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Highlights:

Tire and road wear particles (TRWPS) in tunnel dust: smaller and less dense than in
road simulators.

Mass distributions of tire constituents had maxima in the size fraction < 20 pum.
Density of TRWPs was mostly in the range of 1.3 - 1.7 g/cmé.

Elongated particles were identified in size and density fractions.

Solvent extracts of tunnel dust activated oxidative stress response in bioassays.
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Abstract

Tire and road wear particles (TRWPSs) are generated by abrasion of vehicle tires and
agglomeration with particles from the road surface. Even though they constitute a major
component of particulate non-exhaust traffic emissions, knowledge about their physico-
chemical properties is limited and largely based on road simulator experiments. Tunnel road
dust was analyzed for TRWPs and their sizes, densities and shapes. Solvent extracts were
characterized for presence of seven tire tread indicator chemicals and their effects in in vitro
bioassays.
The peak of the TRWP mass distribution was in the size fraction 20 - 50 pum, with 31 - 36%
of the total TRWP mass and a content of up to 260 mg/g. The mass of organic tire
constituents peaked in the smallest analyzed size fractions (< 20 um) with 35 - 55% of their
total mass. Density of TRWPs in tunnel dust was 1.3 - 1.7 g/cm3, which was lower than
expected. Video-based shape analysis and SEM showed elongated particles, likely TRWP, to
be present in those size and density fractions ascribed to TRWPs by chemical analysis.
However, also irregular heteroagglomerates that may be TRWPs could be found.
Solvent extracts of size and density fractions induced effects in bioassays indicative of the
activation of the arylhydrocarbon receptor (AhR-CALUX) and the adaptive response to
oxidative stress (AREc32) that exceeded previously reported mixture effects of extracts from
river sediments.
Similar comprehensive characterization of road dust at other sites may help increase the
knowledge about physico-chemical properties of TRWPs. If the properties of TRWPs in
tunnels and on open roads are similar, tunnel dust would be a promising basis for preparation
of test materials because of its comparably high TRWP content and less environmental
influence.

1. Introduction

The abrasion of vehicle tires releases high amounts of tire and road wear particles (TRWPs).
These TRWPs are heteroagglomerates of tread rubber, road material and particles deposited
on the road (Kreider et al., 2010; Wagner et al., 2018), whereas particles of “pure” tire tread
would be described as tire particles (TPs). Due to the uncertainties about TRWP composition,
emission estimates usually provide values in TP/a, such as for example 75,000 - 130,000 t
TP/a in Germany (Baensch-Baltruschat et al., 2021; Kole et al., 2017; Wagner et al., 2018).
Particles encrusted in the rubber matrix of TRWPs may be for example mineral grains,
bitumen or other particulate traffic emissions (Adachi and Tainosho, 2004; Kreider et al.,
2010; Sommer et al., 2018). Data on TRWP properties are scattered and often difficult to
compare due to differences in analysis techniques, generation conditions or experimental
setups (Grigoratos and Martini, 2014). For example, variable degrees of encrusted particles in
TRWPs in the range of 10 - 50 % have been reported (Kreider et al., 2010; Sommer et al.,
2018; Unice et al., 2019a). Most studies characterized TRWPs from road simulators
(Grigoratos and Martini, 2014; Wagner et al., 2018) instead of environmental TRWPs.
Especially the size distribution of TRWPs in environmental samples in the range of 10 - 1000
pum is poorly studied (Wagner et al., 2018), and hardly any measured data on the density of
TRWHPs is available (Kléckner et al., 2020, 2019).

TRWPs have been described as having an elongated shape (Adachi and Tainosho, 2004;
Kovochich et al., 2021; Kreider et al., 2010; Sommer et al., 2018), while fine TRWPs (0.001
- 10 um) that are generated by volatilization and subsequent condensation are rather spherical
or irregular (Dahl et al., 2006; Kim and Lee, 2018).
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More reliable data on physicochemical properties are of great importance as input parameters
for particle transport models. Providing these data requires validated analytical workflows
and representative samples.

It was assumed, that road dust collected in tunnels may have higher contents of TRWPs than
dust collected from open roads, because there are fewer particle sources and no precipitation.
TRWPs in tunnel dust may also be less aged due to absence of sunlight and rainfall. Tunnel
dust or TRWPs isolated from it may therefore be suitable as test materials for the
development of analytical methods and for experimental purposes, for aging and leaching
studies and testing of biological effects.

