(2022) 19:45
Skuland et al. Particle and Fibre Toxicology
https://doi.org/10.1186/s12989-022-00488-5

Open Access

RESEARCH

Road tunnel‑derived coarse, fine
and ultrafine particulate matter:
physical and chemical characterization
and pro‑inflammatory responses in human
bronchial epithelial cells
Tonje Skuland1*, Vegard Sæter Grytting1, Marit Låg1, Rikke Bræmming Jørgensen2, Brynhild Snilsberg3,
Daan L. A. C. Leseman4, Alena Kubátová6, Jessica Emond6, Flemming R. Cassee4,5, Jørn A. Holme1,
Johan Øvrevik7,8 and Magne Refsnes1

Abstract
Background: Traffic particulate matter (PM) comprises a mixture of particles from fuel combustion and wear of road
pavement, tires and brakes. In countries with low winter temperatures the relative contribution of mineral-rich PM
from road abrasion may be especially high due to use of studded tires during winter season. The aim of the present
study was to sample and characterize size-fractioned PM from two road tunnels paved with different stone materials
in the asphalt, and to compare the pro-inflammatory potential of these fractions in human bronchial epithelial cells
(HBEC3-KT) in relation to physicochemical characteristics.
Methods: The road tunnel PM was collected with a vacuum pump and a high-volume cascade impactor sampler.
PM was sampled during winter, both during humid and dry road surface conditions, and before and after cleaning
the tunnels. Samples were analysed for hydrodynamic size distribution, content of elemental carbon (EC), organic
carbon (OC) and endotoxin, and the capacity for acellular generation of reactive oxygen species. Cytotoxicity and proinflammatory responses were assessed in HBEC3-KT cells after exposure to coarse (2.5–10 μm), fine (0.18–2.5 μm) and
ultrafine PM (≤ 0.18 μm), as well as particles from the respective stone materials used in the pavement.
Results: The pro-inflammatory potency of the PM samples varied between road tunnels and size fractions, but
showed more marked responses than for the stone materials used in asphalt of the respective tunnels. In particular,
fine samples showed significant increases as low as 25 µg/mL (2.6 µg/cm2) and were more potent than coarse samples, while ultrafine samples showed more variable responses between tunnels, sampling conditions and endpoints.
The most marked responses were observed for fine PM sampled during humid road surface conditions. Linear correlation analysis showed that particle-induced cytokine responses were correlated to OC levels, while no correlations
were observed for other PM characteristics.
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Conclusions: The pro-inflammatory potential of fine road tunnel PM sampled during winter season was high compared to coarse PM. The differences between the PM-induced cytokine responses were not related to stone materials
in the asphalt. However, the ratio of OC to total PM mass was associated with the pro-inflammatory potential.
Keywords: Urban air particulate matter, Mineral particles, Stone particles, Organic carbon, Oxidative potential,
Epithelial lung cells, Cytokines

Introduction
Air pollution particulate matter (PM) is one of the largest environmental risk factors to human health and allcause mortality worldwide [1]. Inhalation of PM has
been associated with development and/or exacerbation
of cardiovascular diseases and various airway diseases
such as asthma, chronic obstructive pulmonary disease
(COPD) and lung cancer, as well as increased susceptibility towards respiratory infections [2–5]. Different classes
of PM may induce specific airway pathologies, illustrating that PM-induced airway diseases are influenced by
PM characteristics such as particle sizes and chemical
composition [6]. Pulmonary inflammation is regarded
as a key event contributing to the adverse health effects
of ambient PM, and there is strong support for a causal
relationship between induction of pro-inflammatory
responses in the airway mucosa and development or
exacerbation of respiratory disease by PM exposure [4, 5,
7]. The chemokine CXC-motif ligand 8 (CXCL8), interleukin (IL)-6, IL-1α and IL-1β are important cytokines in
lung inflammation. The main role of CXCL8 is to attract
neutrophilic cells to the site of damage in vivo, and subsequently engulf PM, microbes and damaged cells, and
is thus an important part of the defence system in the
airways. IL-1α, IL-1β and TNF-α are pro-inflammatory
cytokines involved in the orchestration of CXCL8 and
a range of other cytokines during inflammation [8, 9].
Reactive oxygen species (ROS) have been regarded as
important determinants in PM-induced inflammation,
and the ability to generate ROS in cell-free systems has
been suggested as a proxy of particle toxicity [10, 11],
although consistent correlations with biological effects
are still lacking [12, 13]. The inflammatory responses to
ambient PM have been related to a variety of PM constituents like organic carbon (OC), including polycyclic
aromatic hydrocarbons (PAHs), as well as metals. However, the contribution of different particle constituents
is highly dependent on the PM source, such as traffic,
domestic heating and industrial processes, the cell types
and endpoints examined [14–18].
PM derived from traffic comprises of a mixture of particles from fuel combustion and from abrasion of road
pavement, tires and brakes [19, 20]. Diesel exhaust particles (DEP) generated by combustion of diesel fuel are
the most studied source of traffic-derived PM. These

particles are often found as aggregates of various sizes
and consist of a carbon core with adhered soluble organic
carbon (OC) and metals constituents that to a varying
extent are considered to mediate DEP-induced inflammatory responses [21]. Particles generated from road
wear consist primarily of mineral particles from the
stone aggregate material, as well as organic components
from bitumen [22]. Strict regulatory policies in EU have
led to introduction of new filter and engine technology,
new fuels, and an increased prevalence of electric vehicles. Due to this development the emissions from diesel
engines have been substantially reduced over the last
decades. Accordingly, the relative contribution of wear
PM in traffic-derived PM has increased steadily, and this
development will continue in the future [23].
PM is usually divided in three size fractions based on its
aerodynamic diameter. Coarse PM consists of particles
with a diameter between 10 and 2.5 μm, while fine PM in
the present study is defined as particles between 2.5 and
0.18 μm, and ultrafine PM as particles below 0.18 μm.
Wear PM has mostly been linked to the coarse fraction,
but may also be a constituent of the fine fraction [7, 24,
25]. In comparison, combustion particles have mostly
been associated with the fine and ultrafine fractions
[26]. Although their effects may overlap, coarse PM has
mainly been associated with respiratory effects, whereas
the fine and ultrafine PM are more strongly linked to cardiovascular effects [7]. The potency of the different size
fractions to cause adverse respiratory effects has been
explored in epidemiological studies [27–29], in clinical
human studies and in animal studies [14, 30–32], in addition to cell culture studies [11, 15, 17, 18, 30, 31, 33–38].
Several experimental studies have found that coarse
ambient PM is more potent and induces higher proinflammatory responses than fine and ultrafine PM when
compared at equal mass. This has mostly been attributed to high content of endotoxins [11, 15, 18, 30, 33,
35]. Endotoxins like lipopolysaccharide (LPS) are known
to stimulate pro-inflammatory responses [39], and may
enhance responses to PM at low concentrations [40].
The levels of ambient PM in Nordic countries are
generally low. However, the levels of coarse PM may
be high during winter season due to the use of studded
tires, which generates more PM from road abrasion and
resuspension of road dust than friction tires [41]. Source
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apportionment studies show that wear PM constitutes a
high proportion of traffic-related PM [42, 43] and represent a major environmental challenge. Asphalt consists
of 95% stone aggregates, with the remaining 5% consisting of bitumen and other additives [25]. Interestingly, PM
from asphalt with different stone materials generated in
a road wear simulator has been reported to induce proinflammatory responses with different potency in cell
cultures of macrophages [24], suggesting a potential role
for mineral composition in PM toxicity. In support of
this, extensive studies by our research group have shown
that stone- and mineral particles of different composition may vary in pro-inflammatory potential [44–47].
In early studies, particle samples with high content of
feldspar minerals were the least potent, suggesting that
it might be beneficial to use feldspar-rich stone types in
the asphalt [46]. However, the full impact of using different stone materials for ambient PM toxicity is still largely
unknown.
In the present study, traffic-related PM from roads
paved with stone materials with different feldspar content was collected in two tunnels to reduce contamination with PM from other sources. PM was sampled both
under humid and dry road surface conditions, and before
and after road surface cleaning of the tunnels. The coarse,
fine and ultrafine road tunnel PM samples were characterized for hydrodynamic size distribution, content
of organic (OC) and elemental carbon (EC), endotoxin
content and potential to induce acellular ROS. Furthermore, the pro-inflammatory potential of the tunnel PM
samples was examined in human bronchial epithelial
cells (HBEC3-KT). The responses of the tunnel PM samples were compared to the potency of particles generated
from the respective stone materials used in the tunnels.
Finally, the possible correlations between the different
road tunnel PM characteristics and pro-inflammatory
potential were analyzed.

Results
Traffic-derived PM (coarse, fine and ultrafine fractions)
were sampled inside two road tunnels during the winter
season, both during humid and dry road surface conditions, and before and after road surface cleaning. The
two tunnels Marienborg and Hell which are located in
the Trondheim area, Norway (Additional file 1: Fig. S1)
were paved with asphalt containing rhomb porphyry and
quartz diorite, respectively.
Characterization of the PM fractions

The mass of PM sampled per hour varied between the
two tunnels and was lower during humid compared to
dry conditions. In both tunnels, the mass of PM sampled was larger for the coarse fraction than for the fine
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and ultrafine PM during all conditions (Table 1). The
levels of PM were consistently highest in the Hell tunnel for all size fractions, especially during dry conditions
where the amounts of coarse, fine and ultrafine PM samples were 30-fold, 10-fold and 17-fold higher than in the
Marienborg tunnel. The differences between the two tunnels were substantially lower during humid road surface
conditions. Particles were also collected after road surface cleaning in both tunnels, a measure to reduce road
dust. However, no substantial alterations in mass of sampled PM were observed after the road surface cleaning
(Table 1).
Hydrodynamic size distributions

