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highway runoff and fish tissue with high-resolution
time-of-flight mass spectrometry†‡
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Untreated urban stormwater runoff contributes to poor water quality in receiving waters. The ability to

identify toxicants and other bioactive molecules responsible for observed adverse effects in a complex

mixture of contaminants is critical to effective protection of ecosystem and human health, yet this is

a challenging analytical task. The objective of this study was to develop analytical methods using liquid

chromatography coupled to high-resolution quadrupole time-of-flight mass spectrometry (LC-QTOF-

MS) to detect organic contaminants in highway runoff and in runoff-exposed fish (adult coho salmon,

Oncorhynchus kisutch). Processing of paired water and tissue samples facilitated contaminant

prioritization and aided investigation of chemical bioavailability and uptake processes. Simple, minimal

processing effort solid phase extraction (SPE) and elution procedures were optimized for water samples,

and selective pressurized liquid extraction (SPLE) procedures were optimized for fish tissues. Extraction

methods were compared by detection of non-target features and target compounds (e.g., quantity and

peak area), while minimizing matrix interferences. Suspect screening techniques utilized in-house and

commercial databases to prioritize high-risk detections for subsequent MS/MS characterization and

identification efforts. Presumptive annotations were also screened with an in-house linear regression

(log Kow vs. retention time) to exclude isobaric compounds. Examples of confirmed identifications (via

reference standard comparison) in highway runoff include ethoprophos, prometon, DEET, caffeine,

cotinine, 4(or 5)-methyl-1H-methylbenzotriazole, and acetanilide. Acetanilide was also detected in

runoff-exposed fish gill and liver samples. Further characterization of highway runoff and fish tissues (14

and 19 compounds, respectively with tentative identification by MS/MS data) suggests that many novel or

poorly characterized organic contaminants exist in urban stormwater runoff and exposed biota.
Environmental signicance

This work specically focuses on developing methods for the chemical characterization of environmental systems with as yet unexplained acute mortality events
linked to water quality. Simple procedures requiringminimal sample processing were developed for extraction of water and tissue samples. In combination with
the use of suspect screening databases, processing of paired water and tissue samples facilitated contaminant prioritization and aided investigation of chemical
bioavailability and uptake processes. These efforts help guide analytical methodology and workow development, and provide biological relevance to identi-
cation of novel contaminants in highway runoff and runoff-exposed sh tissues. Novel detection of acetanilide in stormwater runoff presents an example where
a focus on a specic mode of action was successfully used to prioritize our HRMS detection efforts, and can now guide development of toxicology-related
hypotheses that are testable with bioassays. The combination of HRMS analytical chemistry and aquatic toxicology is a promising tool in identifying poten-
tial pollutants in complex environmental mixtures and guiding future source control efforts.
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Introduction

Stormwater runoff is one of the most important forms of
nonpoint source pollution that impairs aquatic ecosystems
globally.1 Urban runoff is typically contaminated with synthetic
organic contaminants, metals, and inorganics arising from
a wide variety of sources.2 Without appropriate treatment, these
chemicals and related transformation products are transported
to surface water or groundwater by intentional discharge,
inltration, or overland ow where they degrade receiving water
quality.3 Many stormwater contaminants are potentially toxic at
elevated concentrations,4 including various pesticides,5–7

petroleum hydrocarbons,8 heavy metals,9 and other chemicals
originating from urban sources,10,11 including uncharacterized
compounds with potential ecological hazards.12,13 Under-
standing the occurrence, sources, concentrations, and transport
pathways of stormwater-derived chemical contaminants,
including identication of compounds most hazardous to
aquatic life, is critical for effective water quality protection in
urbanized watersheds.14

As one motivating example of stormwater impacts on
a commercially, recreationally, and ecologically important
species, urban runoff is acutely lethal to adult coho salmon
(Oncorhynchus kisutch) in the Pacic Northwest. Notably, this
syndrome is not correlated with conventional water chemistry
parameters (e.g., temperature, dissolved oxygen, and suspended
solids), disease, spawner conditions, or exposure to pesticides,
metals or polycyclic aromatic hydrocarbons (PAHs).1,15 As an
example of why additional characterization of contaminant
ows in urban stormwaters is needed, the available evidence
suggests that as-yet unknown toxicant(s) are causing this
mortality event. Typically, chemical proling relies upon use of
targeted analyses built from reference standards (e.g., PAHs,
metals, and pesticides), oen in combination with controlled
exposures and insights into mechanisms of action to correlate
detections with biological relevance.7,13,16 While accurate and
sensitive, these approaches remain narrowly dened options for
water quality assessment because such targeted analyses only
detect a small subset of contaminants present and can be
constrained by the lack of reference standards for emerging
contaminants and bioactive transformation products.

