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Abstract

Human biomonitoring, i.e. the determination of cleais and/or their metabolites in human
specimens, is the most common and potent tooldsessing human exposure to pesticides, but it
suffers from limitations such as high costs andgdsan sampling. Wastewater-based epidemiology
(WBE) is an innovative approach based on the chana@oalysis of specific human metabolic
excretion products (biomarkers) in wastewater, prodides objective and real-time information on
xenobiotics directly or indirectly ingested by appéation. This study applied the WBE approach
for the first time to evaluate human exposure tetipeles in eight cities across Europe. 24h-
composite wastewater samples were collected froenntlain wastewater treatment plants and
analyzed for urinary metabolites of three clasdgsesticides, namely triazines, organophosphates
and pyrethroids, by liquid chromatography-tandem ssnaspectrometry. The mass loads
(mg/day/1000 inhabitants) were highest for orgawsphates and lowest for triazines. Different
patterns were observed among the cities and forvét®us classes of pesticides. Population
weighted loads of specific biomarkers indicatedhbigexposure in Castellon, Milan, Copenhagen
and Bristol for pyrethroids, and in Castellon, Byisand Zurich for organophosphates. The lowest
mass loads (mg/day/1000 inhabitants) were foundltrecht and Oslo. These results were in
agreement with several national statistics rel&tquesticides exposure such as pesticides sales. Th
daily intake of pyrethroids was estimated in eaith &nd it was found to exceed the acceptable
daily intake (ADI) only in one city (Castellon, Spa This was the first large-scale application of
WBE to monitor population exposure to pesticiddse Tesults indicated that WBE can give new
information about the “average exposure” of the ydafion to pesticides, and is a useful

complementary biomonitoring tool to study populatiside exposure to pesticides.

Keywords. Urban wastewater; Mass spectrometry; Pesticidesmath urinary metabolites;

Biomonitoring; Human intake
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1 Introduction

Pesticides play an important role in agriculture goptecting plants and plant products
against harmful organisms and their action, angihglboost the growth of crops. Meeting the
demand in food supply will be one of the great lgmges in the near future, since the global
population is expected to grow to nine billion b tmiddle of the century (Godfray et al., 2010). In
order to raise food production, an increased pdsscuse is expected. Taking into account that
thousands of tons of pesticides are yearly appheagriculture, homes, gardens, sports fields, and
public areas (Grube et al., 2011), contaminatiothefenvironment most likely will further increase
and human exposure to pesticides will continue d@matter of substantial concern in the near

future.

Many “old and harmful” pesticides, such as p,p-tiobdiphenyl-trichloroethane (p,p’-
DDT), have been banned because of their toxicitg Hrey were replaced by less-persistent
pesticides, such as organophosphates and pyrethiair, 2008; Lopez et al., 2005). Pesticides
provide mankind with many benefits, but at the saime have the potential to pose risks for
human health due to widespread use and high beabgitivity (Cooper and Dobson, 2007). For
instance, pesticides exposure has positive asgbtiatith the development of idiopathic
Parkinson’s disease, neurobehavioral and neuropkgical disorders, respiratory symptoms or
diseases, and sperm DNA damage (Allen and Levy3;2Blamane et al., 2015; Saillenfait et al.,
2015; Stallones and Beseler, 2016). However, inlds¢ two decades, the concept of “green
chemistry” has been promoted and the agrochemmdalsiry has focused on less toxic substances

(Garrison, 2004).

The general population is exposed to pesticidesilgndghrough diet and household use

(Aprea, 2012). Human biomonitoring (HBM) is the mé&bol for assessing exposure and consists in
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the measurement of chemicals and/or their metasalit body fluids or tissues (Barr, 2008; Yusa et
al., 2015). The reliability of HBM depends on theegtion of a proper biomarker that reflects the
exposure to the parent compound, and is speciticdatectable in the investigated matrices. Urine
is the preferred human biological matrix, sincesieasy to collect and non-invasive and it is also
accessible in large volumes allowing the deternonabf very low concentrations of chemicals

compared to other fluids (Wessels et al., 2003)jeisive HBM studies have analyzed the urine of
thousands of individuals to investigate pesticidposure in the general population (Barr et al.,
2010, 2004; Heudorf and Angerer, 2001; McKelveylket 2013; Ye et al., 2015). Despite their

power to evaluate exposure to chemicals, HBM studidfer by limitations such as high costs for
sample collection and analysis, ethical issuesdatd analysis to extrapolate individual results to
the whole population. Moreover, urine sampling ceftect only a momentary snapshot of exposure
due to sampling procedures (i.e. morning urine ectitbn), and excretion profiles may vary

throughout the day/days because of the short ivaé-in the human body of most of pesticides.