Hydrodynamic size distributions of the coarse, fine and
ultrafine PM samples after extraction from the filter and
suspension in water are presented as the median size
related to mass and number. On a mass basis, the data
showed that the median sizes were largest for coarse PM
samples, and smallest for the fine and ultrafine PM samples (Table 1). However, the median particle sizes were
rather similar for the different PM fractions, possibly
due to aggregation and agglomeration of particles during collection and processing. Although the differences
were small, the size distribution profiles showed that the
ultrafine fraction contained a substantial higher proportion of nano-sized (around 100 nm) particles compared
to the coarse fractions, as well as most of the fine fractions (Fig. 1). Humid road surface conditions also seemed
to affect size distributions on a relative mass basis, with
a shift towards larger sizes for the fine and ultrafine PM
sampled in the Marienborg tunnel (Fig. 1B), but not for
the PM sampled in the Hell tunnel (Fig. 1D). Furthermore, road surface cleaning did not consistently affect
the hydrodynamic size distribution profiles of the PM
samples on a relative mass basis (data not shown). On
a particle number basis, the median hydrodynamic
sizes were substantially lower than on a mass basis, and
relatively similar for the coarse, fine and ultrafine PM
fractions (Table1). Nano-sized particles (< 100 nm) completely dominated particle counts for all PM samples,
but with differences depending on the tunnel and road
surface conditions (Additional file 2: Fig. S2). Road surface cleaning reduced the nano-sized peak substantially
for the ultrafine PM fraction both from the Marienborg
and Hell tunnels, whereas no consistent changes were
observed for the fine and coarse PM fractions (data not
shown).
Endotoxins

The levels of endotoxin (lipopolysaccharide; LPS) were
low (< 1 EU/mg PM) in all tunnel PM samples (Table 2).
Furthermore, exposure to LPS in the concentration range
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Table 1 The hydrodynamic size distributions of road tunnel PM samples
Sample name (PM)
Marienborg, dry conditions

Marienborg, humid conditions

Hell, dry conditions

Hell, humid conditions

Marienborg, after cleaning humid conditions

Hell, after cleaning dry conditions

Size fraction

Sampled PM
(mg/m3/h)

Median hydrodynamic
size by mass (μm)

Median hydrodynamic
size by number (μm)

Coarse (2.5–10 μm)

0.07

1.98

0.07

Fine (0.18–2.5 μm)

0.05

1.50

0.07

Ultrafine (< 0.180 μm)

0.03

1.72

0.07

Coarse (2.5–10 μm)

0.11

1.67

0.08

Fine (0.18–2.5 μm)

0.05

1.52

0.08

Ultrafine (< 0.180 μm)

0.05

1.15

0.07

Coarse (2.5–10 μm)

2.42

3.01

0.05

Fine (0.18–2.5 μm)

0.49

1.56

0.06

Ultrafine (< 0.180 μm)

0.50

2.22

0.07

Coarse (2.5–10 μm)

0.16

2.48

0.11

Fine (0.18–2.5 μm)

0.06

2.07

0.08

Ultrafine (< 0.180 μm)

0.04

0.79

0.07

Coarse (2.5–10 μm)

0.18

2.22

0.06

Fine (0.18–2.5 μm)

0.06

1.33

0.08

Ultrafine (< 0.180 μm)

0.02

1.04

0.07

Coarse (2.5–10 μm)

3.01

3.11

1.07

Fine (0.18–2.5 μm)

0.66

1.49

0.08

Ultrafine (< 0.180 μm)

0.46

1.44

0.07

Coarse, fine and ultrafine PM were sampled in two road tunnels (Marienborg and Hell) by a High-volume cascade impactor during dry and humid road surface
conditions, respectively, and also after road surface cleaning. The amounts of the coarse, fine and ultrafine PM were weighed, and presented as mg PM/m3/h. The table
also includes hydrodynamic size distributions as determined by the Disc centrifugation method and presented as median size related to PM mass and also to particle
number

Fig. 1 Hydrodynamic size distribution based on the relative mass of coarse, fine and ultrafine PM sampled in the Marienborg and Hell tunnels. A
Marienborg PM, dry road surface conditions; B Marienborg PM, humid road surface conditions; C Hell PM, dry road surface conditions; D Hell PM,
humid road surface conditions. The hydrodynamic size distributions were determined by the Disc centrifugation method, as described in “Materials
and methods”, from representative analyses
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Table 2 Endotoxin levels of road tunnel PM
Sample name (PM)

Marienborg, dry conditions

Size fraction

Coarse
Fine
Ultrafine

Marienborg, humid conditions

Coarse
Fine
Ultrafine

Hell, dry conditions

Coarse
Fine
Ultrafine

Hell, humid conditions

Coarse
Fine
Ultrafine

Marienborg, after cleaning humid conditions

Coarse
Fine
Ultrafine

Hell, after cleaning dry conditions

Coarse
Fine
Ultrafine

Endotoxins
(EU/mg PM)
mean ± SD
0.29 ± 0.16

0.24 ± 0.15

0.20 ± 0.08

0.69 ± 0.36

0.17 ± 0.08

0.19 ± 0.08

0.61 ± 0.29

0.25 ± 0.13

0.09 ± 0.09

0.39 ± 0.26

0.32 ± 0.18

0.43 ± 0.12

0.64 ± 0.37

0.67 ± 0.35

0.84 ± 0.33

0.59 ± 0.37

0.70 ± 0.44

0.42 ± 0.25

The table includes the coarse, fine and ultrafine PM from two tunnels sampled during both humid and dry road surface conditions, and after road surface cleaning.
Endotoxin levels were determined by the LAL-method, as described in “Materials and methods”. The data are presented as the mean ± SEM of three analyses of the
endotoxin levels

of 0.01–10 ng/mL (0.1–100 EU/mL) for 20 h induced no
detectable cytokine responses in the HBEC3-KT cells
(data not shown), suggesting that the impact of LPS on
these cells is negligible.
Acellular oxidative potential of the PM fractions

The capacity of particles to generate ROS in cell-free systems is regarded as a strong predictor of the potential
health hazard of PM and has been proposed as a more
relevant metric than PM mass. The oxidative potential
(OP) of the tunnel PM samples was measured by electron spin resonance (OPESR) and dithiothreitol (OPDTT)
methods [10]. Correlation analysis showed that acellular
ROS induced by the PM samples as measured by ESR
and DDT was correlated (r = 0.947, p = 0.001, see also
Additional file 3: Fig. S3). The coarse and fine PM samples from Marienborg road tunnel were almost equally
redox active and exhibited 7–tenfold higher OP than the
ultrafine PM samples. Humid and dry road surface conditions or road surface cleaning did not affect the acellular OP of the particles significantly. The PM sampled in
the Hell tunnel, especially the coarse fraction, had a lower
OP than the respective PM from the Marienborg tunnel.
Also in the Hell tunnel, the ultrafine fraction had lowest
OP in nearly all samples (Table 3).

Organic and elemental carbon levels of the PM fractions

The content of OC and EC was determined in all tunnel PM samples according to NIOSH protocol (Table 4).
Most of the total carbon was OC, with no or very slight
contribution of EC (< 1%). The only exception was the
ultrafine PM from Marienborg tunnel sampled during
humid conditions, which contained 120 µg EC/mg PM.
The data showed that total OC varied between the size
fractions, tunnels and road surface conditions. Overall, the fine and ultrafine PM samples seemed to contain higher OC levels than coarse PM samples, and all
size fractions contained more OC when sampled during humid than dry conditions. The OC levels in particles sampled in the Marienborg tunnel were generally
higher than the corresponding PM sampled in the Hell
tunnel (Table 4). The OC content of the coarse and
fine fraction were not profoundly affected by road surface cleaning in either tunnel. In contrast, cleaning was
associated with a substantial reduction of OC in the
ultrafine PM sampled in the Marienborg tunnel, but not
in the Hell tunnel (Table 4). To further characterize OC
from the PM samples, we used a method adopted from
NIOSH temperature protocol allowing to distinguish different temperature fractions up to 870 °C (i.e., volatility
and molecular weight; Fig. 2). The relative pattern of OC
detected at various temperatures varied between coarse,
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Table 3 Oxidative potential (OP) of road tunnel PM
Sample name (PM)

Size fraction

OPDTT (nmol DTT/ng*min)

OPESR
(arbitrary
units)

Marienborg dry conditions

Coarse

0.063

63,823

Fine

0.068

78,288

Ultrafine

0.007

24,389

Coarse

0.070

73,555

Fine

0.060

76,634

Ultrafine

0.011

24,409

Coarse

0.038

30,161

Fine

0.043

37,216

Ultrafine

0.013

13,035

Coarse

0.026

32,764

Fine

0.054

56,771

Ultrafine

0.005

9330

Coarse

0.071

68,176

Fine

0.062

69,284

Ultrafine

0.010

26,630

Coarse

0.015

16,979

Fine

0.043

39,594

Ultrafine

0.026

24,184

Marienborg humid conditions

Hell dry conditions

Hell humid conditions

Marienborg after cleaning humid conditions

Hell after cleaning dry conditions

Acellular ROS formation was determined by the dithiothreitol (DTT)-method and electron spin resonance (ESR)-method for the coarse, fine and ultrafine PM sampled
from two tunnels during both humid and dry road surface conditions, and after road surface cleaning. For the DTT method the positive control was 0.1 and for the ESR
the negative control was 2954, and the positive control was 54,119. The results are presented as the mean of three ( OPERS) and two (OPDTT ) measurements

Table 4 Elemental carbon (EC) and organic carbon (OC) levels, of road tunnel PM
Sample name (PM)
Marienborg, dry conditions

