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A B S T R A C T

Air pollution significantly contributes to the global burden of respiratory and cardiovascular diseases. While 
single source/compound studies dominate current research, long-term, multi-pollutant studies are crucial to 
understanding the health impacts of environmental aerosols. Our study aimed to use the first air-liquid interface 
(ALI) aerosol exposure system adapted for long-term in vitro exposures for ambient air in vitro exposure.

The automated exposure system was adapted to enable long-term cell exposure. ALI human bronchial 
epithelial cells (Calu-3) were continuously exposed for 72 h to the ambient air from a European urban area (3 
independent exposures). Experimental evaluation included comprehensive toxicological assessments coupled to 
physical and chemical characterization of the aerosol. Exposure to ambient air resulted in increased significant 
cytotoxicity and a non-significant decrease in cell viability. Differential gene expressions were indicated for genes 
related to inflammation (IL1B, IL6) and to xenobiotic metabolism (CYP1A1, CYP1B1) with possible correlations 
to the PM2.5 content. Common air pollutants were identified such as the carcinogenic benz[a]pyrene (≤3.4 ng 
m− 3/24h) and PM2.5 (≤11.6 μg m− 3/24h) with a maximum particle number mean of 4.4 × 10− 3 m3/24h.

For the first time, ALI human lung epithelial cells were exposed for 72 h to continuous airflow of ambient air. 
Despite direct exposure to ambient aerosols, only small decrease in cell viability and gene expression changes 
was observed. We propose this experimental set-up combining comprehensive aerosol characterization and long- 
term continuous ALI cell exposure for the identification of hazardous compounds or compound mixtures in 
ambient air.

1. Introduction

Air pollution is one of the major public health concerns causing 
significant economic, environmental, and human health impacts. Each 
year, millions of premature deaths are estimated to be caused by air 
pollution (EEA, 2021; WHO, 2021a). Ambient air pollution increased 
especially in industrial and urban regions in the last 20 years, making it 
now one of the major risk factors on the global burden of diseases 
(Murray et al., 2020). Aerosols polluting ambient air are complex mix-
tures of compounds that can be largely categorized as gases, (semi-) 
volatile organic compounds (SVOCs) and particulate matter (PM), con-
sisting of organic and inorganic compounds. Despite the many different 
sources of air pollutants, a major proportion are produced by vehicle 
exhausts and are thus higher concentrated in urban compared to rural 

areas (Reinmuth-Selzle et al., 2017).
Adverse health effects have been linked to all categories of ambient 

air pollution but exposure to PM is the most studied category causing 
strong adverse effects on human health (Brook et al., 2010; Kelly and 
Fussell, 2012; Wei et al., 2023). It has been demonstrated that ambient 
PM increases all-cause mortality and has negative impacts on respira-
tory, cardiometabolic health, cognitive health, and childhood develop-
ment (Aguilera et al., 2016; Kyung and Jeong, 2020; Thurston and Rice, 
2019). The adverse effects, location and mode of action of PM vary ac-
cording to their size, as they can reach and deposit in various regions of 
the respiratory tract or act as carriers for other compounds (Ohlwein 
et al., 2019; Kwon et al., 2020). The effect of polluted ambient air was 
demonstrated by many epidemiological studies (Brunekreef et al., 2009; 
Kim et al., 2021; Ranzani et al., 2023; Tsai et al., 2019) and in vivo/ex 
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vivo studies (Ghio, 1999; Kurtz et al., 2024; Morgan et al., 2011; Strak 
et al., 2013). However, studies indicating the involved cellular mecha-
nisms or the combined toxicity of compounds present in polluted 
ambient air are still scarce (Forest, 2021). This is primarily due to the 
complex mixture of compounds in ambient air and the lack of efficient 
exposure system coupled to reproducible in vitro models. Lu et al. (2017)
showed that, while exposure to silica nanoparticles or lead alone did not 
trigger apoptosis in human alveolar epithelial A459 cells, co-exposures 
to silica nanoparticles and lead caused a synergistic effect with 
increased apoptotic changes. In previous studies, we also demonstrated 
that subsequent in vitro exposures to allergens and air pollutants altered 
the cellular and molecular responses of bronchial epithelial cells 
(Candeias et al., 2022; Zimmermann et al., 2023). Moreover, it has been 
suggested that, even when the toxicity of single compounds is well 
characterized, mixture of these compounds could induce unexpected 
effects, including increased oxidative stress, inflammation or DNA 
damage (Jiang et al., 2020; Zheng et al., 2012). Taken together, these 
findings indicate a significant knowledge gap and highlight the need to 
evaluate pollutant combinations for better representing real-life condi-
tions (Forest, 2021).

For addressing this knowledge gap, fast and low cost mechanistical in 
vitro studies with ambient air at different locations can be used but are 
technically challenging. Performing such realistic in vitro ambient air 
exposures at the air liquid interface (ALI) requires long-term exposure to 
assess the effects of low dose air pollutants and thus, a suitable aerosol 
cell exposure system. This system needs to provide stable and controlled 
conditions while performing extended exposure durations. Factors such 
as precise temperature, humidity control, homogenous airflow and 
particle distribution are vital considerations in the development of such 
a system. Currently, there are mainly two ALI exposure techniques in 
use, single short exposures with e.g. a nebulization unit (Bredeck et al., 
2023) and continuous airflow exposures (Lucci et al., 2018; Mülhopt 
et al., 2016). Short single exposures have the advantage of using defined 
single dose of pollutants for testing their acute toxicological effects, but 
for testing long-term effects of pollutants at low doses, a continuous 
airflow exposure system is needed, enabling more realistic exposure 
conditions.

Robust in vitro cell model systems, representative of the human air-
ways, are also required for evaluating the effects of long-term exposures 
to air pollutants. Various in vitro cell culture models are already estab-
lished at ALI for mimicking pulmonary exposure, such as alveolar or 
bronchial epithelial cell lines, A549 cells, BEAS-2B cells or 16HBE14o- 
cells (Rothen-Rutishauser et al., 2023; Upadhyay and Palmberg, 
2018). However, most of these models are not suitable for assessing the 
potential toxicity of airborne particles and gaseous compounds 
following long-term exposures because they remain viable for only a few 
days when cultured at the ALI or start to overgrow (Braakhuis et al., 
2020; He et al., 2021). For our study, the use of the human bronchial 
epithelial Calu-3 cell line was the most suitable for long-term exposures, 
because Calu-3 cells form a monolayer epithelium and tight junctions. 
Once differentiated, they can be cultured for weeks at the ALI and 
withstand the airflow of continuous exposure systems. In the present 
study, we aimed 1) to test the first automated exposure system (AES) 
that allows long-term exposures of in vitro cell cultures at the air liquid 
interface (ALI) to a continuous flow of aerosol, and 2) to investigate the 
toxicological effects of ambient air pollution on bronchial epithelial 
Calu-3 cells cultured and exposed at the air-liquid interface to a 
continuous airflow of ambient air for 72 h. We aimed to improve our 
understanding of the cellular responses caused by long-term exposures 
to ambient air pollution, their underlying cellular mechanisms and 
contribute to the advancement of the exposure system for studying 
ambient air exposure.

