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effects of these particles on plants have barely been studied, especially in a realistic setting with aerial exposure.
In this study, we established a system designed to mimic airborne exposure to ultrafine brake dust particles and
performed experiments with the model species Arabidopsis thaliana. Using advanced analytical methods, we
characterized the conditions in our exposure experiments. A comparison with data we obtained on UFP release at
different outdoor stations showed that our controlled exposures are within the same order of magnitude
regarding UFP deposition on plants at a traffic-heavy site. In order to assess the physiological implications of
exposure to brake derived-particles we generated transcriptomic data with RNA sequencing. The UFP treatment
led to diverse changes in gene expression, including the deregulation of genes involved in Fe and Cu homeostasis.
This suggests a major contribution of metallic UFPs to the elicitation of physiological responses by brake wear
derived emissions.
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Fig. 1. Particle emission at the brake test bench. A: Cumulative curve of particle number versus particle size for three different use cases. Particle collection and size
distribution measurement were done with 20 brakings using an impactor (ELPI+, DEKATI). Dashed lines indicate the Dsq values for the respective use cases. B:
Number of UFPC per braking for the different use cases. Particles of 20 brakings were collected using an impactor (ELPI+, DEKATI) and the ultrafine fractions were

analyzed with spICP-MS.
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Fig. 2. Quantification of UFP deposition on plant leaves after controlled exposure. 4-5-week-old A. thaliana plants were subjected to 45 brakings (highway use case,
2 MPa) or to the background exposure (resuspended particles in the pipes and exposure chamber). Particles were extracted and analyzed with spICP-MS. Data from
three independent exposure experiments are shown as ultrafine particle constituents (UFPC) per gram fresh weight (FW).

1. Introduction

The economic growth and development of human societies has been
accompanied by the emergence of environmental challenges [1]. Among
these, air pollution, especially from particulate matter (PM), stands out
as a major — and growing - concern [2]. PM pollution in urban areas is
ubiquitous, as evidenced by a recent WHO report indicating that the
majority of settlements across the world displayed annual mean PM
values that exceed safety limits [3].

PM is categorized into coarse (PMjo, 2.5 um< d, <10 um), fine
(PM3 5, dp <2.5 ym), and ultrafine (PMy.1, dp <0.1 um) fractions [4].
Ultrafine particles (UFP) possess negligible weight and often show
inhomogeneous spatial distribution, resulting in their minimal contri-
bution to total PMy 5 or PM;( mass concentrations [5]. Consequently,
conventional PM monitoring strategies that rely on interpreting PM;
and PMy s mass concentrations are prone to misinterpretation, i.e.

underestimating the actual presence of UFP. Instead, the use of particle
number concentration (PNC) or particle number size distribution
(PNSD) have been shown to be more informative for assessing UFP
pollution [5,6].

UFP are released into the atmosphere from various sources, both
natural and anthropogenic. In particular, studies have highlighted the
significant role of road traffic in UFP emissions [7-9]. While exhaust
emissions from sources like diesel combustion remain a major contrib-
utor, non-exhaust emissions such as brake and tire dust contribute to
UFP emissions as well [10]. Particles from brake wear in particular ac-
count for the majority of non-exhaust emissions arising from traffic [11].

In recent years, UFP have attracted significant attention in light of
several studies establishing their detrimental effects on human health
[12,13]. Because of their high surface to mass ratio, UFP have a high
capacity to adsorb toxic trace metals and organic chemicals [14].
Additionally, owing to their potential to pass primary airway defenses
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Fig. 3. UFP concentration in the field and UFP deposition on plant leaves after outdoor exposure. A: ELPI+ -measurement of UFP (6-100 nm) concentration during
one day at three locations with varying traffic volume. B: 4-5-week-old A. thaliana plants were placed for 14 days at the locations from A. Particles were extracted
from rosettes and measured with spICP-MS. Data from one exposure experiment and five plants per location. Data are shown as ultrafine particles (UFP) per gram

fresh weight (FW).

and achieve systemic translocation, UFP may inflict harm beyond the
respiratory system [7].