Size fraction
Coarse
Fine
Ultrafine

Marienborg, humid conditions

Coarse
Fine
Ultrafine

Hell, dry conditions

Coarse
Fine
Ultrafine

Hell, humid conditions

Coarse
Fine
Ultrafine

Marienborg, after cleaning humid conditions

Coarse
Fine
Ultrafine

Hell, after cleaning dry conditions

Coarse
Fine
Ultrafine

OC (Hg/mg PM)
104 ± 13

441 ± 110

EC (Hg/mg PM)
0.3 ± 0.6

4.3 ± 9.6

431 ± 107

1.8 ± 1.3

575 ± 60

0.0 ± 0.0

157 ± 42

0.7 ± 0.8

527 ± 38

119.8 ± 112.2

94 ± 37

0.0 ± 0.0

28 ± 10

0.0 ± 0.0

131 ± 29

0.0 ± 0.0

485 ± 14

0.0 ± 0.0

98 ± 19

0.3 ± 0.5

434 ± 32

3.2 ± 5.5

483 ± 73

0.0 ± 0.0

144 ± 17
69 ± 23

55 ± 7
76 ± 6

151 ± 29

0.7 ± 0.6

0.3 ± 0.5

0.0 ± 0.0
0.4 ± 0.6

2.6 ± 3.5

The table includes the coarse, fine and ultrafine PM sampled from two road tunnels during both humid and dry road surface conditions, and after road surface
cleaning. EC and OC levels were determined by thermal optical analysis as described in “Materials and methods”, and presented as µg/mg PM. The data represent the
mean ± SEM of 3 analyses
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Fig. 2 Organic carbon (OC) levels in PM sampled from the road tunnels. The figure includes the OC-content of coarse, fine and ultrafine PM
samples from the two tunnels as obtained by increasing temperatures: 310 °C; 475 °C; 615 °C; 870 °C as indicated in the figure. The data represent
the mean ± SEM of 3 analyses

fine and ultrafine fractions. Highest amounts of OC from
coarse PM were detected at 475 °C. In contrast, both fine
and ultrafine PM released highest amounts of OC at 870
°C.
Cytotoxic and pro‑inflammatory responses in HBEC3‑KT
cells

In the present study, important cytokines such as
chemokine CXC-motif ligand 8 (CXCL8), interleukin
(IL)-6, IL-1α and IL-1β were examined to assess the proinflammatory potential.
Concentration–response relationship of pro‑inflammatory
effects of PM size fractions

Initially, the pro-inflammatory and cytotoxic potentials
of the coarse, fine and ultrafine PM fractions sampled
in the Marienborg tunnel upon dry road surface conditions were examined by exposing HBEC3-KT cells to 0,
12.5, 25, 50, 100 and 200 µg/mL (equivalent to 0, 1.3, 2.6,
5.2, 10.4 and 20.8 μg/cm2) of the respective PM fractions
for 20 h. The release of the pro-inflammatory cytokines

CXCL8, IL-6, IL-1α and IL-1β was markedly increased,
with significant and progressive increases for the fine
road tunnel PM fraction from 25 µg/mL, and substantially higher than for the coarse and ultrafine PM fraction.
The response to the coarse PM fraction was similar to
ultrafine PM fraction for CXCL8, but significantly lower
for IL-6, IL-1α and IL-1β (Fig. 3). None of the particle
fractions significantly reduced the viability of the cells for
this concentration-range, as measured by the AlamarBlue
assay (Fig. 3E). Similarly, no significant increase in lactate dehydrogenase (LDH) release was detected (data not
shown). The concentration–response relationships of PM
from the Hell tunnel, as sampled upon dry conditions,
induced similar patterns as for PM from the Marienborg
tunnel, although with responses of less magnitude (data
not shown).
Comparison of pro‑inflammatory potential of all the sampled
PM

Next, we exposed the HBEC3-KT cells to 100 µg/
mL (10.4 ug/cm2) of the coarse, fine, and ultrafine PM
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Fig. 3 Concentration-dependent cytokine responses in HBEC3-KT cells after exposure to PM sampled from a road tunnel. The cells were exposed
to coarse, fine and ultrafine PM sampled from the Marienborg road tunnel during dry road surface conditions. The cells were exposed to 0–200 µg
PM/mL (0–20.8 µg/cm2) for 20 h. The cytokine release was analysed by ELISA. A CXCL8; B IL-6; C IL-1α; D IL-1β. The cell viability was determined
by AlamarBlue (E). The data represent the mean ± SEM of 3 experiments. Statistical analysis was performed by two-way ANOVA (repeated
measured) with Dunnett’s or Tukey multiple comparison test. *Significantly different compared to control, # significantly different from coarse PM, ¤
significantly different from ultrafine PM, p < 0.05

fractions from the 6 different samples, including both
road tunnels, both during dry and humid road surface
conditions, and after road surface cleaning. None of the
PM samples induced cytotoxicity at this concentration
(data not shown). A similar pattern of potency between
the different PM samples was observed for most cytokine
responses. In agreement with Fig. 3, the fine PM fraction appeared to be the most potent for all samples, with

significantly higher responses than coarse and ultrafine
PM fractions. However, the only exception was the
ultrafine PM sampled in the Marienborg tunnel during
humid conditions, which were similar in potency to the
fine PM fraction and significantly higher than the particles sampled during dry conditions (Fig. 4A-D). Conversely, responses induced by the ultrafine PM fraction
from the Hell tunnel were low and seemed unaffected
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by the road surface conditions (Fig. 4A-D). The cytokine
responses to fine PM fractions tended to be highest during humid conditions, but the differences were only statistically significant for CXCL8 in the Hell tunnel and
IL-6 in the Marienborg tunnel. Overall, the response patterns were rather similar for PM samples from the two
tunnels, but significantly higher responses were observed
for ultrafine PM sampled in Marienborg tunnel during
humid conditions compared to corresponding particles
sampled in the Hell tunnel (Fig. 4A-D). In addition, fine
PM sampled during dry conditions in the Marienborg
tunnel induced a significantly higher CXCL8 response
than fine PM from the Hell tunnel (Fig. 4A). The PM
sampled after road surface cleaning in both tunnels were
also examined (Additional file 4: Fig. S4). Reductions in
pro-inflammatory potential were only observed for the
ultrafine PM sampled in the Marienborg tunnel, reaching
statistical significance for IL-1α and IL-1β.
Comparison of pro‑inflammatory responses to road tunnel
PM and stone particles

The pro-inflammatory responses to traffic-derived coarse
and fine PM from the Marienborg and Hell tunnels were
compared to the equivalent concentrations (100 µg/mL;
10.4 µg/cm2) of rhomb porphyry and quartz diorite, the
respective stone materials used in pavement of the tunnels. The stone materials induced lower CXCL8 and
IL-1α responses in the HBEC3-KT cells compared to
the road tunnel PM, although the differences in magnitude depended on the PM size fractions and tunnel. For
the Marienborg tunnel, the stone material rhomb porphyry induced significantly lower cytokine responses
than coarse and fine PM size fractions sampled during
humid conditions (Fig. 5A). For CXCL8, the coarse and
fine PM samples induced responses that were approximately 10-fold and 15-fold higher than the rhomb porphyry (Fig. 5A). For the Hell tunnel, the stone material
quartz diorite induced a CXCL8 response that was significantly lower than for the coarse and fine PM samples
(Fig. 5B). For IL-1α a significantly lower response was
only observed compared to the fine PM.
Correlations between particle characteristics and bioactivity

Linear correlation analyses were carried out to assess
putative correlations between different characteristics of
the PM samples and pro-inflammatory responses in the
HBEC3-KT cells. Overall, similar patterns were observed
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for all the different cytokines after exposure to the PM
samples, with significant correlations between CXCL8
and IL-6 (r = 0.948, p < 0.00001); between CXCL8 and
IL-lα (r = 0.909, p< 0.00001); and between CXCL8 and
IL-lβ (r = 0.891, p < 0.00001) (see also, Additional file 5:
Fig. S5). Thus, only the CXCL8 responses were used for
further analyses of the correlation between pro-inflammatory potential and the different PM characteristics.
Correlation analysis showed that the OC levels in the
coarse, fine and ultrafine fractions of the sampled PM
were correlated to the CXCL8 responses in the HBEC3KT cells. The correlation coefficient depended on the
evaporation temperature of different OC-fractions,
and the strongest correlation was observed for the content of OC evaporating at 310 °C (r = 0.74, p = 0.0005)
and the lowest for OC evaporating at 870 °C (r = 0.43,
p = 0.0746). The correlation to total OC from 310 to 870
°C was relatively low (r = 0.568, p = 0.0139) (Fig. 6). No
significant correlations were detected between particleinduced CXCL8 responses in the HBEC3-KT cells and
the particle hydrodynamic size distribution (as measured
on a mass basis), endotoxin content or oxidative potential
(measured by ESR) (Additional files 6: Table S6).

Discussion
In the present study, we assessed the pro-inflammatory effects of traffic-derived coarse, fine, and ultrafine
PM sampled from two road tunnels paved with different stone materials during winter season. Sampling of
PM in tunnels allows more selective studies of trafficderived PM by minimizing contamination of particles
from non-traffic sources. Such studies are scarce, but
some studies have shown physicochemical characterization and source apportionment of road tunnel
PM with relatively high levels of wear particles versus
exhaust particles with varying content of asphalt abrasion, tire and brake wear PM, depending on season and
geographical location [48, 49]. The pro-inflammatory
responses of road tunnel PM have been even less characterized, with exception of our previous study [45]. In
the present study, fine PM samples were more potent
than the coarse samples, as assessed in human bronchial epithelial lung cells (HBEC3-KT), whereas the
ultrafine samples varied more in potency between tunnels and road surface conditions. When comparing PM
samples from the two tunnels under equal conditions,
fine PM from Marienborg tunnel was more potent than

(See figure on next page.)
Fig. 4 Cytokine responses in HBEC3-KT cells after exposure to PM samples from two road tunnels. The cells were exposed to coarse, fine and
ultrafine PM samples from the Marienborg and Hell road tunnels during dry and humid road surface conditions. The cells were exposed to 100 µg/
mL (10.4 µg/cm2) PM samples for 20 h. The cytokine release was analysed by ELISA. A CXCL8; B IL-6; C IL-1α; D IL-1β. The data represent the
mean ± SEM of 5 experiments. Statistical analysis was performed by two-way ANOVA (repeated measurements) with Tukey’s multiple comparisons
test. *Significantly different from control, # significantly different between groups, p < 0.05
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Fig. 5 Cytokine responses in HBEC3-KT cells after exposure to PM samples from two road tunnels in comparison to stone particles from the
respective tunnels. The cells were exposed to coarse, fine and ultrafine PM samples from the Marienborg (A) and Hell (B) road tunnels, respectively,
during humid road surface conditions. The cells were also exposed to rhomb porphyry and quartz diorite for 20 h, at same concentration as
the tunnel PM of 100 µg/mL (10.4 µg/cm2). The CXCL8 and IL-1α release were analysed by ELISA. The data represent the mean ± SEM of 5–7
experiments. *Significantly different from control, # significantly different from coarse, fine and ultrafine PM. One-way ANOVA with Tukey’s multiple
comparison test, repeated measurements with p < 0.05

fine PM from the Hell tunnel, whereas the coarse PM
from the two tunnels showed more similar potencies.
The pro-inflammatory potentials of the road tunnel
PM were not correlated to hydrodynamic size distributions, endotoxin content or acellular ROS generation.
However, the pro-inflammatory responses were positively correlated to OC-content. The stone materials
used in the pavement of the two tunnels induced lower
pro-inflammatory responses than the tunnel PM samples, particularly compared to fine PM sampled during
humid conditions.

