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AT M O S P H E R I C  S C I E N C E

The efficiency of EURO 6d car particulate filters is 
compromised by atmospheric aging: In vitro toxicity  
of gasoline car exhaust
Mathilde N. Delaval1*, Hendryk Czech1,2*, Mohammad Almasaleekh1,2, Svenja Offer1,2,  
Jana Pantzke1,2, Mika Ihalainen3, Pasi Yli- Pirilä3, Markus Somero3, Miika Kortelainen3,  
Nadine Gawlitta1, Jürgen Orasche1, Gert Jakobi1, Deeksha Shukla1,2, Patrick Martens2,4,  
Andreas Paul5, Zheng Fang6, Michal Pardo6, Alexandre Barth7, Battist Utinger7, Seongho Jeong1,8, 
Narges Rastak1, Evelyn Kuhn1, Anja Huber1, Arya Mukherjee3, Arunas Mesceriakovas3,  
Jorma Joutsensaari9, Jani Leskinen3, Anni Hartikainen3, Johannes Passig2, Sebastian Oeder1, 
Jürgen Schnelle- Kreis1, Thorsten Hohaus5, Astrid Kiendler- Scharr5†, Markus Kalberer7,  
Sebastiano Di Bucchianico1,2, Yinon Rudich6, Olli Sippula3,10, Ralf Zimmermann1,2

Tailpipe emissions from road traffic contribute substantially to the burden of fine inhalable particulate matter 
(PM2.5) and deteriorate air quality. Exhaust emission standards, forcing improvements in combustion and exhaust 
after- treatment technology, considerably decreases combustion- related PM2.5 emitted by modern cars. A549 can-
cerous alveolar and BEAS- 2B normal bronchial epithelial cells were exposed at the air- liquid interface to the total 
aerosol or gas phase of either fresh or photochemically aged tailpipe emissions from a gasoline EURO 6d car 
equipped with a gasoline particulate filter. Diluted fresh emissions contained particle number concentrations 
comparable to low ambient air levels and induced no detectable cytotoxicity. Photochemical aging led to the 
formation of secondary aerosols and caused significant cytotoxicity. While the aged aerosol induced significant 
DNA damage, oxidative stress was more associated with volatile secondary species. Our results call for the consid-
eration of the exhaust emission atmospheric transformation processes in future emission standards toward health 
effect- driven emission regulations.

INTRODUCTION
Air pollution with elevated concentrations of fine inhalable particu-
late matter (PM2.5), ozone (O3), and nitrogen dioxide (NO2) poses a 
global adverse threat for human health (1, 2). Beyond evidence of 
significant effects on all- cause mortality, aggravated risks for respi-
ratory diseases, cancer, and cardiovascular diseases have been iden-
tified for PM2.5 and O3 (3). The sources of air pollution cover a broad 
range from natural to anthropogenic emissions. They vary in toxic-
ity and toxicological mechanisms, even at low concentrations (4). 
However, road traffic appears consistently in epidemiological stud-
ies as a substantial contributor to air pollution [traffic- related air 
pollution (TRAP)] and associated adverse health effects (5). This is 
also supported by experimental toxicological evidence (6–8). Sev-
eral components (e.g., PM, NOx, and CO) in TRAP have already 
been included in current exhaust emission standards, e.g., EURO 6d 
in the European Union, Tier- 3 in the United States, LEV- III in California, 

and China 6b in China. For a vehicle to receive certification, these 
regulated pollutants must not exceed upper limits of emissions per 
driven distance in a defined driving scenario, depending on the ve-
hicle type.

Tailpipe emissions from light- duty gasoline vehicles have been 
identified as an important individual contributor to both gas and 
particle phase air pollutant levels (9, 10). The introduction of gaso-
line direct injection (GDI) in spark ignition engines, replacing port 
fuel injection, improved fuel economy, thermal efficiency, and pow-
er output of gasoline vehicles, but shifted emissions from predomi-
nantly volatile organic compounds (VOCs) to higher PM levels (11). 
Gasoline particle filters (GPFs), adapted from diesel vehicles, have 
become a state- of- the- art tool in exhaust after- treatment technology 
to meet particle number (PN) concentration regulations and indi-
rectly decrease primary emissions of air pollutants such as black car-
bon and polycyclic aromatic hydrocarbons (ArHCs). GPF often 
achieve filter efficiencies of >90% (12), potentially leading to re-
duced toxicity of exhaust emissions. However, no significant change 
in proinflammatory or oxidative stress- related biological end points 
in in vitro models has been observed when comparing unfiltered 
and filtered gasoline exhaust (6, 13, 14).

Reactions of aerosols in the atmosphere, commonly referred to 
as “aging,” may increase ambient particle mass concentrations by 
oxidative gas- to- particle conversion accompanied by an increased 
average carbon oxidation state of the resulting organic aerosol 
(15, 16). Recently, secondary organic aerosol (SOA), a major sub-
fraction of PM2.5, was associated with an increased risk of death 
from cardiorespiratory diseases in the United States (17). It is known 
that gasoline vehicles are major sources of SOA formation in urban 
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areas, which is dominated by atmospheric oxidation of aromatic 
VOC emitted as unburned fuel or formed in the combustion process 
(18, 19). Anthropogenic SOA from the photooxidation of naphtha-
lene, as anthropogenic precursors, together with soot particles in-
duced stronger biological responses in in vitro exposure studies 
compared to SOA from biogenic β- pinene as precursor (20–22), 
emphasizing the importance of aromaticity in emitted volatile hy-
drocarbons. In addition, lubrication oil makes a distinct contribu-
tion to primary organic aerosol (POA) emissions and may add to 
the overall aerosol toxicity (23, 24).

The exposure of human bronchial epithelia to aged gasoline 
exhaust from EURO 5 vehicles exhibited significant cytotoxicity 
and impaired epithelial key- defense mechanisms when a versa-
tile aerosol concentration enrichment system was used to en-
hance particle deposition from 13 to 342 ng cm−2 (25). A recent 
study investigated the impact of EURO 3 to EURO 5 gasoline 
vehicle emissions, both primary and aged, on cytotoxicity, intra-
cellular generation of reactive oxygen species (ROS), and inter-
leukin- 6 (IL- 6) as an indicator of proinflammatory response in 
human alveolar cells (26). However, differences in bioreactivity 
were small between primary and aged emissions of the same ex-
haust emission standard.

Emissions from modern gasoline vehicles, compliant with the 
current European exhaust emission standard EURO 6d, still lead to 
SOA formation exceeding the levels of POA (27, 28). Moreover, no 
apparent difference in SOA formation between a EURO 5 light- duty 
gasoline vehicle, retrofitted with a GPF, and a EURO 6b gasoline car 
without GPF was observed (28, 29). Therefore, the implementation 
of exhaust emission standards only partially succeeds in suppressing 
PM2.5 from gasoline vehicles considering its combined primary and 
secondary origin.

In air quality standards, the effect of atmospheric processing on 
primary emissions of nitric oxide (NO) and VOC by regulating 
NO2 and O3 levels in ambient air is considered because of their es-
tablished relevance to public health in epidemiological and toxico-
logical studies (30,  31). NO2 predominantly originates from the 
oxidation of NO by O3 and only to a minor extent from primary 
emissions, particularly from diesel engines (32). Furthermore, pho-
tochemical reactions of VOC by hydroxyl radicals (OH) in the 
presence of NO add to the burden of ground- level O3 (33). In ex-
haust emission standards for on- road vehicles, the incorporation of 
NO by limits of NOx already anticipates its atmospheric conversion 
into the toxicologically more potent species NO2 and further con-
tribution to “photochemical smog.” However, for emission limits of 
VOC, defined as hydrocarbons or “non- methane hydrocarbon 
(NMHC),” and PM2.5 in ambient air, the connection is less stringent.

In the following, we reveal that extending this concept to pre-
cursors of secondary PM2.5 is the next step to comply with ambi-
ent PM2.5 regulations proposed by the World Health Organization 
(WHO) (34). We demonstrate that particle emissions from a gas-
oline light- duty vehicle with GPF and compliant with EURO 6d 
regulations, currently the strictest exhaust emission standard for 
light gasoline vehicles in the EU, are effectively reduced compared 
to previous emission exhaust standards. However, EURO 6d stan-
dard fails to cover emission conversion into secondary aerosols by 
photochemical aging upon atmospheric residence. We provide 
toxicological evidence that photochemical aging may toxify emis-
sions from a EURO 6d gasoline car and discuss implications for 
public health.