As the focus on UFPs intensifies, it becomes crucial to investigate
their impact not only on human health but also on the broader envi-
ronment, including plants. Many years of research have improved our
understanding of metal phytotoxicity [15], but very little attention has
to date been devoted to airborne metallic particles. Given a small
enough size, they possibly may enter plant tissues through stomata, the
pores present on leaf surfaces responsible for gas exchange [16,17].
Together with the presence of high levels of Cu and other elements like
Sn and Pb in brake linings [18], this makes UFP from brake wear
potentially harmful to plants. In addition, brake linings contain a variety
of organic components, that may cause toxic effects in plants as well
[18]. Exploring the effects of brake wear UFP on plants not only fills a
gap in the assessment of potentially phytotoxic atmospheric particles
but also addresses the importance of understanding the broader
ecological implications of UFP pollution. Furthermore, the deposition on
surfaces or the uptake into plant tissues represents a potential entry
point for UFP into food webs and human food, possibly adding to the
already dominant contribution of plant-derived food to
non-occupational metal exposure [19]. This aspect may become even
more relevant with the budding interest in urban farming [20].

In this study, we present the establishment of controlled airborne

exposure experiments with brake wear-derived UFP using an exposure
chamber connected to a brake dynamometer. The experiments were
conducted with the model species Arabidopsis thaliana, which has been
widely used in stress physiological research because of its annotated
genome and decades of mutant analysis which have led to a profound
functional understanding of a vast number of genes [21]. Applying state
of the art methods such as spICP-MS and ELPI+, we precisely charac-
terized the exposure conditions. We contextualize our experimental re-
sults by presenting a quantitative assessment of UFP deposition on
leaves after outdoor exposure at three locations that we analyzed with
regards to aerial particle concentration. Furthermore, we show an
analysis of the transcriptome response to brake-wear particles by RNA
sequencing and the identification of responsive pathways and processes.

2. Material and methods
2.1. Plant material and growth conditions

Arabidopsis thaliana (Col-0) plants were grown for 4-5 weeks on
standard potting-soil (consisting of 3 parts potting soil, 3 parts standard

soil and 1 part vermiculite) in short day conditions (8 h 80 uE light/16 h
darkness) at 25 °C using 5 x 5 x 5.5 cm pots.
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Fig. 4. spICP-MS results for outdoor exposed plants compared to plants subjected to controlled exposure. A: Distribution of UFPC of outdoor exposed plants and
plants exposed to wear from 45 controlled brakings according to PC1 and PC2. The percentage of variance explained for each principal component is reported. B-D:
UFPC contents after controlled exposure compared to the mean of each outdoor exposure location. Graphs display the mean +/- standard deviation.

2.2. Controlled UFP generation and exposure

For the generation of UFP, a unique, self-built dynamometer brake
test stand was used (Fig. S1). The brake test stand involves an 800 kg fly
wheel, a 45 kW electric motor, a flange with adapters for different brake
discs and a pneumatically actuated brake calliper. The brake discs were
not internally ventilated and had an outer diameter of 450 mm and a
thickness of 356 mm and were manufactured out of grey cast iron (GJL-
150). The brake pads used were conventional LowMet brake pads sup-
plied by TMD Friction GmbH (Leverkusen, Germany) with a size of 30 x
30x 10 mm>.

During testing, they were subjected to braking pressures of 2 and 3
MPa. Each test run involved up to 45 repeated brakings from a
maximum start sliding velocity of 20 m*s™ to full stop, which translates
to a braking energy of approximately 0.6 MJ. For all test runs, the
friction radius was kept constant at 205 mm.

To perform controlled and reproducible exposure experiments with
plants, we integrated an exposition chamber into the exhaust system of
the dynamometer test rig (Fig. S1). A special specimen mount was
designed, so that a reproducible positioning of the plants as well as a
reproducible measuring position for the aerosol measurements could be
achieved (Fig. S1, B) Emissions of three distinct use-cases with different
starting sliding velocities and resulting braking energies were investi-
gated. The use-cases represent a city braking maneuver (Vgeart = 5 m*sl;
Eprake ~ 0.04 MJ), a cross-country road braking maneuver (Vsgare = 10
m*s’h; Eprare &~ 0.15 MJ) and a highway braking maneuver (Vg = 20
m*sY; Eprake ~ 0.59 MJ). The wear behavior of the chosen friction
pairing was characterized by measuring the wear coefficient k after 20
successive brake applications at the respective use-cases and brake
pressures of 2 MPa and 3 MPa.

