa-
tion of pyrethroids has granted them better photostability without compromising
their biodegradability, as well as selective toxicity, metabolic routes of degradation
and more effectivity, translating into the use of smaller amounts. Most pyrethroids
present different isomers, each with different biological activity and, therefore,
different toxicity. Pyrethroids account for a quarter of the pesticides used nowadays.
Pyrethroids’ relative molecular mass is clearly above 300 g mol™'; they are highly
hydrophobic, photosensitive and get easily hydrolysed, with degradation times
below 60 days. They are not persistent and mammals can metabolise them.
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2 O. Aznar-Alemany and E. Eljarrat

However, pyrethroids have been proven to bioaccumulate in marine mammals and
humans. Studies in mammals reported carcinogenic, neurotoxic and immunosup-
pressive properties and potential for reproductive toxicity mainly. Acceptable daily
intake values and no observed adverse effect level values have been established at
0.02-0.07 mg (kg body weight) ' day ' and 1-7 mg (kg body weight) ' day .

Keywords Chemical structures, Metabolisation, Pest control, Pesticides,
Physicochemical properties, Pyrethroids, Toxicity

Abbreviations

ADI Acceptable daily intake

BAF Bioaccumulation factor

BCF Bioconcentration factor

DDT Dichlorodiphenyltrichloroethane
DTsg Degradation time for 50% of the substance
EFSA European Food Safety Authority

EPA Environmental Protection Agency
1Csg Half-maximal inhibitory concentration
Kow Octanol-water partition coefficient
LOD Limit of detection

LOEC Lowest observed effect concentration
M, Relative molecular mass

MRL Maximum residue level

NOAEL No observed adverse effect level
NOEC No observed effect concentration
POP Persistent organic pollutant

1 History and Impact

During the 1920s, pyrethrin was studied because of its potential as a precursor for
synthetic organic pesticides. Pyrethrin was extracted from pyrethrum, a plant of the
family of chrysanthemums [1]. Research on synthetic organic pesticides increased in
the 1930s, and in 1939, dichlorodiphenyltrichloroethane (DDT) was synthesised.
It proved to be effective for many plagues. DDT was so effective that other
organochlorinated compounds were studied with the aim of obtaining cheap and
persistent pesticides.

At first, pesticides were not considered to affect health or the environment.
However, in 1962 Rachel Carson published Silent Spring, where she warned about
the effects of pesticides on the environment with the image of dead birds in her
garden.
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This field observation prompted several research studies about environmental and
mesocosm models focused on the assessment of pyrethroids and other pesticides
[1]. As a consequence, some regulation agencies came into existence. In 1970, the
Environmental Protection Agency (EPA) was founded. From that moment on, the
use of organochlorinated compounds was restricted or banned as they were consid-
ered toxic and contaminant [2, 3]. Nevertheless, they are still allowed to fight malaria
[4-6].

In the 1940s, it was discovered that many organophosphate compounds had
unique properties for the protection of plants — and that the most volatile and toxic
could be used as chemical weapons. However, not until the 1960s did organophos-
phate compounds become popular. At the end of the same decade, there was an
increasing interest in carbamate pesticides.

Organophosphates and carbamates had simple structures, and it was easy to
synthesise analogous derivatives. They also showed some advantages over
organochlorinated pesticides [1]. They were selectively toxic with different effects
depending on the species; they affected insects more than mammals [7]; the effects
on mammals occurred mostly after intense exposition rather than accumulation; they
were more biodegradable, therefore, less persistent, and they allowed the creation of
compounds that stay inside the plants for a few weeks and protect them. On the other
hand, regulations and bans on the use of organophosphates and carbamates emerged
as a consequence of new data on their actual toxicity [8]. Toxicology studies are a
key element of the development of new pesticides nowadays.

In the 1970s, pyrethroids stopped being mere household products to become pest
control agents in agriculture. Moreover, in the last couple of decades, pyrethroids
have replaced organophosphate pesticides in most of their applications the same way
the latter had replaced organochlorinated pesticides before [9, 10]. Pyrethroids were
very effective.

Works on the optimisation of these derivatives from pyrethrin had been going on
for decades, and several improvements were achieved [1]. Their photostability was
improved without compromising their biodegradability. They achieved a selective
toxicity and metabolic routes of degradation — that were different for cis and trans
isomers. They were produced as fumigants as well as soil pesticides. And they were
made more powerful so that smaller amounts would need to be used and environ-
mental contamination would be reduced.

The development of pyrethroids included some aspects that helped reduce the
impact of pesticides on the environment: higher effectiveness implying smaller
amounts of product needed, selective toxicity, concern on the occurrence of pesti-
cides in the environment and replacement of persistent compounds with degradable
compounds [1].
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Fig. 1 Pyrethroid types
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2 The Compounds

The first pyrethroid pesticide, allethrin, was identified in 1949 [11]. It is a type I
pyrethroid because of the carboxylic ester of cyclopropane. Type Il was created with
the addition of a cyano group in o position, which increased the pesticide effect of
pyrethroids (Figs. 1, 2 and 3).

Additionally, pesticide activity was detected in some phenylacetic
3-phenoxybenzyl esters that missed the cyclopropane but had the cyano group
[11]. These esters were still considered type II pyrethroids and originated com-
pounds such as fenvalerate.

Due to the cyclopropane and the cyano group, most pyrethroids present different
isomers, each with different biological activity and, therefore, different toxicity.
Type I pyrethroids have two chirality centres, hence two diastereoisomers or enan-
tiomeric pairs. Type II pyrethroids present three chirality centres, hence four diaste-
reoisomers. The bonds that are responsible for the existence of enantiomeric pairs
are represented with winding lines in Figs. 2 and 3. These diastereoisomers
present different properties [12]. More detailed information of pyrethroid stereo-
selectivity is presented in Chapter “Stereoselectivity and Environmental Behaviour
of Pyrethroids”.

Pyrethroids account for a quarter of the pesticides used nowadays [1, 13]. They
were believed to be the ideal pesticides because they are not persistent and were
thought to be metabolised and not bioaccumulate [14, 15]. Thus they replaced the
previously banned pesticides. Total organic pesticide production in the United States
increased from about 15 tons per year in 1945 to over 630 tons per year in 1976
[16]. In 2006 over 433 tons of pesticides were used worldwide, 400 tons in 2007
[17]. Pyrethroids account for about 25% of the pesticide use.

Pyrethroids have applications as pesticides in households, in commercial prod-
ucts and in medicine against scabies and lice (Table 1). In tropical countries,
mosquito nets are impregnated with solutions of deltamethrin, cyhalothrin or
cypermethrin to control malaria [11].

3 Properties

Pyrethroids present somewhat similar physicochemical properties among them
(Table 2). Their relative molecular mass (M,) is clearly above 300 gmol '. They
are highly hydrophobic, with logarithm of the octanol-water partition coefficient
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Fig. 2 Type I pyrethroids

(Kow) between 4 and 7, and show low very low solubility in water of a few pgL™".
Pyrethroids are photosensitive and get easily hydrolysed; therefore their degradation
time for 50% of the substance (DTsg) — indicating persistence — is very low, below
60 days [21].

Organic contaminants include a wide variety of families. Some of them have been
considered persistent organic pollutants (POPs). The Stockholm Convention on
Persistent Organic Pollutants defined four factors that make a compound dangerous
and that qualify it as a POP [22]. These are the requirements a compound needs to
meet to be included in the list of the Stockholm Convention:
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Table 1 Pyrethroid applications [18-20]

Insects Crops Others

Ants, bedbugs, beetles, cater- | Alfalfa, apple, bean, beetroot, Forests, gardens, grass,
pillars, cockroaches, flies, cereal, citrus, coffee, cotton, greenhouses, households,
greenflies, lice, lobsters, fig, grape, green bean, lettuce, | industries, ornaments, pets,
locusts, mites, mosquitoes, melon, olive, onion, pea, peach, | public health, shampoo,
moths, termites, wasps, peanut, pear, potato, rice, seeds, | shops, warehouses, wood
whiteflies soy, sugarcane, sunflower, tea,

tobacco, tomato, walnut,
watermelon, wheat
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Table 2 Properties of pyrethroids [21]

Molecular M, log Water solubility at DTsg

Pyrethroid Type | formula (gmol™) | K., |20°C (ugL™") (days)
Allethrin | C9H5605 302.4 496 |0.1 -
Bifenthrin I C,3H,,0,CIF; 4229 6.6 1 26
Imiprothrin | C17H,N,04 3184 2.43 193,500 -
Kadethrin I Cy3H5404S 396.5 629 |14 -
Permethrin 1 C,H,(,05Cl, 391.3 6.1 200 13
Phenothrin | Cy3Ho605 350.5 6.01 |9.7 -
Prallethrin I C9H5405 300.4 449 38,030 -
Resmethrin 1 CyHy605 338.5 543 |10 30
Tetramethrin | I CoH,5NO, 3314 4.6 1,830 3
Transfluthrin | I C,5H,ClL,F40, 371.2 5.46 |57 7
Cyfluthrin i CH sNO;CLF 4343 6 6.6 33
Cyhalothrin I Cy3H9NO3CIF; | 449.9 6.9 4 57
Cypermethrin | II C,,H;oNO;Cl, 416.3 5.3 9 60
Deltamethrin | II C,,HoNO3Br, 505.2 4.6 0.2 13
Fenvalerate 1I C,5sH,,NO5Cl 419.9 501 |1 40
Flumethrin I CysH2,CLENO3 | 510.4 - - -
Fluvalinate I C,6H2oN,05CIF; | 502.9 385 |2 7
Tralomethrin | IT C»,H9oNO3Bry4 665.0 5 80 3

1. To be persistent in the environment. POPs have half-lives greater than 2 months
in water or greater than 6 months in soil and sediment.

2. To bioaccumulate. POPs have bioconcentration factors (BCFs) or
bioaccumulation factors (BAFs) in aquatic species greater than 5,000 or, when
unknown, their log K., is greater than 5.

3. To have potential for long-range transport. POPs are detected far from the
emission source; data show they have been transported via air (half-live in air
over 2 days), water or migratory species.

4. To have adverse effects. POPs are proved to have adverse effects on human
health or on the environment.

The original list of the Stockholm Convention included 12 POPs that were
banned or restricted. Eight of them were organochlorinated pesticides: aldrin, endrin,
dieldrin, chlordane, DDT, heptachlor, mirex and toxaphene. These pesticides were
considered safe when they first entered the market, but data proved them to cause
long-term adverse effects on human health and on the environment. New com-
pounds have been added to the list throughout the years.

Some other compounds, like pyrethroids, cannot be classified as POPs, but cause
concern in the scientific community due to their properties, sometimes close to those
of POPs. Pyrethroids have logarithms of K, on the limit of POPs and affect
organisms by design. However, they are not persistent and thus cannot be
transported long distances and mammals can metabolise them [14, 23]. Conversely
they have been proved to bioaccumulate in marine mammals and humans [24, 25].
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More detailed information of bioaccumulation of pyrethroids in wildlife and
humans is presented in Chapter “Bioavailability and Bioaccumulation of Pyrethroid
Insecticides in Wildlife and Humans”.

