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Car tire rubber constitutes one of the largest fractions of microplastics emissions to
the environment. The two main emission sources are tire wear particles (TWPs)
formed through abrasion during driving and runoff of crumb rubber (CR) granulate
produced from end-of-life tires that is used as infill on artificial sports fields. Both tire
wear particles and crumb rubber contain a complex mixture of metal and organic
chemical additives, and exposure to both the particulate forms and their leachates can
cause adverse effects in aquatic species. An understanding of the exposure pathways
and mechanisms of toxicity are, however, scarce. While the most abundant metals
and organic chemicals in car tire rubber have multiple other applications, para-
phenylenediamines (PDs) are primarily used as rubber antioxidants and were recently
shown to cause negative effects in aquatic organisms. The present study investigated
the responses of the marine lumpfish (Cyclopterus lumpus) to crumb rubber exposure
in a controlled feeding experiment. Juvenile fish were offered crumb rubber particles
with their feed for 1 week, followed by 2 weeks of depuration. Crumb rubber particle
ingestion occurred in >75% of exposed individuals, with a maximum of 84 particles
observed in one specimen. Gastrointestinal tract retention times varied, with some
organisms having no crumb rubber particles and others still containing up to
33 crumb rubber particles at the end of the experiment. Blood samples were
analyzed for metals and organic chemicals, with ICP-MS analysis revealing there
was no uptake of metals by the exposed fish. Interestingly, high resolution GC-MS
analysis indicated that uptake of PDs into lumpfish blood was proportionate to the
number of ingested CR particles. Three of the PDs found in blood were the same as
those identified in the additive mixture Vulkanox3100. N-(1,3-dimethylbutyl)-N’-
phenyl-p-phenylenediamine (6PPD) was the most concentrated PD in both the
crumb rubber and lumpfish blood. The transformation product 6PPD-quinone
was detected in the rubber material, but not in the blood. This study
demonstrates that PDs are specific and bioavailable chemicals in car tire rubber
that have the potential to serve as biomarkers of recent exposure to tire chemicals,
where simple blood samples could be used to assess recent tire chemical exposure in
vertebrates, including humans.
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1 Introduction

The global tire market produced over 2.36 billion units in 2019,
and was expected to grow at a rate of 3% over the next 5 years
(Smithers, 2019). There are currently more than 1.45 billion vehicles
on the roads globally (Hedges and Company, 2021), with an average
annual emission of 0.95 kg TWP/capita, ranging between 0.23 and
4.7 kg TWP/capita/year (Kole et al., 2017). Unsurprisingly, the
regional and local emission levels and distribution of TWPs is
strongly related to the degree of urbanization and traffic levels
(Leads and Weinstein, 2019; Knight et al., 2020; Gofimann et al,,
2021). Per capita emissions by country range between 0.23 and
1.9kg per year, with a maximum of 4.7kg per year in the
United States of America (Kole et al, 2017). Owing to their
polymer-based composition, TWP are typically categorized as a
specific form of microplastic pollution and are considered one of the
major contributors to total microplastic emissions. For example,
TWP have been estimated to constitute the largest fraction (42%) of
all microplastic emissions in Norway (Sundt et al., 2020). Similar
emissions can be expected from other countries with comparable per
capita car use.

TWP are also thought to represent one of the main sources of
marine microplastics (Boucher and Friot, 2017; UNEP, 2018),
with transport pathways from the terrestrial environment to
surface runoff, wastewater

marine ecosystems

effluents and wind-driven air transfer (Furuseth et al., 2020;

including

Parker-Jurd et al,, 2021). TWP impact natural systems in two
ways: as anthropogenic particles and through the leaching of
rubber additives into aqueous media. Once present in the natural
environment, empirical and modeling studies suggest TWP can
be transported regionally via air and water, as well as to remote
regions (Evangeliou et al., 2020; Adams et al., 2021; Jarlskog et al.,
2022).

In addition to TWP being emitted when driving cars and other
vehicles, end-of life tires (ELT) are often downcycled to crumb rubber
(CR), which is widely used in artificial surfaces, such as rubber-modified
asphalt, playgrounds, and sport fields due to its low price and physical
properties (Erman et al., 2013; Magnusson et al., 2016; WBCSD and Tire
Industry Project, 2019). In the form of loose granulate, CR is widely used
as infill on artificial grass pitches and horse tracks and is easily lost to the
surrounding environment. An average size football field covered with
artificial turf contains between 60 and 100 tonnes of CR. These fields
need to be regularly re-filled with several tonnes of CR due to continuous
losses through attachment to clothing, cleaning and maintenance
practices, run-off and snow clearing. CR loss may be significant over
the 15-20-year lifespan of an artificial turf sports field, with estimates
suggesting this could amount to >80 tonnes of CR material per field
(Krang et al,, 2019; Bo et al,, 2020). CR particles have been estimated to
be the second largest source of microplastic emissions in Norway (30%),
where the cold and wet climate has result in a large shift to artificial
sports fields (Sundt et al, 2020). CR may represent a significant
microplastic emission source in other countries with widespread use
of such artificial sports fields.

Car tire rubber contains numerous chemicals, such as stabilizers,
vulcanizing agents, softeners, and others (Kreider et al., 2010).
Common stabilizers include substituted para-phenylenediamines
(PDs), which are primarily used as antioxidants and antiozonants,
and where N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine
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(6PPD) is one of the most commonly used PDs (Erman et al,
2013; Zhao et al,, 2023). This organic chemical additive recently
attracted attention as the precursor to the oxidation/transformation
product 6PPD-quinone, which was associated with mass mortality
events of Coho salmon (Oncorhynchus kisutch) in the United States
of America (Tian et al,, 2020). Although PD antioxidants are used in
a few rubber consumer products, they are mainly related to tire
rubber (Zhao et al., 2023). PD antioxidants have been found in
urban dust, in particulate matter <2.5 um (PM2.5; Wang et al., 2022;
Huang et al., 2021), as well as in snow (Seiwert et al,, 2022),
indicating the widespread presence of TWP and TWP-derived
chemicals in the environment.