The content of TRWPs may be determined by quantification of marker compounds, such as
thermal degradation products of styrene-butadiene rubber, benzothiazole derivatives or
hydrogenated resin acids (Wagner et al., 2018). Particulate Zn in the density fraction <1.9
g/cm® (TRWPz,) was suggested as a marker for TRWPs (Klockner et al., 2019). Organic tire
constituents, such as 2-hydroxybenzothiazole (OHBT) and 2-aminobenzothiazole (ABT),
may also be indicators of TRWP contents in street dust (Klockner et al., 2020). If chemical
analyses are combined with physical fractionation methods, particle properties may be
derived.

Tire rubber toxicity was previously related to heavy metals or organic compounds, such as
benzothiazole derivatives, aromatic amines or phthalates (Wagner et al., 2018) and recently
to a transformation product of the antiozonant N-(1,3-dimethylbutyl)-N'-phenyl-1,4-
phenylenediamine (6PPD) leaching from tires, 6-PPD-quinone (Tian et al., 2020). Tire-
associated chemicals, such as benzothiazole-2-sulfonic acid (BTSA) and OHBT have been
shown to reach high concentrations in street-runoff (Kloepfer et al., 2005) and in urban rivers
after strong rainfall, together with 1,3-diphenylguanidine (DPG), and hexamethoxymethyl
melamine (Seiwert et al., 2020). BTSA was shown to be a major effect driver for the
activation of the arylhydrocarbon receptor (AhR) and the oxidative stress response in rivers
during rainfall events (Neale et al., 2020). These findings emphasize the need for toxicity
testing of TRWPs and their constituents.

A comprehensive characterization of TRWPs in tunnel road dust with complementary
techniques was performed in this study, aiming to (i) obtain data on the size, density and
shape of TRWPs in tunnel dust samples, (ii) determine cytotoxicity and specific effects in
bioassays of size and density fractions of tunnel dust, and (iii) compare this data set with
existing data of environmental and road simulator samples. The presented workflow may be a
basis for future TRWP research and the production of TRWP test materials.

2.  Materials and Methods
2.1.  Sampling and sample preparation

Samples A and B were obtained on 21% January 2020 in the tunnel “Konigshainer Berge" at
highway A4 in the direction to Gorlitz (Germany; 51°12'53.2"N, 14°48'42.8"E). The tunnel
has a length of 3300 m, separate tubes for each direction and a speed limit of 80 km/h.
Sampling was performed in the middle (A) and the last quarter (B) of the tunnel (after 1680
m and 2760 m), using a pressure washer and a wet vacuum cleaner (NT 45/1 Tact, Karcher,
Winnenden, Germany). The right lane was sampled including the sidewalk. Samples were
transferred into sealed buckets and stored in the laboratory over night at room temperature.
Water was removed by centrifugation (Rotanta 460, 2500 rpm, 10 min, rcf = 1360 x g,
Hettich, Tuttlingen, Germany). The supernatant was decanted and settled particles were
rinsed out with ultrapure water (Milli-Q integral, Merck KGaA, Darmstadt, Germany). The
samples were frozen (-18 °C), freeze-dried and dry sieved to a size of <1 mm.
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2.2.  Size fractionation

50 g subsamples were sieved using a vibratory sieve shaker (AS200, Retsch, Haan,
Germany), tap water, and sieves with mesh sizes of 20, 50, 100, 250 and 500 pum. Particles
were rinsed off the sieves with ultrapure water, frozen (-18 °C) and freeze-dried. Particles
<20 um were collected in a bucket and centrifuged (Section 2.1). The mass recovery in size
fractionation was 98.0% (sample A) and 97.5% (sample B).

2.3.  Density fractionation

Subsamples (ca. 2 g) were added to 50 mL tubes (Nunc, Thermo Scientific, Waltham USA)
and 45 mL sodium polytungstate solution (SPT; TC-Tungsten Compounds, Grub am Forst,
Germany) of variable concentration/density (see below) were added. Samples were vortexed
(2000 rpm, 10 min, Reax 2000, Heidolph Instruments, Schwabach, Germany), centrifuged
(Rotanta 460, 3000 rpm, 10 min, rcf = 1950 x g), and the buoyant fraction was decanted. The
process was repeated with 12 mL SPT solution of the same density before the next highest
density was added. Densities of SPT solution were 1.3, 1.5, 1.7, 1.9, 2.1, and 2.3 g/cm®. The
fractions were filtered onto 0.8 pum cellulose nitrate membrane filters (Labsolute, Th. Geyer,
Renningen, Germany). The mass recovery in density fractionation was 97% (sample A) and
92% (sample B).