The Water Framework Directive (Directive 2000/60/EC) named a group of pesti-
cides that could be toxic, persistent and bioaccumulate. Among them, cypermethrin
was listed. Due to their production volume and extensive application, pesticides such
as pyrethroids are always present in the environment despite not being persistent and
are therefore considered pseudo-persistent organic contaminants [26].

4 Metabolisation

The capacity of mammals of metabolising pyrethroids has been regarded as one of
the best qualities of these pesticides. The metabolisation route differs with the
organism. However, the routes are equivalent for many mammals, and the mecha-
nism in humans will serve as an example.

The liver is the main organ responsible for disintoxication in humans, although
other organs and tissues possess the required enzymes to treat xenobiotics. This
disintoxication usually proceeds in two steps [27]. The first step consists in increas-
ing the polarity of the xenobiotic molecular through processes like hydroxylation,
deamination or the N-oxidation. In the second step, the metabolite — which is more
polar than the original molecule — is combined with endogen products of the cell,
such as methyl or acetyl groups, monosaccharides or amino acids. This increases the
metabolite solubility making it easier for it to be excreted in urine. This is the reason
why exposition of humans to pyrethroids is studied through the analysis of their
metabolites in urine [28].

The first step of the metabolisation of pyrethroids in humans can occur through
two pathways. One is the breakdown of the ester to produce carboxylic acid and the
corresponding alcohol by the action of carboxylesterases [29]. Then, alcohol can be
oxidised to a benzoic acid (Fig. 4).

The carboxylesterases required for this metabolisation are found in the plasma of
mammals at higher concentrations than in fish or birds [30]. This could be a factor in
explaining the lower toxicity of pyrethroids in mammals.

On the other hand, carboxylesterases present isoenzymes that can be found in
different proportions in each individual depending on factors such as species, age or
gender [30]. Each isoenzyme can have a different activity on different isomers of
pyrethroids, thus making the capacity of metabolising these compounds change not
only among species, but also among individuals of different age and gender [31].

The second pathway for the first step of the metabolisation of pyrethroids in
humans is hydroxylation by monooxygenases. The process usually undergoes trans-
formation via both pathways producing secondary products such as 4-hydroxy-3-
phenoxybenzoyl and 4-hydroxy-3-phenoxylbenzaldehyde for permethrin. These
compounds can be stronger endocrine disruptors than their non-hydroxylated
analogues [32].
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However, it is important to note that despite the fact that mammals can metabolise
pyrethroids, studies have shown that they can also bioaccumulate these pesticides
[25, 33].

5 Toxicity

Exposition of organisms to pyrethroids causes concern due to the toxicity of the
pesticides [34]. Recent studies in mammals reported carcinogenic, neurotoxic and
immunosuppressive properties and potential for reproductive toxicity [12, 35,
36]. Type I pyrethroids cause tremors and reflex hyperexcitability, while type II
cause hyperexcitability, salivation, seizures and choreoathetosis [37].

The main action of pyrethroids is on the sodium channels and chloride channels,
which drive the ions through the cell membrane [1, 11, 13]. Pyrethroids lower the
threshold of the action potential of nerve cells and muscle cells and cause repeated
stimulation [7, 38]. At high concentrations, the entrance of sodium can prevent the
generation of the action potential, block conduction and cause paralysis. Small
amounts are sufficient to affect the sensitivity of nerve cells.

Type II pyrethroids also decrease the flux of chloride through the chloride
channels. Additionally, relatively high concentrations of type II pyrethroids can
affect the receptors of y-aminobutyric acid and cause cataleptic attacks, which
have been documented in humans [11, 37].
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Pyrethroids are about 2,250 times more toxic for insects than mammals. Insects
have more sensitive sodium channels, smaller bodies and low body temperatures.
Moreover, the absorption through the skin in mammals is weak, and they can
metabolise them into non-toxic compounds fast [11].

Human exposition to pyrethroids has been documented studying their metabolites
in urine of German children and teenagers [28], in hair and blood of pregnant women
and meconium of babies [39], in plasma of pregnant women from rural areas of
South Africa [40] and in human milk [25, 33].

A few studies focused on marine organisms including different tissues of
Brazilian dolphins [24, 41], Mediterranean dolphins [42] and wild and edible fish
from Spanish rivers [43].

Seafood production has experimented a 3.2% yearly growth since 1961
[44]. Aquaculture is responsible for half of the seafood production worldwide, and
the world annual fish consumption per capita is about 20 kg. While concern about the
application of pyrethroids in fish farms against fish parasites exists, pyrethroid
ingestion has been reported to be below the accepted daily intake (ADI) [45].
More detailed information of effect of salmon industry in the marine environment
is presented in Chapter “Environmental Risks of Synthetic Pyrethroids Used by the
Salmon Industry in Chile”.

Most of the professional exposure is due to skin absorption. The main effect of
dermal exposition is paresthesia, probably caused by the hyperactivity of cutaneous
nerves, especially on the face. Paresthesia increases with stimuli such as heat,
sunlight, sweat or contact with water [11]. Paresthesia disappears in 12-24 h and
no special treatment is required. However, topical administration of vitamin E can
reduce its symptoms.

Ingestion of pyrethroids causes sore throat, nausea, vomit and abdominal pain in a
few minutes. Mouth ulcers, increased secretion or dysphagia may occur [11]. Inha-
lation is less important, but it increases when pyrethroids are used in closed spaces.
Systemic effects appear 4—48 h after exposition. The effects usually include dizzi-
ness, headache and tiredness. Less frequent effects are palpitations, chest oppression
and blurry sight.

Regarding long-term exposition to pyrethroids at low concentrations, a study in
humans concluded that chronic toxicity of pyrethroids does not cause any specific
symptoms. What could be detected were combinations and correlations of symptoms
caused by the accumulative effect of pyrethroids in nerve tissue such as brain
dysfunction, polyneuropathy, immunosuppression or motor problems due to multi-
ple sclerosis or Parkinson disease [46, 47]. It was also suggested that chronic toxicity
of pyrethroids affect fertility. This hypothesis was proved in rats being administered
small doses of permethrin for a maximum time period of 2 months [48].

On the other hand, these results have been criticised [49] because of the exper-
imental design [50], because pyrethroids were not believed to cause irreversible
effects according to studies on sodium channels [51] or because it was thought that
mammals did not bioaccumulate them [52].

Other studies researched the chronic toxicity of cis-bifenthrin in Daphnia magna
and its cytotoxicity in ovarian cells of Chinese hamster (Cricetulus griseus) and in
human cervical carcinoma cells [53]. The lowest observed effect concentration
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(LOEC) and the no observed effect concentration (NOEC) for daphnia were 0.02
and 0.01 pgL™", respectively. The chronic value was 0.014 pg L ™', Half-maximal
inhibitory concentration (ICsp) for hamster ovarian cells and human carcinoma
cells were 3.2 x 107> and 4.0 x 10> molL™", respectively. These data proved
the chronic toxicity of cis-bifenthrin in both invertebrates and mammals.

Male Wistar rats were administered for a year a mixture of pyrethroids equivalent
to a Sth or a 25th of what is in cereals and vegetables consumed by an average Indian
adult [54]. Altered oxidant and antioxidant status; severe anatomical damage in the
caput, cauda, kidney, liver, lung, prostate and testis; and increased serum glutamate-
pyruvate transaminase, serum glutamic oxaloacetic transaminase and alkaline
phosphatase activity were clear for all the groups. Decreased levels of 3p- and
17B-hydroxy steroid dehydrogenase activity, litter size and impaired acrosome
reaction were detected in all the groups. Exposure to very low levels of pyrethroids
for longer periods may cause damage to important tissues and male reproductive
physiology [54]. Cypermethrin has been reported to cause adverse effects on the
immune system, fertility, the liver metabolism and cardiovascular and enzyme
activity in vertebrates, and a recent study suggests that it reduces the ovarian reserve
in mice via apoptosis in granulosa cells by mitochondrial-related pathways [55].

An important toxicological parameter for pyrethroids is their enantiomeric com-
position as different isomers can present different toxicities [S6-58].

6 Legislation

No pesticide can be used in the European Union unless it has been proved to be
effective against pests and to be safe for the human health and the environment.

The European Union regulates the sustainable use of pesticides in order to
regulate their risks and impacts on human health and the environment [59]. Directive
2009/128/EC includes key points about national action plans, education for profes-
sional consumers and pesticide distributors, public information and awareness,
aerosol regulation, minimisation of use or ban of pesticides, revision of equipment
and integral management of pests with limitation of chemical products.

Pesticides leave residues in the treated products. The maximum residue level
(MRL) is the highest concentration of a pesticide allowed by the regulation. The
European Commission establishes MRLs at concentrations that are safe for the
consumers and as low as possible. The MRLs are available at the European Union
Pesticides database [60] (Tables 3 and 4).

MRLs have been set for about 1,100 compounds in over 300 fresh products and
for the same products after processing in order to take into account dilution or
concentration effects. When MRLs for a pesticide are not stated, the accepted default
value is 0.01 pgg~', which usually corresponds to the limit of detection (LOD)
[59]. The European Food Safety Authority (EFSA) assesses the safety for every
consumer group — adults, kids, vegetarians, etc. — based on the pesticides’ toxicity
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Table 3 Maximurp re?sidue Product Limits (g gfl)
levels for pyrethroids in 1. Fruits and nuts 0.01-0.5
different products [60]
2. Vegetables 0.01-2
3. Pulses 0.01-1
4. Oilseeds and oilfruits 0.01-1
5. Cereals 0.02-2
6. Tea, coffee, infusions, cocoa and carobs 0.01-5
7. Hops 0.1-30
8. Spices 0.01-1
9. Sugar plants 0.01-0.5
10. Products of terrestrial animals 0.01-3
Tissue 0.02-3
(a) Swine 0.01-3
Fat 0.05-3
Liver 0.01-0.5
(b) Bovine 0.01-3
Fat 0.05-3
Liver 0.01-0.2
(c) Sheep 0.01-3
Fat 0.05-3
Liver 0.01-0.5
(d) Goat 0.01-3
Fat 0.05-3
Liver 0.01-0.5
(e) Equine 0.01-3
Fat 0.05-3
Liver 0.01-0.5
(f) Poultry 0.01-0.2
(g) Others 0.01-3
Fat 0.01-3
Liver 0.01-0.5
Milk 0.02-0.2
Bird eggs 0.01-0.1
Honey 0.01-0.05
Amphibians and reptiles 0.01-0.05
Terrestrial invertebrate animals 0.01-0.05
Wild terrestrial vertebrate animals 0.01-0.05

and the maximum typical concentrations of pesticides in food from the different diets
around Europe.