In order to reduce the amount of mechanical stress for plants and
ensure better dispersion of particles, two windshields were installed at
the entry and exit of the chamber (Fig. S1). Due to the heat development

of the friction pairing, the wear of 45 full-stop highway brakings was
delivered in an alternating nesting with the background exposure
(Fig. S2, A). In this way, the exposure of the plants to temperatures
above 30 °C was avoided (Fig. S2, B).

2.3. Analysis of aerial UFP concentration with ELPI+

Particles < 100 nm were sampled with an electrical low-pressure
impactor (ELPI+) (Dekati Ltd., Kangasala, Finland). ELPI+ is a real-
time particle spectrometer that consists of 15 stages, including 14
impactor stages and a filter stage. The device separates and measures
particles from 6 to 10 000 nm. ELPI+ was operated according to the
manufacturer’s recommendations by setting the flow rate of sampling
air to 10 I*min~! and capturing particles on polycarbonate foils (25 mm
in diameter, Whatman Nuclepore, GE Healthcare, USA). Before
commencing the sampling process, we applied DS-515 collection sub-
strate spray (Dekati Ltd., Kangasala, Finland) to minimize particle
bouncing. ELPI+ was used with the DD 603 dryer (Dekati Ltd., Kanga-
sala, Finland) in order to eliminate moisture from the sample. Samples
were collected between 8 a.m. and 6 p.m.

2.4. spICP-MS measurement of particles collected with ELPI+

Before the analysis, polycarbonate foils with UFP were put in 15 ml
micelle-forming tenside solution of 0.25% (w/w) Triton-X-114 (VWR
International, Belgium), shaken for 3 min and treated in an ultrasonic
bath for 10 s to ensure sample homogeneity. Dispersed particles were
analyzed using spICP-MS as described below. To validate the measure-
ment method, the collection foils were prepared with monodisperse gold
nanoparticles (NIST RM 8013, 60 nm, 1.5 *107 particles/foil) as refer-
ence material before sampling. Since these particles hardly occur in
nature and in brake pads, they can be used as an internal standard for
quality assurance of the measurement process. The recovery rate was
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Fig. 5. RNA sequencing of A. thaliana subjected to aerial exposure with brake
wear particles. A: MA plots showing significant (orange) DEG when comparing
gene expression in background exposed plants versus controls or plants exposed
to 45 brakings with controls. Green dots represent genes not differentially
expressed. Significance of DEG was identified with DESeq2 (IfcThreshold =1,
Padj < 0.05. B: Curve-array showing the expression of UFP-responsive DEG over
the different sample groups. Genes showing a progressive increment/decrement
are labeled in blue, genes without increment/decrement are labeled orange.
Filled circles indicate significant differential expression compared to the outside
control as identified with DESeq2, non-filled circles indicate non-significant
changes. C: Distribution of inside/outside control samples and samples of
plants subjected to 45 brakings according to PC1 and PC2. The percentage of
variance explained for each principal component is reported.

85-87%.

2.5. Outdoor exposure of Arabidopsis thaliana

Prior to outdoor exposure, plants were grown as described above
(Section 2.1). Rosette stage plants (4-5 weeks old) were placed from
19.09.2022-04.10.2022 at a rural location (Coordinates: 47.96875,
11.22017), a suburban location (Coordinates: 48.32601, 10.90305) and
an inner-city location (48.37027, 10.89628) on ground level. At least
five plants were placed at each location. Plants were inspected every 4
days and watered if necessary.