To broaden detection capabilities, non-target and suspect
screening approaches typically detect higher numbers of
distinct contaminants relative to targeted approaches,17

although oen at a cost to method sensitivity and selectivity.18

High-resolutionmass spectrometry (HRMS) is a broad spectrum
screening method based upon accurate-mass detection to aid
chemical characterization of complex mixtures.19 Extraction of
chromatographic features can demonstrate thousands of
contaminant detections per sample. While non-target screening
(i.e., HRMS data acquisition and assignment of tentative iden-
tities using accurate mass and isotopic information) does not
start with reference standards, MS/MS fragmentation patterns
are typically matched to authentic standards to enable conclu-
sive conrmation of chemical identity.20–22 HRMS analyses oen
employ orbitrap or time-of-ight detectors, typically coupled
1186 | Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196
with gas or liquid chromatography for separation.9,23 Screening
with some prior information (i.e., a given structure; suspect
screening) and identication starting from exact mass, isotope,
adduct, and fragmentation information (non-target screening)
are approaches for identifying contaminants in environmental
samples.9 However, HRMS characterization of water, tissues,
and sediments from aquatic environments is time-consuming,
and still needs signicant method development and optimiza-
tion for more efficient performance.24 Condent identication
of small molecules using HRMS-based suspect and non-target
analysis depends upon consistent data acquisition, effective
data reduction, and the ability to prioritize identication efforts
within large datasets, as well as the availability of screening
databases that include environmental contaminants and
reference standards to conrm detections.25

Notably, urban receiving waters subject to non-point source
pollution remain poorly characterized relative to point sources
like municipal wastewater (Web of Science search for “storm-
water contaminant” yields 470 references vs. 5442 references for
“wastewater contaminant”). Contaminant ows in urban
systems are still poorly understood, and biological responses
(i.e., bioaccumulation, ecotoxicology) are oen not integrated
with chemical characterization efforts. Previous studies have
optimized extraction methods for non-target analysis of
contaminants in biological matrices26 and examined contami-
nant co-occurrence in surface water and exposed sh.27,28 To
develop methods for characterization of organic contaminants
in urban stormwater runoff, especially biologically relevant
compounds with potential adverse effects on aquatic species,
we analyzed paired highway runoff and runoff-exposed coho
salmon tissues from controlled stormwater exposure experi-
ments. We focused on optimizing sample extraction and data
reduction methods to enhance detection capabilities using
HRMS techniques, particularly to identify contaminants that
might be implicated in pre-spawn mortality. We initially
developed a liquid chromatography quadrupole time-of-ight
mass spectrometry (LC-QTOF-MS) analytical method, opti-
mized sample extraction methods to minimize false negatives
(i.e., maximize non-target detections), and then developed
a data reduction and analysis workow for paired highway
runoff and adult coho tissue samples. These efforts ultimately
resulted in the detection of a limited suite of chemical
contaminants in highway runoff and coho salmon tissues,
providing a proof of concept for the approach. More generally,
this work provides a potential framework and approach for the
prioritization and identication of pollutants that are
bioavailable and potentially toxic to sh and other aquatic
organisms.

Materials and methods
Chemicals

Standards and labeled analogs were obtained from commercial
vendors. Most reference standards were obtained from Sigma-
Aldrich (St Louis, MO, USA) and Toronto Research Chemicals
(Toronto, ON, Canada). A mixture of 240 pesticides (LC/MS
Pesticide Comprehensive Test Mix; p/n 5190-0551) was
This journal is © The Royal Society of Chemistry 2017
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purchased from Agilent Technologies (Santa Clara, CA, USA). A
complete list of reference standards, adsorbents, and the
compounds in the pesticide mix is provided in the ESI.‡
OPTIMA® grade methanol (MeOH) was obtained from Fisher
Scientic (Fair Lawn, NJ, USA). Acetic acid (>99.7%) and
ammonium acetate (HPLC grade, 97.8%) were purchased from
VWR Scientic (Radnor, PA, USA). A Thermo Barnstead Nano-
pure Diamond UV water purication system (Dubuque, IA, USA)
was used to provide 18 MU water. Dichloromethane (DCM;
>99.9%) was purchased from Tedia (Faireld, OH, USA).

Sample collection

Consistent with previous studies on the coho pre-spawn
mortality syndrome,29 highway runoff samples were collected
from four storms in a stainless steel tote (Custom Metalcra;
Springeld, MO, USA) from an elevated urban highway during
October and November 2015 (SR 520 in Seattle, WA, USA; GPS:
47�3803800, �122�1802500).30 The highway runoff was transported
to Grovers Creek Hatchery (Poulsbo, WA; GPS: 47�4602600,
�122�3302300), where returning adult coho salmon spawners
were collected and exposed to the runoff following previously
reported protocols.29 Briey, for each storm event, a total of 4
ventilated PVC tubes, each containing an adult coho salmon,
were placed in a polyethylene tank with either 440 L of highway
runoff or clean well water (control exposure, 8 salmon total per
event). Waters were aerated to ensure sufficient oxygenation,
which was monitored along with temperature and pH. Symp-
tomatic sh or time-matched controls were euthanized by
blunt-force trauma. Tissues, including gill, liver, brain, and
heart, were collected immediately aer mortality from runoff-
associated exposure, transported to the lab on ice, and stored
at �20 �C. The corresponding runoff and control water samples
were collected in 4 L pre-rinsed amber glass bottles without
headspace and transported to the laboratory on ice. We note
that these exposure studies were ongoing and not specic to
this study; we opportunistically leveraged existing ecotoxicology
efforts for these samples.

