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Abstract

N-nitroso compounds form during acid-catalyzed reactions between certain nitrogen-
containing compounds and nitrite. Approximately 90% of over 300 N—nitroso compounds
have shown evidence of carcinogenicity. Pesticide-associated N-nitroso compounds
(PANNs) may form endogenously from nitrosatable pesticide residues in food or water and
may be detected in serum and urine. The objectives of this doctoral dissertation were to (i)
develop analytical methods using ultra-high pressure liquid chromatography (UHPLC)
high-resolution accurate mass (HRAM) orbital ion trap mass spectrometry (MS) for
measuring 10 PANN precursors in serum and urine; (ii) investigate PANN formation in
water by combining nitrosatable analytes with nitrite under environmentally-relevant
conditions; and (iii) analyze serum and urine from a sample population in Prince Edward
Island, the province with the highest pesticide-use intensity, and an urban control
population (Halifax, Nova Scotia) for target analytes and PANNs. Three sample
preparation methods were evaluated for extraction of target analytes from biomatrices.
Deproteinization by methanol resulted in excessive ion enhancement of some analytes and
complete loss of others. Solid-phase extraction showed less ion enhancement than did
deproteinization; however, analyte loss remained an issue. The Quick, Easy, Cheap,
Effective, Rugged, and Safe (QuEChERS) approach resulted in a novel method for
extraction of target analytes with mean initial recoveries in serum ranging between 74 and
120% (% relative standard deviation, RSD <12) and 96% to 116% (%RSD <10) in urine.
To assess PANN formation, nine nitrosatable precursors were individually reacted at
environmentally-relevant concentrations with sodium nitrite and hydrochloric acid in
water. Ethylenethiourea (ETU) produced carcinogenic N-nitrosoethylenethiourea (N-ETU)
in several experiments and at initial ETU concentrations as low as 7.5 pug L', Finally,
serum and urine from 64 healthy individuals in PEI and NS were analyzed for 10 PANN
precursors. ETU and 3,5,6-trichloro-2-pyridinol were detected in serum while atrazine and
ETU were detected in urine with no significant differences in detection frequency in either
biomatrix between provinces. Six and 10 PANNs were tentatively identified in serum and
urine, respectively, in both provinces. Based on these findings, endogenous N-ETU
formation may be a concern for individuals exposed to ETU and PANNs may be utilized
as biomarkers of pesticide exposure.
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Chapter 1: Introduction

Pesticide use is often viewed as a double-edged sword, with its critical role in crop
protection alongside growing concerns about environmental and human health effects.
With a continuous increase in overall global pesticide use between 1990 and 2007 [1],
pesticide dependence in agricultural regions has inevitably resulted in an increase in human
exposure. Epidemiological studies have found positive associations between pesticide
exposure and several types of cancers, including non-Hodgkin's lymphoma [2], leukemia
[3], and cancers of the brain [4], breast [5], prostate [6], colon [7], liver [8], lungs [9], and
bladder [10]. As such, it is important to monitor the presence of pesticides as they are
inadvertently transported throughout the environment and into human populations.

Several pesticides used in Canada’s maritime provinces, such as mancozeb,
metiram, as well as their common metabolite, ethylenethiourea (ETU), are classified as
“probable human carcinogens” by the United States Environmental Protection Agency
(U.S. EPA) [11]. In addition to inherent toxicities of parent and degradation products,
pesticides can also interact with other substances present in the environment to form
products having greater toxicity than the parent compound itself. A prime example of this
interaction is the formation of highly carcinogenic N-nitroso compounds from the reaction
of some nitrosatable pesticides and metabolites and nitrite under acidic conditions [12].
The formation of such pesticide-associated N—nitroso (PANN) compounds is an area of
study that requires further investigation for cancer risk assessment in environments
vulnerable to agricultural pesticide and nitrate pollution.

The characterization of carcinogenic potential of pesticides or other agents involves
a weight of evidence approach, incorporating data from a range of studies, including
laboratory animal tumour findings, physicochemical properties of the pesticides, structure-
activity relationships in comparison with other known carcinogens, carcinogenesis mode
of action (either in vitro or in vivo) and, when available, epidemiologic findings in humans
[13]. Due to data gaps, notably those resulting from difficulties in obtaining accurate
exposure assessments for time periods that may be relevant years before disease onset, the
carcinogenicity of specific pesticides is often difficult to characterize [14]. However, the

assertion that most N—nitroso compounds are carcinogenic is widely accepted, as they are



among the most broadly tested chemical group with 90% of approximately 300 N—nitroso
compounds showing evidence of cancer development in all species of a wide range of

laboratory animal models, including fish, snakes, and subhuman primates [15-17].
1.1 N-nitroso Compounds

N-nitrosamines and N-nitrosamides are two chemical classes of N-nitroso
compounds formed from the nitrosation of amines and amides, respectively, from nitrite-
derived nitrosating agents [18]. N-nitrosamines comprise the larger of the two N-nitroso
compound groups and have the general structure of a nitroso functional group (—N=0)
bonded to an amine with attached R; and R> groups, which may be in the form of a
hydrogen atom or alkyl or aryl groups (Figure 1-1a) [19]. N-nitrosamides share a similar
structure except that the carbon on one of the side chains is double bonded to oxygen and
an alkyl or aryl group (Figure 1-1b). These structural blueprints allow for hundreds of N—
nitroso compound configurations and the target organ of carcinogenicity appears to depend
on molecular structure. These potent carcinogens exhibit high organ specificity, which
means that different N-nitroso compounds have different target organs of carcinogenesis
[20]. It has been observed in animal models, independent of the route of administration,
that N—nitrosamines exhibiting symmetry with identical alkyl groups exert effects
primarily in the liver, whereas a common target of asymmetrical N—nitrosamines is the
esophagus, and cyclic N—nitrosamines promote tumour formation in various other tissues
and organs, including the brain, stomach, gut, trachea, lung, kidney, bladder, pancreas,

heart and skin [17,21].

Figure 1-1. Generic structure of a) N-nitrosamines and b) N-nitrosamides [22].



In contrast to N-nitrosamides, N—nitrosamines require in vivo bioactivation into
reactive intermediates to produce carcinogenic effects [23]. Cytochrome P450 (CYP)
enzymes initiate oi-hydroxylation to produce an unstable proximal carcinogen and then the
oxidized side chain is cleaved, which leads to the formation of an ultimate carcinogen, an
electrophilic alkylating agent (Figure 1-2) [21,24]. Due to inter-individual variation in CYP
enzymes involved in N-nitrosamine metabolism, notably CYP2A6 and CYP2EI,
bioactivation varies greatly among individuals [25]. Further variation in the metabolism of
N-nitrosamines derives from differences in chemical structure and physicochemical
properties [26-28].

Alkylating agents exert their carcinogenic effects by transferring an alkyl group
onto the DNA strand to form altered bases, usually via G:C to A:T transitions [29]. While
DNA alkylation may occur at various positions on the DNA strand (i.e. N-1, N-3, and N-7
positions of adenine; N-3, N-7, and O° of guanine; N-3 and O? of cytosine; N-3, O*, and
O? of thymine; and at the phosphate groups), observations from both in vitro and in vivo
studies on N-nitroso carcinogenesis have shown that mutations resulting from alkylation at
the oxygen atoms of DNA bases is more critical than those arising from alkylation at other
positions [30]. Carcinogenesis resulting from N-nitrosamine exposure is more likely to
occur following chronic exposure to small doses rather than acute exposure to a large single

dose [20].



I\ll N-nitrosamine
Nso
l CYP-mediated o-hydroylation
HO
R _R?
| Proximal carcinogen (unstable)
~O
}} R,—OH Cleavage of oxidized chain
H ~ N/R2
[ Intermediate
Ny o

%ﬁ N, OH  Formation of DNA-alkylating agent

R, Ultimate carcinogen

Figure 1-2. General bioactivation pathway for N-nitrosamines [21].

1.2 Endogenous/Exogenous N-nitroso Compound Formation

N-nitroso compounds are generally formed in acidic environments. N-nitrosamines
are relatively stable in water, and are thermally stable under neutral conditions, but
decompose with exposure to ultra violet light; in contrast, N-nitrosamides are unstable in
aqueous solutions and in neutral and alkaline conditions, and decompose under normal and
UV light and at temperatures above 100 °C [31]. N-nitroso compounds are present in a
variety of sources, including certain foods, pharmaceuticals, cosmetics, wastewater, air,
soil, tobacco, detergents, rubber products, and pesticides [32]. In many of these products,
N-nitroso compounds are formed during manufacturing processes [33]. In foods, N-
nitrosamines are usually formed by the nitrosating agent, nitrous anhydride, which is
generated from nitrite in acidic conditions [34]. This synthesis reaction can also be
catalyzed by dissolved metals present [35]. It should be noted that nitrosation occurs when

nitrite concentration exceeds that of the nitrosatable compound by at least fourfold [28].



The endogenous formation of N-nitrosamines from precursors nitrite, nitrate
(present as food additives in a number food products, especially processed meats) and
secondary amines accounts for 45 to 75% of total N-nitroso compound exposure [36].
Ingested nitrate can be reduced to nitrite in vivo (e.g. converted by oral bacteria to nitrite),
which can subsequently participate in nitrosation reactions in the gastrointestinal tract and
bladder with secondary amines to form N-nitrosamines [37,38]. In particular, the stomach
provides a catalytic environment for the formation of N-nitroso compounds from dietary
nitrite and nitrate because in gastric acid (pH ~ 2), nitrite is predominantly expressed in its
protonated form (HNO), which is a direct source of the potent nitrosating nitrosonium ion
(NO™) [39]. As such, consumption of nitrate-contaminated drinking water may
substantially increase the risk of endogenous N-nitroso compound formation [40].
Thiocyanates and heme-iron, such as that abundant in red meat, are associated with an
increase in endogenous N-nitroso compound formation, whereas polyphenols, and

vitamins C and E appear to show a protective effect against nitrosation [31,41-43].
1.3 Known Pesticide-Associated N-nitroso Compounds

The International Agency for Research on Cancer (IARC) lists over 30 PANN
compounds, noting that formation reaction rates vary widely due to dependence on type of
precursor, pH, and temperature [44]. Many pesticides are often applied in conjunction with
agricultural fertilizers, a rich source of nitrogen that may act as a precursor to N-nitroso
compound formation. Environmental N-nitrosamine formation is most likely to form in
soil, which is deprived of sunlight and can be acidic; these newly formed N-nitrosamines
may leach through the soil into groundwater [45]. Two of the most commonly studied
PANN compounds that are relevant to this project are N-nitrosoatrazine (N-ATR) and N-
nitrosoethylenethiourea (N-ETU).

1.3.1 N-nitrosoatrazine

The herbicide atrazine (ATR), a triazine herbicide used extensively in North
America, is known to react with nitrite to easily form the stable N-ATR under acidic
conditions (pH 3 to 3.5) (Figure 1-3) [46—48]. The two secondary amine moieties of the

ATR molecule can be nitrosated to form either mono-N-ATR or di-N-nitrosoatrazine (di-



N-ATR), the latter of which is much less stable and rapidly decomposes to mono-N-ATR
[49]. Moreover, two degradation products of ATR, desethylatrazine (DEA) and
deisopropylatrazine (DIA), are known groundwater contaminants and can also undergo
nitrosation. To illustrate the high toxicity of N-ATR compared to that of its parent
compound, consider the following observations by Meisner et al (1993): N-ATR exposure
to human lymphocyte cultures in concentrations as low as 0.0001 pg mL™" resulted in
significant elevations in chromosome damage whereas 1,000- to 10,000- fold greater
concentrations of nitrates, nitrites, and/or ATR were required to produce comparable

chromosome damage [48].
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Figure 1-3. Structures of atrazine (ATR), N-nitrosoatrazine (N-ATR), desethylatrazine
(DEA), and deisopropylatrazine (DIA).

Several studies have been performed to investigate the exogenous and endogenous
formation of N-ATR. In 1977, Kearney et al failed to confirm the formation of N-ATR in
soil at pH 5.0 to 7.0 after treatment with ATR at two parts per million (ppm) and high rates
of nitrogenous fertilizer (100 ppm) [49]. However, in a 2011 study, N-ATR was detected
in solutions containing 0.1 mM ATR and 0.4 mM sodium nitrite (NaNO>) at pH 2 to 4,
with product stability decreasing as acidity increased, and in soil at pH 4 to 5, reaching a
maximum concentration at day seven and remaining constant until day 21 [50]. In addition,
both acetate, a fermentation product, and fulvic acid, from soil organic matter, was found
to promote nitrosation under near-neutral conditions. Further evidence supports that
nitrosation of ATR and other pesticides in aqueous solutions is strongly inhibited at pH

values above five [51].



In gastric juice samples (pH 1.5 to 2.0) collected from fasting individuals and
treated with different concentrations of both NaNO- (0.5, 1.5, and 3 mM) and ATR, along
with other triazine herbicides, (0.05 to 1 mM), maximum N-nitroso compound formation
appeared at hour three and concentration slowly diminished after 4.5 hours [40]. Of
importance, the concentrations of NaNO; used in the gastric juice experiment reflect the
magnitude of the concentration of gastric nitrite present in the stomach after a meal that
contains 38 mg of nitrate kg'!. N-ATR excretion was investigated via oral administration
of both ATR and N-ATR in rats, which resulted in urinary excretion of common metabolic
biomarkers, ATR, diaminoatrazine, DEA, and DIA [52]. However, the total excretion of
ATR and its metabolites after administration of ATR was 37% of the administered dose,
compared to only 2% of the administered dose of N-ATR, which indicates a difference in
metabolism of ATR and N-ATR. Interestingly, N-ATR was not detected in any of the rat

urine samples.

1.3.2 N-nitrosoethylenethiourea

N-nitrosoethylenethiourea is formed via nitrosation of ETU [53], a common
environmental degradation product and metabolite of ethylenebis-dithiocarbamates
(EBDCs) (Figure 1-4) [54]. While information on this compound is limited, there exists
evidence of its carcinogenic potential. In a tumorigenicity test of N-ETU in mice, 10
weekly oral doses between 0.66 and 2.64 mg resulted in dose-dependent increases in the
number of mice having pulmonary and lymphocytic neoplasms [55]. Another experiment
involving 10 weekly oral doses of ETU and NaNO; together in different combinations
resulted in earlier development of tumours and/or dose-dependent increases in tumour
formation in lymphatic tissue, lung, forestomach, Harderian gland, and uterus of mice; in
contrast, evidence of carcinogenesis was absent after administration of either ETU or
NaNO: alone [56]. These results support the assumption that N-ETU, believed to be formed
in vivo, is a more potent carcinogen in mice than is ETU. In addition, concurrent oral
administration of ETU and NaNO> to female Donryu rats resulted in endometrial
adenocarcinomas, which is presumed to be a result of endogenously-formed N-ETU [57].
In a mutagenesis study, the formation of micronuclei (indicative of chromosome breakage)

was observed in blood cells of female mice after the animals were fed a mixture of ETU



and NaNQO;, but not after administration of the single compounds [58]. As with previous
studies, the authors postulated that endogenous formation of N-ETU and its delivery to

target cells resulted in mutagenic effects observed.

ETU N-ETU

Figure 1-4. Chemical structures of ETU and N-ETU.

1.4 Pesticide and Nitrate Pollution in Prince Edward Island

Of considerable concern for exposure to PANN compounds are environments that
are vulnerable to pesticide and nitrate pollution. Perhaps the Canadian province of greatest
vulnerability is Prince Edward Island (PEI), the producer of over 30% of Canada’s total
annual potato production [59]. PEI has been found to have the highest pesticide use
intensity of all Canadian provinces [60]. While the island’s cool, sandy and well-drained
soils make the province ideal for potato production, the aquifer is highly vulnerable to
pesticide contamination [61]. The PEI government operates a provincial pesticide
monitoring program, which involves the analysis of groundwater (in January or February
of each year) from over 100 drinking water wells of private homes, schools, municipalities,
and seniors’ housing facilities. Through this program, trace levels of several nitrosatable
pesticides, including ATR, dimethoate (DIM), imidacloprid (IMI), and thiophanate methyl
(TM), have been detected in drinking water samples [62].

Groundwater nitrate contamination is also an ongoing issue in PEI, as high fertilizer
requirements for sufficient tuber yield and size make potato-growing regions particularly
susceptible to leaching of nitrates into groundwater [63]. In PEI’s farming-intensive

watersheds, nitrate-N concentrations in 15 to 20% of tested drinking water wells exceeded



the Health Canada guideline of 10 mg L' [64]. Repeated fish kills and increasing estuarine
anoxic events over the same period have alerted many Islanders about the potential for both
pesticide and nitrate contamination of soils and groundwater and consequent health effects
[65—67]. Considering that groundwater is the sole source of drinking water for PEI
residents and it is vulnerable to pesticide and nitrate contamination, drinking water
contaminated with these PANN compound precursors presents a potential pathway of
human exposure to N-nitroso compounds in PEI. There exists the potential for PANN
compound formation in PEI groundwater, soils, and endogenously, where nitrosatable
pesticides and nitrites are present at a pH suitable for the reaction. However, these
conditions must be explored further. These issues, combined with PEI’s consistently higher
than national cancer incidence rates [68], have created a need for more research on the

relationship between pesticide exposure and cancer development in PEL
1.5 Pesticide-Associated N-nitroso Compound Research Gaps

A majority of the information currently available on N-nitroso compounds was
generated in the 1970s and 1980s. In addition to the surge in N-nitroso compound toxicity
experiments of that era, several international symposia were held between 1971 and 1986
to address growing concerns related to these carcinogens [69—75]. In recent years, however,
research on N-nitroso compounds has waned, leaving a number of research gaps, and thus
opportunities, in the field. First, despite the advancement of technology used to identify a
wide range of environmental pollutants and biomarkers, analytical methods have not yet
been developed for semi-targeted analysis of a priori unknown N-nitroso compounds that
are anticipated to form from nitrosatable pesticides, notably those used in PEI agriculture.
Second, N-nitroso compound formation from these analytes has not yet been investigated
using environmentally relevant concentrations of substrates. Furthermore, human
biomonitoring data for PANN compounds in PEI, an environment susceptible to nitrate and
pesticide contamination, are lacking. To begin narrowing research gaps, and to develop

feasible and specific aims for this work, these topics were further explored.



1.5.1 Laboratory Analysis of N-nitroso Compounds

The technology for detecting N-nitroso compounds has advanced significantly over
the last four decades. In the mid 1970s, nanogram and picogram levels of N-nitroso
compounds were analyzed in a range of matrixes, including complex biological materials
and foods, by coupling gas chromatography (GC) and high performance liquid
chromatography (HPLC) to a Thermal Energy Analyzer (TEA), a technique highly specific
to the nitroso functional group [76-78]. As described by Ikeda ez a/ (1990), TEA involves
the thermal breakage of N-NO bonds of N-nitroso compounds within a flash catalytic
pyrolyzer, which results in the formation of nitrosyl radicals [32]. All other organics,
fragments, and solvent molecules are frozen in cold traps and removed, leaving only the
nitrosyl radicals behind, which are subsequently oxidized via ozone to produce
electronically excited nitrogen dioxide (NO2*). The transformation of this unstable
molecule back to its ground state emits characteristic electromagnetic radiation
proportional to nitrosyl radical concentration. Despite the emphasis by Ikeda et al that
highly specific TEA was the gold standard for N-nitroso compound analysis, it has been
observed that some organic nitrites and nitrates, as well as some inorganic nitrites, produce
undesired TEA responses, requiring unequivocal structure confirmation by an independent
technique, usually mass spectrometry (MS) [79].

Mass spectrometry is a powerful tool used in identification and quantitation of a
wide range of environmental and biological contaminants in trace concentrations.
Commonly used types of MS in analytical toxicology are single quadrupole, triple
quadrupole, and orbital ion trap MS, which are often coupled with GC or LC. In general,
analytes separated in solution by chromatography are vaporized upon entry into the MS,
are ionized, and sent to the detector for measurement of the mass-to-charge ratio (m/z) of
each ion. For a given set of MS parameters, an ionized analyte will fragment into a set of
discrete ions in consistently relative ratios, creating a characteristic mass spectrum used for
compound identification. In addition to being used in targeted analysis of known analytes,
the orbital ion trap MS can also be employed in semi- and non-targeted analyses, which is
paramount for the study of unknown degradation and transformation products that may be

more toxic than their parent compounds [80].
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As previously mentioned, the group of N-nitroso compounds is comprised of
hundreds of compounds that behave differently, not only toxicokinetically and
toxicodynamically, but also analytically. This is to say that an analytical method developed
to analyze a number of N-nitroso compounds may not be adequate for the analysis of other
members of the group. In the case of PANN compounds, the N-nitroso product formed
from its parent pesticide is physicochemically similar (e.g. in molecular weight, retention
characteristics, etc.) to its parent compound. Therefore, to analyze PANN compounds, it
may be more advantageous to develop a targeted/semi-targeted MS instrument method for
the analysis of the parent pesticides (targeted analysis), with the capability of examining
mass spectra of other closely related compounds in the sample (semi-targeted), than it
would be to use a previously existing method for other N-nitroso compounds that share
fewer structural similarities with the pesticides. For this reason, existing methods for other
N-nitroso compounds (e.g. tobacco-specific nitrosamines) may not be suitable for the
analysis of less structurally-similar PANN compounds.

For precise identification of analytes in any type of targeted analysis, not only must
the structure of the analyte be known, but retention characteristics and fragmentation data
generated from analysis of a certified analytical standard should be used for verification.
This poses a problem for studies, such as this, that aim to analyze compounds predicted to
be present in a sample for which analytical standards are not readily available for purchase.
In these cases, a semi-targeted approach is favoured. High-resolution accurate mass
(HRAM) orbital ion trap MS allows the discovery of new pesticide biomarkers by
screening for a virtually limitless number of analytes [81]. Despite the availability of this
highly sensitive platform for semi-targeted analysis, it has not yet been employed in the

investigation of PANN compounds.

1.5.2 Pesticide-Associated N-nitroso Compound Formation

Several research groups have experimented with the formation of N-nitroso
compounds from nitrosatable pesticides [45,50,82—85]. However, most studies experiment
with high initial pesticide concentrations that are not typically found in the environment.
For example, in a 2011 study of N-ATR formation in solution, concentrations used were

much higher than are environmentally relevant (0.1 mM ATR = 21.56 mg L!; 0.4 mM

11



NaNO; = 18.40 mg L) [50]. In some cases, the use of high initial pesticide concentrations
may be due to a lack of a sensitive detection method while in others, study objectives may
focus on the characterization of PANN compound formation and identifying unknown
physicochemical properties.

While it is important to investigate PANN compound formation kinetics at high
substrate concentrations under controlled laboratory conditions, it is also critical to explore
whether synthesis occurs at concentrations to which people may be exposed in drinking
water. Following a thorough review of the literature [45,50,82,84,85], the lowest initial
pesticide concentration used in an N-nitroso compound formation experiment was found
to be 20 pg L'; the study reported the synthesis of significant concentrations of N-
nitrosodimethylamine (NDMA) (0.170 pg L) during dichloramination of diuron [82].
However, this pesticide is not listed on the PEI Pesticide Sales Report [86] and is therefore
not included in this study as an analyte of interest. Furthermore, when the literature was
searched for N-nitroso compound formation from each individual analyte of interest, only
two of 10 analytes (ATR and ETU) produced results [28,40,45,48-50,52,55-58,84,87-95].
As each PANN compound bears its own physicochemical properties, formation kinetics
may vary greatly among this group of carcinogens and, as such, should be examined

individually.

1.5.3 Human Biomonitoring of Pesticide-Associated N-nitroso Compounds

Of the research gaps involving PANN compounds discussed herein, human
biomonitoring data are lacking the most. Studies identified that involved the analysis of
PANN compounds relevant to this work in biomatrices were not true biomonitoring studies.
For example, N-ATR was studied in human gastric juice but under in vitro conditions [40].
Another study involved the analysis of N-ATR in urine, but samples were collected from
rats [52]. Some biomonitoring studies involved non-specific analysis of N-nitroso
compounds in human urine. For example, in 1982, an indiscriminate method was used for
the screening of total N-nitroso content in human urine through detection of nitric oxide
following denitrosation [96]. Other work examining specific nitrosamines in human
biomatrices focused on tobacco-specific N-nitrosamines [97]. To the author’s knowledge,

there are no human biomonitoring data available to date from the analysis of PANN
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compounds related to any analyte of interest in this study with the exception of NDMA

[98—101], a known pesticide contaminant.
1.6 Analytes of Interest

Analytes of interest in this study were chosen based on the following five inclusion
criteria: (1) presence of secondary amines or amides (interaction potential with nitrates to
form N-nitroso compounds); (2) sales group ranking in PEI Pesticide Sales Report; (3)
detection in PEI environments based on data from the provincial pesticide monitoring
program; (4) groundwater contamination potential, based on solubility, Henry’s law
constant (Ky), normalized soil sorption coefficient (Koc), and persistence; and (5) toxicity
potential (e.g., classified as carcinogenic by the U.S. EPA). Using the Retail Pesticide Sales
Report issued by the PEI Department of Communities, Land and Environments, pesticides
containing secondary amines or amides were ranked by amount of active ingredient (a.i.)
sold in 2014, the most recent year for which sales data are available. Some of the highest
ranked pesticides were eliminated due to analytical challenges. First, mancozeb, PEI’s
highest ranked pesticide in sales, is difficult to analyze using chromatographic techniques
and has a high detection limit of 100 ug L' [102]. Glyphosate, ranking second, is also a
major challenge to analyze on this platform without derivatization [103] and was excluded
from the study. Metiram, also ranked in the top five, was excluded as its detection limit is
1,000 ug L' [102]. Of the remaining nitrosatable pesticides, the following five were
selected for analysis: ATR, DIM, IMI, linuron (LIN), and TM (Figure 1-5).

Five additional analytes were also included in the study. ETU, a common
metabolite of both mancozeb and metiram, two of PEI’s highest ranked pesticides in sales,
contains two secondary amines and is also classified as a “Group B Probable Human
Carcinogen” by the U.S. EPA. MCPA (2-methyl-4-chlorophenoxyacetic acid), a phenoxy
herbicide widely used in PEI, was also included in our study because, even though it does
not contain a secondary amine or amide capable of interacting with nitrates to form N-
nitroso compounds, it is often contaminated with the nitrosamine NDMA [104]. Other
analytes of interest are primary metabolites of parent compounds, carbendazim (CAR),
3,5,6-trichloro-2-pyridinol (TCPy), and omethoate (OME), all of which are capable of

forming N-nitroso compounds through interaction with nitrite (Tables 1 and 2).
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Figure 1-5. Molecular structures, abbreviations, Chemical Abstracts Service (CAS)

numbers, molecular formulas, and molar masses of target analytes.
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Table 1-1. Groundwater contamination potential characteristics for analytes of interest
based on (1) water solubility (mg L); (2) Ku; (3) Koc; and (4) persistence (2,2).
Groundwater contamination potential

Analyte Water K s 1 Koct 11/ References
solubility® (atm m° mol (L k) (days)
(mgL!)  @25°C) £ e
ATR Moderate 2.6x107 54-1164 20-360 [105]
CAR Low 1.5x 1012 122.3-2805 320 [106,107]
DIM High 2.4x 1010 5.2-50 7-122 [108]
ETU High 1.36 x 10°!! 13 <7 [109,110]
IMI Moderate 1.65x 1071 156 to 800 48-190 [111]
LIN Moderate 1.97 x 10° 555 to 987 22-136 [112]
MCPA Moderate 4.8x 1010 50-62 <7to 4l [113]
OME High 4.6x 101 9.4 3.8-25 [114-116]
TCPy Moderate Unknown 27-389 42-117 [117]
™ Moderate 1.21x107? 330 12-15 [118,119]

—Low water solubility is considered to be less than 10 mg L', moderate solubility is
between 10 and 1,000 mg L', and high water solubility is more than 1,000 mg L' [120].
®Henry’s law constant (Ky) is the ratio of a pesticide’s concentration in air to that in water
when in equilibrium and describes the tendency of a pesticide to volatilize out of an
aqueous solution, with values less than 9.869 x 10! atm m? mol! denoting little tendency
to volatilize [80].

°The normalized soil sorption coefficient (Koc) is a measure of organic matter content of
soil; pesticides are considered highly mobile if they have a Koc value of less than 50 [80].
dPesticide half-life (¢;,2) is the length of time in which it degrades to half of its initial
concentration and may be considered low (less than 16 days), moderate (16 to 59 days),
and high (over 60 days) [121]. These values pertain to soil except in the case with TM,
which were calculated from plant leaves because TM soil #;2 is unknown.
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Table 1-2. Analytes of interest based on (1) nitrosatability; (2) sales of pesticide (kg a.i.)
in PEI; (3) detection in PEI groundwater; (4) groundwater contamination potential; and (5)
toxicity potential.

2014 PEI [Max]in PEI  Groundwater

Analyte sales? groundwater® contamination  Toxicity potential®
(kgai) (ugLh potential®
ATR 2.870 0.65 Yes High intc?ra}ction potential with
nitrate/nitrite
Possible human carcinogen;
CAR  5,988° N/AT Yes interaction potential with
nitrate/nitrite
Possible human carcinogen;
DIM 2,376 0.1 Yes interaction potential with
nitrate/nitrite
Probable Human Carcinogen;
ETU 343,492¢  N/Af Yes interaction potential with
nitrate/nitrite
IMI 3.919 0.46 Yes Ir}teractif)n' potential with
nitrate/nitrite
Possible human carcinogen;
LIN 27,528 <0.06 Yes interaction potential with
nitrate/nitrite
Often contaminated with
MCPA 18,361 <1 Yes NDMA
OME 2.376¢ N/A! Yes Ir}teractif)n' potential with
nitrate/nitrite
TCPy  741¢ N/A! Yes High intc?ra}ction potential with
nitrate/nitrite
Likely to be carcinogenic to
™ 5,988 0.55 Yes humans; interaction potential

with nitrate/nitrite
aData acquired from 2014 PEI Pesticide Sales Report [86].
®Maximum concentration of analyte quantified in groundwater by Government of PEI
pesticide monitoring program [102].
‘Determined after considering contamination potential characteristics shown in Table 1.
dCarcinogen classification by U.S. EPA [11].
“Reflects sales of parent compound.
Not included in the PEI government’s pesticide monitoring program.

1.7 Objectives and Specific Aims

The primary objective of this study is to develop and employ a semi-targeted
approach using HRAM orbital ion trap MS to identify specific nitrosatable pesticides and

byproducts, as well as their associated N-nitroso compounds, in human serum and urine
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from a healthy sample population in an area of intense agriculture in PEI and to determine
whether these analytes are detected in serum and urine of a healthy sample population in
Halifax, a non-agricultural urban area. The central hypothesis of this research is that N-
nitroso compounds are formed endogenously after exposure to nitrosatable pesticides and
nitrates/nitrites and that these carcinogens can be detected as biomarkers in biofluids of
individuals living in areas of intensive pesticide use. It is also hypothesized that these
PANN compounds are undetectable in biofluids of individuals living in areas of non-
intensive pesticide use. The assumption, based on the Government of PEI pesticide
monitoring program data that confirm the presence of trace amounts of several nitrosatable
pesticides in PEI groundwater, is that exposure to PANN compound substrates is higher in
the PEI population than in the Halifax population due primarily to contaminated drinking

water. Three specific aims have been proposed to meet the objectives of this study.