2.6. Extraction of particles from plant material

UFP extraction from leaves of A. thaliana was done according to a
modification of the methanol-based extraction from [22]. Briefly, frozen
leaves were put in a 50 ml centrifuge tube containing 20 ml of 10 mM
CAPSO (3-(cyclohexylamino)—2-hydroxypropane-1-sulfonic acid) solu-
tion (pH 9 adjusted with KOH). The sample was then homogenized with
a Witeg HG-15A homogenizer (Witeg, Wertheim, Germany) and probe
sonicated for 3 min in intervals of 10 s with a Bandelin Sonopuls HD 200
(Bandelin, Berlin, Germany). Of each sample, three replicate aliquots
were extracted by transferring 500 ul of the suspension to a new 15 ml
tube before adding 3.75 ml of 50 % (v/v) methanol. The solution was
placed on an orbital shaker (150 rpm, 1 h) before adding 1.25 ml of 1 %

Journal of Hazardous Materials 469 (2024) 134084

(v/v) Tween 80 and the repetition of the ultrasonication step. Samples
were filtered with a nylon syringe (1 um pore size) filter and diluted
10-fold with ultrapure water for single particle analysis.

2.7. spICP-MS

Inductively coupled single-particle plasma mass spectrometry (8900
triple-quadrupole ICP-MS, Agilent Technologies, Tokyo, Japan) was
used for the quantification of inorganic particles < 100 nm. The sample
introduction system included a concentric glass nebulizer, a quartz spray
chamber, a quartz torch with a 1.5 mm injector and standard nickel
cones.

The dwell time used was 100 ps for an acquisition time of 60-300 s.
Transport efficiency was determined with gold nanoparticles (NIST RM
8013, 60 nm, 2.9 *10'® + 3 % particles*]"}, Gaithersburg, MD, USA)
following a previously approved procedure [23]. Signal sensitivity was
calibrated with a multielement standard solution (1000 mg*l"1 in 6%
HNO3; Merck, Germany) at a concentration of 1 pg*l'l. Particles were
measured in the concentration range of 2 * 10°% to 108 particles*l'1 [24,
25]. The ultrafine Pb particles were additionally determined using cloud
point extraction [26] in conjunction with spICP-MS. Data acquisition of
the metal-based particles was performed with the software MassHunter
Version 4.6. Principal component analysis of the spICP-MS data was
done with the R packages “factoextra” and “FactoMineR”. Prior to the
analysis, an integer of 1 was added and the data were log2-transformed.

2.8. Scanning electron microscopy

Directly after exposing plants to brake wear particles, leaves were
freeze-dried for 4 h. Furthermore, samples were covered with a 2 nm Pt-
layer using a Leica EM ACE600 sputter-coater (Leica, Germany). Scan-
ning electron microscopy was done with a JSM-IT-500 microscope
(JEOL, Japan).

2.9. RNA sequencing

24 h post-exposure to brake wear particles, A. thaliana rosettes were
frozen in liquid nitrogen. For every sample, the rosettes of 6 separate
plants were pooled. RNA extraction, library preparation, sequencing and
data processing were done as described in [27]. Differential expression
analysis, principal component analysis and extraction of normalized
counts for further analysis was done with DESeq2 (IfcThreshold =1, pag;
< 0.05) [28]. GO-overrepresentation analysis was done with PANTHER
(http://www.pantherdb.org/), using Fisher’s exact test and Bonferroni
correction.

3. Results and discussion
3.1. Development of controlled exposure experiments

Dynamometer-based brake-particle generation and characterization
have been conducted in the past and were highlighted as the most
efficient and reliable approach (reviewed in [29]). We assessed the
tribological characteristics of our brake system using different brake
pressures and Ey, represented by three use cases. We determined an
increase in wear coefficient k with Eyj, and found that k is consistently
higher at a brake pressure of 2 MPa compared to 3 MPa, which is ex-
pected to result in higher particle emission (Table S1). For all three use
cases, we measured particle size and number distribution in the chamber
at 2 MPa with an ELPI+ . In a cumulative analysis of particle number
versus particle size, we found that the highway braking leads to the
highest proportion of UFP (Dsg = 0.01 pm), followed by the
cross-country road braking (Dso = 0.038 um) and the city braking (Dsg =
0.105 pm) (Fig. 1A). Our results align with previous work, in which a
similar trend towards smaller particles with increasing Eyj, was
observed [30].
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Additionally, we characterized the elemental character of the ultra-
fine fractions (16-100 nm) collected with ELPI+ using spICP-MS. This
measurement method provides comprehensive information about the
number of particles for each element. However, it is not yet possible to
determine the composition of individual particles using this technique
[31,32]. Thus, we refer to the measured signals as UFP-constituents
(UFPC) instead of singular UFP.