2. Method

2.1. Cells and cell culturing

Human bronchial epithelium Calu-3 cell line were purchased from 
Elabscience (China American Tissue Culture Collection (ATCC, Rock-
ville, USA). Calu-3 cells were cultured according to Braakhuis et al. 
(2020) in minimal essential medium (MEM) containing GlutaMAX, 
supplemented with 10% fetal bovine serum (FBS), 1% non-essential 
amino acid (NEAA) solution and 1% penicillin/streptomycin (P/S) in 
an incubator with 5% CO2 at 37 ◦C. Upon reaching about 80% conflu-
ence, Calu-3 cells were detached from the culture flask with 0.05% 
trypsin-EDTA. Cell suspension (1 mL) with a density of 5 × 105 cells 
mL− 1 was seeded into the apical side of a sterile 24 mm Costar insert 
(0.4 μm pore size, 4.67 cm2 polyester membrane) placed in a 6-well 
plate. 1.5 mL culture medium was added to the basolateral side of the 
insert for nutrient supply. After 7 days under submerged conditions, a 
confluent cell layer was obtained, the apical medium was removed, and 
the cells were washed once with Hank’s Balanced Salt Solution (HBSS). 
Calu-3 cells were further cultured at ALI for 7 days and the basolateral 
medium was refreshed every 2–3 days. Cell culture medium and sup-
plements were purchased from Life Technologies (Thermo Fisher Sci-
entific Inc., The Netherlands).

2.2. Adaption of an automated exposure station (AES) for long-term 
exposures

A custom-made VITROCELL® automated exposure station extended 
version (AES, Vitrocell Systems GmbH), previously described in 
(Mülhopt et al., 2016), was used and adapted for long-term exposures. 
Fig. 1 shows the system with the additional and improved parts (in or-
ange) enabling long-term cell exposures to continuous air flow and 
Table 1 indicates the additional and improved parts in detail.

To maintain the temperature and humidity stability of the aerosols, a 
heated inlet, relocated humidification units, additional heaters/fans and 
an additional water circulation bath were installed. Together with 
additional sensors for relative humidity and temperature inside the 
exposure modules for clean air and aerosol, a cloud-based application 
was programmed and implemented allowing the recording of respective 
values at cellular level and online adjustment of those parameters. 
Additionally, all instrument settings and sensor readouts were auto-
matically logged, to observe potential variability between exposures. To 
further reduce the onsite maintenance and protect the humidity sensi-
tive parts of the system, a water re-fill system was installed, for re-filling 
the water tanks of the humidification units, as well as an additional 
cooled water trap directly before the main mass flow controller.

2.3. In-vitro cell exposures

Directly before exposure, cells were placed inside the exposure 
modules, containing 6.5 mL of exposure medium (MEM-GlutaMAX, 
2.5% FBS, 1% NEAA, 1% P/S and 25 mM HEPES-EDTA) per bucket. 
Cells were constantly exposed for 72h to clean air (CA) or ambient air 
(AA) from an urban area in southern Munich, Germany. The aerosol was 
sampled from the outside of the lab with a 10 m sampling line, con-
ducted to the online instruments for aerosol characterization and sam-
pling, and further guided to the AES. The aerosol was first guided 
through the heated inlet (set to 37 ◦C) and then through a size-selective 
impactor for exclusion of particles with size fractions bigger than 2.5 
μm. The aerosol was further guided to the AES reactor and conditioned 
to 37 ◦C ± 0.2 ◦C and 86.5% ± 1.5% rH before reaching the cells via the 
isokinetic sampling for each position of the exposure modules. Total 
aerosol flow into the AES was 16.6 L min− 1 and the flow over the cells 
was 50 mL min− 1 for each insert. The cabinet temperature was set to 
37.8 ◦C and the module temperature was cooled down with the external 
water circulation bath to 37 ◦C ± 0.1 ◦C. Six inserts with cells placed for 
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72 h in an incubator (37 ◦C, without CO2) with the same volume of 
exposure media served as incubator controls (Inc).

2.4. Aerosol characterization

2.4.1. Online aerosol measurements
Online characterization of the aerosol was done in parallel to the AES 

exposures and focused especially on PM2.5, considering that long-term 
exposures to low doses of PM2.5 were shown to cause chronic adverse 
health effects (Cho et al., 2018; Hsiao et al., 2000; Weber et al., 2016). A 
Condensation Particle Counter (CPC model 3750, TSI, USA) and a 
Tapered Element Oscillating Microbalance (TEOM 1400a, Thermo 
Fisher Scientific) measured the particle number concentration and mass 

concentration, respectively. An Aethalometer (AE33, Magee Scientific) 
was installed to measure the equivalent Black Carbon (eBC) and the 
Absorption Ångström Exponent (AAE). eBC refers to the black carbon 
concentration indirectly derived by optical measurements of attenuation 
of light by aerosol (Petzold et al., 2013). The eBC is measured at the 
wavelength of 880 nm using its corresponding mass absorption 
cross-section (MAC) value of 7.77 m2/g (Drinovec et al., 2015). The 
absorption Ångström exponent (AAE) characterizes how the absorption 
of light by aerosols changes across different wavelengths in the spec-
trum. The wavelength pair of 470 nm and 950 nm were used in this 
study as suggested by Zotter et al. (2017) for ambient aerosol. The MAC 
values used were 14.54 m2/g and 7.19 m2/g for 470 nm and 950 nm 
respectively (Drinovec et al., 2015). Values given in the text are the 
median ±95 % confidence interval.

2.4.2. Offline aerosol measurements
Sampling of the particulate phase aerosol was done on Quartz fiber 

filters (QFF, Whatman Cytiva) parallel to online aerosol instruments and 
the ALI. These filters were pre-heated at 550 ◦C for 5 h prior to use. The 
filter samples were taken every 24 h of the 72-h period to minimize the 
volatilization losses. The sampling period for each sample was 24 h at a 
flowrate of 0.6 m3h-1. After sampling, the filters were stored at − 25 ◦C 
till further analysis. Respective field blanks were collected where the 
filters were put inside the sampler without any flows.

