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Abstract: Road runoff (RR) is an important vector of micropollutants towards groundwater and
soils, threatening the environment and ecosystems. Through combined chemical and biological
approaches, the purpose of this study was to get insights on specific toxicants present in RR from two
sites differing by their traffic intensity and their toxicological risk assessment. Non-target screening
was performed by HRMS on RR dissolved phase. Ecotoxicological risk was evaluated in a zebrafish
embryos model and on rat liver mitochondrial respiratory chain. Specific HRMS fingerprints were
obtained for each site, reflecting their respective traffic intensities. Several micropollutants, including
1,3-diphenylguanidine (DPG) and benzotriazole (BZT) were identified in greater concentrations at the
high-traffic site. The origin of DPG was confirmed by analyzing HRMS fingerprints from shredded
tires. RR samples from each site, DPG and BZT were of relatively low toxicity (no mortality) to
zebrafish embryos, but all generated distinct and marked stress responses in the light–dark transition
test, while DPG/BZT mixes abolished this effect. The moderate-traffic RR and DPG inhibited
mitochondrial complex I. Our study highlights (i) the unpredictability of pollutants cocktail effect and
(ii) the importance of a multi-approaches strategy to characterize environmental matrices, essential
for their management at the source and optimization of depollution devices.

Keywords: road runoff; micropollutants; HRMS; non-target screening; ecotoxicity; stress; light–dark
transition; mitochondria; zebrafish

1. Introduction

Growing urbanization, increasing demographic pressure, and soil sealing generate
important environmental pollution problems. Urban pollution originates from many
sources, both endogenous and atmospheric to a lesser extent [1–6]. Part of this pollution
is deposited on urban surfaces like roads and parking lots, which become major vectors
of micropollutants towards groundwater and soils after rain events. Road runoff (RR) is
constituted of a complex matrix of over 600 different micropollutants mainly originating
from traffic, whose release can contribute to environmental degradation and cause a threat
to aquatic organisms [7]. These pollutants include particles such as tire residues and dust,
and molecules such as petrochemicals, metals, but also polycyclic aromatic hydrocarbons
(PAHs), herbicides, phthalates, or alkylphenols [1,3,8,9].

Target analysis is one of the major tools to characterize wastewater and RR, allowing
the detection and quantification of contaminants in the ng/L range [1,9–11]. Nevertheless,
studies relying on target analysis do not detect nor evaluate pollutants on which no infor-
mation exist, such as emerging contaminants, transformation products, and metabolites,
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or which have not been searched specifically [12]. Thus, non-target screening (NTS) is
increasingly used to complete the characterization of micropollutant contamination of sam-
ples without focusing on one or more families of molecules, but by examining the sample
content as a whole, unraveling several hundreds to thousands of unknown molecules [13].
Few studies of this type have been carried out so far on RR samples [14,15] and even less
coupling HRMS and toxicological analysis [16].

However, the only information on the presence of contaminants does not provide an
assessment of the impact or the toxic potential of RR. Indeed, these micropollutants can
not only have acute lethal effects on a wide range of species, but also negatively impact
locomotor activities, feeding and reproduction individuals, populations, and ecosystems, at
sub-lethal concentrations [17]. Thus, RR dissolved phase toxicity assessment is important
not only for aquatic organisms as it is the main route of exposure, but also because of the
possible infiltration in groundwater and potential impact on soil biodiversity. Further-
more, studies have shown that dissolved organic carbon (DOC), as well as other water
parameters (alkalinity, hardness), can also modulate toxicity [18]. Therefore, it is necessary
to evaluate the toxic potential by using appropriate integrative tests, sensitive enough to
be responsive to environmental concentrations of individual substances close to- or even
below the Environmental Quality Standard (EQS) or the detection limits, to provide an
insight on the global toxic potential [19]. However, due to RR’s extreme chemical com-
plexity and cocktail(s) effects, establishing relationships between toxicants and biological
effects, to date poorly understood, constitutes a major challenge for analytical chemists and
ecotoxicologists [20–23].

Over the last two decades, zebrafish has become an increasingly popular vertebrate
model for developmental studies, in vivo drug screening and environmental toxicity assess-
ment [24,25]. Indeed, the zebrafish embryo is transparent small, and eggs can be obtained
in great numbers, thanks to high fecundity. The zebrafish genome, with over 70% homology
to human genes [26], is a relevant model for many human diseases and physiological pro-
cesses [27–30]. Furthermore, its development is achieved within a few days, which makes
this model more convenient and cost-effective than mammals to address systemic toxicity,
teratological effects, and behavior [31–34]. Fish embryos are highly relevant to aquatic
toxicity testing and have been long used in studies assessing single chemicals on which reg-
ulation programs such as the legislation REACH (Registration, Evaluation, Authorization,
and Restriction of Chemicals) are based. Mixes of pollutants are now increasingly studied,
in particular in urban runoff. Recently, coho salmon embryos and zebrafish larvae exposure
to runoff pollutants was shown to generate long-lasting sublethal effects such as an alter-
ation of the lateral line [35] or cardiotoxicity [36], related to the presence of PAHs. Another
study showed that highway samples significantly increased mortality and the number of
zebrafish embryos exhibiting anomalies, presumably by a synergistic effect between metals
and PAHs [37]. Other works based on reconstituted mixtures—therefore less complex
than those from the environment—proved to be an interesting approach for mechanistic
studies but are less than satisfactory to interpret all the interactions between the different
compounds [38–40]. Besides studies of functional and structural defects, behavioral ap-
proaches are environmentally relevant approaches to study the impacts of the pollutants on
organisms, as behavior reflects many physiological processes, including neurodevelopment,
metabolism, sensory organs, morphology, or molecular pathways alteration [33], and better
indicates impacts on survival than measures of mortality. Indeed, several studies reported
behavioral toxicity at concentrations 10 to 100 times lower than lethal concentrations [17].
A sensitive and reproducible behavior-based assay is the light–dark response test, as it
measures stress through locomotor activity, which has been shown to provoke effects from
exposures to compounds with or without known neuroactive properties [41,42].

In this study realized in the framework of the ROULÉPUR research program, we ap-
plied an original approach combining targeted/non-targeted screening and ecotoxicology
to characterize RR micropollutants in the dissolved phase and their toxicological impact on
the aquatic environment. NTS was performed using high-resolution mass spectrometry
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(HRMS), and ecotoxicological assessment was done in a zebrafish larva model. Two sam-
pling sites in the Paris metropolitan area were selected based on their difference in traffic
intensity, one heavily trafficked suburban road [43,44], and the other with light to moderate
urban traffic.