RESULTS
Effect of aging on exhaust particles properties
Tailpipe emissions from a EURO 6d car, compliant with the cur-
rently strictest exhaust emission standard in the EU, EURO 6d, 
equipped with a GPF, were photochemically aged in a high- flow 
oxidation flow reactor (35). Because of the GPF, the number con-
centration of emitted particles was close to the scanning mobility 
particle sizer (SMPS) detection limit with an average of 200 particles 
per cm3 in the diluted exhaust (Fig. 1A). In addition, only 3 μg m−3 
of particulate organic matter (OM), could be detected by the aerosol 
mass spectrometer (AMS). Consequently, the content of ROS in the 
fresh exhaust particles and their oxidative potential (OP), deter-
mined by two complementary online techniques (online particle- 
bound ROS instrument, OPROSI and online OP ascorbic acid 
instrument, OOPAAI), were also below the limits of quantification 
of 0.01 nmol H2O2- eq. m−3 or equivalents of dehydroascorbic acid 
(DHA- eq.) m−3 (Fig. 1B).

Laboratory- aging using the oxidation flow reactor “PEAR” (35) 
with two equivalent days of photochemical aging raised the PN con-
centration to 6 × 107 per cm3 with a PN median mobility diameter 

Fig. 1. PN concentrations and compositions in diluted tailpipe emissions. 
(A) Pn size distributions and (B) total Pn concentrations derived from SMPS. Shaded 
area denotes the SD of four experiments (n =  4). (C) Refractory particle compo-
nents; OM, nitrate (nO3), ammonium (nh4), and sulfate (SO4) from AMS, and two 
quantities representing oxidative particle properties from OOPAAi (OPAA) in equiva-
lents of dehydroascorbic acid (DhA- eq.) (80) and OPROSi (ROSDcFh) in equivalents 
of h2O2 (79). ROSDcFh and OPAA could not be quantified in fresh exhaust particles 
due to concentrations below the limits of quantification. insert in (c): Oxygen- to- 
carbon (O:c) and hydrogen- to- carbon ratio (h:c) in OM. Because of OM concentra-
tions close to the limit of quantification, elemental ratio in fresh exhaust particles 
could not be determined.
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of 35  ±  3 nm (Fig. 1A). Concurrently, after aging, OM, nitrate 
(NO3), ammonium (NH4) and sulfate (SO4) increased respectively 
to average concentrations of 140, 49, 16, and 2 μg m−3 (Fig. 1C), 
indicating the formation of secondary PM from oxidative gas- to- 
particle conversion. However, considering the size distribution of 
the particles, only half of the particle mass was taken into account 
by the AMS measurement because of the dropping transmission 
efficiency for particles below 80 nm in the aerodynamic lens (36). 
Furthermore, atmospheric aging increases the OP and concentra-
tions of ROS exerting biological effects in cell exposures (37, 38). In 
contrast to undetectable ROS and OP in fresh aerosol particle emis-
sions, OOPAAI and OPROSI analyses revealed OPAA of 0.19  ± 
0.06 μmol DHA m−3 and ROSDCFH of 0.67 ± 0.32 μmol H2O2- eq. m−3, 
respectively (Fig. 1C). Elemental ratios in the fresh exhaust parti-
cles could not be reliably determined because of low signal intensi-
ties for OM close to the limit of quantification. For particles in the 
aged exhaust, the average O:C and H:C were 1 (Fig. 1C), resulting 
in an average carbon oxidation state of 1, which is indicative of low 
volatility oxidized organic aerosol after an atmospheric residence 
time of few days (39). The measured particle effective densities 
were nearly constant as the function of particle size with an average 
density of 1.6 g  cm−3. Also, electron microscope images (fig. S4) 
indicate a compact morphology for organic- rich particles in the 
aged exhaust.

Effect of aging on gaseous exhaust components
Gaseous components in the exhaust passed a three- way catalyst, 
enhancing the yield of the complete hydrocarbon combustion 

products, carbon dioxide and water, and reducing nitric oxides 
(NOx) to molecular nitrogen. The main gaseous product of incom-
plete combustion was carbon monoxide (CO) with an average con-
centration in the diluted exhaust of 12 parts per million (ppm), 
followed by ammonia (NH3, 3.3 ppm), methane (CH4, 1.0 ppm), 
and nitric monoxide (NO, 0.83 ppm); NMHCs, containing SOA 
precursors, accounted for 1.1 ppm (Fig. 2A). NO2 (0.10 ppm) was 
less abundant than NO in the fresh exhaust but became the domi-
nant NOx species (= NO+NO2) in the aged exhaust [NO: 0.78 parts 
per billion (ppb); NO2: 5.3 ppb], but at significantly lower level than 
NO in fresh exhaust. Most of the primary NOx was likely converted 
to nitrate species (gaseous HNO3 and particulate nitrate), which 
are the main tropospheric sink of NOx (40).

The sum of the volatile ArHCs in the fresh exhaust accounted 
for less than 5% of NMHC and was dominated by benzene followed 
by alkylated benzenes and naphthalene, which was shown by inde-
pendent analyses with gas chromatography–mass spectrometry 
(GC- MS), proton- transfer- reaction (PTR), and resonance- enhanced 
multiphoton ionization (REMPI)–time- of- flight MS (TOFMS) 
(Fig. 2B) (28, 41). Processing of the fresh exhaust in the PEAR (35) 
significantly decreased the concentrations of total ArHC (∑ArHC), 
but to different extents for individual ArHC according to their 
reactivity toward hydroxyl radicals (42). Consequently, the concen-
tration of benzene was less affected by aging than alkylated ben-
zenes or naphthalene (Fig. 2B); hence, benzene remained a major 
constituent also of the aged exhaust.

Of gaseous exhaust components accessible by PTR- TOFMS, 
ArHC had the highest concentration and accounted for 60% of all 

Fig. 2. Compositions and concentrations (in ppb v/v) of gases and VOCs in diluted car exhaust. (A) the concentration of carbon monoxide (cO), nitric oxide (nO), nitric 
dioxide (nO2), ammonia (nh3), methane (ch4), and nMhcs in fresh exhaust derived by Fourier transform infrared spectroscopy; nitrogen oxides (nO + nO2 = nOx) in the 
aged exhaust were measured by a chemiluminescence gas analyzer. (B) concentrations of the five most abundant volatile Arhcs from PtR MS, ReMPi MS, and Gc- 
MS. Benzene and toluene could not be determined by offline sampling; hence, their concentrations from PtR measurements were added for total Arhc concentration 
(ΣArhc). (C) Representative PtR mass spectrum of the gas- phase composition. the sum formula refers to the composition of the vOcs in the exhaust, which are detected as 
protonated species. All quantities are corrected for a dilution of 17 used for the in vitro exposure experiments. PtR mass spectra of all experiments may be found in fig. S5.
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detected VOCs. Oxygenated aliphatic, e.g., carbonyls and acids, 
with most abundant species having the sum formula C2H2O (ketene 
or oxygenate fragment), C3H6O (C3- carbonyl), and C2H4O2 (acetic 
acid), dominated the volatiles in the aged exhaust (Fig. 2C). The in-
crease in volatile carbonyl compound (CC) concentrations by aging 
is also supported by complementary selective sampling and quanti-
tative analysis with isomeric resolution. The most abundant CCs in 
both fresh and aged emissions are the smallest CCs (formaldehyde, 
acetaldehyde, and acetone) that increased after aging by factors of 
23, 4.9, and 2.8, respectively (table S5).