Non-targeted determination of the PM samples was conducted using 
direct thermal desorption comprehensive two-dimensional gas chro-
matography time-of-flight mass spectrometry (DTD-GC × GC-TOFMS, 
Pegasus BT4D, Leco) according to Gawlitta et al. (2023). An Optic-4 
inlet system (GL Sciences) was utilized. For the DTD method, a filter 
punch of 3 mm for each 24 h sample was used and the three filter punch 
samples, corresponding to the respective 72 h exposure were combined 
in one glass liner for analysis. The 72-h sample corresponded to 0.72 m3 

sampled air. 1 μL of deuterated standard (ISTD) was applied to the filter 
sample prior analysis. A non-polar (BPX5)/polar (BPX50) column setup 
was installed for the GC × GC separation. A pre-column (BPX5) was 
additionally installed. GC temperature was initially held at 50 ◦C for 5 
min, increased to 150 ◦C at a rate of 5 ◦C min− 1 and from 150 ◦C at a rate 
of 3 ◦C min− 1 up to 340 ◦C. The final temperature was held for 15 min. 
Transfer line and ion source temperature were set to 300 ◦C and 250 ◦C, 
respectively. Mass acquisition was performed in the range of 29–600 Da 

Fig. 1. Experimental overview of long-term exposure and the adaptations of the system illustrated. (A) Ambient aerosol. (B) Adapted advanced automated 
exposure system (AES), the adapted parts are highlighted in orange. Further details are given in Table 1. (C) Aerosol characterization, and biological assessments 
performed. (D) Timeline of Calu-3 cell line cultivation and exposure. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

Table 1 
Additional and improved AES parts for continues long-term exposure.

Parts Description

1 Heated inlet Installation of a heated inlet (37 ◦C) for enhancing the 
stability of the aerosol temperature and humidity.

2 Module sensors Deployment of a set of sensors placed inside the 
exposure (ambient air (AA) and clean air (CA)) 
modules for measuring constantly the relative 
humidity (rH) and temperature (T) at the cellular 
level.

3 Settings/Remote 
Control

Installation of a cloud-based application programmed 
for observing and regulating relevant parameters of 
the system remotely.

4 Humidification Unit Relocation of the humidification unit allowing a more 
stable humidification of rH 86.5% ± 1.5%.

5 Water re-fill system Installation of an automated water re-fill system for 
both circulation baths (connected to the 
humidification units) for increasing their autonomy 
time.

6 Additional Heaters 
and Fans

Placement of 4 additional heaters and 4 additional 
ventilation fans in the system allowing homogenous 
temperature distribution throughout the system.

7 Water circulation bath Installation of an additional water circulation bath 
with cooling function outside of the system, allowing 
precise and stable temperature at the cellular stage of 
37 ◦C ± 0.2 ◦C.

8 Cooled water trap Addition of a cooled water-trap before the humidity 
sensitive controllers for reduction of humidity in the 
exhaust aerosol.
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at an acquisition rate of 100 spectra/s. The electron energy applied was 
70 eV. Data acquisition and processing was performed using the Chro-
maTOF software (Version 5.5, Leco). Peak finding was conducted at a 
signal-to-noise (S/N) of 100. The classification was realized using 
retention time and mass spectral filters. More information on the ther-
mal desorption, chromatographic and classification methods can be 
found in the Supplementary Material (Tables S1–S5).

Quantification of targeted PAHs was done with a Gas Chromato-
graph Mass Spectrometer (Shimadzu GCMS-QP2010 Ultra, Shimadzu) 
according to Das et al. (2024). PAHs were used for in-depth analysis due 
to increasing evidence, linking them to a variety of different chronic 
diseases, including respiratory diseases and their involvement in various 
immune system dysregulation (Ravanbakhsh et al., 2023; Yu et al., 
2022). The QFF samples were cut using defined punches (d = 10 mm) 
each representing 0.9 m3 of the sampled air, spiked with deuterated 
PAHs standards (1 μL of an internal standard (ISTD)) and then trans-
ferred into glass liners to be analyzed using the direct thermal desorp-
tion unit (Schnelle-Kreis et al., 2005; Orasche et al., 2011). The 
measurements for each sample were conducted at least twice to ensure 
the reproducibility of the results.

2.5. Epithelial integrity, cytotoxicity, and cell viability evaluation

After exposure, the epithelial cell layer integrity was examined by 
transepithelial electrical resistance (TEER) measurement. Briefly, the 
inserts were placed into clean 6-well plates (Costar), and 1.0 and 1.5 mL 
of pre-warmed Hanks’s Balanced Salt Solution (HBSS) were added to the 
apical and basolateral Transwell® chambers, respectively. The TEER 
value of each cellular monolayer was measured using a volt-ohmmeter 
(EVOM3), equipped with STX3 chopstick electrodes (World Precision 
Instruments).

Epithelial integrity after exposure was also evaluated with Life/Dead 
cell staining. Cells were washed twice with pre-warmed HBSS and then 
incubated for 30 min at 37 ◦C with freshly prepared staining solution 
[Hoechst 33342 nucleic acid stain, 5 μg mL− 1 (Sigma-Aldrich; B2261) 
and propidium iodide (PI), 25 μg mL− 1 (Sigma-Aldrich; P41770) pre-
pared in HBSS]. Following staining, cells were then washed again twice 
with pre-warmed HBSS and HBSS was added in both insert compart-
ments before analysis. Hoechst (Ex: 350 nm, Em: 461 nm) and PI (Ex: 
535 nm, Em: 617 nm) fluorescence was recorded with a live cell mi-
croscope (LionheartFX automated microscope, Agilent).

Cell viability was determined directly after exposure by measuring 
the metabolic activity of the cells by the resazurin assay (CellTiter-Blue® 
Cell Viability Assay, Promega) (Hamid et al., 2004). This assay is based 
on the reduction of the blue non-fluorescent dye resazurin to the pink, 
fluorescent resorufin by mitochondrial and cytosolic enzymes. Briefly, 
cells were washed once with warmed HBSS and then incubated for 45 
min at 37 ◦C, in the dark with resazurin diluted in complete cell culture 
medium. Afterwards, the reduction of resazurin in resorufin, emitting 
fluorescence at 590 nm, was recorded with a spectrophotometer 
(MULTISKAN SKY Microplate Spectrophotometer, ThermoFisher Sci-
entific) plate reader. The results are presented in percentage compared 
to Incubator control, representing 100% of metabolic activity.