Measuring the number of emitted UFPC per braking for each use
case, we found that the highway scenario results in the strongest emis-
sions. Regarding elemental compositions, the largest number of UFPC

was determined for Fe, followed by Cu, Al, Ti, and Zn. Mo, Ni, and Pb
UFPC were about one to three orders of magnitude less abundant
(Fig. 1B). This is consistent with published data, which found the ele-
ments Fe, Cu, Ti, and Al as major metals in airborne brake wear particles
[18,33].

Since the highway-braking scenario led to the highest UFPC con-
centration in the chamber, we performed all exposure experiments with
A. thaliana at this use case. Because we also intended to perform back-
ground exposures (only the suction flow without brakings), we
compared background particle concentration in the chamber with one
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highway braking. Particle concentrations at all sizes were several orders
of magnitude higher during the highway braking (Fig. S2, C). The
observed background concentration is presumably due to the resus-
pension of sedimented particles by the airflow.

3.2. UFP deposition on leaf surfaces after controlled exposure

First, after exposure to either UFP from 45 highway brakings or to
particles from the background exposure, we extracted metallic particles
from plant material and measured UFPC with spICP-MS. We found the
highest number of UFPC for the metals Fe and Cu. Abundances of Al, Sn,
Ti, and Zn were about an order of magnitude lower. Mo, Ni, and Pb were
present at comparably low quantities. The elemental constituents of
brake dust are strongly dependent on brake pad formulations and data
specifically addressing the composition of metallic particles in the ul-
trafine fraction are lacking. However, especially Fe and Cu are
commonly found in high concentrations in brake wear dust and ele-
ments such as Ni and Pb are usually less abundant [18]. This suggests
that UFP element composition largely reflects the composition of the
brake wear material. Apart from small amounts of Fe and Al, we could
not detect any UFPC in extracts from background-exposed plants
(Fig. 2). In general, we could reliably quantify the extent of UFP depo-
sition and determined satisfactory reproducibility of our exposure ex-
periments (Table S2).

Additionally, the deposition of particles on leaf surfaces was inves-
tigated with scanning electron microscopy. We found extensive presence
of particles on leaves subjected to brakings, mostly in form of larger
agglomerates (Fig. S3). Using transmission electron microscopy, Gonet
et al., 2021 also observed agglomeration of brake wear particles and
concluded that the larger size fractions mostly comprise agglomerates of
UFP [34]. Especially at high concentrations, airborne UFP interact and
form agglomerates on the basis of van der Waals- or electrostatic forces,
which causes a decrease in the concentration of singular UFP entities
[34,35]. Especially weak agglomerates on the basis of van der Waals
forces may be abolished by electrostatic impactors such as ELPI+ [36],
which is why our measurements (Fig. S2, C) do not allow to compre-
hensively assess the degree of UFP agglomeration in the chamber.

3.3. Analysis of aerial UFP concentration in the field and particle
deposition on leaves

In order to contextualize our results with respect to particle deposi-
tion under real life conditions, we performed outdoor exposure experi-
ments with A. thaliana. Three locations with varying degrees of traffic
volume (rural background; suburban background; inner city) were
characterized by collecting UFP with an ELPI+. The highest UFP con-
centrations were measured at the inner-city location (X 0g:00-18:00 =
26,753 UFP*cm3™) followed by the suburban station (X ¢g:00-18:00 =
6,540 UFP*cm3™!). The lowest UFP concentrations were measured at the
station located in the rural background (x ¢s:00-18:00 = 4,137 UFP*cm3’
b (Fig. 3, A). Our measurement of the inner-city location is similar to
other roadside PNC measurements, as for instance in a street canyon in
Manchester, UK, a PNC (4-100 nm) of 27,000 #*cm™ was determined
[37,38].