Wastewater-based epidemiology (WBE) is a recentragmm for the retrieval of
epidemiological information from wastewater throutle analysis of specific human metabolic
excretion products (biomarkers) (Castiglioni et 2014). It can be described as a collective urine
test, as the wastewater from a city pools the ammug urine samples of thousands of individuals.
WBE was originally developed in Italy to estimdteit drug consumption in a population (Zuccato
et al., 2008) and has later been applied worldwidle promising results (Banta-Green et al., 2009;
Ort et al., 2014). New possibilities permit infortiaa on public health and lifestyles (Thomas and
Reid, 2011; Venkatesan and Halden 2014). The nthrardage of WBE is to provide objective,
real-time information on substances directly orinectly ingested daily by a population, with a
clear potential to provide complementary data fmdemiological studies and to overcome some of

the HBM limitations.
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The first exploratory study proposing WBE as a thdyemonitoring tool to evaluate the
exposure of the general population to pesticides vezently performed (Rousis et al., 2016).
Several metabolites of organophosphates, triazindgpyrethroids were detected in raw wastewater
and their frequency of detection and abundance wewgreement with the profiles reported in
urine of HBM studies (Rousis et al., 2016). Latenee human urinary metabolites of pyrethroids
were selected and used to back-calculate the popruiatake of pyrethroids in Italy (Rousis et al.,
2017). This study indicated for the first time th&BE can be employed as a complementary
biomonitoring tool to the HBM studies, but more aland a wider scale of investigation were

necessary in order to confirm these preliminaryltes

The aim of the present study was to apply for tte¢ fime this new WBE approach in eight
countries across Europe and to evaluate the pappEan human exposure to pesticides in order to
validate the method by comparing results with imédéional statistics. 24-h composite raw
wastewater samples were collected and analyzedrganophosphate, triazine and pyrethroid
metabolites. The results for the cities were comgand population-wide pyrethroid intake was
estimated. To the best of our knowledge, this & first WBE study designed to assess human

exposure to pesticides at a European scale.

2 Materials and methods

2.1 Chemicals and reagents

Hydrochloric acid (HCIl, 37%) and acetonitrile forquid chromatography-mass
spectrometry (LC-MS) were purchased from RiedeHden (Seelze, Germany); methanol (MeOH)
for pesticide analysis from Carlo Erba Reagent@y()t triethylamine and acetic acid from Fluka
(Buchs, Switzerland). HPLC grade Milli-Q water walstained with a Milli-RO Plus 90 apparatus
(Millipore, Molsheim, France). Analytical standartts diethyl phosphate (DEP, purity 97.6%),

6
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chlorpyrifos (CPF, purity 99.9%), chlorpyrifos mgth(CPF-MET, purity 99.5%) and 3,5,6-
trichloro-2-pyridinol (TCPY, purity 99.5%) were piitased from Chemical Research 2000 (Rome,
Italy). Atrazine (ATZ, purity 97.5%), atrazine désg (DEA, purity 99.9%), terbutylazine desethyl
(DES, purity 97.4%), atrazine desisopropyl (DIA,ripu 95.4%), dimethyl chlorophosphate
(DMCIP, purity 96%), dimethyl chlorothiophosphateMCITP, purity 97%), and O,O-diethyl
thiophosphate (DETP, purity 98%) potassium saltensupplied by Sigma-Aldrich (Schnelldorf,
Germany). Atrazine mercapturate (AM, purity 95.098)1(2,2-dichlorovinyl)-2,2-dimethyl-(1-
cyclopropane)carboxylic acid (DCCA, purity 99.09@;phenoxybenzoic acid (3-PBA, purity
99.0%), 2-isopropyl-6-methyl-4-pyrimidinol (IMPY,upity 99.5%), cis-3-(2,2-dichlorovinyl)-2,2-
dimethyl-(1-cyclopropane) carboxylic acid (cis-DCQaurity 98%) and malathion monocarboxylic
acid (MMA, purity 97.0%) were purchased from Labn&me Analytica (Bologna, Italy).
Isotopically labeled compounds (deuterated®8renriched) were used as internal standards (1S). 3
Phenoxybenzoic acid«C(3-PBA->Cs, phenoxy:*Cs, 99%: purity 98%) and 3,5,6-trichloro-2-
pyridinol-C; (TCPY-G;, 4,5,6°Cs, 99%; purity 97%) were obtained from Cambridgetdpe
Laboratories, Inc. (Massachusetts, USA); atrazigefBTZ-Ds, 99.5%) from Sigma-Aldrich
(Schnelldorf, Germany); and chlorpyrifos;dD(CPF-D,, 97.0%) from Lab Service Analytica
(Bologna, Italy). Dimethyl phosphate (DMP) and dimg thiophosphate (DMTP) were
synthesized by simple hydrolysis of DMCIP and DMEI{Hernandez et al., 2002; Rousis et al.,

2016a).

2.2 Selection of exposure biomarkers

Specific urinary metabolites of pesticides wereesteld as biomarkers from HBM studies
available in literature and official reports of tbeited States Environmental Protection Agency and
the Centers for Disease Control and Preventiomeasribed elsewhere (Rousis et al., 2016). The

biomarkers were chosen according to specific caitex) levels in urine; b) frequency of detection;
7
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c) frequency of use of the respective classes stiqdes; d) risks for human health; e) specificity

of the metabolites (human excretizgrsus environmental formation).

The selected biomarkers were three parent substaarm® 15 urinary metabolic products
belonging to different pesticide classes. Amongziries, the parent atrazine and the metabolites
DES, DIA, DEA and AM were selected. Among pyretdsi3-PBA, the common metabolite of
about 20 synthetic pyrethroids, anod- andtranssDCCA, which are the specific metabolites of
permethrin, cypermethrin and cyfluthrin were chos@mong organophosphates, the four alkyl
phosphates DEP, DETP, DMP and DMTP, which are commetabolites of a large group of
organophosphates, chlorpyrifos, chlorpyrifos methyld their specific metabolite TCPY, the
metabolites of malathion (the andp isomers of MMA) and the metabolite of diazinon BM)

were selected.