Sampling and characterization of coarse, fine and ultrafine
road tunnel PM

The relative mass levels of sampled PM differed
between the road tunnels and were particularly high in
Hell tunnel during dry conditions. This is in accordance
with the longer tunnel length, higher number of vehicles per hour, higher speed limit and larger percentages of heavy vehicles and vehicles with studded tires
compared to the Marienborg tunnel. The lower levels of
PM sampled in Marienborg tunnel compared with the
Hell tunnel could also be due to the ventilation system,
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Fig. 6 Correlation analysis between CXCL8 responses in HBEC3-KT cells and the content of organic carbon (OC) from coarse, fine and ultrafine PM
sampled in road tunnels. The CXCL8 release at an exposure concentration of 100 µg/mL (10.4 µg/cm2) (n = 5) was compared to the levels of OC in
the PM samples. The correlation was determined using Pearson’s correlation coefficient, which is presented in each panel. A OC at 310 °C; B OC at
475 °C; C OC at 615 °C; D OC at 870 °C; E OC at temperatures from 310 to 870 °C

which is better adjusted to the number of vehicles passing. As previously reported for ambient PM during
winter season in Nordic countries, the mass of coarse
PM tended to dominate over fine and ultrafine PM [41].

Humid road surface conditions decreased the levels of
PM sampled in the Hell tunnel, in accordance with previous studies showing that road surface moisture affects
particle mass levels [50].
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The measurements of hydrodynamic size distribution
showed that the fine and the ultrafine PM samples contained a large proportion of nano-sized particles (around
100 nm) related to mass, while these particles constituted a small proportion of the mass in the coarse PM
samples. However, nano-sized particles dominated all
size fractions on a particle number basis. Although, the
road surface conditions seemed to induce some changes
in these hydrodynamic size distributions, both for humid
versus dry conditions, and with and without road surface
cleaning, the changes were not consistent. Furthermore,
it should be noted that the hydrodynamic size distributions of extracted PM samples may have limited value for
assessing changes in the aerodynamic size distribution of
PM in air.
The relative OC levels of total PM mass were higher
in the fine than coarse PM samples, constituting around
50–60% and 10–15% of the total mass of the respective
size-fractions. This may reflect that coarse PM is usually
dominated by road dust which consists primarily of mineral particles [51, 52], while fine and ultrafine PM consist
primarily of particles from combustion sources [26]. The
OC content in the PM samples seemed to be relatively
high in comparison to other studies reporting ratios of
OC/PM in air from European cities for PM2.5 and PM10
[53, 54]. The large contribution of OC in our study could
possibly be explained by lower temperatures in the tunnels/Nordic countries during winter due to increased
binding of volatile or semi-volatile species to particles
(secondary OC) [55–57]. This might also explain the
higher content of OC in the PM sampled from the tunnel with lowest temperature, as the temperatures differed
considerably inside the Marienborg and the Hell tunnel,
with average temperatures of 7.3 °C and 14.9 °C, respectively. An unexpected finding in the present study was
the very low levels of EC in comparison to OC in our PM
samples, with EC levels below 1% of total carbon. In comparison, previous studies show much higher EC levels in
traffic-related PM (10–30% of total carbon), depending
on geographical location, distance to highways, influence from other PM sources, such as wood- and coal
combustion, and seasonal differences in temperature
and wind conditions [55, 56, 58–61]. The EC discrepancy
could partly be due to different methods used, as peak
inert mode temperatures used in present study (NIOSH,
870 °C) is much higher than in the Interagency Monitoring of Protected Visual Environment (IMPROVE, 550 °C)
method. Thus, NIOSH may be subject to premature EC
evolution (i.e., underestimation of EC), while IMPROVE
may overestimate EC following incomplete OC evolution
in the inert atmosphere [62]. Furthermore, we cannot
exclude an insufficient extraction of EC from the particle filters. Nevertheless, it may be that the low EC levels
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reflect the low contamination with particles from other
sources than traffic when sampling PM in a road tunnel.
It may also be indicative of a high concentration of more
volatile secondary OC [57]. The release of PM from modern cars has also been substantially reduced the recent
years due to improved filter and catalysator technology.
Thus, a particular reduction in EC, will shift the EC/
OC ratio [63]. Furthermore, PM released from bitumen
in asphalt which probably have a very low EC/OC ratio,
may add to this finding.
Pro‑inflammatory responses of road tunnel PM compared
to the respective stone materials in the pavement

In our early studies, feldspar content seemed to be
inversely correlated to the pro-inflammatory potential of
stone and mineral particles [45–47]. This has also found
support in a recent clinical study where human volunteers exposed to quartz diorite particles showed stronger
responses in terms of systemic markers of inflammation
and blood coagulability than those exposed to rhomb
porphyry particles with higher content of feldspar minerals [64, 65]. Furthermore, the clinical study also showed
a stronger response for exhaled nitric oxide in volunteers exposed to quartz diorite than rhomb porphyry
[66]. Conversely, recent in vitro studies show that stone
particles samples composed primarily of feldspar minerals vary in potency, suggesting that other particle
components or properties are more important for the
pro-inflammatory potential of the particles [44]. Based
on our early in vitro and in vivo studies, the Marienborg
tunnel was paved with asphalt containing rhomb porphyry, a stone material that consists primarily of feldspar
minerals, while the Hell tunnel was paved with quartz
diorite, which contains larger amounts of quartz in addition to feldspar and other minerals [44]. While few significant differences were detected between the responses to
coarse and fine PM samples from the two tunnels, significantly higher CXCL8 release was detected after exposure
to fine PM from Marienborg tunnel compared to the Hell
tunnel sampled during dry conditions. Thus, these results
support that feldspar content is not a major determinant
for the pro-inflammatory potential of traffic-related PM.
Overall, our results show that the PM sampled in
the road tunnels mostly induced markedly higher proinflammatory responses than the responses induced
by the respective stone materials used in the asphalt,
suggesting that the stone materials alone contribute
relatively little to PM reactivity. In support of this, Gerlofs-Nijland et al. showed that the pro-inflammatory
potency of PM from tires and road wear by inhalation
in mice was lower than for several other PM sources,
including PM from brake pads and diesel exhaust [67]. In
contrast, a previous study from the Hell tunnel showed
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that the mylonite material used in the pavement, which
is the same as quartz diorite used in the present study,
induced higher pro-inflammatory responses in lung cultures than road dust collected by an air filter in the ceiling of the tunnel [45]. The reason for this discrepancy is
unclear but may be due to the sampling methodology or
extraction procedure. It should be noted that a recent
study from our research group showed that the rhomb
porphyry and quartz diorite samples used in the present
study induce similar pro-inflammatory responses that are
lower than for several other stone particle samples [44].
Thus, it cannot be excluded that using a more potent
stone material in the asphalt would lead to more potent
road wear particles. In line with this, studies with particles generated in a road wear simulator suggest that wear
particles containing asphalt particles with different stone
materials differ in potency [24]. It should be emphasized
that the potency of traffic-derived PM presumably is not
due to a single source, but to a combined effect between
PM from different sources, such as combustion PM and
wear particles from the stone material, bitumen, tires
and brakes. In a recent in vitro study we have shown that
mineral particles increase the pro-inflammatory effects
of diesel exhaust particles when administered in combination, suggesting that the impact of road wear particles
may be larger than would be assumed from the potency
of the stone particles alone [68].
Potential effects of other sources on PM reactivity

In addition to particles from the stone material, other
forms of wear particles, as well as particles from salting
and sanding of the roads, may constitute a large part of
the PM mass and potentially affect the PM reactivity. The
relative content of salt in traffic-derived PM10 has been
estimated to vary from 6–16% [69], and 2–8% [51] during the winter season in Nordic countries. Also the content of particles from sanding in traffic-derived P
 M10 is
reported to be large, constituting 15–45% of PM mass in
Nordic countries during winter, although lower than the
levels of particles from the road pavement [51]. However,
salting and sanding were not used inside the road tunnels
in Trondheim, suggesting that these sources are minor
contributors to the PM reactivity of our road tunnel PM
samples. Conversely, particles from tires and brakes,
which contains OC and different metals, may constitute a varying, but smaller part of PM2.5 and PM10 [70].
Although some experimental studies indicate a higher
inherent reactivity of particles from these wear sources,
further studies are needed to assess their respective
contribution to the health impact of traffic-derived PM
[67, 70]. The role of these particle sources has not been
addressed in the present study of road tunnel PM.
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The importance of different PM characteristics
for the differential pro‑inflammatory responses of coarse,
fine and ultrafine road tunnel PM