2. Materials and Methods
2.1. Study Sites and Sampling

Runoff was collected from two urban roads with contrasted traffic levels and traffic
conditions and located in the Paris region: a 2 × 2 lanes departmental road in a suburban
area (Compans, C site) with high and smooth traffic (90 km/h speed, 2 × 11,000 vehi-
cles/day and a large proportion of heavy goods vehicles), and a 2 × 1 lane street in a
Town center (Rosny-sous-Bois, R site) with low and variable traffic (50 km/h speed, <3000
vehicles/day). The C site is located near an industrial zone including several SEVESO
classified establishments and the Charles de Gaulle Airport.

In the framework of the ROULÉPUR project, samples were collected at these sites
(along with two other sites) for an extended screening of traffic area runoff micropollutants.
Runoff was collected from a storm drain (R site) or from a gully (C site). Details about the
sampling methodology as well as extended results of target screening of micropollutants
are provided in [9], published in the same special issue. In this work, only a fraction of
samples from both sites were analyzed with HRMS or (eco)toxicological approaches, due
to limited available volumes at the time of the experiments. Five samples collected at the C
site in 2016 and 2017 (2016-05-30; 2016-06-14; 2017-01-09; 2017-03-01; 2017-04-30) and one at
the R site (2018-03-29) were available for HRMS experiments. Three samples from the C
site (2017-04-30; 2017-06-27; 2017-06-28) and one from the R site (2017-09-14) were available
for (eco)toxicological analysis.

Additional experiments were conducted to obtain HRMS fingerprints of shredded
tires and the related organic compounds that could potentially be released in water. Three
types of shredded tires were selected for leaching tests and HRMS analyses (see Section 2.3)
to compare the resulting chromatographic fingerprints with those from the study sites and
to identify possible common peaks.

2.2. Global Parameters, 3D Fluorescence, and Targeted Screening

RR samples were analyzed for global parameters, including pH, electrical conductivity,
total suspended solids (TSS), dissolved organic carbon (DOC) as previously described [43].

Dissolved organic matter (DOM) was characterized by 3D fluorescence. EEMs (fluo-
rescence excitation/emission matrix) were obtained using a spectrofluorometer (FP-8300,
150-W Xenon lamp, Jasco) with the scanning range from excitation wavelength 240 nm
to 450 nm at an interval of 5 nm and emission wavelength from 250 nm to 600 nm at an
interval of 2 nm. If the UV254 was higher than 0.050 cm−1, the samples were diluted
with ultrapure water to avoid inner filter effects due to adsorbing species present in the
wastewater [45]. EEMs of ultrapure water were subtracted from the sample EEMs and
normalized by the Raman peak of ultrapure water at an excitation wavelength of 350 nm to
obtain fluorescence data in Raman units (R.U.), and fluorescence intensities were corrected
with dilution factors when needed [46]. Fluorescence peaks (α, α’, and β peaks related to
humic-like components, γ and δ peaks related to protein-like components) were obtained
at specific pairs of Ex/Em (excitation/emission) wavelengths from measured EEMs [47].
DOM quality was further evaluated by determining fluorescence ratios between peaks
(α’/α, β/α, γ/α, δ/α) and two fluorescence indices—the humification index (HIX) [48]
and the biological index (BIX) characteristic of recent autochthonous biological activity in
water samples [49].

Targeted screening involved the analysis of 128 pollutants, including 41 inorganic and
87 organic pollutants or groups of substances, and is fully described in [9].
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2.3. Non-Target Screening with HRMS

All runoff samples were processed and extracted within 48 h after collection. Samples
were filtered on 0.7 µm glass fiber filters (GF/F, Whatman) and acidified to pH 2 with
H2SO4. Prior to extraction, a mix of internal standards (bisphenol A-d6, propylparaben-
d4, 4-n-octylphenol-d17 and 4-octylphenol-diethoxylate) was spiked in the samples at
200 ng/L. Extraction was carried out on Oasis HLB cartridges (Waters, Milford, MA, USA),
conditioned successively with 5 mL dichloromethane, 10 mL ethyl acetate, 10 mL methanol,
and 10 mL Milli-Q water acidified. 1 L of sample at pH 2 was loaded onto the cartridge,
followed by 30 min drying with a gentle stream of N2. Elution was done with 3 mL
dichloromethane, 5 mL ethyl acetate, and 5 mL methanol, and the extracts were stored
at −18 ◦C prior to analysis. All extracts were analyzed in a single analytical sequence.
Before analysis, extracts were concentrated with a stream of N2 and reconstituted with
1 mL methanol/Milli-Q water (20/80 v/v) and filtered through a 0.2 µm PTFE filter.

The three selected types of shredded tires were extracted following two different
protocols adapted from [50], a direct solvent extraction and a leaching followed by solid-
phase extraction. In the first protocol, approximately 500 mg of tire particles were weighed
and introduced into amber vials. 10 mL of methanol was added with 2 g of NaCl to
facilitate extraction, and the mixture was shaken vigorously for 15 min. The supernatant
was collected, filtered through a 0.2 µm PTFE syringe filter and evaporated to dryness under
nitrogen flow. After recovery in 1 mL of ultrapure water/methanol mixture (80/20 v/v), the
same mix of internal standards as the one used for runoff samples was added to the extract.
In the leaching protocol, approximately 2.5 g of particulate matter was weighed and placed
in amber vials. 500 mL of Volvic water diluted 21 times to simulate the mineralization of
rainwater [51] were added and the mixture was agitated for 24 h. The sample was then
filtered (GF/F, Whatman), acidified (pH 2 with sulfuric acid) and extracted following the
same protocol than for runoff samples.

The extracts were analyzed with an ion-mobility time of flight mass spectrometry
(IMS-QToF—Vion, Waters), equipped with an electrospray ionization source operating
in positive (ESI+) and negative (ESI−) modes. Separation was performed with ultra-
performance liquid chromatography (UPLC) using an Acquity BEH C18 column (1.7 µm,
2.1 mm × 100 mm, Waters, Milford, MA, USA) with its corresponding pre-column; 10 µL
of each sample were injected at a rate of 0.45 mL/min with a mobile phase constituted of
(A) Milli-Q water + 0.1% formic acid and (B) acetonitrile + 0.1% formic acid. The gradient
was 1 min isocratic with 98% A, a 25 min linear decrease to 2% A, 5 min isocratic with 2%
A, and a 4 min equilibration time with 98% A. ToF-MS analysis were carried out in data
independent acquisition between 100 and 1000 Da. Samples were injected in randomized
triplicates to minimize the intra-sequence variability caused by the instrument. Injection
of blank samples (mobile phase) along with a pool sample (a mix of an equal volume of
each sample injected during the sequence) every ten samples’ injection was also used to
evaluate the analytical drift. The good clustering of blank samples, pool injections as well
as triplicate injections was verified by principal component analysis. More details about the
quality check procedures are available elsewhere [52]. Data were acquired and pre-treated
with UNIFI software (version 1.9.4.053, Waters) [53]. All detected features (i.e., triplets
of m/z ratio, retention time and ion mobility drift time or collision cross-section (CCS)
values) were aligned across the samples and exported as a csv file for further processing
(i.e., visualization of HRMS fingerprints and statistical analyses) in the R software (version
4.1.2) [54]. Principal component analysis was performed on a total of 156,467 exported
features with the Morpho [55] and factoextra [56] packages, and HRMS fingerprints were
visualized using the plotly package [57].