The reliability of back-calculation of the exposueeparent chemicals (pesticides) depends
strictly on the selection of an appropriate WBEnh#ker, which can be either the compound itself
or one of its metabolites. Therefore, the seleateetabolites were checked to fulfill the
requirements of a WBE biomarker, which are: a) mesdde in raw wastewater; b) released into
sewers only as a result of human excretion; c) ladedined excretion profile to avoid interference
from other exogenous or endogenous sources; dielinadsorption to suspended matter; e) stable
in wastewater during in-sewer transit, sampling stwage (Gracia-Lor et al., 2016). The stability
of each compound in wastewater was evaluated thrapgcific laboratory tests (Rousis et al.,
2016), and the specificity of each metabolite waseased by checking the presence of sources
other than human metabolism (i.e. any potentialrenmental transformation) (Rousis et al., 2017

and this study). The results for the selected sugsts are summarized in Table 1.

2.3 Samples and sampling method
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Raw wastewater samples were taken from the inlethef wastewater treatment plants
(WWTPs) of eight European cities: Bristol, the ditKingdom; Brussels, Belgium; Castellon,
Spain; Copenhagen, Denmark; Milan, Italy; Oslo, Way; Utrecht, The Netherlands and Zurich,

Switzerland (Figure 1).

Composite 24-h samples of untreated wastewater weltected by automatic sampling
devices (Table S1). Sampling was carried out over week in March 2015. For each WWTP,
seven consecutive 24-h samples were collectedgim-dhensity polyethylene bottles, transferred to

Milan and stored at -20°C until sample treatment.

2.4 Sample pretreatment

The method for sample preparation was publishedktail elsewhere (Rousis et al., 2016).
Briefly, samples were filtered on a glass microfibker GF/A 1.6um (Whatman, Kent, U.K.) and
on a mixed cellulose membrane filter 0.4% (Whatman, Kent, U.K.) before extraction. Solid
phase extraction (SPE) was used to extract thettangalytes using OASTSHLB 3 cc/60 mg
cartridges (Waters Corp., Milford, MA, USA) and automatic GX-274 ASPEC (Gilson,
Middleton, WI, USA) extractor. Samples (50 mL oftreated wastewater) were spiked with 2 ng of
a mixture of internal standards and the pH wassegito 7.0-7.5, using diluted HCI (12%).
Cartridges were conditioned with MeOH (5 mL) andlliMp water (3 mL) and samples were
passed at a flow rate of 5 mL/min. The cartridgesendried under a nitrogen stream at a flow rate
of 10 mL/min for 10 min and eluted with 3 mL of MEIOEluates were evaporated under a gentle
nitrogen stream at room temperature and dried ssnpkre reconstituted in 10Q of Milli-Q

water and transferred into glass vials for LC-MS/Btalysis.

The alkyl phosphate analytes DEP, DETP, DMP and PMvere directly injected into the
LC-MS/MS system; 50@L of filtered samples were centrifuged at 2500 flom2 min and 18Q@.L

9
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of supernatant were collected, spiked with 2 n@ ahixture of internal standards and transferred

into glass vials for LC-MS/MS analysis.

2.5 Instrumentation and analytical method

Chromatographic separation was done with an Agil#B00 Series system (Agilent
Technologies, Santa Clara, CA, USA) using an XSELBCCSH™ C18 (2.1 x 100 mm, 2.&m)
column (Waters Corp., Milford, MA, USA). Mass speehetric analysis done using an AB SCIEX
Triple Quad™ 5500 LC-MS/MS System (AB-Sciex, Thornhill, Ontari@anada). Two or three
most abundant product ions of the protonated psewmecular ion of each substance were chosen
for analysis which was done both in positive andatiee ionization modes using the selected
reaction monitoring mode (SRM). Quantification vpesformed by isotopic dilution. Method limits
of detection and quantification are reported in [&€a®2. The method was fully validated in raw

wastewater, as described elsewhere (Rousis @0416).

2.6 Stability of biomarkersand parent pesticidesin wastewater

Stability experiments aim to ensure that no degradaf the targeted compounds occurs in
the sewage system and during sampling and stosageo pre-analytical losses occur (McCall et
al., 2016). The stability of parent pesticidesnscal, since degradation of these compounds could
lead to formation of the targeted biomarker in wastter, hence to overestimation of human
exposure. The stability of metabolites in raw wastieer and the formation of pyrethroid
metabolites from the degradation of parent pyratisravere evaluated in previous studies (Rousis
et al.,, 2016, 2017). The present study investigatieel formation of triazine and some
organophosphate metabolites after addition of tleeresponding parent pesticides in raw