Specific Aim 1: To develop sample preparation and semi-targeted analytical
methods using HRAM orbital ion trap MS for identification and quantitation of nitrosatable
pesticides and byproducts relevant to PEI agriculture and detection of PANN compounds
in human serum and urine.

Specific Aim 2: To investigate N-nitroso compound formation by combining
nitrosatable target analytes with NaNO; under environmentally- and biologically-relevant
conditions (maximum analyte concentration of 20 pg L'!; nitrite concentration of 2.5 mg
L!; pH values of 2 and 5; and metal catalyst concentrations of 50 pug L'!) using HRAM
MS.

Specific Aim 3: To use the semi-targeted methods developed in this project to
analyze human serum and urine from a PEI population, as well as those biofluids from an
urban control population, Halifax, for analysis of target analytes and screening of PANN

compounds.

This will be the first study to analyze human serum and urine in PEI for PANN
compounds, which may be important for large-scale cancer risk assessment projects. The
detection of any of these analytes in human serum or urine signifies the discovery of novel

pesticide-associated biomarkers that may be vital in carcinogenic risk assessment.
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Chapter 2: Comparison of sample preparation approaches and
validation of an extraction method for nitrosatable pesticides and
metabolites in human serum and urine analyzed by liquid
chromatography - orbital ion trap mass spectrometry

2.1 Abstract

In the acidic environment of the stomach, nitrosatable pesticide residues may react with
nitrite to form potentially carcinogenic pesticide-associated N-nitroso (PANN) compounds.
The objective of this study was to develop a method for the analysis of 10 nitrosatable
pesticides and breakdown products in human serum and urine. Three sample preparation
methods were evaluated for extraction of target analytes from the biomatrices:
deproteinization; solid-phase extraction (SPE); and the quick, easy, cheap, effective,
rugged, and safe (QuEChERS) method. Deproteinization by methanol (MeOH) for 300-
pL aliquots of serum with a final extract volume of 225 pL resulted in excessive ion
enhancement of some analytes and suppression of others. Three types of SPE sorbents were
tested for optimal analyte retention from 200-pL aliquots of serum with a final extract
volume of 400 pL; this approach resulted in significant analyte loss for some compounds.
The QUEChERS approach resulted in a suitable method for extraction of the analytes from
each biomatrix and was further optimized. Biofluid samples (500 uL) were spiked to 100
ug L' with analytical standards and extracted using 500 uL of acetonitrile (ACN) with 4%
acetic acid (AcOH) for serum and 0.1% AcOH in ACN for urine. Final extract volumes for
both biomatrices using the QUEChERS method was 400 pL after dilution. For extraction,
200 mg magnesium sulfate (MgS0O4) and 50 mg sodium acetate were added for serum and
200 mg MgSO4 and 50 mg sodium chloride were added for urine. Samples were analyzed
via ultra-high pressure liquid chromatography (UHPLC)/high-resolution accurate mass
(HRAM) orbital ion trap mass spectrometry (MS). Mean recoveries for target analytes in
serum and urine ranged between 74 and 120% (% relative standard deviation (RSD) <12)
and 96 to 116% (%RSD <10), respectively. These methods may be used in large-scale
biomonitoring studies to analyze PANN compounds and their precursors in human serum

and urine.
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2.2 Introduction

Analysis of pesticide residues in food, air, and drinking water is an important step
in characterizing pesticide exposure and assessing public health risks. However, these data
provide only an estimate of pesticide exposure, rather than direct information on internal
exposure. Biomonitoring is the analysis of a chemical and/or its metabolites in biological
samples (e.g. blood, urine, hair, and saliva) to assess exposure [122]. Thus, pesticide
biomonitoring is important in closing data gaps that remain by methods that estimate
exposure through analysis of environmental samples. A key advantage of pesticide
biomonitoring over analysis of environmental samples is that endogenously formed
compounds resulting from pesticide exposure can also be examined. One highlighted
example of endogenous formation of toxic pesticide byproducts is the formation of
potentially carcinogenic N-nitroso compounds from nitrosatable pesticides and nitrites
present in the body [123,124]. Although this reaction can occur in the environment under
certain conditions, endogenous formation of N-nitrosamines accounts for up to 75% of total
N-nitroso compound exposure [36]. This illustrates that biomonitoring of parent pesticides
as well as their toxic byproducts and metabolites is necessary to better understand adverse
health effects of pesticide exposure.

Worldwide, blood and urine analyses are considered the gold standards for
pesticide biomonitoring [125]. Biomonitoring of pesticides in blood has several
advantages. First, as many pesticides remain in their parent (unchanged) form for a given
amount of time in the blood, detection of parent compounds offers confirmation of internal
exposure to specific pesticides [126]. Another advantage of analyzing pesticides in blood
is that blood volume is regulated, which means that fluctuations with water intake or other
factors are prevented. Because of this regulation, calculations of body burden (the level of
analyte relative to the total blood volume), do not require dilution corrections and are, thus,
more accurate than measuring the pesticide or its metabolite in urine [127,128].
Furthermore, DNA adducts and other constituents that may represent early biomarkers of

effect can also be measured in blood samples. Urine analysis also has several advantages.
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Urine collection is completely non-invasive, sample volume is generally sufficient to
acquire reliable analytical data, and concentrations of pesticides biomarkers are generally
higher in urine than in blood due to higher rates of metabolism and excretion [128].

While blood and urine are the most commonly used biological matrices for
pesticide analysis, there exist some challenges of analyzing these sample types. First, blood
and urine are complex matrices, containing many hundreds or thousands of metabolites
[129]. Blood is the more complex of the two, containing low-molecular-weight organic
and inorganic chemicals as well as other higher-molecular-weight compounds such as
proteins and RNA. These higher-molecular weight species are also present in urine, but in
much lower concentrations. Matrix constituents can interfere with analysis and must be
considered during sample preparation method development.

Another challenge in analyzing blood and urine for pesticides, metabolites, and
byproducts is that these analytes are often present in very low concentrations (parts per
billion or trillion). Detection and quantitation of analytes present in biological matrices in
trace amounts places the onus on the sample preparation protocol to provide sufficient
recoveries of the extracted analytes and on the instrument to be able to achieve increasingly
lower limits of detection for target analytes. Fortunately, parameters of both the sample
preparation and instrument methods can be optimized for maximum extraction efficiency
and analyte signal intensity. However, this process becomes increasingly arduous as more
target analytes from different chemical classes are added to the method.

To retain the maximum number of analytes, sample preparation may involve simple
deproteinization, by addition of an organic solvent, followed by centrifugation to
precipitate and remove high-molecular-weight interferents. This approach is illustrated in
the Nature Protocols publication entitled, Procedures for large-scale metabolic profiling
of serum and plasma using gas chromatography and liquid chromatography coupled to
mass spectrometry [129]. This technique is appealing, as it is easy to perform and can
accommodate the preparation of 30 samples per day. However, it may pose a problem for
targeted analyses, as the indiscriminate extraction of thousands of non-target analytes may
interfere with target compounds.

Solid-phase extraction is a popular sample preparation technique in pesticide

analysis for its ability to concentrate target analytes and remove contaminants from a wide
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range of complex sample matrices, including groundwater, surface water, wastewater,
urine, and serum [130—-133]. There are several ways to perform SPE, but generally, liquid
sample is aspirated via gravity or low vacuum through sorbent material packed in a
disposable cartridge. Analytes present in the matrix are retained by functional groups in
the sorbent and are subsequently eluted with a small volume of organic solvent. The type
of sorbent and elution solvent can be optimized, depending on the physicochemical
properties of target compounds. Drawbacks of SPE include complex method development
and costly one-use SPE cartridges.

A more recent sample preparation technique called QUEChERS (pronounced
“catchers”), made its debut in 2003 and is now the gold standard for sample preparation of
pesticides in a variety of food samples [80,134]. The premise of QUEChERS involves
extraction of pesticides with ACN followed by the addition of MgSO, for salting out
extraction/partitioning and an optional clean-up step using a primary-secondary amine
sorbent and anhydrous MgSOj as a desiccant [135,136]. In mere minutes, QUEChERS can
extract a large number of different classes of pesticides with acceptable recoveries from
many samples [80]. However, no sample preparation method is without its disadvantages.
First, ACN may not be an acceptable injection solvent for all methods and a solvent transfer
may be required. Also, there are fewer data from studies involving the application of
QuEChERS to biological samples. Finally, many acid- and base-sensitive pesticides show
unacceptable recoveries with the original QUEChERS protocol, but the use of buffers have
been shown to improve recoveries of such problematic pesticides [136].

Pesticides are most commonly analyzed via GC or LC coupled with MS [137]. This
work will focus on LC-MS because it is the chosen platform for simultaneous analysis of
pesticides and their metabolites, which tend to be more polar and less volatile than their
parent compounds and less conducive to GC analysis [138]. In LC, the liquid mobile phase
moves the sample through the analytical column and to the detector. To optimize analyte
retention and separation in the column, characteristics of the mobile phase, including flow
rate, percentage of organic solvent, gradient, and pH, can be modified. Generally, the rate
of analyte elution from the column increases as the proportion of organic solvent in the

mobile phase increases, resulting in a shorter retention time [139]. Buffered mobile phases
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can be used to control the ionization state of acidic or basic analytes, altering retention
characteristics such as retention time and peak shape [140].

Another parameter that requires optimization in pesticide method development is
analytical column selection. HPLC columns are available with different types of stationary
phase, including reversed phase, normal phase, ion exchange, and size exclusion [141].
Reverse phase, indicated by a hydrophobic stationary phase, is the most common type of
chromatography [139]. The mobile phase is more polar than the stationary phase, which is
often a Cig hydrocarbon. The physicochemical properties of pesticides influence how they
interact with the stationary phase [142]. Column volume, dictated by length and internal
diameter, influences system pressure and run time [143]. Some LC systems are equipped
to operate under ultra-high pressure and are used with UHPLC columns that contain sub-
2um particles [ 144]. The result is improved throughput and resolving power, as separation
efficacy increases as particle size decreases.

Mass spectrometry is a dynamic and reliable technique used for identification and
quantitation of trace amounts of pesticides, their metabolites, and other degradation
products. Single and triple quadrupole MS platforms are suited for targeted analysis of
pesticides but are not conducive to semi- or non-targeted analysis. This is because non-
targeted analysis requires MS operation in full scan mode, which significantly reduces
sensitivity in these instruments [145]. In contrast, the orbital ion trap MS can be used to
detect both known and unknown analytes. The orbital ion trap mass analyzer consists of a
central spindle-like electrode and an outer barrel-like electrode [146]. The m/z of ion
fragments is measured as ions become trapped in the orbital ion trap and oscillate both
radially about the spindle electrode and in the z-direction, generating an axial frequency
[147]. Key features of the orbital ion trap MS are its high resolution (up to 500,000), high
mass accuracy (< 1 ppm), and wide mass range (50 to 4000 m/z) [148]. These HRAM
performance characteristics make the orbital ion trap platform a key player in semi- and
non-targeted pesticide analyses, as it can record a virtually unlimited number of analytes
while operating in full scan mode [145].

The overall objective of this study is to develop a comprehensive sample
preparation method for human serum and urine and a semi-targeted analytical method

using HRAM MS technology for qualitative and quantitative analysis of a suite of
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nitrosatable pesticides and identification of PANN compounds. This study has been
designed to meet this objective through a four-part plan involving the development of (1)
the UHPLC-HRAM orbital ion trap MS instrument method; (2) the serum sample
preparation method; (3) the urine sample preparation method development; and (4) the
validation of each sample preparation method. The instrument method development will
encompass optimization of several parameters, including ionization mode, analytical
column, mobile phase, and heated electrospray ionization (HESI) source parameters. The
sample preparation method development will involve experiments using three approaches:
simple deproteinization; SPE; and QuEChERS. The method will be validated by
determining the following method characteristics: specificity; accuracy; precision;
recovery; matrix effects; linearity; method detection limit; and limit of quantitation.

It is hypothesized that these methods can be developed in a simplified manner to
accommodate both types of biological matrices and that a single HRAM MS instrument
method may be used to analyze both positive and negative mode analytes in a single
injection via polarity switching. The primary objectives of this work were (i) to develop an
instrument method for identification and quantitation of 10 nitrosatable pesticides and
breakdown products using UHPLC/HRAM orbital ion trap MS; (ii) to compare
deproteinization, SPE, and QuEChERS methods for extraction of target analytes from
human serum and urine; and (iii) to optimize and validate the analytical methods. Various
modifications of each sample preparation technique were investigated for maximum
analyte recovery.

The suite of analytes chosen for this study is comprised of the following pesticides
and metabolites: ATR, CAR, DIM, ETU, IMI, LIN, MCPA, OME, TCPy, and TM. With
the exception of MCPA, all of these analytes are capable of forming N-nitroso compounds
through interaction with nitrite. MCPA, a phenoxy herbicide, was also included in the study
because, even though it is not capable of interacting with nitrates to form N-nitroso
compounds, it is often contaminated with the carcinogenic nitrosamine NDMA [104]. In
addition, each analyte is also expected to be a contaminant of concern in Atlantic Canada
in terms of toxicity and exposure, based on provincial pesticide sales reports and detections

in groundwater samples [60,62,86,149].
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2.3 Materials and Methods

2.3.1 Analytical Standards, Solvents, and Reagents

Analytical standards for the following target analytes were purchased individually
from Chromatographic Specialties (Brockville, ON, CA): ATR, CAR, DIM, ETU, IMI,
LIN, MCPA, OME, TCPy, and TM. Chemical structure and molecular weight of each
analyte are summarized in Figure 1-5. Carbendazim-d3 was chosen as the internal standard
(IS) and was obtained in neat form from Sigma Aldrich Canada Co. (Oakville, ON, CA).
All solvents and reagents used in this study were of HPLC-grade. MeOH, ACN, and
ACROS Organics formic acid (>98% pure) were obtained from Thermo Fisher Scientific
(Fair Lawn, NJ, US). Human sera (SKU: S7023-50ML), Surine™ Negative Urine Control
(SKU: S-020), and AcOH were purchased from Sigma-Aldrich Canada Co. (Oakville, ON,
CA). Certified ACS sodium acetate (NaOAc) anhydrous fused crystals, certified MgSO4
anhydrous powder, and certified ACS crystalline sodium chloride (NaCl) were obtained
from Fisher Chemical (Fair Lawn, NJ, US). Ultrapure laboratory grade water (Milli-Q
water, a resistivity of 18.2 mQ.cm and a total organic carbon (TOC) of less than 5 ug L)
was obtained from the Milli-Q plus system (Millipore, Bedford, MA, US). Ultra-high
purity nitrogen for sample concentration was obtained from Praxair Canada (Dartmouth,
NS, CA). SOLA™ HRP SPE cartridges (10 mg) were obtained from Thermo Scientific
(Waltham, MA, US). Oasis HLB (30 mg) and Oasis PRiME HLB (10 mg) SPE cartridges
were obtained from Waters (Milford, MA, US).

2.3.2 Sample Preparation Method Development

Sterile frozen liquid human sera (50 mL) and Surine™ Negative Urine Control (50
mL) were chosen as test sample matrices. Stock matrix was allowed to thaw at 4 °C
overnight and was aliquoted in volumes of 1 mL and refrozen. Each experiment batch
consisted of three or five test sample replicates (depending on the type of experiment), one
post-extraction spike control, and one matrix blank. Three different techniques were
evaluated for the extraction of target analytes from biological matrices: deproteinization,

SPE and QuEChERS. The optimized sample preparation method was deemed applicable
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to the semi-targeted PANN compounds of interest, as the chemical structures of the
nitrosatable pesticides are similar to their N-nitroso counterparts. For each experiment, 1-
mL aliquots of stock matrix were allowed to thaw refrigerated at 4 °C overnight. Urine
sample preparation for targeted analysis used methods optimized for serum as a starting
point. A conceptual framework for sample preparation method development for this work

is depicted in Figure 2-1.

25



Determine
sample
matrices

*  Milli-Q H,O (standards)
*  Pooled human sera
*  Surine™ synthetic urine

studies

A N
T T T
Select «  Deproteinizati _ \
techniques eprofeimzation ponnnnanal
t6'be *  Solid phase extraction H H H H H H H ”
*  QuEChERS ‘ L~
assessed ot
\. N
Perform /
initial oy _ mean [LCS] &
recovery RE () = [MPE spike] *100

\

e

Optimize
parameters

Run initial
validation
studies

Sample Preparation Method Development

\
* Select technique based on highest recoveries
¢ Modity parameters until recoveries between 75
and 125% are obtained
V|
. p— 3
» Specificity * Precision A
» Linearity * Matrix effects ;
* Accuracy ;

Determine
MDL and
LOQ

* Concentration 10X estimated MDL
* 10 blanks, 10 spikes

* Calculate MDL and LOQ using EPA method

/

Cs

Establish
method
limitations

*  Matrix effects

* Use of pooled serum, synthetic urine
» May not be representative of real samples

» May not account for intra- and inter-individual

variation

Figure 2-1. Conceptual framework for sample preparation method development.

26



Deproteinization procedure

Test samples (n=3) were made by adding 900 pL MeOH to 300 uL of stock serum
in a 1.5-mL microcentrifuge tube and spiking with target analyte standards and IS to a final
concentration of 100 pg L', Samples were vortexed for 15 s and then centrifuged at room
temperature for 15 min at 15,800 g. A volume of 1110 puL of the supernatant was
transferred to a separate 1.5-mL centrifuge tube and evaporated under a gentle nitrogen
stream at room temperature using the Reacti-Vap™/Reacti-Therm™. In this study, three
different sample preparation methods were applied to compare. One batch of samples was
evaporated to dryness and reconstituted in 250 pL of Milli-Q water. These samples were
evaporated to dryness to obtain an injection solvent similar to the mobile phase starting
conditions. To reduce risk of analyte loss during evaporation, a second batch was
evaporated to 125 pL and diluted 1:1 with Milli-Q water and a third batch was evaporated
down to 250 pL and left unmodified. Following reconstitution, each test sample was
vortexed for 15 s and centrifuged at 4 °C for 15 min at 15,800 g. A volume of 225 pL of
the supernatant was transferred to a 2-mL amber glass autosampler vial fitted with a 400
pL glass insert, resulting in a final extract volume of 225 pL per 300 pL serum sample,

and stored at 4 °C until analysis.

SPE procedure

Samples were prepared by spiking 200 pL serum to 100 pg L! with target analyte
standards and IS in a 1.5-mL microcentrifuge tube and vortexed for 15 s (n=3). Three types
of SPE cartridges were tested for optimal analyte retention: SOLA™ HRP (10 mg), Oasis
HLB (30 mg), and Oasis PRIME HLB (10 mg). Generic methods for sample pre-treatment,
as described by the manufacturers, varied with SPE cartridge type. For the SOLA™ HRP
cartridges, 0.1% (v/v) aqueous formic acid was added up to 400 pL after the addition of
standards. For the Oasis HLB and PRiME HLB cartridges, serum was diluted 1:1 with 4%
(v/v) aqueous phosphoric acid and spiked with standards following acidification for a total
test sample volume of 650 uL. All samples were shaken vigorously by hand for 1 min,

vortexed for 15 s, and then centrifuged at 4 °C for 15 min at 15,800 g.
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The SOLA™ HRP cartridges were conditioned with 500 uL. MeOH and then
equilibrated with 500 uL Milli-Q water. For each sample, the entire serum supernatant was
loaded onto the cartridge followed by a wash volume of 500 puL 95 %:5 % Milli-Q
water:MeOH solution. All cartridges were then eluted with 200 L. MeOH with 0.1% (v/v)
aqueous formic acid followed by 200 uL Milli-Q water for a 1:1 dilution. The Oasis HLB
cartridges were conditioned with 500 pnL. MeOH and then equilibrated with 500 pL Milli-
Q water. The entire serum supernatant was loaded onto the cartridge followed by a wash
volume of 500 pL Milli-Q water. The cartridge was then eluted with 500 uL MeOH
followed by 200 pL Milli-Q water for a 1:1 dilution. The Oasis PRIME HLB cartridges
need neither conditioning nor equilibration. The entire serum supernatant was loaded onto
the cartridge followed by a wash volume of 500 uL Milli-Q water. The cartridge was then
eluted with 500 uL. MeOH followed by 200 uL Milli-Q water for a 1:1 dilution. For each
SPE sorbent trial, final extract volume was 400 pL per 200 puL serum. All extracted samples

were stored at 4 °C until analysis.

QuEChERS procedure

Serum and Surine™ test samples were prepared for QUEChERS by vortexing 1-
mL aliquots for 15 s and transferring 500 pL of sample matrix to 1.5-mL microcentrifuge
tubes. Test samples (n=3) were spiked to a final concentration of 100 pg L' with target
analyte standards and IS and vortexed for an additional 15 s. To each tube, 500 puL of
extraction solvent (100% ACN, or 0.1%, 0.5%, 1%, or 4% AcOH in ACN) were added and
samples were shaken vigorously by hand for 1 min. One of three premade QUEChERS salt
mixtures (250 mg MgSO4 only, 200 mg MgSO4 + 50 mg NaOAc, or 200 mg MgSO4 + 50
mg NaCl) was added to the sample to facilitate phase separation and extraction of target
analytes. Samples were vortexed for 15 s to break up salt agglomerates and shaken
vigorously by hand for 1 min. In some trials, the samples were sonicated for either 15 or
30 min. All samples were centrifuged at 4 °C for 15 min at 15,800 g. A volume of 200 puL
of the supernatant was transferred to a labelled autosampler vial, diluted 1:1 with Milli-Q
water (for a final extract volume of 400 uL per 500 pL sample), vortexed for 15 s, and

stored at 4 °C until analysis.
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Instrumentation

The Thermo Scientific Accela UHPLC system with the CTC Analytics PAL
autosampler coupled to the Exactive Plus orbital ion trap mass spectrometer was used for
all sample analyses. The Exactive Plus was programmed to employ “polarity switching”,
a feature that allows one full positive mode scan and one full negative mode scan in under
a second, resulting in the acquisition of data from both ionization modes in a single data
file. In general, positive ionization mode results in the protonated [M+H]" parent ion while
negative mode ionization generates the deprotonated [M-H] molecule [150]. Data analysis
was performed using Thermo Scientific Xcalibur and Tune software. SPE was performed
using the EluVac™ vacuum manifold (LCTech GmbH, Dorfen, Germany). Samples were
concentrated using the Thermo Scientific Reacti-Vap™ III 27-port evaporator (TS-18826)
and Reacti-Therm™ III triple block (TS-18824) heating module ensemble. Centrifugation
was done using the Thermo Scientific Sorvall™ Legend™ X1R (75004261) centrifuge and
salts were weighted on a Denver Instrument P-114 analytical balance (Bohemia, NY, US).
A conceptual framework for each segment of instrument method development specific to

this work is depicted in Figure 2-2.
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UHPLC/orbital ion trap MS analysis

UHPLC separation was carried out using a Thermo Scientific Hypersil GOLD™
C18 analytical column (50 mm x 2.1 mm, 1.9 um particle size) with a mobile phase flow
rate of 400 uL min™'. Mobile phase Solvent A consisted of 100 % Milli-Q water and Solvent
B was 100 % MeOH. Solvent A began at 100 % and was held for 1 min. From min 1 to 7,
Solvent B was increased to 100 % and held for 1 min. Minutes eight to 15 show a decrease
of Solvent B back down to 0 % and 100 % Solvent A was pumped for the remaining two
min of the run for a total run time of 17 min. The autosampler tray held samples at 4 °C.

Standard solutions of each analyte were injected separately in both positive and
negative HESI modes to determine which ionization mode results in a higher signal for
each analyte. HESI source parameters, which were optimized based on UHPLC flow rate,
were set to the following values: sheath gas flow rate, 50 au; auxiliary gas flow rate, 13 au;
sweep gas flow rate, 0 au; spray voltage, 3.50 kV; capillary temperature, 263 °C; S-lens RF
level, 60.0 au; auxiliary gas heater temperature, 425 °C. The MS scan parameters were set
to the following values: scan type, full MS/all ion fragmentation (AIF); m/z range, 55-800
m/z; resolution, 70,000; automatic gain control target, 3e6; maximum inject time (IT), 200

ms; and collision energy, 20 eV.

Method validation

Initial recovery experiments conducted to assess the most efficient sample
preparation technique were carried out using replicates of three. Mean recovery values with
standard deviation (SD) were calculated. To assess the efficacy of each approach, recovery

efficiency (RE (%)) was determined using Eq. (1).

mean test sample concentration

RE (%) = 100 (1)

matrix post—extraction spiked control concentration

Recovery efficiency of the most effective extraction method was evaluated by
assessing analyte recoveries of test sample replicates (n=5) at two different concentrations
(25 and 50 ug L) and reported as %RSD of mean analyte peak area. Process efficiency

(PE (%)) of the optimized extraction method for each sample matrix was determined using
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five replicates at two different analyte concentrations, 25 and 50 pg L', and calculated for

each analyte using Eq. (2).

mean test sample concentration

PE (%) =

x 100 2)

concentration of spiked controls

Intra-day precision was evaluated at 50 ug L' (n=3) by repeating the extraction
procedure twice within a 24-hour period. Inter-day precision was evaluated at 50 pg L
and spiked samples (n=3) were analyzed daily for a period of three consecutive days.

Matrix effects are characterized by the occurrence of ion suppression or
enhancement due to the presence of a matrix or interferences in the sample. The absolute
matrix effect (ME (%)) was calculated for each analyte at three different analyte
concentrations (10, 25, and 50 pg L!) by entering the values obtained for the post-

extraction spike concentration and spiked control concentration into Eq. (3).

matrix post—extraction spiked control concentration

ME (%) = x 100 3)

spiked control concentration

The method detection limit (MDL) was determined in each sample matrix (rather
than in pure solvent) using the US EPA procedures outlined in Definition and Procedure
for the Determination of the Method Detection Limit, Revision 2 [151]. First, MDLs were
estimated to be around 1 ug L' from previously determined quantitation limits for several
target analytes [81]. A concentration ten times this estimate (10 pg L!') was used to
experimentally determine MDLs for each analyte. Ten spiked samples and 10 method
blank samples were processed through all steps of the method (three test samples per day
over two days and four on the third day) and analyzed. MDLs for each analyte in spiked
samples and method blanks were then calculated; the greater of the two determined for
each analyte represented the MDL. The limit of quantitation (LOQ) was calculated as ten
times the SD of the 10 replicate spiked sample measurements.

For specificity and linearity, the molecular formula for each target analyte was
entered into the Tune software’s Mass Calculator to calculate theoretical m/z value of ions
generated in both positive and negative ionization modes. Standards of target analytes were

injected individually, and the theoretical m/z values were extracted from the resulting

32



chromatograms. Compound identification was confirmed by matching theoretical and
experimental m/z values from the mass spectrum at each chromatographic peak
corresponding to the target analyte (within 5 parts per million). Chromatographic peaks of
each analytical standard for target compounds and IS (Figure 2-3) were further identified
by retention time (¢-) (Table 2-1).

To assess linearity, Milli-Q water was spiked with a master mix containing all target
analytes at seven different concentrations: 1, 5, 10, 25, 50, 100, and 250 ug L'. Each
calibration level was also spiked with IS at a concentration of 100 ug L' for internal
calibration. A calibration curve was generated for each analyte and linearity was evaluated
using the correlation coefficient (R?). A more detailed version of analytical method

development can be found in Appendix A.

33



580 HL

] 583 g 887E8
1 571> Atrazine e
] , :
500000000 586 21610321 MS
] i 16JUL18_Doubl
] 589 kL7
(1040 171 232 274 574 ™™ 610 674 753 801 919 065 1022 1086 1152 1246 1320 1381 1461
473 NL
1000000000 470 | . 1.07EQ
] 476 Carbendazim =
1 102 07867 MS
Sl 479 16JUL18_Doubl
] 467 jj 482 eL7
ol_on 312 43 501 574 653 7.38 780 823 868 028 098 1043 1164 1104 1319 1350 1427
o 442 NL.
§ 300000000 445 Dimethoate .
5 20000000 " o
£ 100000000 : 45% éfi\;ﬂﬂ_nm.m
8 p 368 436 476 549 601
14 063 NL
2.23E7
20000000 ETI 32
. 103.03142-
T i (Ethylenethiourea) e .o
eL
. 099 134 170 251 321 390 427 7.93
132 . .
R Imidacloorid
50000000
429] , 00
o 043 079 1.57 199 287 353 426 k‘ﬂ? 462 548 592 650 10.64 1173 1231 1295 1329 1393 1489
7] NL
621 . 1.1088
100000000 627 Linuron -
), 247.00219-
24700713 MS
50000000 630 16JUL18_Doubl
6. eL7
" 036 557 735 800 857 903 1123
NL
400000000 5.21 MCP A 4.10E8
300000000 5, = r;gmd?ﬁ.
200000000 517 (2-methyl-4-chlorophenoxvacetic e vs
100000000 514 5 Fiz
i 091 227 456 536 557 639 733 797 845 906 966 1187 1251 1345 1379 1444
3 0 33
[ 2858
2 200000000 334 Omethoate
o
<
328
2 100000000 B a7
| N 086 160 222 325 346 368 445 550 625 707 7.41 7.98 844 871 9.44 968 1031 1313 1427
i3 < NL
5.66 331E8
300000000 5
560 4
200000000 e . . TCPy 105 91006-
557 1572 (3,5,6-trichloro-2-pyridinol) 5
100000000 cea 1578 i
002 088 126 169 217 295 367 419 465 > flll 593 615 660 745 827 863 954 987 1217 1300 1342 1462
1 '
' hiophanat thyl
40000000 i ophanate metny
R
20000000 e
= 560 624 739 830
= NL.
150000000 Carbenda21m-d3 ;,fiﬂ
195.09363-
100000000 (Internal standard) o-eorss s
50000000 4. E‘L‘/L s
% 254 488 507 586 637 686 7.71 804 980 1063 1191
d 1‘ 2' é 4' é + é 9' 1b 1'1 1‘2 |I3 1'4 1'5
Time (min)
. . .
Figure 2-3. Representative chromatogram of a standard mixture of 10 target analytes and

IS. Peaks were displayed by extracting the m/z values generated by the Exactive Plus Tune
software.
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Table 2-1. Theoretical m/z values extracted from chromatograms, ionization mode
(positive, +, or negative, —), retention times (%), and R? values for seven-point calibration
curves for each analyte. LOQ and MDL are given for each analyte in both biomatrices.

Theoretical Serum Urine
Ionization ¢ 5 LOQ® MDL® LOQ MDL
Analyte? mass . } ) ; ;
y mode  (min) (ngL” (ugl” (ugl” (ugL
(m/z) D) D) D) D)
ATR 216.10105 + 580 0.9998 4.1 1.4 5.8 1.9
CAR 192.07675 + 473 09999 1.8 0.6 2.3 0.8
DIM 230.00690 + 442 09999 74 2.5 9.2 3.1
ETU¢ 103.03245 + 0.63 09992 95 2.7 8.7 2.6
IMI 254.04503 - 432 09991 9.7 32 5.9 2.0
LIN 247.00466 - 6.24 0999 4.3 1.4 13.1 4.4
MCPA  199.01675 — 524 0.9994 6.7 2.2 3.7 1.2
OME 214.02974 + 331 09997 35 1.2 1.7 0.6
TCPy 195.91292 - 563 0.9999 8.1 2.7 6.7 22
T™® 341.03837 - 530 09992 99 3.3 20.4 6.8
CAR-
D3* 195.09558 + 4.70 --- --- --- --- ---

*Internal standard, carbendazim-d3

2ATR = atrazine; CAR = carbendazim; DIM = dimethoate; ETU = ethylenethiourea; IMI
= imidacloprid; LIN = linuron; MCPA = 2-methyl-4-chlorophenoxyacetic acid; OME =
omethoate; TCPy = 3,5,6-trichloro-2-pyridinol; TM = thiophanate methyl

®LOQ = limit of quantitation

‘MDL = method detection limit

dA four-point calibration curve comprised of standards at the lowest ETU concentrations
was used to determine LOQ and MDL for ETU in serum and urine because even slight
changes in the calibration curve caused by incorporating points at high concentrations can
affect quantitation at low concentrations.