Overall, fine PM was more potent than coarse PM.
Ultrafine PM was also less potent than the fine PM, with
exception of the ultrafine PM from the Marienborg tunnel sampled during humid road surface conditions, that
showed high responses. No correlations were observed
between particle-induced CXCL8 release and the particle
hydrodynamic size distributions on a mass basis, suggesting that the particle size was not a major determinant for
the pro-inflammatory responses. However, it should be
noted that firm conclusions on the impact of particle size
on human health cannot be drawn as the hydrodynamic
size distribution may not fully correspond to the aerodynamic size distribution of the particles in air. Likewise, no
correlation was observed between PM-induced responses
and endotoxin content, and exposure to LPS concentrations far higher than the ones detected in the PM samples
also failed to elicit cytokine release from the HBEC3-KT
cells, suggesting that these cells have low responses to
endotoxin. This is in accordance with previous studies
showing that very high concentrations of endotoxin are
needed to induce pro-inflammatory responses in lung
epithelial cells [39, 40]. In contrast to previous studies
[10, 11], no correlation was observed between cytokine
release and the ability to generate acellular ROS in the
present study. While this suggests that ROS generated directly at the particle surface is not an important
determinant for particle-induced cytokine release, this
does not exclude the possibility that PM-induced cellular ROS via NADPH oxidase, mitochondrial damage or
CYP metabolism may be involved in pro-inflammatory
responses and cytotoxicity [71].
Notably, a significant correlation was observed between
pro-inflammatory responses and OC content of the particle samples, suggesting OC to be an important contributor to the reactivity of the tunnel PM. The correlation
was most pronounced for the most volatile OC fraction
evaporated at 310 °C. The pro-inflammatory responses
to the PM sampled in the Marienborg tunnel were higher
than in the Hell road tunnel, and this is presumably
related to lower temperatures, which cause less evaporation of OC and higher amounts of OC attached to PM.
Interestingly, the lower pro-inflammatory activity of
ultrafine PM from the Marienborg tunnel sampled after
road surface cleaning occurred in parallel to a reduction
of OC. Conceivably, the role of OC is attributed to PAHs
that are important constituents of OC in ambient PM.
The PAHs seem to have an important role in PM-induced
inflammation and adverse effects in the airways and cardiovascular system [26, 72]. However, further studies
are needed to establish the causal relationship between
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OC/PAHs and the potential of the traffic-related PM to
induce pro-inflammatory responses.
Conclusions, methodological considerations and further
perspectives

The present study shows that traffic-related PM sampled in two road tunnels induced marked pro-inflammatory responses in bronchial epithelial lung cells in vitro,
with fine PM as the most potent. The pro-inflammatory
responses induced by particles from the stone materials
used in the pavement were substantially lower than that
of the road tunnel PM on an equal mass basis, suggesting
that the stone material alone is not a major determinant
for the high reactivity of traffic-related PM. However, we
cannot discount the possibility that combinative effect
between combustion PM and mineral, or other PM
constituents, contribute to the reactivity of PM. Importantly, our characterization of the PM samples is limited
and should be extended with further analyses of particle
morphology, as well as analyses of metals and specific
chemical groups to elucidate their potential role. Further studies are also warranted regarding the potential
role of combustion PM for the pro-inflammatory outcome of road tunnel PM, alone and in combination with
stone materials. Notably, the ratio between OC and total
PM mass seemed important for the PM-induced proinflammatory responses. This ratio can be influenced by
various factors including temperatures, OC sources and
the amount of stone particles from abrasion of road pavement. Whether the OC originates from fuel combustion,
bitumen from asphalt, or from tires, may have important
implications for which preventive measures are most
relevant from a health perspective. It will be crucial to
further substantiate any possible causal relationship
between the OC and pro-inflammatory outcome for road
tunnel PM both in in vitro and in vivo. Finally, it should
be noted that that particle dosimetry and environmental
concentrations have to be taken into account to examine whether the in vitro findings of road tunnel PM are
relevant for assessment of the actual impact on human
health.

Materials and methods
Materials

The cell culture medium LHC-9, DMEM:F12 and
Trypsin–EDTA were bought from Gibco, Thermo Fisher
Scientific, Waltham, MA, USA. The cell culture flasks
were obtained from Nunc A/S, Roskilde, Denmark,
while the cell culture plates were from Corning, NY
14831 USA. PureCol collagen was from Advanced BioMatrix, Inc, CA, USA. The Cytotoxicity Detection Kit
using lactate dehydrogenase (LDH) activity was bought
from Merck KGaA, Darmstadt, Germany. AlamarBlue™
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Cell Viability Reagent and the sandwich enzyme-linked
immunosorbent assay (ELISA) cytosets for CXCL8 and
IL-6 were purchased from Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA, while IL-1α and IL-1β
DuoSet were from R&D Systems, Inc, Minneapolis, MN,
USA. The Endotoxin Quant kit were from Thermo Fisher
Scientific, Waltham, MA USA. For measurements of acellular ROS 5,5-dimethyl-1-pyrroline-N-oxide (DMPO),
Dulbecco’s PBS; hydrogen peroxide ( H2O2), dithiothreitol
(DTT) and ultrapure H2O were purchased from Merck
KGaA, Darmstadt, Germany. Whatman TE 38 filter was
from (Whatman, Maidstone, Kent, UK). Other chemicals
were purchased from commercial sources at the highest
purity available.
Description of road tunnels

In the present study, coarse PM samples (between 10 and
2.5 µm), fine PM samples (between 2.5 and 0.18 µm) and
ultrafine PM samples (below 0.18 µm) were collected
inside two different road tunnels in Trondheim, Norway
during late winter season (March 2019). The two tunnels,
Marienborg tunnel and Hell tunnel, were paved with
SMA16 asphalt containing the stone materials rhomb
porphyry and quartz diorite, respectively, also referred to
as rock aggregates. The rhomb porphyry has a ball mill
value AN = 7.5 and Los Angeles value LA = 16.4 which
means it can be used as aggregates in a surface course
on roads with annual average daily traffic (AADT) 5000–
15,000 according to existing requirements. The quartz
diorite has a ball mill value AN = 5.2 and Los Angeles
value LA = 10.3 which means it can be used as a surface
course on roads with AADT > 15,000. Both tunnels have
one tube with one lane in each direction and a ventilation
system consisting of large mechanical fans mounted on
the ceiling. The principle is to ventilate the tunnels longitudinally in the dominant wind direction, but this can
be hindered by the opposing traffic that could affect the
flow of air and keep the pollution in the middle of the
tunnel. The Marienborg tunnel was opened in 2010 and
is located in Trondheim on RV706 and has a speed limit
of 60 km/h. It is 1840 m long with a 3-way roundabout
at the northern end and is aligned in the north–south
direction. The PM sampling was performed at an emergency bay beside the traffic lane inside the road tunnel,
approximately 780 m from the southern entrance. The
AADT is approximately 7000 vehicles per 24 h, with 10%
heavy vehicles. The proportion of vehicles using studded tires was around 25% in the period PM was sampled.
The average temperature in the tunnel during the whole
sampling period was 7.3 °C, and the relative humidity
was 83.2%. The Hell tunnel was opened in 1995 and is
located outside Trondheim on EV6. It has a speed limit of
80 km/h and is 3924 m long with a grade of 2.3%. The PM
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sampling was performed in an emergency parking area
inside the tunnel approximately 2140 m from the southern entrance. The AADT is approximately 16,000 vehicles
each 24 h, with 17% of heavy vehicles. The percentage of
vehicles with studded tires was approximately 40% in the
sampling period. The average temperature in the tunnel
was 14.9 °C, and the relative humidity 60.5%.
Sampling and preparation of road tunnel PM

Coarse, fine, and ultrafine particles were sampled with a
vacuum pump and a high-volume cascade impactor sampler. Particles were sampled in the tunnels during dry
and humid road surface conditions, and before and after
cleaning of the road surface and side areas in the tunnels.
Sampling was performed 10 days after a comprehensive
washing of the tunnel, without any other cleaning in
between before the PM sampling, and was performed at
a flow rate of 900 L/h in 10–12 h periods. Visual status
of road surface was registered (humid and dry conditions). To assess the effect of cleaning an ordinary routine road surface cleaning was performed immediately
after sampling of PM from the non-cleaned surface.
Such cleanings are done in the same way in both tunnels
by the same contractor, using a RotorClean system with
high pressure water and suction. A rod with high pressure nozzles is used to move the road dust from the 0.5 m
lower wall, side areas and curbsides for the machine to be
able to collect the road dust with the high vacuum suction. For PM sampling we used a high-volume cascade
impactor sampler developed by Demokritou et al. [73],
with a multistage round slit nozzle, and polyurethane
foam (PUF) used as impaction substrate for the coarse
and fine PM, and a Whatman TE 38 filter for the ultrafine
PM. Pre-weighted clean PUFs and filters were stored
in closed containers in a dark room before use. After
PM collection, both PUFs and filters were sealed in the
original container and stored in refrigerator until further
analysis. PUFs and filters were placed in a conditioned
room with steady temperature and humidity for 24 h and
weighed on an analytical balance.
The collected PM samples were extracted from the
PUFs and filters in 50 mL plastic tubes by adding about
25 mL methanol, followed by thorough mixing on a vortexer and 2–5 min sonication in a water bath (Elmasonic
S) to dislodge the particles from the filters. The particle
suspensions were then transferred to a glass flask and
the extraction was repeated until most of the particles
was removed from the PUFs/filters. Most of the methanol was removed by a rotary evaporator before the PM
solutions were transferred to pre-weighted glass flasks
and kept at 25 °C to remove the rest of the methanol.
The weights of the extracted particles were determined
gravimetrically [14]. The mean efficiency was 50%. The
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particle samples were suspended in pyrogen-free sterile
water to a concentration of 10 mg/mL and sonicated for
5 min before freezing at − 20 °C. Before use the PM were
mixed well and re-sonicated for 1 min.
Characterization of road tunnel PM

The PM samples were characterized by hydrodynamic
size distributions, endotoxin content, the ability to generate acellular ROS, and the of content EC and OC.
Hydrodynamic size distribution

The hydrodynamic sizes of tunnel PM samples were
determined by using a CPS Disc Centrifuge model DC
24000 (Inventech Benelux, Oosterhout, the Netherlands
https://www.inventech.nl).
Measurements of endotoxins

The endotoxin content of all the PM samples (100 µg/
mL) was measured by the Pierce Chromogen Endotoxin
Quant kit (LAL-method), using an endotoxin-standard from 0.01 to 0.1 endotoxin units (EU)/mL. The kit’s
procedure was followed with minor alterations. As the
turbidity of the particles would interfere with the assay,
the plate was centrifuged at 3220×g to pellet the particles immediately after the stop solution was added to the
reaction mixture. The supernatants (100 µL) were transferred to a clean 96-well plate and the optical densities
(OD) at 405 nm were measured. The average absorbance
of the blank replicates was subtracted from the average
absorbance of all individual standards and sample replicates to calculate mean absorbance. A standard curve
was prepared without the blank, R2 was ≥ 0.98. The formulated standard curve (linear regression) was used to
determine the endotoxin concentration of each sample.
Acellular reactive oxygen species/oxidative potential