Cell death was evaluated by measuring the release of the cytosolic 
Lactate dehydrogenase (LDH), indicating the rupture of the cell mem-
branes, a marker of cell death by necrosis (Decker and 
Lohmann-Matthes, 1988). The LDH release assay (Cytotoxicity Detec-
tion Kit, Roche) was performed according to the manufacturer’s in-
structions. The basolateral medium as well as the apical cell wash with 
Hanks’ Balanced Salt Solution (HBSS, Gibco) were collected for the 
determination of the extracellular LDH release. As positive controls, 
incubator control cells were lysed with 2% Triton X-100 (Sigma-Aldrich) 
for 20 min before harvest to determine the maximum LDH release. The 
results are presented as percentages compared to the positive control 
(Triton X-100) indicating 100% cytotoxicity.

Tight junctions were stained with the monoclonal antibody ZO-1 

(Thermo Fisher Scientific; MA339100A647). Briefly, cells were 
washed once with PBS to remove apical secretions and fixed with 4% 
paraformaldehyde for 30 min at RT. Membranes were cut out and after 
washing with PBS (0.1% BSA), cells were permeabilized with 0.25% 
Triton X-100 for 15 min at room temperature, washed 3 times with PBS 
(0.1% BSA) and then blocked with 3% BSA in PBS (blocking solution) for 
1 h. Cells were stained with a ZO-1 Monoclonal antibody, AlexaFluor 
647 conjugate (Invitrogen, MA3339100A647) at a dilution of 2.5 μg 
mL− 1 in blocking solution and DAPI (1 μg mL− 1) in the dark for 1 h. After 
washing 3 times with PBS, cells were embedded in Glycergel (DAKO, 
#C0563). Images were taken on a BioTek Microscope at 20x 
magnification.

2.6. Pro-inflammatory response and gene expression evaluation

For analyzing the release of the pro-inflammatory interleukins IL-6 
and IL-8 in the collected sample media, DuoSet® ELISA Kits (ELISA, 
R&D Systems, DY206, DY208) were used. The assays were carried out 
according to the manufacturer’s instructions. 3,3′,5,5′-tetrame-
thylbenzidine (TMB; Cell Signaling Technology, 7004P6) was used as 
chromogenic substrate and the absorbance was measured at 450 nm and 
540 nm with the VarioskanTM Lux multimode microplate reader. Re-
sults in pg mL− 1 are presented as mean ± SD (n ≥ 3 biological replicates, 
from individual exposures).

For evaluation of gene expression, cells were processed immediately 
after exposure, and stored in RNAprotect Cell Reagent (QIAGEN) for up 
to 1 month at − 80 ◦C. For RNA extraction, the RNeasy Plus Mini Kit 
(QIAGEN) was used with 1% β-mercaptoethanol (Roth) according to the 
manufacturer’s protocol. Complementary DNA (cDNA) was synthesized 
from 250 ng total RNA using a high capacity cNDA Reverse Transcrip-
tion Kit with RNase Inhibitor (Applied Biosystems) according to the 
manufacturer’s instruction in a 20 μL reaction. Following cDNA syn-
thesis, cDNA was diluted at 5 ng/μL with nuclease-free water. Real-time 
PCR (RT-PCR) was performed in a total volume of 11 μL containing 2 μL 
cDNA, 3.5 μL nuclease-free water, 5 μL TaqMan Universal Master Mix 
and 0.5 μL TaqMan Gene Expression assay per reaction. QuantStudio3 
cycler (Applied Biosystems) was used for amplification. The gene 
expression of CXCL8, IL6, IL1β, TLR2, HMOX1, CYP1A1, CYP1B1, 
CYP29) was normalized against two housekeeping genes (GAPDH, 
RFPL13A) and expressed as log2 fold change compared with the incu-
bator controls as calculated by the ΔΔCt method (Livak and Schmittgen, 
2001). Additional information on genes and their TaqMan assay used 
can be found in Table S6.

Malondialdehyde (MDA) release is an indicator of lipid peroxidation 
and can be used as a biomarker for cellular oxidative stress. Extracellular 
MDA was measured in the basolateral medium by using liquid- 
chromatography triple quadrupole mass spectrometry (LC–MS/MS) 
(API 4000 Triple Quadrupole system, AB Sciex in positive MRM mode) 
as previously described (Ren et al., 2017). Samples were first derivatized 
with 2,4-dinitrophenylhydrazine (DNPH) following subsequent extrac-
tion with liquid–liquid extraction before chromatographic separation on 
a C18 column (Agilent 1290 UHPLC System) in isocratic conditions. 
Data is presented as ng mL− 1 MDA release in the basolateral medium 
and results are represented as mean ± SD of three different positions in 
the system.

2.7. Statistical analysis and data processing

Statistical analysis and illustrations were performed in programming 
environment R (version 4.3.1) (Team, 2020) using the interface RStudio 
(Version, 2023.06.1, RStudio, Inc) (RStudio, 2020). Variability caused 
by the intrinsic state of the cells and not by the differential exposures 
were handled by normalizing to the CA control and focusing on the ef-
fect of AA exposed cells compared to CA exposed cells. Outliers were not 
identified. One position in the ambient air exposure modules was 
excluded, after identifying it as malfunctioning in subsequent 
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experiments. Sample size for our study was estimated according to 
Cohen (2013) and calculated in R with the pwrss package (Bulus, 2023) 
to be. Statistical power evaluation (parameter assumption: 3 group 
anova, effect size of 0.55–0.82 and sign. level 0.05) was done with the 
pwr package following effect size calculation (effectsize package: WE =
0.82, WW = 0.55, WWH = 0.81). In all cases, variance homogeneity was 
first tested with the Levene test between the different groups or samples. 
In case of similar variances and comparison of more than two groups, a 
two-way ANOVA (analysis of variance) was used followed by Tukey’s 
honestly significant difference (HSD) test, to account for multiple 
testing. Pairwise comparison was performed with a two-tailed t-test to 
test for changes independent of the direction (increase of decrease). In 
case of inhomogeneous variances, a Welch’s two tailed t-test was 
applied. As there were no relevant and significant differences in all 
biological response from cells exposed with both used trumpet geome-
tries, the samples were evaluated as biological replicates.

3. Results

3.1. Adaptations of the AES for long-term exposures

Prior to performing the long-term cell exposures, the adapted AES 
was validated, calibrated and critical factors were identified. 