Extraction methods for water samples

Method optimization for off-line solid phase extraction (SPE)
sought to maximize two criteria: the total number of non-target
features and their peak area. SPE performance was compared
for 3 mL, 100 mg Innity SPE cartridges (ABS Materials,
Wooster, OH, USA) and Oasis 6 mL, 200 mg hydrophilic–
lipophilic-balanced (HLB) SPE cartridges (Waters, Milford, MA,
USA). Both cartridges were preconditioned with 3 mL 50% (v/v)
methanol in deionized water, followed by deionized water
(25 mL). The runoff samples were pre-ltered (0.45 mm, poly-
ethersulfone, hydrophilic) prior to loading (5–10 mL min�1) on
HLB (but not Innity) cartridges; sample extraction was other-
wise identical. Aer extraction, cartridges were rinsed with
deionized water (25 mL), nitrogen-dried (15 min), and eluted
with methanol or DCM (2�, 1 mL). Additionally, sequential
elution with DCM (aer elution with MeOH) to extract more/
complementary features was evaluated separately. Extracts
were concentrated with nitrogen to 1 mL, sonicated (1 min) and
This journal is © The Royal Society of Chemistry 2017
ltered (13 mm, 0.2 mm Pall Acrodisc PTFE syringe lters) to
prevent clogging of the analytical column. All water samples
were extracted and analyzed within 24 hours of collection.

Extraction methods for tissue samples

To optimize tissue extraction methods with selective pressur-
ized liquid extraction (SPLE) techniques, including in-cell
cleanup, we used archived coho embryo and liver tissues
(stored at �20 �C at the NOAA Fisheries Science Center, Seattle,
WA) collected during October–November 2014. Extractions used
an accelerated solvent extractor (ASE; ASE 300, Dionex, Salt Lake
City, UT, USA) with 33 or 66 mL ASE extraction cells. The
adsorbent combination and in-cell cleanup method was opti-
mized toward removal of bulk interferences, improved chro-
matography, and numbers of target compounds and non-target
features detected (Table S1‡). Methanol was selected as the
elution solvent to extract a similar spectrum of compounds
from water and tissue samples, although acetonitrile was also
assessed (Table S1‡). Evaluated adsorbents included neutral
alumina, basic alumina, acidic alumina, silica gel, and Flo-
risil®, based upon anticipated suitability for lipid-rich
matrices.31 Adsorbent performance was examined individually
(n ¼ 3; 10 g adsorbent to 1 g tissue) and in combination
(adsorbent to sample mass ratios ranged from 13.5 : 1 to 30 : 1).

For each extraction, an aliquot of 1 g sh tissue was
homogenized with diatomaceous earth (1 : 1 m : m ratio) using
mortar and pestle, then loaded above pre-cleaned adsorbents,
ordered sequentially from top to bottom: 7.5 g basic alumina,
5 g silica gel, and 1 g Florisil® above a cellulose lter.31 Ottawa
sand lled any remaining headspace in the ASE cell. The
homogenates were spiked with the pesticide suite (100 ppb; for
target characterization) and equilibrated (20 min) prior to
extraction. Instrumental sensitivity for the pesticide standard
was evaluated at both high (100 ng mL�1) and low (10 ng mL�1)
concentrations. We selected 103 pesticides that were detected
with condence (match score >70) at 10 ng mL�1 for targeted
analyte evaluation. The match score is based on mass accuracy,
isotopic abundance, and isotopic scoring (weighted 100%, 60%,
and 50%, respectively). The rate of false negatives was calcu-
lated as the percentage of the 103 pesticides that were not
detected with condence. Samples were methanol-extracted
under the following conditions: 40 �C, 1500 psi, 2 cycles
(5 min each), 50% ush, and 100 s purge. Extracts were then
concentrated to 1 mL in a heated bath (40 �C) under nitrogen
gas (12–15 psi). Colored extracts containing particulate matter
were observed aer reconstitution, regardless of the adsorbent
type. Thus, extracts were sonicated for one minute and ltered
(13 mm, 0.2 mm Pall Acrodisc PTFE syringe lter) prior to
analysis to remove particulates.

Instrumental analysis

Extracts were analyzed on an Agilent 1290 Innity UHPLC
system (Santa Clara, CA, USA) for separation and an Agilent
6530 Accurate-Mass Quadrupole Time-of-Flight LC-MS system
with electrospray Jet Stream Technology for detection. Chro-
matographic separation utilized a reversed-phase C18 analytical
Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196 | 1187
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column (Agilent ZORBAX Eclipse Plus 2.1 � 100 mm, 1.8 mm
particle size) connected to a similar C18 guard column, at
a temperature of 45 �C. Chromatography employed an injection
volume of 5 mL, a ow rate of 0.4 mL min�1 and a binary
gradient of 5 mM ammonium acetate plus 0.1% acetic acid in
water (A) and 5 mM ammonium acetate plus 0.1% acetic acid in
methanol (B) [5% B at 0–1 min, 50% B at 4 min, 100% B at 17–
20 min, 5% B at 20.1 min; stop time 22.5 min; post-time 2 min].
Over a 22 minute run, HRMS spectra were acquired across the
range 100–1700 m/z (MS only) and 50–1700 m/z (MS/MS) in 2
GHz Extended Dynamic Range resolution mode (collision-
induced dissociation; data-dependent acquisition). The
resolving power of the detector was 6000–12 400 within the
acquisition range, and the mass accuracy is �1 ppm. Other
instrument parameters are listed in Table S2.‡