2.4.  Microwave digestion and elemental analysis

A subsample of approx. 500 mg of the dried samples was digested in 6 mL nitric acid (HNOs,
Chemsolute, superpure grade, 67-70%, Th. Geyer, Renningen, Germany) and 2 mL hydrogen
peroxide (H202, Suprapur, 30%, Merck, Darmstadt, Germany) using a microwave digestion
system (Multiwave, Anton Paar, Graz, Austria; Tmax = 260 °C; pmax = 60 bar). For density
fractions < 500 mg, the whole fraction was digested. Elemental analysis of diluted digests
was performed using inductively coupled plasma mass spectrometry (ICP-MS; iCAP Q S,
Thermo Scientific, Waltham, USA). Measurement conditions can be found in Table S1.

2.5.  TRWPzndetermination

TRWPs quantified by analysis of particulate Zn in the density fraction <1.9 g/cm? (KI6ckner
et al., 2020) are denoted as TRWPz. In short, density separation of dried dust (approx. 1 g)
using SPT solution of density 1.9 g/cm?® was performed after vortexing and treatment in an
ultrasonic bath for particle dispersion. The buoyant fraction was filtered, rinsed, dried and
analyzed for Zn after digestion. TRWPz, content was initially calculated assuming a content
of 4.35 mg Zn/g TRWP based on a Zn content in TP of 8.7 mg/g and 50% TP content
(Kldckner et al., 2019). However, results of density fractionation (Section 3.3) indicated that
in the present samples, a TP content of 75% in TRWPs was more appropriate, and the
calculation of TRWPz, was adjusted, accordingly.

2.6.  Organic extraction

Dried subsamples (50 mg or less) were added to glass vial (n=3). 5 mL methanol (MeOH,
Suprasolv grade, Merck, Darmstadt, Germany) were added and extraction was performed for
1 h in an ultrasonic bath (Sonorex Digitec DT 255 H, Bandelin instruments, Berlin,
Germany). Overlaying solvent was transferred into a syringe (Braun Injekt Solo, 5 mL, B.
Braun, Melsungen, Germany), filtered through a 0.22 um PTFE syringe filter (Membrane
solutions, Plano, Texas, USA) into a 2 mL screw neck vial (ND8, Labsolute, Th. Geyer,
Renningen, Germany) and diluted with ultrapure water to a final concentration of 50% (v/v)
methanol.
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2.7.  UPLC-ToF-MS analysis

MeOH extracts were analyzed with ultra-performance liquid chromatography time-of-flight
mass spectrometry (UPLC-ToF-MS). The instrumental setup consisted of an ACQUITY
UPLC-System (HSS T3 column, 100 x 2.1 mm, 1.7 um) and a XEVO XS Q-TOF-MS
(Waters GmbH, Eschborn, Germany). Instrumental parameters can be found in Table S2.
TargetLynx was used for quantitative analysis and exact mass accuracy had to be <5 ppm.
The seven analytes OHBT, ABT, 6PPD, OBS (2-(4-morpholinyl)benzothiazole), BT
(benzothiazole), aniline and DPG, were quantified by external quantification (Table S3).
Two compounds were determined by their exact masses and fragmentation products: 6PPD-Q
(Tian et al., 2020; Fig. S1) and a formylated transformation product of 6PPD, with an exact
mass of 297.1964 (positive ionization mode) and a retention time of 10.7 min (“marker
297). This compound showed a high aging resistance and low leaching potential and
occurred in different tire treads (data not shown).
For each analyte, the content (C) in one size or density fraction (F) was calculated from the
mass of the analyte in the respective fraction (manaiyte) and the respective fraction mass
(Mfraction; Equation 1).
C[F] — Manalyte (l)
Mfrgction
For each analyte, the mass percentage (M) in a size or density fraction (F) was calculated
from manaiyte and the total analyte mass (Ma,total) 8s sShown in Equation 2. The total analyte
mass was calculated as the sum of Manaiyte Of all fractions.