¢After calculating LOQ and MDL values for TM in both serum and urine using the EPA
method, values for these parameters from blanks were higher than those from spiked
levels and were therefore chosen as LOQs and MDLs.
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2.4 Results and Discussion

2.4.1 Recovery Efficiency of Target Analytes Extracted from Serum and Urine

Three different sample preparation techniques were evaluated for the extraction of
a suite of nitrosatable pesticides and byproducts from serum: deproteinization, SPE, and
QuEChERS. Serum was chosen as the starting biomatrix for method development because
it is more complex than urine [129]. The aim was to overcome extraction issues
encountered from a higher concentration of interfering sample constituents in serum early
in the method development process, making the adaptation to urine sample preparation

method development more straightforward.

Recovery of target analytes from serum

Due to excessive ion enhancement of some target analytes and the absence of
response for others, the deproteinization method was deemed unsuitable for targeted
analysis of this suite of compounds in serum and was therefore not evaluated for urine
analysis. Results of the serum deproteinization experiments are shown in Figure 2-4a. SPE
recoveries of target analytes were better than those from the deproteinization method in
serum (Figure 2-4b). Oasis PRIME HLB performed the best of all three cartridges with
recoveries between 91 and 120% for eight target compounds: ATR, CAR, DIM, IMI, LIN,
OME, TCPy, and TM. However, recoveries of ETU and MCPA from serum remained
below 10%. ETU’s relatively small molecular structure and polarity (log Kow -0.66) [152]
indicate that it is unlikely to be retained by nonpolar sorbents. For MCPA, analyte loss may
be due to serum protein-binding. Chlorophenoxy herbicides, such as MCPA, bind
extensively to albumin [153,154]. A study involving intentional self-poisoning with MCPA
showed that the acidic pesticide bears protein-binding sites, one with an extremely high
affinity [155]. Moreover, sample pre-treatment with 4% (v/v) aqueous phosphoric acid
(Oasis HLB and PRiME HLB cartridges) rather than 0.1% (v/v) aqueous formic acid
(SOLA™ HRP) may be more effective for deproteinization of some compounds, reducing
the amount of serum protein-bound analyte and increasing analyte recovery. The

QuEChERS technique resulted in the best recoveries for a majority of the target compounds
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in serum. Results of the six QUEChERS method modifications are summarized in Figure
2-4c. Overall, 4% AcOH in ACN using the buffered QUEChERS protocol with a 15-min
sonication step resulted in recoveries for all target analytes between 74 (ETU) and 120%

(DIM).

Recovery of target analytes from urine

The buffered QUEChERS method using 4% AcOH in ACN and 4:1 MgS0O4:NaOAc
salt mix) and a 15-min sonication step was used as a starting point for urine sample
preparation method development. All analyte recoveries were between 91 and 104% except
ETU, which showed a recovery of 55%. As shown in Figure 2-4d, several modifications
of this protocol did not result in significant changes in analyte recoveries. Finally, by
reducing the strength of AcOH in ACN from 0.5 to 0.1% while keeping the 4:1
MgS04:NaCl salt mix, all analyte recoveries were between 96% (OME) and 116% (IMI).

The deproteinization method, applied in studies involving large-scale metabolic
profiling of serum and plasma [129], is better suited for analysis of non-targeted
compounds when identification (rather than quantitation) is a priority. It has been
demonstrated here that this technique does not perform well on a semi-targeted analysis
platform, as ion enhancement and complete loss of analytes impede recovery and
quantitation of target compounds. Furthermore, the SPE method was not chosen for
optimization and validation because recoveries from the first SPE trials did not surpass
those of the QUEChERS approach. However, the SPE protocol used in this study was the
generic method suggested by the manufacturer as a starting point and could have been
modified to attain better recoveries for this suite of analytes by optimizing method
parameters.

During the optimization of the QuUEChERS methods for biomatrices, trends in
method performance were observed. In serum, it became clear that buffering was necessary
and that the concentration of AcOH in ACN needed to be greater than in the original
buffered QUEChERS method to adequately extract this suite of analytes. In urine, it was
observed that neither the buffered nor original method was ideal for extraction of all
analytes. However, a compromise of a low concentration of AcOH in ACN (0.1%) and the

original salt mix proved to be best suited for extraction of these target analytes in urine.
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Interestingly, the addition of a 15-minute sonication step to the QUEChERS method in this
case appeared to increase the recovery of analytes that were difficult to extract. Due to the
best performance and several advantages of the QUEChERS method, it was selected for

further optimization and validation.
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Figure 2-4. Recovery (%) of each target analyte extracted from a) serum, via the
deproteinization approach; b) serum, by SPE; c¢) serum, using QuUEChERS; and d) urine,

via QUEChERS procedure (n = 3).
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2.4.2 Analytical Method Validation Procedures

Analytical performance characteristics evaluated for the QUEChERS methods
optimized for extraction of target analytes in serum and urine include specificity, linearity,
accuracy (recovery and process efficiencies), precision (intra-day precision, and inter-day
precision), matrix effects, MDL, and LOQ. Determination of the recovery and process
efficiencies, and matrix effects in quantitative bioanalytical methods using HPLC-MS has

been detailed by Matuszewski et al. (2003) [156] and adapted for this study.

Analytical method performance

Accuracy was generally consistent across sample preparation methods for both
serum and urine and at both spike levels (n=5) for ATR, CAR, DIM, IMI, LIN, and TM,
with PE ranging from 74 and 135% and RE between 94 and 114% (Table 2-2). For serum
ETU, PE was 33 and 36% for 25 and 50 ug L' spike levels, respectively, while RE
decreased from 78 to 55 % at the lower spike concentration. Urine ETU PE values were
much lower at 11 and 24% for 25 and 50 ug L' spike levels, respectively. In contrast to
RE for the serum method, better recovery was observed at the higher spike concentration
(85%) than at the lower level (52%). However, %RSD for RE at the higher concentration
was 26%. Both PE and RE remained between 48 and 54% for MCPA extraction from serum
while better method performance was observed for the analyte in urine test samples with
PE and RE values between 84 and 97%. PE for OME was higher for serum samples (70
and 86%) compared to that in urine samples (59 and 63%) while RE remained within 90
and 103% for this analyte in both methods. TCPy PE and RE in serum test samples were
between 58 and 65%, while accuracy was much better for extraction of the analyte for the
urine method with parameters for both spike concentration levels between 95 and 100%.
The %RSD was below 20% for all experiments except for recovery of ETU in urine test

samples at 50 pg L.
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Table 2-2. Serum and urine method process efficiency, recovery efficiency, and %RSD

(n=5).
Spike Serum Urine
Analyte levelL_l PE® REP RSD®  PE? REP RSD®
WeLD o) o) ) %) (R (%)
ATR 25 104 104 4 104 107 5
50 94 99 2 115 102 6
CAR 25 100 98 4 101 101 3
50 97 99 2 100 99 1
DIM 25 97 107 4 112 99 4
50 95 100 2 133 106 8
ETU 25 33 78 11 11 52 15
50 36 55 8 24 85 26
IMI 25 101 100 4 80 101 2
50 91 92 2 76 104 19
LIN 25 78 101 5 92 94 4
50 74 95 3 89 101 15
MCPA 25 54 51 7 84 90 2
50 48 48 5 88 97 8
OME 25 86 100 5 59 90 2
50 70 90 3 63 103 3
TCPy 25 58 65 6 97 95 4
50 63 64 4 95 100 14
™ 25 135 104 3 107 98 3
50 108 94 2 93 114 14

aPE = Precision efficiency; °RE = Recovery efficiency; °RSD = relative standard deviation

Overall, good precision was obtained for all target analytes across both sample
matrix types for intra-day and inter-day precision assessments at 50 pg L' spike (n=3).
Values for RSD were <10% for 36 of 40 precision experiments (90%) with only one trial
resulting in a RSD value over 20% (ETU intra-day precision RSD for serum method,
20.6%) (Table 2-3).
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Table 2-3. Serum and urine matrix effects at 10 and 50 pug L' spike levels and intra- and
inter-day precision at 50 pg L' spike level (n=3).

Serum Urine
ME (%)? ME (%)

Analyte Intra-day Inter-day Intra-day Inter-day
10 50 precision precision 10 50 precision precision
ng ng (%RSD) (%RSD)  ugl- 4 (%RSD) (%RSD)
L1 L 1 ngL

ATR 101 102 2 3 110 103 4 3

CAR 102 102 <1 1 105 101 <1 <1

DIM 92 100 2 1 115 113 3 5

ETU 36 79 9 21 9 28 <1 15

IMI 95 98 8 2 89 84 4 6

LIN 80 78 6 4 93 97 6 9

MCPA 103 104 7 2 95 93 1 3

OME 79 90 4 4 68 62 1 1

TCPy 86 95 5 2 102 95 <1 <1

™ 115 106 1 11 139 104 2 19

*ME (%) = absolute matrix effect

Matrix effects were assessed using Eq. (3) with values less than 100% indicating
ion suppression, ME (%) >100 indicating ion enhancement, and ME (%) of 100 denoting
no observable matrix effects. For post-extraction spike levels 10 and 50 ug L', three
replicates were used for each spike level. Most ME (%) values fell between the range of 80
and 120%. The strongest matrix effects were observed for ETU, increasing from 36 to 79%
with spike concentration in the serum test samples and from only 9 to 28% in urine test
samples. Minimal but consistent matrix effects were detected with LIN in the serum test
samples with ME (%) values ranging from 78 to 80%; LIN did not appear to be affected
by urine matrix. In contrast, greater matrix effects were observed in urine than serum for
OME, with ME (%) values ranging between 62 and 68% in urine and increasing from 79
to 90% in serum. Only TM showed notable ion enhancement with a ME (%) value of 139%
at a concentration of 10 pg L! spike in urine (n=3).

LOQ values are <10 pg L™! for all analytes in both matrices except for LIN and TM,
which have LOQ values of 13.1 and 20.4 pug L', respectively, in urine. The lowest LOQ
in serum and urine was achieved for CAR (1.8 ug L") and OME (1.7 pg L), respectively.
MDLs were <1 pg L' for CAR (serum and urine) and OME (urine) and between 1 and 4.4
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ug L1 for all remaining analytes in both matrices except for TM, which had an MDL value

of 6.8 ug L! for urine.

2.5 Conclusions

This work demonstrates that a simple and cost-effective QuUEChERS method
resulted in highest recovery efficiencies of three sample preparation techniques assessed
for the extraction of a diverse group of nitrosatable pesticides and byproducts from serum.
After further optimization for serum and urine analysis, the method resulted in satisfactory
analyte recoveries for a majority of the target analytes. Furthermore, most analytes showed
minimal matrix effects (between 80 and 120%) in both biomatrices. Analytes that appeared
to be most affected by the biomatrices were ETU in both serum and urine and OME in
urine. While it may not be feasible to reduce or eliminate matrix effects, it is imperative
that they are identified and quantified [157].

One of the potential limitations of this study is that this method was developed and
validated using a pooled human serum sample (from an unknown number of male donors)
and synthetic urine. These matrices may not accurately represent serum and urine from
each individual in a future study. Due to intra- and inter-individual variations in serum and
urine composition, the parameters of this method (i.e. recovery efficiency, matrix effects,
etc.) may vary during analysis of real samples. Another limitation of this study, which is
evident in the degree of matrix effects for ETU, is that only one isotopically-labeled IS was
used to represent all ten target analytes, even though they present a wide range of
physicochemical properties. While a deuterated ETU IS would greatly diminish matrix
effects for ETU, future studies should also consider further optimization of the method for
an overall greater process efficiency for this analyte. Ultimately, these validated sample
preparation methods add to the growing range of applications for the QUEChERS method,

advantageous due to its simplicity, efficiency, cost-effectiveness, and safety.
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Chapter 3: N-nitrosoethylenethiourea formation at environmentally-
relevant concentrations of ethylenethiourea in a pooled groundwater
sample

3.1 Abstract

N-nitroso compounds form from the interaction between nitrosatable precursors and nitrite
under acidic conditions. A majority of the more than 300 N-nitroso compounds are
carcinogenic in animal models. Most research on the formation of pesticide-associated N-
nitroso (PANN) compounds involve high pesticide concentrations that are not typically
found in groundwater. In this work, nine nitrosatable pesticides and degradation products
were individually reacted at environmentally-relevant concentrations with sodium nitrite
(NaNO2) and hydrochloric acid (HCI) in water at to assess PANN compound formation.
Analysis of target compounds and predicted PANN compounds was performed using
UHPLC/HRAM MS. At initial analyte and NaNO, concentrations of 20 pg L' and 2.5 mg
L', respectively, four experimental conditions were tested: (i) pH 2.62 + 0.10; (ii) pH 5.02
+0.21; (iii) pH 2.22 + 0.09 with dissolved copper (Cu) at 50 ug L!; and (iv) pH 2.00 +
0.08 with dissolved iron (Fe) at 50 ug L !. Only ethylenethiourea (ETU) showed evidence
of PANN compound formation and only under conditions i, iii, and iv. N-ETU formation
was assessed in a pooled groundwater sample collected from an agricultural region of
Prince Edward Island, where nitrate contamination is a known concern. Evidence of N-
ETU formation in the groundwater sample was observed within 30 minutes at
concentrations 20, 10, and 7.5 pg L'}, but not at 5 ug L-!. HRAM technology confirmed in-
house synthesis of N-ETU with a molecular ion ([M+H]") m/z value of 132.02252 (0.7 ppm
mass error) and a retention time of 1.22 + 0.04 minutes. ETU is recognized by the U.S.
EPA as a Group B Probable Human Carcinogen. The results of this study suggest that ETU
is capable of forming the potentially carcinogenic N-ETU at environmentally relevant
concentrations at pH values comparable to that of gastric pH. Based on these findings, it is
believed that endogenous N-ETU formation may be a concern for individuals exposed to

low concentrations of ETU.
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Keywords: pesticide-associated N-nitroso (PANN) compounds, UHPLC/HRAM orbitrap
MS, N-nitrosoethylenethiourea, N-nitrosoatrazine, groundwater.

3.2 Introduction

PEI is one of the most intensely farmed provinces in Canada, having over 40% of
its total land mass cleared for agriculture [158]. Pesticides used in PEI crop production can
leach into the highly permeable sandstone aquifer, contaminating the sole source of
drinking water for the island’s residents [61]. Generally, the extent of groundwater
contamination and movement of pesticides in any groundwater flow system depends on
many factors including the framework of the location (e.g. soil type, the presence of
confining layers in an aquifer, weather patterns, and hydraulic conductivity (K), the
measure of a soil’s ability to transmit water), physicochemical properties of pesticides,
presence of buffer zones created by forests, and farming intensity [46,159-163].

The famous red soil of PEI is predominantly Charlottetown soil, characterized as
well-drained, sandy, rich in iron-oxide, and ideal for farming [164]. It covers an
unconfined/semi-confined fractured-porous sandstone aquifer [63]. Field soil experiments
conducted at the Agriculture and Agri-Food Canada’s Harrington Experimental Farm near
Charlottetown, PEI on the metre-thick surface soil have shown that ground surface K is
over one order of magnitude greater than at the lower soil level and that K measurements
from laboratory matrix core samples are lower (mean K value of 107 m s!) than those
observed in field pumping tests (K values between 10°° and 10# m s™") [165]. These finding
implicate fractures rather than the matrix in dominating control of groundwater flow in the
aquifer, which means that water and its dissolved pollutants can be transported very rapidly
both in the saturated zone and at times in the unsaturated zone (i.e. following a significant
precipitation event when unsaturated zone fractures may become temporarily saturated).

Pesticides are more likely to be present in shallow groundwater and in areas where
soil permeability and K are the greatest [166,167]. Pesticide transport to groundwater
occurs when rainfall or irrigation, or both, results in groundwater recharge [168]. Pesticides
applied to the land surface can infiltrate the soil and traverse the underlying vadose zone
(also known as the unsaturated zone) to the water table; as such, groundwater pesticide

concentrations fluctuate as the groundwater levels rise and fall throughout the year [166].
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In contrast to pesticide transport in streams, dissolved forms of pesticides and
environmental breakdown products travel substantial distances in groundwater, as particle-
bound pesticides are more likely to be retained by the soil [169].

Groundwater and surface water are interactive components of the hydrologic
system and, consequently, contamination of one commonly affects the other [170]. For
example, a 2007 study of groundwater contribution to surface water contamination of
problematic nutrients and heavy metals in a region with intensive agricultural land use in
The Netherlands found that groundwater was a dominant source of surface water
contamination [171]. This example demonstrates the role of groundwater as a transporter
of chemicals into discharge areas. In contrast, contaminants from surface water can be
incorporated into nearby groundwater regions through induced recharge, a process in
which groundwater pumping stress induces infiltration of surface water into the formation
and supplements the groundwater resource [172]. Induced recharge occurs when pumping
stress lowers the water table below the water level in the nearby surface water. Due to the
dynamic relationship between surface water and groundwater, movement of pesticides in
groundwater is difficult to characterize because groundwater flow is often unpredictable
and elaborate.

For decades, western PEI surface waters have been notorious for agricultural
pollution. Mill River, a West Prince County estuary, has been plagued by several
eutrophication events. In 2002, Martec Limited constructed a report for the Mill River
Watershed Roundtable on a modelling study that was launched to identify sources of
eutrophication episodes, determine relative contributions of each and, ultimately, present
recommendations to restore the river’s ecosystem [67]. Agricultural land use was found to
be the largest contributor of nitrogen to the Mill River estuary. Over the last few decades,
nitrate levels have more than doubled in Mill River and this trend of increasing nitrate
concentrations correspond to an increase in row crop production in the watershed [173].

Further evidence of PEI’s vulnerable surface water is the number of fish kills that
have occurred in recent years. Between 1995 and 1999, PEI endured 12 fish kills
purportedly caused by pesticide contamination [174]. In December 2018, the Government
of PEI published an online information resource entitled, “Fish Kill Information and

Statistics” that allows the public to review details of 51 fish kills reported in the last 56
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years on PEI linked to pesticides [65]. In her informative briefing on fish kills to the Prince
Edward Island Legislative Assembly in September 2017, Kate MacQuarrie (Provincial
Director of Forests, Fish and Wildlife) described a number of interventions aimed at
preventing the occurrence of fish kills, including the following: (i) buffer zones larger than
the 15 m minimum required by legislation; (ii) soil conservation practices and erosion
control structures, some of which are supported by the Alternative Land Use Services
program; (iii) retirement of high risk fields; (iv) use of lower risk pesticides and restriction
of high risk pesticides; and (v) partnerships between government, industry, producers and
watershed groups to assist in implementing these changes [66].

Groundwater vulnerability to pesticide and nitrate pollution is also a concern in
PEIL. Groundwater beneath two PEI potato fields was periodically tested for nitrate and
aldicarb, a highly toxic pesticide, between the years of 1985 to 1988; the oral median lethal
dose (LDso, the amount of a substance that kills 50% of a test animal model population
within a short duration) for aldicarb is 0.9 mg kg! in rats [61]. Aldicarb concentrations
exceeded the drinking water guideline of 9 pg L' in 12% of all samples and nitrate levels
in 32% of the samples exceeded the drinking water guideline of 10 mg L!. Although
aldicarb was voluntarily withdrawn from potato production in 1990 [175], the pesticide
was detected in PEI’s sandstone aquifer more than two years after its last application [176].
The PEI government has also detected trace levels of several pesticides, including ATR
(0.03 t0 0.65 ug L), DIM (0.1 pg L), IMI (0.02 to 0.31 ug L), and TM (0.01 to 0.55 pg
L', with all detections reported for the 2017 sampling year), through their provincial
pesticide monitoring program, which involves the analysis of groundwater (in January or
February of each year) from over 100 drinking water wells of private homes, schools,
municipalities, and seniors’ housing facilities [62]. While the island’s cool, sandy and well-
drained soils make the province ideal for potato production, the aquifer is highly vulnerable
to pesticide contamination [61].

A largely overlooked concern involving the contamination of PEI groundwater is
that nitrosatable pesticides and byproducts (including several of those detected in PEI
groundwater) may interact with nitrite present in groundwater to form N-nitroso products
in the presence of gastric acid [12,50]. There exist hundreds of N—nitroso compounds, a

majority of which are potent carcinogens [15—17]. However, most research involving the
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formation of PANN compounds experiment with high initial pesticide concentrations that
are not typically found in groundwater [45,50,82—85].

N-nitroso compounds are known to form favourably in acidic media where
conversion of nitrite to nitrous acid facilitates nitrosation [12]. The formation of N-nitroso
compounds may be catalyzed by metal ions such as Cu (II), Fe (II), manganese (Mn) (II),
and nickel (Ni) (I) [177]. It has also been observed that nitrosation of secondary amines
becomes more favourable as amine basicity (i.e. pK,) decreases [12]. Even at low
formation yields, N-nitroso compound synthesis remains a health concern because of their
potent carcinogenicity at very low concentrations [178]. For example, Health Canada’s
maximum acceptable concentration (MAC) for NDMA is 0.04 ug L' while that for
benzene, classified as a “known human carcinogen” by the U.S. EPA, is 5 ug L' [179].

For the purpose of characterizing exposure to toxic pesticides, metabolites and
environmental breakdown products to assess potential human health effects, additional
analyses of catalytic metals and nitrates/nitrates in groundwater samples are important. The
analytes selected for investigating PANN compound formation were ATR, CAR, DIM,
ETU, IMI, LIN, OME, TCPy, and TM. All compounds of interest are capable of forming
N-nitroso compounds through interaction with nitrite and have PEI groundwater
contamination potential. Very little is known about the potential PANN compounds formed
by these analytes. For example, most have no CAS numbers and are not even commercially
available as an analytical standard. As such, the substrate concentrations at which they are
formed are also unknown.

The main hypothesis of this research project is that nitrosatable pesticides and
byproducts that are contaminants of concern in PEI groundwater are susceptible to
nitrosation in water when mixed with NaNO; and acidified to a pH value comparable to
that of human gastric acid. It is also possible that certain metal ions common in PEI
groundwater (e.g., Cu and Fe) catalyze PANN compound formation. The primary
objectives of this work were to (i) screen nine nitrosatable pesticides for N-nitroso
compound formation when mixed with NaNO> in Milli-Q water under various conditions
using UHPLC/HRAM MS; (ii) synthesize two representative PANN compounds (N-ATR
and N-ETU) and confirm that the analytical method is capable of detecting them via semi-
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targeted analysis; and (iii) determine the lowest analyte concentration that produces PANN

compounds in a pooled PEI groundwater sample.

3.3 Materials and Methods

3.3.1 Analytical Standards, Solvents, Reagents, Working Solutions, and Intermediates

Analytical standards were purchased individually from Chromatographic
Specialties (Brockville, ON, CA): ATR, CAR, DIM, ETU, IMI, LIN, MCPA, OME, TCPy,
and TM. Carbendazim-d3 was chosen as the IS and was obtained in neat form from Sigma
Aldrich Canada Co. (Oakville, ON, CA). Structures of anticipated PANN compound
structures resulting from interaction of nitrosatable compound with nitrite are shown in
Figure 3-1. All solvents and reagents used in this study were of HPLC-grade. MeOH and
TraceMetal grade HCI were obtained from Thermo Fisher Scientific (Fair Lawn, NJ, US).
Neat NaNO; and Fe and Cu, purchased as Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) standards at 100 pg mL! in 2 to 5% nitric acid, were obtained from
Chromatographic Specialties (Brockville, ON, CA). Milli-Q water was obtained from the
Milli-Q plus system (Millipore, Bedford, MA, US).

For each analyte, a 250 pg L' working solution was made by adding 25 pL of a
100-pug mL! analytical standard in 10 mL of Milli-Q water in a volumetric flask. Using a
disposable glass pipet, the solution was topped up with Milli-Q water to the 10-mL mark,
vortexed for 15 seconds, and transferred to a labeled 11-mL amber glass vial. Two
intermediates of neat NaNO; were required. The first intermediate was made by adding
250 mg solid NaNO, to 10 mL of Milli-Q water for a total concentration of 25 mg mL"!.
The second intermediate was made by adding 200 uL of the 25 mg mL! intermediate in
10 mL of Milli-Q water for a total NaNO» concentration of 0.5 mg mL"!. In addition, each
metal standard was obtained in a concentration of 100 ug mL!. An intermediate for each
was made by adding 1 mL of metal standard in a 10-mL volumetric flask using a 1,000 pL.
syringe and topping up to the 10-mL mark with Milli-Q water for a final concentration of

10 pug mL!,
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3.3.2 Theoretical Mass-to-Charge Values for PANN Compound Identification

The instrument’s Tune software was used to generate theoretical m/z values in both
positive and negative ionization modes from the chemical formulas of each predicted
PANN compound (Table 3-1). These theoretical m/z values were extracted from
chromatograms resulting from analysis of samples in PANN compound formation
experiments. The mass spectra of peaks identified by extracting theoretical PANN
compound m/z values were examined for prominent ions that match theoretical values.
These ions were entered into the Xcalibur software program, which generates the most
probable chemical formula of the unknown analyte from its experimental m/z and matches
it to the corresponding chemical formula of the PANN compound within 5 ppm. A

workflow for compound identification is illustrated in Figure 3-2.
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Table 3-1. Theoretical m/z values for PANN compounds calculated by Tune software in

both positive and negative ionization modes.

PANN Molecular Molar [H+] theoretical ~ [H-] theoretical
compound formula mass mass (m/z) mass (m/z)
N-ATR? CsH13CIN6O 244.08 245.09121 243.07666
di-N-ATR® CsH12CIN702 273.68 274.08138 272.06682
N-CAR? CoHsN4O3 220.06 221.06692 219.05236
di-N-CARP CoH7N504 249.18 250.05708 248.04253
N-DIM? CsH11N204PS2 257.99 258.99706 256.98251
N-ETU? C3HsN30S 131.02 132.02261 130.00806
di-N-ETUP C3HaN4O2S 160.15 161.01277 158.99822
N-IMI? CoHoCINsO3 284.04 285.04974 283.03519
N-LIN? CoHoClaN303 277.00 278.00937 275.99482
N-OME? CsH11N2OsPS 242.01 243.01991 241.00535
N-TCPy* CsHCI3N20; 22591 226.91764 224.90308
N-TM? C12H13N505S2 371.04 372.04309 370.02853
di-N-TMP C12H12N6O6S2 400.39 401.03325 399.01870
tri-N-TM° Ci12H11N707S2 429.39 430.02341 428.00886
tetra-N-TM?Y  C12HoN3gOsS 458.39 459.01358 456.99902

PANN compounds formed by nitrosation at a single site on parent analyte; N-ATR = N-
nitrosoatrazine; N-CAR = N-nitroso carbendazim; N-DIM = N-nitroso dimethoate; N-ETU
= N-nitrosoethylenethiourea; N-IMI = N-nitroso imidacloprid; N-LIN = N-nitroso linuron;
N-OME = N-nitroso omethoate; N-TCPy = N-nitroso 3,5,6-trichloro-2-pyridinol; N-TM =
N-nitroso thiophanate methyl;

®PANN compounds formed by nitrosation at two sites on parent analyte; di-N-CAR = di-
N-nitroso carbendazim; di-N-ETU = di-N-nitroso ethylenethiourea; di-N-TM = di-N-
nitroso thiophanate methyl

‘PANN compounds formed by nitrosation at three sites on parent analyte; tri-N-TM = tri-
N-nitroso thiophanate methyl

dPANN compounds formed by nitrosation at four sites on parent analyte; tetra-N-TM =
tetra-N-nitroso thiophanate methyl
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3.3.3 Instrumentation

The Thermo Scientific Accela UHPLC system with the CTC Analytics PAL
autosampler coupled to the Exactive Plus orbital ion trap mass spectrometer, equipped with
a HESI source, was used for analysis of nitrosatable analytes and PANN compounds
(Thermo Fisher Scientific, MA, USA). Nitrate and nitrite were measured using the Thermo
Scientific Dionex ICS-5000 ion chromatograph and elemental analysis was performed
using the Thermo Fisher Scientific ICAP-Q ICP-MS paired with an ESI SC-4DXS
autosampler (Elemental Scientific, NE, USA). Data analysis was performed using Thermo
Scientific Xcalibur and Tune software. Solid standards were weighed on a Denver
Instrument P-114 analytical balance (Bohemia, NY, US). Solution pH was measured on
the Fisher Scientific Accumet AB200 pH/conductivity benchtop meter. Samples were

vortexed using the Thermo Scientific MaxiMix I vortex mixer.

3.3.4 UHPLC/Orbital Ion Trap MS Analysis

The development of chromatographic and detection methods involving the targeted
analysis of nitrosatable pesticides and the semi-targeted analysis of PANN compounds of
interest in this study is described in Chapter 2. UHPLC separation was carried out using a
Thermo Scientific Hypersil GOLD™ aQ C18 (20 mm x 2.1 mm x12 pm) analytical column
with a mobile phase flow rate of 400 pL min'!. Mobile phase Solvent A consisted of 100%
Milli-Q water and Solvent B was 100% MeOH. Solvent A began at 100% and was held for
one minute. From minute one to seven, Solvent B was increased to 100% and held for one
minute. Minutes eight to 15 show a decrease of Solvent B back down to 0% and 100%
Solvent A is pumped for the remaining two minutes of the run for a total run time of 17
minutes. The refrigerated autosampler tray held samples at 4 °C.

HESI source parameters were optimized based on UHPLC flow rate and set to the
following values: sheath gas flow rate, 50 au; auxiliary gas flow rate, 13 au; sweep gas
flow rate, 0 au; spray voltage, 3.50 kV; capillary temperature, 263 °C; S-lens RF level, 60.0
au; auxiliary gas heater temperature, 425 °C. The orbital ion trap MS was operated using
the following scan parameter settings: scan type, full MS/AIF; m/z range, 55-800 m/z;
resolution, 70,000; AGC target, 3e6; maximum IT, 200 ms; and collision energy, 20 eV.

The orbital ion trap was also programmed to operate in polarity switching mode, a feature
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that allows the acquisition of data from both positive and negative mode scans in a single

data file, to maximize the probability of detecting PANN compounds.