wastewater, under different conditions. Parentim& (atrazine, simazine, propazine, terbutylazine)
10
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and organophosphate pesticides (chlorpyrifos, plliios-methyl, malathion, diazinon) were
spiked in wastewater to the maximum acceptable exanation (0.1ug/L) for a single pesticide in
groundwater, surface water and water intended diondn consumption according to EU directives
(Commision, 2008, 2006, 1998) to test their stibiinder controlled conditions (room temperature
and 4°C). These temperatures were chosen in asdambic conditions in the sewer system (room
temperature, ~23°C; worst case scenario) and ddinegollection of the composite 24-h samples
(occurring at 4°C). Each experiment was run inlitgte and samples were analyzed immediately
after spiking @§), and after 6 § and 24 h ¢). Unspiked samples were used as matrix blanks.
Analysis of formed DEP, DETP, DMP and DMTP compaarfdllowing addition of parent
pesticides in wastewater was not performed, sineset metabolites are excretion or transformation
products of a wide number of pesticides and othdrstences including flame retardants,

plasticizers and industrial chemicals (Rousis gt28116).

2.7 Daily massloads

Daily mass loads of biomarkers were calculated tiplying the concentrations (ng/L)
found in a 24h composite sample of raw wastewagehb daily wastewater flow rate {fday) at
the WWTPs (Table S1). Biomarker mass loads (mg/aagre then normalized to the number of
people served by each WWTP (mg/day/1000 inhabitairisorder to compare results between

different cities.

2.8 Pyrethroid intake and uncertainty evaluation

At present, pyrethroid metabolites (3-PBA and DCQ@vre found to be the most suitable
biomarkers of exposure according to the specificirements of WBE (Table 1), so they were used

to back-calculate population-wide intake of pyrettls. Specific correction factors (CFs) were
11
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developed by Rousis et al. (2017) and the followaggiation was used to estimate pyrethroids

intake:

_ (Cone.x F) X CF

PYR'L ntake p

where: Conc. is the concentration of each targalyten (ng/L) in wastewater, F is the
corresponding flow rate of wastewater in WWTP/@iay), CF is the specific correction factor for

each analyte and P is the population served by @A P.

CFs were calculated taking into account the molassiratio between parent pesticide and
target metabolite and the percentage of excretfothe target metabolite in human urine. Since
each metabolite is common to more than one parebstance, the molar mass ratios were
calculated using the arithmetic mean of the mokbaculeights of all parent substances divided by
the molecular weight of each metabolite. All humaimary pharmacokinetic studies reporting the
excretion rate of metabolites after a dose of theemt substances were considered. The weighted
mean (WM) excreted fraction was calculated as teanrpercentage of excretion weighted by the
number of subjects in each study (Rousis et al7R0rhe following equation was used to calculate

CFs:

Mw (Parent pesticide)
Mw (metabolite)

WM excreted fraction (metabolite)

CF =

where: Mw is the molecular weight and WM is the gi#ed mean of the percentage of excretion of
the targeted metabolites.

The procedure used to develop CFs has been debénluetail elsewhere (Rousis et al.,
2017). CFs were 6.95 for 3-PBA (used to estimateimitake of 20 pyrethroids) and respectively
3.67 and 5.45 fotrans- andcis-DCCA (used to estimate the intake of permethrirpecgnethrin,
and cyfluthrin) (Rousis et al., 2017). The intakedls of permethrin, cypermethrin and cyfluthrin

(sum ofcis- andtrans- levels) estimated by WBE were compared with adoixigical indicator, the
12
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acceptable daily intake (ADI), so as to evaluatertteasured levels of exposure in relation to their
potential effects on human health.

Uncertainty was evaluated following the availablestb practice protocols for WBE
(Castiglioni et al., 2014, 2013). Sampling procesguvere selected to keep uncertainty below 10%,
while the analytical procedure was optimized toehan analytical variability lower than 15%
(Rousis et al., 2016). The variability of excretiprofiles of pyrethroids metabolites was carefully
evaluated to assess the uncertainty related toa@&onsequently to the back-calculation. It was
calculated as the standard deviation of the peagestof excretion collected from the literature as
shown previously (Rousis et al., 2017) and it veagelr than 16%. Finally, data normalization to the
population served by each WWTP was done considéh@gnost reliable population estimation to
keep uncertainty as lower as possible. Neverthebsslescribed elsewhere, this is probably the

most critical aspect of determining the variabi(i@astiglioni et al., 2013).

2.9 Data elaboration

Data were analysed using a MultiQudh®.1 software package of Anal§/sAB-Sciex,
Thornhill, Ontario, Canada). GraphPad Prism (Vers$d0) was used for figures elaboration and
statistical analyses which was performed by usinguapaired t-test or a Mann-Whitney test
according to the normality of data. All tests wdmme considering a statistical significance level o
p<0.05. Concentrations below the Limit of Quané&fion (LOQ) were replaced with a value equal

to half the LOQ.

3 Results and Discussion

3.1 Stability of metabolites and parent pesticides

13
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The stability experiments showed no formation @zine and organophosphate metabolites
in any of the tested conditions (Table S3). Thhs, gercentage variation of the concentration for
each metabolite ak tandty4 respect to ¢t indicated that very small variations occurred &br
metabolites. Even though these laboratory expetisneere conducted under controlled conditions
(pH = 7.0-7.5; room temperature and 4 °C) that rawe reproducing the spatial and temporal
variability in a sewer system, they can provideigative information regarding the stability of a

compound in wastewater.