Effect of aging on the cytotoxicity of gasoline car 
exhaust emissions
Human alveolar A549 and bronchial BEAS- 2B epithelial cells were 
exposed for 4 hours at the air- liquid interface (ALI) to fresh or pho-
tochemically aged aerosols from a EURO 6d gasoline car. Metabolic 
activity (Fig. 3A) and cell membrane damage (Fig. 3B) were evalu-
ated after exposure by measuring the conversion of resazurin into 
resorufin by living cells and the cytosolic enzyme lactate dehydroge-
nase (LDH) release by dead cells. Primary (fresh) aerosols were not 
cytotoxic for both alveolar and bronchial epithelial cells compared 
to the negative controls [incubator (IC) and clean air (CA) controls]. 
However, photochemically aged aerosols caused a significant de-
crease of metabolic activity in alveolar (32% of IC) and bronchial 
epithelial cells (64% of IC). This decrease is also significantly differ-
ent compared to the metabolic activity of cells exposed to fresh 
aerosol. Light microscopy observations indicated that cell detach-
ment contributed to the decrease of metabolic activity after expo-
sure to aged aerosol (not shown). This is confirmed by cell count 
of the remaining attached cells on inserts after exposure, with 75% 
(A549) and 48% (BEAS- 2B) of detached cells, after exposure to aged 
aerosols, compared to IC (fig. S6). In addition, a significant increase 
of the LDH release, a marker of necrosis, was measured in both 
cell models (20% in A549 cells and 11% in BEAS- 2B cells, i.e., 
4.5-  and 3- fold increase compared to the IC). Those results indicate 
an acute toxicity caused by aged aerosols by causing cell membrane 
damage, which could be due to the higher number of particles in the 
aged aerosols. On the basis of the PN concentrations derived from 
SMPS (Fig. 1), an estimated particle mass of 16 ± 3 ng cm−2 was 
deposited onto the lung epithelial cells exposed to photochemically 
aged aerosol compared to the very low estimated deposited parti-
cle mass (0.002 ± 0.004 ng cm−2) for fresh aerosol exposed cells. 

However, exposure of the cells to gas phase (by filtration of the par-
ticles) showed that the aged gas phase was more toxic than the fresh-
ly emitted one and that it is the dominant cause for cell death. We 
observed a lower decrease of the cell number and of the metabolic 
activity for the cells exposed to the aged gas phase compared to the 
aged total aerosol (TA) (figs. S6 and S7).

Overall, the cytotoxic effect of the photochemically aged aerosol 
was more pronounced in the A549 cells (2- fold higher for meta-
bolic activity and 1.5- fold higher for LDH release) compared to the 
BEAS- 2B cells. This difference in sensitivity may be particularly rel-
evant when considering our modeling results, which predict that, 
for aged emissions, approximately 69% of the total number deposi-
tion, 72% of the total surface area deposition, and 71% of the total 
mass deposition would occur in the alveolar region of the lungs—an 
area represented by the A549 cell line in our in vitro model (table S4).

Effect of aging on genotoxicity of gasoline car 
exhaust emissions
Results from the alkaline comet assay, which detects single and dou-
ble DNA strand breaks as well as alkali labile sites such as apurinic 
or apyrimidinic sites, showed a slight (1.3- fold) but not significant 
(P = 0.16 for A549 and P = 0.37 for BEAS- 2B) induction of DNA 
damage in lung epithelial cells exposed to fresh TAs in comparison 
to negative controls (Fig. 4, A and D). In addition, formamidopyr-
imidine DNA glycosylase (Fpg) and human 8- oxoguanine DNA gly-
cosylase (hOGG1)–modified comet assays have been used for the 
measurement of oxidatively damaged DNA in lung epithelial cells. 
Fpg and hOGG1- modified versions of the assay revealed a generally 
higher level of oxidized DNA bases in both cell models exposed to 
either fresh or aged TAs (comprising both the particle and gas phas-
es) compared to negative control samples (Fig. 4, B and C and E and 
F). In A549 and BEAS- 2B cells exposed to aged TA, incubation with 
the Fpg enzyme uncovered 2.9 and 1.7 higher % DNA in tail, cor-
responding to 35-  and 7- times higher amount of oxidized DNA 
bases, respectively, thus highlighting higher oxidative DNA damage 
in A549 with respect to BEAS- 2B cells (Fig. 4, B to E). The levels of 
oxidative damage detected by hOGG1 enzyme increased up to 2.8 
and 2.0% DNA in tail in the exposed A549 and BEAS- 2B cells, re-
spectively, representing 32-  and 9- times increase compared to con-
trol cells (Fig. 4C). Filtration of particles reduced the oxidative DNA 
damage caused by aged emissions in both alveolar and bronchial cell 
models, with both enzymes. This reduction was only statistically 

Fig. 3. Cytotoxic effects of fresh and aged gasoline car exhaust emissions on lung epithelial cells. Alveolar A549 and bronchial BeAS- 2B epithelial cells were exposed 
at the Ali to 1:17 diluted fresh or aged gasoline car exhaust emissions for 4 hours. Directly after exposure, metabolic activity (A) was measured by the reduction of resa-
zurin into resorufin, and cytotoxicity (B) was measured by the release of lDh. the metabolic activity and cytotoxicity of exposed cells is compared to cells exposed to cA 
or to cells left in the ic as negative controls. Results are presented as means ± s.e.m. One- way analysis of variance (AnOvA) with tukey’s post hoc test was used for multiple 
comparisons. *P < 0.05, ***P < 0.001, and ****P < 0.0001. ns, not significant.
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significant in A549 cells with the Fpg version of the comet assay 
(fivefold decrease). This indicates the important contribution of the 
aged particulate phase to the oxidative DNA damage detected in ex-
posed cells.

Proinflammatory and oxidative stress responses induced by 
fresh and aged aerosols of gasoline car exhaust emissions in 
lung epithelial cells
Proinflammatory and oxidative stress responses of alveolar and 
bronchial epithelial cells were assessed directly after exposure to 
fresh and photochemically aged aerosols emitted by EURO 6d gaso-
line car exhaust. Figure 5A displays the increase of the IL- 8 release 
by alveolar A549 epithelial cells exposed to aged aerosol, compared 
to IC. However, there was no significant difference of IL- 8 release 
between cells exposed to total aerosol and gas- phase only, although 
a trend is visible. The proinflammatory cytokine IL- 6 was below the 
detection limit in exposure media from A549 cells. In bronchial 
BEAS- 2B epithelial cells, exposure to fresh or aged aerosols induced 
no significant change in IL- 8 or IL- 6 levels (Fig. 5, B and C).

In addition, oxidative stress induction following exposure of 
lung epithelial cells to gasoline car exhaust emissions was evaluated 
by measuring the release of malondialdehyde (MDA), a marker of 
lipid peroxidation, in cell exposure medium and the oxidized gluta-
thione (GSSG)/reduced glutathione (GSH) ratio in cells. MDA re-
lease increased by 10 and 4 times in cell culture medium from A549 
and BEAS- 2B cells exposed to photochemical aged aerosols, respec-
tively, with no difference between total aerosol and gas- phase ex-
posed cells. There was no change in MDA release from cells exposed 
to fresh aerosol, compared to negative controls (Fig. 5D). No sig-
nificant change in the intracellular glutathione oxidation level was 

observed in both cell models exposed to fresh or aged aerosols (Fig. 
5, E and F).

DISCUSSION
Our study examined the toxicological impacts of tailpipe emissions 
from a EURO 6d GDI gasoline light- duty vehicle equipped with a GPF 
and secondary aerosols formed from photochemical aging of the 
vehicle exhaust in a high- flow oxidation flow reactor. Alveolar and 
bronchial epithelial cells were exposed at the ALI to either diluted fresh 
or photochemically aged aerosols, while both chemical and physical 
aerosol properties were thoroughly characterized for investigating the 
relation between biological responses and aerosol properties.

To our knowledge, this is the first study to demonstrate the tox-
icity of photochemically aged exhaust emissions from a gasoline 
EURO 6d car with GPF by using a methodology mimicking realis-
tic exposure conditions (43,  44), which we already successfully 
used for assessing the impact of soot particles coating with SOA 
toxicity (20, 21). We combined the ALI cell exposure method with 
the aerosol photochemical ageing process, which markedly affects 
the composition and health impacts of atmospheric pollutants (45). 
Furthermore, the ALI exposure allows for the physicochemical 
characteristics of both gas and particle phases of the aerosol to not 
be affected by the components of the cell culture medium (46). The 
A549 and BEAS- 2B cell lines used in this study represent the epi-
thelial cells lining the alveolar and bronchial regions in the lungs. 
These cells are widely used in inhalation toxicology as they are sen-
sitive to detect cellular and molecular toxic effects at low environ-
mental doses, similar to human exposure for particles (20, 47, 48) 
and gaseous compounds (49–51).