3.3.5 “In-House” Synthesis of N-ATR and N-ETU at High Initial Analyte Concentrations

As analytical standards are not readily available for PANN compounds, nor are the
mass spectra provided in m/z databases, established methods were used to synthesize N-
ATR [50] and N-ETU [53] “in house” to confirm identification of the two semi-targeted
analytes. N-ATR was synthesized based on methods outlined by Wei et al [50]. A 0.1mM
ATR solution was made by adding 21.6 mg ATR in 1L of Milli-Q water. Since ATR is
only moderately soluble in water [105], the ATR was dissolved in a small volume (~ 5 mL)
of MeOH before being added to the water. A 0.4mM NaNO: solution was made by adding
27.6 mg of NaNO> to 1L of Milli-Q water. A volume of 5 mL of each solution was
combined and adjusted to a pH value of approximately 2.5 by addition of 200 pL stock
HCI. The solution was allowed to sit at room temperature; at two time points (one, six, and
12 hours), a 100-pL aliquot was removed from the stock, diluted 100 times with Milli-Q
water, and analyzed by UHPLC/MS. These time points were selected because peak N-ATR
formation at pH 2 and 3 was observed after one hour and 12 hours, respectively. Since the
pH of our solution was between 2 and 3, both time points, plus a time point in the middle,
were selected for analysis of the diluted stock solution. This experiment was carried out in
duplicate along with a control stock solution without the addition of HCI that contained
only 5 mL of each ATR and NaNO; solution.

To synthesize N-ETU, Yamamoto et al (1983) detailed a method in which a 300-
mL solution containing 3.5 g NaNO; and 1.5 g ETU was adjusted to various pH values
with HCI [53]. In a scaled-down version of this method, 117 mg NaNO; and 50 mg ETU
was added in 10 mL Milli-Q water in a volumetric flask, keeping the NaNO2:ETU ratio of
the original method at 2.3:1. Before adjusting the pH with the addition of HCL, a 100-uL.
aliquot of the 10-mL solution was diluted to 250 ug L' ETU and analyzed as the control
sample, as there should not be any N-ETU formed in the absence of HCI. A volume of 200
pL of stock HCI was added to the remaining solution, which resulted in a pH value of 2.30.

The solution was left to sit at room temperature for 10 minutes wrapped in aluminum foil.
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Two 100-uL aliquots of the acidified solution were diluted down to an ETU concentration

of 250 pg L' and analyzed immediately.

3.3.6 Analyte Screening for PANN Compound Formation in Milli-Q Water

Analytes of interest were screened for PANN compound formation by analyzing
them in Milli-Q water with NaNO; under four different conditions: pH ~ 2.5; pH ~ 5; with
dissolved Cu at a concentration of 50 pug L' at a target pH of 2.5; and with dissolved Fe
at a concentration of 50 pg L' at a target pH of 2.5. Initial analyte and NaNO,
concentrations for experimental stock solutions were 20 pg L' and 2.5 mg L7,
respectively. The starting analyte concentration was chosen based on MAC values in
Health Canada’s Guidelines for Canadian Drinking Water Quality, for which only two of
the nine target analytes have been assigned: ATR (5 ug L!) and DIM (20 pg L") [179].
The greater of the two MAC values was chosen as the highest experimental concentration
in this study because even though concentrations exceeding this value are unlikely in PEI
groundwater (based on results from the PEI Pesticide Monitoring Program), the potential
exists for pesticide concentrations to reach 20 pug L-!, as aldicarb has been detected at 15
ug L' in groundwater beneath a PEI potato field [61]. The starting nitrite concentration of
2.5 mg L' was chosen because the average nitrate level for PEI groundwater samples tested
in 2013 was 15.5 mg L'+ 12.4 (3.5 mg L' + 2.8 nitrate-N) [180] and as about five to 10
percent of total nitrate intake is converted to nitrite endogenously [181], a value of 2.5 mg
L' was chosen. Moreover, these concentrations exceeded the NaNO»:analyte ratio of 4:1
favourable for N-ATR formation [50].

Copper and Fe were selected for catalysis experiments. Of the four metals
associated nitrosation catalysis (Cu, Fe, Mn, and Ni), Cu had the highest mean
concentrations in PEI groundwater samples in 2013 (42.4 £ 50 pg L), ranging from 5 to
410 pg L1 [180]; although Mn had a higher mean concentration (16.6 =113 pg L', ranging
from 0.5 to 18,168 pg L)! than Fe (12.8 + 60 ug L' with concentrations ranging from 2

! The Health Canada Guidelines for Canadian Drinking Water Quality lists the MAC for Mn as 120 ug L™!
[179]. Between 2013 and 2017, 165 PEI groundwater samples analyzed by the PEI government as a part of
an ongoing monitoring program contained Mn at concentrations between the MAC and 18,168 ug L.
Considering that about 20% of mancozeb is elemental Mn [182], the extensive use of this fungicide in the
province may be a significant source of groundwater Mn contamination.
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to 38,335 ug L!), the maximum value for Fe was more than double that for Mn. Therefore,
Fe was chosen as the second metal for assessing nitrosation catalysis. Metal concentrations
of 50 pg L' were chosen because these values have been reported in PEI groundwater
samples in 2013 for Cu and Fe [180]. N-nitroso compound formation occurs largely in
acidic media. As such, target pH values of 2.5 and 5 were selected to represent that of
gastric acid (pH 1.5 to 3.5) and the recorded pH of some acidic PEI soils [183],
respectively.

For each of the nine analytes (ETU, ATR, LIN, TM, CAR, DIM, OME, IMI, and
TCPy), two replicates of three 10-mL test solutions for each analyte were made in Milli-Q
water by adding (i) 800 uL of the 250 pug L' analyte solution for a total analyte
concentration of 20 pg L!; (ii) 50 uL of the 0.5 mg mL"! NaNO> intermediate for a total
NaNO; concentration of 2.5 mg L-!; and (iii) 100 uL of the 10 mg mL! IS intermediate
for a final concentration of 100 ug L'! (Figure 3-3). For samples involving metals, a volume

of 50 uL of metal intermediate in 10 mL gave a final metal concentration of 50 pg L1,

7~ Hd

(T~ Hd) uos

<I9'z - Hd}lﬁddoq

* [Analyte]: 20 pg L
* [NaNO,]): 2.5 mg L"! o ] N=2 , N=1 ] N=2
* [1S] 100 pg L' -

* HCI for pH adjustment

Figure 3-3. Overview of PANN compound synthesis screening experiment.

The pH of each test solution was adjusted with stock HCI; pH was measured and
recorded immediately after components were added and thoroughly mixed. Test solutions
were stored at room temperature in amber glass vials wrapped in aluminum foil to avoid

photodegradation. At the following time points, a 150 pL fraction was taken from each test
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solution for UHPLC-MS analysis to assess PANN compound formation: 0 hours
(immediately after the addition of HCl); 4 hours; and 12 hours.

3.3.7 N-nitroso Compound Formation in PEI Groundwater

Other constituents present in PEI groundwater may enhance or interfere with PANN
compound formation. To assess whether PANN compound formation is a favourable
reaction in actual groundwater, a site for groundwater collection in PEI was chosen. The
U.S. EPA states that small watershed size and high pesticide use intensity are factors that
indicate vulnerability of water systems to pesticide contamination [184]. Watershed
vulnerability to pesticide pollution in western PEI was assessed by overlaying the Land in
Potato Rotation map (indicating pesticide use intensity) on watershed boundary files for
the region (Figure 3-4). A highly vulnerable watershed, Hills River Watershed (HRW) was
chosen as the study unit based on the following criteria: relatively small watershed area
(13.96 km?); greater than 75% land in potato rotation; Hills River is a sub-basin of Mill
River, where several anoxic events have occurred; substantial hydrogeological data exist
for this watershed; the 2003 Mill River Estuary Modelling Study indicated that this
watershed is a known location of groundwater nitrate contamination and that agriculture

was a major contributor [67].
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b)

c)

Figure 3-4. (a) Delineation of the watersheds in PEI with the HRW highlighted in red; (b)
Western Prince County, PEI land in potato rotation (2006 to 2009) with HRW delineation;
and (c) groundwater sampling sites within the HRW shown on an elevation map.
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All groundwater samples were voluntarily submitted by participants at each
location. Sampling protocols were followed as per established methods [185]. Two 30-mL
amber glass jars were used to collect groundwater for UHPLC analysis of pesticides,
byproducts, and N-nitroso compounds (without rinsing with groundwater sample before
collection) and stored in darkness on ice during transport to the laboratory. Glass reduces
plasticizer contamination, which can interfere with analysis, and the amber glass reduces
photodegradation of analytes. Laboratory analysis occurred within seven days and so pH
adjustment was not required. For ion chromatography (IC) and ICP-MS analyses of
nitrate/nitrate and select elements, respectively, groundwater was collected in two 15-mL
polypropylene centrifuge tubes. Individual groundwater samples were analyzed for target
analytes, nitrate/nitrite, and elements of interest while a pooled sample created from all five

samples was used for PANN compound formation experiments.

lon chromatography analysis

Ion chromatography is a form of liquid chromatography that involves the separation
of ions in solution based on their interaction with a resin inside a pressurized analytical
column [186]. The sample is carried by an ion extraction liquid (eluent) through the column
as ions in the sample are separated depending on ion species type and size. Nitrate and
nitrite were measured in the PEI groundwater samples by IC using a previously developed
method.

A Dionex ICS-5000 IC, equipped with a Dionex Ion Pac AS20 analytical column
and conductivity detector, was used to determine nitrite and nitrate concentrations in PEI
groundwater samples. A six-point calibration curve was constructed to quantify the anions
in water samples. The following concentrations were used for the calibration curve: 50,
100, 200, 1000, 2000, and 4000 ug L!. Calibration levels were prepared using IC standards
containing 1 g L' of each analyte from Fluka Analytical. Samples were introduced
unfiltered and carried through the analytical column under isocratic conditions by 30 mM
potassium hydroxide eluent at a flow rate of 1 mL min™'. Eluent conductivity suppression
was achieved by a Dionex Anion Self-Regenerating Suppressor (ASRS, 4mm), a

component that enhances sample ion conductivity and increases detection sensitivity.
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Inductively coupled plasma-mass spectrometry analysis

ICP-MS is an analytical platform used in elemental analysis, favoured for metal
analysis [187]. An argon plasma ionizes the sample and the MS determines the m/z of the
ions. An existing ICP-MS method for 37 elements was used to determine the concentration
of dissolved metals and other elements in PEI groundwater. Of the 37 elements, the
following 11 were quantified: arsenic (As); barium (Ba); cadmium (Cd); chromium (Cr);
Cu; Fe; Mn; Ni; lead (Pb); selenium (Se); and uranium (U). Cu, Fe, Mn, and Ni were
selected because they have been known to catalyze homogeneous nitrosation involving
nitric oxides [177] and may be involved in catalyzing nitrosation of pesticides. As, Ba, Cd,
Cr, Pb, Se, and U were selected because they are among the chemical parameters included
in routine testing of PEI groundwater that have health-based drinking water guidelines and
assigned MACs [188].

Groundwater samples were acidified to 2% (v/v) nitric acid by adding 60 pL of
concentrated nitric acid (70%, TraceMetal grade, Fisher Scientific) to 2.940 mL of each
water sample, to a final volume of 3 mL. Samples were introduced into the ICAP-Q ICP-
MS by the ESI SC-4DXS autosampler. The instrument was operated in kinetic energy
discrimination (KED) mode, using high purity helium as the collision gas. To quantify
elements of interest in water samples, an eight-point calibration curve was generated for
each using the following concentrations: 0.1, 0.5, 1, 5, 10, 20, 50, and 100 pg L !. Online
IS addition was performed using 50 ug L! scandium and an SC FAST Valve (Elemental
Scientific, NE, USA). A dwell time of 0.01 seconds was programmed for all analytes, with

25 sweeps and three main runs per sample.

PANN compound formation in pooled PEI groundwater sample

As with PANN compound formation experiments in Milli-Q water, two replicates
of three 10-mL test solutions for each analyte capable of forming N-nitroso compounds in
Milli-Q water in previous experiments were made in amber glass vials wrapped in
aluminum foil using the pooled PEI groundwater sample. Volumes of 800 pL of the 250
ug L' analyte solution, 50 uL of the 0.5 mg mL"! NaNO; intermediate, and 100 uL of the
10 mg mL! IS intermediate were added. The pH was adjusted to ~ 2.5 with stock HCI.
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Test solutions were stored at room temperature and analyzed by UHPLC/MS in fractions

of 150 uL at 0 hours, 4 hours, and 12 hours.

3.3.8 Kinetics of PANN Compound Formation in PEI Groundwater

To better determine the time of optimal PANN compound formation, experiments
were carried out in both Milli-Q water and a pooled PEI groundwater sample with analytes
showing evidence of nitrosation before the four-hour time point. Test solutions for both
media had initial analyte, NaNO, and IS concentrations of 20 pg L', 2.5 mg L, and 100
ug L1, respectively, and were adjusted to pH ~ 2.5 using stock HCI. Test sample fractions
of 150 pL were analyzed at 30-minute intervals up to 4 hours. Each experiment was
replicated for three consecutive days to obtain triplicate measurements. The extent of
PANN compound formation was assessed using the following calculation: (analyte peak
area/IS peak area) x 100. The time point that corresponded to the highest value for analyte
peak area:IS peak area ratio was considered the time of maximum PANN compound

formation for that particular analyte.

3.3.9 Minimum Concentration of Analytes for PANN Compound Formation in PEI
Groundwater

To assess PANN compound formation in a pooled PEI groundwater sample at lower
analyte concentrations, individual stock solutions of analytes were made by adding 100,
200, 300, and 400 pL of the 250 pg L' working solution to 10-mL of groundwater,
resulting in starting concentrations of 2.5, 5, 7.5, and 10 pg L', respectively. These
experiments were carried out in triplicate measurements. Test sample solutions were
adjusted to pH ~ 2.5 using stock HCI. The single time point chosen for analysis was the
time of maximum N-nitroso compound formation determined in the experiment involving

PANN compound formation in PEI groundwater at 30-minute intervals.

3.3.10 Quantitation of Target Analytes and Calculation of Peak Area Ratios for PANN
Compounds

Quantitation of target analytes was carried out using calibration standards prepared
at seven different concentrations in Milli-Q water to construct a seven-point calibration
curve for each target analyte. Since accurate quantitation for PANN compounds is not

possible without certified analytical standard, a peak area ratio technique was formulated
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to measure relative response of PANN compounds. Once identified using the Tune and
Xcalibur software, PANN compound peak area was divided by the IS peak area and
multiplied by 100 (e.g. 100*N-ETU peak area/IS peak area). This ratio represented the
PANN compound’s relative response and was used to determine whether the compound

concentration was increasing or decreasing over time.

3.3.11 Method Detection Limit and Limit of Quantitation

The MDL was determined using U.S. EPA procedures [151]. Ten spiked samples
at 5 ug L' and 10 method blank samples were analyzed. MDLs for each analyte in spiked
samples and method blanks were then calculated; the greater of the two determined for
each analyte represented the MDL. The LOQ was calculated as ten times the standard

deviation of the 10 replicate spiked sample measurements.

3.3.12 Statistical Analysis

Initial PANN compound formation screening experiments (pH ~ 2.5: pH ~ 5; with
dissolved Cu; and with dissolved Fe), PANN compound formation in PEI groundwater
(initial analyte concentration of 20 pg L), and in-house synthesis of N-ATR and N-ETU
at high initial analyte concentrations were carried out using replicates of two at each time
point. Experiments involving PANN compound formation at lower initial analyte
concentrations and at 30-minute increments were carried out in triplicate measurements.
For all experiments, mean analyte concentration values were calculated and standard
deviation was used to determine error bars. To assess significance of changes in mean
analyte concentration over time during PANN compound formation screening experiments,
a paired t-test (o = 0.05, two-tailed) was performed for each analyte to compare mean

concentration between 0 and 4 hours, 4 and 12 hours, and 0 and 12 hours.
3.4 Results and Discussion

3.4.1 Confirmation of N-ATR and N-ETU Synthesis

Synthesis of N-ATR resulted in a compound that matched the theoretical m/z values
of N-ATR generated by the Tune software in both positive and negative ionization modes.

Extraction of these theoretical m/z values from the chromatogram showed that the
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compound eluted at a retention time of 6.17 £ 0.01 minutes (Figure 3-5a). No N-ATR was
identified in control samples containing only ATR and NaNO; without HCI acidification
(Figure 3-5b). The compound’s negative ion showed a greater response with a mean peak
area of 406,823 compared to its positive ion, which had a mean peak area of 225,389.
Hence, the negative ion was used for compound identification. Examination of the mass
spectrum at that retention time showed that the most prominent experimental ion matching
the theoretical value of 243.07666 was 243.07668 (Figure 3-5c). Mass accuracy, generally

reported as mass error in ppm, was calculated using the following equation [189]:

Theoretical mass — Experimental mass 6
Mass error = ( - ) X 10
Theoretical mass

The mass error between experimental and theoretical m/z values for N-ATR was
0.08 ppm. With elements carbon, hydrogen, chlorine, nitrogen, and oxygen selected and a
mass tolerance set to 5 ppm, the Xcalibur software matched the formula for N-ATR to
potential matches for the compound. All criteria were met for identification of N-ATR.

The formation of N-ATR was assessed at three different time points: after 1, 6, and
12 hours (n=2). Since N-ATR appears to ionize more favourably in negative mode, its
negative ion was used to monitor its relative abundance (via peak area) across the three
time points. Of the three time points, N-ATR formation appeared to have peaked after 6
hours (Figure 3-6). Moreover, ATR concentration decreased over time, which may indicate
that ATR is being used up in the N-ATR synthesis reaction. These findings are consistent
with observations from a previous study that found that at pH 2, N-ATR was transformed
back to ATR and hydroxyatrazine after 6 hours and ATR concentrations decreased in the

initial hours of the 48-hour experiment [50].

64



12 230CT18 NATR B .10 SRR [E) 230CT18 NATR no_acid T.raw STar=s
Q) [frome s e AT b) e 30CT18JATR_re_ve_T oz T
RT 0.00 - 1501 L RT: 0.00-15.01 _— 0 -
819 'w‘Lmea 004 8.45 16059
100 5 c Ms
o 850 ;1,':’0(':‘:5‘5 NA g 80 860 918 230CT18_NAT
= 60 = 3 576 R_no_acid_T
§ 5 TRB.T 2 _no_acid_
2 1025 ] 604
2 60 1098 1279 133¢ <
< » 207
@ 404 £
g H
: 209 -4 i)
0 W o TT6 N
578 3.19E8 300000000 Az
4 ® miz=
" 300000000 R i £ 2500000003 216.09889-
& 250000000 216 10321 8 216.10321 MS
h Ms 5 200000000 230CT18_NAT
§ 200000000 230CT18 NA B R_no_acid_T
150000000 BT u 1900000004 T
£ 100000000 e
& 50000000 © 50000000
288 410 520 f 636 748 1024 1100 1240 1448 079 296 3.99 561 | 625 7.65 856 1044 1123 1260
RT 617 805 077
MA: 248936 35000+ Y -
. 2 300003
g 150000 5 250003 1034
2 100000 ; g
»
£ 00003 390
§ e 845 99 1066 5 1 a8
2 538 | | 00 |
I | E
RT-6.10 W o 51T e
MA: 414776 IT4ES 60000+ 1217 61764
i B i 1187 mz=
8 243 07423 g 0000-3 21307423
§ 3000004 243 07908 4 o0 4“8 ’ 24307909 MS
T s s T i 230CT18_NAT
é 200000-] 230CT18_NA Z2 30000 s 808 R_no_acid_T
1 RB_T ® 1052
H g 200004 548
3 oo 921 1224 2 422
«© 476 497 1188 1243 o 100003
o i 1l o
T T * 1 ¥ | i T v T T T T T 1 T T ]
2 4 [ 8 10 12 1 2 4 [ 8 10 12 14
Time (min) Time (min)
TR CXcalburtTrial 2230CT18_NATR_B_T 102318172736
s 5 ) s
‘et compodin s
o) = r—
- o #1082

036 ¢

4 o 202 234 308 342 395 &9 481837 515

s
ST8 581 707 774

578
581

nc us
859 807 980 992 104 20CTI8 NATR_B_
045 1002 1155 1279 1313 1350 1980 7

954990 1024 1090 1121 1184 1280 1343 1395 1448 7

5750584
288 369410 471529572 602668 712 815 860
RT 617

WA 248935

mz

614624
538 630 845 900 g7 1086
RT 616
NA 414775
622
200000 616157
476 497 522 607 021 1188 1224 1243 z
1 2 3 4 5 H 7 [] H 10 -- 12 13 1 18
Time (mn)
230CT18_NATR_B 7 #783 RT 610 AV. 1 ML 370€5 -
T FTMS “p ES Full ms [55 0000-800 0000]
243 07668
1004
a0
60
y
§ o a3 10028
g
2 s0q
£ a0
209 24317066
24295496 |
104 21301018 24312401 || | 24321838
24200852 q B L
Al | LA E
T T T o s T — =
2028 2120 2430 2131 232 2033 2034 2035 2436 2037

Figure 3-5. Chromatograms showing a) N-ATR synthesis after six hours and b) the
absence of N-ATR in a control solution containing ATR and NaNO> without HCI
acidification. The top row of each chromatogram depicts the total ion count (TIC), the
second row represents the extracted ion for ATR, and the third and last rows show peaks
generated by extraction of theoretical N-ATR ions in positive and negative ionization
modes, respectively; ¢) confirmation of N-ATR identification required matching the
theoretical m/z value of N-ATR to the experimental m/z value shown in the red ellipse in
the mass spectra at ¢- = 6.19. The bottom left of the figure shows the theoretical formula of
the compound generated from the experimental m/z value within 5 ppm.
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N-ATR Formation at pH 2.33 (+ 0.02)
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Figure 3-6. Change in ATR and N-ATR peak area after 1, 6, and 12 hours (n=2). N-ATR
peak area was determined after extracting both positive (blue) and negative (teal) mode
ions from the chromatogram.

The synthesis of N-ETU resulted in a yellow solution (Figure 3-7). This is
consistent with the observation that N-nitrosamines usually produces a yellowish oil that
is subsequently purified [190]. A proposed set of chemical reactions for the formation of
N-ETU is shown in Figure 3.8. As with N-ATR, synthesis of N-ETU resulted in a
compound that matched the Tune software’s theoretical m/z values for N-ETU in both
positive and negative ionization modes. Extraction of theoretical m/z values from the
chromatogram showed that the compound eluted at a retention time of 1.22 &+ 0.04 minutes
(Figure 3-9a). No N-ETU was identified in control samples containing only ETU and
NaNO> without HCI acidification (Figure 3-9b). Contrary to N-ATR ionization, the
compound’s positive ion showed a greater response than its negative ion, with mean peak
areas of 14,344,029 and 219,816, respectively. Therefore, the compound’s positive ion was
used for identification. Examination of the mass spectrum at that retention time showed
that the most prominent experimental ion matching the theoretical value of 132.02261 was

132.02252 (Figure 3-9c). The mass error between experimental and theoretical m/z values
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for N-ETU was 0.7 ppm. The Xcalibur software generated a single positive match for the
N-ETU formula with a potential formula for the compound within these criteria with
elements carbon, hydrogen, nitrogen, oxygen, and sulfur selected and a mass tolerance set
to 5 ppm. The ETU (parent) peak split into two separate peaks, indicating that the ion is
detected at both #- = 0.69 minutes and #- = 1.24 minutes. This suggests that in addition to
the elution of the intact parent compound at 0.69 minutes, the ionization of N-ETU at 1.24

minutes, (the same time that N-ETU elutes), results in a fragment identical to ETU.

Figure 3-7. Synthesis of N-ETU from 50 mg ETU and 117 mg NaNO; in 10 mL Milli-Q
water, adjusted to pH 2.30 with HCI, resulted in a yellow solution (undiluted sample).
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Figure 3-8. Proposed chemical reactions for the formation of N-ETU: a) formation of the
active nitrosating species, and b) electrophilic attack resulting in N-ETU.
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Figure 3-9. Chromatograms showing a) N-ETU synthesis after 10 minutes and b) the
absence of N-ETU in a control solution containing ETU and NaNO: without HCI
acidification. The top row of each chromatogram depicts the total ion count (TIC), the
second row represents the extracted ion for ETU, and the third and last rows show peaks
generated by extraction of theoretical N-ETU ions in positive and negative ionization
modes, respectively; ¢) as with N-ATR, confirmation of N-ETU identification required
matching the theoretical m/z value of N-ETU to the experimental m/z value shown in the
red ellipse in the mass spectra at #- = 1.24. The bottom left of the figure shows the
theoretical formula of the compound generated from the experimental m/z value within 5
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3.4.2 Screening of Target Analytes for PANN Compound Formation

PANN compound formation was determined by two factors: (i) decrease in
concentration of target analyte over time, which may indicate that the parent compound
was being used up in the PANN compound synthesis reaction, and (ii) the presence of a
peak in the resulting chromatogram that matched the theoretical m/z values of predicted
PANN compounds. First, change in analyte concentration over time was assessed for each
analyte screening experiment (Figure 3-10). For each experiment, analyte concentration
began at 20 ug L!. Analyte concentrations reported above 20 ug L' demonstrate that ion
enhancement has occurred as a result of matrix constituents (i.e. addition of HCI or metals
may enhance analyte response). However, concentrations reported below 20 pg L' indicate
that one of three events had occurred: (i) overall ion suppression (without a marked change
in analyte concentration over time); (ii) depletion of the parent compound over time due to
interaction with matrix constituents (without the formation of PANN compounds); or (iii)
depletion of the parent compound as a result of N-nitroso compound formation. It should
be noted that all vertical axes in Figure 3-10 represent analyte concentrations from 0 to 35
ug L except those for ETU and OME, which display concentrations from 0 to 80 pg L*!
to show the occurrence of ion enhancement.

Acidification is generally performed by adding concentrated acid to a solution until
the desired pH is achieved. However, in this case, different volumes of acid may be
required for different analyte solutions to reach the same pH level. Since changes in volume
affect concentration (and therefore, quantitation), it was necessary to keep the volume of
acid added to all analyte solutions constant. For example, the target pH value for the first
round of screening experiments was 2.5 and the addition of 200 pL stock HCI to each test
solution resulted in a mean pH value of 2.62 (+ 0.10). For the second round, the addition
of 155 pL 2.5mM HCI resulted in an average pH value of 5.02 (£ 0.21), very close to the
targeted pH of 5. Target pH values for experiments involving metals was also 2.5. A
volume of 200 pL stock HCI to analyte solutions containing Cu and Fe resulted in mean

pH values of 2.22 (£ 0.09) and 2.00 (+ 0.08), respectively.
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Change in analyte concentration over time

For ATR, the most notable decrease in concentration occurred with the addition of
Cu from 28.2 t0 20.6 pg L' ATR over 12 hours, while pH ~ 2.5 showed a slight decrease
in ATR concentration over time from 26.4 to 24.3 pg L' (Figure 3-10a). Solutions at pH ~
5 and with Fe show very little fluctuation in ATR concentration over the duration of the
experiment. Concentration did not appear to change significantly with time under any
experimental conditions for CAR (Figure 3-10b), DIM (Figure 3-10c), IMI (Figure 3-10e),
LIN (Figure 3-10f), and TCPy (Figure 3-10h). Paired t-tests (o = 0.05) showed statistically
significant differences in mean analyte concentration for IMI (with Fe) and LIN (at pH ~
2.5) from 4 to 12 hours and for TCPy (with Fe) from 0 to 4 hours, but this was likely due
to small variances. Interestingly, it is apparent that low pH conditions, as with experiments
at pH ~ 2.5, and Cu and Fe addition, supress analyte response for IMI, LIN, TCPy, and TM
(Figure 3-101). This suppression may be a result of a number of potential interactions with
constituents present in the acidic solution, as these analytes present suitable leaving groups
that could facilitate the formation of resonance-stabilized reactive intermediates via
thermodynamically-supported reactions. These side reactions may occupy reactants,
thereby interfering with N-nitroso compound formation.

Although a gradual decline in OME concentration over time was observed at pH ~
2.5 and between 0 and 4 hours with the addition of Cu, neither experiment resulted in a
statistically significant change in OME concentration over time (Figure 3-10g).
Statistically significant decreases in TM concentration were seen at pH ~ 2.5 and with
addition of Cu and Fe over the duration of the experiment (0 to 12 hours). All three
concentration curves took on a characteristic “hockey stick” shape. This concentration
curve shape was also seen with statistically significant decreases in ETU concentration
over time at pH ~ 2.5 and with the addition of Fe, and also with the addition of Cu (although
not statistically significant for the latter (Figure 3-10d). Of the four PANN compound
formation screening experiments for ETU, pH ~ 5 was the only one that did not result in a

marked decrease in ETU concentration over time.
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Figure 3-10. Change in analyte concentration at three time points (t = 0, 4, and 12 hours)
at pH ~2.5, pH ~5, and with dissolved Cu or Fe for a) ATR; b) CAR; ¢) DIM; d) ETU; e)
IMI; f) LIN; g) OME; h) TCPy; and i) TM.
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Extraction of theoretical m/z values of PANN compounds from chromatograms

Following analysis of each test solution, theoretical PANN compound molecular
ions listed in Table 3-1, for both positive and negative ionization modes, were extracted
from the chromatogram. Of the nine nitrosatable analytes, only ETU appeared to be
involved in PANN compound formation. Peaks for theoretical m/z values for N-ETU were
observed in experiments at pH ~ 2.5, and with the addition of Cu and Fe, but not at pH ~ 5
(Figure 3-11). Moreover, the addition of Cu and Fe are associated with higher N-ETU
responses (N-ETU response = 140,000 counts, Figure 3-11¢ and 3-11d) than with only HCI
and NaNO; (N-ETU ion response = 80,000 counts, Figure 3-11a). This is consistent with
previous findings that Cu and Fe may catalyze N-nitroso compound formation [177]. Only
the positive m/z value for N-ETU was identified in the chromatograms. This is consistent
with the observation that in the N-ETU synthesis experiment at high concentrations, the
peak area ratio of positive to negative mode N-ETU m/z values was 65:1.

Despite the notable decrease in analyte concentration over time for ATR, OME,
and TM, the extracted chromatograms provided no indication of PANN compound
formation at any of the time points. Decrease in concentration for these three analytes may
be due to competing reactions, such as simple protonation (e.g. OME), the loss of a leaving
group with resonance stabilization (e.g. ATR), or both (e.g. TM). These potential outcomes
account for analyte depletion without the apparent formation of respective PANN
compounds. Chromatograms for ATR at pH ~2.5, pH ~5, and with the addition of Cu and
Fe showing ion extractions for N-ATR (and the absence of N-ATR peaks) are shown in
Figure 3-12 (chromatograms for other analytes that do not appear to be participating in

PANN compound formation are not shown).
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Figure 3-11. Extracted ion chromatograms of N-ETU at pH ~ 2.5 (top left); pH ~ 5 (top
right); with Cu (bottom left); and with Fe (bottom right). The top row of each
chromatogram depicts the total ion count (TIC), the second row represents the extracted
ion for ETU, the third and fourth rows show peaks generated by extraction of theoretical
N-ETU ions in positive and negative ionization modes, respectively, and the bottom row
shows the IS peak. Confirmation of the positive mode N-ETU peak is shown in green (third
row of each chromatogram) in all experiments but at pH ~5.
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Figure 3-12. Extracted ion chromatograms of N-ATR at pH ~ 2.5 (top left); pH ~ 5 (top
right); with Cu (bottom left); and with Fe (bottom right). The top row of each
chromatogram depicts the total ion count (TIC), the second row represents the extracted
ion for ATR, the third and fourth rows show peaks generated by extraction of theoretical
N-ATR ions in positive and negative ionization modes, respectively, and the bottom row
shows the IS peak. The absence of peaks in third and fourth rows of each chromatogram
indicates that PANN compound formation has not occurred under these experimental
conditions.
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3.4.3 UHPLC/HRAM MS, IC, and ICP-MS Analyses of PEI Groundwater Samples
Target analytes in groundwater samples

Five PEI groundwater samples were analyzed by UHPLC/HRAM MS to determine
whether target analytes were present in appreciable amounts in any of the samples (Table
3-2). The MDLs and LOQs for each analyte in both matrices are provided in Table 3-3.
Two samples from each location were analyzed. None of the groundwater samples
contained any of the analytes above the LOQ. In all five samples, ATR was detected in
trace amounts, but concentrations were below the MDL of 0.5 pg L!. CAR and TM were
also found in trace amounts in all five samples above the MDLs of 0.1 and 0.7 ug L,
respectively. However, they could not be accurately quantified because concentrations
were below the LOQs of 0.5 and 2.1 pg L', respectively. Interestingly, each sample
contained very similar quantities of both TM (1.3 to 1.5 pg L!) and its primary metabolite,
CAR (0.4 pg L' in all five samples). Since CAR is not sold in PEI, it is assumed that its
presence in groundwater is a direct result of TM conversion. The U.S. EPA applies a
maximum conversion factor of 0.827, derived from results of an aerobic soil metabolism
study, to account for TM conversion to CAR [191]. However, the rate of TM conversion
to CAR depends on soil pH (conversion is faster in neutral versus acidic soils),

microorganism activity, and temperature [192].