Regulations for the handling of waste/ELT tires that prohibit
their disposal in landfills (Directive 1999/31/EC), as well as
regulations that define content thresholds for certain harmful
chemicals (e.g., polycyclic aromatic hydrocarbons (PAHs) in
extender oils used during tire production; Directive 2005/69/
EC), have been endorsed in the EU and elsewhere (Trudso et al.,
2022). For example, a threshold for PAHs in CR granulate being
used as infill on sports fields in the EU was set already in 2006 (EC
1907/2006). However, regulations do not cover all vehicle tire
ingredients, partly due to the specific formulations used by
individual tire manufacturers being classified information
from competitors and partly because transformation products
are harder to identify, and risk assess. This has led to certain
harmful car tire ingredients being identified only recently, as
evidenced by the recent work focused on 6PPD and 6PPD-
quinone (Zhao et al., 2023 and references therein). Regulatory
work addressing PDs remains scarce, but the growing concern
and evidence of toxicity have increased the interest for regulating
this group of substances, especially 6PPD. The California
Department of Toxic Substances Control (DTSC) has taken
the initiative to regulate 6PPD emissions by including motor
vehicle tires containing 6PPD on the Safer Consumer Products
list of priority products, effective 1 October 2023. This requires
that both foreign and domestic producers of tires containing
6PPD that will be sold in California have to make a priority
product notification followed by submission of a notification of
removal of the chemical or the product, replacement of the
chemical or an alternative analysis report (DTSC and CalEpa,
2022). Such regulatory work is important, but little is still known
about tire particle ingestion by terrestrial and aquatic species
exposed to TWP or CRresidues in the environment, and even less
about the extent of uptake of potentially harmful additives from
ingested particles.

The present work examined the ingestion, gut retention, and
excretion of CR particles exposed to a marine fish, the lumpfish
Cyclopterus lumpus, in a 21-day laboratory feeding and depuration
experiment. The uptake of vehicle tire rubber metal and organic
chemical additives was studied by ICP-MS and GC-MS analysis,
using a combination of target and non-target screening approaches.
In addition to measuring the presence of the more well-known
additives, specific focus was placed on studying the uptake of 6PPD,
other PD derivatives and the transformation product 6PPD-
quinone. For the first time, we report the ingestion of CR by
marine vertebrates under experimental conditions, as well as the
concentrations of organic chemicals and metals in lumpfish blood
prior, during and after CR exposure.
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FIGURE 1

Experimental design of the lumpfish exposure. The fish (n = 180) were randomly allocated to six tanks (n = 30) divided in three exposed (pink) and
three control (blue) tanks. Three fish per tank were dissected on 9 of the sampling days, of which 5 sample sets (blue) were analyzed for organic chemicals.
On days 7 and 21, blood from 3 fish per tank/treatment were pooled for metal analysis (M).

2 Materials and methods

2.1 Exposure of lumpfish to tire rubber
particles

Laboratory-reared juvenile lumpfish (Cyclopterus Iumpus) were
acclimated for 24 h to the experimental conditions (9 °C and 99.9%
0,) in six incubation tanks (240 L) containing natural seawater
collected from the local fjord. Each tank received thirty 11-month-
old fish (180 fish in total), with an average weight of 137 g and an
average body length of 15 cm. Wet fish feed (PTAqua) was mixed with
pre-used CR granulate of 3-5 mm diameter that was sourced from a
local football club (Halsband et al., 2020; their sample ‘TOS’ from a
sports field in Tromse, Norway). The spiked fish feed had an average
concentration of 57 CR particles or 0.36 g of CR, per Gram food. This
mixture was continuously supplied to three of the experimental fish
tanks (Supplementary Table S1) via a conveyor belt feeding system for
7 days, while the other three tanks served as controls and received
uncontaminated feed in the same way (Supplementary Figures SIA, B).
The 7-day exposure was followed by a 14-day depuration period, where
all lumpfish were fed uncontaminated feed. On ten selected days during
the incubation period, three fish were collected from each tank
(Figure 1), anesthetized with a lethal dose of Finquel (1600 mg/L),
weighed, and blood samples taken. Then, they were either immediately
dissected for the GI-tract, or frozen at —20°C for later removal of organs.
Both Gl-tracts and blood were frozen at —20°C until isolation of CR
particles and analysis of chemicals, respectively.

2.2 Quantification of ingested crumb rubber
particles

To count ingested CR particles, fish sampled on selected days
during and after the exposure (Figure 1) were examined for their
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stomach and gut contents. GI-tracts were removed from the fish and
opened with a scalpel. Stomach and gut contents were carefully
dissected, rubber particles separated from the tissue and counted
(Figure 2). The median number of CR particles present in the GI-
tracts of exposed fish was determined per sampling day and tank.

2.3 Analysis of metals in lumpfish blood

Both CR and blood were analyzed using inductively coupled plasma
mass spectroscopy (Agilent 7700x ICP-MS). The method for metal
determination as well as metal concentrations in the CR material have
previously been reported (Halsband et al., 2020). Lumpfish blood
samples (n = 36) for both exposed (tanks 2, 4 and 6) and non-
exposed (tanks 1, 3 and 5) fish were pooled per tank and day
(3 fish/tank/day) for days 7 (last day of exposure) and 21 (last day
of depuration) to give a total of 12 blood samples that amounted to a
total sample mass of 1 g each. The blood was transferred to acid cleaned
plastic tubes (15mL) and the concentration of ten different metals
known to be present in car tires was determined: Chromium (Cr),
Manganese (Mn), Iron (Fe), Cobalt (Co), Nickel (Ni), Copper (Cu),
Zink (Zn), Cadmium (Cd), Antimony (Sb), and Lead (Pb).