Quality assurance and quality control (QA/QC)

Currently, there are no consensus QA/QC guidelines to validate
analytical performance for non-target HRMS analysis. We used
a variety of laboratory control samples and background detec-
tions to track instrument performance. Detector performance
was monitored by checking mass accuracy and re-tuned or re-
calibrated if mass error exceeded 2 ppm. A mixture of refer-
ence standards, each at 100 ngmL�1, containing cotinine d3 (RT
3.42 min), carbamazepine 13C15N (RT 6.47 min), and prometryn
(RT 9.43 min) was analyzed every 8–10 samples to check chro-
matography and sensitivity during data acquisition. Area counts
were monitored and expected to be within 20% of initial
sensitivity and mass accuracy was limited to <5 ppm. If the
instrument failed these criteria, performance was corrected by
tuning or detector maintenance. Background signals were
identied by analysis of lab control samples (deionized (DI)
water, methanol) and method blanks (DI water through SPE,
methanol through ASE), then exempted from MS/MS analysis
regardless of peak intensity. We also validated consistent
chromatography by monitoring triethyl citrate (RT 6.13 min),
oleamide (RT 15.76 min), stearamide (RT 16.36 min), and an
unidentied background ion (300.2019 Da@3.68 min). These
ions were observed regardless of instrumental usage and
sample type, they elute at different retention times, and there-
fore were used to monitor chromatographic stability. Oleamide
and stearamide were identied as HRMS background ions
elsewhere.32 Throughout our analyses, the chromatography was
consistent, without frequent or large shis in retention time (<5
s) of reference ions and standards. Analytical runs also included
solvent blanks (every 3 h) to monitor column carryover, which
was not detected.

Data reduction and analysis

Initial data screening relied upon manufacturer soware
packages to identify peaks and relationships between urban
runoff and different coho tissues. Agilent MassHunter Pronder
soware (B.06.00) was used to isolate peaks (referred to as
features, or unique exact mass-retention time pairs) with mass
height counts above 300 (noise level) as positive adducts ([M +
H]+, [M + Na]+, and [M + NH4]

+) or negative adducts ([M � H]�)
1188 | Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196
due to its fast batch-processing capacity. Pronder uses
a recursive feature-nding algorithm to address missing
features and simplies results to interface with Agilent Mass-
Hunter Mass Proler Professional (MPP, B.13.00) for subse-
quent data analysis. MPP is a statistical package to align, lter,
and understand relationships across conditions33 by matching
retention time (RT) (�0.01min) andmass accuracy (�0.01 ppm)
of any features extracted by MassHunter Pronder.

Alignment of features across sample groups in MassHunter
Pronder was based upon matching retention time and mass
within spans of 0.3 min and 30 ppm, respectively. To screen
ions, only features with mass height above 5000 (S/N � 17) and
appearing in 50% of replicates from at least one condition (2 of
4 replicates) were extracted. Characteristic fragmentation
patterns become less reliable for ions with lower mass heights.
The recursive feature extraction rescanned samples and
extracted ions with heights above 3000 (S/N � 10) and match
score (based on mass accuracy, isotopic abundance, and
isotopic spacing) >50 to capture any features missed during the
rst feature extraction. Based on previous strategies to reduce
false positives,34 MPP was used to align compounds with mass
height above 5000 (S/N � 17) by retention time and mass across
the different samples, limiting the identication of unaligned
ions as different features.35 We applied a replication lter,
excluding features not occurring in 50% of replicates, from
further analysis, which typically excluded 15% and 30% of non-
target features observed in stormwater and tissue samples,
respectively. All features from water and tissue controls were
also excluded from further analysis. Remaining features were
exported to ID Browser, and screened (matched using accurate-
mass, isotope-pattern, and isotope abundance) against an in-
house custom database that includes 377 compounds (and
their isomers) previously reported in stormwater, as well as
potential metabolic toxicants.2,36,37 The remaining features were
also screened against both the Agilent Metlin (�80 000
compounds) and Forensic/Toxicology (9000 compounds) data-
bases. For further prioritization of features matched with
databases at high condence (match score >70), we evaluated
the relationship between chemical properties and observed
retention time, as well as the compounds' potential to be
ionized. Lower scoring (<70) detections were selectively exam-
ined. MS/MS characterization (10, 20, and 40 eV) was performed
for prioritized features by re-injecting and re-analyzing extracts,
and detection was further conrmed by subsequently matching
MS/MS fragmentation patterns with reference standards, when
available (Fig. 1). Detections were scored against criteria
proposed by Schymanski et al. for HRMS-based identication to
communicate detection condence.25 The highest condence
level (S1) is achieved when retention time and fragmentation
patterns match reference standards, while the lowest con-
dence level (S5) includes measured exact mass only. In parallel
to compound identication by reference standards (and for
exclusion of false positives), we developed an in-house linear
regression (n ¼ 260, Fig. 2) between octanol–water partition
coefficient (log Kow) and retention time to sort HRMS results.
Although successful prediction of retention time to exclude
interfering compounds is highly dependent on the accuracy of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Workflow for suspect and non-target screening. Unique occurrences in the runoff relative to control water (1024), unique occurrences in
the exposed fish tissues relative to control fish tissues (1014 liver; 548 gill), and co-occurrences in the runoff and exposed fish tissues (472 liver;
492 gill) were the focus of subsequent data reduction efforts.