Acellular ROS was measured by O
 PESR on a MiniScope
MS 400 (MT MagnetTech Gmbh, Berlin, Germany) and
by OPDTT on a regular spectrophotometer. OPESR is a
spectrophotometric method using DMPO as a spin trap
in the presence of H2O2, measuring hydroxyl radical generation (OH∙) by the PM samples, and is mainly sensitive
to metal-mediated ROS formation by Fenton-type-reactions [74]. The radical generation was measured in triplicates on the samples (25 µg) after 15 min, with ultrapure
water used as control and Diesel Oil Fly Ash (DOFA) as
a positive control. The DTT assay measures the presence
of ROS via formation of DTT disulfide due to transfer of
electrons from DTT to oxygen, based on the average of
two duplicate readings, resulting in a value expressed as
nmol DTT consumed per min per μg sample [10]. In the
DTT analyses we used 5 µg of each sample, the signal was
measured after 0, 10, 20 and 30 min.
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OC and EC analyses

The OC and EC content of tunnel PM samples were analyzed by a method adopted from NIOSH temperature
protocol allowing to distinguish different temperature
fractions (i.e., volatility and molecular weight as previously described [75–77] using thermal optical analyzer
(Sunset Laboratory, Inc.). For analysis, 5 µL aliquots of
PM solutions (10 mg/ml) were placed onto pre-baked
quartz filters (600 °C, overnight) and dried on a hot plate
set to 50 °C for 7 min. Laser transmittance at 658 nm was
used to distinguish pyrolyzed OC from EC. The temperature profile began with a 10 s ambient temperature step
followed with 5 steps; 300 °C for 75 s, 500 °C for 75 s,
600 °C for 75 s, 700 °C for 75 s, and 870 °C for 120 s, in a
helium atmosphere. This was followed by a cooling step
to 525 °C for 45 s. Five additional temperature steps were
followed in a 5% oxygen in helium atmosphere; 550 °C
for 45 s, 625 °C for 45 s, 700 °C for 45 s, 775 °C for 45 s,
and 890 °C for 120 s. Lastly, a calibration gas of 5% methane/helium was added as an internal standard for 110 s.
The total analysis time was 885 s. To test for a potential
occurrence of carbonate, which could interfere with OC
measurements, samples were treated with HCl. No loss
of carbon was observed indicating no significant amounts
of carbonates.
Preparation, size distribution and mineral composition
of stone materials

Two stone materials, rhomb porphyry and quartz diorite, were included in the present study, and correspond
to the materials used in the pavement of the Marienborg
and Hell road tunnels, respectively. The preparation of
these stone particle samples with sizes < 10 µm has been
described in a recent study [44]. Before use, the particles were suspended in pyrogen-free sterile water at a
concentration of 10 mg/mL and sonicated for one min
in a water bath (Elmasonic S). The mineralogical and
elemental composition of the samples has previously
been described [44]. The rhomb porphyry sample contained the highest amount of feldspar minerals, in the
form of K-feldspar and plagioclase, in addition to smaller
amounts of hornblende, chlorite, calcite, quartz and muscovite. In comparison, the quartz diorite sample contain
larger amounts of quartz, in addition to K-feldspar, plagioclase, epidote, chlorite and muscovite. The elemental
composition and endotoxin content were quite similar
between the samples [44].
Cell culture and exposure conditions

HBEC3-KT cells (passage 4-35, ATCC CRL-4051) were
maintained in LHC-9 medium in collagen-coated flasks
(PureCol) in a humified atmosphere at 37 °C with 5%
CO2. The cell culture medium was replaced every second
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day as described in a previous study [9]. For experiments,
the cells were seeded on pre-coated 6-well plates at a density of 170.000 cells/cm2 three days before exposure. The
medium was changed to serum-free DMEM:F12 one day
before exposure. The cells were exposed to the PM samples for 20 h in DMEM:F12. This early timepoint is often
chosen for assessing acute toxicity in cell culture studies [9, 78].We also performed studies at 40 h, with similar results for the road tunnel PM (data not shown). Cell
culture media were collected and centrifuged at 300×g to
remove cellular debris and followed by centrifugation at
10.000×g to remove floating particles. The samples were
then frozen at − 80 °C awaiting analysis.
Cytokine analysis

After thawing the frozen samples, the concentrations of
CXCL8, IL-6, IL-1α and IL-1β were determined by ELISA
according to the manufacturer’s guidelines. Absorbance
was measured and quantified by a plate reader (TECAN
Sunrise, Männedorf, Switzerland) equipped with a
dedicated software (Magellan V 1.10), as previously
described.
Cell viability

Cell viability was measured using the AlamarBlue assay
and release of LDH. In the AlamarBlue assay the metabolic activity was analyzed as described in the producer’s manual after 20 h of exposure using a CLARIOstar
plate reader (BMG LABTECH, Ortenberg; Germany).
The LDH concentration was measured in media after
20 h according to the manufacturer’s guideline (Roche,
Germany).
Statistical analyses

Statistical analyses were performed by using GraphPad
Prism software (version 9.0 Inc., San Diego, CA). Statistically significant differences were determined using
either one-way repeated measures analysis of variance
(ANOVA) with Tukey’s multiple comparisons test or
two-way repeated measures ANOVA with Dunnett’s or
Tukey’s multiple comparison tests, depending on the
experimental design. A repeated measures design, in
which all values belonging to the same experiment were
defined as a subject, was used to reduce the impact of
between-experiment variation not due to the experimental treatment. Experiments were performed in 3–7
independent biological replicates. Based on the evaluation of QQ-plots several data were log-transformed
to ensure normality. Geisser–Greenhouse correction
was used to account for non-sphericity in the data. The
correlations between particle size, endotoxin content,
acellular ROS and organic content and the ability to
induce pro-inflammatory responses in HBEC3-KT were
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determined using Pearson’s correlation coefficient. To
assess the correlation between particle size and proinflammatory responses, area under the curve (AUC)
values were calculated from either the full-size distribution curves, or from specific segments of the curves,
using the trapezoid method.
Abbreviations
AUC: Area under curve; CXCL8: Chemokine CXC-motif ligand 8; DEP: Diesel
exhaust particles; DTT: Dithiothreitol; EC: Elemental carbon; ESR: Electro spin
resonance; HBEC3-KT: Human bronchial epithelial cells; IL: Interleukin; LDH:
Lactate dehydrogenase; LPS: Lipopolysaccharide; OC: Organic carbon; OP:
Oxidative potential; PAH: Polycyclic aromatic hydrocarbons; PM: Particulate
matter; ROS: Reactive oxygen species; SEM: Standard error of mean; TNFα:
Tumor necrosis factor alpha.
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methods. The correlation was determined using Pearson’s correlation
coefficient.
Additional file 4: Fig. S4. Cytokine responses in HBEC3-KT cells after
exposure to PM samples from two road tunnels before and after road
surface cleaning. The cells were exposed to PM samples from the Marienborg and Hell tunnel during humid and dry road surface conditions,
respectively, and compared to PM sampled after road surface cleaning.
The cells were exposed to 100 µg/mL (10.4 µg/cm2) for 20 h. The cytokine
release was analysed by ELISA. A) CXCL8; B) IL-6; C) IL-1α; D) IL-1β. The data
represent the mean +/- SEM of 3-5 experiments. # Significantly different
from PM samples before cleaning p < 0.05.
Additional file 5: Fig. S5. Correlation matrix between CXCL8, IL-6, IL-1α
and IL-1β release. The cytokine release was determined after an exposure
to 100 µg/mL (10.4 µg/cm2) of all the particles (n = 5). The correlation
was determined using Pearson’s correlation coefficients (r is listed in the
matrix).
Additional file 6: Table S6. Correlation plots between particle characteristics and CXCL8 responses. The CXCL8 release at an exposure concentration of 100 µg/mL (10.4 µg/cm2) (n =5) was compared to hydrodynamic
size distributions of the particles, endotoxin levels, generation of acellular
ROS as measured by ESR (OPESR ) and by DTT ( OPDTT) method, ; and the
levels of OC as measured at 310 ºC; at 475 ºC; at 615 ºC; at 870 ºC, and at
temperature from 310°C-870°C in the PM samples. The correlations were
determined using Pearson’s correlation coefficients.
Acknowledgements
We thank Thomas Lamo and Bjørn Hoven, Norwegian Public Roads Administration for financing paving with asphalt in the Marienborg tunnel, and also for
administrative support for sampling of PM in the tunnels. Arne Vidar Sjønøst,
Department of Industrial Economy and Technology Management, Norwegian
University of Science and Technology is acknowledged for participating in the
sampling of PM in the tunnels.

Page 18 of 20

Author contributions
TS performed all the experiments and contributed to all experimental
planning and design in collaboration with VSG, ML, JAH, JO and MR at
NIPH. TS performed the data analysis and statistics. RJ and BS performed the
sampling of the particles in Trondheim. DL and FC was responsible for the
particle extraction together with TS and VSG, and also the size distribution
and ROS analyses. The analyses of organics content were performed by AK
and JE. All authors were involved in writing the manuscript with TS, VSG, ML,
JAH, JO and MR as main responsible. All authors read and approved the final
manuscript.
Funding
The work was performed as part of the PrevenTAP-project funded by the
Research Council of Norway, through the Better Health-program (Grant no.
260381).
Availability of data and materials
The datasets used in the presents study are available from the corresponding
author upon reasonable request.