Suspect screening was performed on the same data set, using a homemade library
created in UNIFI software. Each suspect entry in the library contained the name of the
molecule, its exact mass, its raw formula, and its structure, allowing in silico fragmentation.
Suspects were targeted by their exact mass with a tolerance of 5 ppm and the detected
fragments were compared to the predicted ones using a tolerance window of 2 mDa. When
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a suspect was matched with sufficient evidence, its corresponding analytical standard was
purchased for identity confirmation. Each acquired standard was prepared at three levels
of concentration (500 µg/L, 50 µg/L, and 1 µg/L) and each level was injected five times
using the defined analytical method. After the acquisition, the properties of the considered
molecule (retention time, drift time, CCS, and fragments) were averaged between the
injections and added to the library, along with information on the preferred ionization
mode and detected adducts. This information is then used to confirm the suspect identity,
using the previously described tolerance in mass, a tolerance of 0.2 min for retention time
and a tolerance of 2% in CCS. Semi-quantitative comparisons were performed to compare
the signals of some detected compounds between the samples. Normalized signals were
obtained by dividing the intensity of a given compound by the intensity of an internal
standard (propylparaben-d4) in the same sample and multiplying it by the intensity of the
internal standard in the nearest pool sample.

2.4. Biological Approaches
2.4.1. Animals

Adult zebrafish (Danio rerio) were maintained and bred according to the National and
European Guidelines for Animal Welfare at the University of Paris-Est Créteil. Tanks were
maintained with a 14:10 h light:dark cycle with controlled conditions with a temperature
between 26 and 28 ◦C, pH between 7.0 and 7.5, without chlorine. Males and females were
kept in separate tanks until matching. We used the wild-type Tuebingen/AB fish line
(ZFIN id: ZDB-GENO-010924-10) for all the experiments. Exposures were planned in
accordance with the ethical rules in animal experimentation following the European Union
(EU) Directive 2010/63/EU recommendations [58,59].

2.4.2. General Fish Breeding

For eggs collection, adult zebrafish were placed in a breeding tank with a female–male
ratio of 2:1. Eggs were produced shortly after the lights were turned on and were collected
promptly in a petri dish. The eggs were washed three times and maintained in standard E3
medium (146 mg/L NaCl; 6.3 mg/L KCl; 24.3 mg/L CaCl2; 40.7 mg/L MgSO4) at 26 ◦C.
After 24 h, viable eggs were distributed in 96-well plates (1 egg per well) in E3 medium
until exposure to RR samples or molecules.

2.4.3. Embryos Exposure

All experiments were carried out between the first day post-fertilization (dpf) and
139.5 h post-fertilization (hpf) (6 dpf: stage at which the larva is able to feed independently),
as this is the limit for non-protected/non-regulated stages at 26 ◦C in the sense of EU
Directive 2010/63/EU [59,60]. Chronic and acute exposures were carried out in parallel
on the larvae of the same spawning. For chronic exposure, E3 medium was replaced by
the 0.2 µm-filtered exposure solution, from 24 hpf until 6 dpf. The developmental staging
was made according to [61]. For acute exposure, the E3 medium was replaced by 0.2 µm-
filtered exposure solution for 24 h when zebrafish larvae reached 5 dpf. For each condition,
12 larvae were tested, and 3 replicates were made using different laying to limit genetic
bias for a total of 36 larvae per solution for both chronic and acute exposure.

2.4.4. Teratology Screening and Behavioral Testing

Zebrafish larvae were screened for gross developmental abnormalities using a binocu-
lar magnifier. Different parameters were considered, such as the curvature of the body axis,
cardiac defects, the presence of pericardial, yolk sac region edemas, structural malformation
of the swimbladder, and mortality. Light–dark stress was then assessed at 5 and 6 dpf.
The plates were placed into a Zebrabox (ViewPoint, Lyon, France) fitted with a camera
that recorded larvae activity. The light–dark transition stress test was conducted following
protocol by [41]. Briefly, the test begins with a 50 min acclimatization period for the larvae,
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followed by three successive periods of 10 min of light and 5 min of darkness. The distance
moved is quantified with the ZebraLab software (version 3.22.3.73).

2.4.5. RR Samples and Chemicals Preparation

RR samples from the two sites were stored at −20 ◦C in glass bottles until use. After
thawing, they were filtered on a 0.2 µm diameter cellulose acetate syringe filter (Macherey
Nagel, Hoerdt, France). Concentrated E3 medium was added to the exposure solutions
in order to provide the necessary conditions for the development of the larvae in the area.
1,3-diphenylguanidine (DPG) and benzotriazole (BZT) were purchased from Sigma-Aldrich
and prepared in E3 medium at the indicated concentrations.

2.4.6. Assay of Mitochondrial NADH-Ubiquinone Reductase (Complex I) Activity

Isolation of rat liver mitochondria was performed as previously described [62]. Briefly,
the liver was homogenized (6 mL/g of tissue) in ice-cold isolation buffer (Tris-HCl 20 mM,
sucrose 250 mM, KCl 40 mM, EGTA 2 mM, and bovine serum albumin 1 mg/mL, pH 7.2
at 4 ◦C) using a Potter–Elvejhem homogenizer. Mitochondria isolation was immediately
performed at 4 ◦C by differential centrifugation. The homogenate was centrifuged at
2000 g for 8 min to remove cell debris and nuclei. Mitochondria were recovered from the
supernatant by centrifugation at 12,000× g for 11 min. Mitochondria were washed and
resuspended in a respiration buffer containing KH2PO4 10 mM, KCl 10 mM, MgCl2 5 mM,
pH 7.2 at 37 ◦C. The protein concentration of the mitochondrial suspension was determined
by BCA assay.

The enzyme activity of complex I is measured indirectly through the activity of com-
plex III which reduces cytochrome C. Cytochrome C absorbance at 550 nm was quantified by
a Jasco-730® double-beam spectrometer, at 37 ◦C. In both test-cell and reference cell, 200 µg
of mitochondria, KCN 1mM, cytochrome C 10 mM, respiration buffer or test molecule at
the given concentration were added to a quartz cell. Rotenone 2 µM, a specific inhibitor of
complex I, was added to the reference cell. After 2 min, the reaction was started by injecting
NADH 6.3 mM.