Fig. 4. DNA damage in lung epithelial cells induced by gasoline car exhaust emissions. Alveolar A549 (A to C) and bronchial BeAS- 2B (D to F) epithelial cells were 
exposed at the Ali to total aerosol (tA) or gas phase (GP) of 1:17 diluted fresh or aged gasoline car exhaust emissions for 4 hours, and DnA damage was measured by 
comet assay. DnA strand breaks were assessed by the alkaline version of the comet assay in A549 cells (A) and BeAS- 2B cells (D). Positive controls (Pc) = 50 μM h2O2. in-
cubator control, (ic). Oxidative DnA damage was detected in A549 (B and c) and BeAS- 2B (e and F) cells with Fpg-  and hOGG1- modified comet assay. Positive controls 
(Pc) = 1.5 mM KBrO3. clean air, (cA). Bars represent means ± s.e.m. from three independent experiments. One- way AnOvA with tukey’s post hoc test was used for multiple 
comparison. *P < 0.05 and **P < 0.01. Unpaired t test was used for comparison of two conditions (nc versus Pc, fresh versus aged, and tA versus GP). Statistical signifi-
cance is then indicated by #.
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Our study primarily revealed that photochemically aged emis-
sions from gasoline car exhaust caused acute biological effects after 
short exposure of lung epithelial cells, as observed by increased cy-
totoxicity, as well as genotoxicity, proinflammatory response, and 
oxidative stress induction. In addition, we found that diluted tail-
pipe particle levels were very low because of the installation of the 
GPF at the car exhaust pipe, complying with air quality regulations. 
The efficient removal of particles, which are well known for their 
toxic potential (52), could explain the noncytotoxic effect of the 
fresh aerosol on lung epithelial cells. Furthermore, our study re-
vealed that photochemical aging leads to a considerable formation 
of secondary PM from oxidative gas- to- particle conversion involv-
ing VOC and NOx with NH3 as alkaline counterpart for the acidic 
oxidized vapors. The increased toxicity induced by aged aerosol in 
lung epithelial cells could be related to the presence of newly formed 
particles during photochemical ageing. Filtering the aerosol directly 
in front of the cell exposure setup did not significantly reduce the 
induced cytotoxicity, proinflammatory response, or oxidative stress 
in both lung models. Only oxidative DNA damage caused by the 
aged aerosol was significantly reduced by the filtration of particles. 
These results suggest that while the gaseous components of the aero-
sol mainly drive the toxicity of both primary and secondary gasoline 
car exhaust emissions, the particulate phase also contributes to the 
toxicological impacts of car exhaust emissions. This raises concern 
on the long- term effects of gasoline car exhaust on human health 
despite the use of GPF. However, it has been demonstrated that SOA 
from moderately aged aromatic precursors is largely semi- volatile 
(20, 39). Therefore, it is plausible that PM first retained in the filter 
may continuously revolatilize in the exhaust flow and reach the cell 
models as gas phase species.

In human airways, the deposition of PM is expected to be higher 
in the alveolar region than in the bronchial regions (53). Our esti-
mation of International Commission on Radiological Protection 
(ICRP) model–based lung deposition of the aged exhaust particles 
also supported this conclusion. Together, PM deposition can poten-
tially lead to a significant impairment of the alveoli, especially con-
sidering the observed increase of IL- 8 by alveolar cells but not by 
bronchial cells.

Aged aerosol induced a significant release of IL- 8, an oxidative 
stress–responsive proinflammatory chemokine, in A549 but not 
BEAS- 2B cells. IL- 8 is a potent chemoattractant released from epi-
thelial cells following particle- induced oxidative stress (54), and its 
release can lead to neutrophil influx and inflammation in the lungs 
(55). Inflammatory processes also increase the production of free 
radicals in lungs and defense cells, which could in turn enhance 
oxidative stress. We also found that total aged gasoline EURO 6d 
car exhaust increased the oxidative DNA damage and lipid peroxi-
dation (MDA release) in both alveolar and bronchial epithelial 
cells, although no intracellular oxidative stress was detected with 
the glutathione assay. Lipid peroxidation indicates that aged aero-
sol caused oxidative damage to the cellular membranes and other 
cell components containing lipids. This could be related to the OP 
of the particles in aged aerosol as measured with online ROS and 
OP measurements (Fig. 1C). Aerosol particles can initiate the pro-
duction of ROS in cells, inducing oxidative stress and further caus-
ing damage to cellular structures, including DNA, proteins, and 
lipids. Previous in vitro studies demonstrated that SOA produced 
from photochemical aging of naphthalene and trimethylbenzene, 
both representative anthropogenic SOA precursors, induces oxida-
tive stress in different in vitro lung models (20, 21, 37, 56).

Fig. 5. Proinflammatory and oxidative stress responses induced by gasoline car exhaust emissions in lung epithelial cells. Alveolar A549 and bronchial BeAS- 2B cells 
were exposed to the Ali to total aerosol (tA) or gas- phase (GP) of 1:17 diluted fresh or aged gasoline car exhaust for 4 hours. After exposure, basolateral medium from the 
exposed cells were collected for later measurements. il- 8 and il- 6 cytokine release was measured by enzyme- based immunosorbent assay (A to C). MDA release was mea-
sured by lc- MS/MS (D). cells were collected, and the ratio of GSSG/GSh was measured by lc- MS and compared to negative controls, Pc: 100 μM menadione (E). Bars represent 
means ± s.e.m. from three or four independent experiments. One- way AnOvA with tukey’s post hoc test was used for multiple comparison. *P < 0.05 and ****P < 0.0001. 
Unpaired t test was used for comparison of two conditions (nc versus Pc, fresh versus aged, and tA versus GP). Statistical significance is then indicated by #.
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We found that short exposure to photochemically aged aerosol 
from gasoline EURO 6d car exhaust induced genotoxic effects in 
lung epithelial cells. This is concordant with several studies that 
previously addressed the potential of fuel exhaust emissions to 
damage genetic material in human airways (57) and detected 
chromosomal and DNA damage in human bronchial and alveolar 
epithelial cells exposed to emissions from diesel or gasoline en-
gines (13, 58–60). On the other hand, Usemann et al. (13) showed 
that the use of GPF reduced oxidative DNA damage in bronchial 
epithelial cells after whole gasoline car (EURO 5) exhaust expo-
sure. This finding contradicts our findings that both fresh and aged 
aerosols led to slight DNA damage and significant oxidative DNA 
damage in lung epithelial cells. DNA damage, that is, at least in 
part, caused by oxidative stress, has been typically involved in the 
molecular pathogenesis of chronic inflammatory airway diseases 
by inducing apoptosis, cell senescence, and proinflammatory re-
sponses (61, 62).

There are some limitations to the present study, including the cell 
models, the unique dose of exposure, as well as car operation and 
laboratory aging. The two cell lines used in this study, although 
widely used in inhalation toxicology, present differences with the in 
vivo situation, e.g., they do not form tight junctions, one of the key 
features of epithelial barriers functions (63). Human airways are 
formed of a functional tight epithelial layer, comprising more than 
40 known cell population types, including immune cells and fibro-
blasts, which play a crucial role in the inflammation caused by air-
borne pollutants in the lungs and in the development or exacerbation 
of lung diseases (64, 65). By increasing the complexity and physio-
logical relevance of the cell models, their predictivity can then be 
improved for more accurate human risk assessment (43). For in-
stance, the use of more complex lung epithelial models, such as pri-
mary human airway epithelia (25) or coculture lung cell models 
comprising immune- competent cells (66), could provide valuable 
information on the cellular cross- talk, immune responses, and more 
physiologically relevant toxicological outcomes of the human air-
ways in response to EURO 6d car exhaust emissions. Because of the 
limited biological assays used for evaluating the toxicological effects 
caused by atmospheric aging in model vehicles, we can only hypoth-
esize the underlying mechanisms of toxicity. Signaling pathways 
should be further explored to better understand the mechanisms of 
toxicity of the gasoline exhaust emissions and especially to decipher 
the relation between the aerosol chemical components and their 
toxic potential (25). Eventually, our results should be interpreted as 
part of a broader risk assessment framework that incorporates ad-
ditional in vitro, in vivo, and clinical evidence. While in vitro mod-
els provide critical mechanistic insights into cellular responses, 
translating these results to human exposure requires consideration 
of realistic exposure doses, deposition patterns, and advanced ap-
proaches such as in vitro–to–in vivo extrapolation, which account 
for physiological and dosimetric differences between cell models 
and the human respiratory system (67).