- Temperature and relative humidity (rH): Improving the stability of 
temperature and humidity in the system with independent read out 
in the exposure modules allowed for long-term cell exposures con-
ditions (37 ◦C ± 0.1 ◦C, 86.5% ± 1.5% rH) without condensation in 
the sampling lines at any place in the system. Experiments were 
performed with a cabinet temperature of 37.8 ◦C (±0.1 ◦C) that was 
stable, with the use of 4 additional heating units (Fig. 2 E), and ho-
mogenous, using 4 additional ventilation fans for heat distribution in 
the cabinet. The temperature variation within the exposure modules 
was ±0.1 ◦C and was independently maintained by the additional 

external water circulation bath. The heated inlet system (Fig. 2 A) 
enabled a constant aerosol temperature before entering the system 
and thus helped to have a stable temperature of 37 ◦C ± 0.1 ◦C at the 
cellular stage. The constant aerosol temperature revealed to be also 
important for stable humidification of the aerosol. Humidification of 
the CA and the aerosol was generated by two humidification units 
(Fig. 2 D) and was set at 86.5 ± 1.5% (Fig. 2 C). Short periodic rH 
drops to 81% can be observed for 5 s in exact 2-h intervals and are 
caused by the clearing of excess water in the humidification units. 
Following the modifications, rH fluctuations were less frequent and 
less pronounced.

- Temperature and rH control at the cellular level: Aerosol tempera-
ture and rH at the cellular level were constantly measured by module 
sensors placed in the clean air and aerosol stages and revealed to be 
important for long term exposures as there are differences with 
different sensor placement in the system. The system measures 
constantly the humidity of the AA/CA with an internal aerosol 
reactor sensor and an internal CA unit sensor. The comparison of the 
data recorded by both internal sensors and the newly implemented 
module sensors revealed that the measured rH at the cellular level 
(inside the module) was different than the rH measured by the in-
ternal humidity sensors: With the same system settings, the measured 
rH at cellular level was higher in the CA stage and lower in the AA 
stage (data not shown) compared to the sensors placed in the CA unit 
and aerosol reactor (Fig. S1). Therefore, the AES settings were 
adjusted before the start of the cell exposure with the module sen-
sors, to obtain comparable exposure conditions in the aerosol and 
clean air modules.

- Automation of the system: For increasing the AES autonomy time 
without operator, an automated water re-fill system (Fig. 2 E) was 
installed to provide water in hourly intervals to the water circulation 
baths supplying the humidification units. The volume of the water 
reservoir (8L) was chosen to allow for >72h constant running of both 
humidification units without manual re-filling. Additionally, a 

Fig. 2. Adaptations of the AES for long-term exposures. (A) Heated inlet with power supply and control unit. (B) Circulation bath for module temperature and 
water trap before mass flow controller. (C) Stability of humidity before and after changes over 11h. (D) Humidification unit in separate compartment and horizontally 
oriented. (E) Refill system of water heater for humidification unit and additional installed heater.
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cooled water trap was placed after the reactor in front of the hu-
midity sensitive parts (Fig. 2 B) of the exhaust line.

3.2. Characterization of ambient air during long-term cell exposure

Three independent long-term cell exposures to ambient air were 
performed in Fall (2022), in the southern part of Munich, in an urban 
area. The first exposure was performed over a weekend (WE) (Friday to 
Monday), the second during a working week (WW) (Tuesday to Friday) 
and the third during a working week (Monday to Thursday) including a 

public holiday on the second day (WWH) (Tuesday) (Fig. 3 A). During 
the WE and at the beginning of the WW exposures, rain was detected 
(Fig. 3 B). Mean temperatures and mean rH were similar between each 
exposure with a small decline in temperature from the first to the third 
exposure (Fig. 3C and D). Median temperatures ±95% CI decreased 
from 14.6 ± 0.3 ◦C, 12.5 ± 0.4 ◦C, to 11 ± 0.4 ◦C from the first to the 
third exposures and rH was on average 85%.

During the WE exposure, the PM2.5 mass concentration (4.2 ± 0.1 μg 
m− 3) and PNC (median ± CI: 1.1 × 103 ± 0.03 × 103 m− 3) were lower 
compared to WW (6.5 ± 0.1 μg m− 3 and 3.1 × 103 ± 0.05 × 103 m− 3 

Fig. 3. Physical aerosol characterization of ambient air during cell exposures. (A) Period of exposure:1) Weekend (WE), in red; 2) Work week (WW) in green, 3) 
Work week with one holiday (WWH) in blue. (B) Precipitation occurrence index. (C–D) Ambient temperature (◦C) and relative humidity (%). Data presented in B, C, 
and D were measured by the Munich city weather station of the DWD (German weather service) and is illustrated in 10 min averages. (E) Mass concentration (μg 
m− 3) measured by the tapered element oscillating microbalance (TEOM) and is illustrated in 10 min averages. (F) Particle number concentration (# m− 3) measured 
by the condensation particle counter (CPC) in 10 min averages. (G) Equivalent Black Carbon (μg m− 3) and (H) the corresponding absorption Ångström exponent 
measured with the aethalometer given in 1h averages. PNC: Particle number concentration, eBC: equivalent black carbon, AAE absorption Ångström exponent. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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respectively) and WWH (6.9 ± 0.1 μg m− 3and 2.4 × 103 ± 0.1 × 103 

m− 3 respectively) exposures (Fig. 3E and F). The ambient air during 
WWH exposure, which comprised a public holiday, presented a slightly 
higher mass concentration than the WW exposure but also the highest 
variability due to a large increase of PNC during the first evening. This 
large PNC increase was detected by our measurements as well as by a 
neighboring measuring station of the Bavarian Environmental Agency 
(Fig. S2).

CO and PM2.5 concentrations were also largely increased during this 
episode. eBC concentrations (Fig. 3 G) were the lowest during the WE 

(0.28 ± 0.1 μg m− 3) compared to WW and WWH (0.52 ± 0.1 μg m− 3 and 
0.45 ± 0.1 μg m− 3 respectively). During the periods of rain, eBC, PNC, 
mass concentrations, and PM2.5 (Fig. 3, Fig. S2) were significantly 
decreased due to wet deposition (Andronache, 2004b; Wang et al., 
2014). However, there were no significant differences in the average 
AAE calculated in all three periods, which was approximately of 1.3.