3. Results
3.1. Overview of the Two Sites: Global Characterization

The two study sites were chosen because of their contrasted situation in terms of
traffic: a road with high traffic (C site) and an area with moderate traffic (R site). Detailed
analyses of both sites at all sampling dates are provided in [9] (this issue) and summarized
in Table 1 for samples selected in this work. Briefly, the C site is characterized by higher
TSS concentrations, correlating with its high traffic, while these concentrations vary widely
in the R site, with the highest concentrations possibly related to a building site nearby.
Conductivity also showed some variability, mainly attributed to deicing salt applied at the
C site (2017-01-09 and 2017-03-01), and illegal dumps of construction materials at the R
site (2018-03-29). DOC concentrations, as well as pH ranges, were comparable between the
two sites. The samples intended for HRMS and (eco)toxicity experiments were globally
representative of their respective sites of origin (i.e., as compared to ranges of parameters
measured over all sampling campaigns).

Further characterization of the samples by 3D fluorescence spectroscopy revealed a
significant difference between the two sites in terms of quantity of the fluorescent organic
matter. Apart from fluorophore γ, the fluorophores α, α’, β, and δ showed significantly
higher intensities at the C site (Figure S1). Even when normalizing the results by the
dissolved organic carbon (DOC) values of the samples, fluorescence intensities were still
significantly higher for most fluorophores (α, α’, β, and δ), which indicates that the samples
from the C site contained a more important amount of fluorescing organic compounds
than the ones from the R site. Fluorescence ratios between fluorophores (α’/α, β/α, γ/α,
δ/α) as well as humification (HIX) and biological (BIX) indexes were calculated to get more
qualitative information about DOM. The variability of these indexes was generally higher at
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the C site, especially because three samples exhibited greater values for most fluorescence
ratios and indexes. Those three samples were, however, not part of the samples used
for HRMS and ecotoxicity assessment, which did not show significantly different results
between the two sites. HIX values were small, indicating a low humification of the dissolved
organic matter (DOM). Fluorescence excitation–emission matrices (EEMs) indicated that
the two sites differ more by the molecules amounts present in the samples rather than the
nature of these molecules. The samples selected for ecotoxicity assessment and HRMS
analysis were also in the typical range of samples in terms of fluorescence intensity.

Table 1. Physico-chemical characteristics of runoff samples: median, (C10–C90) concentrations for
all samples collected during the campaigns [9], with a focus on those characterized by HRMS and
ecotoxicity (corresponding dates are indicated). TSS = total suspended solids; Cond. = conductivity;
DOC = dissolved organic carbon; C = Compans site; R = Rosny site.

Site Sampling Date TSS (mg/L) pH Cond. (µS/cm) DOC (mg C/L)

C

all samples 249.0 8.0 200.3 5.9
(99.8–597.4) (7.6–8.4) (93.2–1852.6) (3.6–11.5)

2016-05-30 71.7 8.0 87.9 1.7
2016-06-14 172.2 8.0 156.7 6.2
2017-01-09 582.3 8.4 1949.5 5.7
2017-03-01 932.8 8.4 530.5 5.6
2017-04-30 231.9 7.8 304 10.7
2017-06-27 733.6 7.8 93.8 8.5
2017-06-28 532.5 8.1 265.2 14.2

R
all samples 44.4 7.9 152.8 8.5

(17.3–442.8) (7.6–9.4) (113.9–450.4) (4.7–16.8)

2017-09-14 51 7.9 122.9 8.5
2018-03-29 738 9.0 465.0 13.7

Targeted screening was performed on several families of micropollutants: metals, ph-
thalates, alkylphenol ethoxylates and carboxylates, bisphenol A (BPA), polycyclic aromatic
hydrocarbons (PAHs) (Table 2). Concentrations measured in the samples of the present
study were within the typical concentration ranges obtained at the two sites [9]. As a whole,
contamination profiles appeared quite similar between the two sites, which was unexpected
given their respective traffic intensities. In specific cases (e.g., 4-nonylphenol, BPA), some
median concentrations were even higher at the R site, but overall ranges were comparable.

3.2. (Eco)Toxicity Assessment of RR Samples on Zebrafish Larvae Development and Behaviour
3.2.1. Toxicity of RR Samples

No significant gross abnormalities were observed during the 6 day-exposure of the
larvae to the RR samples (chronic exposure) or during the exposure performed from 5 to
6 dpf (acute exposure) compared to controls. The only defects observed in both cases was
a lack of control of buoyancy, resulting from a deflated swimbladder, or abnormal spine
curvature but they did not reach statistical significance. Furthermore, the two RR samples
did not produce any mortality. Thus, these tests did not appear sensitive enough to detect
any toxicity in this time lapse.

3.2.2. Light–Dark Stress Test

Behavioral studies may give some clues about pollutants’ impacts on organisms. The
light–dark transition test is appropriate as it induces stress evaluated by the distance moved
by the larvae, a measurable parameter to assess toxic substances impacts [41,63]. Thus,
locomotor activity following alternating light–dark photostimulation was analyzed for
6 dpf-old zebrafish larvae exposed to RR samples (Figure 1).
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Table 2. Summary of targeted analyses of runoff samples (dissolved phase) from the C and R sites:
median, min and max concentrations (µg/L) measured for all samples collected at these sites ([43],
doi:10.17632/m8kcmthfd2.1) and for samples used in this work. All analyses were not systemat-
ically performed from all samples (due to volume limitations) (NA = calculation not applicable).
DEHP = di(2-ethylhexyl)phthalate; NP = 4-nonylphenol; OP = 4-tert-octylphenol; BPA = bisphenol A;
∑PAHs = sum of 16 polycyclic aromatic hydrocarbons; C = Compans site; R = Rosny site; ND = not
detected (<limit of quantification).

Concentrations (µg/L)—Median (Min–Max)

C R

Substances All Campaigns Samples for
HRMS

Samples for
Ecotoxicity All Campaigns Sample for

HRMS
Sample for
Ecotoxicity

Cu 26 (14–42) 27 (22–38) 30 (23–38) 11.1 (4.6–19.3) 4.6 NA
Zn 32 (16–71) 32 (22–66) 32 (22–43) 18.9 (2.4–53.5) 2.4 NA
Ni 1.1 (06–4.5) 1.3 (0.7–4.5) 1.1 (0.8–1.4) 1.5 (1.1–10.0) 10.0 NA
Pb 0.4 (0.2–0.9) 0.3 (0.2–0.5) 0.3 (0.2–0.4) 0.6 (0.3–1.4) ND NA
Ti 4 (2–76) 2 (2–76) 3 (ND–3) 28 (1–81) 4 NA

DEHP 3.4 (0.9–12.1) 2.5 (1.6–3.6) 3.6 (0.9–4.7) 1.2 (1.0–1.9) 1.9 ND
NP 386 (99–752) 307 (189–752) 386 (99–752) 477 (311–774) 578 376
OP 126 (33–224) 166 (117–194) 114 (72–166) 97 (32–223) 141 52

BPA 280 (66–696) 280 (225–499) 265 (225–609) 535 (306–716) 397 716
∑PAHs 61 (40–212) 132 (60–212) 61 (50–68) 86 (29–115) 86 ND

In these conditions, in normal larvae, the rapid transition from light to dark generates
stress, which results in a burst of swimming activity. When the light is turned back on,
activity drops to the initial level and increases rapidly and sharply again when darkness
returns [41,64]. This pattern was observed in all groups tested and the two conditions
(6 day “chronic” exposure from 1 dpf, or 24 h “acute” exposure from 5 dpf). For larvae
exposed to RR from the C site (Figure 1), no significant differences were seen between
control and RR larvae during light periods in chronical exposure (panels A, B, C), while in
acute exposure, larval activity was increased very significantly in two samples (2017-04-30
and 2017-06-27) or without reaching significance (2017-06-28). In contrast, during dark
periods (panels D, E, F), the larvae exposed to RR samples (panels E, F) moved significantly
less than the control larvae (p < 0.001) in both conditions. Noteworthy, the 2017-04-30
sample (panel D) did not change the larval activity in both types of exposure.