The toxicity of car exhaust can vary depending on factors such 
as driving conditions, engine performance, fuel quality, and the 
specific emissions control technologies used by modifying the chemi-
cal composition and physical properties of the generated emissions 
(9, 68). The specific toxicity of the aerosols generated during the differ-
ent cycle speeds should be evaluated in future studies. This could pro-
vide indication on behavioral driving conditions for reducing car 

emissions, for complementing the current emission limits. Engine 
operation conditions were found to notably affect the exhaust com-
position and secondary aerosol formation potential (29), although 
Lau et al. (26) found small or insignificant difference of toxicity of pri-
mary and aged emissions of EURO 3 to 5 regulation car run under 
different driving conditions in A549 cells.

Gasoline vehicle emissions from real driving are highly dynamic 
and cover different concentration and composition regimes. To 
enable comparability of vehicle emissions on dynamometers, stan-
dardized protocols, such as the Worldwide Harmonized Light Vehi-
cles Test Procedure (WLTP), have been established. The driving 
cycle in this study involves less dynamic driving, presumably lead-
ing to lower emissions than in the WLTP. However, this simplifica-
tion of the driving cycle does not affect the general conclusion of 
this study as the increase in secondary PM after photochemical aging 
and associated cell responses in several biological endpoints are 
highly significant.

Laboratory aging of gasoline car emissions were conducted 
with the PEAR as a model to study photooxidation chemistry (35). 
The residence time in the PEAR was only 70 s; thus, some of the 
oxidized vapor–phase compounds may have insufficient time to 
condense as aerosol particles and leave the PEAR in the GP. In ad-
dition, oxidized vapors formed secondary PM in the ultrafine 
range by nucleation instead of condensing on primary particles 
because the external condensation sink of the fresh tailpipe emis-
sions was removed by the GPF. Although the OFR (oxidation flow 
reactor) conditions can be principally adjusted to simulate OH- 
dominated reactions similar to ambient tropospheric air (69), our 
experimental conditions deviate from that regarding non- OH fate 
of VOC, NOx, and RO2 radical chemistry (70, 71). Nevertheless, 
the bulk composition of the secondary PM, the relevance of ArHC 
for the formation of SOA, and the substantial formation of NH4NO3 
triggered by high NH3 emissions are similar to a chamber experi-
ment with another EURO 6 gasoline car without GPF, with the 
same fuel and similar ageing equivalent to 1.5 days (29). Because 
of the high- average carbon oxidation state and ammonium nitrate 
content, and absence of solid PM after the GPF, the secondary PM 
is assumed to dissolve instantaneously when deposited on the 
cells. Consequently, the sizes of the particle play a minor role for 
the observed biological effects.

Together, we observed substantial secondary particle formation 
by photochemical aging of tailpipe emissions from a light- duty gas-
oline vehicle with GPF, which is considered “clean” and represents 
the current available state- of- the- art emission reduction technolo-
gy. In addition, our study reveals the role of gaseous exhaust compo-
nents in the significant increase of toxicity of the emissions from the 
gasoline EURO 6d car exhaust by photochemical aging. Therefore, 
our results call for the rethinking of emission exhaust regulations 
and the development of protocols for a standardized consideration 
of atmospheric processes. Future regulations can be imposed for ex-
ample by speciation of ArHC in tailpipe emissions in dynamometer 
tests because ArHC are the most potent class and toxic of SOA pre-
cursors. Such anticipation of the atmospheric fate of primary vola-
tile emissions from the transport sector, such as illustrated by NO 
and NO2, may substantially support measures for compliances with 
the revised EU Directive 2008/50/EC of maximum annual mean 
PM2.5 values of 20 μg m3 and toward WHO guidelines of 5 μg m−3.
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MATERIALS AND METHODS
Tailpipe emissions from a light- duty gasoline car:  
Test vehicle, fuel, test cycle and sampling
Experiments were conducted at the ILMARI facility of the University 
of Eastern Finland with a turbocharged light- duty GDI passenger 
vehicle (Skoda Scala 1.0 TSI, model year 2021, further details in table 
S1, and experimental setup in fig. S1) on a chassis dynamometer 
(Rototest VPA- RX3 2WD). For exhaust after- treatment, the car was 
equipped with a three- way catalyst and a GPF, compliant with EURO 
6d exhaust emission standard. The car was operated with commer-
cial gasoline- ethanol blend fuel 95 E10 (gasoline with max. 10% 
ethanol content) according to a four- times repeated driving cycle 
with following conditions: cold start and idling for 5 min (no gear), 
50 km hour−1 for 15 min (4th gear), 100 km hour−1 for 15 min (5th 
gear), 80 km hour−1 for 15 min (5th gear), and idling for 5 min (no 
gear). This procedure was repeated four times for a total experimen-
tal duration of 4 hours, while for the second to fourth repetitions, the 
cold start was replaced by a hot start. The wheel power was chosen to 
represent the wheel and air frictions of the vehicle at the given speed.

A partial flow from the vehicle exhaust was sampled and diluted 
in a combination of porous tube diluter and ejector diluter. The dilu-
tion ratio was defined by measuring the CO2 concentrations before 
and after the dilution process. The dilution ratio was controlled by 
the flow rate in the porous tube diluter, while the ejector diluter flow 
rate remained constant. The total dilution ratio was set to 17, and the 
control process was automated. The sampling line before the diluters 
was heated to 120°C. An example of gaseous emissions over one 
4- hour experiment and engine conditions is depicted in fig. S2.

Photochemical aging in oxidation flow reactor
The oxidation flow reactor PEAR (35) was used for simulating at-
mospheric aging of tailpipe emissions in about 1 min of processing 
in the laboratory. The PEAR consists of a stainless steel cylinder 
with a total volume of 139 liter and contains four adjustable ultra-
violet (UV) lamps (Osram, HNS 55W G13 HO; main emission at 
254 nm, blocked emission at 185 nm). The main design features of 
the PEAR are large volume for high flow rates, the design of the dif-
fuser at the beginning of the reactor to reduce undesired back flows, 
and stainless steel construction to avoid losses of charged particles.

Diluted tailpipe emissions were premixed with O3 and water va-
por to achieve 7 ppm of O3 and a minimum relative humidity (RH) 
at room temperature of 40% (humidifier model 125- 240- 5MP; Perma 
Pure ltd., USA), controlled by a photometric ozone analyzer (model 
49i Ozone Analyzer, Thermo Fisher Scientific Inc., MA, USA) and 
humidity sensor (HMP 110/65, Vaisala, Finland). A total flow rate of 
120 liter min−1 determines the mean residence time to 70 s, while 
the most abundant residence time is expected to be shorter (35). Using 
four UV lamps at 8 V, a total photon flux of 9.42 · 1015 photons 
cm−2 s−1 was generated, initiating the formation of hydroxyl radi-
cals from O3 photolysis and subsequent reaction of the singulet oxy-
gen O(1D) with water vapor according to

The OH exposure, i.e., the equivalent photochemical age, was ex-
perimentally determined by adding isotope- labeled butanol (D9- 
BuOH, 98% isotopic purity; Sigma- Aldrich) with a concentration of 

approximately 100 ppb in an experiment without cell exposure. D9- 
BuOH reacts with non- OH oxidants to a negligible extent and is 
therefore a valid “photochemical clock” (72). From the decay of D9- 
BuOH inside the PEAR, measured by a PTR- TOFMS (Ionicon Inc., 
Vienna, Austria), and a rate constant kOH of 3.4 × 10−11 s cm−3, the 
OH exposure was determined every 10 s. For the entire experiment, 
the harmonic mean accounts for 2 days of equivalent photochemical 
aging, assuming an average ambient ∙OH concentration of 1.5 × 106 
molec cm−3. Before offline sampling of VOC and PM on adsorbent 
tubes and quartz fiber filters as well as cell exposure, the aged ex-
haust passed ozone denuders. The ozone denuders consist of ceram-
ic honeycombs, which were impregnated with potassium nitrite 
(KNO2) and decomposed ozone according to