2.4 Organic chemicals in crumb rubber
granulate and a commercial antiozonant
mixture

A 20 mg sample of the same CR granulate used for the feeding
study was extracted with 2 mL of ethylacetate for 24 h at room
temperature. After filtration to remove the particulate material,
subsamples were analyzed by gas
spectrometry (Q Exactive GC equipped with Trace 1310 Gas

chromatograph, TriPlus RSH autosampler and TG-5SILMS

chromatography-mass
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FIGURE 2

Gastrointestinal tract (Gl-tract) of an exposed lumpfish. (A)
Stomach, gut, and liver, (B) gut extended, and (C) opened with CR
dissected.

column (30m, 0.25 mm i.d., film thickness—0.25 pm). The injector
was operated in splitless mode at 280°C. The constant flow was set at
1.2 mL/min. The following temperature program was applied: 60°C
for 2 min, increased by 20°C/min to 300°C, held for 8 min. Transfer
lines were held at 280°C, the ion source at 250°C. The mass-
spectrometer operated at 40 eV ionization energy in full-scan
mode and the selected range of the mass to charge ratio (m/z)
was 50-750. The mass resolution was set at 120000.

The same analytical chemical procedure was applied to a
specimen of the commercially available PD antiozonant mixture
Vulkanox 3100 (Alfa Chemistry, Cat. No. A-ACM-
220830202612, Lot no. ALNG6876), referred to hereafter as
Vulkanox. The substance was dissolved in ethylacetate, and
the stock solution diluted to 0.5ng/mL prior to analysis.
Analyses of the CR granulate extracts and the Vulkanox
mixture were then used to identify CR-related chemicals that
are not commercially available as standards, except for 6PPD
(Fluorochem, Cat. No. 216709) and its degradation product
6PPD-quninone (ASCA GmbH, Cat. No. 10243). All other
compounds are reported at semi-quantitative concentrations.

2.5 Analysis of organic chemicals in lumpfish
blood

For extraction of organic chemicals blood samples (0.5 g) were
mixed with 1.5 mL of hexane and 0.5 mL of acetonitrile. At the
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beginning of the extraction, 20 ng of an internal standard (6PPD-
Quinone-Ds; HPC GmbH, Cat. No. 688151, Lot no. 801289) was
added as 50 pL of solution in acetonitrile at a concentration of
0.4 ng/uL. The samples were briefly vortexed prior to 30 min of
sonication, the vortex-sonication cycle was repeated, followed by
shaking in a horizontal position for 16 h. Finally, the blood samples
were centrifuged at 1500 rpm for 10 min. A portion (100 uL) of the
upper hexane layer was transferred to GC vials containing an insert
and a recovery standard was added (20 pL of 6PPD-quinone-"Cg
(CIL, inc., cat. no. CLM-12293-1.2) at 0.1 ng/uL prior to analysis by
high-resolution GC-MS (HRGC/HRMS, Thermo Fisher Orbitrap).
The laboratory blanks (0.25 mL Milli-Q water) were processed in the
same way. For conducting an initial non-target screening, the full
scan GC-MS method was identical to that used for the analysis of CR
extract and Vulkanox samples described above. For the targeted
analysis of five identified marker compounds, the method was
optimized with a narrower mass range (180-330 m/z) to increase
the probability of detection.

2.6 Quantification of 6PPD and other
characteristic compounds in blood

The raw GC-MS data files were processed with the Software
package Chromeleon 7 (Thermo Scientific). A single-point
calibration was used for 6PPD, and the calculation of 6PPD
concentrations in the blood samples was based on the relative
response of the analyte to that of the isotope-labeled internal
standard in a sample and in the calibration solution, respectively.
Other organic chemicals, for which there were no available authentic
standards at the time of analysis, were semi-quantified based on the
assumption of an equal response to that of 6PPD. Thus, the true
concentrations of the other organic chemicals present in the blood
samples might be different from the ones presented due to their
respective relative response factors. The instrumental limit of
detection (LOD) for 6PPD and a selected number of identified
compounds was determined using a serial dilution of reference
solutions.

2.7 Statistical analyses

Shapiro-Wilks tests of normality showed that the data for length
and weight of fish were normally distributed, while the data for
number of CR found in the GI-tract and the concentrations of
metals and organic chemicals in blood were not normally
distributed. We thus applied parametric tests for the statistical
analyses of body size (length and weight data) and non-
parametric tests for the statistical analyses for the number of CR
found in the GI-tract and the concentrations of metals and organic
chemicals in blood. Statistical differences in the body size (length
and weight) of fish between treatments were determined using
t-tests and comparisons between tanks were determined using
one-way ANOVA. Statistical differences in the number of CR
particles in the Gl-tract between sampling days and incubation
tanks were determined with Kruskal-Wallis tests, followed by
Dunn’s post hoc test corrected with Holm-Bonferroni were
significant. Statistical differences in the concentrations of metals
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FIGURE 3

Number of CR particles (boxplots denote minimum, maximum, median, and upper/lower quartiles) in the Gl-tract of exposed fish over time. The

dotted line marks the end of the exposure.

in blood between treatments and days were determined by applying
Mann-Whitney U tests. Statistical differences in the concentrations
of organic chemicals in blood between treatments were determined
with the Mann-Whitney U test. Statistical differences in the
concentration of organic chemicals in blood between days were
determined using Kruskal-Wallis’s test, followed by Dunn’s post hoc
test corrected with Holm-Bonferroni when significant. Correlations
between the number of ingested CR particles and the concentrations
of organic chemicals in blood and between body size and 1) the
number of ingested CR, and 2) concentrations of organic chemicals
in blood were determined with linear regression. All data analyses
and visualizations were performed with RStudio (version 2022.07.1,
R Core Team, 2022).