M(F) = Z=slte , 199 2

My total

2.8.  Shape analysis

Subsamples (ca 1. mg, n=3) were dispersed in 4 mL of 2-propanol (ULC-MS - CC/SFC
grade, Bisolve Chimie, Dieuze, France) by a magnetic stirring unit (ACM-101; 12600 rpm).
The minimum measuring time in video-based dynamic image analysis (EyeTech Combi, EW
lens, Ambivalue, Dussen, Netherlands) was 60 s and the minimum particle number was 500.
The average of two measuring cycles was formed. The circularity was calculated by the
projection area (A) and the perimeter (P) of a particle (Equation 3).

Circularity = A;:n 3

The number of particles in classes with a width of 0.05 was calculated. Scaling was
performed to the highest frequency of each replicate.

2.9. SEM imaging

Samples were applied on stubs for scanning electron microscopy (SEM; Merlin VP Compact,
Carl Zeiss, Oberkochen, Germany) using conductive adhesive tape (Plano, Wetzlar,
Germany). Samples were sputter-coated with chromium (EM SCD 500, Leica Microsystems,
Wetzlar, Germany). Instrumental parameters are listed in Table S4.

2.10.  Invitro bioassays

MeOH extracts of sample B (n=3) were used for two mammalian reporter gene assays:
ARECc32 (Wang et al., 2006) and AhR-CALUX (chemical activated luciferase gene
expression; cell line H4L7.5¢2; Brennan et al., 2015). Cells were seeded in 384-well plates in
30pI of assay medium and incubated (37°C, 5% COz, 95% humidity) for 24 h (Kdnig et al.,
2017; Neale et al., 2017). 10 pl of sample were added to each well and incubation continued
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for 24 h. The samples were a dilution series with duplicates of each concentration of
reference chemicals and extract dissolved in assay medium. Cell viability was calculated
using cell confluency detected by an IncuCyte S3 live cell imaging system (Essen
BioScience, Ann Arbor, Michigan, USA). The inhibitory concentration for 10% reduction of
cell viability (IC10) was determined from the linear range of the concentration-response
curve. Concentrations above the 1C1o were excluded.

Luciferase activity was measured as luminescence after addition of cell lysis buffer and
incubation for 10 min at RT followed by addition of 20 pl of luciferase substrate buffer. The
relative light units (RLU) were converted to induction ratios (IR) for AREc32. The effect
concentration causing an IR of 1.5 (ECir15) was deduced from a linear concentration-
response model up to IR 4 (Escher et al., 2018). For AhR, the RLU of the unexposed cells
was set to 0% and the maximum RLU induced by 2,3,7,8-tetrachlorodibenzodioxin (TCDD)
to 100%. All RLU were converted to % effect. The effect concentration triggering 10%
activation for AhR (EC10) was derived from a linear concentration-response model (Escher et
al., 2018).

Effect concentrations of a sample ECsample Were translated to bioanalytical equivalent
concentrations BEQ by Equation 4 using the ECreference compound OF @ reference compound
(Escher et al., 2018). This assures that a higher numerical value is associated to a higher
effect.

ECreference compound
BEQ = £ 4)
Ecsnmpla

Reference compounds were t-butylhydroquinone (tBHQ) for AREc32 and TCDD for AhR
CALUX. The BEQ are called tBHQ-EQ and TCDD-EQ. The EC were converted using an
EC10 of 0.207+0.005 ngrcop/Lbicassay (Fig. S7a) and ECir1.5 of 450+10 pgieHo/ Lbioassay (FigQ.
S7b).

3. Results & Discussion

3.1. Characterization of tunnel dust samples <1 mm

The two samples of tunnel dust (A, B) had mostly similar properties (Table 1, Table S5,
Table S6). For TRWPzn, a 50% content of TP in TRWPs was assumed previously (Klockner
et al., 2019), but in the present samples, the TP content was approximately 75% (Section 3.3).
The TRWPz, quantification was adjusted, accordingly. The TRWPz, content of 110 - 120
mg/g was more than one order of magnitude higher than previous findings in road dust
(Kldckner et al., 2020), which may confirm the expected “purity” of tunnel dust.
Analogously, much higher values of OHBT (factor 10) and ABT (factor 3-4) were found than
in street dust outside of tunnels (Asheim et al., 2019; Kléckner et al., 2020; Zhang et al.,
2018).
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Table 1: Content of selected organic tire constituents, Zn and TRWPz, as well as mean particle density and mode of
circularity in the two tunnel samples. One standard deviation is indicated by +. VValues were rounded to two
significant digits. TRWPzn contents were provided based on 50%" and 75%" TP in TRWP, respectively.