Fig. 2 Linear relationship between retention time and log Kow devel-
opedwith available reference standards (N¼ 260) including pesticides,
pharmaceuticals, neurochemicals, steroids, biotoxins, and other
emerging environmental contaminants. 95% confidence band (blue
line) and 95% prediction band (red line).
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log Kow, chromatographic consistency, and the number of
compounds used to develop the regression, this approach hel-
ped to conrm identication, particularly when reference
standards are not available.
This journal is © The Royal Society of Chemistry 2017
Results and discussion
Comparison of SPE cartridges

Optimization criteria for method development included the use
of minimal sample preparation steps, minimal inspection of
instrumental performance, and maximal detection of feature
numbers and peak area. Non-target screening methods should
value minimal sample preparation to maintain detection
capability for the broadest spectrum of compounds while trying
to avoid false negatives. In stormwater, some contaminants are
particle-associated.4 We tried to avoid pre-ltration, and
compared Innity SPE cartridges, specically designed for
analysis of high-solid samples such as wastewater and turbid
runoff, to Oasis HLB cartridges for extraction of highway runoff.
HLB SPEs completely clogged aer loading �100 mL of unl-
tered highway runoff. In contrast, >1 L of unltered high-solids
runoff (�200 mg L�1 of total suspended solids) was loaded on
Innity SPEs without noticeable reduction in ow rate, thus
simplifying and accelerating sample processing. Thus, highway
runoff required pre-ltration (0.45 mm paper lters) prior to
extraction with HLB SPEs (“HLB MeOH”), while unltered
highway runoff was loaded directly onto Innity SPEs (“Innity
MeOH”).

Beyond comparison of cartridge extraction performance, we
tested DCM as an alternative elution solvent for the Innity SPE
Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196 | 1189
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cartridges (“Innity DCM”) to yield additional, especially more
hydrophobic, non-target features (Fig. 3). Using positive elec-
trospray ionization (ESI+), the highest number (4802, n ¼ 3) of
non-target features was extracted with Innity MeOH (Fig. 3A).
For ESI�, the highest number (1182, n ¼ 3) of non-target
features was extracted with HLB MeOH. Approximately 37% of
total features (1386) extracted by Innity MeOH were not
observed in HLB MeOH extracts (Fig. 3B), likely due in part to
elution of particle-associated compounds from ne particles
trapped on the SPE media. While we used LC/MS to focus on
detection of the more polar, more hydrophilic class of urban
contaminants that oen represent highly bioavailable toxicants,
complementary studies could also use gas chromatography or
other separation and detection capabilities to characterize more
volatile and hydrophobic contaminants. Notably, despite the
lack of pre-ltration required for Innity MeOH, visual inspec-
tion of total ion chromatograms (TICs) obtained by QTOF ESI
full scan indicated improved baseline reduction relative to HLB
MeOH (Fig. S1‡).

Additionally, 10% of total features (340) eluted with DCM
appeared to be unique when compared to methanol. However,
sequential elution with DCM (aer elution with MeOH)
captured 98% of features unique to Innity DCM extracts
(Fig. S2‡). Comparing the number of features observed across
different peak area ranges revealed similar trends across
extraction conditions (Fig. 3C). Notably, when using Innity SPE
cartridges without pre-ltration, additional detector mainte-
nance was not required and sensitivity varied by <20% via
monitoring of external reference standards. Given the strong
Fig. 3 Comparison of extraction techniques for optimizing non-targe
(MeOH) vs. dichloromethane (DCM). Ionization mode: positive mode an
three conditions; (B) unique and concurrent features for three different s
observed for features.

1190 | Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196
performance and simple preparation of Innity MeOH, further
optimization of extraction strategies was not conducted.
Subsequent research efforts could focus on more selective
cartridges and solvent elutions (e.g. solvents with different
polarities) to extract additional, or unique, subsets of
contaminants.

Optimization of tissue extraction

During method development (1 g embryo and liver samples),
wax-like precipitates were observed in extracts from both indi-
vidual and combined adsorbents, although Florisil® did reduce
such precipitation. By visual inspection, total ion chromato-
grams (TICs) obtained by QTOF ESI+ full scan (Fig. S3‡) dis-
played variable baseline reduction across individual adsorbents
and guided the selection of adsorbents for further evaluation (in
conjunction with feature comparison). Florisil® and silica gel
exhibited superior cleanup capabilities, as evidenced by rela-
tively lower chromatographic baselines. Use of Florisil® and
silica gel reduced the number of non-target features by >50%
relative to other individual adsorbents (Table S1,‡ #1–6). These
retained features create potential false negatives, and illustrate
the challenging tradeoffs between attaining sufficient sample
cleanup for good chromatography and efficient peak detection
while also maintaining broad detection capabilities and mini-
mizing the possibility of false negatives. For example, use of
Florisil® increased the rate of false negatives for targeted
pesticides to 21% from #10% for other individual adsorbents.