3 Results

3.1 Ingestion and egestion of car tire
particles

The the
(Supplementary Figure S2). There was no statistical difference

fish were randomly distributed to tanks
in length between exposed (15 + 0.75 cm) and non-exposed fish
(15 + 0.94 cm; t-test, p-value >0.05), but there was a statistical
difference in weight between non-exposed fish (143 + 27 g) and
exposed fish (132 + 23g; t-test, p-value <0.05). This had,
however, no effect on statistical differences in length or weight
between tanks (One-way ANOVA, p-value >0.05). All incubated
fish survived the experimental period, i.e., no mortality was
recorded. In the non-exposed fish serving as control groups
(tanks 1, 3 and 5), no CR particles were found in their GI-
tracts. Of the exposed fish (n = 90), a majority of 76% (69 fish)
had CR particles in their GI-tract at the time of sampling, while
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the remaining 21 exposed fish did not. The amount of ingested
CR varied significantly among individuals and within sampling
days (Figure 3), but without any clear relationship to their body
size (Supplementary Figure S3). A temporal trend in the
abundance of CR particles present in the lumpfish GI-tracts
was observed. CR was ingested from the first day of the
experiment, with the median CR particle numbers increasing
to a maximum of 28 particles per fish on day 8, at the beginning of
the depuration phase. This was followed by a decrease from day
9-18, with a slight increase again on day 21 (Figure 3). The
maximum number of CR particles present in an individual fish
was recorded on day 9, with 84 CR particles (Figure 3). On the last
day of the depuration phase (day 21), one lumpfish contained
33 particles, five individuals contained 10 particles or less, and
the remaining three fish contained no observable CR.

3.2 Metals in blood

The metal concentrations in blood of individual fish varied
widely. Fe was found in the highest concentrations (>100 mg/kg),
followed by Zn concentrations between 6-12 mg/kg (ca. 10 time
lower than Fe), and then Cu and Mn with concentrations between
0.5 and 1 mg/kg (Figure 4). Cr, Ni, Pb and Co had intermediate
concentrations around 0.2 mg/kg, while the concentrations of the
trace metals Cd and Sb were two to three orders of magnitude lower
than those for the other metals (Figure 4). No significant differences
were observed in the metal concentrations between controls and
exposed fish, or between time points (days 7 and 21; Mann-Whitney
U test, p > 0.05). The only exception was Cr, which had a higher
concentration on day 7 than on day 21 in both controls and exposed
fish (Mann-Whitney U-test, p < 0.05). Although the median
concentrations of Cr, Fe, Co, Ni, and Cu (day 7), as well as Zn;
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FIGURE 4
Metal concentrations in lumpfish blood. Note the difference in scale on the y-axes.

days 7 and 21), were higher in exposed fish compared to controls, the ~ 3.3 Organic chemicals in CR, the

differences were not significant (Figure 4). The opposite was found ~ antiozonant mixture and blood

for Mn (days 7 and 21), as well as Fe, Cu and Pb (day 21), where the

concentrations were higher in controls than exposed fish, although The CR granulate used in the current study has previously been
not significantly. analyzed by non-target GC-MS and found to contain a large number of
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TABLE 1 Organic chemicals detected in CR by suspect screening, in the anti-
ozonant Vulkanox, and in lumpfish blood. *CPPD
(Cyclohexylphenylphenylenediamine) was not detected in any of our samples,
although it is a constituent in some tire rubbers. **Benzothiazole was detected
in blood, but without significant difference in concentrations between
exposed and non-exposed fish.

Vulkanox 3100

CR granulate Blood

Detected Detected

[Detected]**

Cy3Hi6N, Detected

organic chemicals (Halsband et al, 2020). Here, we focused on
compounds that are suspected to be both bioavailable and cause
toxicity, e.g., benzothiazole (Li et al, 2010; Halsband et al, 2020),
6PPD and its transformation product 6PPD-quinone (Tian et al., 2020),
as well as example compounds that were detected in both CR and blood
in the present study (Table 1). A comparison of the chromatograms
corresponding to the solvent extracts from the lumpfish blood samples
(Supplementary Figure S4) with the chromatogram of CR solvent
extract (Supplementary Figure S5A) informed the search for and
tentative identification of several phenylenediamines (PDs) present
in both sample types. The identification of 3 PDs,
diphenylphenylenediamine (DPPD), ditolylphenylenediamine
(DTPD; CyoHyoN,), and tolylphenylphenylenediamine (TPPD;
C19H;sN>), was subsequently confirmed through later analysis of the
commercially available Vulkanox mixture (Supplementary Figure S5B).
In addition, two structurally unidentified PD chemicals with the
chemical formulae C,;H,¢N, and C,3H,¢N, were detected in both
the blood and CR  (Table 1). The  compound
cyclohexylphenylphenylenediamine (CPPD), a constituent of some
tire rubber materials (Galtung, 2023), was not found in any of the
samples. High resolution mass-spectra of the five PD chemicals
identified in both CR and lumpfish blood (6PPD, DTPD, TPPD,
Cy1HyN, and Cy3HpgNy; Supplementary Figures S6-S10) agreed
with the elemental composition and other literature data available
for these compounds. It is important to note that the determined
concentrations of the PD additives (except 6PPD-quinone) are only
semi-quantitative and the calculated concentrations therefore represent
approximate orders of magnitude, rather than true absolute
concentrations (see Material and Methods). This reflects the
uncertainty with respect to their extraction efficiency and the level
of equivalence with the internal standard (6PPD-quinone-Ds). The
instrumental detection limits for 6PPD, 6PPD-quinone, DTPD, TPPD,
DPPD, C,;H,6N, and Cy3H,6N, were 0.1 pg, 0.5 pg, 0.05 pg, 0.05 pg,
0.05 pg, 0.1 pg, and 0.05 pg, respectively.