Assessment of aging OFR conditions
The importance of the non- OH radical fate of VOC was assessed 
using the Oxidation Flow Reactor Exposure Estimator (v3.1) for 
OFR (70, 71, 73, 74) using data from Fourier transform infrared 
(FTIR) gas analysis and ozone monitoring as input. The temporal 
evolution of NMHCs and NOx (NO+NO2) as well as external OH 
reactivity (OHRext) over the driving cycle was highly dynamic in-
cluding changing NMHC/(NMHC+NOx) (fig. S2). On the one 
hand, NOx

, primarily released as NO partly consumes externally fed 
ozone, which is not available anymore for the generation of OH 
radicals. On the other hand, water vapor in the emissions increased 
the RH inside the PEAR, which may be up to 64% depending on 
engine condition and stimulate the OH radical production. Overall, 
the used OFR conditions are in the transition space of atmospheri-
cally relevant ratio of photon flux at 254 nm and OH exposure, apart 
from cold engine start and the beginning of a new driving cycle 
where the system departs from the atmospheric relevant region for 
a period shorter than the mean PEAR residence of 70 s (75). Conse-
quently, photolysis at 254 nm may even dominate the degradation of 
ArHC, particularly for benzene. However, this only occurs during 
the first 15 min of each cycle when NMHC/(NMHC+NOx) ap-
proaches minimum values around 0.2; hence, a minority of the total 
aged aerosol leaving the PEAR was affected by photolysis (76). The 
fate of RO2 radicals in the PEAR affects the individual product for-
mation in SOA, which was assessed using the model from (71). In all 
experiments, the RO2 fate was dominated by the reactions with the 
hydroperoxyl radical (RO2+HO2) from 91.2 to 93.4%. The second 
most important pathway was the reaction with hydroxyl radicals 
(RO2 + OH; 6.2 to 8.6 %), which has a negligible relevance in ambi-
ent air. Minor contributions from RO2 reaction were obtained with 
NO (0.1 to 0.2 %), other RO2 radicals (RO2 + RO2; <0.01 %), or 
isomerization of RO2 (0.1 %), which were underrepresented com-
pared to ambient air (76). Despite giving insights into the OFR gas 
phase chemistry and reaction conditions, the composition of SOA 
may not substantially deviate from smog chamber studies with oxi-
dation conditions closer to atmospheric processes or between OFR- 
generated SOA of differently modeled atmospheric relevance (77).

Instrumentation for physical and chemical analysis of the 
particle phase
PN and particle size distributions in diluted primary and aged aero-
sol emissions were evaluated using an SMPS [consisting of a con-
densation particle counter (CPC, TSI Model 3775low, USA), and a 
differential mobility analyzer (DMA, TSI Model 3082, USA)]. OM, 

O3 + hν(254nm)→ O2 +O
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D
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particulate nitrate (NO3), ammonium (NH4), and sulfate (SO4) were 
measured with a high- resolution TOF AMS (Aerodyne Inc., Billerica, 
MA, USA), while elemental ratios of AMS- derived OM were deter-
mined by the “improved- ambient” method (78). Additional dilution 
for AMS measurements of the aged aerosol emissions was provided 
by an ejector diluter with a fixed dilution of approximately 8 (Dekati 
Ltd., Finland). Measurements of oxidative particle properties 
were conducted using the OPROSI based on a chemical assay of 
2′,7′- dichlorofluorescein (DCFH) with horseradish peroxidase and 
fluorescence spectroscopic detection measured as ROSDCFH (79) 
and OOPAAI using ascorbic acid as antioxidant measured as OPAA 
(80, 81). The samples for electron microscopy [scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM)] 
were collected on holey carbon substrates with copper supported 
grids (Agar Scientific, S147- 4, UK) using an aspiration sampler (82). 
Particles were separately collected for all velocity phases in a driving 
cycle. The single particle morphology was analyzed using a field- 
emission SEM (Sigma HD, Zeiss, 0.02- 30 kV, D) and a field- emission 
TEM (JEM- 2100F, JEOL, 200 kV, JPN). Last, the particle effective 
densities for different driving conditions were measured by a setup 
consisting of an Aerosol Particle Mass Analyzer (APM 3600, Kanomax, 
USA) and an SMPS (CPC 3776 and DMA 3081, TSI, USA) follow-
ing the methodology described by Leskinen et al. (83).

Instrumentation for analysis of the gas phase
Fresh gaseous emissions were analyzed without dilution by an FTIR 
multicomponent gas analyzer (model DX4000, Gasmet Oy, Vanta, 
Finland), including inorganic gases CO, CO2, water vapor, NOx 
(NO+NO2), and NH3 as well as 30 volatile hydrocarbons, aromatics, 
and oxygenates from methane to C9 species. Calibration of the FTIR 
was performed externally with gas standards. Furthermore, NO and 
NO2 were measured after PEAR by a NOx gas analyzer based on che-
miluminescence (42i NO- NO2- NOx Analyzer; Thermo Fisher Sci-
entific Inc., MA, USA). The organic composition of the gas phase was 
monitored by a PTR- TOFMS (PTR- ToFMS 8000, Ionicon Analytik, 
Innsbruck, Austria) (84), operated with H3O+ as the primary ion and 
in the mass/charge ratio (m/z) range of 10 to 500, with a time resolu-
tion of 10 s and a mass resolution m/Δm of 5000 (full width at half 
maximum at m/z 79) at the mass of protonated acetone. Semiquanti-
fication was conducted according to (85). The PTR- TOFMS alter-
nately analyzed diluted fresh or aged emissions. For selective analysis 
of aromatic VOCs, an REMPI- TOFMS (PHOTO- TOF- MS, Photo-
nion GmbH, Germany) was used. UV radiation of 266 nm (fourth 
harmonic generation) was provided by an Nd:YAG laser (Big Sky 
Ultra; Quantel, France; 20- Hz repetition rate, 1064- nm fundamental 
radiation, and energy of 2 mJ at 266 nm). At 266 nm, preferably 
ArHC are detected in vehicle exhaust emissions. Quantification was 
based on the method of ionization cross sections of individual ana-
lytes relative to toluene (86), which was continuously added as 
isotope- labeled toluene (m/z 95; toluene methyl- D3, 98% isotopic 
purity, Cambridge Isotope Laboratories Inc., MA, USA) (87) with a 
concentration of approximately 400 ppb; the true concentration was 
determined by comparison with a 1- ppm toluene gas standard (Linde 
AG, Germany).

Gas phase samples for offline analysis were collected with adsor-
bent tubes consisting of three sublayers of graphitized carbon black 
sorbents to trap VOC and IVOC (table S2) for 4 hours at a flow rate 
of 0.9 liter min−1. Quartz fiber filters were installed in front of the 
adsorbent tubes to remove particles. Samples and field blanks were 

stored at −20°C until analysis. The analysis of the gas phase adsorb-
ers was performed on by GC- MS (Shimadzu GCMS- QP2010 Ultra, 
Shimadzu, Japan) equipped with a thermal desorption unit (Shimadzu 
TD- 20, Shimadzu, Japan). Thermal desorption was performed at 
345°C for 45 min. Desorbed compounds recondensed and concen-
trated on a Tenax TD trap at 5°C from which they were redesorbed 
at 330°C and transferred to the GC at a split ratio of 30. A VF- xMS, 
high arylene modified phase column (30 m + 5 m precolumn, 
0.25- mm ID by 0.25- μm df, Agilent Varian, USA), was used. GC oven 
temperature was 60°C for 6 min and increased to 250°C at a tem-
perature rate of 5°C/min. Column flow was 1.6 ml/min, and total 
analysis time was 44 min. The MS was operated with an ion source 
temperature of 230°C, an interface temperature of 250°C, and in 
scan mode with a solvent cut time of 2 min and a scan speed of 
1666 amu/s in the m/z range of 35 to 500. An isotope- labeled stan-
dard mixture was applied to the sample before analysis (table S3). 
Equivalent target compounds and similar target groups were quan-
tified according to the respective standard compound summarized 
in table S3.