3.2 Occurrence of hiomarkersin raw wastewater

Concentrations of the biomarkers measured in wagtsvare shown in Table 2 with their
frequencies of detection. The substances most dreétyuobserved were ATZ and DEA (detection
rates 98.2% and 62.5%) among triazines; 3-PBA tmads-DCCA (detection rates 98.2% and
96.4%) among pyrethroids; TCPY (detection rate 1)A%PY (detection rate 87.5%), and DMP
and DEP (detection rates 100% and 94.6%) amonghophesphates. The other biomarkers had
lower frequencies of detection (<40%), and chlaifpgt chlorpyrifos—methyl and DMTP were not

detected. Mean concentrations ranged from a few (tigazines) to 2.3 pg/L (DMP).

The results were comparable with those of a prevgtudy in seven Italian cities (Rousis et
al., 2016). The profiles of the compounds most Uezdly detected were similar, besides a few
exceptions; i.e. the frequency of detection of Ddffl cissDCCA was higher in Italy (100% and
73%) than in the other European cities (38% and)3@¥%d CPF was detected in one city in Italy
(Rousis et al., 2016), but not in the EU citiesif€a2). The results for the other compounds were
quite similar in both studies: AM, CPF-MET and DMWiere not detected; malathion and triazine
metabolites were detected sporadically (frequerfayetection <40%); and TCPY and DMP were

detected in all samples. The highest concentratiortsoth studies were measured for the alkyl

14
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phosphate metabolites, DEP and DMP, which are roktaproducts of most organophosphates,
while the triazines group was found at the loweshcentrations (Rousis et al., 2016). The
concentrations ofranssDCCA were always higher than those a$-DCCA, in accordance with
HBM studies, where the trans-isomer predominatexugi® et al., 2017). Theans- to ciss DCCA
ratio is used as an indicator of the route of humgmosure and a ratio of 2:1 or higher indicates
oral uptake and/or inhalation. This suggests thasé¢ metabolites in wastewater resulted mainly
from human metabolism, since the ratio was highant2:1, as reported previously (Rousis et al.,

2017).

3.3 Massloads of biomarkersin thedifferent cities

The mean mass loads of organophosphates, triazames pyrethroids (parent and

metabolites) expressed as mg/day/1000 inhabitaregeported in Table S4.

The alkyl phosphates DMP and DEP gave the higleasis| (up to 975 mg/day/1000 inh for
DMP and 244 mg/day/1000 inh for DEP). These highssnads were expected, since these
substances are metabolic products of most of tganmphosphate insecticides used in Europe.
These substances also might originate from plastisior flame retardants following hydrolysis or
from other industrial chemicals (Reemtsma et #1112 and are therefore not specific for human
exposure. Among the other specific metabolites stigated, the loads of the diazinon metabolite
IMPY ranged from 1.3 to 16 mg/day/1000 inh. andrietabolite of chlorpyrifos and chlorpyrifos-
methyl, TCPY, ranged from 3.9 to 22 mg/day/1000.,irfuggesting different exposure to these

organophosphates in the various countries.

Triazines had the lowest loads, ranging from 0@33%.0 mg/day/1000 inh. Generally, the
metabolite mass loads were of the order of mageitwidatrazine or slightly higher. Among the
compounds investigated, only AM is a specific melitd of atrazine that may indicate human
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exposure, but it was never detected in wastewates. other metabolites detected can also result
from exposure to other triazines, particularly teybazine, which is the only chlorotriazine
herbicide approved for use in EU, and DES, DIA &iA can originate from degradation of the
parent substances in the environment (Barr eR@07). It was therefore very difficult to correlate

their occurrence in wastewater with human exposure.

The mass loads of pyrethroids were higher thanetluddriazines, 3-PBA ranged between
4.2 and 30 mg/day/1000 inh attrdns-DCCA from 7.0 to 46 mg/day/1000 inh. In all théies,cis-
DCCA mass loads were the lowest (3.6 - 10.5 mgid¥@ inh). These specific metabolites were

used to evaluate human exposure as described élere. b

The sum of the mass loads of the compounds meas$oreshch class of pesticides was
calculated as described in paragraph 2.7, in dadeompare results from the different cities (Fegur
2). Different patterns were observed among thesiéind for the various classes of pesticides, but
Utrecht and Oslo invariably had the lowest loadse Tspecific biomarkers of exposure to
pyrethroids had the highest loads in Castellon (m&& mg/day/1000 inh) followed by Milan and
Bristol (mean 43 mg/day/1000 inh), and Copenhagaea( 41 mg/day/1000 inh). This may
indicate a higher human exposure to pyrethroidsSpain due to either direct exposure or
consumption of contaminated food, and fits with fhet that Spain is classified as one of the
countries with the highest sales of pesticides umoge (Eurostat, 2014). Regarding the specific
metabolites of organophosphates, the highest laads again in Castellon (mean 28 mg/day/1000
inh), Bristol (mean 26 mg/day/1000 inh) and als&Zurich (mean 21 mg/day/1000 inh). Among
non-specific metabolites a direct correlation waétkposure could not be performed. The highest
levels were found for alkyl phosphates in Zurickeém 1056 mg/day/1000 inh), followed by Bristol
(mean 573 mg/day/1000 inh) and Brussels (mean 3#8aw1000 inh), and for triazines in Milan

(mean 14 mg/day/1000 inh) Zurich and Brussels (mi€amg/day/1000 inh) (Figure 2).
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Since human exposure occurs mainly through theasidtcan be related to direct exposure
only in some cases (i.e. rural areas), the resbliined for the specific biomarkers of exposume ca
reveal new information about the “average exposwe’the population to these pesticides
(pyrethroids and organophosphates). Regarding ttieer onon-specific biomarkers, further
investigation will be necessary to assess the reaurces of these substances, and exclude the

possibility of discharges from sources other thaman metabolism.