Table 3-2. UHPLC/HRAM MS analysis of target compounds in PEI groundwater samples.
Mean analyte concentration (ug L)

Analyte® Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
ATR <MDL <MDL <MDL <MDL <MDL
CAR 0.4+0.02° 0.4+0.003° 0.4+0.005> 0.4+0.002° 0.4 +0.003°
DIM NF¢ NF NF NF NF

ETU NF NF NF 2.5+0.4° 1.1 £0.4°
IMI NF 0.9° NF NF 1.0 = 0.004°
LIN NF NF NF NF NF

OME NF <MDL NF NF NF

TCPy <MDL <MDL <MDL NF NF

™ 1.5+0.02° 1.4+0.02° 1.3+£0.01° 1.4 +0.04° 1.3+0.03°

2ATR = atrazine; CAR = carbendazim; DIM = dimethoate; ETU = ethylenethiourea; IMI
= imidacloprid; LIN = linuron; MCPA = 2-methyl-4-chlorophenoxyacetic acid; OME =
omethoate; TCPy = 3,5,6-trichloro-2-pyridinol; TM = thiophanate methy]l.

®Higher than MDL but below LOQ

°NF = not found
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Table 3-3. MDLs and LOQs for target analytes in Milli-Q water and a pooled PEI
groundwater sample.

Milli-Q water Pooled PEI groundwater sample
Analyte MDL LOQ MDL LOQ
(ngLh) (ngLh) (ngLh) (ng L)
ATR 0.6 2.0 0.5 1.5
CAR 0.4 1.3 0.1 0.5
DIM 1.5 4.9 0.6 1.8
ETU 0.5 1.7 1.0 32
IMI 1.2 3.8 0.9 2.7
LIN 0.7 2.3 0.6 1.9
OME 1.5 4.9 1.1 34
TCPy 0.8 2.5 0.8 2.4
™ 1.0 3.1 0.7 2.1

ETU was detected in two of the five groundwater samples. As with CAR, ETU is
not sold or used as a standalone product on PEI but is a common metabolite of two of the
most commonly used fungicides in PEI, mancozeb and metiram. Both detections (mean
concentrations of 1.1 and 2.5 pg L") were above the MDL of 1.0 ug L™! but below the LOQ
of 3.2 ug L'! in groundwater. Similarly, TCPy is present in PEI environments only as a
degradation product of the organophosphorus insecticide chlorpyrifos. The metabolite was
detected in three of the five samples at trace levels, but concentrations were below the
groundwater MDL of 0.8 ug L', IMI was detected in two of the five groundwater samples,
one at and one slightly above the MDL of 0.9 ug L' but both concentrations were below
the LOQ of 2.7 ug L. DIM, LIN, and OME were not found (NF) in any of the samples.

As all analyte concentrations in the PEI groundwater samples were below
respective LOQs and substantially lower than those used in PANN compound formation
experiments, it was presumed that analyte concentrations in a pooled groundwater sample
would be unlikely to interfere with PANN compound formation. Analyte concentrations in
a pooled groundwater sample were considered negligible, not necessarily from a public
health perspective, but for the purpose of conducting subsequent PANN compound
formation experiments. Therefore, it was deemed appropriate for a pooled groundwater
sample to be made from all five samples to assess PANN compound formation in

groundwater.
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Nitrate and nitrite in groundwater samples

IC analysis was performed to determine existing concentrations of nitrate and nitrite
in groundwater samples (Table 3-4). Duplicates of each sample were tested. Nitrite was

not detected in any of the samples. Nitrate concentration ranged from 7.3 to 26.5 mg L,

below the MAC of 45 mg L.

Table 3-4. IC analysis of nitrate and nitrite in PEI groundwater samples.

Mean anion concentration (mg L)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Nitrate 73+0.2 23.0+0.3 199+0.3 13.9+0.1 26.5+0.4
Nitrite NF NF NF NF NF

Nitrate MAC = 45 mg L'; nitrite MAC =3 mg L' [179].

Analyte!

Elements of interest in groundwater samples

PEI groundwater samples were analyzed by ICP-MS for the 12 elements of interest
(Table 3-5). Concentrations were reported with at least two significant figures and a
standard deviation having at least one significant figure and one decimal place. None of
the samples contained any element above its health-based drinking water guideline. Copper
concentration, a potential nitrosation catalyst, varied greatly among samples (2.2 to 103.7
ug L. Tron, another presumed catalyst in the nitrosation reaction, was detected in four of
the five samples at a concentration between 1.0 and 10.8 pg L', Instrument limits of

detection (LODs) for each parameter are given beneath Table 3-5.
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Table 3-5. ICP-MS analysis of groundwater samples for target metals and other elements
associated with N-nitroso compound formation or included in routine testing of PEI
groundwater that have health-based drinking water guidelines and assigned MACs
[179,188].

Mean elemental concentration (ug L)°

Element Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
SAs 2.89+0.05 2.04+0.03 0.350 +£0.004 0.23 £0.01 1.07 £0.07
137Ba 54.5+0.7 3.0+£0.7 1.1+£0.2 270.1 £ 6.4  756.6+£23.3
0.000682+  0.0016 +

111

cd BDL BDL 0.000005  0.0007 BDL
. 0.1821 +

Cr 0.33 £0.01 0.28 £0.06 0.0005 0.17 £0.01 0.174 £ 0.003
8Cu 27.8+34 26+04 103.7+46.8 123+1.7 22+12
STFe 1.2+0.7 1.0£0.6 BDL 52+1.6 10.8 £1.8°
3Mn 0.017 +£0.002 BDL 0.023+£0.017 0.11+0.02  Excluded!

60N 0.050 +£0.002 0.079£0.036 0.62+0.09° 0.086+0.019 0.12+0.05
208pp 0.034 £0.008 0.034 +£0.003 0.39+0.22 0.061 +0.043 Excluded!

7Se  0.014+0.009 0.015+0.005 BDL BDL 0.0095 &
0.0001
BU 0934003 043 £0.01 8'83(3)2 T 0.08740.003 0.39+0.02

*As = arsenic (MAC =10 ug L', LOD = 0.0024 pg L)

Ba = barium (MAC = 1,000 ug L', LOD = 0.052 ng L")

Cd = cadmium (MAC =5 pg L', LOD = 0.00018 pg L")

Cr = chromium (MAC =50 ug L'", LOD = 0.0081 pg L)

Cu = copper (aesthetic objective = 1,000 pg L', LOD = 0.0032 pug L")
Fe = iron (aesthetic objective =300 pg L', LOD =0.14 pg L")

Mn = manganese (MAC =120 pg L', LOD = 0.015 pg L")

Ni = nickel (MAC =N/A, LOD = 0.00062 ng L")

Pb =lead (MAC=10 pg L', LOD =0.0078 g L")

Se = selenium (MAC =50 ug L', LOD =0.13 pg L")

U = uranium (MAC =20 pg L', LOD = 0.00057 ug L)

"BDL = below detection limit

‘Due to suspected contamination of one of the sample pair, one sample was analyzed twice
dMeasurement excluded due to inconsistent element responses

3.4.4 N-ETU Formation in Pooled PEI Groundwater Sample

To determine if there are differences in rate and magnitude of N-ETU formation in
pure water versus a real groundwater sample, N-ETU formation was assessed at 30-minute
intervals over four hours in Milli-Q water and in a pooled PEI groundwater sample (n=3).
Both sets of experiments involved initial analyte concentrations of 20 ug L' and 2.5 mg L

I of NaNO; with a target pH value of 2.5. At the beginning of the experiment, the Milli-Q
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water and groundwater sample pH values were 2.09 (= 0.08) and 2.08 (= 0.16),
respectively. After four hours, the pH measured 2.27 (£ 0.13) for the Milli-Q water and
2.30 (£ 0.05) for the groundwater. This insignificant difference in pH between the two
media shows that the buffering capacity of this particular groundwater sample is not
sufficient in preventing the pH from dropping to a value similar to that of Milli-Q water.
In both media, an increase in N-ETU/IS peak area ratios was most prominent in the
first 30 minutes while a marked decrease in ETU/IS peak area ratios occurred in the same
time frame (Figure 3-13). In addition, neither ETU nor N-ETU response appeared to change
significantly after 60 minutes. At this starting ETU concentration of 20 ug L1, the peak
area ratio of ETU:N-ETU from 60 minutes to four hours was slightly lower in groundwater
(25 £ 3:1) than in Milli-Q water (30 £ 3:1). While the rate of N-ETU formation in
groundwater appeared to coincide with that in Milli-Q water, the larger peak areas for N-
ETU in Milli-Q water indicate that groundwater constituents (e.g. dissolved ions) may
inflict an overall suppressive effect on N-ETU response or directly interfere with N-ETU
formation. This is understandable, as Milli-Q water contains far fewer reactants that may

potentially suppress ETU response or participate in competing reactions.
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Figure 3-13. Change in N-ETU and ETU response (expressed as 100*analyte peak area/IS
peak area) in 30-minute increments over 4 hours in Milli-Q water and a pooled PEI
groundwater sample (target pH = 2.5; n=3). In both media, the first 30 minutes showed a
significant increase in N-ETU/IS peak area ratio and a marked decrease in ETU/IS peak
area ratio. Overall N-ETU peak area ratios were larger in Milli-Q water than in
groundwater.

3.4.5 N-ETU Formation with Lower Initial Concentrations of ETU

Further N-ETU formation experiments were conducted with a series of lower initial
ETU concentrations (10, 7.5, and 5 pg L"), 2.5 mg L' of NaNO,, and a target pH value of
2.5 to determine the lowest starting ETU concentration that produced a detectable level of
N-ETU in PEI groundwater. The mean pH value of analyte solutions for this set of
experiments was 2.36 (£ 0.09). Since N-ETU peak area reached a maximum at 30 minutes
during N-ETU formation in PEI groundwater over four hours and did not change

significantly for the remainder of the experiment, samples were analyzed after 60 minutes.
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N-ETU formation was observed after one hour with initial ETU concentrations of
10 and 7.5 pg L', but not at 5 ug L' (Figure 3-14a). For this reason, experiments with
starting concentrations of 2.5 ug L'! were not carried out. As expected, N-ETU peak area
decreased with lower ETU starting concentrations, as there is less of the reactant species
to participate in the N-ETU formation reaction. Interestingly, compared to the ETU/N-ETU
peak area ratio of 25 + 3:1 in groundwater (between 60 minutes and four hours) with a
starting ETU concentration of 20 ug L', ETU/N-ETU peak area ratios for initial ETU
concentration of 10 and 7.5 pg L! at the 60-minute mark were 16:1 and 12:1, respectively
(Figure 3-14b). Stated another way, the peak area ratio of ETU:N-ETU decreases as initial
ETU concentration decreases, which may indicate that the N-ETU formation reaction
becomes more favourable as starting ETU concentration decreases. It is unclear what is
causing this observed effect, as the opposite (a larger peak area ratio) was expected based
on simple kinetic laws. However, this may be due to the increase in the molar ratio between

NaNO; and ETU, as NaNO; concentration remained at 2.5 mg L! while ETU concentration

decreased.
a) b)
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Figure 3-14. a) Peak area ratios of ETU/ID and N-ETU/IS at initial ETU concentrations of
10 and 7.5 pg L' at pH 2.36 (+ 0.09); b) ETU peak area/N-ETU peak area decreases on a
logarithmic scale as initial ETU concentration is lowered.
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3.5 Conclusions

ETU is a contaminant of concern in PEI environments for several reasons. First, it
is a common metabolite of two parent compounds (mancozeb and metiram) that are
currently two of the most widely used pest control products on the island, with a combined
amount of 343,492 kg a.i. sold in 2014 [86]. In fact, the Pest Management Regulatory
Agency (PMRA) is currently in the process of reissuing a Proposed Re-evaluation Decision
document for mancozeb and its associated end-use products (e.g. ETU) [193]. Second,
ETU is classified by the U.S. EPA as a Group B Probable Human Carcinogen [11]. In
addition, based on its high water solubility (20,000 mg L!) and low Koc (13 L kg!), ETU
is a potential groundwater contaminant [109,110].

The results of this study suggest that ETU present at environmentally relevant
concentrations (20, 10, and 7.5 pg L") is capable of forming the highly carcinogenic N-
ETU in a pooled PEI groundwater sample at pH values comparable to that of gastric pH.
N-ETU formation was rapid, with greatest analyte peak area observed after 30 minutes, but
it is possible that formation peaks earlier. Despite the presence of numerous ions and
dissolved minerals in the pooled groundwater sample that may participate in competing
side reactions with ETU, N-ETU formation was still observed.

One potential limitation of this study is that the pooled groundwater sample used in
the PANN compound formation experiment may not be representative of all PEI
watersheds. Groundwater composition varies between watersheds, depending upon a
number of both natural (e.g. mineral content) and anthropogenic (e.g. agricultural activity)
factors. It is possible that groundwater in other areas of the island contain different levels
of elements that may interfere with N-ETU formation. Another limitation of this work is
that it is not known with certainty if the analytical method is capable of detecting other
semi-targeted PANN compounds that were not confirmed via in-house synthesis. Although
there was no evidence presented here that any analyte other than ETU participated in PANN
compound formation, the reaction may still have occurred without being detected by this
method (i.e. PANN compounds may have remained undetected due to method
incompatibility, as the assumption is that the method suitable for the parent compound is

also suitable for its respective PANN compounds).
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Future studies may aim to refine this method with a specific focus on N-ETU
formation and quantitation. In doing so, the method run time could be reduced, thereby
allowing evaluation of N-ETU formation in less than 30-minute intervals. Additionally,
further development could be done to lower the MDL and LOQ for ETU so that N-ETU
formation from lower concentrations of ETU may be assessed. It would also be
advantageous to synthesize the remaining analytes at high concentrations and analyze them
using HRAM MS to determine their retention times and experimental m/z values using this
analytical method. Further testing of PANN compound formation could involve a greater
pH variation (to account for individual differences in gastric pH), PANN compound
formation at physiological temperature or in human gastric fluid, or different
concentrations of NaNOx.

It remains uncertain whether the following factors provide the perfect storm for
endogenous PANN compound formation: low gastric pH; nitrate-to-nitrite conversion
within the body; and ingestion of groundwater containing trace amounts of nitrosatable
pesticides. However, based on the results of this work, it is believed that endogenous N-
ETU formation is a legitimate concern. Perhaps a first step would be to include ETU as a
measured analyte in the PEI pesticide monitoring program. Ultimately, it would be
beneficial to further this research through a biomonitoring study of nitrosatable pesticides

in PEIL, notably ETU and N-ETU.
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Chapter 4: Analysis of Human Serum and Urine for Tentative
Identification of Potentially Carcinogenic Pesticide-Associated N-nitroso
Compounds using a Semi-Targeted Approach

4.1 Abstract

Human serum and urine samples were analyzed for a suite of nitrosatable pesticides and
potentially carcinogenic pesticide-associated N—nitroso (PANN) compounds. Formation of
PANN compounds may occur in vivo after consumption of food or water containing trace
amounts of nitrosatable pesticide residues and nitrite. Using a modified version of the
Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) method, 10 nitrosatable
pesticides and byproducts were extracted from serum and urine from 64 individuals from
two different sample populations: (i) Prince Edward Island, a region where nitrate and trace
amounts of nitrosatable pesticides have been detected in groundwater; and (ii) Halifax,
Nova Scotia, a non-agricultural urban area. Samples were then analyzed using UHPLC
coupled with HRAM orbital ion trap MS, which allows for semi-targeted analysis and
tentative identification of a virtually limitless number of biomarkers retrospectively. Two
nitrosatable target analytes, ethylenethiourea (ETU), a common metabolite of EBDCs, and
3,5,6-trichloro-2-pyridinol (TCPy), a metabolite of organophosphate insecticides
chlorpyrifos and chlorpyrifos-methyl, were found in serum, while ATR, a triazine
herbicide, and ETU were detected in urine. Six and 10 PANN compounds were tentatively
identified in serum and urine, respectively. The two PANN compounds that were most
frequently tentatively identified in serum were N-nitroso dimethoate (N-DIM) and N-
nitroso omethoate (N-OME) with a detection frequency of 78% and 95%, respectively. In
urine, significantly more tentative identifications were found in PEI samples for di-N-
nitroso carbendazim (di-N-CAR, p = 0.045). This is the first biomonitoring study of its

kind to investigate PANN compounds in human serum and urine.

Keywords: pesticide-associated N-nitroso (PANN) compounds, UHPLC/HRAM orbitrap
MS, serum, urine, biomonitoring, QUEChERS.
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4.2 Introduction

Exposure to pesticides is a global health concern. The general population can be
exposed to pesticides through drift during and following application, contamination of
drinking water and food, and bioconcentration through the food chain [14]. While direct
analysis of pesticides in an individual's environment provides an estimate of exposure, it is
not always feasible nor does it offer information about the absorption (internal dose) of the
pesticide, which is most relevant for assessing health risk [194]. Pesticide biomonitoring
allows investigation of endogenously formed compounds resulting from pesticide
exposure. The potential formation of N-nitroso compounds in vivo through the interaction
between nitrosatable pesticides and nitrite in the acidic but favourable environment of the
stomach warrants investigation [44]. The IARC lists over 30 PANN compounds, many of
which have been investigated for carcinogenicity potential [44]. In short-term mutagenicity
tests, several PANN compounds have been shown to induce DNA damage, mitotic gene
conversion, gene mutation, mitotic recombination, chromosomal aberrations, sister
chromatid exchange, and dominant lethal mutation. In some cases, PANN compounds
exhibit higher carcinogenic potential than their parent pesticides [48,56].

One region particularly vulnerable to exposure to PANN compound precursors is
Prince Edward Island (PEI). PEI has been reported to have the highest pesticide use
intensity of all Canadian provinces [8]. Several of the pesticides sold in PEI are
nitrosatable, including ATR, DIM, IMI, LIN, and TM [86]. The island also has a history
of pesticide and nitrate contamination of its surface waters and aquifer [61,62,65—
67,174,176,180,195]. It is also the only Canadian province that uses groundwater as the
sole source of drinking water for its residents [196]. Considering its vulnerability to
agricultural pollution, PEI groundwater contaminated with nitrate and nitrosatable
pesticides presents a potential pathway of human exposure to potentially carcinogenic N-
nitroso compounds in PEI. Furthermore, PEI has also seen consistently higher than national
cancer incidence rates [68]. Many concerned residents and health professionals have
attributed extensive pesticide use to the increased cancer rates in PEI [197].

The main objective of this cross-sectional biomonitoring study was to employ
HRAM MS to identify specific pesticide-related biomarkers in human serum and urine

from a healthy sample population in an area of intense agriculture in PEI and from a healthy
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sample population in Halifax, a non-agricultural urban area. The hypothesis of this research
was that potentially carcinogenic N-nitroso compounds formed endogenously after
exposure to drinking water contaminated with nitrosatable pesticides and nitrates (e.g., PEI
residents drinking well water) and other pesticide-related metabolites may be detected as
biomarkers in biofluids of individuals living in areas of intensive pesticide use. It was also
expected that significantly lower concentrations and fewer detections of these biomarkers
would be observed in biofluids of individuals living in areas of non-intensive pesticide use

(e.g., Halifax residents drinking tap water).
4.3 Materials and Methods

Biomarkers of interest were allocated into three groups. Group I was comprised of
10 nitrosatable pesticides and degradation products used in PEI agriculture. These
compounds were considered target analytes because the availability of certified analytical
standards allowed their identification and quantitation. Group II analytes included PANN
compounds that could potentially have formed endogenously after exposure to nitrate
(converted in the body to nitrite) and analytes in Group 1. Since reference standards were
not obtained for Group II analytes (a majority were not commercially available), Group II
compounds were analyzed using a semi-targeted approach with tentative identification
based on their theoretical accurate mass calculations. Group III was comprised of other
common biomarkers associated with target compounds in Group I. As with Group II,
quantitation of these analytes was not feasible without obtaining analytical standards.
Therefore, Group III compounds were analyzed using a semi-targeted approach with
tentative identification. Three focused objectives for this work were established: (i) to
analyze serum and urine samples from the two sample populations for biomarkers from
analyte Groups I, 11, and III; (ii) to determine if there were significant differences in mean
concentrations of target analytes (Group I) or number of biomarker detections (Groups II
and III) in serum or urine of the two sample populations; and (iii) to determine specific
biomarkers of concern for the two sample populations and formulate strategies for future

biomonitoring studies.
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4.3.1 Analytes of Interest

An analytical method was developed and validated for identification and
quantitation of Group I analytes in human serum and urine. Group I was comprised of the
pesticides ATR, DIM, IMI, LIN, and TM, as well as degradation products ETU, CAR,
TCPy and OME. All analytes of interest are capable of forming N-nitroso compounds
through interaction with nitrite. MCPA, a phenoxy herbicide, was also included in the study
because even though it is not nitrosatable, it is often contaminated with NDMA [104]. In
addition, Group I analytes are expected to be contaminants of concern in Atlantic Canadian
environments in terms of toxicity and exposure, based on provincial pesticide sales reports
and detections in air and groundwater samples [60,62,86,149].

Group II compounds included 15 PANN compounds: N-ATR; N-CAR; N-DIM; N-
ETU; N-IMI; N-LIN; N-OME; N-TCPy; and N-TM. In addition, PANN compounds with
more than one N-nitroso (N-N=O) functional group potentially formed from target
analytes were also included in Group II: di-N-ATR; di-N-CAR; di-N-ETU; di-N-TM; tri-
N-TM; and tetra-N-TM.

Group III was comprised of six biomarkers associated with target analytes. Atrazine
mercapturate (AM), diaminochlorotriazine (DACT), and DEA are urinary metabolites of
ATR. These ATR metabolites were included as priority biomarkers of exposure in the
Second Report on Human Biomonitoring of Environmental Chemicals in Canada;
however, more than 99% of all samples tested were below the detection limit of 0.03, 1,
and 0.2 pg L1, for AM, DACT, and DEA, respectively [198]. Methyl 5-hydroxy-2-
benzimidazole carbamate (5-HBC), a metabolite of both TM and carbendazim, [191]
ethylene urea (EU), a metabolite of ETU, and 3,4-dichloroaniline (3,4-D), a metabolite of
LIN [109,112], were included as Group III analytes. All 31 target and semi-target analytes
are listed in Table 4-1.
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Table 4-1. Molecular formula, molar mass, and theoretical m/z values for the molecular
ion of each target and semi-target analyte. Parent compounds (Group I analytes) are
highlighted in bold.

- -
PANN Molecular Molar mass [M+H] [M-HJ"

1 theoretical mass theoretical mass
compound formula (g mol™) (m/2) (m/2)
ATR CsH14CINs 215.68 216.10105 N/A
N-ATR CsH13CINGO 244.08 245.09121 243.07666
di-N-ATR? CsHi2CIN702 273.68 274.08138 272.06682
AMP C13H22N6Os3S 342.42 343.15469 341.14013
DACT® C3H4CINs 145.55 146.02280 144.00825
DEA¢ CsH10CINs 187.63 188.06975 186.05520
CAR CoHoN302 191.19 192.07675 N/A
N-CAR CoHsN4O3 220.06 221.06692 219.05236
di-N-CAR? CoH7N504 249.18 250.05708 248.04253
DIM CsH12NOsPS» 229.26 230.00690 N/A
N-DIM CsH11N204PS> 257.99 258.99706 256.98251
ETU C3HeN2S 102.16 103.03245 N/A
N-ETU C3HsNs;OS 131.02 132.02261 130.00806
di-N-ETU? C3HaN4O2S 160.15 161.01277 158.99822
EU*® C3HeN20 86.09 87.05529 85.04074
IMI CoH10CIN5O2 255.66 N/A 254.04503
N-IMI CoHoCINsO3 284.04 285.04974 283.03519
LIN CoH10CI2N202 249.09 N/A 247.00466
N-LIN CoHoCl2N303 277.00 278.00937 275.99482
3,4-Df CeHsCLN 162.02 161.98718 159.97263
MCPA CoHoClO3 200.62 N/A 199.01675
OME CsH12NO4PS 213.19 214.02974 N/A
N-OME CsH11N20sPS 242.01 243.01991 241.00535
TCPy CsH,CI3NO 198.43 N/A 195.91292
N-TCPy CsHCI3N20, 22591 226.91764 224.90308
™ C12H14N4O4S: 342.39 N/A 341.03837
N-TM C12H13N505S2 371.04 372.04309 370.02853
di-N-TM? C12H12N6O6S2 400.39 401.03325 399.01870
tri-N-TM? C12H11N707S2 429.39 430.02341 428.00886
tetra-N-TM"  C12HoNgOsS» 458.39 459.01358 456.99902
5-HBC! CoH9oN303 207.19 208.07167 206.05711

PANN compounds formed by nitrosation at two sites on parent analyte
®AM=Atrazine mercapturate

‘DACT = diaminochlorotriazine

dDEA= desethylatrazine

°EU = ethylene urea

f3.4-D = 3,4-dichloroaniline

¢ PANN compounds formed by nitrosation at three sites on parent analyte
B PANN compounds formed by nitrosation at four sites on parent analyte
i5-HBC = methyl 5-hydroxy-2-benzimidazole carbamate
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4.3.2 Study Design

This biomonitoring study involved the profiling of nitrosatable pesticides, PANN
compounds, and other pesticide-derived biomarkers in human serum and urine for two
populations living in areas of different pesticide use intensities: (1) 32 healthy adults
residing at least five years in PEI, particularly in areas where groundwater nitrate
contamination, an indicator of agricultural pesticide use, was more than 3 mg L!; and (2)
32 healthy adults residing in Halifax, NS, for at least five years, which represented as the
urban area control group (age- and sex-matched). Data and biological samples for this
project were provided by the Atlantic Partnership for Tomorrow’s Health (Atlantic PATH)
study. The Atlantic PATH study is part of the Canadian Partnership for Tomorrow Project,
a pan-Canadian longitudinal cohort study examining the role of genetic, environmental,
behavioural, and lifestyle factors in the development of cancer and chronic disease [199].
Atlantic PATH collected data from 31,173 individuals aged 35-69 across Atlantic Canada,
including information on health and health-related measures, as well as biological samples
including blood, urine, saliva, and toenails [200].

The number of participants in each sample population fits the criteria for a
discovery study outlined by Dunn et al. (2011) [201]. A discovery study generally involves
tens or low hundreds of samples from two independent populations. Rigorously designed
discovery studies are small enough to be financially feasible as a pilot study but provide
preliminary data essential for the design of large-scale epidemiological studies.
Considering analytical costs, we selected a sample size of 32 participants per location. This
study was approved by the Dalhousie Research Ethics Board (REB application #: 2017-
4382).

4.3.3 Inclusion/Exclusion Criteria

Atlantic PATH analysts screened their dataset and identified 189 PEI participants
who reported a minimum of a five-year residence history and well water as the primary
source of drinking water. Postal code data for these 189 participants were cross-referenced
with a groundwater nitrate concentration map to identify 38 participants residing in areas
with groundwater nitrate concentration of 3 mg L! or more (Figure 4-1). Of these 38

participants, 32 were randomly chosen for inclusion in this study. For the Halifax, NS
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group, 32 participants were randomly chosen from those with a minimum of a five-year
residence history in Halifax and municipal water as the primary source of drinking water.
Certain types of illness may affect metabolism and, ultimately, the expression of
pesticide-associated biomarkers in serum and urine. To account for potentially
confounding or effect modifying factors associated with pesticide biomarker expression,
participants with a diagnosis of cancer or conditions that could affect metabolism via
kidney and/or liver damage (diabetes, liver cirrhosis, chronic hepatitis, lupus, or Crohn’s

disease) were excluded from the study.

Average Groundwater Nitrate Concentration
Based on 7858 Water Well Samples from 2012 to 2016

MW St7? (4)

305 (24)
M 23 (1)
M o2 (10)
[0 No Sample or Urban Area (22)

0 50.00
kilometers

Figure 4-1. Average concentrations of groundwater nitrate in PEI (2012-2016) as an
indicator of agricultural pesticide use (Government of Prince Edward Island. 2017.
Groundwater Nitrate Concentration Map: 2012 to 2016 [202]).
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4.3.4 Analytical Standards, Solvents, and Reagents

Analytical standards for the following target analytes were purchased individually
from Chromatographic Specialties (Brockville, ON, CA): ATR, CAR, DIM, ETU, IMI,
LIN, MCPA, OME, TCPy, and TM. Carbendazim-d3 was chosen as the IS and was
obtained in neat form from Sigma Aldrich Canada Co. (Oakville, ON, CA). The tuning
solutions for accurate mass calibration, Pierce LTQ Velos ESI Positive Ion Calibration
Solution and Pierce ESI Negative lon Calibration Solution, were provided by Thermo
Fisher Scientific (Waltham, MA, US).

All solvents and reagents used in this study were of HPLC-grade. MeOH, ACN,
and ACROS Organics formic acid (>98% pure) were obtained from Thermo Fisher
Scientific (Fair Lawn, NJ, US). Human sera (SKU: S7023-50ML), Surine™ Negative
Urine Control (SKU: S-020), and AcOH were purchased from Sigma-Aldrich Canada Co.
(Oakville, ON, CA). Certified ACS NaOAc anhydrous fused crystals, certified MgSO4
anhydrous powder, and certified ACS crystalline NaCl were obtained from Fisher
Chemical (Fair Lawn, NJ, US). Ultrapure laboratory grade water was obtained from the
Milli-Q plus system (Milli-Q water, Millipore, Bedford, MA, US). Ultra-high purity
nitrogen for sample concentration was obtained from Praxair Canada (Dartmouth, NS,
CA). SOLA™ HRP SPE cartridges (10 mg) were obtained from Thermo Scientific
(Waltham, MA, US). Oasis HLB (30 mg) and Oasis PRiME HLB (10 mg) SPE cartridges
were obtained from Waters (Milford, MA, US).