While the CR samples were found to contain all three of the target
chemicals (benzothiazole, 6PPD and 6PPD-quinone), only 6PPD and
benzothiazole were subsequently detected in the lumpfish blood
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FIGURE 5

Relative composition of organic additives in CR and fish blood
after 7 days of exposure (day 7) and after 2 days of depuration (day 9).

samples (Table 1). As 6PPD-quinone was detected in low
concentrations in the CR, its absence in the blood samples may
reflect it being below the instrumental LOD. Similarly, DPPD,
DTPD, TPPD, C,;HsN, and C,3H,¢N, were found in the CR, but
only DTPD, TPPD, C,H,sN, and C,3HysN, were found in the
lumpfish blood samples. The five PDs detected in both CR and
blood (6PPD, DTPD, TPPD, Cy,HaeN, and Cy3HagN,; Table 1) had
significantly elevated concentrations in exposed lumpfish compared to
control organisms (Mann-Whitney U-test, p < 0.05; Figure 5). The
highest concentrations were recorded for 6PPD, which exhibited a
maximum concentration of 1206 pg/g blood in one individual on day 9
(Figure 5A). This was followed by C,1H,6N, and DTPD with up to
798 pg/g on days 4 and 9, as well as on day 7, respectively (Figures
5B,C). The compound C,3H,6N, showed a lower average concentration
of 111 + 118 pg/g, with one fish peaking at 428 pg/g on day 7
(Figure 5D). Low concentrations, but still above the LOD, were
observed for TPPD, with a maximum of 115pg/g on day 7
(Figure 5E). Interestingly, two temporal patterns emerged. In the
first trend, the two additives with highest maximum concentrations
(6PPD and C,;HyN,) increased from day 4 to day 7, peaked on day 9,
decreased again by day 14, and then decreased further by day 21. Both
chemicals still exhibited quite high concentrations on day 14, with one
fish containing 1176 pg/g of 6PPD. In the second trend, the three other
compounds (DTPD, TPPD and C,3H,6N,) had peaked already on day
7, observed to be decreasing by day 9, and already below the LOD by
day 14 (Figures 5C-E). It should be noted that TPPD exhibited both
trend types, with differences between individual fish (Figure 5E). DTPD
concentrations were slightly elevated on the last day of depuration (day
21) compared with the low concentrations on day 14 (Figure 5C). Three
of the chemicals, 6PPD, DTPD and C,;HxsN,, were still detected in
some individuals on day 21 in various combinations, with 6PPD
detected the most frequently (6 fish).

The PD concentrations in lumpfish blood were four to six orders
of magnitude lower (tens to hundreds of pg/g) than those in the CR
particles themselves (10-177 pg/g). Furthermore, the five PD
additives detected in blood were in different relative proportions
compared to their relative proportions in the CR (Figure 6). While
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FIGURE 6

Concentrations of organic chemicals measured in lumpfish

blood over time (mean concentration per day and fish). Blue = 6PPD,
purple = Cy1Ho6Ny, red = DTPD, yellow = Cy3Ho6N,, green = TPPD,
and black = cumulative concentration and the number of CR
particles present in the guts of individual fish (circles).

6PPD was the PD present at the highest concentration in both the
CR and blood, no DPPD was detected in blood, even though it was
the second most abundant PD in CR (Figure 6). In contrast, DTPD
(Cy3HaeNy)  were
proportionally more concentrated in the lumpfish blood relative

and one of the unidentified chemicals
to the other PDs compared to their relative contribution to the PD
composition in the CR (Figure 6). The time points chosen for blood
sampling showed that the PDs were taken up and processed in the
blood within the time scale of a few days; the unidentified compound
C,1Hy6N, was measured in higher concentrations later in the
depuration phase (day 9) than, e.g., DTPD and C,3H,sN, (day
7), similar to 6PPD and TPPD (Figure 6).

The concentrations of the individual CR additives present in the
lumpfish blood were significantly positively correlated with the
number of CR particles present in the Gl-tract, with R* values
ranging from 0.4 for 6PPD, DTPD, C,;HyN, and C,3H6N, to
0.8 for TPPD (Supplementary Figure S11). Figure 7 shows the
average body burden of additives together with the number of
CR particles in Gl-tracts of individual fish over time, and the
cumulative median concentrations of the additives in blood for
all exposed fish on a given sampling day. A clear temporal pattern of
additive uptake into and elimination from the blood is evident, as
well as differing contributions of the 5 PDs to additive body burden,
where 6PPD had the highest peak around 1000 pg/g, followed by
C,1HyN, and DTPD with around half that concentration, and
much lower concentrations of C,3H,6N, and TPPD (Figure 7). PD
concentrations in blood were unrelated to body length or weight
(Supplementary Figure S12).

4 Discussion
4.1 Ingestion of CR particles

The ingestion of CR particles is not restricted to caged fish, but
has also been shown experimentally for the marine mummichog
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(Fundulus heteroclitus; L.aPlaca and Hurk, 2020), the freshwater
fathead minnow (Pimephales promelas; LaPlaca et al., 2022) and
goldfish (Carassius auratus; Chiba et al., 2023). Furthermore, five
estuarine fish species collected from the wild were found to contain
‘suspected tire wear particles’ (Parker et al., 2020), indicating that
ingestion of car tire rubber particles (TWP or CR) also occurs in
natural habitats. The current study contributes to the increasing
evidence that marine fish species have the potential to ingest CR
particles, as evidenced herein for laboratory-reared juvenile
lumpfish Cyclopterus lumpus. When the CR was offered to the
lumpfish together with feed, three-quarters of the exposed fish
ingested the CR particles, with >80 particles recorded in two
20). 1t
conditioning of the fish to regular feeding of food pellets
supplied at the surface of the tanks may have increased their

individuals (Figure should be noted that prior

motivation to ingest floating particles compared to wild lumpfish
feeding within their natural habitat. As a result, the absolute
numbers of ingested CR particles may be higher than expected
under natural conditions, especially when environmentally relevant
exposure concentrations are considered. Although it cannot be ruled
out that any natural ability to select against non-food items may
have been reduced in the laboratory-reared lumpfish compared to
their wild counterparts, the non-selective feeding observed in this
study is consistent with the generally opportunistic feeding behavior
previously ascribed to this species (Vandendriessche et al., 2007;
Imsland et al., 2015). It is therefore suggested that wild lumpfish
have the potential to ingest CR particles in the natural environment.
This is supported by the observations of Parker et al. (2020), where
ingestion of TWP and other microplastics was higher in species with
a non-selective feeding strategy than in selective feeders.