Reactive sampling of CCs was conducted from the main engine 
stack over a 240- min interval, using a dilution ratio of 17 and using a 
sampling flow of 0.216 m3. The sampling methodology involved the 
utilization of DNPH cartridges “ORBO/54020- U” provided by Sigma- 
Aldrich (Germany) with high sample volume capacity. The cartridges 
were packed with a dual- bed DNPH (2,4- dinitrophenylhydrazine) 
sorbent supported on silica gel. The initial bed encompassed 300 mg 
of DNPH in the front section and 150 mg in the rear section and was 
used for the analyses. Upon completion of the sampling procedure, 
the cartridges were promptly disengaged from the sampling line, 
sealed with polytetrafluoroethylene (PTFE) caps, and stored at a 
temperature of −20°C until subjected to subsequent analysis. CC- 
hydrazones were finally quantified by high- performance liquid chro-
matography (HPLC) coupled with diode array detection (Agilent 
1260 Infinity II, USA). The main bed was extracted with 1 ml of ace-
tonitrile (ACN), and then a 10- μl aliquot was injected into the HPLC 
system through an autosampler. A C18 LC column (4.6 mm by 150 mm, 
Eclipse Plus C18; Agilent, USA) at 40°C with gradient mobile phase 
configuration was used, commencing with 60% ACN and 40% deion-
ized (DI) water at the onset (0 min), which was gradually adjusted to 
reach 100% ACN and 0% DI water over a span of 9 min. Subsequently, 
a 6- min flushing with 100% ACN was executed, followed by a return 
to the initial conditions of 60/40% ACN/DI water. The mobile phase 
was maintained at a flow rate of 1 ml/min. Detection was carried out 
using a UV detector set at 360 nm.

Cell culture
A549 [American Type Culture Collection (ATCC) CCL- 185] and 
BEAS- 2B (ATCC, CRL 9609) human lung cell lines were used in our 
study as they are commonly used as model cells in respiratory toxi-
cology and are representative of the alveolar and bronchial regions 
on the human airways. A549 cells are alveolar type II carcinoma 
cells, while BEAS- 2B are SV- 40–transformed normal bronchial epi-
thelial cells.

A549 cells were routinely cultured in high- glucose Gibco Dulbecco’s 
modified Eagle medium: nutrient mixture F- 12 (DMEM/F- 12) (Thermo 
Fisher Scientific, 31331- 028, USA) supplemented with 5 % (v/v) fetal 
bovine serum (FBS) (Thermo Fisher Scientific, 10500- 064), penicillin 
(100 U ml−1), and streptomycin (100 μg ml−1) (Sigma- Aldrich, P4333) 
in a humidified incubator at 37°C and 5 % carbon dioxide (CO2). A549 
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cells were seeded on transferrable 24- mm Transwell inserts with a poly-
ester membrane (0.4- μm pore size; six- well plate format, Corning, 
#3450) 48 hours before the exposure experiments at a density of 3 × 105 
cells per insert (6.5 × 104 cells cm−2 growth area) in 1 ml of cell culture 
medium in the apical compartment and 1.5  ml in the basolateral 
compartment of the Transwell inserts. Twenty- four hours after seed-
ing, the culture medium on the apical side was removed to establish 
ALI conditions.

BEAS- 2B cells were cultured with BEBM Bronchial Epithelial 
Cell Growth Basal Medium (Lonza, CC3171) supplemented with 
the recommended BEGM Bronchial Epithelial SingleQuots Kit 
(Lonza, CC4175) except GA- 1000 (gentamycin- amphotericin B 
mix), which was replaced with penicillin (100 U ml−1) and strepto-
mycin (100 μg ml−1) (Sigma- Aldrich, P4333). BEAS- 2B cells were 
seeded at a density of 2.7 × 105 cells per insert (5.8 × 104 cells cm−2 
growth area) on 24- mm Transwell inserts with a polyester mem-
brane, precoated with bovine collagen type 1 (0.03 mg ml−1; Gibco, 
A1064401) and bovine serum albumin (0.01 mg ml−1; Sigma- Aldrich; 
9048- 46- 8) 4 days before the exposure experiments. Twenty- four 
hours after seeding, the culture medium on the apical side was re-
moved to establish ALI conditions.

Cell exposure at the ALI
Cells were exposed at the ALI to CA or aerosol emissions using a 
Vitrocell Automated Exposure Station (AES) standard version 
(Vitrocell Systems GmbH, Germany). The cells were exposed either 
to total aerosol or gas- phase only, fresh, or aged aerosol emissions. 
The AES was operated as previously described (47, 88) with similar 
settings used in recent studies (20, 48). Briefly diluted aerosols from 
car exhaust were conducted through a size- selective impactor for 
excluding particles with size fractions > PM2.5 and then introduced 
in the exposure system. Aerosol and CA (purified compressed labo-
ratory air) were conditioned (37°C, 85% rH) and guided over the 
cells with a flow rate of 100 ml min−1. The AES was automatically 
operated during the 4- hour exposure for maintaining the cells un-
der stable temperature and RH. For gas phase- only cell exposure, 
glass fiber filters (Cytiva, 6723- 5000) were installed directly before 
each inlet for removing the particles.

Shortly before exposure, 1.9- ml exposure medium, i.e., serum- 
free DMEM/F12 medium or complete BEGM medium supplement-
ed with 15 mM  Hepes buffer solution (Thermo Fisher Scientific, 
15630- 056) was added to the AES modules. Inserts with A549 and 
BEAS- 2B cells were thereafter placed in the exposure modules con-
taining exposure medium. The cells were exposed for 4 hours to 
conditioned aerosol or CA. The experiments represent three to four 
independent exposures. After the exposure, the cells and exposure 
medium were collected for direct analysis or frozen at −80°C for 
later analysis.

Estimation of the particle deposition in AES and in 
human lungs
The deposited number of particles per area is calculated using Eq. 1

where Q is the aerosol flow, N is the PN concentration (particle 
count per volume), T is the duration of the exposure, and A is the 
area of the deposition plate. The size- dependent deposition efficien-
cy of particles (η) in ALI system is calculated using the theory 

described in (89). The deposited number of particles is converted to 
deposited mass using the effective density of particles, as measured 
with the APM- SMPS setup. The mean effective density of the aged 
particles from the car exhaust emissions was 1.6 ± 0.7 (g cm−3) over 
the particle size range. The method to calculate the particle depos-
ited dose on cells in ALI system was used in previous studies (20, 48).

The deposition efficiencies of the aged exhaust particles in head 
airways, trachea- bronchial, and alveolar regions of human lung 
were estimated by using simplified deposition efficiency functions 
based on the ICRP model results (53, 90). The number size distribu-
tion of aged particles measured by SMPS and the mean effective 
density of particles measured by APM- SMPS were used as input 
data. The calculations yielded deposit fractions of PN, surface area, 
and mass in the previously mentioned regions of the lung.

Cytotoxicity evaluation
Cell viability was evaluated by measuring the metabolic activity of 
the cells after exposure. Inserts were transferred to a six- well plate, 
washed once with Gibco Hanks’ balanced salt solution (HBSS, 
Thermo Fisher Scientific, 14025100), and then incubated at 37°C 
for 45 min with 1 ml of prewarmed exposure medium with 10 % 
CellTiter- Blue Cell Viability Assay (Promega, G8080) to the apical 
and basolateral compartments. After incubation, aliquots of the 
basal and apical medium were pipetted in duplicate into a 96- well 
plate. Absorbance at 570 nm was measured with a spectrophotom-
eter (MULTISKAN SKY Microplate Spectrophotometer, Thermo 
Fisher Scientific). The results are presented as percentage of meta-
bolic activity compared with IC from at least three independent ex-
posures and one technical replicate, respectively.

Cell death was evaluated by measuring the release of LDH. Directly 
after exposure, cell media were collected from the modules and api-
cal cell washes were performed with 1 ml of HBSS at the apical side 
of the inserts. LDH was measured with the Cytotoxicity Detection 
Kit Plus (Roche, 11644793001) according to the manufacturer’s rec-
ommendation. Absorbance at 493 nm was measured with a spectro-
photometer (MULTISCAN SKY Microplate Spectrophotometer). 
Cell culture medium was used as the blank. The results are presented 
as percentage of the LDH maximal release. For LDH maximal re-
lease, IC cells were washed with HBSS and basal cell medium col-
lected 20 min before the end of the exposure, and the cells were lysed 
for 20 min with 2 % Triton X- 100 (Sigma- Aldrich, 9036- 19- 5). LDH 
release was measured from at least three independent exposures and 
one to three technical replicates.