A different profile of responses was observed for larvae exposed to RR from the R
site (Figure 2), with no significant difference in the distance moved between control and
exposed larvae in both conditions during the dark periods (panel B), while in the light
period, the RR-exposed larvae were significantly hypoactive in chronic exposure (p < 0.001),
and hyperactive (p < 0.05) compared to controls in acute exposure (panel A).

Taken together, these results show that despite the relatively apparent low toxicity
regarding mortality and developmental abnormalities endpoints, exposure to the RR
micropollutants from the R and C sites results in distinct stress response patterns affecting
larvae behavior. For all these RR samples, behavioral toxicity is observed in chronic and
acute conditions.

3.2.3. Mitochondrial Respiratory Chain Complex I

Mitochondrial dysfunction can result from environmental pollutants exposure (e.g.,
pesticides, herbicides, biocides, industrial and pharmaceutical compounds) even at low
concentrations, which target the respiratory chain complexes and, in particular, the complex
I (NADH-coenzyme Q oxidoreductase) [65,66]. Our results showed that the mitochondrial
complex I activity is not impacted by a RR sample (2017-06-28) from the C site but is
significantly inhibited by the R site one (41.25%) (Figure 3).
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Figure 1. Activity (% of control) of 6 dpf old zebrafish larvae exposed to RR from C site in chronical
and acute exposure (A–C): light condition; (D–F): dark condition. Control = E3 solution; number of lar-
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(non-parametric Kruskal–Wallis test). Error bars represent the standard error.
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Figure 3. Inhibition of complex I of the mitochondrial respiratory chain induced by RR samples from
the Compans (C) and Rosny (R) sites (2017-06-28 and 2017-09-14, respectively). Difference compared
to control * = p-value < 0.05 (non-parametric Kruskal–Wallis test); NS = not significant.

3.3. Non-Target Screening and Identification of Specific Micropollutants by HRMS

A principal component analysis was first performed using the table of features detected
by HRMS from all samples to visualize the variability between the two sites and the various
sampling times at the C site (Figure 4). For each sample, the three injection replicates were
very close, demonstrating the instrumental stability. As already observed with results
comprising even more samples and sites [9], the two sites were very well discriminated
(along the first principal component PC1 representing 12.4% of the variance). The two sites
indeed exhibited very distinct HRMS fingerprints, with more features and generally higher
intensities in the C samples. Three samples from the C site exhibited similar HRMS profiles
(2016-05-30, 2016-06-14, 2017-01-09) while one sample (2017-03-01) was very different and
a last one (2017-04-30) showed an intermediate profile. These samples showed a high
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temporal variability in terms of detected features and were thus discriminated along with
the second principal component (8% of the variance). Despite the lower number and
intensity of features detected at the R site, it exhibited a very specific HRMS fingerprint
(Figure S2).
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By following a Kendrick mass defect (KMD) approach [67], some homologous series of
compounds were detected at the R site, and at the C site sampled on 2017-03-01 (Figure 5).
At the C site, several features showed a KMD of 0.0248 ± 0.0004 and were all separated
by 44.0263 mass units: features at m/z 287.1458 and 331.1721; features at m/z 349.1827,
393.2090 and 437.2353; and features at m/z 481.26144, 525.2880, 569.3144, 613.3408, 657.3671,
701.3933, and 745.4198. These molecules exhibited a regular increase in their retention
time and ion mobility drift time, confirming them as part of homologous series. The
44.0263 mass difference corresponds to an ethoxylated structure of (–CH2–CH2–O–) (exact
mass of 44.0262), which could originate from polyethylene glycols (PEGs) or linear alkyl
ethoxylates [68,69]. This series of molecules did not show fragment ions at higher collision
energies, which often occurs with [M+Na]+ adducts. Taking sodium into account in the
calculation of molecular formulas, they were identified by UNIFI as PEGs (e.g., m/z
393.2090 was identified as octaethylene glycol) (Table S1). Other series of homologous
compounds were detected in the C site samples with a 44.0263 mass difference, with
KMD values of −0.0228 +/− 0.0006 (proposed formulas C2n+5H4n+15N5On), or with a
58.0418 mass difference. Raw formulas were calculated with good confidence and were
consistent between molecules of each series, but no molecular structures were proposed
or found in online databases (Table S1). Similar homologous series of compounds were
found in the samples from the R site, with a 44.0263 mass difference. A first series was
identified as PEGs monomethyl ethers, while others corresponded to a raw formula of
C2n+4H4n+8N4On and C2n+6H4n+17N5On but were not proposed any molecular structure.