4.3.5 Sample Preparation

Following standard collection procedures, urine and serum samples were collected
by Atlantic PATH between 2009 and 2015 and stored at —80 °C until analysis. Samples
were analyzed in batches of seven or eight with three consecutive batches extracted each
day for a total of 22 sample extractions per day. Samples were allowed to thaw at 4 °C
overnight. On the day of analysis, samples were prepared for the QUEChERS method by
vortexing 1-mL aliquots for 15 seconds and transferring 500 pL of sample matrix to 1.5-
mL microcentrifuge tubes. Samples were spiked to a final concentration of 100 pg L' with
IS, vortexed for an additional 15 seconds and extracted in a fume hood using 500 pL of

ACN with 4% AcOH for serum and 0.1% AcOH in ACN for urine. For serum, 200 mg
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MgSO4 and 50 mg NaOAc were added into the sample to facilitate phase separation and
extraction of target analytes; for urine, 200 mg MgSO4 and 50 mg NaCl were added.
Samples were vortexed for 15 seconds to break up salt agglomerates, shaken vigorously by
hand for one minute, then sonicated for 15 minutes. All samples were centrifuged at 4 °C
for 15 minutes at 15,800 g. A volume of 200 uL of the supernatant was transferred to a
labelled autosampler vial, diluted 1:1 with Milli-Q water, vortexed for 15 seconds, and

stored at 4 °C in the autosampler tray. All extracted samples were analyzed within 24 hours.

4.3.6 Instrumentation

The Thermo Scientific Accela UHPLC system with the CTC Analytics PAL
autosampler coupled to the Exactive Plus orbital ion trap mass spectrometer, equipped with
a HESI source, was used for analysis of nitrosatable analytes and PANN compounds
(Thermo Fisher Scientific, MA, USA). Data analysis was performed using Thermo
Scientific Xcalibur and Tune software. QUEChERS salts were weighed on a Denver
Instrument P-114 analytical balance (Bohemia, NY, US). Samples were vortexed using the
Thermo Scientific MaxiMix I vortex mixer and centrifuged using the Thermo Scientific

Sorvall™ Legend™ X1R (75004261) centrifuge.

4.3.7 UHPLC/HRAM Orbital Ion Trap MS Analysis

The development of chromatographic and detection methods involving the targeted
analysis of nitrosatable pesticides and the semi-targeted analysis of PANN compounds of
interest in this study is described in Chapter 2. Mean recoveries for all target analytes in
serum ranged between 74 and 120% (%RSD <12). For urine, initial analyte recoveries
ranged from 96% to 116% (%RSD <10). In summary, UHPLC separation was carried out
using a Thermo Scientific Hypersil GOLD™ C18 analytical column (50 mm x 2.1 mm,
1.9 um particle size) with a mobile phase flow rate of 400 uL min"'. Mobile phase Solvent
A consisted of 100% Milli-Q water and Solvent B was 100% MeOH. Solvent A began at
100% and was held for one minute. From minute one to seven, Solvent B was increased to
100% and held for one minute. Minutes eight to 15 show a decrease of Solvent B back

down to 0% and 100% Solvent A is pumped for the remaining two minutes of the run for
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a total run time of 17 minutes. The refrigerated autosampler tray held extracted serum and
urine samples at 4 °C.

HESI source parameters were optimized based on UHPLC flow rate and set to the
following values: sheath gas flow rate, 50 au; auxiliary gas flow rate, 13 au; sweep gas
flow rate, 0 au; spray voltage, 3.50 kV; capillary temperature, 263 °C; S-lens RF level, 60.0
au; auxiliary gas heater temperature, 425 °C. The HRAM MS was operated using the
following scan parameter settings: scan type, full MS/AIF; m/z range, 55-800 m/z;
resolution, 70,000; AGC target, 3e6; maximum IT, 200 ms; and collision energy, 20 eV.
The orbital ion trap MS was also programmed to operate in polarity switching mode, a
feature that allows the acquisition of data from both positive and negative mode scans in a
single data file, to maximize the probability of detecting semi-targeted PANN compounds

and other pesticide-derived biomarkers.

4.3.8 Quality Assurance/Quality Control

The Exactive Plus orbital ion trap MS was evaluated for accurate mass calibration
in both ionization modes prior to each sequence. Fresh mobile phase, calibration standards,
blanks, and QC solutions were prepared each day of sample analysis. QC samples consisted
of target analytes prepared in Milli-Q water at a concentration of 50 ug L'. A QC sample
passed if the calculated amount of each standard was within 80 to 100% of the nominal
concentration (i.e. 40 to 60 pg L!). Each batch consisted of no more than eight samples.
With each batch, one method blank (MB) and one post-extraction spike control (PESC)
was prepared. The MB was prepared in the exact manner as the samples, except Milli-Q
water was used instead of biomatrix. This blank was used to evaluate batch contamination.
To prepare the PESC, 200 puL of supernatant from a random duplicate sample in each batch
was transferred to a labelled autosampler vial and spiked to a final concentration of 25 pg
L! target analytes and 100 pg L' IS. The sample was topped up to 400 uL with Milli-Q
water, vortexed for 15 seconds and stored at 4 °C until analysis. The PESC was used to
observe behaviour of the analyte and IS in the sample matrix. Since a known concentration
was added to the PESC, analyte response was expected to increase by 25 pug L! and that
of the IS by 100 pg L. Deviations from expected responses would illustrate additional

effects of the matrix for individual samples.
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Each sample sequence began with two Milli-Q water blanks, a seven-point
calibration curve, followed by two more Mill-Q water blanks and a QC check before the
injection of samples. A method blank was first injected followed by a batch containing no
more than eight samples. Between each sample batch, two blanks and a QC were injected.
After all samples were injected, two blanks, a final QC, and three analytical standards
(Levels 2, 4, and 6 at 5, 25, and 100 pg L-!, respectively) were run; these three standards
were used to evaluate the consistency of the initial calibration curve from the beginning of
the sequence. The end of the sequence was marked by a final blank and column wash in

preparation for the next sequence.

4.3.9 Data Processing and Biomarker Identification

Group I analytes were identified in serum and urine samples using the criteria
recommended by the European Commission [203]. Target analyte identification was
confirmed when the following three criteria were met: (i) the theoretical mass value of the
molecular ion matched its experimental exact mass value with a mass error of less than 5
ppm; (ii) the theoretical mass value of at least one fragment ion matched its experimental
exact mass value with a mass error of less than 5 ppm; and (iii) molecular and fragment
ions had fully overlapping retention times. Quantitation of Group I analytes was carried
out using calibration standards prepared at seven different concentrations in Milli-Q water
to construct a seven-point calibration curve for each analyte. As the validity of creatinine
correction for pesticide analysis in urine has been debated in pesticide exposure science
[204], only free form analytes were measured.

Group II and III semi-target analytes were tentatively identified using an approach
that was designed to be fit-for-purpose. First, theoretical mass values for molecular ions in
both positive and negative ionization modes were individually extracted from sample
chromatograms and visually inspected for screening based on the following criteria: (i)
suspect analyte response was greater than 2E-05; (ii) a fully formed peak was distinct from
the background; and (iii) the suspect molecular ion exact mass was within 5 ppm of
theoretical mass. Two analytes from Group II (N-ATR and N-ETU) were previously
synthesized in the lab and their experimental exact masses (within 5 ppm) and retention

times were used to assist in tentative identification in samples. A workflow for compound
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identification is illustrated in Figure 4-2. When possible, predicted and/or experimental
fragmentation data was gathered from the literature and accurate mass spectra databases,
such as mzCloud, MetFrag, Competitive Fragmentation Modeling for Metabolite

Identification (CFM-ID), and MassBank of North America (MoNA).
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Figure 4-2. Compound identification workflow for target and semi-target analytes.
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As accurate quantitation and unequivocal identification is not possible without
certified analytical standards, a peak area ratio technique was formulated to measure
relative responses of Group II and Group II analytes among individual samples. Once
identified using the Tune and Xcalibur software, analyte peak area was divided by the IS
peak area and reported as a percentage (e.g. 100*N-ETU peak area/IS peak area). This ratio

represented the relative response of each biomarker among individual samples.

4.3.10 Statistical Analysis and Population Characteristics

Testing difference between provinces

In addition to biomarker measurement, data for self-reported health score, number
of daily servings of fruits and vegetables, smoking status, number of full-term births, and
number of breastfeeding months were included as they may influence the expression of
pesticide-associated biomarkers. For each continuous variable, normal distribution was
tested using a Shapiro-Wilks test, and variance was tested using Levene’s test for equal
variance. If the variables violated assumptions of normality, a two-sample Wilcoxon Rank
Sum Test was used to test for a significant difference between provinces. If the normality
assumption was met, a two-sample t-test with equal or unequal variance was employed,
depending on Levene’s test result. These variables include self-reported general health,
number of daily servings of fruits and vegetables, analyte concentration (both serum and
urine), total number of analytes detected (serum and urine), and for female participants (if
applicable), the number of live births the participant has given and number of months the
participant has breastfed. Categorical variables (smoking status and detection frequency of
each analyte in both urine and serum) were tested for differences between provinces using

a chi-squared test.

4.4 Results and Discussion

4.4.1 Participant Characteristics

Although participants were age- and sex-matched between the two provinces, 78%
of the sample population was female. The mean age among all participants was 64.3 years.
Overall, NS participants self-rated health scores were higher than those of the PEI

participants. There was a significant difference in smoking status with more PEI
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participants reported having ever smoked. For female participants, the number of
breastfeeding months was significantly greater in PEI. All other participant characteristics

are shown in Table 4-2.

Table 4-2. Comparison of participant characteristics between PEI and NS.

Variable Measure N PEI NS Total Vall)ue
% Male 22 22 22
Sex % Female 64 78 78 78 1.000
Age ?é[%a)n 64 643(6.4) 643(64) 643(6.4) 1.000
Health Mean score
score® (SD) 64 3.4(0.8) 4.0 (0.7) 3.7(0.8) 0.0077
Fruits and Mean number of
b servings per day 64 4.5 (2.0) 5.2(2.9) 4.8(2.5) 0.2813
vegetables (SD)
) % Never
Sstr;’t?f;jng smoked 63 32 68 44 0.008
% Ever smoked 66 34 56
Live Mean # of births
births (SD) 33 3(1.0) 3(1.5) 3(1.2) 0.6314
Breastfeeding Mean # of
fime months (SD) 26 16.6 (10.7) 9.6 (15.2) 13.4(13.2) 0.0462

®Participants self-rated health scores used the following scale: 1=Poor; 2=Fair; 3=Good;
4=Very good; 5=Excellent

b“Bver smoked” is defined as having ever smoked at least 100 cigarettes, being a current
occasional smoker, or being a current daily smoker while “never smoked” is defined as
never smoking at least 100 cigarettes

4.4.2 Group I Analytes in Serum and Urine

Two target analytes, ETU and TCPy, were identified in serum and ATR, ETU, and
MCPA were identified in urine. Initially, ETU concentrations in serum appeared to be
unusually high (mean ETU concentration in serum of 37 pg L!) using the IS method. This
may be due to a mismatch between ETU and the IS. For example, CAR-d3 shares most
physicochemical properties with its non-deuterated counterpart, CAR. Therefore, the
extraction recoveries of CAR and CAR-d3 from biomatrices would match closely.
However, as CAR-d3 and ETU share fewer common physicochemical properties,
calculations involving relative recoveries of the two are not well matched and discrepancies

in quantitation occur. In an attempt to compensate for the IS incompatibility for ETU in
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urine and serum, a matrix-matched calibration curve was constructed for each biomatrix
using laboratory control samples (LCSs) at the following concentrations: 10, 25, 50 and
100 pg L' (Figure 4-3). ETU concentrations were recalculated using the matrix-matched
calibration curves. ETU was identified in 38 of 63 serum samples (19 from each sample

population) at concentrations above the MDL of 2.7 ug L'! but below the LOQ of 9.5 ug
L (Table 4-3).
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Figure 4-3. Matrix-matched calibration curves for ETU in a) serum and b) urine.
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Table 4-3. Theoretical and exact m/z values for molecular ions, presence of an ion fragment
with a matching retention time (z,), and number of detections for each target analyte
identified via in serum samples.

Molecular Mean exact mass of t- and frag Number of
ion biomarker ion in samples match . P
Analyte . (m/2) <5 pom detections
theoretical pp value
mass PEI NS PEI NS PEI NS

ETU  103.03245 103.03242 103.03229 Yes Yes 19 19  0.877

TCPy 19591190 19591254 ND# Yes - 2 0 0.157
AND = not detected

The mean exact mass of the ETU molecular ion in the serum samples was
103.03236 with a retention time of 0.52 (+ 0.03) minutes. The predicted fragment ion mass
was identified as 86.0059 and the exact mass of the fragment was determined
experimentally as 86.00654 using the reference standard (Figure 4-4). The average mass
of the fragment ion in the serum samples was 86.00694 with a matching retention time of
0.51 (= 0.04) minutes. The mass error between the theoretical ETU molecular ion
103.03245 and observed values was less than 5 ppm for all detections. The mass error of
the fragment ion was less than 5 ppm in 30 of the 38 detections and ranged from 5.7 to 7.7

ppm for the other 8§ detections.
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Figure 4-4. Chromatograms showing ETU confirmation using analytical standard (top)
and in a serum sample (bottom).

TCPy was detected at concentrations above the MDL of 2.7 pg L! but below the
LOQ of 8.1 pg L'! in two serum samples, both from the PEI sample population. The mean
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exact mass of the TCPy molecular ion was 195.91254 and eluted at a retention time of 5.51
(= 0.05) minutes. As fragment data for TCPy is lacking in the literature and databases that
produce predicted fragmentation ions for compounds, no fragment was identified in either
the analytical standards or samples. Compound identification was confirmed by matching
retention time and theoretical and observed values for the TCPy molecular ion (Figure 4-
5). The mass error between the theoretical TCPy molecular ion (195.91190) and observed

values was less than 5 ppm for both detections.
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Figure 4-5. Chromatograms showing TCPy confirmation using analytical standard (top)
and in sample (bottom).

103



ATR was identified in 3 of 64 urine samples at concentrations above the MDL of
1.9 ug L' but below the LOQ of 5.8 pg L' (Table 4-4). The theoretical value of ATR’s
molecular ion in positive mode was 216.10105 and its predicted fragment mass was
174.05410. Experimentally, the molecular and fragment ions in the analytical standard had
exact mass values of 216.10060 and 174.05382, respectively. The mean exact mass of the
ATR molecular ion in the urine samples was 216.10109 with a retention time of 5.73 (+
0.01) minutes. The average mass of the fragment ion in the samples was 174.05425 with a
matching retention time of 5.74 (+ 0.01) minutes. The mass error between theoretical and
observed values for ATR molecular and fragment ions was less than 5 ppm for all three

detections. Identification criteria for ATR are illustrated in chromatograms in Figure 4-6.

Table 4-4. Theoretical and exact m/z values for molecular ions, presence of an ion fragment
with a matching retention time (z,), and number of detections for each target analyte
identified via in urine samples.

Molecular . Mean ex.act mass of t- and frag Number of
ion biomarker ion in samples match . P
Analyte ' (m/%) <5 vom detections
theoretical pp value
mass PEI NS PEI NS PEI NS

ATR 216.10060  216.10125 216.10078* Yes Yes 2 1 0.554
ETU 103.03245  103.03227 103.03221 Yes Yes 5 4 0719

MCPA  199.01675 ND? 199.01588* ---  No 0 1 N/A

AND = not detected
bMean value not available for n=1
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Figure 4-6. Chromatograms showing ATR confirmation of molecular and fragment ions
shown with analytical standard (top) and in sample (bottom).
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ETU was identified in urine samples using the same approach as with the serum
samples. A total of nine urine samples contained ETU. Five PEI samples contained ETU
in concentrations above the MDL of 2.6 pug L-'. ETU was also detected in four NS urine
samples at concentrations above the MDL but below the LOQ, with one sample having an
ETU concentration above the LOQ of 8.7 pg L''. MCPA was detected in one NS sample
at the MDL but the identity of the analyte could not be confirmed, as the retention time of
its experimentally determined fragment, C;HsClO", did not match that of its molecular ion

(Figure 4-7).
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Figure 4-7. Chromatograms showing MCPA confirmation of molecular and fragment ions
shown with analytical standard (top) and unmet identification criteria in urine sample

(bottom).
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It is apparent that the matrix-matched curve correction cannot entirely compensate
for the incompatibility of the IS used in the recovery calculations of ETU, as some
chromatograms from samples that were non-detects for ETU actually showed a peak for
the analyte (Figure 4-8a). In contrast, some samples in which an ETU quantity was reported
showed no peak where one was expected (Figure 4-8b). In addition, the reference serum
used in method development recovery studies may not share the same matrix
characteristics as sample serum, as inter-individual differences make each serum sample
relatively unique. Furthermore, this extraction method was optimized for a suite of analytes
rather than specifically for ETU. The responses generated in the serum LCSs used to
construct these matrix-matched calibration curves reflected ETU recoveries as low as
54.8% in serum and 51.9% in urine using this method. Ideally, the IS method would be
used with a deuterated version of ETU itself to correct these recovery issues and yield more

accurate quantitation of the analyte.
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Figure 4-8. a) ETU peak and fragment detected in serum sample that was reported as NF
(“not found”) by processing method using unsuitable matrix-matched calibration curve and
b) ETU molecular ion peak absent from urine sample that showed a concentration of 3.0

ng L.

4.4.3 Tentative Identification of PANN Compounds in Serum and Urine

Predicted mass spectra were identified for only two PANN compounds: N-ATR and
N-ETU. Fragments from these spectra were used as potential identifiers. Remaining PANN
compounds could be tentatively identified using only the theoretical mass of their
molecular ions. Six PANN compounds (N-ATR, di-N-CAR, N-DIM, N-IMI, N-LIN, and
N-OME) were tentatively identified in serum by matching their theoretical molecular ion
masses to those of experimental ions found in samples with a mass error below 5 ppm
(Table 4-5). A biomarker with the same accurate mass as the N-ATR negative mode

molecular ion (with a mass error within 5 ppm) was detected in six PEI serum samples
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while 15 detections were observed for the biomarker in NS serum samples (¢ = 3.87 = 0.06
minutes). An analyte with a molecular ion mass matching that of N-OME in positive
ionization mode (243.01991) was detected in all PEI serum samples and in 29 of the NS
serum samples with a mean retention time of 0.36 + 0.02 minutes. The N-DIM positive
mode ion was also frequently detected as a possible serum biomarker in 28 and 22 of the
PEI and NS samples, respectively (¢ = 0.363 £+ 0.004 minutes). The number of tentative
detections for three other PANN compounds in serum were significantly fewer. The
remaining PANN compounds, di-N-CAR, N-IMI, and N-LIN, were tentatively identified

in three or fewer serum samples.

Table 4-5. Ionization mode, theoretical and exact mass values for molecular ions, and
number of detections for each PANN compound tentatively identified in serum samples.

Mean exact mass of Number of

Molecular ) X .

Analut Tonization ion biomarker in samples tentative P

halyte mode theoretical (m/2) detections 16
Mmass PEI NS PEI NS
N-ATR - 243.07666  243.07725 243.07713 6 15 0.013
di-N-CAR + 250.05708 ND? 250.05792° 0 1 0.306
N-DIM + 258.99706  258.99777 258.99742 28 22 0.105
N-IMI + 285.04974  285.04883° ND? 1 0 0321
+ 278.00937 ND? 278.00832 0 3 0.071
N-LIN

— 275.99482  275.99550° ND? 1 0 0.321
N-OME + 243.01991  243.02028 243.02001 32 29  0.144

AND = not detected
bMean value not available for n=1

A biomarker matching the exact mass of N-ATR was observed in all 64 urine
samples and matches for N-ATR molecular ions in both ionization modes were present in
all but one urine sample (Table 4-6). Mean retention times for positive and negative mode
molecular ions were 4.17 + 0.22 minutes (n=64) and 4.14 £ 0.17 minutes (n=63),
respectively. Chromatograms showing peaks extracted for these ions in serum and urine of

the same individual, as well as a notable shift in analyte retention time between the two
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biomatrices, are shown in Figure 4-9. The expression of both positive and negative
molecular ions indicates that the relative response for this biomarker may be higher in urine
than in serum. The magnitude of biomarker response was high enough to see the less
prominent ion in almost all urine samples whereas it was not seen in any of the serum
samples. This may be attributable to a higher concentration of biomarker present or

decreased matrix effects in urine.

Table 4-6. Ionization mode, theoretical and exact mass values for molecular ions, and
number of detections for each PANN compound tentatively identified in urine samples.

Molecular Mean exact mass of Number of
Tonization ion biomarker in samples tentative P
Analyte mode theoretical (m/z) detections  aje
mass PEI NS PEI NS
N-ATR — 243.07666  243.07759 243.07691 32 32 1.000
di- + 274.08138  274.08132 ND? 2 0 0.151
N-ATR - 272.06682  272.06770 272.06744 4 5 0719
+ 221.06692 ND? 221.06653 0 2 0.151
N-CAR
— 219.05236  219.05228® 219.05223 1 5 0.086
di- + 250.05708  250.05649 250.05689 8 3 0.098
N-CAR - 248.04253  248.04164 248.04150° 6 1 0.045
di-
N-ETU + 161.01277 161.01350 161.01252 3 2 0.641
N-IMI + 285.04974  285.05057 2&85.05058 4 4 1.000
N-LIN + 278.00937 278.00941 278.00950 4 6 0.491
+ 243.01991 243.01959° ND? 1 0 0.313
N-OME
— 241.00535 241.00465 241.00552 17 11 0.131
N-TM — 370.02853 ND? 370.03026 0 3 0.076
di_ a b
N-TM 399.01870 ND 399.01880 0 1 0.313

AND = not detected

bMean value not available for n=1
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Figure 4-9. Chromatograms showing peaks extracted for N-ATR molecular ions in serum
(top) and urine (bottom) of the same individual, as well as a notable shift in analyte
retention time from 3.83 minutes in serum to 4.10 minutes in urine.

Di-N-ATR was tentatively identified by its negative mode molecular ion in four
and five urine samples from PEI and NS sample populations, respectively (z. = 4.40 £ 0.26
minutes) and by its positive ion in only two samples (z- = 4.90 = 0.04 minutes). Some
samples had both molecular ions present whereas some had one or the other (Figure 4-10).
Similarly, N-CAR, di-N-CAR, and N-OME were tentatively identified by both molecular
ions. Seven of eight possible detections for N-CAR were observed in the NS urine samples
whereas 14 of 18 possible detections for di-N-CAR were seen in the PEI urine samples.
Interestingly, mean retention time for analytes matching the mass of the N-CAR [M+H]"
ion was 3.62 + 0.33 minutes and that for its negative mode molecular ion ranged from to
0.43 to 4.11 minutes. Analytes matching di-N-CAR theoretical masses showed consistency
in retention time for the positive mode ion (3.13 £ 0.73 minutes) but a wider range for the
negative mode ion (0.46 to 4.22 minutes). Only one of 28 tentative detections for N-OME
were due to the presence of a matching positive mode molecular ion whereas all tentative

detections in serum were exclusively positive mode matches. Of note, retention time for
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N-OME tentative detections in the PEI sample population was 4.06 & 0.83 minutes (with
only one detection under 3.78 minutes) whereas retention time for the NS urine samples

showed a much greater variation with a mean retention time of 1.60 + 1.26 minutes.
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Figure 4-10. Chromatograms showing peaks extracted for both positive and negative di-
N-ATR molecular ions (top), positive mode only (middle), and negative mode only
(bottom) in three different urine samples.

The presence of either molecular ion, or both at non-overlapping retention times,
suggests that more than one compound having a molecular ion within the 5-ppm mass error
match the mass of those for theoretical ions of di-N-ATR, N-CAR, and N-OME. All
tentative detections for di-N-ETU (¢ = 0.61 £+ 0.11 minutes), N-IMI (¢ = 3.37 + 0.05
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minutes), and N-LIN (¢ = 4.05 = 0.41 minutes) were based on matches for positive mode
molecular ions with a total of five, eight and 10 detections, respectively. N-TM (¢, = 3.91
+ 0.37 minutes) and di-N-TM were tentatively identified in only NS urine samples (three
and one detection, respectively) and only with a mass match for the negative mode
molecular ion.

Since N-ATR is one of the two PANN compounds successfully synthesized in the
laboratory and for which a predicted mass spectrum was available, retention time and
fragment ions were considered to aid in identification of this biomarker in both serum and
urine. The retention time of the synthesized analyte in water was 6.18 £ 0.02 minutes (n=2)
while the mean retention time of the biomarker in serum was 3.87 £ 0.06 minutes (n=24).
An illustration of the earlier retention time of the tentatively-identified N-ATR in a serum
sample is shown in Figure 4-11. While this difference in retention times does not support
a match between the biomarker and N-ATR, it is not enough to rule out the possibility that
the compound detected in the samples is N-ATR, as analyte retention time can shift with
different injection solvents and sample pH (i.e. water at pH ~ 2.5 versus serum extract).
Further spectral analyses revealed a more likely match between the biomarker presenting

as N-ATR and indolyl-3-acryloylglycine (IAG) (Appendix B).
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Figijre 4-11. Chrorhafograms showing confirmation of synthesized N-ATR (top) and
different retention time of biomarker matching exact mass of N-ATR in serum sample
(bottom).

4.4.4 Tentative Identification of Other Biomarkers in Serum and Urine

Molecular ions for ATR metabolites AM and DEA were detected in both
biomatrices with a mass error of less than 5 ppm (Tables 4-7 and 4-8). Previous work has
shown that AM was identified by the molecular ion 343.15468 in positive ionization mode
[205]. Another study reported the AM fragment CgH16NsS with an experimental exact mass
of 214.1126, along with the protonated molecular ion of experimental mass 343.1543
[206]. The Tune software calculated the theoretical mass of the [M+H]" ion and fragment
for AM as 343.15469 and 214.11209, respectively. These theoretical values are consistent
with experimental masses determined in the literature and were therefore used for tentative
identification of AM in biological samples. AM and its fragment were detected in both
serum and urine of one PEI participant (Figure 4-12). It should be noted that the parent
compound ATR was not detected in the individual’s serum or urine. If this biomarker is,
in fact, AM, then ATR appears to have been completely metabolized and eliminated from

the individual’s serum and urine.
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Table 4-7. lonization mode, theoretical and exact mass values for molecular ions, and
number of possible detections for each Group III metabolite tentatively identified in serum

samples.
Molecular Mean exagt mass of Numbe?r of
Aralot Tonization ion biomarker in samples tentative b vl
navte  mode theoretical (m/z) detections value
mass PEI NS PEI NS
AM + 343.15469  343.15384° ND? 1 0 0.321
DEA + 188.06975  188.06980  188.07052 5 21 <0.001

AND = not detected

bMean value not available for n=1

Table 4-8. Ionization mode, theoretical and exact mass values for molecular ions, and
number of possible detections for each Group III metabolite tentatively identified in urine

samples.
Molecular Mean exagt mass of Numbgr of
Aralot Tonization jon biomarker in samples tentative P
naiyte  mode theoretical (m/z) detections (o6
mass PEI NS PEI NS
AM + 343.15469 343.15387° ND? 1 0 0.313
DEA + 188.06975  188.07055 188.07045 24 26 0.545
5-HBC + 208.07167  208.07228 ND? 3 0 0.081

AND = not detected

bMean value not available for n=1
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Figure 4-12. Chromatograms showing peaks extracted for theoretical m/z values of AM
molecular and fragment ions in serum (top) and urine (bottom) of the same individual.

The fragment C3HsCINs is a known fragment of DEA and its exact mass has been
experimentally determined to be 146.0219 with a molecular ion mass of 188.0691 (MoNA
Spectrum AU301601 for DEA). The Tune software calculated the theoretical mass of the
[M+H]" ion and fragment for DEA as 188.06975 and 146.02280, respectively. The
theoretical value for the [M+H]" ion is within a 5-ppm mass error of the experimental value
whereas the theoretical fragment mass has a 6.2 ppm mass error from the experimental
value. Since the experimental value found in the literature has one fewer significant digit,
the theoretical value for the fragment C3HsCINs (as well as the for the molecular ion) was
used for tentative identification of DEA in biological samples. Extraction of these
theoretical ions for DEA in a sample with the highest peak area for this biomarker showed
a match for both ions at a retention time of 3.05 minutes (Figure 4-13). All other samples
showing a response for the biomarker near this retention time were considered tentative
matches for DEA.

Of the five PEI serum samples showing peaks matching the DEA biomarker

retention time (¢ = 3.07 £ 0.03 minutes), two showed a peak for the fragment at an
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overlapping retention time. In contrast, 21 NS serum samples showed the presence of the
biomarker at the expected retention time (¢ = 3.04 £ 0.02 minutes) with 10 sample
chromatograms having a peak for the DEA fragment ion within a 5-ppm mass error. There
was not a significant difference in the biomarker’s retention time between biomatrices. PEI
and NS urine samples showed mean retention times of 3.02 + 0.03 minutes (n=24) and
3.03 = 0.04 minutes (n=26), respectively. Two and three of the PEI and NS urine sample
chromatograms, respectively, showed a peak for the DEA fragment at the expected
retention time. As mentioned previously, analytes may still be present at the expected
retention time but fragments with lower ion intensities may not generate a response at low
analyte concentrations.

As there is limited information on the spectral characteristics of 5-HBC, predicted
m/z values for the analyte’s fragments were used for tentative identification. Peaks for the
positive mode molecular ion and fragment with a m/z value of 176.04545 were found at
overlapping retention times in three urine samples from the PEI sample population. An
example of the detection in a participant’s urine sample is shown in Figure 4-14. The mean

retention time of the biomarker was 3.91 = 0.01 minutes (n=3).
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Figure 4-13. Chromatogram showing peaks extracted for theoretical m/z values for DEA
molecular and fragment ions in a serum sample.
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Figure 4-14. Chromatogram showing extraction of predicted 5-HBC m/z values for the
molecular ion plus four fragments in a urine sample. One fragment (m/z = 176.04545)
generated a peak with a retention time matching that of the molecular ion.

Of the 31 target and semi-target analytes, CAR, DIM, IMI, LIN, MCPA, OME,
T™M, DACT, N-ETU, EU, 3,4-D, N-TCPy, tri-N-TM, and quat-N-TM were not detected in
any of the serum or urine samples. There were no significant differences between provinces
in number of detections in serum or urine for Group I target analytes. Only two detections
for target analytes were above the LOQ: one NS participant had a urinary ATR
concentration of 16.5 ug L™ and another NS participant had a urinary ETU concentration
of 24.3 ug L. In serum, there was a significantly higher number of N-ATR tentative
detections in NS (p = 0.013); however, this compound more closely matches identification
criteria for [AG rather than for N-ATR. In urine, significantly more tentative identifications
were reported in the PEI samples for di-N-CAR (p = 0.045). CAR, the parent compound
for di-N-CAR, was not detected in any of the serum or urine samples above the MDL. For
Group III analytes, there was a significantly higher number of tentative identifications for
the ATR metabolite DEA in NS serum samples (p < 0.001).