Analyte / Property Unit Sample A Sample B
6PPD ng/mg 1.5+0.044 19+0.14
OHBT ng/mg 1.3£0.0075 15%£02
ABT ng/mg 0.12 + 0.0022 0.13 + 0.0094
Marker 297 peak area/ mg 45+19 55+ 6.6
6PPD-Q peak area/ mg 220+9.5 270 + 27

Zn mg/g 20+£0.15 21+054
TRWPzn mg/g 170"/ 110™ 180"/ 120™
Particle density g/lcm?d 2.2 2.1

Particle shape Circularity 0.62+£0.34 0.62 £0.43

Differences could be observed for the particle size distributions of the two samples (Fig. 1a):
Sample A had a higher share of fine particles < 20 um (32% by mass) while coarser particles
> 250 pum were larger in sample B (44%).

The size distribution of road dust may vary with local conditions such as pavement type,
climatic conditions, driving speed or the surrounding environment. The fraction of road dust
< 100 pm in other studies was approximately between 10 - 30% by mass if an upper particle
size cutoff of 1 mm was considered (Adachi and Tainosho, 2005; Han et al., 2008; Klockner
et al., 2020; Polukarova et al., 2020; Wang et al., 2005; Zafra et al., 2011). Accordingly, the
two samples of tunnel dust are composed of finer particles, which may be due to fewer
secondary particle sources inside the tunnel.

The mean particle density of the two tunnel samples agreed well to values reported for road
dust with a low amount of organic detritus (2.1 - 2.5 g/cm?; Zanders, 2005) and is at the
upper end of other data for road dust (1.5 - 2.5 g/cm?, Kayhanian et al., 2012; Zanders, 2005).
This corresponds to the expected reduced influence of organic matter inside the tunnel.

The density distribution of particulate matter was similar in both samples (Fig. 1b): it is
dominated by the fraction > 2.3 g/cm? (mineral matter; approximately 65% by mass),
whereas the fraction < 1.3 g/cm3 (organic matter) was practically absent (0.5 - 1% by mass).
The four density fractions in the range 1.5 - 2.3 g/cm? had approximately equal masses and
each contributed between 3.4% and 8.9% to the total sample mass.

Also, particle shapes, as shown by their circularity, were similar in both samples (Fig. 1c).
Spherical particles (circularity = 1) and particles of very low circularity (e.g. fibers,
circularity approaches 0) were absent. Both distributions were skewed towards higher
circularities. The mode of the particle circularity (Table 1) indicated a low to moderate
circularity (Blott and Pye, 2008), i.e. slightly elongated particles. This was lower than road
dust and TRWPs in a previous study, where circularities of 0.83 - 0.84 were determined
(Kreider et al., 2010).
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Figure 1: a) Masses of size fractions of the two tunnel road dust samples A and B as obtained by wet-sieving. b)
Masses of density fractions as obtained by density separation. Error bars show one standard deviation. ¢) Circularity
of particles as determined by video analysis in both samples, scaled to the highest particle count of each replicate.

3.2.  TRWRPs in size fractions

The size of TRWPs is one of the major determinants of their fate in the environment
(Besseling et al., 2017; Unice et al., 2019b). In the tunnel dust, the content of organic tire
constituents (OHBT, ABT, 6PPD) increased from the coarser (500 - 1000 um) to the finer
fractions (< 50 um) by a factor of about 5 - 10 (Fig. 2 b, c, d). For 6-PPDQ, a compound
recently identified as being toxic to fish (Tian et al., 2020), and marker 297, the contents even
increased by a factor of 50 - 80 (Fig. 2e, f). For TRWPz,, the highest contents (120 - 260
mg/g) occurred in the size range 20 - 50 pum or 50 - 100 um rather than in the finest fraction
of the tunnel dust, but this trend remains scattered, as for 6-PPD (Fig. 2a, d). With 12 - 26%
of weight, TRWPs were highly concentrated in the size fractions 20 - 50 pm and 50 - 100 pum
of tunnel dust.

The masses of organic compounds and TRWPz, throughout the size fractions were not evenly
distributed (Fig. 2, lines). While above 250 pm, organic compounds and TRWPz, were
practically absent, their mass increased towards the smallest size fraction by a factor of 5
(6PPD) to 70 (marker 297). For both samples, the masses of OHBT, ABT, 6PPD-Q and
marker 297 were highest in the size fraction < 20 um (approx. 35 - 55%), while TRWPz,
peaked in the fraction 20 - 50 um (approx. 30 - 35%). The particle size distribution of
TRWPs therefore appeared to have a mode in the smallest size fractions (Fig. S2).