Evaluation of the chemical composition with an untargeted GC × GC- 
MS approach revealed a complex aerosol composition with similar 
compound groups in variable concentrations between the different 
exposure periods (Fig. 4A and B). As PAHs and hopanes are 

Fig. 4. Non-targeted determination of the PM samples conducted by direct thermal desorption comprehensive two-dimensional gas chromatography 
time-of-flight mass spectrometry (DTD-GC£GC-TOFMS). (A) Pie-charts of the area percentage of each class within each sample. (B) Two-dimensional chro-
matograms from the three 72h samples. (C) Abundance/Area (normalized to d12-Benz(e)pyrene) of different compound classes with potential health related effects 
for the three different samples. Alk – alkylated; Oxy – oxygenated. 1) Weekend (WE), in red; 2) Work week (WW) in green, 3) Work week with one holiday (WWH) in 
blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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toxicologically relevant compound classes and they are omnipresent in 
ambient air samples, a classification of PAHs and hopanes was con-
ducted. From those classified peaks, the most abundant classes were 5-& 
6-Ring PAHs (64–78%) followed by the smaller 4-Ring PAHs (11–19%). 
Alkylated 5-Ring PAHs were most present and in slightly higher pro-
portion during the WW (9%) compared to WE and WWH (respectively 
4% and 2%). A similar trend was shown for alkylated 4-Ring PAHs, 
although not as pronounced with values ranging from 2 to 4% and 
oxygenated PAHs had similar values in all exposures with 3–4% (Fig. 4
A). During the WWH exposure, we could detect the biggest fraction of 5- 
& 6-Ring PAHs (78%) as well as the biggest fraction of hopanes (7%) 
compared to the WW (3%) and especially the WE exposure (1%). By 
normalizing the detected area to the internal standard benz[e]pyrene- 
d12, the abundances of the detected classes were estimated (Fig. 4 C). 
The highest amounts were estimated for WW followed by the WE and the 
least at the WWH. This was shown for all compound classes, except for 
hopanes, which were detected in higher proportion during WWH 
compared to WE. Comparing the WW and the WE exposures, the esti-
mated abundance increase of detected compound classes ranged from 
1.2-fold (4-Ring PAHs) to 2.6-fold (Hopanes) but was more pronounced 
between WW and WWH, ranging from 1.1-fold (Hopanes) to 13.1-fold 
(alkylated 5-Ring PAHs).

To confirm the abundance estimates, determination of 12 of the 16 
designated High Priority PAHs by the Environmental Protection Agency 
(EPA) (Hussar et al., 2012) was performed and showed similar results 
(Table 2, Fig. S3). The same PAHs were detected in all exposures, with 
higher amounts during the WW and WE compared to the WWH. In 
general, we could observe 8% more analyzed PAHs during the WW 
compared to the WE and 6.7% more compared to the WWH. These 
included also known carcinogenic (benz[a]pyrene) and possibly carci-
nogenic compounds (benz[a]anthracene, benzo[b,j & k]fluoranthene, 
chrysene, indeno[1,2,3-cd]pyrene) according to the classification of the 
IARC (IARC, 2010).

3.3. Epithelial integrity and cellular toxicity evaluation after long-term 
ambient air exposure in Calu-3 cells

Cellular toxicity and epithelial integrity were not different between 
incubator control and clean air exposed cells (Fig S4 A-C, Fig. S5), hence 
we compared the biological responses induced by ambient air (AA) to 
the clean air (CA) controls. Epithelial integrity was maintained during 
the 72 h exposures with an increase of dead cells with AA compared to 
CA exposed cells (Fig. 5 A). Long-term AA exposures induced a signifi-
cant but small increase in cytotoxicity compared to CA in all exposures 
(Fig. 5 B). The increase in cytotoxicity was largest during WW (3.3%) 
followed by WWH and WE (respectively 2.3% and 2.0%). Additionally, 
the metabolic activity of Calu-3 cells was indicated to decrease slightly 
with AA compared to CA exposure with the same trend (Fig. 5 C). 

Statistical evaluation of metabolic activity indicated in all three expo-
sures significant decreases, but were not as such counted, as there was 
not always a n ≥ 3. Though not significant, AA decreased the metabolic 
activity of the bronchial epithelial cells by 7.2% (WW) to 5.1% (WE). 
Between the CA exposed Calu-3 cells and the Inc, no significant differ-
ences in LDH release or number of dead cells could be observed, indi-
cating no additional effect due to constant exposure in Calu-3 cells for 
72◦h (Fig S 4 A, C). Although cytotoxicity and metabolic activity illus-
trated differences between AA and CA exposed Calu-3 cells, no differ-
ence was observed with the TEER measurements comparing AA and CA 
(Fig. 5 D), indicating no perturbation of tight junction dynamics integ-
rity. This result is also supported by microscopical analysis of the tight 
junctions by ZO-1 staining, in all conditions (Fig. S5).

3.4. Biological responses and molecular changes of Calu-3 cells after long- 
term exposure

Proinflammatory and oxidative stress responses of the bronchial 
epithelial cells were assessed after exposure to ambient air by evaluating 
the release of two cytokines IL-6 and IL-8, as well as the release of MDA, 
a marker of lipid peroxidation. Release of pro-inflammatory cytokines 
IL-6 and IL-8 did not show a distinct difference between AA and CA 
exposed cells (Fig. 5 E and F). Fig. 5 G displays the MDA release, as an 
oxidative stress indicator. Although we could not detect significant 
differences between AA and CA, AA exposure slightly increase MDA 
release in Calu-3 cells.

Fig. 6 displays the changes in the expression of genes involved in 
different cellular mechanisms. The gene expression (in fold change) of 
pro-inflammatory marker genes CXCL8 (IL-8) and TLR2 indicates no 
distinct difference between AA and CA exposed Calu-3 cells. On the 
other hand, cells exposed to AA induced a downregulation of IL-6 
compared to their CA controls for WE and WW. AA induced an IL-6 
downregulation during WW and WE compared to CA. The gene 
expression of the pro-inflammatory marker gene IL1B was increased 
after all AA exposures compared to CA. Expression fold change of IL1B 
was 1.5-fold higher compared to CA during WW or WE and WWH caused 
a fold change increase of 1.8. Cells exposed to AA during WE and WW 
exposures presented an increased CYP1A and CYP1B1 gene expression 
compared to their respective CA controls. Except for a small decrease 
during WE, no modulation of the gene expression of the oxidative stress 
marker gene HMOX1 was induced by AA compared to CA for all 
exposures.

4. Discussion

Our study aimed to investigate the effects of continuous 72 h expo-
sure to ambient air pollution on human bronchial epithelial cells using 
an automated exposure system adapted for in vitro long-term exposures. 