Additionally, acceptable daily intake (ADI) values and no observed adverse effect
level (NOAEL) values have been established. ADI values for pyrethroids are
between 0.02 and 0.07mgkg 'day ™' (mg of pyrethroid per kg of consumer’s
body weight per day), and NOAEL values are set between 1 and 7mgkg ' day '
[36] (Table 4).
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Table 4 IDA and NOAEL values for pyrethroids [36]

Pyrethroid IDA (mgkg ' day ") NOAEL (mgkg ™' day ™)
Bifenthrin 0.02 1.5

Cyfluthrin 0.02 2

Cyhalothrin 0.002

Cypermethrin 0.05 1.5

Deltamethrin 0.01 1

Etofenprox 0.03 3.1

Permethrin 0.05 5

D-Fenothrin 0.07 7

Current relevant regulation for pyrethroids is:

e Regulation 283/2013/EU — Commission Regulation (EU) No 283/2013 of
1 March 2013 setting out the data requirements for active substances, in accor-
dance with Regulation (EC) No 1107/2009 of the European Parliament and of the
Council concerning the placing of plant protection products on the market.

e Regulation 284/2013/EU — Commission Regulation (EU) No 284/2013 of
1 March 2013 setting out the data requirements for plant protection products, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament and
of the Council concerning the placing of plant protection products on the market.

* Regulation 1107/2009/EC — Regulation (EC) No 1107/2009 of the European
Parliament and of the Council of 21 October 2009 concerning the placing of plant
protection products on the market and repealing Council Directives 79/117/EEC
(ban on some active substances) and 91/414/EEC (commerce of phytosanitary
products).

* Directive 2009/128/EC — Directive 2009/128/EC of the European Parliament and
of the Council of 21 October 2009 establishing a framework for community
action to achieve the sustainable use of pesticides.
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Abstract In this chapter, an overview of different aspects of current analytical
methodologies such as sample preparation, extraction, purification, and instrumental
analysis for pyrethroids is discussed. Recent development in sample preparation and
extraction is presented. Regarding instrumental analysis, gas chromatography
(GC) coupled to electron capture detection or mass spectrometry (MS) including
tandem MS is generally preferred for analysis of pyrethroids. Although liquid
chromatography has been used as a possible solution to reduce isomerization of
pyrethroids that can occur at higher temperature, the advantages and disadvantages
of different instrumental techniques are discussed here.
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1 Introduction

Pyrethroid insecticides were developed to replace organophosphorus pesticides,
which were largely used in the past three decades and were demonstrated to have
potentially toxic effects on humans [1]. Pyrethroids are the synthetic analogues of
pyrethrins which were developed as pesticides from the extracts of dried and
powdered flower heads of Chrysanthemum cinerariaefolium. Because of the rapidly
decomposition of pyrethrins in the presence of light, pyrethroids were developed to
increase stability to light and residence time in the environment, maintaining the
effective insecticidal activity of the pyrethrins [2]. Pyrethroids are persistent com-
pounds with high hydrophobicity (log Kow 5.7-7.6) [3, 4] and very low water
solubility (a few 1g/L), so they preferentially adsorbed to solid particles [S]. They can
persist in the environment for few months before being degraded [6, 7] and can be
bioaccumulated in aquatic organisms [8, 9] and humans [10, 11]. Aquatic organisms
such as invertebrates and fish are extremely sensitive to the neurotoxic effect of these
insecticides. In fish (e.g., bluegill and lake trout), LC50 values were estimated to be
less than 1 g/L [12]. Regarding their effects on humans, reversible symptoms of
poisoning and suppressive effects on the immune system have been reported
[13]. Moreover, pyrethroids have been included in a list of suspected endocrine-
disrupting chemicals [14]. The development of analytical methods for the analysis of
pyrethroid insecticides is very important, considering their large usage for domestic
and agricultural pest control applications and their presence in the environment and
in food and their capacity to be bioaccumulated by organisms. Table 1 shows a list of
pyrethroids usually determined in environmental, biological, and food samples. In
addition to conventional extraction methods (e.g., liquid-liquid extraction or solid-
phase extraction for liquid samples and sonication or pressurized liquid extraction
for solid samples), new methods simple and rapid with reduced reagent use
have been recently developed for the extraction of pyrethroids from environmental,
biological, and food samples. Examples of these are the liquid-liquid
microextraction based on solidification of floating organic droplet used for liquid
samples or QUEChERS (stands for quick, easy, cheap, effective, rugged, and safe)
method applied to solid samples. Following extraction and purification, the detection
and quantification of pyrethroids can be performed by gas chromatography
(GC) combined with electron capture detection (ECD) or mass spectrometry (MS),
as well as by liquid chromatography (LC). This chapter describes the various aspects
of sample preparation, extraction, purification, and instrumental analysis of synthetic
pyrethroids in different environmental and food matrices mainly focusing on the
development made in the last 15 years.
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2 Sample Preparation

Table 2 synthesizes the recent analytical techniques in terms of extraction,
purification, and instrumental analysis showing recoveries and method limit of
detection (MLOD) for determination of pyrethroids in environmental and food
matrices.

2.1 Extraction from Water Sample

Pyrethroid concentrations in water are generally low, as they are preferentially
sorbed to soil or sediment, due to their hydrophobic character. Thus, analytical
methods for determination of pyrethroids in water should include extraction and
pre-concentration to reach the required limits of detection. Liquid-liquid extraction
(LLE) is the most common extraction technique for water samples. Its main draw-
backs are the high solvent consumption and the long analysis time. For this reason,
alternative extraction methods in which solvent consumption and time of analysis
are reduced were introduced. Among these are solid-phase extraction (SPE), solid-
phase microextraction (SPME), and stir bar sorptive extraction (SBSE). Moreover,
recently, liquid-liquid microextraction (LLME) and LLME based on solidification of
floating organic droplet (LLME-SFO) have been developed. LLE of pyrethroids
from water uses nonpolar solvents such as dichloromethane [15] and hexane
[16]. After extraction, the sample is dried and redissolved in a small volume of
organic solvent ready to be injected into GC for analysis. Pyrethroid recoveries by
LLE were in the range 75-115% for unfiltered river samples with method limit of
detection (MLOD) of 1-3 ng/L [15] and 94-105% for aqueous solution [16]. Dis-
persive liquid-liquid microextraction (DLLME) assisted by ultrasound was devel-
oped by Yan et al. as a method for the pre-concentration and determination of six
pyrethroids in river water samples [17]. Tetrachloromethane was used as water-
immiscible extractant, and acetone was used as water-miscible dispersive solvent.
Ultrasonic treatment was performed to make the analytes fully extracted into the fine
droplets. The phase separation was performed by a rapid centrifugation. Recoveries
were ranging between 86 and 109%. MLODs were 0.1-0.30 pg/L [17]. A novel
LLME based on solidification of floating organic droplet (LLME-SFO) has been
recently developed by Khalili-Zanjani et al. which was based on the extraction of the
analytes by microliter volume of the extraction solvent (floated on the surface of the
aqueous sample) from the aqueous sample matrix [53]. In this method, small volume
of an organic solvent with a melting point near room temperature (in the range of
10-30°C, such as undecanol and 1-dedecanol) is floated on the surface of aqueous
solution. Transferring the sample in an ice bath, the organic solvent microdrop is
solidified and ready to be transferred into a conical vial where it melts immediately at
room temperature and thus is ready to be injected into a GC for analysis. The
advantages of the method are simplicity of operation, small amount of solvent
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used, good repeatability, low cost, and having very high pre-concentration factors.
Chang et al. analyzed eight pyrethroids in tap water, well water, and river water by
LLME using 1-dodecanol as extraction solvent. Recoveries were 79-114% and
MLOD 2.0-50 ng/L [18]. Ultrasound-assisted emulsification-extraction (UAEE) is
another environmentally friendly analytical methodology that can be applied for
extraction and pre-concentration of a wide range of pyrethroids prior to GC-MS
analysis. Feo et al. used chloroform (1 mL) as immiscible solvent for extraction of
pyrethroids from river water samples. Recoveries were of 63—100% and MLODs of
0.03-35.8 ng/L [29]. A novel green enrichment method for pyrethroid
pre-concentration was temperature-controlled ion liquid-dispersive liquid-phase
microextraction (TILDLME) which was developed by Zhou et al. [28]. An ionic
liquid is used as extraction solvent dispersing it in the aqueous solution under the
drive of temperature. The analytes will more easily migrate into the ionic liquid
phase because of the much larger contact area than that of conventional single drop
liquid microextraction. The method was validated on tap water, groundwater, river
water, and reservoir water samples filtered through 0.45 pm micropure membrane.
Recoveries were 77—136% and MLODs of 280—-600 ng/L [28]. Pyrethroid extraction
by SPE was realized on an Oasis HLB cartridge with subsequent elution with
methanol (MeOH)/acetonitrile (ACN) (50/50 v/v) [19]. Recoveries were of
70-103% for pre-filtered (using 0.45 pm PTFE fiberglass filters) water samples
and claim MLODs of 5.0 x 107-1.5 x 1072 ng/L [19]. C18 cartridge was also
applied to pre-concentrate pesticide traces in both unfiltered groundwater and sea-
water samples adding organic modifiers (methanol or acetonitrile) to water and using
hexane as solvent [20]. Recoveries were of 80-115%, and MLODs were of
0.3-0.7 ng/L and 0.7-1.5 ng/L for seawater and groundwater samples, respectively
[20]. The major drawback of SPE is large sample volume (e.g., >500 mL) required.
For this reason, miniaturized methods (SPME and SBSE) which are simple, solvent-
less techniques were introduced [54, 55]. Parrilla Vazquez et al. developed a
procedure for SPME analysis of pyrethroids in unfiltered groundwater, using
polydimethylsiloxane/divinylbenzene (PDMS/ DVB 60 pm) as the most appropriate
fiber coating [21]. The sample solution was buffered to pH 3 using a phosphate
buffer, and the solution was kept at 65 £ 2°C for 30 min. Recoveries were 92—109%
with MLODs of 3-9 ng/L [21]. Bondarenko found analyzing sediment pore water
recoveries of 56—119% with similar MLODs (30 pm PDMS fiber; 20 min stirring at
600 rpm) [22]. Casas et al. studied the influences (e.g., temperature, fiber coating,
salting out effect, and sampling mode) on the efficiency of pyrethroid extraction
from unfiltered water samples [23]. The best conditions were found to be using
PDMS fibers, direct sampling (D-SPME), at 50°C with an exposure time of only
20 min and without adding salt. The recoveries were 81-125% with MLODs of
0.05-2.18 ng/L [23]. A novel solid-phase microextraction (SPME) fiber coated with
multiwalled carbon nanotubes/polypyrrole (MWCNTSs/Ppy) was prepared with an
electrochemical method and used for the extraction of pyrethroids in natural water
samples. The results showed that the MWCNTs/Ppy-coated fiber was more effective
and superior to commercial PDMS and PDMS/DVD fibers in extracting pyrethroids
in natural water samples. Recoveries were of 83—112%, and MLODs were within the
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range 0.12-0.43 ng/mL [24]. A one-step microwave-assisted headspace solid-phase
microextraction (MA-HS-SPME) has been applied to be a pretreatment step in the
analysis of aqueous pyrethroid residuals by GC analysis [25]. Microwave heating
was applied to accelerate the vaporization of pyrethroids into the headspace and then
being absorbed directly on a SPME fiber under the controlled conditions. Extraction
of pyrethroids from aqueous (at pH 4) was achieved with the use of a 100 m PDMS
fiber, microwave irradiation of 157 W, and sampling at 30°C for 10 min. Recoveries
were between 88.5 and 115.5%, and MLODs were 0.2-2.6 ng/L [25]. The method
was applied to groundwater samples [25]. Van Hoeck et al. developed an SBSE
method for the enrichment of pyrethroids from unfiltered water samples [4]. The
method consists of adding the stir bar in the water sample (10 mL) together with
methanol to minimize wall adsorption. The SBSE method is followed to thermal
desorption (TD) in classical GC split/splitless inlet equipped with a flip top inlet
sealing system. The extraction was performed at room temperature, with stirring at
900 rpm. Recoveries were of 40-80% and MLODs of 0.02-1.4 ng/L [4]. Sequential
SBSE followed by thermal desorption (TD)-low thermal mass (LTM) gas chroma-
tography mass spectrometer (GC-MS) was developed by Ochai et al. [26, 27]. The
usage of dual SBE was to provide more uniform enrichment over the entire polarity/
volatility range for organic pollutants at ultra-trace levels in water. In a first exper-
iment, two stir bars were added to the unfiltered water, the extraction was performed
at room temperature, and then, pyrethroids were desorbed from the two stir bars
directly in the glass desorption liner. Recoveries were low (17-33%) and MLODs
were 3—100 ng/L [26]. In a second experiment, the authors first added one stir bar to
the sample without modifier and then a second stir bar to the same sample after
adding 30% NaCl. The first extraction with unmodified sample was mainly to target
for solutes with high Kow (log Kow > 4.0); and the second extraction with modified
sample solution (containing 30% NaCl) was targeted at solutes with low and
medium Kow (log Kow < 4.0). After the extraction, the two bars were placed in a
single glass desorption liner and were simultaneously desorbed. Recoveries were
82-113% with low MLODs (>10 ng/L) [27]. Molecularly imprinted solid-phase
extraction (MI-SPE) based on selective molecularly imprinted polymers (MIPs) has
been used for the isolation and cleanup of pyrethroid insecticides in aquaculture
seawater [30]. Recoveries were 86—96% and MLODs were 16.6-37.0 ng/L [30].