Studies reporting size distributions of TRWPs in particle size ranges 10 - 1000 um are scarce.
A road simulator study determined TRWP size distributions to range from 5 - 220 um with a
mode at 75 pum (determined by laser diffraction) or 4 - 350 um with a mode at 100 pum
(determined by optical microscopy; Kreider et al., 2010). Recently, the volume size
distribution of TRWPs from a road simulator was reported between 6 um and 120 pm, with a
mean of 49 um (Kovochich et al., 2021). TRWPs from road dust collected by sweeper cars
were mainly > 50 pm in size (Klockner et al., 2020) but may have been affected by size-
dependent sweeping efficacy, whereas in the present study pressure washing was applied.
The present data is, thus, showing a distribution with finer particle sizes than expected. It is
not clear whether this is due to the tunnel situation, collection on a highway with higher
driving speed or to other factors, including techniques of particle collection.



321

322
323

324
325
326

327

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349

a) 300 - - 60% ~eo% © 70 E=A - 60%
o =] =B
2 250 - 50% - 50% E &0 - 50%
£ 550 1 ——p =
= 200 - - 40% - 40% @ g 40%
g R & 40 o
§ 150 - 1Y + 30% b 30% 330 - 30% o>
B | € 3
S 100 | - 20% N - 20% = 50 - 20% &
g N 3 “’
= 50 A N F 10% N - 10% €10 - 10%
: ; ) ® : -
o -AE T T ‘Q.,_‘.__, 0% A A BB 0% 0 - T T T I =— 0%
o o o o o o o O o o o o o o o o o o
VT ag s vE2 888 vVaTanps8
N g 88 & Y888 & “ 888 9
- &N O - o O - N O
0 brsd 0
b) -60% d) 30 q r60% f) 400 - 60%
@ L 50% o 25 1 Fso% @ 30 L 50%
) & 8 300 1o
E - 40% D 2.0 - F40% 8 | - 40% B
= £
€ H30% = 15 | ﬁﬁ F30% B 200 - 30% o
15 x| a2 § 3
3 L 20% 5 1.0 L 204 £ 150 L 20% &
= b A E 100 @
g F 10% & 0.5 g r 10% = 50 - 10%
e o b
; OEEEL 09 © oo NININININGR o0, © St 0%
& 838 8 8 8 & 88 38 8 & 883 8 8
Vo T o4 % S - = Vg oo oo
“ 888 g N B 883 & N B8R &
= 2 - o g =« g
Size fraction in ym Size fraction in ym Size fraction in ym

Figure 2: a) TRWPzn b) OHBT, ¢) ABT, d) 6PPD and e) marker 297, f) 6PPD-Q in size fractions of tunnel
road dust (samples A, B). Columns: content in mg/g, ng/mg, or peak area/mg (Eq. 1; left y-axis). Error
bars show one standard deviation (n=3). Lines: mass of an analyte in a fraction in % of the total mass of
the analyte (Eqg. 2, right y-axis). TRWPzn was calculated based on 75% TP content in TRWPs.

3.3. TRWRPs in density fractions

Not only the size, but also the density of TRWPs is relevant for their transport in the
environment, since it affects the settling velocity in water and, thus, their travel distance
(Besseling et al., 2017; Unice et al., 2019b).

Tunnel dust was fractionated into seven density fractions from < 1.3 to > 2.3 g/cm3, followed
by chemical analysis of the fractions. The contents of the organic tire constituents and Zn
increased with decreasing density (Fig. 3, Fig. S4). In the fractions < 1.7 g/cms3, contents were
up to 4x higher than in the fractions > 1.7 g/cms.

The mass distribution of all organic tire constituents and Zn over the density fractions
consistently show a maximum of TRWPs in the density fractions 1.3 - 1.7 g/cm? (Fig. 3,
lines). Assuming a density of 1.2 g/cm? for tire tread (Degaffe and Turner, 2011), this would
correspond to a mass contribution of encrusted particles in the present TRWPs of around 25%
(TRWP density of 1.5 g/cm3). TRWPz, contents based on the Zn content in TP and an
assumed content of 50% TP would therefore overestimate the TRWP content in the present
samples and the quantification of TRWPz, was based on 75% TP in TRWP, accordingly.