A peak presented a high intensity in the C samples and was observed in all samples
at a retention time of 5.02 min, with an m/z of 212.1178 and a CCS value of 143.5 Å2 (in
ESI+ mode). It was the most intense peak in the 2017-03-01 sample from the C site (Figure 4)
and was tentatively identified as 1,3-diphenylguanidine (C13H13N3—DPG). DPG, as well as
1,3-di-o-tolylguanidine, are used as accelerators in the vulcanization processes of rubber and
were identified and quantified at the ng/L level in surface water and groundwater samples
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across Europe [70]. DPG was also reported at up to 300 µg/l in stormwater in Canada [71].
It was purchased as an analytical standard for unambiguous detection and its presence was
confirmed in the samples. DPG intensities were extracted from all samples. DPG showed a
high variability at the C site and exhibited a much lower intensity at the R site, in accordance
with their respective traffic (Figure 6). Another feature at m/z 277.1904 with a retention
time of 6.89 min and a CCS value of 164.2 Å2 was highly correlated with the occurrence
of DPG among the samples, corresponding to a proposed formula of C14H26N2O2 and
tentatively identified as 4-[(2,2-dimethylpropanoyl)amino]-N,N-diethylbenzamide.
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In the ESI− mode, less features were detected in all samples, but one of the most
intense features (m/z 213.9642 at 4.36 min and a CCS value of 139.23 Å2) was identified
as 1,3-benzothiazole-2-sulfonic acid (C7H5NO3S2), a transformation product of another
vulcanization accelerator (2-mercaptobenzothiazole) that was recently identified in wastew-
ater [69]. Following the identification of these compounds originating from the composition
of tires, several other compounds that could occur in RR because of a release from tires or
from vehicles were searched in the samples. 6PPD, a common tire rubber antioxidant, was
recently discovered as the precursor of 6PPD-quinone, a product responsible for the high
mortality of Pacific North-west coho salmon exposed to urban runoff [72]. Benzotriazole
(BZT) is used as a corrosion inhibitor in dishwashing detergents, and as antifreeze or
aircraft deicing agent. It has been identified as persistent and ubiquitous in the aquatic
environment where it is found at a wide range of concentrations (10 ng/L in groundwater;
25 µg/L in wastewater [73]), but to date, little is known about its ecotoxicological impacts.
6PPD was not detected in the samples, but 6PPD-quinone and BZT were potentially present.
BZT presence was further confirmed by the injection of an analytical standard. It followed
the same intensity distribution as DPG and 1,3-benzothiazole-2-sulfonic acid among the
samples (Figures S4 and S5), with an important presence at the C site (2017-03-01) and a
very low intensity at the R site. Its presence at the C site could be related to the location
of this sampling point in the vicinity of Paris Charles de Gaulle international airport, as
well as to the emission from cars (because of its similar profile to the one of DPG). Several
peaks detected in the C site samples matched with the exact mass of 6PDD-quinone, but
its presence could not be confirmed unambiguously because no standard was injected
to confirm its retention time and drift time values. Among other compounds listed as
specific to RR signatures (N-butylbenzenesulfonamide, hexa(methoxy)methylmelamine, or
dicyclohexylamine, [14]), only dicyclohexylamine was also detected in the samples (at the
C site) and followed the same trends as DPG.

Complementary experiments were performed to get HRMS fingerprints of shredded
tires and to confirm the release of DPG in controlled conditions. Tires from three manu-
facturers were shredded and two types of leachates (with either simulated rainwater or
methanol) were obtained. All chromatograms exhibited an intense peak that was also
confirmed as DPG. Intensities from the simulated rainwater leachates were similar to those
in the methanol extract, thus showing that DPG can easily be released from tires during
rain events. The three types of tires showed contrasted leaching of DPG, and the same
trend was observed with both leaching methods. Overall, HRMS fingerprints from either
type of leachates exhibited very similar features. Some homologous series of compounds
were detected for two types of tires (Figure S6), but they were present in low intensities
and were distinct from homologous features detected in RR samples. 6PPD was detected
with high intensities in the methanol leachates and at much lower intensities in simulated
rainwater leachates, even though one type of tire released important amounts of 6PPD
when exposed to water. Other compounds were tentatively identified (Table S2) and some
of them were also detected in RR samples (site C 2017-03-01). Most of them contained
nitrogenous moieties and aromatic groups (e.g., 2-amino-N-cyclohexylbenzamide). More
work would, however, be needed to definitely confirm the molecular structures of these
compounds, and additional sampling of RR would be required to confirm the presence of
these molecules in environmental samples.

3.4. (Eco)Toxicity of 1,3-Diphenylguanidine & Benzotriazole
3.4.1. Light–Dark Stress Test

We chose two realistic concentrations for each of these compounds separately (DPG:
1000 and 3000 ng/L; BZT 50 and 350 ng/L) as well as in mixture and studied larval activity
during a light–dark test at 6 dpf after chronic and acute exposure to the molecules as
described above (Figure 7).
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No significant mortality nor deformities were observed in these two conditions. In 
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In chronic exposure, BZT significantly inhibited larvae activity at 50 and 350 ng/L in 
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the distance moved by the larvae by 15%, while the highest concentration, unexpectedly, 
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Figure 7. Activity (% of control) of 6 dpf old zebrafish larvae exposed to BZT and DPG in chronic
exposure (dark period). Control = E3 solution, number of larvae = 12 per condition; NS = not signifi-
cant; *: difference compared to control. # = p-value < 0.05; **, ## = p-value < 0.01, *** = p-value < 0.001
(non-parametric Kruskal–Wallis test). Error bars represent the standard error.

No significant mortality nor deformities were observed in these two conditions. In
acute exposure to BZT, DPG, or to the two mixes, no significant differences were observed at
all concentrations tested in dark and light conditions compared to controls (data not shown).

In chronic exposure, BZT significantly inhibited larvae activity at 50 and 350 ng/L in
dark periods, reaching 15 to 20% less distance moved compared to control, with no signifi-
cant difference between the two concentrations. Similarly, DPG at 1000 ng/L inhibited the
distance moved by the larvae by 15%, while the highest concentration, unexpectedly, failed
to do so significantly. The difference between the effects of these two concentrations was
not significant either. We also examined the effect of mixes (low and high concentration
combinations) on larval activity. Unlike the single compounds, both high and low concen-
tration mixtures had no inhibitory effect on larval activity compared to controls. However,
the effects of both mixes effects were significantly different from those of the corresponding
single-molecule concentrations.

3.4.2. Mitochondrial Respiratory Chain Complex I

Our results showed that the mitochondrial complex I is significantly inhibited by
DPG at both concentrations by more than 50% compared to control, but without reaching
statistical significance by BZT (Figure 8).
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4. Discussion

In the present study, we observed that despite their relatively apparent low toxicity
regarding mortality and developmental abnormalities endpoints, exposure to the micropol-
lutants from both sites resulted in distinct stress response patterns affecting larvae behavior,
and with potentially adverse effects on survival at later time points in the larvae life. Indeed,
both larvae’ hypo- or hyperactivity makes them more vulnerable to predators, hypoactivity
preventing them from escaping rapidly, and hyperactivity/stress resulting in exhaustion
of their energy sources and loss of mobility [34]. This can also potentially impact their
reproduction, as stressed fish may unnecessarily seek shelter resulting in reduced mat-
ing opportunities and ability to find food. In other studies, exposure of zebrafish larvae
to various phthalates (DMP, DBP, di (2-ethylhexyl) phthalate (DEHP), DEP . . . ) [74,75],
which were present at both sites [9], have been reported to induce alteration of locomotor
activity, possibly through transcriptional alterations of the spinal developmental genes, or
negative impacts on the central nervous system and the brain of the developing larvae.
Furthermore, we showed that the use of the light–dark stress test at different stages of
development provided additional relevant information on the impact of these samples.
For all RR samples, behavioral toxicity was observed in chronic (exposure from the egg
stage until 6 dpf) and acute (24 h exposure after the major developmental processes are
established) conditions, underlining that these micropollutants have potentially multiple
targets throughout the development and/or that the metabolizing enzymes are regulated
differentially. In acute exposure, RR toxicity was expressed through an increase of the
base level locomotor activities during light periods, while the dark-induced hyperactivity
was usually abolished in dark periods, in chronical and acute exposures (RR samples and
single toxicant exposures). Furthermore, for each type of exposure (acute or chronical),
the effect was observed either in light or in dark condition. In addition, the absence of a
statistically significant effect compared to control larvae observed during the light period
for the C site in chronical exposure (Figure 1A–C) may possibly reflect the existence of
stimulating and inhibiting effects that compensate each other, according to the different
chemical concentrations and combination in the samples. The results obtained for the two
consecutive samples from the C site (2017-06-27; 2017-06-28) did not reveal a decrease in
the toxicity but merely different responses to dark–light stress (Figure 1B,C,E,F). Indeed,
pollutants concentrations are often expected to decrease between rainfall events and within
rainfalls, with most of the toxic load being released within the first few minutes (first flush).
However, these samples had comparable concentrations of aliphatic hydrocarbons and
PAHs, but differed by their phthalates and alkylphenols contents which were higher in the
2017-28-06 sample, and global parameters that were higher in the one of 2017-06-27, except
DOC. Thus, the chemical analysis revealed a relative temporal variability between the two
samples, which could account for the different larval responses to stress, and the absence
of a “first flush” phenomenon. This temporal variability was confirmed by NTS results.