2.2 Extraction from Soil and Sediment Samples

The interaction between pyrethroids and soil/sediment matrix is much stronger than
it is in water due to the hydrophobic character of pyrethroids [5] and to the
consequently formation of bound residues in soil/sediment [56]. Thus, more exhaus-
tive extraction procedures are required to liberate pyrethroids from the solid matrix.
Conventional methods as Soxhlet extraction have been used for pyrethroid extrac-
tion from sediments although the method is time-consuming and requires a large
amount of solvents. Dichloromethane was used as solvent and by Florisil for the
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cleanup. Recoveries were of 90-135% and MLODs of 0.2—1.5 ng/g [31]. Sonication
has been also used for the extraction of pyrethroids from sediment samples. Xue
et al. used methanol/acetonitrile (50/50 volume/volume) as extraction solvent and
performed the cleanup of the extracts on a Florisil column using dichloromethane/
hexane (20/80 v/v) as eluent [19]. They found recoveries of 71-103% and MLODs
of 3.0 x 107°-1.5 x 107> ng/g [19]. However, Feo et al. used hexane/
dichloromethane (2:1) as extraction solvent in a sonicator for 15 min at room
temperature and performed the cleanup with Florisil cartridge (2 g/15 mL). Ethyl
acetate was used as eluent. Recoveries were of 51-105% and MLODs were of
2.6-62.4 pg/g [6]. In the last years, new extraction techniques have been developed
for solid samples (such as supercritical fluid extraction, solid-phase microextraction,
microwave-assisted extraction, pressurized fluid extraction) with the intent to reduce
the volume of the organic solvent used for the extraction and the time of the analysis.
Pressurized fluid extraction (PFE), which consists of using organic solvents, pumped
into an extraction cell containing the sample and brought to an elevated temperature
and pressure [57], has been used for extraction of pyrethroids from sediments
[15]. PFE was followed by cleanup with gel permeation (GP) (size exclusion), and
dichloromethane was used as eluent. Recoveries were 84—-108% with 0.5—4 ng/g
MLODs [15]. Supercritical fluid extraction consists of using supercritical fluids
(normally water or carbon dioxide), as extraction agents. Supercritical fluids exhibit
a liquid-like density, while their viscosity and diffusivity remain between gas-like
and liquid-like values. Thus, supercritical fluids have lower viscosity and higher
diffusivity compared to organic solvents. The applicability of supercritical fluid
extraction (SFE) for multi-residue analysis was studied for soil samples. The best
efficiency was achieved at 400 bar using methanol as modifier at 60°C. Cleanup was
carried out using C18 cartridge and dichloromethane/hexane (50:50 v/v) as eluent.
Recoveries were 70-97% with MLODs <0.01 mg/kg [33]. A simple solvent-free
method based on headspace SPME (HS-SPME) was developed in order to determine
pyrethroids in agricultural soils [34]. Factors (e.g., extraction temperature, matrix
modification by addition of water, salt addition, and fiber coating) were considered
in optimizing the procedure. The results showed that temperature and fiber coating
were the most significant variables affecting extraction efficiency. Good sensitivity
for all investigated compounds was achieved at 100°C by extracting soil samples
wetted with 0.5 mL of ultrapure water (0% NaCl) employing a polyacrylate coating
fiber. Recoveries were 81-122% with MLODs less than 0.004—1.2 ng/g [34]. Micro-
wave-assisted extraction (MAE) was performed by Esteve et al. for the determina-
tion of synthetic pyrethroids in soil using toluene as extraction solvent and an
irradiation of 700 W for 9 min [32]. Cleanup was performed with 2 g of Florisil
and elution with 20 mL ethyl acetate/hexane 33% (v/v). Recoveries were of
97-106% and MLODs of 0.3-2 pg/L [32]. However, the author observed that
different chemical forms of pyrethroids respond differently at low irradiation
power (between 350 and 700 W) and irradiation time (between 3 and 12 min).
Thus, different extraction conditions are needed to be set for individual pyrethroids
during MAE. The stability of pyrethroids under MAE-optimized conditions still
needed further studies. QUEChERS method was used for the extraction of pesticides
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from different solid matrices including soil. It consists of extracting pesticide with an
aqueous-miscible solvent (e.g., acetonitrile) in the presence of high amounts of salts
(e.g., sodium chloride and magnesium sulfate) and/or buffering agents (e.g., citrate)
to induce liquid phase separation and stabilize acid and base-labile pesticides. Upon
shaking and centrifugation, an aliquot of the organic phase is subjected to further
cleanup using SPE. Then, the mixture is centrifuged, and the resulting supernatant
either can be analyzed directly or can be subjected to minor further treatment before
analysis. The method is simple, rapid, and inexpensive with reduced reagent use. Yu
et al. developed a multi-residue method for pesticides, including pyrethroids, in soil
using QUEChERS sample preparation method. 5 g of soil were extracted with 10 mL
acetonitrile with 1% acetic acid. 4 g anhydrous MgSO4 and 1 g sodium acetate
(NaOAc) were added, and the mixture was shaked [35]. Then, the supernatant was
treated with 900 mg MgSO4, and 150 mg PSA and 150 mg CI18 were used as
sorbents. Recoveries were of 88-96% with MLODs 0.3-5 pg/kg [35].

2.3 Extraction from Air Samples

Pyrethroids were successfully extracted from air samples by SPE method with
Chromosorb 106 and Tenax TA as adsorbents and ethyl acetate as eluent [36]. Recov-
eries were 67% and 117% with both materials [36]. In indoor dust, pyrethroids were
extracted by microwave-assisted solvent extraction (MASE) followed by Florisil
cleanup. The aqueous phase was 1 M sulfuric acid solution containing ascorbic
acid, whereas the nonpolar organic phase was hexane. Recoveries were 84-101%
and MLODs 1-7 ng/g [37]. Sonication was also performed for extraction of pyre-
throids from house dust samples, followed by cleanup using SPE (C18 cartridge). The
recovery range was 51-101% with MLODs of 1-60 ng/g [38]. A method based on the
combination of SPE and SPME for the analysis of pyrethroids in indoor air was
developed [39]. First, air was pumped through a very small amount of Florisil
(60-100 pm mesh) to retain the target analytes. Then the adsorbent, enriched with
the target analytes, was transferred to a 10 mL glass vial in the presence of 100 pL of
acetone and sealed with a cap. The vial was placed into a water bath at 100°C. The
compounds retained by the adsorbent were extracted by exposing an SPME fiber to
the HS of the vial (HS-SPME) for a fixed period of time. The fiber was then inserted
into the injector port, and pyrethroids were desorbed into the GC for 5 min. Recov-
eries were of 77-111% with MLODs of 0.083-4.6 ng/m3 [39].

2.4 Extraction from Biological Samples

Deltamethrin was extracted from biological tissue (liver, kidney, and brain) by
mixing the tissue sample with acetonitrile, centrifuging, and injecting directly the
supernatant onto the LC column [40]. Recoveries from the liver, kidney, and brain
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were 95-114% (MLODs, 0.1 g/mL) [40]. Matrix solid-phase dispersion (MSPD)
extraction was performed for the determination of cypermethrin and deltamethrin in
porcine tissue [41]. Neutral alumina was used as MSPD dispersion adsorbent, and
diatomaceous earth was used as cleanup adsorbent, while n-hexane was the eluent
solvent (20 mL). For cypermethrin, the recoveries were 96-88%, 90-103%,
86-90%, and 98-94% at spiked levels of 0.5 pg/g and 0.2 pg/g for the liver, muscle,
heart, and kidney, respectively [41]. Closely, similar recoveries were found for
deltamethrin [41]. Tissue samples were also extracted by PFE with a Dionex ASE
200. Cleanup of extracts was accomplished using automated GP. The GPC column
was packed with 65 g Bio-Beads of 200-400 mesh size. The eluent was
dichloromethane at a flow rate of 5 mL/min. The sample was a 10 mL
dichloromethane extract [15]. Recoveries were 74-98% (MLODs, 1-3 ng/g)
[15]. The QuEChERS method was successfully applied for extraction of
cypermethrin and deltamethrin from fish product tissues (salmon, arctic char, trout,
mussels, oysters, shrimp, tilapia, and crab). Acetonitrile was the extraction solvent,
and MgSO4 and acetic acid and sodium acetate were added before centrifugation.
Recoveries were of 35-135% and MLODs of 0.3 ng/g [42]. A modified QUEChERS
approach was developed for fish sample by Jia et al. replacing the traditional
acetonitrile with isopropanol [43]. They found that isopropanol improved the extrac-
tion efficiency of the QUEChERS. For the pyrethroids in the protein-matrix samples,
the overall recoveries of 76—-89% for the modified QUEChERS method are better
than those of 69-85% for the original QUEChERS method [43]. MLODs were of
0.008-0.014 pg/mL [43]. Pyrethroids were extracted from heparinized plasma by
SPE cartridges. Plasma samples were loaded on the cartridges, and these were
washed with 4 mL deionized water followed by 4 mL of 40% methanol in water
[44]. Elution was performed with 2 mL of toluene. Samples were reconstituted in
100 pL toluene, ready for GC analysis. Recoveries were of 37-84% and MLODs
were of 17-93 pg/mL [44].