It was initially hypothesized that pesticide biomarkers would be more frequently

detected and in higher concentrations in the PEI sample population biofluid samples, as it
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was assumed that PEI residents have a greater level of pesticide exposure due to the
province’s intense potato farming industry. In an effort to include participants with a
greater probability of being exposed to routinely applied pesticides, PEI participants with
postal codes matching those in areas where groundwater nitrate contamination, an indicator
of agricultural pesticide use, was more than 3 mg L'! were selected for this study. However,
postal code regions do not coincide with watershed boundaries (Figure 4-15). Even if a
participant resides in a postal code region that contains part of a nitrate-contaminated
watershed, the residence may still be outside of the watershed of interest and pesticide

exposure may be minimal. Therefore, it remains unknown if there was a difference in the

degree of pesticide exposure between the two sample populations.

]

2

X3

Figure 4-15. A cropped section of the Groundwater Nitrate Concentration Map: 2012 to
2016 showing that postal code boundaries (black dotted lines, obtained by Map Data
©2019 Google) do not coincide with watershed boundaries. Participants in the smaller
postal code zone (left) may reside in an area with groundwater nitrate concentrations of 5
to 7 mg L! (red) or 3 to 5 mg L! (yellow). Similarly, participants residing in the larger
postal code zone (right) may obtain well water from a watershed having nitrate
concentrations of 2 mg L' or less, which may be indicative of minimal pesticide exposure.
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Despite the uncertainty of pesticide exposure for participants between the two
provinces, ETU was found in 60% of all serum samples and was the most frequently
detected target analyte in urine. ETU is a common metabolite of EBDCs, a group of widely
used fungicides [207]. It is possible that ETU exposure in these two populations occurred
through consumption of food or water that contained either ETU or parent EBDC residues
that were subsequently metabolized to ETU. In any case, biomonitoring of this analyte
should be further examined in these populations because ETU is a common metabolite of
two parent compounds (mancozeb and metiram) that are two of the most widely used
fungicides in PEI, with a combined amount of 343,492 kg a.i. sold in 2014 [86].

The U.S. EPA classifies ETU as a Group B Probable Human Carcinogen [11]. In
October 2018, Health Canada’s PMRA reissued a Proposed Re-evaluation Decision
document (PRVD2018-17) for mancozeb and its associated end-use products (e.g. ETU)
due to a critical omission of the risk management proposal in the July 2013 Proposed Re-
evaluation Decision (PRVD2013-01) [193]. Based on the dietary and environmental risk
assessments, the 2013 proposal was to recommend the cancellation of all uses for mancozeb,
except for greenhouse tobacco. However, due to the omission of the risk management
proposal, the final decision (RVD2018-21) that was issued in June 2018 finding the use of
mancozeb acceptable for foliar application to potatoes was revoked in October 2018. While
PRVD2018-17 incorporates this proposed cancellation of mancozeb, Canada has seen an
additional five years of continued use and exposure of mancozeb and its carcinogenic
metabolite, ETU [182]. This is especially a concern for PEI groundwater contamination
because ETU is the only metabolite of mancozeb expected to be found in groundwater
where soils are permeable and water tables are shallow.

The Health Canada PMRA cancer risk assessment for ETU lists the following as
primary sources of ETU exposure: drinking water (54.8% of total exposure), milk (9.0%
of total exposure), cereal grains (7.7% of total exposure), tomatoes (6.2% of total
exposure), and potatoes (5.3% of total exposure) [193]. As a result, the cancer risk
estimation from exposure to ETU in drinking water alone was found to be unacceptable.
This is remarkable, considering data from only 10 Canadian water monitoring studies from
1987 and 2007 were available to the PMRA at the time of the assessment. Of these studies,

ETU was a target analyte in only three of these studies, all of which took place in Quebec.
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Two of these studies reported ETU in water at concentrations of 1.1 and 2.3 ug L', In this
doctoral work, it was shown that ETU was detected in two of five groundwater samples
from a vulnerable PEI watershed. It is evident that ETU groundwater monitoring data are
lacking not only in PEI, but nationwide and that they are paramount in assessing cancer
risk of EBDC pesticide exposure and application.

The two PANN compounds most frequently tentatively identified in serum were N-
DIM (78%) and N-OME (95%). This is interesting because DIM, which forms N-DIM, is
the parent compound of OME, which forms N-OME. Neither N-DIM nor N-OME was
found in urine using the same ionization mode as in serum (positive) but a biomarker
having a molecular ion matching that of N-OME in negative mode was detected in 44% of
the urine samples. Furthermore, DEA was tentatively detected in 42% of serum samples
and 78% of urine samples, indicating that exposure to ATR is relatively common in these
two sample populations. To confirm the identity of these, or other PANN compounds and
semi-target analytes investigated in this study, a certified reference material should be
obtained or synthesized and analyzed for comparison of chromatographic and mass spectral
characteristics.

Given the complexity of pesticide and nitrite/nitrate exposures, and the potential
for endogenous formation of PANN compounds, reliable biomarkers for characterizing
exposure to these potential carcinogens are essential in evaluating associations between
exposure and cancer development in epidemiology studies. However, as little is known
about the toxicokinetics of specific PANN compounds in humans, it is difficult to choose
an ideal biomonitoring medium. The majority of PANNs do not have commercially-
available reference standards, making identification and quantitation difficult using
traditional targeted analytical methods. Targeted analysis requires the use of reference
standards to make comparisons of analyte characteristics (i.e. retention time, accurate mass
of primary ions, and ion intensity ratios) between standards and compounds detected in the
sample in order to confirm the identity of an analyte [208]. In addition, a calibration curve
can be generated from a series of known concentrations of the analytical standard for
reliable quantitation.

HRAM orbital ion trap MS is an advanced analytical technique that operates in full

spectrum acquisition mode to allow screening for a countless number of organic

122



contaminants present in the sample in a single injection [81,209]. One major advantage of
this approach is that reliable tentative identifications of semi-targeted compounds (e.g.
novel PANN compounds with known molecular formulas) can be made by matching
theoretical and observed m/z values of parent and fragment ions with high accuracy when
reference standards are unavailable. Unlike the conventional targeted approach, semi-
targeted analysis using HRAM MS facilitates reliable tentative identification of organic
contaminants (e.g. PANN compounds) for which analytical standards may not be available
[125,209].

The prominent strength of this study is its novelty in the biomonitoring of PANN
compounds. This is the first study of its kind to apply the QUEChERS method for extraction
of this suite of nitrosatable pesticides and associated PANN compounds from human serum
and urine samples. This work included analyses of biomarkers in both serum and urine, the
gold standards for biomonitoring studies [125]. The method is easy to execute, safe, cost-
effective, and allows for analysis of about 250 samples per week. Furthermore, with the
use of the HRAM orbital ion trap MS, the spectral data files can be mined retrospectively
and indefinitely. This allows for the semi-targeted analysis of an infinite number of known
and yet unknown biomarkers in these samples. The presence of PANN compounds or other
pesticide-related biomarkers in human serum or urine signifies the discovery of novel
biomarkers that may be vital in carcinogenic risk assessment in PEI and other regions of
intense agriculture.

The limitations of this study match those of many pesticide biomonitoring studies.
Due to gaps in pesticide toxicokinetic data (e.g. metabolic pathways, half-lives, etc.), it is
difficult to predict what form and in what bodily compartment (i.e. blood, urine, etc.) the
analyte of interest will be found. In addition, analytes of interest may be present in
conjugated forms in urine to enhance excretion or bound to serum proteins as adducts. The
method used here only measures the free form of analytes in both serum and urine.
Creatinine correction for pesticide analysis in urine was omitted from the study because it
has been controversial in the pesticide exposure literature [204]. Due to this approach, it is
expected that a proportion of the body burden of each biomarker remains unaccounted for.

Moreover, other unknown intra- and inter-person variation (e.g. metabolic enzyme gene
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expression, lifestyle factors, etc.) may greatly influence the expression of pesticide-
associated biomarkers.

Exposure data in biomonitoring studies are often lacking, as they are in this case.
Due to the absence of residential street addresses, it is undetermined whether the PEI
participants reside in areas of intense agricultural production. In addition, direct analysis
of participants’ drinking water was beyond the scope of this study and it was therefore not
confirmed that drinking water was a source of nitrate and nitrosatable pesticide exposure
to the PEI participants. As such, it remains unknown if there was a difference in pesticide
exposure between the two sample populations. Other drawbacks of this study are that the
semi-targeted data-mining process is extremely time-consuming without metabolomic
analysis software, which is costly. Also, predicted spectra sometimes differed from one
database to another and from experimental values.

Future studies may involve larger sample sizes to better understand baseline levels
of the biomarkers in the general population, and include participants known to reside in
regions of intense agriculture. Biomonitoring data from healthy participants may be
compared to those from cancer patients. In terms of the analytical method, the use of
enzymes to release protein- and conjugate-bound analytes may be incorporated.
Additionally, optimizing the method(s) with a focus on a smaller suite of biomarkers of
interest (i.e. ETU/N-ETU, N-ATR, N-DIM, and N-CAR) are critical in lowering the method
detection limit and obtaining reliable quantitation data. It would also be helpful to analyze
fresh drinking water samples along with biological samples. In addition, spectral data from
this project may be mined in search of additional environmental contaminants or

biomarkers of concern in these particular serum and urine samples.
4.5 Conclusions

Several target and semi-target pesticide-derived biomarkers were detected in both
serum and urine samples of individuals residing in PEI and NS. Of the Group I analytes,
two pesticide metabolites, ETU and TCPy were found in serum. ETU was present in 60%
of all serum samples. TCPy was detected in two of the total 63 serum samples with
detections reported only in PEI samples. In urine, ATR was detected in three of 64 samples.

Two PEI urine samples contained ATR at concentrations above the MDL and the third
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ATR detection was in one NS urine sample at a concentration of 16.5 pg L!, well above
the LOQ. ETU was also detected in a total of nine urine samples. Five of the PEI urine
samples contained ETU with one sample having a concentration above the LOQ at 9.1 ug
L. ETU was detected in four NS urine samples. There was no significant difference in the
number of detections between PEI and NS for any of the target compounds.

For the Group II and III analytes, tentative identifications were reported for six
PANN compounds (N-ATR, di-N-CAR, N-DIM, N-IMI, N-LIN, and N-OME) in serum, 10
PANN compounds (N-ATR, di-N-ATR, N-CAR, di-N-CAR, di-N-ETU, N-IMI, N-LIN, N-
OME, N-TM, and di-N-TM) in urine, and DEA in both serum and urine by matching their
theoretical molecular ion masses to those of experimental ions found in samples with a
mass error within 5 ppm of theoretical m/z values. Identity confirmation of these potential
biomarkers requires the use of certified reference standards, which are not commercially
available for a majority of these compounds. Unequivocal confirmation requires matching
of sample analyte LC characteristics (retention time, peak shape) and mass spectral
characteristics (ion fragments and intensities, isotopic ions, accurate mass) to those of its
analytical standard [210].

The ultimate goal of this study was to advance pesticide-related biomarker research
for assessing associations between exposure to agricultural pollutants and adverse health
outcomes in future large-scale studies. Based on the results of this cross-sectional
biomonitoring study, a majority of the PEI and NS participants involved in this study have
been exposed to detectable concentrations of nitrosatable pesticides and may be exposed
to potentially carcinogenic PANN compounds due to endogenous formation. This work
shows that biomonitoring of PANN compounds in human serum and urine is feasible and
future research may focus on confirming the identity of N-ATR, N-DIM, and N-CAR, as
well as tailoring the method for ETU and N-ETU, as these analytes appear to be potential
biomarkers of concern for the PEI and NS sample populations. While the presence of these
biomarkers does not necessarily imply that adverse health effects will ensue, it is important
to continue integrating biomonitoring data into epidemiological studies, which serves to

elucidate potential health risks associated with these novel biomarkers.
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Chapter 5. Conclusions and Future Perspectives
5.1 Conclusions

This interdisciplinary PhD dissertation outlines the achievement of three principal
objectives: (i) the development and validation of an analytical method for analysis of
nitrosatable pesticides and by-products in human serum and urine using UHPLC/HRAM
orbital ion trap MS; (ii) the investigation of PANN compound formation in water
containing environmentally-relevant concentrations of nitrosatable pesticides and nitrite;
and (iii) the identification of specific pesticide-derived biomarkers, including parent
pesticides and their associated PANN compounds, in human serum and urine from a
healthy sample population in an area of intense agriculture in PEI (with groundwater as the
sole drinking water source) and from a healthy sample population in Halifax, a non-
agricultural urban area (with municipal water as the primary drinking water source). Each
standalone project has been merged into a trilogy of research studies from three disciplines:
analytical toxicology; hydrogeology; and epidemiology.

In Chapter 2 of this dissertation, three sample preparation methods were evaluated
for extraction of nitrosatable pesticides and byproducts from human serum and urine.
Methanol deproteinization resulted in ion enhancement of some target compounds and
suppression of others. While SPE showed less ion enhancement than did deproteinization,
significant analyte loss was observed. The QUEChERS method resulted in a revolutionary
method for sufficient extraction of the target analytes from both serum and urine.
Following analysis via UHPLC/HRAM MS, mean recoveries for all target analytes in
serum ranged between 74.4 and 120.3% (%RSD <12). For urine, initial analyte recoveries
ranged from 95.9 to 115.5% (%RSD <10). Findings from this study provided compatible
analytical methods required to analyze PANN compounds and their parent compounds in
subsequent experiments of this PhD project.

Chapter 3 involved the investigation of PANN compound formation in water from
nine nitrosatable pesticides and degradation products that were individually reacted at
environmentally-relevant concentrations with nitrite in acidic conditions. Of the nine
analytes tested, only ETU showed evidence of PANN compound formation and only under

acidic conditions (i.e. ~ pH 2). N-ETU formation was further investigated in a pooled
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groundwater sample collected from an agricultural region of PEI, where nitrate
contamination is an ongoing issue. Evidence of N-ETU formation in the groundwater
sample was observed at concentrations ranging from 7.5 to 20 ug L'!. UHPLC/HRAM MS
analysis confirmed in-house synthesis of N-ETU, the spectral characteristics of which
provided compound identification. These results indicate that ETU is capable of forming
the potentially carcinogenic N-ETU at environmentally-relevant concentrations at pH
values comparable to that of gastric pH. Thus, the results of this study show that
endogenous N-ETU formation may be a concern for individuals exposed to low
concentrations of ETU and nitrite/nitrate.

In the first biomonitoring study of its kind to investigate PANN compounds in
human serum and urine, Chapter 4 utilizes the analytical method developed and validated
in Chapter 2 and the PANN compound formation experimental data in Chapter 3 to identify
specific pesticide-related biomarkers in human serum and urine from the healthy PEI and
NS sample populations. Ten nitrosatable pesticides and byproducts were extracted from
serum and urine from 64 individuals and analyzed via UHPLC/HRAM MS. Two target
analytes, ETU and TCPy were found in serum, while ATR and ETU were detected in urine.
Interestingly, there were no significant differences in the frequency of target analyte
detection in either biomatrix between provinces. Six and 10 PANN compounds were
tentatively identified in serum and urine, respectively. The two PANN compounds that
were most frequently tentatively identified in serum were N-DIM and N- OME. In urine,
significantly more tentative identifications were found in PEI samples for di-N-CAR.
Identity confirmation of these PANN compounds requires the use of certified reference
standards, most of which are not yet commercially available.

This innovative and interdisciplinary study intentionally cast a wide net of
objectives which, if met, would serve as the foundation for future PANN compound
biomonitoring studies. The collective results of this dissertation provide numerous
deliverables. First, the successful development of the analytical method not only allows
future analyses of PANN compounds and their parent compounds in serum and urine of
other sample populations of interest, but also retrospective analysis of yet unknown

biomarkers extracted from the analyzed samples. Since HRAM orbital ion trap MS
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operates in full scan mode, spectral data from known and unknown biomarkers present in
all analyzed serum and urine samples may be analyzed indefinitely.

Second, the screening of 10 nitrosatable pesticides and byproducts deemed
contaminants of concern in PEI for N-nitroso compound formation under various
conditions clearly shows that the monitoring of ETU and N-ETU formation should be a
major focus of future biomonitoring studies in the province. N-ETU was repeatedly
produced in several experiments and at initial ETU concentrations as low as 7.5 pg L'
Former studies of N-ETU exposure in mice and rats indicate that endogenous formation of
N-ETU resulted in carcinogenesis and that N-ETU is a more potent carcinogen than is ETU
[55-58]. Thus, even trace concentrations of ETU or its parent compounds (e.g. mancozeb
and metiram) in PEI groundwater and other sources of exposure warrant exploration of
endogenous N-ETU formation in potentially exposed humans.

Third, the biomonitoring of serum and urine samples from the PEI and NS
populations showed that ETU was detected in 60% of all serum samples and in nine of 64
urine samples, despite the method’s limitations in extracting ETU from the biomatrices.
Two other target compounds, ATR and TCPy, were found in urine and serum, respectively.
There was no significant difference in the number of detections between PEI and NS for
any of the target compounds. Six and 10 PANN compounds were tentatively identified in
serum and urine, respectively, with N-DIM and N-CAR the most frequently detected in
serum. In urine, significantly more tentative identifications were found in PEI samples for
di-N-CAR. A critical point to make here is that although N-ETU itself was not tentatively
identified in any of the serum or urine samples, it is possible the PANN compound may not
have been detected due to poor extraction recovery from the samples since the method was
not ideally suited for ETU analysis. These data set up the framework for the next steps in
PANN compound biomonitoring research in PEI, NS, and other locations where exposure
to trace amounts of nitrosatable pesticides is occurring. The central conclusion from this
PhD work is that PANN compounds should be investigated as important biomarkers of
pesticide exposure and cancer risk assessment and that ETU and its PANN compound, N-

ETU, should be highlighted as contaminants of concern to PEI and NS residents.
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5.2 Future Perspectives

Analytical method optimization

The analytical method developed herein shows the feasibility of extracting
nitrosatable pesticides from human serum and urine by way of a simple, rapid, effective,
and inexpensive method. Opportunely, small modifications to this method can be made in
future studies to optimize extraction recoveries of priority pesticides, such as ETU and its
PANN compound, N-ETU. First, certified reference standards for the deuterated isotope of
ETU (to be used as a compatible IS) and N-ETU, for unequivocal identification of the
biomarker, would be integral tools in the optimization of a follow-up biomonitoring study.
Second, since ETU has been found to participate in protein-binding and conjugation [211],
the addition of a hydrolysis step could significantly increase the concentration of free-form
ETU in biofluid samples. Other method modifications include further optimization of the
pH of extraction solvents and the proportion of separation salts for enhanced extraction of
ETU and N-ETU. For identity confirmation of other PANN compounds without
commercially-available reference standards, compound synthesis may provide an alternate

route of biomarker identification.

Environmental analysis of nitrosatable pesticides and nitrate/nitrite

When biomarkers of pesticide exposure such as PANN compounds are detected in
human samples, it is important to investigate possible sources of exposure. Doing so serves
to reduce the risk of exposure and potentially mitigate pesticide-related health effects.
Future studies may integrate the analysis of this suite of target compounds and biomarkers
in environmental samples, including groundwater and food samples, by utilizing the
analytical methods developed in this work. Foremost, it is recommended that regular
monitoring of ETU in PEI groundwater be implemented, as it is a potential groundwater
contaminant based on its high water solubility (20,000 mg L) and low Koc (13 L kg™!)
[109,110]. Moreover, ETU is a common metabolite of mancozeb and metiram, two of the
most widely used pest control products in PEI, with combined sales reaching 343,492 kg
a.i. in 2014 [86]. Finally, regular monitoring of groundwater nitrate, which is converted to

nitrite in the body, would be beneficial as nitrite is a key component of endogenous N-
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nitroso compound formation. The monitoring of these PANN compound substrates in the

environment would be paramount in determining risk of N-ETU formation in the body.

Expanding the scope of epidemiological PANN biomarker studies

Following recommendations by Dunn et al. (2011), this work should be followed
by a cross-sectional study involving thousands of participants, which would serve to
validate the true utility of the biomarkers identified in the target population [201]. This
large-scale PANN compound biomonitoring study would aid in determining baseline levels
of these biomarkers in the general population. In addition, subsets of sample populations
based on exposure (participants known to have been exposed to nitrosatable pesticides and
nitrate/nitrite) and outcome (participants diagnosed with different types of cancer) may
also be compared to identify potential associations between PANN compounds and cancer
development.

While “snapshots” of PANN compound biomarker levels in the target population
provide useful pesticide exposure data and proof-of-concept for the analytical method,
these types of cross-sectional studies do not consider the length of time between exposures
and outcomes nor do they provide information about causality. Longitudinal studies that
follow participants over time and compare cancer incidence rates with biomarker
expression should be considered. Serum and urine samples may also be analyzed regularly
over a certain period to see how the concentration of biomarker expression changes over
time. These types of studies are designed such that exposure precedes outcome. For PANN
biomarkers to be instrumental in cancer risk assessments, evidence of a clearly defined
causal relationship should be established between exposure to nitrosatable pesticides and
carcinogenesis. A longitudinal study involving quantitation of PANN biomarkers in
thousands of PEI participants over a period of decades would be helpful in determining
whether there exists a link between endogenous PANN compound formation and cancer
risk.

Although longitudinal cohort studies are of considerable value, they often take
decades to complete as the longer the latency period of the outcome of interest, the longer
the duration of the study. In the interim and in the face of uncertainty of quantifiable risk,
we have the option to collect existing evidence, incorporating the data presented in this

work, and assemble it purposefully to exercise the precautionary principle. In this case, we

130



have available to us some valuable information about the hazard and exposure risk of ETU.
First, it is known that ETU has been flagged by Health Canada’s PMRA as posing an
unacceptable risk from exposure in drinking water. In this work, ETU was detected in two
of five PEI groundwater samples and in 60% of serum samples from both sample
populations, the latter of which shows that ETU exposure is widespread in this population.
Considering that mancozeb, one of ETU’s primary parent compounds, is the most
commonly used pesticide in PEI, this population may be at an increased risk of ETU
exposure and endogenous N-ETU formation. ETU is a probable human carcinogen and its
endogenously-formed PANN, N-ETU, may be a more potent carcinogen (based on animal
toxicity studies). As such, PEI residents exposed to ETU may have an increased risk of
developing cancer associated with these potential human carcinogens. With the focus of
primary prevention of pesticide-associated cancers in PEI at the forefront, a judicious
evaluation of current groundwater monitoring policies and future PANN biomonitoring
research is necessary to understand and mitigate the risks of pesticide exposure and

endogenous PANN formation.
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Appendix A. Detailed Overview of Analytical Method Development

There are two distinct segments of analytical method development required for this
project: instrument method development and sample preparation method development. It
is critical to begin with instrument method development because before assessing the
efficacy of a sample preparation method, it must first be verified that the instrument method
can accurately detect and quantify target analytes. For this reason, the methods in this
section are described in the order in which they were developed rather than the order they

would be applied (i.e. sample preparation followed by sample analysis).

Instrument method development

Based on the physicochemical properties of the target compounds and the objective
to incorporate semi-targeted analysis of PANN compounds, an UHPLC/HRAM MS
analytical platform was chosen. This platform can be operated using HESI, atmospheric
pressure chemical ionization, or atmospheric pressure photoionization. The HESI source
was selected based on previous work involving the analysis of 510 pesticide residues using
this this ionization source [81]. A feature of the detector called “all ion fragmentation”
(AIF) was also employed. AIF is a secondary ionization event that results in fragmentation
patterns comparable to those generated by triple quadrupole MS. Although AIF mode
allows for more in-depth analysis for analyte identification, this extra fragmentation may

supress analyte signal [212].

Analytical Platform/Instrumentation

The Thermo Scientific Accela UHPLC system with the CTC Analytics PAL
autosampler coupled to the Exactive Plus orbital ion trap mass spectrometer, equipped with
the HESI source, was used for all sample analyses. Data analysis was performed using
Thermo Scientific Xcalibur and Tune software. SPE was performed using the EluVac™
SPE vacuum manifold (LCTech GmbH, Dorfen, Germany). Samples were concentrated
using the Thermo Scientific Reacti-Vap™ III 27-port evaporator (TS-18826) and Reacti-
Therm™ III triple block (TS-18824) heating module ensemble. Centrifugation was done
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using the Thermo Scientific Sorvall™ Legend™ X1R (75004261) centrifuge and salts
were weighed on a Denver Instrument P-114 analytical balance (Bohemia, NY, US).

For optimization of ionization mode and injection solvent, starting
chromatographic and detector conditions were established. A Hypersil GOLD™ aQ
analytical column was installed and conditioned. The mobile phase consisted of 0.1%
formic acid as Solvent A and 0.1% formic acid in MeOH as Solvent B. Solvent A was
made by adding 1 mL of formic acid in 1,000 mL of Milli-Q water and Solvent B was
made by adding 1 mL of formic acid in 1,000 mL of HPLC-grade MeOH. Solvent A began
at 95% and was held for one minute. From minute one to seven, Solvent B was increased
to 95% and held for one minute. Minutes eight to 15 show a decrease of Solvent B back
down to 5% and 95% Solvent A is pumped for the remaining two minutes of the run for a
total run time of 17 minutes.

Default HESI source parameters based on UHPLC flow rate were set to the
following values: sheath gas flow rate, 50 au; auxiliary gas flow rate, 13 au; sweep gas
flow rate, 0 au; spray voltage, 3.50 kV; capillary temperature, 263 °C; S-lens RF level, 60.0
au; auxiliary gas heater temperature, 425 °C. The orbital ion trap MS scan parameters were
set to the following values: scan type, full MS/AIF; m/z range, 55-800 m/z; resolution,
70,000; automatic gain control target, 3e6; maximum IT, 200 ms; and collision energy, 20

eV.

lonization Mode and Injection Solvent Selection

Standard solutions of each analyte were prepared in two different injection solvents
(100% Milli-Q H>0 and 95%:5% H>0O:MeOH) and analyzed in both positive and negative
HESI modes to determine which ionization mode, as well as injection solvent, resulted in
a higher signal for each analyte. To make individual analyte solutions, 990 uL Milli-Q
water was transferred to a labeled autosampler vial using a 100-pL glass syringe. A 10-uLL
glass syringe was used to add 10 pL of 100-ug mL! stock analyte solution to the vial for
an intermediate concentration of 1,000 ug L. The solution was vortexed for 15 seconds.
A solution with a final concentration of 100 ug L! was made by combining 990 uL Milli-
Q water and 10 puL of the 1,000 pg L intermediate. This process was repeated using
95%:5% H20:MeOH as the injection solvent.
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Initial injections showed that 100% Milli-Q H20 was a better injection solvent than
was 95%:5% H>0:MeOH and half of the analytes ionized better in positive mode (ATR,
CAR, DIM, ETU, and OME) while the other half ionized better in negative mode (IMI,
LIN, MPCA, TCPy, and TM). Additionally, the Exactive Plus boasts a feature called
“polarity switching”, in which one full positive mode scan and one full negative mode scan
are completed in under a second. Polarity switching allows the acquisition of data from
both positive and negative mode scans in a single data file. To maximize the probability of
detecting a greater number of semi-target analytes, both positive and negative ionization
modes should be employed [213]. Therefore, the method was set to operate in polarity

switching mode.

Master Mixes, Calibration Standards, and Intermediates

A master mix containing all target analytes was made to simplify the method
development process. Master mixes facilitate the assessment of analyte responses for all
target analytes in a single injection rather than multiple individual injections. Generally, a
separate master mix is required for positive and negative ionization modes. In this case,
where polarity switching was utilized, analytes designated to either ionization mode could
be combined in the same solution. A double master mix (DMM) containing all 10 target
analytes was made at a concentration of 1 ug mL"!' by adding 100 uL of each 100-pug mL-
! analytical standard to a 10-mL volumetric flask. The solution was topped up to the 10-
mL mark with Milli-Q water.

Several intermediates were made for the IS (carbendazim-d3). The first
intermediate was made by weighing 100 mg (0.1010 g) of solid analyte on a Denver
Instrument P-114 analytical balance and adding it to 5 mL of HPLC-grade ACN in a clean
10-mL volumetric flask. The solution was topped up to 10 mL with ACN using a
disposable glass pipet, vortexed for 15 seconds, and transferred to a labeled 10-mL amber
glass vial with a final concentration of 10,000 ug mL!. The second intermediate was made
by adding 1 mL of the first intermediate to a 10-mL volumetric flask, topped up with ACN
to 10 mL, and vortexed for 15 seconds for a final concentration of 1,000 ug mL-!. A third
intermediate (required for making calibration standards) was made by adding 100 uL of

the second intermediate to 9,000 uL. ACN in a 10-mL volumetric flask for a final
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concentration of 10 pg mL™!' IS. A fourth IS intermediate (for sample preparation method
development) was made by adding 1 mL of the third intermediate to a 10-mL volumetric
flask and topped up with ACN to 10 mL for a final concentration of 1 ug mL"!,

The DMM and third IS intermediate was used to make calibration standards, which
are prepared at several known concentrations to construct a calibration curve for the
purpose of quantitation. Calibration standards were prepared at seven different
concentrations in Milli-Q water to represent a seven-point calibration curve for each

analyte (Table A-1).

Table A-1. Standard concentrations for a seven-point calibration curve for each analyte.

Volume of 1 Volume of 10 Final IS lc:allrllie‘tl)lra tion
Calibration pg mL!'DMM  pugmL!IS :
level added added concentration  standard '
(uL) (uL) (ug LY concentration
(gL
Level 1 10 100 100 1
Level 2 50 100 100 5
Level 3 100 100 100 10
Level 4 250 100 100 25
Level 5 500 100 100 50
Level 6 1000 100 100 100
Level 7 2500 100 100 250

Optimization of HESI Source Parameters

In addition to default settings for the UHPLC flow rate of 400 pL min™!, the HESI
source parameters were further optimized. Sheath gas, an inner coaxial nitrogen supply that
is applied to help nebulize the liquid sample as it exits the ESI nozzle, was optimized within
the following values: 40, 50, and 60 au. The auxiliary gas, an outer coaxial gas that may be
used in conjunction with sheath gas to help disperse and/or evaporate sample, was
optimized within the values 0, 10, 15, and 20 au. Sweep gas is a third nitrogen source that
aids in solvent declustering and adduct reduction. Sweep gas flow rates were assessed at 0,
3, and 5 au. Spray voltage is the voltage applied to the spray needle in the HESI source to
ionize sample particles. Spray voltage was tested at 3.5, 4, and 5 kV. The capillary

temperature is the temperature of the ion transfer capillary and was evaluated at 250, 300,
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and 350 °C. Lastly, heating the auxiliary gas aids solvent evaporation. Auxiliary gas heater

temperature was assessed at 100, 200, 300, and 400 °C.

Column Optimization

Three analytical columns obtained from Thermo Fisher Scientific were tested for
optimal retention and separation of target analytes: Hypersil GOLD™ aQ; Hypersil
GOLD™; and Acclaim™ Trinity Q1 (Table A-2). All method development involving the
Acclaim™ Trinity Q1 column was carried out in the absence of alcohols, as they degrade

the column packing material.

Table A-2. Analytical column stationary phase, length, inner diameter, and particle size.