3.4 Comparison of mass loads of insecticides with official sales statistics

Organophosphates and pyrethroids were the classsisfraquently detected in wastewater,
both of which are classified as insecticides. Waater results were therefore compared with the
national sales statistics of insecticides repobye&urostat (Eurostat, 2014). The sum of the specif
biomarkers of insecticides was normalized to theutetion investigated in each city and the means
are reported in Figure 3. Mass loads were the BigineCastellon, Bristol, Copenhagen and Milan
and the lowest in Olso (Figure 3). These resultsipaeflect the Eurostat official sales statistics
(Figure 3), which reported that Spain, Italy and b&d the highest sales data of insecticides, and
Norway had the lowest. Because human exposuresticigkes is mainly influenced by the diet, we
can speculate that in the countries with a higk sélinsecticides, and a consequent higher use in
agriculture, there is also a major supply of praduwegetable and fruits) that leads to a higher
exposure to these substances. This is supportebebfact that our study was focused on urban
areas where direct exposure related to agricultusal can be excluded. In Spain and Italy the
Mediterranean diet, which includes lots of fruitelavegetables, may also play an important role in
the exposure to pesticides. Wastewater results seeeflect also the available figures of vegetable
and fruit supply and consumption in Europe whiah @ported to be higher in the South than in the

North of Europe (EUFIC).
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3.5 Back-calculation of pyrethroid intake

The daily intake by the general population was Wated for pyrethroids due to the
suitability of wastewater biomarkers. The mass $oatl biomarkers (3-PBA anttans- and cis-
DCCA) were therefore used to back-calculate thekmtof the corresponding parent substances.
The mass loads of 3-PBA, which is the common uyimagtabolic product of about 20 pyrethroids,
were multiplied by its specific CF as previouslsdebed (Rousis et al., 2017). Pyrethroids highest
intake was in Castellon (207 mg/day/1000 inh.)detd by Bristol (77 mg/day/1000 inh.) and

Milan (75 mg/day/1000 inh.), and the lowest in Odlé mg/day/1000 inh.) (Table 3).

The intake oftrans- andcis- permethrin, cypermethrin and cyfluthrin was estedausing
the mass loads of their specific metabolitesms- andcissDCCA in wastewater and their specific
CF (Rousis et al., 2017). Results are reportedabld 3 as the sum of tloes- andtranss DCCA
isomers. The estimated intakes ranged between 22dayi1000 inh in Castellon and 26 in Oslo.
Similar intakes were found in UK (126 mg/day/1060); Copenhagen (123 mg/day/1000 inh) and

Milan (130 mg/day/1000 inh).

The intake profiles from both DCCA and 3-PBA welighest in Castellon and lowest in
Oslo, indicating an extremely divergent exposurdhis class of pesticides. These results are in
accordance with the eEuropean statistics of fruit @egetable consumption and also with national
statistics of pesticides sales as previously dsstidor the entire class of insecticides. The mtak
pyrethroids estimated from DCCA was generally highan those estimated from 3-PBA in all the
cities (in several cases the difference was staibt significant, DCCA vs. 3-PBA) (Table 3). This
may reflect different patterns of exposure to gyr@tls, which are excreted as the investigated
biomarkers. Further research is therefore requicednvestigate the specific patterns of the

household use of these substances and the fooaneimattion.
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3.6 Comparison of estimated intake with the acceptable daily intake (ADI)

The potential risk related to the intake of permathcypermethrin and cyfluthrin was
assessed using the daily intake estimated fromlahés oftrans- and cisDCCA measured in
wastewater. In order to compare these data with veies, the ADI of beta-cyfluthrin was used as
a worst case scenario, since it was the loweshifsrclass of compound&n ADI of 0.003 mg/kg
body weight per day for a man of 70 kg resultednnaverage consumption of 0.21 mg/person per
day (Rousis et al., 2017). The comparison betwatakes estimated by WBE and the %ADI are
reported in Table 4. The estimated intake of pennmet cypermethrin and cyfluthrin in the
population was generally lower than the ADI, andemded this reference value only in one case
(Castellon) (Table 4). As previously discusseds tmiea was found to have the highest exposure
level to insecticides (particulary pyrethroids) lpably due to a combination of wide use of

pesticides and high consumption of contaminated.foo

3.7 Limitations and futureresearch needs

Up to date we checked the formation of metabolitesn the parent substances through
laboratory tests performed in wastewater mimickdifjerent temperature conditions during in-
sewer transport and sampling. Nevertheless, it evooé ideal to perform transformation
experiments in real sewers, but many factors makéltesome to obtain accurate results in such
studies. Moreover, the stability of biomarkers iastewater can be highly affected by “local”
conditions in a WWTP and may require specific irtiggdions. Future research in this area should
take into account the main processes occurringeimes compartments, and consequently the
potential presence of pesticides/metabolites in different compartments: a) the bulk liquid
(wastewater with suspended particulate matter);biofilm growing on the sewer wallsg)