Genotoxicity evaluation
DNA single-  and double- strand breaks as well as DNA oxidation 
were evaluated by single- cell gel electrophoresis (Comet assay). Fol-
lowing 4- hour exposures, both A549 and BEAS- 2B cells were har-
vested with 0.5% Trypsin- EDTA (T4174- 100ML, Sigma- Aldrich) 
inhibited after 5 min with FBS. The cells were then centrifuged at 
200g for 5 min and counted with Trypan Blue (15250- 061, Thermo 
Fisher Scientific). Cells (3  ×  105 cells ml−1) were resuspended in 
freezing medium (10 % dimethyl sulfoxide, 40 % cell culture medi-
um, and 50 % FBS) and stored at −80°C until further analysis. The 
alkaline version and the enzymes modified version of Comet assay 
were performed as previously described (91). FPG FLARE Assay kit 
(4040_100_FM, Trevigen) and hOGG1 FLARE (4130_100_FK, 
Trevigen) assay kits were used in the enzyme modified Comet ver-
sion. FPG and hOGG1 enzymes were diluted in FLARE buffer 1:60 

deposited number of particles per area =
η × Q × N × T

A
(1)
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and 1:100, respectively. Frozen samples were thawed and washed 
with cold phosphate- buffered saline (PBS). The supernatant was dis-
carded after centrifugation at 200g for 10 min, and the cell density 
was adjusted to 2.5 × 105 cells ml−1 for the eight mini- gel slides prep-
aration. Each slide thus held eight mini- gels for the different exposed 
samples, negative control, and two positive control conditions (1.5 mM 
KBrO3 and 50 μM H2O2 for the enzymes- modified and alkaline 
versions, respectively). Electrophoresis was run at 0.75 V  cm−1 
and ~300 mA for 25 min, and then the slides were neutralized in 
0.4 M tris solution and left to dry overnight. The slides were stained 
with SYBR Gold [Thermo Fisher Scientific, S11494, 1:10,000 dilution 
in 10 mM tris- HCl, 1 mM EDTA (pH 7.5)] and pictures taken with a 
Lionheart FX Automated microscope (BioTek Instruments Inc., 
Vermont, USA). Hundred comets per gel were scored using Comet-
Score software (TriTek Corp., Sumerduck, VA). Percentage of DNA 
in the comet tail (% DNA in tail) was considered as descriptor of 
DNA damage. The net Fpg and hOGG1 sites were calculated by sub-
tracting the mean values of % DNA in tail obtained in buffer without 
added enzymes treatments from the mean values obtained in the Fpg 
or hOGG1 enzyme treated slides. (Oxidative) DNA damage was ana-
lyzed from three biological replicates, and results are presented as 
means ± standard error of the mean (s.e.m.). DNA damage in treated 
samples is compared to negative controls, i.e., ICs for the alkaline 
comet and CA controls for the enzymes modified version.

Oxidative stress analysis
GSH/GSSG content, an indicator of oxidative stress, was quantified 
by LC- MS (LC- MS/MS) adapting methods previously described by 
Herzog et al. (92) and Sun et al. (93). The analysis was performed in 
positive multiple reaction monitoring (MRM) mode on an Agilent 
1260 HPLC system coupled to an Agilent 6470 tandem mass spec-
trometer. For sample preparation, after exposure, the cells were 
washed twice with an ice- cold solution of 1 mM N- ethylmaleimide 
(NEM, Sigma- Aldrich, St. Louis, MO, USA) in PBS from the apical 
and basolateral side directly after exposure end. The wash solution 
was removed, and a precipitation solution consisting of ice- cold 
20 mM NEM, methanol, and water was added to the apical and ba-
solateral side, together with 20 μl of internal standard solution. After 
a reaction time of 5 min on ice, the inserts were scraped from both 
sides and the solution transferred to an Eppendorf tube. The solu-
tion was then thoroughly vortexed and centrifuged at 10,000g for 7 min 
at 4°C. The supernatant was transferred to another tube and evapo-
rated under nitrogen at 45°C, and the residue was reconstituted in 
100 μl of 0.1 % formic acid. In addition, the cells were treated with 
100 μM menadione (AppliChem PanReac, Darmstadt, Germany) as 
positive control. For analysis of GSSG, 5 μl of the extract was in-
jected to the HPLC system equipped with a C18 column (Pe-
nomenex Kinetex 100 mm by 2,1 mm) running a gradient elution 
program at 20°C column oven temperature. The mobile phase was A 
0.1 % formic acid and B methanol. Mass spectrometric detection 
was done in positive MRM mode. For measuring GS- NEM, a 100 X 
dilution step was done before injecting the extract to achieve quan-
tification in the linear calibration range of the instrument. Results 
are presented as the GSSG percentage of total glutathione (sum of 
measured GS- NEM and GSSG) from four biological replicates (one 
technical replicate per exposure).

MDA release, an indicator of cellular oxidative stress related to 
lipid peroxidation, was measured from the frozen collected sample 
media. Analysis was performed by LC- MS/MS in positive MRM 

mode on an Agilent 1260 HPLC system coupled to an Agilent 6470 
triple quadrupole mass spectrometer. Sample preparation was car-
ried out as previously described with minor changes (94). Briefly, 
after thawing the samples at room temperature, 20 μl of cell medium 
was added to 500 μl of 0.5 mM DNPH (Sigma- Aldrich; D199303) in 
1% formic acid solution together with 20 μl of d2- MDA 33 ng ml−1, 
acting as internal standard. For derivatization, the samples were 
shaken at 300 rpm and 37°C for 70  min in a Thermomixer C 
(Eppendorf) followed by a 30- s liquid- liquid extraction step with 
600 μl of n- hexane. The solution was centrifuged at 10g for 5 min in 
a Heraeus Biofuge Pico Centrifuge (Thermo Fisher Scientific), and 
the n- hexane supernatant was collected. The extraction procedure 
was repeated once. The collected n- hexane supernatants were then 
combined and dried under a gentle stream of nitrogen in a Vapotherm 
Basis Mobil I (Barkey) at room temperature. The dried residue was 
redissolved in 50 μl of methanol:0.1 % formic acid (80:20, v/v). The 
extract was then injected to the HPLC system equipped with a C18 
column running under isocratic condition and using a constant flow 
of 200 μl min−1 of mobile phase, followed by an MS/MS detection in 
MRM mode. Each sample was injected twice with 5 μl of injection 
volume for each measurement. A standard calibration curve with 
standard concentrations of MDA ranging from 0.5 to 20 ng ml−1 was 
set up for quantification. Data are presented as MDA in nanograms 
per milliliter. MDA release was measured from three biological rep-
licates (one technical replicate per exposure).

Proinflammatory response
IL- 8 and IL- 6 release was measured in exposure media, as indicator 
of inflammation. Briefly, exposure media were collected directly af-
ter exposure and stored at −80°C until further analysis. IL- 8 and 
IL- 6 concentrations were measured by using the enzyme- based immu-
nosorbent assay (R&D Systems; DY208), according to the manufac-
turer’s instruction. Results are presented as IL- 8 or IL- 6 in picograms 
per milliliter from four independent exposures with one technical 
replicate each. IL- 6 concentration was below the detection level in 
exposure media from A549 cells.

Statistical analysis
The data for the cell viability, cytotoxicity, DNA damage, MDA lev-
els, GSSG/GSH content, and cytokine levels are expressed as the 
means ± s.e.m. Data were obtained from three to four independent 
experiments. Differences between group means were tested by one- 
way analysis of variance (ANOVA). Differences were considered 
significant at a probability level of P < 0.05 using Tukey’s honestly 
significant difference hypothesis testing. Complementary two- tailed 
unpaired t test was performed between two aerosol conditions 
(fresh versus aged and total aerosol versus gas phase) and is speci-
fied in the respective figure. The statistical analysis and the genera-
tion of the graphs were performed with GraphPad 9 software 
(GraphPad Software La Jolla, CA 92037, USA). Variation of physical- 
chemical aerosol properties are given as means  ±  one SD, t tests 
were conducted using Statistics Toolbox of MATLAB (The Math-
Works Inc., version 2024; MA, USA.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
tables S1 to S5
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