Early experiments suggested that a combination of multiple
adsorbents might best meet selection criteria. Acidic alumina
t features in highway runoff. SPE: HLB vs. Infinity; solvent: methanol
d negative mode. (A) Total features with both ionization modes with
orbent–solvent combinations on positive mode; (C) peak area ranges

This journal is © The Royal Society of Chemistry 2017
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was excluded because it retained more non-target features than
other adsorbents and could induce ASE cell corrosion. Neutral
alumina was not included for further optimization because
minimal chromatographic baseline reduction was observed,
despite good detection performance (i.e., number of non-target
features). Therefore, we primarily evaluated combinations of
basic alumina, silica gel, and Florisil® (Table S1,‡ #7–18) and
focused onmaximizing feature detections while minimizing the
adsorbent-to-sample mass ratio, in an effort to prevent false
negatives and maximize peak area. Due to its previously noted
matrix-cleanup capacity, 1 g of Florisil® adsorbent was
included, as 5 g or 10 g Florisil® combinations resulted in
a signicant reduction in the total quantity of non-target
features, as well as a reduction in feature peak area for
features observed in extracts of all Florisil® combinations
(Fig. S4‡). Further, higher masses of Florisil® increased the rate
of false negatives (14% for 1 g vs. 20% for 10 g). Similarly, lower
masses of silica gel and basic alumina (i.e., less feature reten-
tion capacity) signicantly improved extraction of non-target
features (Table S1,‡ #15 and 16). The inclusion of diatoma-
ceous earth did not signicantly impact the number of observed
non-target features (<7% difference) or rate of false negatives
(2% difference; Table S1,‡ #12 and 13), and enabled homoge-
nization of tissue samples. The nal adsorbent combination,
listed top to bottom, was 7.5 g basic alumina, 5 g silica gel, and
1 g Florisil®, with 1 g diatomaceous earth as a mixing agent. To
ensure sample clean-up, no further reductions in the adsorbent
to sample mass ratio were tested. Extraction cell volume (33 or
66 mL) was also evaluated. Larger extraction cells required more
solvent without signicantly improving detection (3606
features, 33 mL vs. 3635 features, 66 mL). Therefore, 33 mL
extraction cells were selected. When comparing solvents,
methanol extraction yielded many more feature (3606 vs. 2251)
and identical target (92) detections (11% false negatives) rela-
tive to acetonitrile, so methanol was selected.

Finally, we evaluated QuEChERS extraction, which is rapid,
inexpensive, and has been widely applied for multi-residue
analysis in sh tissues via mass spectrometry.9,38,39 The ASE
in-cell extraction and cleanup method was compared against
QuEChERS (Agilent, Santa Clara, CA, USA; 2 mL, 50 mg Primary
Secondary Amine (PSA), 50 mg C18, 150 mg MgSO4 for fatty
samples) for both liver and embryo samples. Regardless of
Fig. 4 Comparison of extraction of observed features within different
peak area ranges using accelerated solvent extraction (ASE) and
QuEChERs extraction techniques for both coho salmon liver and
embryo samples.

This journal is © The Royal Society of Chemistry 2017
ionization modes and tissue type, �30% more features were
detected by ASE extraction relative to QuEChERS extraction
(Fig. 4). Therefore, we chose the ASE in-cell extraction and
cleanup methods for suspect and non-target HRMS analysis of
biological tissues.

Suspect and non-target screening workow

HRMS ESI+/ESI� data were analyzed to identify contaminants in
highway runoff and coho tissues (Fig. 1). For analysis of large,
complex datasets, deconvolution is critical to prioritize candi-
dates for subsequent MS/MS characterization, within the
constraints of database capacity and logistics.40 Unlike liver and
gill samples, limited sample mass was available for brain and
heart, so some extractions used <1 g. To minimize any uncer-
tainty associated with reduced sample mass, brain and heart
samples were not included in the data deconvolution. Mass-
Hunter Pronder was used to isolate, extract and align features
(criteria described earlier), then MPP was used to align
compounds by retention time and mass across the different
samples, preventing the identication of unaligned ions as
different features.35 We rst prioritized candidates by
comparing occurrence across sample groups (Venn diagrams,
Fig. 1). Unique occurrences in runoff relative to controls (1024),
exposed tissues relative to control tissues (1014 liver; 548 gill),
and co-occurrences in the runoff and exposed sh tissues (472
liver; 492 gill) were of particular interest. Such comparisons
created a more focused and shorter list of candidates for iden-
tication efforts, using the suspect screening approach outlined
above.