sediments; d) the sewer atmosphere (McCall e2@1.6).
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The present study is the first one in which annagtieis made to correlate the mass loads of
insecticides obtained from WBE with national sad&aistics and vegetable and fruit consumption.
A number of limitations must be considered to inyeréuture comparisons of this kind of data. On
one side, WBE results were obtained by measurifegvaspecific urinary metabolites that indicate
the exposure to a limited number of parent substwmnithin the entire class of insecticides.
Furthermore, WBE was performed only in one city peuntry and for a limited period (seven
consecutive days). Thus, results may not reflaugéo periods of exposure. Under these conditions,
the extrapolation of results to the whole countily be biased by the specific spatial and temporal
profiles of that city. This was seen in previougdsts, where significant differences in pesticide
intake were found among cities within the same tgu{iRousis et al., 2016), and pesticides levels
showed seasonal variations (Rousis et al., 201h)s,Tfuture WBE studies should include more
cities per country and sampling should be repeatsabonally to improve the comparability of
wastewater results with the available nationalisties. On the other side, national sales stasistic
for pesticides may not reflect the actual use eg¢hsubstances in a country and they are obviously
not directly related to exposure, even if the firegults suggest a correlation. Moreover, thesa dat
are referred to the sales of an entire class otanbes, for instance insecticides in our case,
registered in an EU database and collected ovewtiwe year in each country, being therefore
more comprehensive and aggregated than our infmm&bm WBE. Finally, food consumption
can be measured in different ways and statistinsbeaobtained with different methods which are
not directly comparable. Since National Authoritedsen adopt different methods to collect data,

the comparability of international statistics stibhé carefully verified.

4 Conclusions

WBE was applied here for the first time to assasmdn exposure to different classes of

pesticides across Europe. Several selected bionsadkeexposure to pesticides were measured in
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raw wastewater and used as indicators of humansexean the population. Mass loads suggested a
different pattern of exposure to organophosphatgsthroids and triazines. Spatial differences in
exposure to insecticides in the various cities virelee with national statistics related to peiskis
exposure. Results suggested that in the countitbshigher insecticides sales, there is also a majo
supply of products (vegetables and fruits) thatisetm a higher exposure to these substances. WBE
was able to provide new information about the “agerexposure” of the population to pesticides.
Moreover, the calculation of the daily intake ofrgtyrroids highlighted also a different pattern of
exposure within this class. The comparison of daitgke calculated for permethrin, cypermethrin
and cyfluthrin and a worst case ADI (the one froatabcyfluthrin) indicated a potential risk for
human health. This study suggest that WBE as canabeery promising complementary
biomonitoring tool to evaluate population-wide egpre to pesticides. Some current limitations

were also discussed in order to improve futureiegpbns.
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Table 1. Summary of thenain characteristics of the metabolites selecte@BE biomarkers.

: Formation from
M etabolites Detgchon Othq Stability in parent pesticides
selected as - 'n potential wastewater in wastewater
Parent pesticides | wastewater sour ces : :
biomark preen | Rousser | R |
iomarkers al., ; presen
study) al., 2016) study)
Triazines
DES Terbuthylazine Yes Yes Yes No
DIA Atrazine,
terbuthylazine, Yes Yes Yes No
simazine, propazing
DEA Atrazine,
terbuthylazine, Yes Yes Yes No
simazine, propazing
AM Atrazine No Yes Yes No
Pyrethroids
3-PBA 20 pyrethroids Yes Yes Yes No
transsDCCA Permethrin,
cypermethrin, Yes No Yes No
cyfluthrin
cisDCCA Permethrin,
cypermethrin, Yes No Yes No
cyfluthrin
Organophosphates
TCPY Chlor'pyrlfos, Yes Yes Yes No
chlorpyrifos-methyl
MMA Malathion Yes Yes Yes No
IMPY Diazinon Yes Yes Yes No
DEP Several
organophosphate Yes Yes Yes b.
insecticides
DETP Several
organophosphate Yes Yes Yes b.
insecticides
DMP Several
organophosphate Yes Yes No g
insecticides
DMTP Several
organophosphate No Yes Yes &
insecticides

®Permethrin, cypermethrin, deltamethrin, fenvalerateenothrin, cyphenothrin, cyhalothrin, esfenvatier
fenpropathrin, allethrin, resmethrin, tralomethflocythrinate, fluvalinate and their isomePsnot assessed
because these compounds come from multiple sulestanc
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Table 2 Mean concentrations (ng/L) and standard deviatudrise raw wastewater samples collected in eight gean cities in March 2015.