As with many particle ingestion studies, the reported CR particle
abundances in lumpfish GI-tracts represent snapshots at the time of
sampling, as the fish were sacrificed after sampling and their feeding
rates not examined over time. The resulting data therefore provide
an insight into the general temporal trend for the whole group of
exposed fish during the 1-week exposure and subsequent 2-week
depuration phase rather than absolute values of ingestion. It is also
important to note that CR particles ingested early during the
exposure may have been egested already at the time of sampling,
leading to an underestimation in ingestion. In contrast, CR particles
found to be present in the GI-tract during the depuration phase may
be (I) re-ingested particles that have previously been ingested and
egested by other lumpfish, or (II) ingested CR particles that
remained in the exposure tank that were not previously ingested
or egested. Both scenarios could lead to overestimation of CR
ingestion during the depuration phase. In contrast to the
previous study on goldfish (Chiba et al, 2023) where the TWPs
were egested within 48 h, CR particles were found to remain in the
GlI-tracts of some lumpfish for many days after the end of exposure
(up to 14 days post exposure). If these CR particles were ingested
sometime during the actual exposure period (days 1-7), it would
indicate gut passage/retention times of several days or even weeks. In
this case, the period available for car tire rubber additives to leach
within the GI-tract and be transported to other organs and tissues
would have been much longer than 48 h.

The high individual variability in the amount of CR ingested
(range from 0 to 84 particles), may also be explained by inherent
variations in the ‘personality’ of individual fish, where ‘curious’ and
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FIGURE 7
Concentrations of CR-related chemicals in lumpfish blood. Tanks 1, 3, and 5 were non-exposed controls, tanks 2, 4 and 6 were exposed. The limit of
detection (LOD), indicated by the dashed line, was 50 pg for 6PPD and C21H26N2 and 25 pg for DTPD, TPPD and C23H26N2, respectively.

‘brave’ fish ingest particles earlier and in larger quantities than more  individuals collected from the same location, shoal and time point,
‘shy” or ‘timid’ fish (Chen et al., 2022). Furthermore, many studies  suggesting this is not specific to lumpfish (Wootton et al.,, 2021). Tt
assessing the presence of microplastic particles in populations of  should also be noted that about a quarter of all fish had no CR in
wild caught fish have also reported such large variations between  their Gl-tract at the time of sampling. Although it cannot be
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determined for each individual lumpfish if this reflects selection
against non-nutritious particles, fish personality, or egestion before
sampling, some of the lumpfish examined for organic chemicals
were found to have high blood concentrations of 6PPD and
C,1HyN, on day 14, indicating that the additives were still
present in the blood post-egestion (Supplementary Figures S10A,
B). This type of temporal mismatch explains the relatively low R?
values for the linear regressions of CR particle presence in the GI-
tract versus PD concentration in blood for these two compounds
(Supplementary Figure SI11).

4.2 Bioavailability and uptake of metals from
car tire rubber

The CR granulate used for this study has previously been shown
to contain ten different metals, where Zn was the main contributor
(22.6 g/kg), followed by Fe and Cu (Halsband et al., 2020). Similar
metal profiles and relative concentrations have been reported in
other studies on car tire rubber chemical composition (Wagner et al.,
2018, and references therein). The concentrations and relative
proportions of metals can vary among tire materials, being
different
formulations, size, age, and degree of weathering (Kreider et al,
2010; Wagner et al.,, 2018; Halsband et al., 2020). Zn and other
metals have a high capacity to leach from CR materials into aqueous

influenced by factors such as manufacturer

surroundings (Bocca et al., 2009; Halsband et al., 2020), suggesting
that they may also become bioavailable when leaching into the GI-
tract occurs upon ingestion of car tire particles. The most prominent
metal in our blood samples was Fe, which is most likely to reflect its
physiological function in oxygen transport by hemoglobin rather
than uptake from CR particles. Although Zn was the second most
abundant metal in lumpfish blood after Fe, there was no statistical
difference in Zn levels between exposed and non-exposed fish,
indicating that it was either not bioavailable or that uptake was
regulated by the fish. This is not surprising, as Zn has many
biological functions and plays a role in intercellular signaling,
where Zn sequestration is controlled by Zn transporter proteins
(Kambe et al., 2015). The same is true for the trace metals Cu and
Mn, which have essential biological roles in energy metabolism and
immune response (Chandrapalan and Knwong, 2021). The
remaining metals measured in the current study exhibited low
concentrations in lumpfish blood and no differences between
exposed and non-exposed fish. Again, this indicates that they
were not taken up from the CR, or that they were quickly
detoxified and/or transferred from blood to other tissues, e.g., the
liver.