The density of TRWPs was in previous studies inferred from the proportion of encrusted
minerals (Kreider et al., 2010), resulting in a density estimate of 1.8 g/cm? for TRWPs from a
road simulator (50% mineral contribution; Unice et al., 2019a). The discrepancy with TRWP
densities estimated in the present study, may either be due to fewer non-tire particles present
in TRWP or due to a lower density of such encrusted particles than in previous estimates
(Kreider et al., 2010). Sommer et al (2018) reported that highway TRWPs contained only 6 -
10 %vol of encrusted particles and calculated a total density of 1.26 g/cm3. This agrees well
to the samples of this study. Analyses of road dust from urban roads indicated that 73 - 98%
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of TRWPs had a density < 1.9 g/cm? (Klockner et al., 2020), whereas in sediments of settling
ponds for runoff, densities were occasionally > 1.9 g/cm3 (Kldckner et al., 2020).

Sample processing may in the present study have led to the loss of encrusted particles from
TRWPs during sampling or sample processing. The stability of TRWP agglomerates has not
been studied so far.

Distributions similar to the organic tire constituents and Zn were obtained for Sb and Sn,
while As, Ba, Bi, Cd, Co, Cu, Cr, and Pb were clearly dominant in the fraction > 2.3 g/cm? (;
Fig. Sb). Of these, Ba, Co, Cu, Cr, and Pb have been used as marker elements for brake wear
emissions (Grigoratos and Martini, 2014) or asphalt wear (Mummullage et al., 2016), which
agrees to their presence in the high density fraction. While Sb and Sn are also associated with
brake wear particles (Grigoratos and Martini, 2014) they are present also in TPs (Klockner et
al., 2019; Kreider et al., 2010; Sommer et al., 2018). In these samples of tunnel dust, TPs may
be the predominant source of these two elements.
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Figure 3: a) Zn, b) OHBT, c) ABT, d) 6PPD, €) marker 297 and f) 6PPD-Q in density fractions of tunnel dust samples
(A, B). Columns: content of the analytes in each density fraction in mg/g, ng/mg or peak area/mg (Eq. 1, left y-axis).
Error bars show one standard deviation (n=3). ABT was not detected in the density fraction > 2.1 g/cm3 (sample B)
and > 2.3 g/cm? (both samples). Lines: mass of an analyte in a fraction in % of the total mass of the analyte (Eq. 2,
right y-axis). Please note that TRWPzx is not shown because it is defined as particulate Zn in the density fraction <
1.9 g/cm?.

3.4.  Shape analysis and SEM imaging

Since TRWPs have been described as sausage-shaped particles in previous studies, selected
fractions of sample B were analyzed for their circularity (Fig. 4a, b). The fraction <1.3 g/cm?3
could not be analyzed in sample B due to limitations in material availability, which is why a
subsample of sample A was used here.

Concerning the size fractions, a higher frequency of elongated particles was visible in the
fraction 50 - 100 um (Fig. 4a). While a high content of TRWP would be expected in this
fraction based on chemical analysis, the same would be true for the size fractions < 20 pm
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and 20 - 50 um (Fig. 2). These fractions, however, did not show a higher frequency of
elongated particles, suggesting that in these smallest size fractions not all TRWPs are
elongated.

Concerning the density, elongated particles were most frequent in the two fractions between
1.3 - 1.7 g/cm3 (Fig. 4b). The shape analysis from the density fractions, thus, agreed well with
the results from the organic tire constituents and Zn (Fig. 3).

In the size and density fractions with higher abundance of elongated particles, characteristic
TRWPs could be identified by SEM imaging (Fig. 4c, d). These particles matched the shapes
and agglomerate compositions of TRWPs of earlier studies (Kreider et al., 2010; Sommer et
al., 2018). In accordance to the lower density of TRWP in the tunnel dust (Section 3.3), the
number of encrusted particles visible from the SEM pictures appeared to be lower than on
pictures shown in previous studies (Kreider et al., 2010; Sommer et al., 2018). Apart from
elongated particles, also irregular particles with encrustations could be observed in SEM, for
example in the size fraction 20 - 50 um (Fig. S6).
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Figure 4: Circularity of particles as determined by video-based shape analysis of four different size fractions (a) and
four different density fractions (b) of sample B. Density fraction 1.3 - 1.5 g/cm3 was analyzed in a subsample of
sample A due to limited sample availability after density separation. The data was scaled to the highest particle count
of each fraction for better comparability. SEM images of the size fraction 50 - 100 um (c) and density fractions 1.3 -
1.5 g/cmd (d) of sample B and enlarged details thereof.