The HRMS analysis proved to be a valuable approach to complete the characterization
of the RR samples realized by target screening and to detect site-specific or common
toxicants. This approach allowed us to conclude that the heavy traffic site RR samples
differed from samples collected from the moderate traffic road and that specific features
could also occur due to temporal variations (as observed for the C site). The study of
each site chromatographic fingerprints allowed the identification of peaks with important
intensities. Among the most intense features detected from the C site in both ESI+ and ESI−
modes, several identified compounds (DPG, 1,3-benzothiazole-2-sulfonic acid) originated
from the composition of tires and could be related to the intensity of the traffic. We
confirmed the presence of DPG in tire leachates through the non-target analysis of different
commercial tires leachates. The greater presence of BZT observed in winter could be related
to the application of deicing salts on the road at the C site during this period (January–
March), which was confirmed by higher conductivity values. The presence of salt on the
road could also facilitate the release of compounds from tires and explain the intense signals
observed during winter. 6PPD leaching from tires was observed during the experiments
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using simulated rainwater, confirming the potential release of 6PPD and risk of formation
of 6PPD-quinone. Other nitrogen-containing molecules were tentatively identified from
the leachates and detected in some of the RR samples, but they could not be found in other
publications related to RR characterization or rubber manufacturing. More work would
thus be needed to confirm their molecular structures and to assess their potential use as
runoff markers in environmental samples as well as the associated risks. Collectively, from
the results obtained with the light–dark stress test, the mitochondrial respiratory chain
complex I assay, and those from non-target and target screening [9], it could be concluded
that the RR samples contained a mix of pollutants differing both by their proportions and
site-specific content, with potentially deleterious consequences in terms of ecotoxicological
impacts, at least on the studied parameters.

Based on these findings, we selected DPG and BZT for analyses using the light–dark
stress and complex I enzymatic assays. Few studies have been performed on DPG ecotox-
icity, and limited data are available. As it has been shown that DPG slightly photolyzes
but is generally not biodegradable and is also stable to hydrolysis [76], it was of interest
to evaluate its ecotoxicological impact. OECD mentioned DPG to be toxic to fish (LC50
at 96 h = 4.2–11 mg/L, predicted non-effect concentration at 6 µg/L) [77]. The toxicity of
BZT and its derivatives was investigated on non-target organisms in several studies [78,79],
including zebrafish (LC50 at 96h = 171 mg/L). These concentrations were far above those
found at the C site, explaining why we did not record any mortality. Both molecules inhib-
ited the distance moved by the larvae, showing that even sub-lethal concentrations could
potentially jeopardize the larvae’s survival. As DPG exposure revealed inhibition of the
distance moved by the larvae at the low concentration, but not at the high one, DPG could
potentially have a non-monotonic concentration-effect profile on behavior, although further
studies are required to strengthen this hypothesis. Interestingly, such profiles have been
observed for various physiological and behavioral effects involving endocrine disruptors,
such as bisphenol A (BPA) and DEHP [80]. DPG, with its two benzene rings structure
resembling BPA, could exhibit such endocrine disruption properties impacting behavior.
Interestingly, the endocrine disruption effect of BZT has been described on marine medakas
at 10 µg/L, impacting the synthesis of estrogens [81], while it induced hepatotoxicity at
600 µg/L on zebrafish exposed for 30 days, by apoptosis triggered by oxidative stress [82].
Furthermore, we obtained unexpected results with the DPG–BZT mixes, as both concentra-
tion combinations failed to inhibit larval activity compared to controls, highlighting the
unpredictability of pollutant cocktails effects versus those of contaminants taken individu-
ally [83,84]. Noteworthy, Duan et al. reported that cadmium hepatotoxicity (1 µM) was
alleviated by the presence of BZT in adult zebrafish by the formation of Cd–BZT complexes,
resulting in reduced apoptosis in the liver [82]. Although complete metals analysis could
not be performed on all the samples, the occurrence of such interactions adds another level
of complexity to the interpretation of toxicity data.

The chemicals’ complexity and the multiplicity of their targets in the RR were further
reinforced by the results of the complex I enzymatic assay. Mitochondria are intracellular
organelles whose roles in energy production, steroids biosynthesis, reactive species of
oxygen production are well established. Mitochondrial dysfunction leads to the alteration
of important molecular mechanisms, which are implicated in the pathogenesis of numerous
diseases such as cancer, neurodegenerative diseases, or diabetes [66]. It can result from
environmental pollutants exposure (e.g., pesticides, herbicides, biocides, industrial and
pharmaceutical compounds, etc.) even at low concentrations, which target the respiratory
chain complexes and, in particular, the complex I (NADH-coenzyme Q oxidoreductase) [65].
As the major entry point for electrons into the respiratory chain, complex I plays a crucial
role in regulating oxidative phosphorylation and mitochondrial respiration [85]. Thus, a
decreased activity of this complex may alter the production of ATP and lead to oxidative
stress, which in turn may contribute to tissue damage.

In the absence of literature on the impacts of RR chemicals on complex I activity (e.g.,
hydrocarbons, alkylphenols, per- and polyfluoroalkyl substances (PFAS), etc.), several
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hypotheses can be drawn to explain the marked inhibiting effect on complex I activity at
the R site: (i) The presence of chemical structure analogies between molecules involved in
mitochondrial complex I function, petrochemicals or other industrial compounds present in
the RR and classical inhibitors of complex I could explain the inhibition observed. Indeed,
this sample contained various alkylphenols (Table 2) with a related chemical structure to
synthetic derivatives from capsaicin, which have been shown to inhibit complex I [86].