Table 2 
Quantification of relevant PAHs (ng m− 3) on filter samples after 24h sampling (0.9 m3). PAH: Polycyclic Aromatic Hydrocarbons; WE: Weekend; WW: Work Week; 
WWH: Work Week with one Holiday.

PAHs WE WW WWH

Fr-Sa Sa-Su Su-Mo mean Tu-We We-Th Th-Fr mean Mo-Tu Tu-We We-Th mean

Fluoranthene 1.0 0.1 0.3 0.5 1.0 0.3 0.8 0.7 0.2 0.2 0.1 0.2
Pyrene 2.6 0.1 0.6 1.1 2.2 0.4 1.4 1.3 0.3 0.2 0.2 0.2
Benz[a]anthracene 1.3 0.0 0.6 0.6 1.7 0.3 0.8 0.9 0.1 0.1 0.1 0.1
Chrysene 2.1 0.0 1.2 1.1 3.1 0.4 1.4 1.6 0.2 0.1 0.1 0.1
sum Benzo [b,j,k]fluoranthene 7.2 0.2 3.0 3.4 5.8 2.0 2.9 3.5 0.9 0.4 0.4 0.6
Benz[e]pyrene 3.0 0.1 1.3 1.4 2.3 0.8 1.1 1.4 0.4 0.2 0.2 0.2
Benz[a]pyrene 3.4 0.0 1.3 1.5 2.9 0.6 1.3 1.6 0.3 0.2 0.1 0.2
Perylene 0.7 0.0 0.3 0.3 0.7 0.1 0.2 0.4 0.1 0.0 0.0 0.0
Indeno[1,2,3-cd]pyrene 1.7 0.1 0.7 0.8 1.2 0.5 0.6 0.7 0.2 0.1 0.1 0.1
Dibenz[ah]anthracene 0.3 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0
Benzo[ghi]perylene 3.0 0.1 1.2 1.4 2.0 0.8 0.9 1.2 0.4 0.2 0.2 0.2
Coronene 1.4 0.0 0.5 0.6 0.9 0.3 0.3 0.5 0.2 0.1 0.1 0.1
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Fig. 5. Toxicity assessment of long-term ambient air exposure in Calu-3 cells at ALI. Calu-3 cells were exposed to ambient air or clean air. (A) Representative 
live/dead cell imaging with 5 μg mL-1 H 33342 nuclei stain (blue) and 2.5 μg mL-1 propidium iodide (orange) to selectively stain dead cells after 72h exposure in the 
different exposure/control settings. (B) Percentage cytotoxicity measured by LDH assay and normalized to clean air control. (C) Metabolic activity was measured by 
resazurin assay and normalized to clean air control. (D) Cell layer integrity was measured by TEER measurements and normalized to clean air control. (E) IL-6 and (F) 
IL-8 release of Calu-3 cells normalized and compared to respective CA control. (G) MDA of Calu-3 cells normalized and compared to respective CA control and 
assessed by liquid chromatography tandem mass spectrometry measurements. Data is shown as mean ± SD in bars, and n ≥ 3 for B and D, n ≥ 0.2 in C, n ≥ 6 in E, F, 
G. Each biological replicate (one insert) is indicated with a dot. Significances are shown in comparison to the respective clean air or Inc control (analysis via t-test 
when n ≥ 3. **p ≤ 0.01, ***p ≤ 0.001). WE: weekend, WW: work week, WWH: work week with one holiday, CA: clean air, AA: ambient air, TEER: transepithelial 
electrical resistance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Gene expression evaluation after long-term ambient air exposure of Calu-3 cells at ALI. Calu-3 cells were exposed to ambient air (AA) or clean air (CA). Gene 
expression fold change of (A) inflammatory (CXCL2, CXCL8, IL1B, IL6, PELI, TLR2, UGT2B7), (B) Xenobiotic (CYP1A1, CYP1B1, CYP2C9) and oxidative stress 
(HMOX1) related marker genes. Expression fold change is normalized to two housekeeping genes (GAPDH, RFLP13A) and compared to CA control. Data are shown as 
mean (n = 2–4). Detailed information is available in Table S 1. WE: weekend, WW: work week, WWH: work week with one holiday.
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We found that the adapted AES system is capable of stable 72 h ambient 
air exposures and provides the sensitivity to observe cellular responses 
of Calu-3 cells exposed to ambient air pollution concentrations, indi-
cated by cytotoxicity and differential gene expression.

To enable long-term cell exposure, the aerosol exposure system had 
to fulfil specific requirements to ensure stable operations as well as 
optimal conditions for the cells. These included a decreased air flow 
from 100 mL min− 1 to 50 mL min− 1 in comparison to previous studies 
(Oeder et al., 2015; Zimmermann et al., 2023) to avoid long-term 
induced cellular sheer stress. In addition, we observed that 
pre-conditioning of the aerosol is important to have stable temperature 
and rH conditions of the aerosol as it was indicated in previous studies 
(Binder et al., 2022; Zavala et al., 2017). Moreover, using the module 
sensors for calibration and subsequently the new online monitoring tool 
for observation allowed for similar start conditions in the CA and AA 
stages and the option to observe and fine tune during the long-term 
exposure with remote access. In a recent study, it has been postulated, 
that for obtaining meaningful results, it is essential to comprehensively 
characterize the effect of the exposure system on the cell model system, 
compared to an additional control (Buckley et al., 2024). Similarly to 
this study, we compared our clean air controls with the incubator con-
trols. We observed no difference in epithelial integrity (Fig S4 B), 
cellular toxicity (Fig S5 A, C) and IL-6 release between the unexposed 
(Inc) and clean air exposed cells. However, significant changes in IL-8 
and MDA release were detected, and although it is possibly influenced 
by the constant air flow over the cells (Buckley et al., 2024), the long 
exposure duration of 72 h can create varying degradation conditions for 
released cytokines. It has already been shown, that 6–10 h storage of 
blood samples at RT, lead to significant degradation of cytokines (Cohen 
et al., 2019), which likely also takes place during 72 h exposure at 37 ◦C 
and hence makes the interpretation of sensitive cytokine release mea-
surements difficult. Evaluation of released cytokines poses a challenge 
for long term exposures and requires further replicates or online mea-
surements to also account for degradation.

In previous studies with similar systems from our and other groups, 
exposure durations of 1–4 h are usually performed (Bessa et al., 2021; 
Candeias et al., 2022; Delaval et al., 2022; Dilger et al., 2023; Jonsdottir 
et al., 2019; Oeder et al., 2015; Offer et al., 2022; Pantzke et al., 2023; 
Zimmermann et al., 2023) or repeated exposures of 4 h or 12 h per day 
(Bisig et al., 2018; Braakhuis et al., 2020). The longer continuous 
exposure duration allowed to reduce the test compound dose at realistic 
concentrations or even the direct exposure of human lung cells to 
ambient air (Bisig et al., 2018; Gualtieri et al., 2018).