2.5 Extraction from Food Samples

Dispersive liquid-liquid microextraction (DLLME) was developed for determination
of pyrethroids in fruit juice (apple, red grape, orange, kiwi, passion fruit, pomegran-
ate, and guava juice) samples combined with high-performance liquid chromatog-
raphy [47]. Methanol was used as dispersive solvent, while chloroform was used as
extraction solvent. Recoveries were of 84-94% and MLODs were of 2-5 pg/L
[47]. DLLME technique was also employed for the extraction of pyrethroids from
vegetable oil after a preliminary liquid-liquid extraction step. Initially, oil samples
were partitioned in a dimethylformamide (DMF)-hexane mixture, and then DMF
was removed and used as a disperser solvent in the following DLLME procedure in
which 1,1,2-trichloroethane was used as an extraction solvent [46]. Recoveries were
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of 85-109% and MLODs were of 0.02-0.16 mg/kg [46]. Ionic liquid-linked dual
magnetic microextraction (IL-DMME) was developed as novel and facile extraction
technique for determination of pyrethroids in honey samples [45]. The method
consists of a combination of dispersive liquid-liquid microextraction (DLLME)
and dispersive microsolid-phase extraction using an ionic liquid ([CcsMIM]NTT,)
and no-modified magnetic nanoparticles (S-BaFe), respectively [45]. Pyrethroids
were firstly extracted by the ionic liquid, and then the no-modified magnetic
nanoparticle was used to retrieve the ionic liquid containing the pyrethroids. Finally,
pyrethroids were extracted from nanoparticles by sonication using acetonitrile as
solvents. Recoveries were of 87-92% with MLODs of 0.03-0.05 pg/L [45]. Mag-
netic nanoparticles (MNPs) exhibit high selectivity and, in small amounts, can
provide high recovery of analytes, even from large-volume samples. They also
allow easy, rapid isolation of analytes using an external magnetic field. A compet-
itive enzyme-linked immunosorbent assay (ELISA) method was employed for the
determination of cypermethrin and permethrin in agricultural products (wine, fruit,
and vegetable). No further cleanup was needed. Matrix interferences were mini-
mized by diluting with phosphate-buffered saline containing 40% methanol
[48]. Recoveries were 74-99% with MLODs of 5-10 pg/kg [48]. QuEChERS
method was employed for extraction of pyrethroid pesticide residue from rice
grain [49]. Extraction was performed using acetonitrile, MgSO4, and NaCl. Recov-
eries were of 87-117% and MLODs were of 1 pg/kg [49]. SPME was employed for
extraction of pyrethroids from cucumber and watermelon samples using high-
performance liquid chromatography combined with post-column photochemically
induced fluorimetry derivatization and fluorescence detector (HPLC-PIF-FD)
[50]. The optimum SPME conditions were extraction time 30 min, stirring rate
1,100 rpm, extraction temperature 65°C, sample pH 3, soaking time 7 min, desorp-
tion time 5 min, and acetonitrile content 25%. Recoveries were of 91-100% and
MLODs 1.3-5 pg/kg [50]. Liquid-liquid extraction of pyrethroids (cypermethrin and
deltamethrin) from pasteurized milk was performed using acetonitrile as extraction
solvent with cleanup by precipitation at low temperature without additional stages
for removal of fat interferences [51]. Recoveries were of 93% for cypermethrin and
84% for deltamethrin with MLODs of 7.5 ng/L [51]. From human breast milk,
pyrethroids were extracted by sonication with hexan/dichloromethane 2:1 and
cleanup with Florisil cartridge [10]. Eluent was ethyl acetate/dichloromethane 2:1
[10]. Recoveries were of 48-91% and MLODs of 3.1-1,100 pg/g lipid weight
(Iw) [10]. Stir bar sorptive extraction (SBSE)-thermal desorption (TDU)-gas chro-
matography (GC) method was employed for the determination of pyrethroid resi-
dues in tea. As the tea samples were solid, a preliminary extraction with methanol
was implemented, and then the samples of methanol extraction were extracted by stir
bar sorptive extraction (SBSE) method [52]. Recoveries were of 93—-105% and
MLODs were not reported [52].
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3 Instrumental Analysis

3.1 GC Methods

The most used capillary columns available for pyrethroid analysis are the nonpolar
stationary phase columns {e.g., S%-phenyl-95% methylpolysiloxane (DB5, HP5%,
CP-Sil 8 BC, or similar)} [15, 19]. However, semipolar stationary phases {e.g., 35%
diphenyl 65% dimethylpolysiloxane (SPB-608) [16] and methyl 50% phenyl
polysiloxane (DB 17 MS, HP-608)} have been also successfully employed
[15, 33]. A more polar stationary phase (methyl 7%, cyanopropyl 7%, phenyl
polysiloxane, DB17-01) was used for the analysis of sediment pore water samples
[22]. Some authors have also proposed the use of short columns in order to reduce
analysis time (DB-5, 10 m x 0.18 mm x 0.18 Im) [26]. The chromatogram of
synthetic pyrethroids by multiple peaks due to the separation of diastereosimomers
(Fig. 1) [29, 56]. Pyrethroids are classified as type I or type II, depending on the
alcohol substituent. Type I pyrethroids (resmethrin, phenothrin, tetramethrin, per-
methrin) have two chiral centers on their cyclopropyl ring; thus, they are resolved in
two peaks corresponding to cis- and trans-isomers. However, type II pyrethroids
(cyfluthrin, cypermethrin, deltamethrin, fenvalerate, fluvalinate, fenpropathrin) con-
tain a third asymmetric center, and they are resolved into four peaks. Esfenvalerate is
a type II pyrethroid exception: it does not possess a cyclopril ring and has only two
diastereoisomers. It is not possible to distinguish esfenvalerate and fenvalerate by
GC methods, since esfenvalerate is one of the four isomers found in fenvalerate, and
it is the biologically active component of fenvalerate. Undergoing exposure to polar
solvent [58], heat [59], and light [58, 60], isomerization of pyrethroids can occur,
and additional peaks appear in the chromatogram. This happens, for example, during
the GC analysis of lambda-cyhalothrin and deltamethrin. Tralomethrin can be
transformed into deltamethrin in the injector port of the GC system [61]. Such
pyrethroid transformation can be avoided by using LC-MS instead of GC-MS.
With LC-MS, deltamethrin and the two diastereoisomers of tralomethrin were
separated and identified by Velverde et al. [61]. Another possible solution to
isomerization is reducing the residence time of the sample in the GC inlet where
isomerization occurs [62]. Therefore, injection techniques {e.g., pulsed splitless
injection [63, 64] and programmed temperature vaporization (PTV)} are
recommended to achieve this. Another solution to reduce pyrethroid isomerization
used apolar solvent as hexane in presence of an isomer-stabilizing agent (e.g., acetic
acid) [62]. GC is generally combined with electron capture detector or a mass
spectrometer. Although GC-ECD is robust and highly sensitive for these compounds
having halogenated atoms [37] as known, the selectivity of GC-MS is much better
than that of GC-ECD. During GC-MS analysis, negative chemical ionization mode
(NCI) is preferred to electron ionization (EI) because under EI conditions, pyre-
throids give low-mass ions, most of them with the same m/z ratios. Otherwise, NCI
reduces fragmentation, which is mainly due to the labile-ester linkage, generating
negative molecular ions. Bondarenko et al. found that the instrument response of
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Fig. 1 GC-NCI-MS chromatograms of 14 pyrethroids selected in the study of Feo et al. [29]

GC-MS in the NCI mode was one order of magnitude higher than that of GC-ECD to
pyrethroid compounds, largely because of reduced inference from matrix back-
ground [22]. Methane was mainly used as moderating gas [27, 43], but Feo et al.
also found excellent results (instrumental limit of detection, ILOD, 0.02-1.88 pg
injected) when using ammonia as moderating gas [29]. Tandem MS was used for the
determination of pyrethroids in chemical ionization (CI) [36, 38, 65]. Sichilingo
et al. found ILODs in the range 110400 pg injected [38] operating with methane as
moderating gas, whereas Feo et al. found ILODs ranging between 0.11 and 450 pg
injected operating with ammonia as moderating agent [65].

3.2 LC Methods

Recently, liquid chromatography (LC) and high-performance liquid chromatogra-
phy (HPLC) technique have been increasingly employed for the determination of
pyrethroid residues in different matrices [36, 66, 67] with the main advantage of
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avoiding pyrethroid isomerization. However, the sensitivity of LC is lower than that
of the GC, and this needs to be considered when working at residue levels. Thus,
pre-concentration and cleanup procedures are necessary to be applied to comply with
tolerance levels. LC separation has been performed on a 250 x 4.6 mm i.d. Water
symmetry C18 column (5 pm particle size) coupled by quadrupole MS with an
electrospray ionization (ESI) interface [20]. Acetonitrile was the solvent A and
ammonium formate 50 mM, 5% of acetonitrile, pH 3.5, the solvent B. ILODs
were found in the range 0.3-0.5 pg/L [20]. LC techniques have been used also
coupled to photochemically induced fluorimetry (PIF) for derivatization (pyrethroids
do not display native fluorescence; thus, they were photolyzed into strongly fluo-
rescent photoproducts) and a fluorescence detector (FD) [21, 50]. The FD is very
selective, overcoming matrix interference [68]. LC separation was performed on a
3.5 pm symmetry C18. Acetonitrile water was used as mobile phase
[21, 50]. Valverde et al. showed that in LC-ESI-MS (positive ion mode),
deltamethrin and the two diastereoisomers of tralomethrin were efficiently separated,
whereas, under GC conditions, both insecticides elute at the same retention time and
give the same mass spectra [61]. This is probably due to the transformation of the
two isomers of tralomethrin into deltamethrin in the GC injector port by elimination
of a molecule of bromine. The LC separation was carried out on LiChroCART
Superspher 100 RP-18 column using isocrated elution with acetonitrile/water
(80:20) as eluent [61]. For HPLC determination, the analytical column employed
was C18 stationary phase (150 x 4.6 mml.D., 5.0 m), and the mobile phase was
water-methanol (20:80, v/v). The detection was performed with an UV-Vis detector
working at wavelength of 220 nm [17]. Liu et al. employed a Spursil C18 column
(5, 4.6, 250 mm) with a Spursil C18 Guard Cartridges (5, 2.1, 10 mm) [45]. The
mobile phase was an acetonitrile/water mixture (83/17, v/v). The detector was
variable wavelength detector (VWD) with wavelength set at 230 nm [45]. Parilla
Vazquez et al. performed liquid separation on a column of 250 x 4.6 mm id packed
with 3.5 pm Symmetry C18 [21, 50]. The mobile phase was a programmed gradient
with acetonitrile/water. The detector was PIF-FD operating with a programmed
excitation and emission wavelengths of 283 and 330 nm [21, 50].