3.5.  Invitro bioassays

The effect screening of methanol extracts of sample B and its size and density fractions
aimed at complementing the above characterization with integrate measures of overall
cytotoxicity and specific modes of action that were previously shown to be relevant for road
runoff (Neale et al., 2020). For AREc32, no cytotoxicity was observed up to an enrichment of
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4 Qparticles/ Lbioassay, While the AhR CALUX cell line was more sensitive and cytotoxicity was
detected in most extracts (Fig. S7, Table S7). The I1Cyo ranged from 65 to >1000

MQparticles/ Lbicassay (Table S7). Despite the low cytotoxicity, all samples activated AhR and the
oxidative stress response, with no responses in procedural blanks (Table S7). Effects were
stronger in AhR CALUX cells, with EC up to two orders of magnitude lower than on the
ARECc32. The effect concentrations of the triplicate extracts were averaged and they showed
large variability (CV 6% to 77%, Table S8) was presumably due to the heterogeneity of the
particles, since CV of individual extracts were typically below 10% (Table S7). Effect
concentrations translated to BEQ (tBHQ-EQ and TCDD-EQ); Table S8), were by a factor 2 to
8 higher than for example in river sediment of the Saar (Jahnke et al., 2018), a river highly
influenced by contamination with persistent organic pollutants, even though the Saar
sediments were extracted with a harsher method (accelerated solvent extraction).

For the size fractions, the tBHQ-EQ showed no clear differences between the fractions < 250
pum (Fig. 5a). This contrasts with the contents of organic tire constituents (Fig. 2), which were
2 - 10 times higher in the fractions < 100 um compared to the fraction 100 - 250 pm. TCDD-
EQ (Fig. 5b) showed the same dependence on size fraction as the contents of TRWPz, and
6PPD.

Regarding the density fractions, BEQ (Fig. 5c, d) in the fractions < 1.9 g/cm? were an order
of magnitude higher than in the fractions > 1.9 g/cm3 (factor 14 - 39). Contrary to the organic
tire constituents, BEQ from both bioassays in the density fraction 1.7 - 1.9 g/cm? were
comparably high.

As for the above analytes, distributions of BEQ were calculated from the BEQ in each
fraction relative to the sum BEQ (Fig. 5, lines). The distribution of tBHQ-EQ clearly differed
from above mass distributions of organic tire constituents and TRWPz, in the size fractions
but showed a similar distribution for the density fractions. For TCDD-EQ), the distributions in
size and density fractions agreed well with the above results, even though minor deviations
could be observed in the size fraction < 20 um or the density fraction 1.7 - 1.9 g/cm?.

Effects were, thus, not exclusively associated to TRWP presence, which is no surprise given
the number of compounds able to activate AhR or induce oxidative stress. Polycyclic
aromatic hydrocarbons, for example, are strong activators of AhR and might be associated to
larger soot particles, but are also important TP contaminants (Wagner et al., 2018). The
results nonetheless suggest that TRWPs were a major contributor to the observed mixture
effects.
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Figure 5: BEQ from the two bioassays in size and density fractions. a) tBHQ-EQ in size fractions, b) TCDD-EQ in
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density fraction relative to the total mass of BEQ (Eq. 2, right y-axis).

4. Conclusions
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Road dust from a highway tunnel was found to contain high TRWP contents of up to 120

mg/g.

The highest share of TRWPs (according to Zn and organic indicators) was found in the
density fractions 1.3 - 1.7 g/cm3 and in the size range < 50 pum. In the most concentrated
fraction, the TRWP content reached up to 260 mg/g.

TRWPs in the tunnel dust were finer and of lower density than previous reports for TRWP
collected on streets or from road simulators. Different properties of materials from tire test

facilities must be carefully considered when providing test materials and protocols in the

future.

Activation of xenobiotic metabolism and oxidative stress response pathways by extracts of
the size and density fractions followed the pattern of the chemical contents, which suggests

that TRWPs contributed to mixture effects in the present sample.
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Further measurements of real-world TRWPs from different sites are required to learn more
about the variable quality of TRWP. It may then be concluded if TRWPs from road tunnels
are suited as representative test materials. The workflow applied in this study, consisting of
physical fractionation methods and chemical analyses, appears to be well suitable for a
comprehensive characterization of TRWP properties.
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