Declarations
Ethics for approval and consent to participate
Not Applicable.
Consent for publication
Not Applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Division of Climate and Environmental Health, Department of Air Quality
and Noise, Norwegian Institute of Public Health, PO Box 222, 0213 Skøyen,
Oslo, Norway. 2 Department of Industrial Economics and Technology Management, Norwegian University of Science and Technology, NTNU, Trondheim,
Norway. 3 Norwegian Public Roads Administration, Trondheim, Norway.
4
National Institute for Public Health and the Environment – RIVM, PO Box 1,
3720 BA Bilthoven, The Netherlands. 5 Institute for Risk Assessment Sciences,
Utrecht University, Utrecht, The Netherlands. 6 Department of Chemistry,
University of North Dakota, Grand Forks, ND, USA. 7 Division of Climate
and Environmental Health, Norwegian Institute of Public Health, PO Box 222,
0213 Skøyen, Oslo, Norway. 8 Department of Biosciences, Faculty of Mathematics and Natural Sciences, University of Oslo, PO Box 1066, 0316 Blindern, Oslo,
Norway.
Received: 4 April 2022 Accepted: 26 June 2022

References
1. Landrigan PJ, Fuller R, Acosta NJR, Adeyi O, Arnold R, Basu NN,
et al. The Lancet Commission on pollution and health. Lancet.
2018;391(10119):462–512.
2. Kelly FJ, Fussell JC. Air pollution and airway disease. Clin Exp Allergy.
2011;41(8):1059–71.
3. Schwarze PE, Ovrevik J, Låg M, Refsnes M, Nafstad P, Hetland RB, et al. Particulate matter properties and health effects: consistency of epidemiological and toxicological studies. Hum Exp Toxicol. 2006;25(10):559–79.
4. Lee YG, Lee PH, Choi SM, An MH, Jang AS. Effects of Air Pollutants on
Airway Diseases. Int J Environ Res Public Health. 2021;18(18):9905.
5. Sayan M, Mossman BT. The NLRP3 inflammasome in pathogenic particle
and fibre-associated lung inflammation and diseases. Part Fibre Toxicol.
2016;13(1):51.
6. Donaldson K, Borm PJ, Castranova V, Gulumian M. The limits of testing
particle-mediated oxidative stress in vitro in predicting diverse pathologies; relevance for testing of nanoparticles. Part Fibre Toxicol. 2009;6:13.

Skuland et al. Particle and Fibre Toxicology

7.
8.
9.

10.
11.

12.
13.
14.
15.

16.

17.

18.

19.
20.
21.

22.
23.
24.

25.
26.
27.

(2022) 19:45

Arias-Pérez RD, Taborda NA, Gómez DM, Narvaez JF, Porras J, Hernandez
JC. Inflammatory effects of particulate matter air pollution. Environ Sci
Pollut Res Int. 2020;27(34):42390–404.
Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines:
at the crossroads of cell signalling and inflammatory disease. Biochim
Biophys Acta. 2014;1843(11):2563–82.
Låg M, Skuland T, Godymchuk A, Nguyen THT, Pham HLT, Refsnes M. Silica
nanoparticle-induced cytokine responses in BEAS-2B and HBEC3-KT cells:
significance of particle size and signalling pathways in different lung cell
cultures. Basic Clin Pharmacol Toxicol. 2018;122(6):620–32.
Janssen NA, Yang A, Strak M, Steenhof M, Hellack B, Gerlofs-Nijland ME,
et al. Oxidative potential of particulate matter collected at sites with different source characteristics. Sci Total Environ. 2014;472:572–81.
Steenhof M, Gosens I, Strak M, Godri KJ, Hoek G, Cassee FR, et al. In vitro
toxicity of particulate matter (PM) collected at different sites in the Netherlands is associated with PM composition, size fraction and oxidative
potential–the RAPTES project. Part Fibre Toxicol. 2011;8:26.
Forman HJ, Finch CE. A critical review of assays for hazardous components of air pollution. Free Radical Biol Med. 2018;117:202–17.
Øvrevik J. Oxidative potential versus biological effects: a review on the
relevance of cell-free/abiotic assays as predictors of toxicity from airborne
particulate matter. Int J Mol Sci. 2019;20(19):4772.
Gerlofs-Nijland ME, Dormans JA, Bloemen HJ, Leseman DL, John A, Boere
F, et al. Toxicity of coarse and fine particulate matter from sites with
contrasting traffic profiles. Inhal Toxicol. 2007;19(13):1055–69.
Thomson EM, Breznan D, Karthikeyan S, MacKinnon-Roy C, Charland JP,
Dabek-Zlotorzynska E, et al. Cytotoxic and inflammatory potential of sizefractionated particulate matter collected repeatedly within a small urban
area. Part Fibre Toxicol. 2015;12:24.
Thomson EM, Breznan D, Karthikeyan S, MacKinnon-Roy C, Vuong NQ,
Dabek-Zlotorzynska E, et al. Contrasting biological potency of particulate
matter collected at sites impacted by distinct industrial sources. Part Fibre
Toxicol. 2016;13(1):65.
Onishi T, Honda A, Tanaka M, Chowdhury PH, Okano H, Okuda T, et al.
Ambient fine and coarse particles in Japan affect nasal and bronchial
epithelial cells differently and elicit varying immune response. Environ
Pollut. 2018;242(Pt B):1693–701.
Ramgolam K, Favez O, Cachier H, Gaudichet A, Marano F, Martinon L, et al.
Size-partitioning of an urban aerosol to identify particle determinants
involved in the proinflammatory response induced in airway epithelial
cells. Part Fibre Toxicol. 2009;6:10.
Thorpe A, Harrison RM. Sources and properties of non-exhaust
particulate matter from road traffic: a review. Sci Total Environ.
2008;400(1–3):270–82.
Piscitello A, Bianco C, Casasso A, Sethi R. Non-exhaust traffic emissions:
sources, characterization, and mitigation measures. Sci Total Environ.
2021;766:144440.
Bendtsen KM, Gren L, Malmborg VB, Shukla PC, Tunér M, Essig YJ, et al.
Particle characterization and toxicity in C57BL/6 mice following instillation of five different diesel exhaust particles designed to differ in physicochemical properties. Part Fibre Toxicol. 2020;17(1):38.
Herrick RF, McClean MD, Meeker JD, Zwack L, Hanley K. Physical and
chemical characterization of asphalt (bitumen) paving exposures. J
Occup Environ Hyg. 2007;4(Suppl 1):209–16.
Fiebig M, Wiartalla A, Holderbaum B, Kiesow S. Particulate emissions from
diesel engines: correlation between engine technology and emissions. J
Occup Med Toxicol. 2014;9(1):6.
Gustafsson M, Blomqvist G, Gudmundsson A, Dahl A, Swietlicki E,
Bohgard M, et al. Properties and toxicological effects of particles from the
interaction between tyres, road pavement and winter traction material.
Sci Total Environ. 2008;393(2–3):226–40.
Kupiainen KJ, Tervahattu H, Räisänen M, Mäkelä T, Aurela M, Hillamo R.
Size and Composition of Airborne Particles from Pavement Wear, Tires,
and Traction Sanding. Environ Sci Technol. 2005;39(3):699–706.
Holme JA, Brinchmann BC, Refsnes M, Låg M, Øvrevik J. Potential role of
polycyclic aromatic hydrocarbons as mediators of cardiovascular effects
from combustion particles. Environ Health. 2019;18(1):74.
Keet CA, Keller JP, Peng RD. Long-term coarse particulate matter exposure
is associated with asthma among children in medicaid. Am J Respir Crit
Care Med. 2018;197(6):737–46.

Page 19 of 20

28. Ge E, Lai K, Xiao X, Luo M, Fang Z, Zeng Y, et al. Differential effects of
size-specific particulate matter on emergency department visits for respiratory and cardiovascular diseases in Guangzhou. China Environ Pollut.
2018;243(Pt A):336–45.
29. Brunekreef B, Forsberg B. Epidemiological evidence of effects of coarse
airborne particles on health. Eur Respir J. 2005;26(2):309–18.
30. Schins RP, Lightbody JH, Borm PJ, Shi T, Donaldson K, Stone V. Inflammatory effects of coarse and fine particulate matter in relation to chemical
and biological constituents. Toxicol Appl Pharmacol. 2004;195(1):1–11.
31. Sandström T, Cassee FR, Salonen R, Dybing E. Recent outcomes in European multicentre projects on ambient particulate air pollution. Toxicol
Appl Pharmacol. 2005;207(2 Suppl):261–8.
32. Dick CA, Singh P, Daniels M, Evansky P, Becker S, Gilmour MI. Murine
pulmonary inflammatory responses following instillation of sizefractionated ambient particulate matter. J Toxicol Environ Health A.
2003;66(23):2193–207.
33. Monn C, Becker S. Cytotoxicity and induction of proinflammatory
cytokines from human monocytes exposed to fine (PM2.5) and coarse
particles (PM10–2.5) in outdoor and indoor air. Toxicol Appl Pharmacol.
1999;155(3):245–52.
34. Hetland RB, Cassee FR, Refsnes M, Schwarze PE, Låg M, Boere AJ, et al.
Release of inflammatory cytokines, cell toxicity and apoptosis in epithelial
lung cells after exposure to ambient air particles of different size fractions.
Toxicol In Vitro. 2004;18(2):203–12.
35. Hetland RB, Cassee FR, Låg M, Refsnes M, Dybing E, Schwarze PE.
Cytokine release from alveolar macrophages exposed to ambient
particulate matter: heterogeneity in relation to size, city and season. Part
Fibre Toxicol. 2005;2:4.
36. Jalava PI, Salonen RO, Pennanen AS, Sillanpää M, Hälinen AI, Happo MS,
et al. Heterogeneities in inflammatory and cytotoxic responses of RAW
264.7 macrophage cell line to urban air coarse, fine, and ultrafine particles
from six European sampling campaigns. Inhal Toxicol. 2007;19(3):213–25.
37. Val S, Martinon L, Cachier H, Yahyaoui A, Marfaing H, Baeza-Squiban A.
Role of size and composition of traffic and agricultural aerosols in the
molecular responses triggered in airway epithelial cells. Inhal Toxicol.
2011;23(11):627–40.
38. Becker S, Soukup JM, Sioutas C, Cassee FR. Response of human alveolar
macrophages to ultrafine, fine, and coarse urban air pollution particles.
Exp Lung Res. 2003;29(1):29–44.
39. Guillot L, Medjane S, Le-Barillec K, Balloy V, Danel C, Chignard M, et al.
Response of human pulmonary epithelial cells to lipopolysaccharide
involves Toll-like receptor 4 (TLR4)-dependent signaling pathways:
evidence for an intracellular compartmentalization of TLR4. J Biol Chem.
2004;279(4):2712–8.
40. Chaudhuri N, Paiva C, Donaldson K, Duffin R, Parker LC, Sabroe I. Diesel
exhaust particles override natural injury-limiting pathways in the lung.
Am J Physiol Lung Cell Mol Physiol. 2010;299(2):L263–71.
41. Hussein T, Johansson C, Karlsson H, Hansson H-C. Factors affecting nontailpipe aerosol particle emissions from paved roads: on-road measurements in Stockholm, Sweden. Atmos Environ. 2008;42(4):688–702.
42. Furusjö E, Sternbeck J, Cousins AP. PM(10) source characterization at urban and highway roadside locations. Sci Total Environ.
2007;387(1–3):206–19.
43. Amato F, Cassee FR, Denier van der Gon HA, Gehrig R, Gustafsson M,
Hafner W, et al. Urban air quality: the challenge of traffic non-exhaust
emissions. J Hazard Mater. 2014;275:31–6.
44. Grytting VS, Refsnes M, Øvrevik J, Halle MS, Schönenberger J, van der Lelij
R, et al. Respirable stone particles differ in their ability to induce cytotoxicity and pro-inflammatory responses in cell models of the human
airways. Part Fibre Toxicol. 2021;18(1):18.
45. Hetland RB, Refsnes M, Myran T, Johansen BV, Uthus N, Schwarze PE.
Mineral and/or metal content as critical determinants of particle-induced
release of IL-6 and IL-8 from A549 cells. J Toxicol Environ Health A.
2000;60(1):47–65.
46. Ovrevik J, Myran T, Refsnes M, Låg M, Becher R, Hetland RB, et al. Mineral
particles of varying composition induce differential chemokine release
from epithelial lung cells: importance of physico-chemical characteristics.
Ann Occup Hyg. 2005;49(3):219–31.
47. Becher R, Hetland RB, Refsnes M, Dahl JE, Dahlman HJ, Schwarze PE. Rat
lung inflammatory responses after in vivo and in vitro exposure to various stone particles. Inhal Toxicol. 2001;13(9):789–805.