Frequené}éf

Compound Bristol Brussels Castellon Copenhagen Milan Odo Utrecht Zurich detection
(%)411 6

Triazines
ATZ 44+04 12.8+1.3 20+1.0 1.3+0.1 7.9.8 1.7+0.2 21+0.3 5.4+0.6 98.2
DES <0.6. <0.6. 21.1+37 <0.6. 122+14 <0.6. <0.6. 6.2+0.8 37.617
DIA <1.4 6.7+2.0 <1.4 <1.4 89+1.4 <1.4 <1.4 43+0.2 36.2
DEA 75+3.0 19.6 £55 45+1.2 <1.1 7711 <1.1 <1.1 7.4+0.9 62.,5_4 R
AM <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0 °*°
Pyrethroids
3-PBA 49 + 25 224+14 129 + 32 12.4 £ 2.3 2693 53+1.5 30174 96+1.4 913
transsDCCA 118 £ 65 65+ 13 200 + 60 44 £ 16 63 +34 1638 124 £ 54 31+10 96.4
cisDCCA 22+11 <7.7 45 +11 <7.7 14 +11 <7.7 2283 <7.7 35.7
Organophosphates 620
CPF <2.4 <24 <2.4 <2.4 <24 <2.4 <2.4 <2.4 0
CPF-MET <3.5 <3.5 <3.5 <3.5 <3.5 <3.5 <3.5 <3.5 0 691
TCPY 43 £ 23 23.8+27 93 +23 17.8 £2.3 20.1¢ 2 83+1.3 28.3+3.9 26.4+3.1 100
MMA isomer 1 <3.9 <3.9 397 £ 966 <3.9 4.7 x2.3 <3.9 <3.9 <3.9 8.9
MMA isomer 2 <4.8 <4.8 285 + 661 <4.8 <4.8 <4.8 &4, <4.8 7.1622
IMPY 72 +48 49+1.1 25+11 3.6+0.8 <1.29 6.5.2 12.7+2.8 19+ 16 87.5
Alkyl phosphates (Or ganophosphates) fan
DEP 1076 + 670 180 + 24 231 +56 110 + 12 123+2D 46 +19 206 + 13 187 + 22 4%
DETP 39+19 <17.5 <17.5 <17.5 <17.5 <17.5 <17.5 7.51 7.1
DMP 1388 + 2228 | 1072 +101¢ 278 + 77 280 + 92 122+ 233+60 269 + 43 2269 * 63( 0]
DMTP <395 <395 <395 <395 <395 <395 <395 <395 0

<LOQ/2 are reported as used for further calculatid»Q values are reported in Table S2.
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629
630
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Table 3 Pyrethroid intake (mg/day/1000 inhabitants; meath standard deviation) back-calculated

from 3-PBAandcis- andtrans-DCCA.

WWTP Group of Permethrin, cypermethrin | gtatigtical analysis
pyrethroids and cyfluthrin (p-values)®
(3-PBA) (DCCA*)
Bristol 77 £ 37 126 £ 60 0.091
Brussels 41+ 6 62 +11 0.012
Castellon 207 £ 47 227 £59 0.507
Copenhagen 57 £13 123 £ 50 0.005
Milan 75+ 39 130+ 101 0.209
Oslo 17+£5 26 +13 0.128
Utrecht 33+8 90 + 36 0.001
Zurich 296 50 + 22 0.031

*Sum of cis- and transsDCCA;® unpaired t-test or Mann-Whitney

statistical significance for p<0.05.

test were perfornoeshsidering a
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632
633 Table 4 Estimated intake of permethrin, cypermethrin anflutlyrin of the population living in
634 different European cities and comparison with tbeeatable daily intake (ADI) for beta-cyfluthrin

635 (0.21 mg/day/person).

Intake of permethrin, cypermethrin and % ADI*

WWTP cyfluthrin (mg/day/per son)

Bristol 0.126 + 0.060 60
Brussels 0.062 +0.011 30
Castellon 0.227 +0.059 108
Copenhagen 0.123 £0.050 58
Milan 0.130+0.101 62
Odlo 0.026 +0.013 12
Utrecht 0.090 + 0.036 43
Zurich 0.050 + 0.022 24

636  *Permethrin, cypermethrin and cyfluthrin intake gertage compared to the ADI of beta-cyfluthrin and
637  expressed in %.

638
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639

640 FigurelLegends

641 Fig. 1. Cities investigated in the present study in Europe.

642 Fig. 2. Sum of the mass loads (mg/day/1000 inhabitants) of organopgtaisp, triazines,

643  pyrethroids and alkyl phosphates in eight Europsties.

644  Fig.3. Sum of themass loads of insecticides (mg/day/1000 inhabifaag8mated from wastewater

645 in eight European cities and national sales fromo&tat (2014).
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City

Country

Population

,/

539
ST Rg
%ﬂ‘

1. Bristol UK 887,000

] 2. Brussels BE 954,000
3. Castellon ES 180,000
4. Copenhagen DK 530,000
S. Milan IT 1,100,000
6. Oslo NO 580,000
7. Utrecht NL 300,000
8. Zurich CH 410,000

R
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Mean mass loads from wastewater

(mg/day/1000 inh)

150+

100+

50+

Insecticides

National Sales by Eurostat (kg/year)

Spain
Italy
UK
Belgium

The Netherlands
Switzerland
Denmark
Norway

7515
2252
779
556
252
83
38
4.8




Highlights

WBE was applied for the first time to assess human exposure to pesticides in Europe

Different patterns were observed among the cities and the classes of pesticides

Results were in line with the national statistics related to pesticides exposure

This study gives new information about the “average exposure” of the population