Notably, for many possible isobaric compounds, the absence
of commercial reference standards precluded condent (S1)
identication. In some cases, retention time prediction based
upon hydrophobicity (via log Kow prediction, data from
www.chemspider.com) helped to exclude interfering
compounds and conrm identications.40,41 With consistent
chromatography, we correlated retention time and log Kow for
pesticides, pharmaceuticals, neurochemicals, steroids, bio-
toxins, and other contaminant standards (n ¼ 260; Fig. 2). For
example, ethoprophos (mass 242.0564; RT 9.75 min; predicted
RT 9.45 min; log Kow 3.59) and 7-(b-chloroethyl) theophylline
(mass 242.0570; predicted RT 3.08 min; log Kow 0.47) are
isobaric within our analytical uncertainty, and yet ethoprophos
detection could be conrmed using the retention time predic-
tion. Such linear regression models can help resolve some false
positives, although ionizable compounds and other structural
features sometimes limit the accuracy of retention time
predictions.22,41 While this approach helped to aid identication
of some isobaric compounds, certain compounds with similar
log Kow values (within log Kow of 2) cannot be conclusively
resolved. Differentiation and identication of interfering and
isobaric compounds, especially those without standards,
remains a primary challenge for HRMS analysis.

Contaminant occurrence in stormwater and exposed sh

Highway runoff is a major pollution source in high traffic areas.
Contaminants originate from vehicles (such as engine oils, gas,
Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196 | 1191
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brake uid, maintenance, and anti-corrosion compounds) and
combustion emissions, with secondary sources related to
roadways and their maintenance. While certain contaminant
classes (e.g., metals, PAHs, and PAH transformation products)
that can induce adverse effects in sh,42,43 are well described in
stormwater12,14 and roadway runoff,4 numerous additional
pollutants of concern for aquatic organisms have been detected
in stormwater runoff using LC-based analyses, such as benzo-
triazoles,44,45 benzothiazoles,9,46 and pesticides.7,47 For example,
benzothiazoles are used as vulcanization accelerants in tire
production and are toxic to sh,48 including cytotoxicity to sh
gills.49 Nevertheless, many contaminants in these complex
stormwater mixtures remain uncharacterized despite observa-
tions of stormwater-derived toxicity.1

In the current study, we analyzed highway runoff samples
collected aer dry summer periods. These typically have higher
levels of accumulated contaminants and represent the worst-
case scenario for contaminant concentration and subsequent
toxicity to exposed organisms.50–52 Stormwater derived contam-
inants were detected in water samples and in the tissues of
runoff-exposed coho salmon (Table 1). Notably, exposure
periods were short, only 1–3 hours prior to coho mortality, so
tissue analysis really represents initial, rapid contaminant
uptake processes in these sh. In both sample types, we oen
collected MS/MS spectra for many high priority features, but
lacked reference standards and MS/MS library spectra to
preclude conclusive identication of such features (S3). The
need for continued development of standardized, searchable
libraries of MS/MS data, particularly for contaminants expected
in systems such as urban stormwater, is acute. An additional 17
features were identied (seven S1; 10 S2) via reference standard
or database comparison, including both natural compounds
and anthropogenic contaminants. For example, ethoprophos,
an organophosphate insecticide, was detected in the highway
runoff (S1, conrmed by standard), but not sh tissue (Fig. S5‡).
DEET (N,N-diethyl-meta-toluamide), a common active ingre-
dient in insect repellents widely reported as an environmental
contaminant,53 caffeine, and cotinine were also detected in
highway runoff (but not sh tissues) through suspect screening
and conrmed with reference standards. Such detections align
well with previous observations of near ubiquitous occurrence
of diverse emerging organic contaminants (particularly phar-
maceuticals and pesticides) in urban stormwater and surface
waters.54–56

Suspect screening techniques may be especially valuable for
helping to focus analytical efforts on specic mechanisms of
toxicity and high priority contaminant classes. For example,
acetanilide, used for dye production and rubber vulcanization,
was detected by a suspect screening approach using the Agilent
Metlin database. Once prioritized as a compound of interest
due to its metabolic toxicity prole, it was identied (S1) both in
runoff and in liver and gill of runoff-exposed coho (Fig. 5 and
S6‡), with mass errors <5 ppm. Acetanilide was not observed in
the control exposure, control sh tissues, or lab controls. Via
comparison with a calibration curve (5 mg L�1 to 1 mg L�1), we
estimate �20 ng g�1 and �6 ng L�1 of acetanilide in the liver
tissues and acetanilide in the runoff, respectively, neglecting
This journal is © The Royal Society of Chemistry 2017
possible matrix effects. We also observed acetanilide in the gill,
but the estimated concentration was out of the calibration
range and was not reported. A bioaccumulation factor for
acetanilide in the liver was calculated as �3000 L kg�1, indi-
cating its potential for bioaccumulation in aquatic organisms.
To the best of our knowledge, acetanilide has not been previ-
ously reported in urban waters or exposed sh, with the
exception of one report of acetanilide in industrial wastewater
from a specialty chemicals manufacturer.57 Though we
currently have little insight into its toxicological implications,
acetanilide or its metabolic products are linked to methemo-
globinemia58 and cancer59 in humans, and can impact aquatic
species.60 We also detected 4 (or 5)-methyl-1H-benzotriazole
(S1), a commonly used corrosion inhibitor that has demon-
strated aquatic toxicity at elevated concentrations61,62 and has
been previously linked to roadway sources,63 in highway runoff.
Such detections, though limited in number, pose hypotheses
for subsequent toxicological investigation, and also may aid
source identication efforts if they are strongly correlated with
toxicants. They also highlight the value of integrating specic
contaminant attributes such as sources (e.g., rubber vulcaniza-
tion accelerants and other roadway-related compounds) or
toxicological modes of action (e.g., metabolic poisons) into
comprehensive screening databases,34 particularly in cases
when biological studies provide available evidence of modes of
action. Such capabilities can help to better link chemical and
biological analysis of water quality and improve screening
capabilities for impacted receiving waters as potential
contaminant detections quickly translate to source and hazard
outcomes.
Implications