After 2 weeks of outdoor exposure at the three characterized sites,
metallic particles were extracted from leaf material and UFP were
measured with spICP-MS. We found a consistent pattern of UFPC
deposition on leaves with UFPC of all elements displaying the highest
concentration on plants from the inner-city location followed by the
suburban location and the rural location (Fig. 3, B).

We compared our UFPC quantifications from controlled exposure to
the ones from outdoor exposure. Sample assessment with PCA revealed
greatest similarity of the inner-city UFPC-profiles to the ones from
controlled exposure (Fig. 4, A). For most UFP concentrations we found
less than a 10-fold difference between these samples (Fig. 4, B), meaning
that the experimental setup leads to an extent of UFP-exposure that lies
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within a similar order of magnitude as UFP-exposure in the real world.
The exception are Cu-UFPC, for which differences much greater than
factor 10 were detected throughout (Fig. 4, B, C, D).

For the first time, the approach established here enables in-
vestigations into the impact of metallic brake wear-derived non-exhaust
emissions on organisms after controlled airborne application of UFPs at
a level that is environmentally relevant. Non-exhaust emissions are
generally regarded as “woefully understudied” [39] and to date, few
studies have attempted to directly analyze the effects of such emissions.
Typically, cells or whole organisms are treated with particles suspended
in liquids. For example, a recent study on inflammatory responses in
macrophages applied brake abrasion dust in such a way [40]. Similarly
for plants, available data on brake wear particle toxicity are restricted to
the effects of dynamometer-derived particles directly applied to soil (e.g.
[41,42]). While these approaches can generate insights into physiolog-
ical responses, they most likely underrepresent the fraction containing
particularly problematic ultrafine particles, do not reflect the natural
exposure pathways via air and cannot directly relate the applied particle
concentration to real environmental settings.

Thus, the setup introduced in this study opens new experimental
perspectives for studies on the toxicity especially of UFPs originating
from brake wear. Expanding the focus beyond plants, future studies may
yield valuable insights and enhance our understanding regarding the
effects of UFP on a diverse range of organisms including mammalian
model systems.

3.4. Transcriptomic analysis of A. thaliana after controlled exposure to
ultrafine brake dust particles

As a proof of concept and with the aim of gaining first insights into
brake-wear induced physiological changes at the molecular level, we
performed RNA sequencing with A. thaliana rosettes subjected to
airborne brake dust UFP. We quantified global gene expression in (i)
control plants that were placed next to the exposure chamber, (ii)
background exposed plants that were subjected to the airflow of the
suction unit, i.e. to residual particles in the pipes of the suction unit and
(iii) plants exposed to the airflow of the suction unit with UFP from 45
highway brakings. Rosettes were harvested 24 h after the treatments.

In PCA, we found that both exposures induced similar changes in the
transcriptome, since they locate in close proximity but are clearly
separated from the controls along PC1 (Fig. 5, C).

Differential expression analysis resulted in 92 differentially
expressed genes (DEG) between the background exposure and the con-
trol and 150 DEG between the plants subjected to brake wear and the
control (Fig. 5, A). In order to address the possible effect of mechanical
stress caused by the airflow in the exposure chamber on the tran-
scriptomes of our samples, we investigated the expression patterns of
TCH genes, which are well established markers for mechanical stress
[43]. None of the 4 TCH genes was among the DEG, suggesting that
neither the background-exposed nor the particle-exposed plants were
significantly affected by mechanical stress. The absence of genes
encoding heat shock transcription factors (HSFs) or heat shock proteins
(HSPs) [44] provides a similar reasoning for heat stress (Supplementary
Tables S3 & S4).

Further analysis of the 150 DEG between the controls and the plants
subjected to 45 brakings revealed that most of them (134/150) show
either a progressive increment or decrement in expression from the
controls through the background exposure to the 45 brakings (Fig. 5, B).
Our data thus indicate that the background exposure already led to a
transcriptional response of many genes that were more strongly affected
by the treatment with the wear of 45 brakings. This could indicate a
saturating effect, where a lower concentration of UFP triggers similar
effects compared to the higher concentration. Moreover, it suggests that
plants respond physiologically already to UFP concentrations that are in
the range or even below those found at urban traffic sites.