. Length Ir}ner Raﬁicle

Column Stationary phase diameter  size
M m) m)

Acclaim™ Trinity Q1 Tri-mode
(Thermo Scientific) (WCX, WAX, RP) 100 2.1 3
Hypersil GOLD™
(Thermo Scientific) CI8 30 2.1 1.9
Hypersil GOLD™ aQ
(Thermo Scientific) CI8 20 2.1 12

Mobile Phase Optimization

MeOH and ACN were chosen as organic solvents for mobile phase optimization.
ACN is favourable because it has a relatively lower viscosity, reduces back pressure, and
may produce cleaner peak shapes [214]. However, MeOH is advantageous due to its lower
cost and toxicity, as well as its higher polarity, which reduces the probability of buffer
precipitation [215]. Three combinations of mobile phase solvents were tested for best
analyte retention: (i) 100% Milli-Q water and 100% MeOH; (ii) 100% Milli-Q water and
100% ACN; and (iii) 0.1% formic acid in Milli-Q water and 0.1% formic acid in MeOH
or ACN, depending on which organic solvent resulted in better peak shape and separation

when used without the addition of acid.
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UHPLC/HRAM Orbital lon Trap MS Method Summary

Best analyte retention and separation was achieved with the Thermo Scientific
Hypersil GOLD™ C18 analytical column (50 mm x 2.1 mm, 1.9 pm particle size) with a
mobile phase flow rate of 400 uL min'!. The optimal mobile phase combination of three
tested was 100% water (Solvent A) and 100% MeOH (Solvent B). Solvent A began at
100% and was held for one minute. From minute one to seven, Solvent B was increased to
100% and held for one minute. Minutes eight to 15 showed a decrease of Solvent B back
down to 0% and 100% Solvent A was pumped for the remaining two minutes of the run
for a total run time of 17 minutes (Table A-3). The refrigerated autosampler tray held

samples at 4 °C.

Table A-3. Optimized UHPLC mobile phase gradient and flow rate.
Solvent A: Solvent B:

Time 100% Ha0 100% McOH plow rate
(%) (%) (L min”)
0 minute 100 0 200
0-1 minute 100 0 400
1-7 minutes 0 100 400
7-8 minutes 0 100 400
8-15 minutes 100 0 400
15-17 minutes 100 0 400

For the HESI source parameters, analyte peak areas were highest using the default
settings for a 400 pL min™! flow rate, which were thereafter restored to the following
values: sheath gas flow rate, 50 au; auxiliary gas flow rate, 13 au; sweep gas flow rate, 0
au; spray voltage, 3.50 kV; capillary temperature, 263 °C; S-lens RF level, 60.0 au;
auxiliary gas heater temperature, 425 °C. The orbital ion trap MS scan parameters were set
to the following values: scan type, full MS/AIF; m/z range, 55-800 m/z; ionization mode,
polarity switching; resolution, 70,000; AGC target, 3e6; maximum IT, 200 ms; and

collision energy, 20 eV.

Quality Assurance/Quality Control (QA/QC)
A number of QA/QC tools were employed in this study, including QC samples,
solvent blanks, IS, LCSs, matrix post-extraction (MPE) spike samples, MBs, and reagent
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water control (RWC) samples. QC samples are utilized to ensure analyte quantitation,
retention times, and peak shape and height are reproducible with no systematic drift [129].
To assess consistency of the LC-MS, QC samples were injected throughout each sequence
after every 10 injections or less. QC samples consisted of a mix of all target analytes in
Milli-Q water at a concentration of 50 pg L!. Solvent blanks are samples of pure solvent
that contain neither IS nor target analytes. These blanks are used to ensure target analytes
do not carry over and remain in the chromatographic system from one injection to the next.
For these experiments, solvent blanks were injected in duplicate at the beginning and end
of each sequence, as well as throughout the sequence, usually before and after every QC
injection.

An IS is defined as an isotopically-labeled compound, similar to the target analyte
in structure and physicochemical properties, that can be added to samples before sample
preparation is performed as a surrogate standard or after extraction [216]. The IS is helpful
in assessing the extraction efficiency of a sample preparation method. A known
concentration of the IS is often added to a test volume of sample matrix and is quantified
after all sample preparation procedures have been performed on the sample. Environmental
or biological samples often contain analytes of interest and the presence of any IS in the
original sample would skew recovery experiments. Therefore, it is essential that the
selected IS is not present in the sample. This exclusion is achieved by using isotopically-
labeled ISs. In this study, carbendazim-d3 was used as the isotopically labeled IS and was
added to all calibration levels and test samples for a final sample concentration of 100 pg
L. The sample preparation method was considered acceptable when recoveries (measured
concentrations) of spiked concentration of IS and target analytes were between 80 and
120% (relative standard deviation, RSD < 20%). Test samples that did not yield an IS
recovery within this range after optimization of the sample preparation and instrument
methods were re-tested.

Four types of control samples were used in the development of sample preparation
methods: MB, LCS, RWC, and MPE spiked controls. MBs were made by adding a known
concentration of IS to test volumes of analyte-free matrix. These blanks are used to test for
contamination during the sample preparation process. Test samples was considered

uncontaminated if target analyte responses in MBs were undetected. An LCS is a

159



laboratory-made sample designed to represent a real-world sample. LCSs consisted of
analyte-free sample matrix spiked with known concentrations of IS and analytes of interest
before any sample preparation steps were performed. Mean LCS analyte concentrations
are utilized to calculate both extraction process efficiency and matrix effects.

RWCs were made by spiking a test volume of Milli-Q water with IS and target
analytes and were also subjected to the sample preparation process. Although analyte
recoveries from RWCs were not used in any method performance calculations, they were
helpful in demonstrating relative analyte loss due to the extraction process itself rather than
by matrix effects. A perfect extraction technique would show identical analyte
concentrations in the RWCs (subjected to the extraction process) and spiked controls (not
subjected to the extraction process), as the reagent water used in RWCs matched both the
injection solvent of the analytical standards and the initial mobile phase gradient. MPE
spiked controls are used to assess matrix effects, which are defined as analyte signal
suppression or enhancement caused by constituents present in the matrix [217]. MPE
spiked controls were made by spiking analyte-free sample matrix with IS and target
analytes after completion of all sample preparation and extraction procedures. Each test
sample batch consisted of one MB, three to five LCSs (depending on the type of
experiment), one MPE spike control, and one RWC.

Sample Preparation Method Development

Sterile frozen liquid human sera (50 mL) and Surine™ Negative Urine Control (50
mL) were chosen as test sample matrices. Stock matrix was allowed to thaw at 4 °C
overnight and was aliquoted in volumes of 1 mL and refrozen. Three different techniques
were evaluated for the extraction of target analytes from biological matrices:
deproteinization, SPE and QuUEChERS. Of these three techniques, the one that resulted in
the highest recoveries for the most analytes was selected for further optimization and
validation. Method parameters were optimized by preparing a series of sample batches,
each having a different method modification. Each batch was analyzed and subsequently
modified until a recovery efficiency between 75 and 125% was obtained for each analyte,
at which point the method was approved to undergo validation procedures. The optimized

sample preparation method for the extraction of target analytes from the matrices was
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deemed applicable to the semi-targeted PANN compounds of interest, as the chemical
structures of the nitrosatable pesticides are similar to their N-nitrosamine counterparts. For
each experiment, 1-mL aliquots of stock matrix were allowed to thaw refrigerated at 4 °C
overnight. Urine sample preparation for targeted analysis used methods optimized for

serum as a starting point.

Deproteinization procedure

The deproteinization approach involved methods adapted from procedures for non-
targeted metabolomic analysis described in the Nature Protocols publication entitled,
Procedures for large-scale metabolic profiling of serum and plasma using gas
chromatography and liquid chromatography coupled to mass spectrometry [129]. LCS test
samples (n=3) were made by adding 300 uL of stock serum, 50 uL each of a 1-ug mL"!
analyte master mix and IS intermediate, and 900 pL. MeOH to a labeled 1.5-mL
microcentrifuge tube. One MB was prepared by adding 300 pL serum, 50 uL IS
intermediate, 100 puL Milli-Q water, and 900 pL. MeOH to a labeled 1.5-mL
microcentrifuge tube (Figure A-1). One MPE spiked control was prepared by adding 300
pL serum, 900 uL. MeOH, and 150 pL Milli-Q water to a labeled 1.5-mL microcentrifuge
tube; 50 uL each of a 1-ug mL™! analyte master mix and IS intermediate were added after
sample preparation steps were completed. A RWC was made by adding 300 uL Milli-Q
water, 50 uL each of a 1-ug mL™! analyte master mix and IS intermediate, and 900 pL
MeOH; this test sample represents extraction of analytes in pure water rather than serum.
Each sample in the batch was vortexed for 15 seconds and then centrifuged at room
temperature for 15 minutes at 15,800 g. The addition of MeOH to serum samples and
subsequent centrifugation serves as a “deproteinization step”, which precipitates high-
molecular-weight species from the sample. A volume of 1110 pL of the supernatant was
transferred to a separate 1.5-mL centrifuge tube and evaporated under a gentle nitrogen

stream at room temperature using the Reacti-Vap™/Reacti-Therm™ system.
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LCS (n=3)

300 pL serum

50 pL analyte master mix
S0uLIS

900 uL methanol

MB

300 pL serum

50 ulL IS

100 uL Milli-Q H,0
900 pL methanol

MPE Spike

300 pL serum

150 puL Milli-Q H,0
900 puL methanol

RWC

300 pL Milli-Q H,0
50 uL analyte master
mix

50 uL IS

Added to
supernatant
50 pL analyte master
mix

A 4 S50 uL IS : i

900 pL. methanol

LCS ll.('S LCS

B
4 o/ 4 J
Figure A-1. Serum deproteinization experiment batch consisting of three LCSs, and one
each of MB, MPE, and RWC.

To assess analyte loss during the nitrogen evaporation process, three different
sample evaporation volumes were compared (Figure A-2). One batch of samples was
evaporated to dryness and reconstituted in 250 pL of Milli-Q water. These samples were
evaporated to dryness to obtain an injection solvent similar to the mobile phase starting
conditions, as mismatched injection solvent and initial mobile phase may change analyte
retention times. A second batch was evaporated to 125 uL and diluted 1:1 with Milli-Q
water. This batch has a reduced risk of analyte loss, as the sample is evaporated down to
only 50%, but the injection solvent is approximately 1:1 Milli-Q water:MeOH. A third
batch was evaporated down to 250 pL and left unmodified. Following reconstitution, each
test sample was vortexed for 15 seconds and centrifuged at 4 °C for 15 minutes at 15,800
g. A volume of 225 pL of the supernatant was transferred to a 2-mL amber glass
autosampler vial fitted with a 400 pL glass insert (to ensure that the sample level would be

accessible to the autosampler syringe needle) and stored at 4 °C until analysis.
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Figure A-2. Nitrogen stream concentration of the three separate batches of serum samples
(left) and markings showing different sample concentration volumes (right).

SPE procedure

Samples were prepared by spiking 200 pL serum with 20 pL each of a 1-ug mL"!
analyte master mix and IS intermediate in a 1.5-mL microcentrifuge tube and vortexed for
15 seconds (n=3). Three types of SPE cartridges were tested for optimal analyte retention:
SOLA™ HRP (10 mg), Oasis HLB (30 mg), and Oasis PRIME HLB (10 mg). Generic
methods for sample pre-treatment, as described by the manufacturers, varied with SPE
cartridge type. For the SOLA™ HRP cartridges, 0.1% (v/v) aqueous formic acid was added
up to 400 pL after the addition of standards. For the Oasis HLB and PRiME HLB
cartridges, serum was diluted 1:1 with 4% (v/v) aqueous phosphoric acid and spiked with
standards following acidification for a total test sample volume of 650 pL. This
acidification step was performed to help release target analytes from serum proteins. All
samples were shaken vigorously by hand for one minute, vortexed for 15 seconds, and then

centrifuged at 4 °C for 15 minutes at 15,800 g.
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The SOLA™ HRP cartridges were conditioned with 500 uL. MeOH and then
equilibrated with 500 uL Milli-Q water. For each sample, the entire serum supernatant was
loaded onto the cartridge followed by a wash volume of 500 puL 95 %:5 % Milli-Q
water:MeOH solution. All cartridges were then eluted with 200 L. MeOH with 0.1% (v/v)
aqueous formic acid followed by 200 uL Milli-Q water for a 1:1 dilution. The Oasis HLB
cartridges were conditioned with 500 nL. MeOH and then equilibrated with 500 pL Milli-
Q water. The entire serum supernatant was loaded onto the cartridge followed by a wash
volume of 500 pL Milli-Q water. The cartridge was then eluted with 500 pL MeOH
followed by 200 pL Milli-Q water for a 1:1 dilution. The Oasis PRIME HLB cartridges
need neither conditioning nor equilibration. The entire serum supernatant was loaded onto
the cartridge followed by a wash volume of 500 uL Milli-Q water. The cartridge was then
eluted with 500 uL. MeOH followed by 200 pL Milli-Q water for a 1:1 dilution. All
extracted samples were stored at 4 °C until analysis. Serum SPE batch preparation is shown

in Figure A-3.

LCS (n=3) MB MPE Spike RWC

200 pL serum
20 pL analyte master mix
20 LIS

4

200 pL serum
40 pL Milli-Q H,0
20 ulL IS

MB

|
.

200 pL serum

60 pL Milli-Q H,O
Added to
supernatant

20 pL analyte master
mix

20 uLL IS

MPE

4

/ \

200 pL Milli-Q H,0
20 pL analyte master
mix

20 uL IS

RWC

4

Figure A-3. Serum SPE experiment batch consisting of three LCSs, and one each of MB,

MPE, and RWC.

OuEChERS

The methods used in this study were adaptions of the QUEChERS method described

by UCT, Inc. in the protocol entitled, Pesticide Residue Analysis in Whole Milk by
QuEChERS and LC-MS/MS [218]. Serum and Surine™ test samples were prepared by
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vortexing 1-mL aliquots for 15 seconds and transferring 500 pL of sample matrix to 1.5-
mL microcentrifuge tubes. Test samples (n=3) were spiked with 50 pL each ofa 1-ug mL-
! analyte master mix and IS intermediate and vortexed for an additional 15 seconds. To
each tube, 500 pL of extraction solvent (100% ACN, or 0.1%, 0.5%, 1%, or 4% AcOH in
ACN) were added and samples were shaken vigorously by hand for one minute. One of
three premade QUEChERS salt mixtures (250 mg MgSO4 only, 200 mg MgSO4 + 50 mg
NaOAc, or 200 mg MgSO4 + 50 mg NaCl) was added to the sample to facilitate phase
separation and extraction of target analytes. The salts were weighed on a Denver
Instrument P-114 analytical balance with masses within 0.3 mg considered acceptable.
Samples were vortexed for 15 seconds to break up salt agglomerates and shaken vigorously
by hand for one minute. In some trials, the samples were sonicated for either 15 or 30
minutes. All samples were centrifuged at 4 °C for 15 minutes at 15,800 g. This created a
three-layer system (Figure A-4). A volume of 200 pL of the supernatant was transferred to
a labelled autosampler vial, diluted 1:1 with Milli-Q water, vortexed for 15 seconds, and
stored at 4 °C until analysis. Biomatrix QUEChERS batch preparation is shown in Figure

A-S.

Figure A-4. Serum samples before centrifugation (left) and a three-layer system formed
after centrifugation (right) during QUEChERS sample preparation.
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LCS (n=3)

500 pL biomatrix

50 pL analyte master mix
50 uL IS

500 pL extraction solvent
QuEChERS salt mix

MB

500 pL biomatrix
100 pL Milli-Q H,O
50 uL IS

500 pL extraction
solvent

QuEChERS salt mix

MPE Spike
500 pL biomatrix
150 uL Milli-Q H,0
500 pL extraction
solvent

QuEChERS salt mix

Added to

RWC

500 uL Milli-Q H,0
50 uL analyte master
mix

50 uL IS

500 pL extraction
solvent

QuEChERS salt mix

supernatant
50 pL analyte master,
mix

S50 uL IS

Figure A-5. Biomatrix QUEChERS experiment batch consisting of three LCSs, and one
each of MB, MPE, and RWC.

Method Validation Procedures

Once optimized, analytical methods require validation to demonstrate that they are
fit for purpose. The degree of validation depends on the scope and objectives of the project.
The validation parameters applied to these methods include specificity, linearity, accuracy
(recovery and process efficiencies), precision (intra-day precision, and inter-day precision),
matrix effects, method detection limit, and limit of quantitation. Specificity is the ability of
a method to accurately differentiate between a target analyte and other substances present
in the sample matrix. Chromatographic peaks of each analytical standard for target
compounds and IS were identified by their retention times and by confirming a match
between the Tune software’s calculated theoretical m/z and experimentally determined m/z.
Determination of the recovery and process efficiencies, and matrix effects in quantitative
bioanalytical methods using HPLC-MS has been detailed by Matuszewski et al. (2003)
[156] and adapted for this study.

Recovery efficiency (RE (%)) of the extraction method was evaluated by assessing
analyte recoveries of test sample replicates at two different concentrations (25 and 50 pg
L") and reported as %RSD of mean analyte peak area. Recovery was measured by entering

mean observed concentrations for LCSs and a MPE spiked control into Eq. (1).
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mean test sample concentration

RE (%) = 100 (1)

matrix post—extraction spiked control concentration

Process efficiency (PE (%)) of the optimized extraction method for each sample
matrix was determined using five replicates at two different analyte concentrations, 25 and

50 ug L', and calculated for each analyte using Eq. (2).

mean test sample concentration

PE (%) = x 100 )

concentration of spiked controls

Intra-day precision was evaluated at 50 ug L' (n=3) by repeating the extraction
procedure twice within a 24-hour period. Inter-day precision was evaluated at 50 pg L™!
and spiked samples (n=3) were analyzed daily for a period of three consecutive days.

The ME (%) value was calculated for each analyte at three different analyte
concentrations (10, 25, and 50 pg L!) by entering the values obtained for the MPE spike

concentration and spiked control concentration into Eq. (3).

matrix post—extraction spiked control concentration

ME (%) = x 100 3)

spiked control concentration

The MDL was determined using the U.S. EPA procedures outlined in Definition
and Procedure for the Determination of the Method Detection Limit, Revision 2 [151].
First, MDLs were estimated to be around 1 pg L' from previously determined quantitation
limits for several target analytes [81]. A concentration ten times this estimate (10 ug L)
was used to experimentally determine MDLs for each analyte. Ten spiked samples and 10
method blank samples were processed through all steps of the method (three test samples
per day over two days and four on the third day) and analyzed. MDLs for each analyte in
spiked samples and method blanks were then calculated; the greater of the two determined
for each analyte represented the MDL. The LOQ was calculated as ten times the standard

deviation of the 10 replicate spiked sample measurements.

Statistical Analysis
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Initial recovery experiments conducted to assess the most efficient sample
preparation technique were carried out using replicates of three. Mean recovery values
were recorded, and standard deviation was calculated to determine error bars. Method
validation experiments were carried out in replicates of either three or five measurements.
Process and recovery efficiencies were calculated along with %RSD values for five
replicate measurements. Intra- and inter-day precision was represented by %RSD

calculated from replicates of three.

Analytical method validation procedures

The molecular formula for each target analyte was entered into the Tune software’s
Mass Calculator to calculate theoretical m/z of ions generated in positive and negative
ionization modes. Standards of target analytes were injected individually, and the
theoretical m/z values were extracted from the resulting chromatograms. Compound
identification was confirmed by matching theoretical and experimental m/z values from the
mass spectrum at each chromatographic peak corresponding to the target analyte (within 5
ppm). Chromatographic peaks of each analytical standard for target compounds and IS

(Figure A-6) were further identified by retention time (#,) (Table A-4).
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Figure A-6. Representative chromatogram of a standard mixture of 10 target analytes and
IS. Peaks were displayed by extracting the m/z values generated by the Exactive Plus Tune
software.
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Table A-4. Theoretical m/z values extracted from chromatograms, ionization mode
(positive, +, or negative, —) and retention times (#,) for each analyte used for identification
of target analytes; seven-point calibration curves generated linear regression equations and
corresponding R? values.

Theoretical Ionization ¢,

Analyte! mass (m/z) mode (min) Linear regression equation R?

ATR 216.10105 + 5.80 Y =-0.0112875+0.0175463*X  0.9998
CAR 192.07675 + 4.73 Y =0.0090075 + 0.0183376*X  0.9999
DIM 230.00690 + 442 Y =0.00440021 + 0.00474638*X  0.9999
ETU 103.03245 + 0.63 Y =0.00114833 +0.000396687*X 0.9992
IMI 254.04503 - 432 Y =0.00161635+0.00078102*X 0.9991
LIN 247.00466 — 6.24 Y =-0.00133009 + 0.00140702*X 0.9996
MCPA  199.01675 - 524 Y =0.00976771 + 0.00707869*X 0.9994
OME 214.02974 + 331 Y =0.000861952 + 0.00442353*X 0.9997
TCPy 19591292 - 5.63 Y =0.00822632 + 0.00726235*X 0.9999
™ 341.03837 - 530 Y =-0.0030802 + 0.00127105*X 0.9992
CAR-D3* 195.09558 + 470  --- ---

*Internal standard carbendazim-d3
'ATR = atrazine; CAR = carbendazim; DIM = dimethoate; ETU = ethylenethiourea; IMI
= imidacloprid; LIN = linuron; MCPA = 2-methyl-4-chlorophenoxyacetic acid; OME =
omethoate; TCPy = 3,5,6-trichloro-2-pyridinol; TM = thiophanate methy]l.

To assess linearity, Milli-Q water was spiked with a master mix containing all target
analytes at seven different concentrations: 1, 5, 10, 25, 50, 100, and 250 ug L'. Each
calibration level was also spiked with 100 ug L' IS for internal calibration. A calibration

curve was generated for each analyte and linearity was evaluated using the correlation

coefficient (R?) (Figure A-7).
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Figure A-7. Linearity depicted by calibration curves for a) A:FR; bj CAR; ¢) DIM; d) ETU
comprised of seven calibration points, showing nonlinearity; ¢) ETU comprised of four
calibration points, showing linearity with exclusion of points with higher concentration; f)

ETU comprised of four calibration points, zoomed in on lower calibration range; g) IMI;
h) LIN; i) MCPA; j) OME; k) TCPy; and 1) TM.
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Appendix B. Tentative Identification of Biomarker Presenting as N-
ATR

For the compound in question presenting as N-ATR in both serum and urine
samples, the following information was gathered to characterize the expression of the
biomarker: (i) throughout the injection sequences, there was no gradual increase or
decrease in either N-ATR molecular ion response among the samples, indicating that
neither contamination nor analyte carryover were likely explanations for the biomarker
response; (ii) peak areas of each molecular ion varied widely among participants with large
standard deviations (mean N-ATR/IS peak areas for PEI and NS urine samples were 10.8
+ 9.5 and 14.2 £ 13.2 a.u., respectively), which suggests that the biomarker is expressed
with a high degree of variation in the two sample populations; (iii) retention times for the
N-ATR molecular ions are consistent among injections for the same biomatrix, but there is
a notable (0.27 minutes) difference in mean retention time of the negative N-ATR
molecular ion between serum (3.87 £ 0.06 minutes, n=24) and urine (4.14 + 0.17 minutes,
n=63) and a more marked difference in retention time in biological samples and that of
synthesized N-ATR in Milli-Q water; (iv) the biomarker was undetected in blanks injected
before and between each sample batch; (v) reagent blanks (Milli-Q water and IS) prepared
along with each batch showed no response for N-ATR molecular ions; and (vi) examination
of the synthesized N-ATR chromatogram revealed that its molecular ion peak area ratio
(IM-H]:[M+H]") ion showed a greater response with a mean peak area of 1.8, whereas the
urinary biomarker’s mean molecular ion peak area ratio was determined to be 5.2 from
sample chromatograms.

While it is not possible to unequivocally identify these PANN compounds without
an analytical standard, further evidence of the biomarker’s identity was collected by the
use of fragmentation data. Since the Exactive Plus orbital ion trap MS used in this study
employed AIF technology, which applies a collision energy of 20 eV throughout the
analysis to continuously generate fragment ions, potential fragment masses can be
extracted from sample chromatograms to help identify unknown biomarkers. To test the
usefulness of the predicted mass spectra approach, predicted mass spectra were generated
for N-ATR and N-ETU using the CFM-ID program (Figure B-1). Each predicted spectrum

displays several potential fragments using electrospray ionization (ESI) with a collision

172



energy of 20 V. The top five predicted fragments were extracted from chromatograms for
synthesized N-ATR in negative ionization mode (243.07666 [M-H]; 225.06610; 58.06622;
215.04536; and 83.0614) and N-ETU in positive ionization mode (132.02261 [M+H];
73.03964; 101.01680; 55.02907; and 99.00115) (Figure B-2). Extraction of predicted ions
for N-ATR fragmentation did not result in identity confirmation through a secondary

fragment whereas N-ETU matched both its molecular ion and a secondary fragment.

Relative Intensity

|‘| | ‘||‘ ‘ | ‘I | - m!||| H IIL

Relative Intensity

m/z
Figure B-1. Predicted mass spectra of N-ATR in negative ionization mode (top) and N-

ETU in positive ionization mode (bottom) with a collision energy of 20 V. Five ions with
highest intensities above m/z value of 50 were selected for analyte identification.
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Figure B-2. Extractions of predicted fragment ions from N-ATR (top) and N-ETU (bottom)
chromatograms of synthesized compounds. Only the molecular ion matched for N-ATR
whereas N-ETU matched with both its molecular ion and a secondary fragment.

The sample that produced the highest response of unknown biomarker was

analyzed using the Q-Exactive orbital ion trap MS. Unlike the Exactive Plus, the Q-
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Exactive contains a quadrupole that allows the filtering of ions before a secondary
fragmentation. This means that as opposed to fragmenting all ions (including interfering
ions generated from the thousands of constituents that may be present in the sample), only
ions matching the mass of the biomarker’s molecular ion were further fragmented. This
cleaned up the mass spectrum substantially and allowed determination of ion fragments
contributing to the biomarker in question. Comparative mass spectra between the Exactive

Plus and the Q-Exactive are shown in Figure B-3.
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Figure B-3. Comparison of unknown biomarker fragmentation using the Exactive Plus
orbital ion trap MS (top) and the Q-Exactive orbital ion trap MS (bottom). The Exactive
Plus uses AIF, which does not filter ions from interfering sample constituents, whereas the
Q-Exactive MS is able to selectively fragment only ions that match the molecular ion of
the unknown biomarker via selected ion monitoring (SIM).
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After a thorough and lengthy search of potential candidates for this biomarker using
possible chemical formulas suggested by the Xcalibur software and the ion fragments
generated by the Q-Exactive orbital ion trap MS, the compound indolyl-3-acryloylglycine
(IAG) was investigated as a potential match. IAG has a molecular weight of 244.085 g mol
'and its theoretical m/z value 243.07752 is only 3.5 ppm apart from that of N-ATR,
243.07683. In children, an association has been identified between increased
concentrations of urinary IAG and autism spectrum disorders (ASD) with coexisting
gastrointestinal issues [219]. A predicted mass spectrum of this potential biomarker
revealed several potential fragment ions for comparison: 243.07752; 74.02475; 199.08769;
225.06695; and 168.04549 (Figure B-4). Extraction of predicted fragment ions for IAG in
a serum and urine sample from the same participant showed a match for one and two

predicted fragments, respectively, at an overlapping retention time (Figure B-5).

Relative Intensity

m/z

Figure B-4. Predicted mass spectrum of IAG in negative ionization mode with a collision
energy of 20 V.

177



[C Xcaliburl\T5NOV18_PATH_S_101255630

11/15/18 18:12:49

RT: 0.00-15.01 . o @
100 z miz= 243 07630.243 07874 F
oy FTMS -p ESI Ful ms
. . 55.0000-800 0000] MS
o o IAG predicted [M-HJ ion: 243.07752 it mai s teasseso
40
20 BT e
0 568 NL: 1.46E5
387 miz= 199.08669-199.08869 F
393 1000,0000@hcd20 00
100000 381 . . c
. 55 0000-800.0000] MS
l Predicted fragment ion: 74.02475 g5omsnomnus
50000 6.16 979
I |
9 303 NL: 3.21E4
30000 1iz= 168 04465-168.04633 F
FTMS - p ESI Ful ms2
oo foomfogueiztio,
Predicted fragment ion: 199.08769 ‘siovis pam = 10r2ssea0
10000
0
NL:O
19 miz= 225 06582-225 06808 F
80 FTMS - p ESI Ful ms2
60 . : g"sogwoaouﬁgig]oﬂs
b Predicted frag[nent ion: 225.06695 |SNOV18_PATH_S_101255630
20
0
100 350
80 |
60 : :
- Predicted fragment ion: 168.04549
20
L o o o e LA I I I o B e e i B B B |
0 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Time (min)
C-Xcaliburl \08NOV18_PATH_U_101201534 110818 13:53.02
RT 000- 1501 @
i 410 NL: 3.68E8
miz= 243 07630-243 07874 F:
803 FTMS - p ESI Full ms
60 ngovm PAE"T‘?)'IDOL]} h:g1201534
— IAG predicted [M-H] ion: 243.07752 -PATH.U_
203
- 332 467 525 567 646 673 728 785 876 9.15 964 1064 1167 1201 1335 1411 1497
o 410 NL: 2 78E7
miz= 109.08660-199.08869 F-
FTMS - p ESI Full ms2
20000000 1000.0000@hcd20.00
- § : 55.0000-800 0000] MS
— Predicted fragment ion: 74.02475 osiovia paTH U 101201534
3 432 465 586 646 680 731 855 961 1445
410 NL. 8.92E6
& = 168.04465-168.04633 F
000000 F'\ "F;FZMS-pFSIFuH 3\5? 3
R f 1000.0000@hc20.00
| - [55.0000-800.0000) MS
4000000 M Predl‘cted ﬁ_ag[nent lon. 199 08769 08NOV18_PATH_U_101201534
2000000 I ) )
N | \\A47 474 556 640 668 919 908 1052
S 450 NL: 3.35E5
miz= 225 06582-225 06808 F-
80 FTMS - p ESI Full ms2
1000.0000@hcd20 00
603 . . 55.0000-800.0000] MS
403 T Predicted fragment ion: 225.06695 sioviePaTH U io120154
203 3 1095
o A
100 1338
803 1292 |
603
E Predicted fragment ion: 168.04549 onovieraniu s
203
0 T T T I T T LIS WL B B L L L P AL L B B L B e LIS B e B e |
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Time (min)

Figure B-5. Extraction of predicted fragment ions for IAG in serum (top) and urine
(bottom) of the same individual. Although IAG and N-ATR have molecular ion masses
within 5 ppm of each other, the presence of one predicted secondary IAG fragment in serum
and two predicted IAG secondary fragments in urine suggest that this biomarker is IAG
rather than N-ATR.

178



After observing a more likely match between the biomarker and IAG, all biological
sample chromatograms were subsequently reanalyzed and extracted for five IAG predicted
fragment ions. Of the six tentative detections in the PEI serum samples, four showed a
small response for the secondary fragment. For the NS serum samples, the sample with the
largest peak area for the biomarker showed responses for three additional predicted ions; a
slight response was seen for one secondary fragment in eleven samples. Interestingly, all
31 PEI urine samples containing the biomarker clearly presented with two or more
predicted fragments matching the retention time of the IAG molecular ion. In contrast, only
12 of the 32 NS urine samples showed two or more predicted IAG fragments at the
expected retention time and 11 samples showed a peak for one matching secondary
fragment. Three other samples generated a slight response for one secondary fragment and
the remaining six samples showed no secondary fragments. Although the presence of a
secondary fragment at an overlapping retention time is critical for compound identification,
fragments with lower relative ion intensities may not generate a response at low analyte

concentrations.
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