HRMS typically detects dozens to thousands of compounds with
a broad range of physicochemical properties in a single sample.
This screening capability is the most valuable characteristic of
this analytical technique, but laborious and slow data analysis
currently precludes high throughput. In this study, we devel-
oped analytical methods and a data reduction workow to
screen for contaminants in paired highway runoff and runoff-
exposed sh. In particular, we focused on the use of contami-
nant uptake and bioavailability processes to guide our workow
development and data prioritization, and to provide biological
relevance to our identication of novel contaminants in
highway runoff and runoff-exposed sh tissues. Generally, our
detection of a range of contaminants (with differing structures,
polarities, and sources) provides evidence that the extraction
and analytical methods reported here are appropriate for broad-
spectrum screening of water quality, although further work is
needed to conrm a larger number of identications in these
samples and understand their full implications for ecosystem
health.

Suspect analysis techniques that utilize in-house and
commercial databases proved to be especially valuable because
they can focus analytical efforts on potentially high risk detec-
tions and specic modes of action.64 To integrate site-specic
ecotoxicological data into contaminant screening, we
Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196 | 1193
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Fig. 5 Comparison of MS/MS fragmentation ions of acetanilide (CID 10 eV) in the (A) reference standard of 1 mg L�1, (B) liver, (C) gill, (D) highway
runoff, and (E) Agilent Metlin MS/MS library.
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recommend a continued focus on carefully integrating HRMS
analysis with bioanalytical results (e.g. bioassays, toxicological
modes of action) as an aspect of toxicant identication efforts,
especially for screening potential toxicological hazards of
complex chemical mixtures. The acetanilide detection presents
an example of how a focus on a specic mode of action could
both prioritize HRMS detection efforts and guide development
of toxicology-related hypotheses that are testable with bioas-
says. Particularly for suspect and non-target screening efforts
focused around a specic biological or toxicological question,
1194 | Environ. Sci.: Processes Impacts, 2017, 19, 1185–1196
database development should focus on organizing and indexing
potential environmental contaminants across common biolog-
ical modes of action or adverse toxicological potentials into
comprehensive (and broadly available) screening databases to
better exploit HRMS screening capabilities for complex
mixtures. The need for additional MS/MS data that represent
a more diverse suite of environmental contaminants to aid
identications is particularly acute.

As we improve our understanding of urban stormwater
composition, quantifying the sources and loads of
This journal is © The Royal Society of Chemistry 2017
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contaminants is critical to guiding stormwater quality
management actions and protecting aquatic ecosystems.50 Our
non-target data clearly indicate the presence of many unchar-
acterized compounds in highway runoff, an important source of
contaminants to urban waters. More importantly, many non-
target features are detected in exposed sh tissues even aer
short exposure periods, indicating bioavailability and therefore
a potential for adverse effects. One important limitation of the
approach reported here is that many bioavailable and toxico-
logically relevant non-target features are detected in highway
runoff, but are not necessarily observed in sh due to in vivo
biotransformations. Accounting for such features is chal-
lenging, as many information gaps on the chemical and eco-
toxicological properties of emerging contaminants and their
transformation products still exist.65 For instance, PAH metab-
olites formed in the aquatic environment or in vivo biotrans-
formation oen exhibit a wide range of polarities and can cause
adverse toxicological outcomes, yet these same compounds can
lack authentic reference standards.43 Such metabolites are
excellent candidates for HRMS workows that combine detec-
tion, fractionation, and toxicity testing for condent identi-
cation.43,66 Additionally, consensus QA/QC protocols and
workows for non-target and suspect screening of contami-
nants in the environmental samples would be valuable. We
propose the use of laboratory controls (including biological
controls) to better prioritize non-target features for identica-
tion, as well as the inclusion of representative background ions
and representative reference standards with a broad spectrum
of physicochemical properties to better track HRMS method
performance.

In conclusion, we developed HRMS methods to aid the
chemical and biological characterization of urban stormwaters.
These efforts integrate simple extraction procedures, non-target
HRMS analysis, and a rst-pass assessment of feature
bioavailability and toxicological relevance in screening of
complex, environmental mixtures. Our results demonstrate
detection of several thousand distinct chemical features in
runoff from a high-traffic arterial, the vast majority of which
remain unidentied and uncharacterized in terms of aquatic
toxicity. Our screening efforts detected many HRMS features in
stormwater, including a signicant number that also occur in
the gill, liver, and other tissues of stormwater-exposed sh,
indicating their bioavailability and uptake. The combination of
high-end HRMS analytical chemistry and aquatic toxicology is
a promising tool in identifying potential pollutants in complex
environmental mixtures and guiding future source identica-
tion and control efforts.
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21 I. González-Mariño, J. B. Quintana, I. Rodŕıguez,
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