We then functionally categorized UFP-responsive genes. GO
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enrichment analysis with the 150 DEG between the brake wear-treated
plants and the controls revealed terms related to oxidative stress and
various kinds of biotic stress, in particular insect herbivory, and jas-
monic acid signaling (Fig. 6 A, Supplementary Table S5). UFP-related
elicitation of oxidative stress, for instance through the introduction of
redox-active metals. is a proposed mechanism of UFP toxicity in animal
tissues [45] and, according to our data, happening in plants, too.
Regarding biotic stress, three jasmonate-induced oxygenases (JOX2,
JOX3 and JOX4) were upregulated under background exposure and to a
stronger extent by the treatment with 45 brakings. These changes
indicate that the specialized metabolism of plants may be affected by
exposure to UFP. Because a large number of specialized metabolites in
plants are assumed to function as toxins in herbivore defense [46], the
synthesis of potentially harmful compounds could therefore be acti-
vated. This calls for systematic monitoring [20], for example through
metabolomics studies, to assess possible food safety threats arising from
crop plants grown in urban environments.

Also of note, we observed the downregulation of several metal ho-
meostasis genes. The two transcription factor genes bHLH38 and
bHLH39, which are involved in Fe homeostasis regulation [47,48] were
downregulated by the two treatments. In addition, COPT2 encoding a
copper-transmembrane transporter was found to be downregulated [49,
50] (Fig. 6 B, Supplementary Table S4). The downregulation of these
genes suggests that our treatment led to an excess of Fe and Cu within
leaves, which had a specific impact on the gene regulatory network that
controls the homeostasis of these metals. This interpretation is consis-
tent with the finding that Cu and Fe were the most abundant metals in
the UFP released from our brake system (Fig. 2). Considering the com-
posite character of brake wear, which gives rise to a large number of
organic compounds [18], the responsiveness of metal homeostasis genes
strongly suggests that the metallic constituents within brake wear UFP
are contributing to the observed effects at the transcriptomic level. This
is in line with the toxicity of metals in ambient particles as observed for
exposed animals in previous work [45].

4. Conclusion

This study describes the establishment and validation of a novel
approach to study the effects of brake-wear derived UFPs, an important
component of non-exhaust emissions, by exposing organisms to airborne
particles at environmentally relevant levels. The experimental setup
mimics airborne exposure and the UFP-quantifications from field ex-
periments enable an estimation on the real-life proximity of the con-
ducted experiments. Our analysis shows that UFP on inner-city exposed
plants are most similar to UFP on plants from the dynamometer expo-
sure as compared to UFP on plants from a rural or suburban location. As
a proof of concept, we exposed A. thaliana leaves and studied tran-
scriptome responses upon exposure. While some of the identified DEG
strongly point towards an influence of metallic particles, the analytical
tools used to characterize the exposure conditions only address particle
size and elemental composition. Bearing in mind the complexity of
brake-wear emissions, a potential plethora of organic molecules may
also contribute to the observed alterations in gene expression. Because
the amount of UFP on the plants from laboratory exposure and the inner-
city are within the same order of magnitude, corresponding effects of
UFP on plants in the environment appear probable. Given the complex
interplay of various environmental factors that additionally affect plants
in the environment, these effects may however still be different from the
ones described in our study.

Environmental implication

Even though fine and ultrafine emissions from traffic are among the
most relevant pollutants in the environment, their potential effects on
flora have received little attention. Toxicity towards plants can be
anticipated especially from ultrafine particles (UFP) such as those found
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in brake wear due to their composition and small diameter. Moreover,
deposited UFP could be directly ingested by other organisms and have
the potential to alter plant metabolism and thereby modulate the
nutritional properties of edible plants. Our study describes the estab-
lishment of a setup for exposure of plants to brake wear particles and the
resulting transcriptional effects.
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