4.3 Bioavailability and uptake of organic
chemicals from car tire rubber

Organic additives typically represent between 5%-10% of the
weight of vehicle tires (Wagner et al., 2018). The most abundant of
organic chemicals and groups of organic chemicals reported in car
tire rubber are benzothiazole, polycyclic aromatic hydrocarbons
(PAHs), phthalates and several bisphenols (Rogge et al., 1993;
Reddy and Quinn, 1997; Kreider et al., 2010; Halsband et al.,
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2020). Of these, benzothiazole was present in the highest
amounts, with 110 + 28 mg/kg in the CR material used here
(Halsband et al., 2020, their Supplementary Table S2). Although
benzothiazole was detected in the lumpfish blood, it was not found
to be at significantly elevated concentrations in the exposed group
(not shown) compared to the control group. It is therefore suggested
that any potential uptake of benzothiazole from the CR was masked
by other environmental sources of benzothiazole that the control
fish were also subjected to, and that the concentrations measured
represent background contamination rather than exposure to CR.
Total PAH content of the rubber was around 50 mg/kg, but only
small amounts leached into seawater (Halsband et al., 2020), and we
thus did not consider PAHs further in this study. Owing to their
hydrophobic properties and proven accumulation potential, target
analysis of PAHs in organs such as the liver may have provided more
information. The same applies to phthalates and bisphenols, which
had a cumulative concentration of 36 mg/kg and 2.3 mg/kg in the
CR material, respectively (Halsband et al., 2020).

The chemical mixtures 1,4-Benzenediamine, N,N’-mixed
phenyl and tolyl derivatives (BENPAT, CAS: 68953-84-4) also
known as Vulkanox 3100, and 1,4-Benzenediamine, N,N'-mixed
tolyl and xylyl derivatives (BENTAX, CAS: 68478-45-5) are used as
antiozonants in the manufacture of tires (Environment Canada and
Health Canada, 2011). The antiozonant 6PPD has been reported to
represent 1%-2% to the typical organic additive load of tires (DTSC
and CalEPA, 2022). Concentrations of 1.5 and 1.9 ng 6PPD per mg
dry weight were reported for two samples of road dust, suggesting it
is already widespread in the natural environment (Klockner et al.,
2021). In line with our results, both 6PPD and DTPD have been
found in TWP and CR, together with the oxidative transformation
product of 6PPD, 6PPD-quinone (Zhao et al., 2023). The oxidation
product 6PPD-quinone was recently identified as the cause of mass
mortality events in the salmon species Oncorhynchus kisutch (Coho
salmon) in the United States of America (Tian et al., 2020).
6PPD
transformation product, were therefore of particular interest in
this study and were quantified with the help of additional GC-
MS screening of the CR material together with commercially
available standards for 6PPD-quinone. While 6PPD and 6PPD-
quinone were both detected in the CR material, ranking first and

Antiozonants, especially and 6PPD-quinone

fifth in concentration among the additives considered (Figure 7), the
lumpfish blood samples did not exhibit any detectable presence of
6PPD-quinone. This suggests that 6PPD-quinone uptake into
lumpfish blood is limited.

Although analysis of the Vulkanox 3100 mixture confirmed the
presence of DPPD, DTPD and TPPD in the CR material exposed to
the lumpfish, only TPPD and DTPD were found in the blood of
exposed fish (Figure 7). This suggests that there are differences in the
molecular structure of these three related PD chemicals that have
strong impact on their uptake into lumpfish blood. Although further
studies would be needed to verify the uptake and impacts of the three
different chemicals, these preliminary findings indicate that using
DPPD as a lone antiozonant additive in car tires could reduce
exposure and uptake of PDs in marine fish, thus reducing the risks
associated with car tires and their particulate emissions. We also
report for the first time two structurally unidentified diamines in tire
rubber particles, C,;HN, and Cy3H,4N,, which appear to be other
PD analogues. As these two chemicals were not present in the
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Vulkanox 3100 standard mixture used in the study, it was not
possible to confirm their exact identity. Importantly, both chemicals
were also found in the lumpfish blood samples, indicating they are
both able to leach and be taken up by the fish. Further work is
recommended to accurately identify these two chemicals.

4.4 PDs as indicators of car tire rubber
contamination and exposure

Results from this study show that tire related chemicals,
especially some of the commonly used antiozonants, are readily
taken up into blood of fish exposed to car tire rubber in the form of
CR. The compound 6PPD reached the highest blood concentrations
in our study, proportionate to its content in CR granulate relative to
the other PDs. In addition, it is suggested that DTPD, TPPD,
C,1H6N, and Cy3HpeN, have the potential to be utilized as new
markers of tire rubber contamination and exposure. Interestingly,
Zhao et al. (2023) found DTPD to be the most abundant PD
antiozonant in CR, followed by 6PPD and DPPD, which were
present in similar amounts. In contrast, they found that 6PPD
dominated in TWP, followed by DTPD and DPPD. Although the
PDs are taken up and eliminated from the lumpfish blood over time
at different rates, some remained detectable for 2 weeks after the
exposure had ended. It should be noted that the presence of PDs in
samples collected towards the end of the depuration period could
have been caused, at least partially, by re-ingestion of egested CR
particles. The PDs C,3H,4N, and DTPD peaked and decreased more
rapidly than the other additives, indicating a faster uptake and
turnover in blood. The decrease in the concentrations of all PDs
towards the end of the 14-day depuration period indicates excretion
or transformation into other chemicals, as well as potential transport
into other tissues and organs (e.g., the liver). Given the observed
concentration levels, together with variations in the timing of peak
concentrations for the different PDs, it is proposed that a
6PPD,
Cy Hy6N,, and DTPD, could be used for a comprehensive

combination of the three most concentrated PDs,

characterization of tire rubber exposure in vertebrates, including
humans. This is supported by a recent screening of PDs in rubber
and elastomer products, which highlighted the specificity of 6PPD,
DTPD and DPPD as tire-related PD antioxidants (Zhao et al., 2023).
Considering that concentrations of 6PPD, DTPD and DPPD were
lower in CR compared to TWP, likely due to extended weathering
and leaching (Zhao et al., 2023), 6PPD and DTPD are likely suitable
biomarkers for recent exposure to tire rubber or tire leachate along
with the unidentified C,;H,6N>.