4 Enantioselective Separation

Chiral pollutants as pyrethroids are receiving growing environmental concern due to
differential biological activities of their enantiomers. Liu et al. reported enantiomeric
separation of cis-bifenthrin, permethrin, cypermethrin, and cyfluthrin using LC with
variable wavelength UV detection for quantification and a laser polarimetric detec-
tion for the identification of the direction of optical rotation of the separated
stereoisomers [62, 69]. The separation of the stereoisomers of cis-bifenthrin, cis-
permethrin, and trans-permethrin was achieved on a 25 cm Sumichiral OA-2500-1
column using hexane/1,2-dichloroethane (500:1, v/v) as eluent, whereas isomer
separation for cypermethrin and cyfluthrin was obtained on two 25 cm Chirex
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00G3019-DO columns with hexane/1,2-dichloroethane/ethanol (500:10:0.05, v/v/v)
as eluent [62, 69]. Xu et al. worked on enantiomeric separation of lambda-
cyhalothrin by HPLC using the columns of Chiralpak AD (amylase tris
[3,5-dimethylphenyl carbamate]), Chiralpak AS (amylase tris[(S)-1-phenyl carba-
mate]), Chiralcel OD (cellulose tris[3,5-dimethylphenyl carbamate]), and Chiralcel
OJ (cellulose tris[4-methyl benzoate]) with different chiral stationary phases
[70]. The enantiomers of lambda-cyhalothrin were separated completely on all the
columns tested and detected by circular dichroism at 236 nm. In GC, Corcellas et al.
developed a method for simultaneous determination of the different enantiomers of
six pyrethroids (bifenthrin, cyhalothrin, cyfluthrin, cypermethrin, permethrin, and
tetramethrin) [71] using BGB-172 of 30 m x 0.25 mm and a column with 0.25 pm of
film thickness. Previously, the same column was used by Chamberlain et al. for
separation of the enantiomers of cypermethrin, cyfluthrin, cis-bifenthrin, and per-
methrin and also by Liu and Gan who showed that this chromatographic column was
the best one for the enantiomeric separation of pyrethroids [69, 72]. The chroma-
tography method proposed by Corcellas et al. allowed the separation of all cis-
enantiomers (two pairs, four peaks), but for frans-isomers, the enantiomeric separa-
tion was not possible, obtaining two peaks corresponding each one to each pair [71]
(Fig. 2).

5 Quantitative Methods

A complication in analyzing pyrethroids is that the concentration of each isomer of
an individual pyrethroid in the standard mixture is unknown. Generally, the techni-
cal standard mixtures of pyrethroids, which are generally used for quantification,
directly provide the sum of the concentrations of the individual isomers for each
pyrethroid. Thus, the concentration of each pyrethroid is determined by summing the
areas of the observed individual isomers. Moreover, pyrethroid-labeled standards are
scarce. Commercially available standards are trans-permethrin-d6 [4, 29] and trans-
cypermethrin-d6 [29] which are generally used as internal standards for an isotope
dilution quantification. Other standards used for pyrethroid quantification are
PCB-166, PCB-195 [37], and caffeine [36]. Dibromooctafluorobiphenyl has been
used as surrogate for aqueous samples and dibutylchlorendate for sediment and biota
samples [15].

6 Conclusion

Sample preparation and cleanup methods for pyrethroids are well established for
environmental and food samples. Recoveries are high, reproducibility is good, and
method limit of detection is adequate for the determination of levels of pyrethroids at
environmentally relevant concentrations. Recently, low-solvent consumption and
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time analysis extraction methods have been also successfully applied. The greatest
challenges in pyrethroid analysis are the complexity of the mixtures and the lack of
standards to enable quantification of individual diastereoisomers and enantiomers.
For quantification, several techniques are being applied to the analysis of pyrethroids
{e.g., GC-ECD, GC-NCI (methane or ammonia)-MS, and GC - GC-ToF-MS}. GC-
NCI-MS provides the highest selectivity and sensitivity. Regarding enantiomeric
separation, it is usually performed on a beta-cyclodextrin-based column because of

its

excellent enantioselectivity. A major drawback of such a column is that the

enantiomers from the same frans diastereoisomer cannot be separated.
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Abstract Insecticides are natural and synthetic chemicals used to kill unwanted
pests. However, humans and insect share similar molecular targets, and thus,
insecticides are potentially hazardous to human health. Several health effects
might be observed in experimental animals following controlled exposure to insec-
ticides. Synthetic pyrethroids are still a relatively novel group of insecticides widely
used not only in agriculture but also in human and veterinary medicine, forestry, and
public health and for commercial pest control and residential consumer use. They
play a unique role in fighting against malaria in tropical areas, where the WHO
recommends pyrethroids among others for indoor residual spraying (IRS) and
impregnation of bed nets to prevent mosquito biting.
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Bearing in mind the widespread use of these substances around the world, one can
expect that the exposure of human population is common and may pose a potential
health risk. Human biomonitoring (HBM) is a scientific tool that allows to assess the
extent of exposure based on the measurement of a given chemical or its metabolites
in human body fluids or tissues.

The need to estimate the level of exposure in different populations has led to the
development of a methodology based on the measurement of urinary metabolites,
as synthetic pyrethroids are rapidly metabolized in humans and excreted mainly in
the urine. Human biomonitoring is used commonly in epidemiological studies and
provides valuable information on the aggregate exposure.

Numerous analytical methods have been developed for the determination of
metabolites of synthetic pyrethroids in human urine capable of detecting both
environmental and occupational exposure.

Here, in this chapter, we summarized recent achievements in the analysis of
metabolites of synthetic pyrethroids in human urine, with both separation and
non-separation methods and methods of sample preparation and some aspects of
instrumental analysis.

Keywords Analytical methods, Biomarkers of exposure, Human biomonitoring,
Synthetic pyrethroids

1 Human Biomonitoring

HBM is a scientific tool allowing to estimate the extent of exposure to environmental
xenobiotics. This assessment is possible based on the results of measurements of the
concentrations of substance in biological samples taken from human (e.g., blood,
saliva, urine, etc.). HBM is currently recognized as the gold standard in assessing
human exposure to chemicals. One of the basic advantages of HBM is that it allows
exposure assessment taking into account all exposure sources (e.g., air, water, food,
personal care products, etc.) and all exposure routes (e.g., dermal, respiratory, oral).
HBM studies conducted on large populations allow to identify particularly vulner-
able populations and to assess time trends.

The current state of knowledge does not allow however direct assessment of the
health risk resulting from the presence of a chemical in a biological fluid in a
specified concentration. However, the results of HBM studies can be a source of
valuable data on exposure to a specific chemical in epidemiological studies. To
properly conduct exposure assessment with the use of HBM, it is necessary to know
the biotransformation pathways of a given substance in humans, its toxicokinetics,
and it is necessary to develop analytical methods that allow measuring very low
concentrations of substances or their metabolites in very complex biological
matrices.
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2 Urinary Metabolites as Biomarkers of Exposure

2.1 Metabolism of Synthetic Pyrethroids

Chemical structure of pyrethroids in a large extent determines their biotransforma-
tion pathways. As esters they are easily hydrolyzed by human carboxylesterases to
form respective alcohol and acidic metabolites. Oxidation by cytochrome P-450 is
the second major reaction of pyrethroids in laboratory animals and humans [1]. Both
oxidation and hydrolysis are the first-phase reactions which are followed by second-
phase reactions — conjugation with endogenous substrates. The last process leads to
formation of glucuronides, sulfates, and amino acid conjugates — highly water-
soluble metabolites and in some cases lipophilic conjugates with cholesterol, bile
acids, and triglyceride. Hydrophilic metabolites of pyrethroids do not show accu-
mulation in human body and are rapidly and almost completely excreted into urine
within few days after oral exposure. Although pyrethroids undergo both oxidation
and hydrolysis reactions, practically only products of hydrolysis serve as urinary
biomarkers of exposure.

Urine as a major route of elimination of pyrethroid metabolites is thus considered
the most appropriate matrix for the assessment of aggregate exposure. The plasma
half-life for most pyrethroids is shorter than 8 h.

Significant differences occur in respect to cleavage of the ester bond between
trans and cis isomers. Trans isomers of pyrethroids possessing chrysanthemic acid
moiety are hydrolyzed more efficiently than their corresponding cis isomers. Fur-
thermore, cis isomers are more susceptible to oxidative metabolism than trans
isomers [2]. The range of human metabolites identified and used as biomarkers of
exposure to pyrethroids is presented in Table 1.

Several urinary metabolites were identified (Table 1) up-to-date, and they can
serve as a reliable biomarker of exposure. Besides of that, some biomarkers are more
frequently analyzed than others.

The first published methods for the quantitative determination of synthetic
metabolites of pyrethroids in human urine included the metabolites of the most
commonly used pyrethroids, namely, permethrin, cypermethrin, deltamethrin, and
cyfluthrin: cis and trans DCCA, DBCA, 3PBA, and 4F3PBA [3-7].

Of these, 3PBA is unique, because so far, most research is focused on this
biomarker. It is a common metabolite of many pyrethroids, and its concentrations
in urine are usually the highest and detectable in the largest number of samples in the
population. Finally, the highest availability of analytical methods exists for the
determination of this metabolite in the urine; both chromatographic methods and
high-throughput immunological methods are described in the literature.