Skuland et al. Particle and Fibre Toxicology

(2022) 19:45

48. Lawrence S, Sokhi R, Ravindra K, Mao H, Prain HD, Bull ID. Source apportionment of traffic emissions of particulate matter using tunnel measurements. Atmos Environ. 2013;77:548–57.
49. Gaga EO, Arı A, Akyol N, Üzmez Ö, Kara M, Chow JC, et al. Determination
of real-world emission factors of trace metals, EC, OC, BTEX, and semivolatile organic compounds (PAHs, PCBs and PCNs) in a rural tunnel in Bilecik.
Turkey Sci Total Environ. 2018;643:1285–96.
50. Johansson C, Norman M, Gidhagen L. Spatial & temporal variations of
PM10 and particle number concentrations in urban air. Environ Monit
Assess. 2007;127(1–3):477–87.
51. Kupiainen K, Ritola R, Stojiljkovic A, Pirjola L, Malinen A, Niemi J. Contribution of mineral dust sources to street side ambient and suspension PM10
samples. Atmos Environ. 2016;147:178–89.
52. Candeias C, Vicente E, Tomé M, Rocha F, Ávila P, Alves C. Geochemical,
Mineralogical and Morphological Characterisation of Road Dust and
Associated Health Risks. Int J Environ Res Public Health. 2020;17(5):1563.
53. Rodríguez S, Querol X, Alastuey A, Viana Ma-M, Alarcón M, Mantilla E, et al.
Comparative PM10–PM2.5 source contribution study at rural, urban and
industrial sites during PM episodes in Eastern Spain. Sci Total Environ.
2004;328(1):95–113.
54. Manousakas M, Diapouli E, Belis CΑ, Vasilatou V, Gini M, Lucarelli F, et al.
Quantitative assessment of the variability in chemical profiles from
source apportionment analysis of PM10 and PM2.5 at different sites
within a large metropolitan area. Environ Res. 2021;192:110257.
55. Longhin E, Pezzolato E, Mantecca P, Holme JA, Franzetti A, Camatini M,
et al. Season linked responses to fine and quasi-ultrafine Milan PM in
cultured cells. Toxicol In Vitro. 2013;27(2):551–9.
56. Manoli E, Kouras A, Karagkiozidou O, Argyropoulos G, Voutsa D, Samara C.
Polycyclic aromatic hydrocarbons (PAHs) at traffic and urban background sites of northern Greece: source apportionment of ambient
PAH levels and PAH-induced lung cancer risk. Environ Sci Pollut Res Int.
2016;23(4):3556–68.
57. Castro LM, Pio CA, Harrison RM, Smith DJT. Carbonaceous aerosol in
urban and rural European atmospheres: estimation of secondary organic
carbon concentrations. Atmos Environ. 1999;33(17):2771–81.
58. Chow JC, Watson JG. Review of PM2.5 and PM10 apportionment for fossil
fuel combustion and other sources by the chemical mass balance receptor model. Energy Fuels. 2002;16(2):222–60.
59. Sparks C, Reponen T, Grinshpun SA, Ryan P, Yermakov M, Simmons M,
et al. Concentration gradient patterns of traffic and non-traffic-generated
fine and coarse aerosol particles. J Environ Health. 2014;76(6):122–9.
60. Godec R, Jakovljević I, Davila S, Šega K, Bešlić I, Rinkovec J, et al. Air pollution levels near crossroads with different traffic density and the estimation of health risk. Environ Geochem Health. 2021;43(10):3935–52.
61. Altuwayjiri A, Soleimanian E, Moroni S, Palomba P, Borgini A, De Marco C,
et al. The impact of stay-home policies during Coronavirus-19 pandemic
on the chemical and toxicological characteristics of ambient PM(2.5) in
the metropolitan area of Milan, Italy. Sci Total Environ. 2021;758:143582.
62. Wu C, Huang XHH, Ng WM, Griffith SM, Yu JZ. Inter-comparison of NIOSH
and IMPROVE protocols for OC and EC determination: implications for
inter-protocol data conversion. Atmos Meas Tech. 2016;9(9):4547–60.
63. Wang B, Lau YS, Huang Y, Organ B, Chuang HC, Ho SSH, et al. Chemical
and toxicological characterization of particulate emissions from diesel
vehicles. J Hazard Mater. 2021;405:124613.
64. Nitter TB, Hilt B, Svendsen KVH, Buhagen M, Jørgensen RB. Association
between exposure to different stone aggregates from asphalt and
blood coagulability: a human exposure chamber study. Sci Total Environ.
2021;778:146309.
65. Nitter TB, Hilt B, Svensen KVH, Buhagen M, Dahlman HJ, Øvrevik J, Refsnes
MA, Jørgensen RB. Inflammatory effects of exposure to different stone
types used in Norwegian asphalt. In: Guangyu Cao SBH, Kim MK, Schild
PG, editor. Proceedings of the 17th international healthy buildings conference 21–23 June 2021. Oslo, Norway: SINTEF Academic Press; 2021. p.
538–45.
66. Moazami TN, Hilt B, Sørås K, Svendsen KVH, Dahlman HJ, Refsnes M, et al.
Short-term exposure to stone minerals used in asphalt affect lung function and promote pulmonary inflammation among healthy adults. Scand
J Work Environ Health. 2022;4023
67. Gerlofs-Nijland ME, Bokkers BGH, Sachse H, Reijnders JJE, Gustafsson
M, Boere AJF, et al. Inhalation toxicity profiles of particulate matter: a

Page 20 of 20

68.
69.

70.

71.

72.
73.
74.
75.

76.

77.
78.

comparison between brake wear with other sources of emission. Inhal
Toxicol. 2019;31(3):89–98.
Grytting VS, Chand P, Låg M, Øvrevik J, Refsnes M. The pro-inflammatory
effects of combined exposure to diesel exhaust particles and mineral particles in human bronchial epithelial cells. Part Fibre Toxicol. 2022;19(1):14.
Denby BR, Sundvor I, Johansson C, Pirjola L, Ketzel M, Norman M, et al. A
coupled road dust and surface moisture model to predict non-exhaust
road traffic induced particle emissions (NORTRIP). Part 1: road dust loading and suspension modelling. Atmos Environ. 2013;77:283–300.
Fussell JC, Franklin M, Green DC, Gustafsson M, Harrison RM, Hicks W,
et al. A Review of road traffic-derived non-exhaust particles: emissions,
physicochemical characteristics, health risks, and mitigation measures.
Environ Sci Technol. 2022;56(11):6813–35.
Øvrevik J, Refsnes M, Låg M, Holme JA, Schwarze PE. Activation of
proinflammatory responses in cells of the airway mucosa by particulate
matter: oxidant- and non-oxidant-mediated triggering mechanisms.
Biomolecules. 2015;5(3):1399–440.
Låg M, Øvrevik J, Refsnes M, Holme JA. Potential role of polycyclic aromatic hydrocarbons in air pollution-induced non-malignant respiratory
diseases. Respir Res. 2020;21(1):299.
Demokritou P, Kavouras IG, Ferguson ST, Koutrakis P. Development of a
high volume cascade impactor for toxicological and chemical characterization studies. Aerosol Sci Technol. 2002;36(9):925–33.
Hellack B, Quass U, Nickel C, Wick G, Schins RP, Kuhlbusch TA. Oxidative potential of particulate matter at a German motorway. Environ Sci
Process Impacts. 2015;17(4):868–76.
Bautista AT, Pabroa PCB, Santos FL, Quirit LL, Asis JLB, Dy MAK, et al. Intercomparison between NIOSH, IMPROVE_A, and EUSAAR_2 protocols: finding an optimal thermal–optical protocol for Philippines OC/EC samples.
Atmos Pollut Res. 2015;6(2):334–42.
Nespor B, Cochran R, Jeong H, Bowman F, Delene D, Kozliak E, et al.
Occurrence of both nonvolatile and semivolatile carbonaceous air
particulate markers using thermal desorption-pyrolysis-gas chromatography-mass spectrometry. Atmos Environ. 2021;246:118058.
Braun A, Huggins FE, Kubátová A, Wirick S, Maricq MM, Mun BS, et al.
Toward distinguishing woodsmoke and diesel exhaust in ambient particulate matter. Environ Sci Technol. 2008;42(2):374–80.
Skuland T, Låg M, Gutleb AC, Brinchmann BC, Serchi T, Øvrevik J, et al. Proinflammatory effects of crystalline- and nano-sized non-crystalline silica
particles in a 3D alveolar model. Part Fibre Toxicol. 2020;17(1):13.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