4.5 Toxicity of car tire rubber to aquatic
organisms

The CR exposure presented here did not induce mortality, and
sub-lethal toxicity endpoints were not studied. However, toxic
responses from exposure to tire rubber particles, including
increased mortality, have previously been observed in other fish
species, including rainbow trout (Oncorhynchus mykiss; Kellough,
1991), and the freshwater fathead minnow (Pimephales promelas)
and the estuarine mummichog (Fundulus heteroclitus; LaPlaca and
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Hurk, 2020; LaPlaca et al, 2022). Reported sublethal effects

following tire rubber exposure include altered swimming
behavior and reduced growth in estuarine fish (Siddiqui et al,
2022), and sub-lethal toxicity in fathead minnow embryos
(Chibwe et al,, 2021) and the zebrafish Danio rerio (McIntyre
et al, 2014). Importantly, the available data strongly indicates
that toxicity responses to car tire rubber and its associated
be
concentrations of 6PPD-quinone were found to be lethal for
juvenile Coho salmon (24 h LCs, of 0.79 pg/L) (Tian et al., 2020),

but not for the closely related chum salmon (Oncorhynchus keta;

chemicals  can species-specific.  For example, low

Mclntyre et al., 2021), or other fish and invertebrate species (Hiki
et al., 2021). Specific toxicity of 6PPD and 6PPD-quinone has also
been shown for zebrafish (Varshney et al., 2022), the anadromous
Coho salmon (Blair et al., 2021; McIntyre et al., 2021) and the white-
spotted charr (Salvelinus leucomaenis pluvius; Hiki et al., 2021).

Several of the heavy metals present in the CR are known to be highly
toxic to fish (reviewed in Garai et al., 2021). For example, Cd, Cr, and Pb
are non-essential elements for fish (in contrast to Zn and Fe), and able to
cause toxicity even at very low concentrations in some species. These
metals are redox active components and drive the redox reaction to form
reactive oxygen species (ROS). A large body of literature describes
mechanisms on how heavy metals can affect multiple organs in
sensitive fish due to oxidative stress, and finally accumulate in tissues
(Shahjahan et al., 2022, and references therein). However, no uptake of
metals was detected in the present study focusing on blood, suggesting
either the absence of uptake, efficient detoxification, or bioaccumulation
in other organs of the fish. To our knowledge, no literature describing the
toxic effects of heavy metals in Cyclopterus lumpus currently exists,
hampering the evaluation of the sensitivity or resilience of lumpfish for
the metal concentrations found in our study. Given the observed
differences in metal concentrations and proportions between the CR
and the lumpfish blood samples, combined with a lack of statistical
difference in the metal concentrations between control and exposure
groups, there is no indication that CR ingestion leads to take up of metals
or causes negative effects on the health of lumpfish.

Other studies have shown toxic effects from exposure to car tire
rubber leachates, mostly for aquatic invertebrates, such as daphnids,
copepods, mussels and amphipods (Wik and Dave, 2009; Khan et al.,
2019; Capolupo et al., 2021; 2020; Halsband et al., 2020). These
studies have proposed several suspect metals and compounds as
candidates for inducing the observed negative effects on
physiological and fitness endpoints, including benzothiazole,
PAHs, phthalates, and Zn. It can be expected that some
toxicological responses are different between invertebrates and
vertebrates, resulting from differences in detoxification potential,
exposure mode (ingestion of particles versus exposure to leachate),
and uptake kinetics for toxic compounds. An increased mechanistic
understanding is needed to inform appropriate risk assessments of
CR and TWP emissions (Tamis et al., 2021). Accessible ingredient
lists used in tire rubber production would increase transparency and
facilitate such assessments. A first attempt in that direction, the
global automotive declarable substance list (GADSL), is an initiative
by the Global Automotive Stakeholders Group (GASG). However,
ingredient derivatives and constituents that react and transform
quickly, and therefore become depleted in biological tissues over
short time scales, are not included in these lists (Trudso et al., 2022).
Although a body of data and knowledge is developing with regards
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to the chemical composition of car tires and which ingredients could
be driving the observed toxicological responses in different
organisms, further research is needed to fully elucidate the most
bioavailable and hazardous metals and chemicals.

5 Conclusion

This study demonstrates the ingestion, GI-tract retention, and
egestion of CR particles in the marine fish species, Cyclopterus
lumpus, in an experimental feeding study. The results indicate that
the tissue concentrations of individual tire additives correlate well with
the number of ingested CR particles and indicate short lifetimes for
these additives in blood. The uptake of organic PD antiozonants,
including 6PPD, into lumpfish blood shows the potential for this
group of chemicals to serve as specific biomarkers of recent
exposure to CR, TWPs, or leachates from those. The unidentified
additive C,;H,6N, reported here as constituent of CR material was also
detectable in blood and may be a suitable additional tire chemical
marker upon future identification of its molecular structure. A
combination of the most abundant PDs found in lumpfish blood,
6PPD, C,,H,¢N,, and DTPD, is recommended for assessment for use as
biomarkers. Further exposure studies incorporating a higher temporal
resolution with additional sampling time points would enable the
application of toxicokinetic models to compare the uptake and
elimination rates of the different compounds. Importantly, we
demonstrate that analysis of low volume blood samples can be a
non-lethal method for the
exposure. In sufficiently large vertebrates, including humans,

detection of recent tire chemical

repeated measurements of the same individual(s) are possible and
would afford a more accurate assessment of temporal levels that
could be linked to specific exposure scenarios or histories. Although
negative effects on lumpfish exposed to CR particles were not observed
in this study, the potential toxicity of PD antiozonants other than 6PPD
should be assessed using acute and long-term exposures to CR or TWP
particles and their associated leachates to inform risk assessments and
improved regulatory work for this group of substances.
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