(ii) Interestingly, a sample collected (2017-06-29) two months before at the R site
presented unexpectedly high concentrations in perfluorinated compounds, including per-
fluorooctanoic acid (PFOA)—a widely used industrial surfactant—(120.7 ng/L). The 2 pre-
ceding samples (2016-11-22; 2017-03-23) concentrations were 40.9 ng/L and 10.1 ng/L,
respectively. Although this analysis has not been performed on the 2017-09-14 sample,
it is likely that PFOA would have still been detectable given its known persistence in
the environment [87,88]. Its presence at the R site has been hypothesized to be linked
to construction work in the neighborhood at the sampling time and to illegal dumping
of construction waste in the sewer system. Furthermore, some fluorinated compounds
(ethyl-4,4,4-trifluoro-3-hydroxybutanoate and 1-(2,2-difluoroethoxy)-3-decanol) were iden-
tified by HRMS in the sample from the R site (2018-03-29), which further reinforces this
hypothesis. PFOA has been shown to inhibit complex I activity of brain and liver rat mito-
chondria, a mechanism that has been hypothesized to participate in driving adverse effects
in animal models [89] and in humans [90]. This inhibition was associated with an increased
reactive oxygen species production, peroxidation of mitochondrial membrane, a decrease
in ATP production, and a release of cytochrom c, normally leading to programmed cell
death (apoptosis). Thus, PFOA, presumably present in the R site samples, could possibly
participate in the observed inhibition of complex I activity. It should be noted that the
perfluorinated compounds have not been analyzed in the C site samples in 2017 and their
concentrations were below the quantification limit when performed in 2016 (4 samples).

By comparison, RR at the C site did not produce a significant inhibition of complex
I activity, although containing DPG and, to a lesser extent, BZT. This likely suggests that
among the mixture of molecules in this RR, some may interfere in the enzymatic assay,
possibly by a detergent effect modifying the tridimensional organization of the complex I
different subunits [91] or competing for the same binding sites, thus resulting in the loss of
the inhibitory effect. Indeed, several groups of alkylphenols (octylphenols; nonylphenols),
present in the RR dissolved phase at much greater concentrations at the C site than at the R
site (e.g., nonylphenol monoethoxylate (NP1EO), 858 ng/L vs. 132 ng/L; 4-tert octylphenol
(OP), 114 ng/L vs. 52 ng/L; nonylphenol monoethoxy-carboxylate (NP1EC) 103 ng/L vs.
49 ng/L), are used as detergents or enter in the manufacturing process of tires (reviewed
in [92]).

We also show, for the first time to our best knowledge, that DPG identified by NTS
inhibited complex I activity. Several hypotheses might be considered to explain this
inhibition. (i) As mentioned above, DPG has a chemical structure related to BPA, which has
also been reported to inhibit complex I [93]. (ii) Furthermore, because of its long-known
antioxidant properties [94], it may interfere with the electron transfer along the respiratory
chain complexes, the reduction of ubiquinone in ubiquinol, and induce the production of
superoxide anion at the complex I level [95]. Given the design of our assay, which uses
complex III activity as a reporter, it cannot be ruled out that it may, in addition, interfere
with this complex, where similar types of reactions take place. (iii) Finally, knowing its role
as an accelerator in the sulfur vulcanization process, it can react with sulfur by its amine
group [96] to produce free radicals causing rubber to be structured. Although mitochondrial
physiological conditions are obviously very distant from those during vulcanization, it is
not inconceivable that DPG might potentially interact with and perturbate complexes I and
III, which hold Fe/S clusters in their structure.
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5. Conclusions

In conclusion, the study of two sites differing by their traffic intensities revealed
that this difference could be evidenced at the molecular level by combining physico-
chemical analyses, 3D fluorescence, and target/non-target screenings. This original top-
down approach (from complex samples to single molecules) represents an effective way
of characterizing complex environmental contaminants mixtures. Establishing specific
environmental HRMS signatures is still an emerging, promising but challenging strategy
to classify urban chemical sources and poorly documented to date [14,15]. Even fewer
studies coupled HRMS and toxicological analysis, for example, applied to the detection
of contaminants in RR-exposed fish tissues [16], or ecotoxicological assessment, leading
for instance to the identification of a highly toxic quinone transformation product of 6PPD
for coho salmon [72]. Such effect-directed analysis approaches, increasingly followed,
are very effective for the identification of specific toxicants ([97], and references therein).
Further insights about the composition of samples can be obtained through the concomitant
characterization of DOM by 3D fluorescence, the diversity of pollutants by NTS, and
their concentrations by targeted analyses. These can provide valuable complementary
information, especially when comparing samples. In our work, quantitative data obtained
by target screening were expected to demonstrate a relationship between the concentration
of micropollutants and the intensity of traffic [9], which was indeed suggested by the
characterization of DOM fluorophores. However, the ranges of concentrations obtained
from the targeted analyses of samples selected in our study were similar between the
two sites. In contrast, HRMS revealed specific fingerprints of both sites. Overall, these
differences may provide some potential clues on why samples from both sites showed
different toxicity profiles.

HRMS fingerprints of both RR and tire leachates allowed the identification of several
toxicants that had not been specifically searched by targeted screening. We subsequently
assessed the toxic potential of the RR samples and of two specific compounds (DPG and
BZT) revealed by the HRMS analysis. The behavioral test on zebrafish embryos and the
enzymatic test of the mitochondrial respiratory chain showed that sublethal concentrations
of these compounds (alone or in mixtures) and those present in the RR can still have
deleterious effects on aquatic organisms.

Our findings have highlighted the need and the relevance of such a strategy combining
biological tests and state-of-the-art chemical analysis techniques for a comprehensive risk
evaluation of complex environmental samples, such as road runoff, and the design of
efficient depolluting devices such as sustainable drainage systems. Furthermore, it paves
the way towards a systematic and adaptable approach towards other types of matrices, e.g.,
urban domestic wastewater or surface water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14040511/s1, Figure S1: 3D fluorescence indexes for all road runoff samples; Figure S2:
HRMS fingerprints of road runoff samples (C = Compans, R = Rosny-sous-Bois). The size of bub-
bles is proportional to the intensity of the feature, and intensities are normalized by the highest
intensity of each sample (i.e., all fingerprints get the same range of intensities); Figure S3: HRMS
fingerprints of road runoff samples (C = Compans, R = Rosny-sous-Bois): comparison between C
2017-03-01 and R 2018-03-29 samples. The size of bubbles is proportional to the intensity of the
feature; Figure S4: Boxplots representing the intensities of benzotriazole in each sample (triplicate
injections in ESI+ mode). C = Compans; R = Rosny; Figure S5: Boxplots representing the intensities of
1,3-benzothiazole-2-sulfonic acid in each sample (triplicate injections in ESI− mode). C = Compans;
R = Rosny; Figure S6: HRMS fingerprints of tire leachates (features with intensity values higher than
6000), obtained with (a) simulated rainwater and (b) methanol. The size of bubbles is proportional to
the area of the feature; Table S1: Specific features tentatively identified by NTS at each site; Table S2:
Features tentatively identified by NTS in the tire leachates.
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