In addition to 3PBA and the aforementioned metabolites, the remaining ones are
studied less often, although in recent years, several methods have been published
that enable the simultaneous, very sensitive assay of up to eight to nine individual
biomarkers in one chromatographic run [8, 9].
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Table 1 Human urinary metabolites of synthetic pyrethroids used for the assessment of exposure

Abbreviation | Chemical structure Chemical name Parent pesticide
cis, trans 3-(2,2-Dichlorovinyl)-2,2- Cyfluthrin,
DCCA oH dimethyl-(1-cyclopropane) car- cypermethrin,
| I boxylic acid permethrin
Cl Cl
3PBA o) 3-Phenoxybenzoic acid Permethrin,
o\©)L oH cypermethrin,
©/ deltamethrin,
esfenvalerate,
A-cyhalothrin,
fenpropathrin,
flucythrinate,
fluvalinate,
phenothrin
DBCA 3-(2,2-Dibromovinyl)-2,2- Deltamethrin
dimethyl-(1-cyclopropane) car-
OH L0
| i boxylic acid
Br”~ "Br
4F3PBA o) 4-Fluoro-3-phenoxybenzoic acid | Cyfluthrin,
Q/OD)L oH flumethrin
F
40H3PBA o 4'-Hydroxy-3-phenoxybenzoic Permethrin,
o\©)LOH acid cypermethrin,
/©/ deltamethrin,
HO esfenvalerate,
A-cyhalothrin,
fenpropathrin,
flucythrinate,
fluvalinate,
phenothrin
CPBA HO 4-Chloro-a-isopropyl Esfenvalerate
o C ):0 benzeneacetic acid
MPA HO 2-Methyl-3-phenylbenzoic acid Bifenthrin
0
CIF3CA 3-(2-Chloro-3,3,3-trifluoroprop- | A-cyhalothrin,
1-enyl)-2,2- bifenthrin
OH . .
Fo dimethylcyclopropanecarboxylic
E Cl 0 acid
F
MTFBL F 4-Methyl-2,3,5,6- Profluthrin
HaC F tetrafluorobenzyl alcohol

OH

(continued)
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Abbreviation | Chemical structure Chemical name Parent pesticide
MMTEBL F 4-Methoxymethyl-2,3,5,6- Metofluthrin
HaCo ﬁ/ tetrafluorobenzyl alcohol
O
OH
F
3
TMCA HsC  CHs 2,2,3,3- Fenpropathrin
Tetramethylcyclopropane-
HsC OH carboxylic acid
H3C
(o]
TFBA F 2,3,5,6-Tetrafluorobenzoic acid Transfluthrin
/©;F(
OH
F
F o
MPCA HsC  CHsy 2,2-Dimethyl-3-(2-methylprop- Tetramethrin
1-enyl)cyclopropanecarboxylic
OH acid
o]
HiC” CH,
CXCA HeC  CHq 3-(2-Carboxy-prop-1-enyl)-2,2- | Imiprothrin
dimethylcyclopropanecarboxylic
OH acid
o o
CH,
OH
HOCH2-FB- E 2.,3,5,6-Tetrafluoro-1,4- Metofluthrin
Al é@[’; benzenedimethanol
HO'
OH
F
¢
FB-Al F 2,3,5,6-Tetrafluorobenzyl alcohol | Transfluthrin
od
OH
F
3
MCA 2,2-Dimethyl-3-(1-propenyl)- Metofluthrin
cyclopropane carboxylic acid
OH
O
CDCA Chrysanthemum dicarboxylic Imiprothrin,
acid allethrin

o
é}<
o
I

(o
I
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Sensitivity is one of the key parameters characterizing the analytical method
for the determination of synthetic pyrethroid metabolites in the general population
not exposed occupationally, since average concentrations are well below 1 ng/mL.
Metabolites other than 3PBA are detected much less frequently and even in lower
concentrations. In general, methods based on gas chromatography are more sensitive
than methods based on liquid chromatography. Chromatographic methods in com-
bination with mass spectrometry with different types of analyzers are used exclu-
sively in HBM, as only advanced systems allow reliable detection of low
concentrations resulting from environmental exposure.

3 Separation Techniques

3.1 Sample Preparation

From a practical point of view, the fewer the stages of sample preparation for the
analysis, the lower the probability of making a mistake, but also the smaller
workload and consequently the unit cost of the analysis. Very low levels of synthetic
pyrethroid metabolites that are found in urine samples from non-occupationally
exposed subjects require the use of analytical methods characterized by high sensi-
tivity of the instrument or advanced technique of extraction and purification of the
sample before instrumental analysis or the combination of both. Dilute-and-shoot
technique which is the simplest way of biological sample preparation for LC-MS/
MS was never used for the analysis of synthetic pyrethroid metabolites in human
urine.

In general, sample preparation steps include (a) internal standard addition,
(b) hydrolysis, (c) sample extraction and cleanup, (d) derivatization (only in GC-
MS-based methods), and (e) instrumental analysis.

The better sensitivity of GC-MS over LC-MS mentioned earlier is associated
however with a much greater effort at the stage of sample preparation for analysis,
whereas in the case of LC-MS, the hydrolyzed sample is only subjected to extraction
and possibly enrichment (solvent evaporation) before instrumental analysis. In the
case of GC-MS, the extracts are practically always subjected to additional cleanup,
concentration, and derivatization.

The vast majority of the immunological methods described do not require
advanced sample preparation for analysis. Usually, dilution of the urine sample or
simple SPE extraction is sufficient.

3.1.1 Hydrolysis

As mentioned earlier, all of the end products of pyrethroid metabolism when
excreted in urine are present as conjugates. No analytical method that was published
up to date dealt with determination of conjugated forms or only free form, but in all
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cases, metabolites were released from conjugates using different deconjugation
procedures before extraction from the matrix. Glucuronides and sulfates consist
over 90% of conjugates found in human urine. Considering this, measurement of
total concentration of metabolites has to be preceded by hydrolysis. Both acidic and
enzymatic hydrolyses can be performed for quantitative release of metabolites before
their isolation from urine.

The most significant disadvantage of enzymatic hydrolysis is time consumption
since it is usually performed overnight. On the other hand, this process does not need
personnel engagement; therefore, it is virtually costless. Enzymatic hydrolysis is
considered as a mild process because strong acids used for acidic hydrolysis might
destroy labile analytes. For example, it was shown that a common metabolite of
metofluthrin and profluthrin, i.e., 2,2-dimethyl-3-(1-propenyl)-cyclopropane carbox-
ylic acid (MCA), was significantly degraded during HCI hydrolysis [8].

Acidic hydrolysis is typically performed with concentrated hydrochloric acid
added at an average ratio of 0.2 mL per each mL of urine. Sample is then heated
at 90-100°C for 60-120 min [4, 6, 9—-14].

Toshima et al. [15] observed some discrepancies between determined concentra-
tions of 3PBA from two laboratories during cross-validation study. Authors
observed significantly lower concentrations of 3PBA following enzymatic
deconjugation in some of the urine samples. The results suggested the presence of
other conjugated species of 3PBA than glucuronide and sulfate in human urine.
Although the overall agreement between the values obtained by the deconjugation
methods was fair, it appears that urine samples should be pretreated by acidic
deconjugation for the analysis in biological monitoring of pyrethroid exposure.

Different enzymes, such as f-glucuronidase type HP-1 from Helix pomatia [16],
type HP-2 [14, 15, 17, 18], glucuronidase arylsulfatase enzyme [19] and sulfatase
from Helix pomatia, type H-1, lyophilized powder [20, 21], were used for enzymatic
hydrolysis. Incubation time with enzyme in 0.2 M acetate buffer (pH 4.5-5.0) varied
between 5 and 17 h (overnight) at 37°C.

3.1.2 Extraction
Liquid-Liquid Extraction

Liquid-liquid extraction is the simplest extraction technique commonly used for
isolation of pyrethroid metabolites from human urine. After acidic hydrolysis of
urine, no pH adjustment is needed before extraction. In contrary, when enzymatic
hydrolysis is performed, the sample should be acidified before extraction. Analytes
are usually extracted to n-hexane [3, 6, 9, 11, 14, 22-24], dichloromethane [5, 25],
isopropanol-hexane (5:95) [26], tert-butyl-methyl-ether (MTBE) [8, 10], chloroform
[27], or toluene [20]. Due to the acidic character of metabolites, re-extraction from
organic solvent to alkaline solution might be later performed for sample cleanup.
Usually NaOH solution is utilized for this purpose [3, 9, 11, 14, 24, 27]. Liquid-
liquid extraction is considered as difficult to automate; however, Ueda et al. [8] used



54 B. Wielgomas et al.

robotic system Extrahera™ (Biotage, Uppsala, Sweden) for automation of liquid-
liquid extraction on 24-well plates with MTBE as extraction solvent. Same authors
observed that conditions of evaporation of MTBE extract are essential for optimal
derivatization efficiency. Due to high volatility of fluorinated alcoholic metabolites,
significant loses were observed during evaporation at 40°C. Finally, satisfying
recoveries were obtained while vacuum evaporation at 4°C was employed. On the
other hand, acidic metabolites are not sensitive to overdrying even at 40°C.

The liquid-liquid extraction, however, has several disadvantages. First of all, it is
characterized by a very high consumption of organic solvents; in one case the use is
even over 50 mL per one sample [3]. In these methods, moreover, the solvents are
evaporated, resulting in a significant environmental burden.

The principles of green chemistry aimed at limiting the use of toxic and environ-
mentally harmful organic solvents have found application in two microextraction
methods. In both cases, a microporous membrane impregnated with 1-octanol (8 pL)
or dihexyl ether, respectively, was used as the extraction device. In the first case, a
microsyringe pre-filled with derivatizing agents and syringe needle connected to
solvent-impregnated hollow-fiber segment was used as LPME probe. Pyrethroid
metabolites were extracted and enriched simultaneously. After sampling, the
in-syringe derivatization (ISD) was performed, and the extract was subjected to
GC-ECD analysis [28]. In turn, Bartosz et al. [12] used polypropylene hollow-fiber
membrane tightly fitted onto Nylon rod and impregnated with dihexyl ether for
3PBA and 4OH3PBA extraction from human and rat urine. This disposable device
was first placed in acid-hydrolyzed urine for 120 min and then transferred into 0.1 M
NaOH for 120-min desorption. This extract was further analyzed by HPLC-DAD.
Limits of detection for 3PBA (15 ng/mL) and 4OH3PBA (15 ng/mL) were too
high to measure environmental exposure. Nevertheless, the general concept may be
used with more sensitive LC-MS/MS method to increase sample preparation
throughput [12].

Solid-Phase Extraction

Solid-phase extraction is devoid of certain disadvantages of liquid-liquid extraction.
It allows for smaller consumption of organic solvents and can be easily automated
to reduce human costs and improve reproducibility. In the case of biomonitoring
studies conducted on large populations, where the number of samples for analysis
reaches hundreds or even thousands, the unit cost of sample preparation plays a
significant role.

Different formats of SPE are available nowadays, and some of them were used for
isolation of pyrethroid metabolites from human urine. Standard SPE cartridges are
most commonly used, but 96-well plates were also successfully employed [16] as
well as microextraction by packed sorbent (MEPS) or SPE columns for online
sample preparation in combination with liquid chromatography.
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Oasis HLB being the polymeric sorbent with a hydrophilic-hydrophobic balance
is used usually in the form of cartridges [21, 29-31] as well as 96-well plate format
[16]. However, C18 sorbents are also suitable [6, 7, 32, 33].

Miniaturized format of SPE, named microextraction by packed sorbent (MEPS),
was used by Klimowska and Wielgomas to extract five metabolites from only
0.4 mL of human urine [17]. Extraction was carried out using a semiautomatic
syringe equipped with a needle with a bin filled with a small amount of C18 sorbent
(4 mg) — BIN (barrel insert and needle). The advantage of this technique is that the
sample flows through the bed twice, once when the sample is drawn into syringe and
the second time when the sample is dispensed. This technique is based on the SPE
principles, but thanks to miniaturization, it allows the extraction of very small
sample volumes and elution of analytes with microliter volume of solvent directly
to the injector. The authors, thanks to the use of large-volume injection (40 pL)
and GC-MS (LVI-GC-MS), could achieve limits of quantification in the range of
0.06-0.08 ng/mL [17].

3.1.3 Derivatization

Analytes while released during enzymatic or acidic hydrolysis and following extrac-
tion and cleanup might be directly analyzed by liquid chromatography or have to be
converted to more volatile and thermally stable products suitable for gas chroma-
tography. Hexafluoroisopropanol (HFIP) combined with diisocarboxyldiimide
(DIIC) is the most often used derivatization reagent. The major advantage of this
reagent is that the reaction is completed at room temperature in minutes, usually,
residue after organic solvent evaporation if treated with a mixture of HFIP/DIIC in
the presence of acetonitrile or isooctane. After a few minutes, the reaction mixture is
washed with NaHCO; to remove excess of reagents.

Furthermore, Klimowska and Wielgomas [17] documented that hexafluoro-
isopropyl esters of acidic pyrethroid metabolites are formed on the solid support
(C18) during elution with hexane containing HFIP and DIIC. No byproducts, which
are harmful to GC injection liner, column, or MS detector, are formed.

Much less frequently, analytes were methylated to methyl esters by incubation
with a mixture of methanol and sulfuric acid [3, 6, 23].

Alcohol metabolites are less frequently analyzed in urine samples. Ueda et al. [8]
developed the GC-MS/MS method for determination of alcoholic metabolites
(HOCH2-FB-Al, CH3-FB-Al, CH30CH2-FB-Al, and FB-Al) of fluorinated pyre-
throids: metofluthrin, profluthrin, tefluthrin, and transfluthrin. Unfortunately, metab-
olites mentioned above could not be derivatized sufficiently by the HFIP/DIIC
reagent even with any modification of reaction temperature and time. On the other
hand, these metabolites were derivatized by the reagents for trimethylsilylation such
as TMSI, TMSI-TMCS, MTBSTFA, BSTFA, and BSTFA-TMCS. Of these, only
BSTFA-TMCS (99:1) showed reactivity with all hydroxyl metabolites [8].

Schettgen et al. [9, 11] and Guo et al. [26] derivatized acidic metabolites with
MTBSTFA before GC-MS/MS analysis.
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Aprea et al. [5] used pentafluorobenzyl bromide (PFBBr) for transformation of
3PBA into pentafluorobenzyl ester, which was further determined by gas chroma-
tography with an intermediate polarity capillary column and an electron-capture
detector. PFBBr as a strong lachrymator should be handled with special care.

Yoshida et al. used N-trimethylsilylimidazole (TMSI) with trimethylchlorosilane
(TMCS) for derivatization of hydroxylated alcohols and N-(tert-butyldimethylsilyl)-
N-methyltrifluoroacetamide (MTBSTFA) for efficient derivatization of carboxylic
metabolites of several synthetic pyrethroids [20].

Recently, Schettgen et al. [9] modified and widened the scope of their original
method [11] by adding new metabolites, namely: CIF3CA (BIF), CPBA
(4-chloro-a-isopropyl benzene acetic acid), and MPB (2-methyl-3-phenylbenzoic
acid). Effective sample cleanup was achieved by extraction to hexane and
re-extraction to 0.1 M NaOH. Gas chromatography with tandem mass spectrometry
was used for separation and quantitative analysis. The limit of quantification for all
metabolites was 0.01 ng/mL when 10 mL of urine was processed.

3.2 Gas Chromatography

Gas chromatography (GC) methods were the first developed for determination of
synthetic pyrethroid metabolites in human urine. Up to now this technique domi-
nates over others for this group of analytes. Although acidic metabolites need to be
derivatized before gas chromatography separation, GC-MS remains the method of
choice when considering the determination of pyrethroid metabolites in urine. Due
to the high separation power, equipment availability, reasonable purchase, and
maintenance cost, GC-MS serves as a reliable method.

Typical nonpolar capillary columns, such as DB-5 ms (5%-phenyl-95%-
dimethylpolysiloxane, 30 m x 0.25 mm x 0.25 pm) [7, 20, 26], HP-5 ms
60 m x 025 mm x 0.25 pm) [6, 9], VF-5 ms low-bleed column
(30 m x 0.25 mm x 0.25 pm) [24], XLB column (60 m x 0.25 mm x 0.25 pm
film thickness), [22, 25] as well as medium polarity HP-35 (cross-linked 35%
diphenyl-dimethylpolysiloxane, 60 m x 0.25 mm X 0.25 pm) [11], DB-608
(B0 m x 0.25 mm x 0.25 pm) [28], and relatively polar column Rtx 65 (cross-
linked 65%-phenyl-35%-dimethylpolysiloxane 30 m x 0.25 mm x 1 pm) [10], were
used for separation of respective derivatives of synthetic pyrethroid metabolites.

In two published methods, electron-capture detector (ECD) was used
[5, 28]. High sensitivity of ECD toward halogen-containing molecules allows for
detection of hexafluoroisopropyl esters and pentafluorobenzyl esters of pyrethroid
metabolites. Despite the high sensitivity of the detector, these methods were not used
further in biomonitoring studies possibly due to the lack of specificity in comparison
to MS detection. Both quadrupole and ion-trap mass spectrometers operated in
single-ion mode (SIM), as well as multiple reaction monitoring (MRM), offered
sufficient sensitivity.
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3.3 Liquid Chromatography

The biggest advantage of LC is the ability to analyze metabolites without the need to
derivatize them. Unlike GC, there is no need for additional extract cleanup before
instrumental analysis. As in the case of gas chromatography, only highly specific and
sensitive methods, i.e., using mass spectrometry, are useful in biomonitoring studies.
The sample preparation process is simplified, but it comes at a price. LC-MS
methods are susceptible to ion suppression phenomenon which can strongly affect
both sensitivity and repeatability [14, 29].

Only two published methods used HPLC with spectrophotometric detection for
the determination of synthetic pyrethroid metabolites. Smith et al. [27] developed a
HPLC-UV method for the determination of 3PBA and MPA — a metabolite of
bifenthrin in the urine of people professionally exposed to this insecticide. Bartosz
et al. [12] in turn developed HF-LPME-HPLC-DAD method for determination of
3PBA and 40H3PBA in rat and human urine. Both methods, due to high LOD and
LOQ values, are not suitable for the determination of metabolites in the urine of
non-occupationally exposed subjects.

Separation of analytes is carried out using HPLC, UPLC, and UHPLC coupled
with mass spectrometers with various types of analyzers: triple quadrupole ESI
[14, 16, 21, 29, 31, 34], turbo ion spray (TIS) [30], Q-TOF (ESI) [32, 35, 36], and
high-resolution Orbitrap [19, 37].

Sample preparation for LC-MS analysis included offline solid-phase extraction
[16, 21, 29-32, 34-36], liquid-liquid extraction [14], online SPE [37], and the
QuEChERS [19].

The popularity of the QUEChERS methodology stems from its unique simplicity
and applicability to almost any type of matrix. Therefore, an attempt was made to
apply this methodology to the preparation of a biological sample in order to quantify
the concentration of pesticide metabolites in human urine.

5 mL of urine was hydrolyzed enzymatically (1 mL of 0.2 M acetic buffer and
10 pL of B-glucuronidase aryl sulfatase) and then subjected to simplified
QuEChERS procedure by addition of 10 mL of acetonitrile and QUEChERS salt
packet. Acetonitrile layer was then evaporated at 37°C under a stream of nitrogen
and reconstituted in 200 pL of methanol/water (10:90, v:v) containing 0.1% of acetic
acid. Extract was analyzed with the use of UHPLC-HRMS system. Five pyrethroid
metabolites were monitored: cis-DCCA, trans-DCCA, DBCA, 3PBA, and 4F3PBA.
Additionally, Plackett-Burman design was used to optimize the parameters affecting
the analytical response [19]. Unfortunately, LOQs were in the range of 2—10 ng/mL.

Lépez-Garcia et al. [37] developed a method for simultaneous quantification
of selected organophosphate and pyrethroid metabolites in human urine and com-
pared three independent sample preparation protocols including offline SPE,
TurboFlow™, and online SPE. For TurboFlow™ and online SPE protocols, raw
urine sample (without hydrolysis) was filtered through a 0.2 pm nylon filter, and
0.5 mL was subjected to online extraction. The best peak shapes and recoveries
were obtained with TurboFlow™ methodology. This technique was the only one
enabling detection of cis-/trans-DCCA, since no signal was produced when offline
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or online SPE was performed. TurboFlow™ is recommended for matrices rich in
macromolecules like proteins. Using described method, LOQs for cis-/trans-DCCA,
3PBA, and 4F3PBA were 10, 5, and 1 ng/mL, respectively (Tables 2 and 3).

4 Non-separational Techniques

4.1 Immunoassays

Non-chromatographic methods could be a good alternative to expensive and time-
consuming chromatographic methods. A small sample volume, high throughput, and
sensitivity as well as simple detection systems are the advantages of immunoassays.
A number of immunoassay methods have been developed for the determination of
3PBA, cis-/trans-DCCA-glycine conjugate, and 3PBA-glycine conjugate in various
formats. Most methods are indirect competitive ELISA [38—45]; others are lumines-
cent paramagnetic particle-based immunoassay [46], direct competitive fluorescence
enzyme immunoassay [47], noncompetitive magnetic bead-based PHAIA (poly-
clonal antibody-based noncompetitive immunoassay) [48], noncompetitive PHAIA
real-time PCR [49], and quenching fluoroimmunoassay [50].

Depending on the method, 0.001-10 mL of the urine sample is required for one
assay. These methods are characterized by high sensitivity, since the limit of
quantification in the buffer is in the range of 0.01-0.25 ng/mL and 0.1-2.5 ng/mL
in the urine. Practically, the method with the limit quantification of 0.1 ng/mL can be
used to study exposure in the general population. Currently, however, no immuno-
assay for pyrethroid metabolites is commercially available. The main weakness of
immunoassays is cross-reactivity with other compounds with similar structure or
properties.

4.2 Other Methods

Recently, Pandey et al. [51] published a method for optical sensing 3PBA in urine
samples by surface imprinting polymer capped on manganese-doped zinc sulfide
quantum dots (QD). Developed sensor is highly stable and does not require any
sample pretreatment. However, quantitative analysis is not affordable with this
system (Table 4).

5 Quality Control

5.1 Intra- and Interlaboratory Quality Control

One of the key challenges of the HBM research methodology is the highest quality
of quantitative results. It is worth noting that the concentrations of synthetic
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