The choice of lung cell model is of pivotal importance for long-term 
exposures. This study utilized a single cell line to ensure experimental 
consistency and reproducibility, while providing a well-characterized 
model relevant to the normal human bronchial epithelium. At ALI, 
Calu-3 cells form and maintain a homogenous epithelial monolayer, 
form tight junctions, withstand the airflow, and can be cultivated for 
weeks (Braakhuis et al., 2020). We could confirm the properties of the 
Calu-3 cells, we did not detect differences between CA exposed and 
Incubator control cells, even with constant airflow in the system which is 
not present in the incubator. In a similar setting, BEAS-2B cells were 
exposed to ambient air (Gualtieri et al., 2018), but only up to 24 h, as 
BEAS-2B cells, compared to Calu-3 cells, do not form such a robust 
monolayer with secretory and ciliated cell phenotypes and have limited 
differentiation capacity (Ehrhardt et al., 2008; Stewart et al., 2012). The 
robustness of Calu-3 cells enables their use in assessing heavily polluted 
environments with for instance very high concentrations of PM2.5. 
Human health risk from exposures in workshops, construction sites or 
industrial cities in India and China could be systematically evaluated.

Ambient air exposure for 72 h caused a significant increase in cyto-
toxicity in all tested exposures to ambient air, indicated decrease in 
metabolic activity, but no epithelial integrity loss or pro-inflammatory 
cytokine release. In many previous studies and reviews, in vitro cyto-
toxicity has been attributed to different organic aerosols and gases 

(Binder et al., 2021; Gan et al., 2020; Juarez Facio et al., 2022; Kelly and 
Fussell, 2012; Moreno-Ríos et al., 2022). These studies focused on single 
sources and concentrations which were set much higher than realistic 
concentrations to mimic in a short amount of time much longer periods. 
Interestingly, studies investigating the combined effect of two different 
compounds or sources reported attenuated cellular responses (Candeias 
et al., 2022; Clifford et al., 2017; Zimmermann et al., 2023) and 
increased toxicity even at very low doses (Forest, 2021; Jiang et al., 
2020). However, in our study, the exposure to complex mixture of 
ambient air could explain the low but significant cytotoxicity observed 
in our study, even though cells were exposed to low environmental 
concentrations. Similar cytotoxicity increase was found by Bisig et al. 
(2018) in 16HBE14o-bronchial epithelial cells repeatedly exposed to 
ambient air for 3 × 12h (12h/day). A recent cohort study by Weichen-
thal et al. (2022) indicated that even at very low levels of outdoor PM2.5, 
there were 1.5 million additional attributable death each year globally, 
further highlighting the impact and importance of studying air pollut-
ants at very low doses.

Interestingly, while we could not observe differences in IL-6 or IL-8 
release by bronchial epithelial cells exposed to ambient air compared 
to clean air, neither in CXCL8 gene expression, there was a slight down 
regulation of IL-6 gene expression in cells exposed to AA during WE and 
WW exposures compared to CA exposed cells. Gene expression studies 
on Calu-3 cells are scarce, but previous studies working with bronchial 
epithelial lung cells BEAS-2B reported a down regulation of CXCL8 and, 
similar to our study, IL6 following UFP or particulate matter emission 
exposure at the ALI or submerged (Ahmed et al., 2020; Juarez Facio 
et al., 2022). In the study of Ahmed et al. (2020) it was reported that IL6 
downregulation is connected and mediated by PAHs, indicating the 
possible link between PAHs and the negative regulation of inflammatory 
response. This could explain our observations that the slight down-
regulation of IL6 gene expression is more pronounced with increasing 
PAH concentrations (Fig. 7). On the other hand, we observed an indi-
cation for upregulation of the proinflammatory marker IL1β in cells 
exposed to AA in all exposure periods and the xenobiotic marker genes 
CYP1A1 as well as CYP1B1 following AA exposure during WE and WW 
possibly induced by higher PAH concentration. Similar observations 
were made in a previous study, where CYP1B1 was induced in mice lung 
and liver by PAHs (e.g. B[a]P, 7,12-dimethylbenz[a]anthracene, dibenz 
[a,l]pyrene, 3-methylcholanthrene, 1,2,5,6-dibenzanthracene, benzo[b] 
fluoranthene, and benzo[a]anthracene), via the aryl hydrocarbon re-
ceptor (Shimada et al., 2002). By linking differential gene expression of 
CYP enzymes, which are involved in xenobiotic metabolism, with 
exposure to pollutants like PM2.5 and benz[a]pyrene, our study en-
hances the scientific basis for evaluating the long-term health risks 
associated with urban air pollution, even at low levels.

The physical and chemical characterization of the ambient air 
revealed air pollution concentrations of low levels within the legal 
limits. PM2.5 concentrations ranged between 7 μg m− 3 during the WE to 
12 μg m− 3 during the WW and were thus below the German limit of 25 
μg m− 3 (BImSchV, 2016), but above the 5 μg m− 3 recommended by 
WHO (WHO, 2021b). This recommended value was recently reduced 
from 10 μg m− 3 to 5 μg m− 3, based on epidemiological studies indicating 
additional mortality caused by PM2.5 levels below 10 μg m− 3 (Stafoggia 
et al., 2022; Strak et al., 2021; Weichenthal et al., 2022). Regarding PAH 
concentrations, only benz[a]pyrene has currently a recommendation in 
the EU with a target of 1 ng m− 3 (annual mean). Detected concentrations 
during the exposure periods in our study were higher than the recom-
mendation with a 24 h mean of up to 3.4 ng m− 3. The Toxic Equivalency 
Factors (TEF) calculation revealed that the two first exposure periods 
(WE and WW) showed similar TEQ of 2.3 ng m− 3 which were 7 times 
higher than during the third period (WWH: 0.3 ng m− 3), potentially 
indicating higher human health risk due to exposure to PAH in ambient 
air (Jung et al., 2010; Ohura et al., 2005). Given the global burden of air 
pollution-related diseases, our study underscores the need to reduce 
human exposure to environmental air pollutants, particularly in urban 
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settings, to protect respiratory and overall public health.
In vitro long-term exposures to ambient air could provide compelling 

toxicological data for evaluating the human health risk at certain loca-
tions, like workplaces or highly polluted cities, by combining specific 
biomarkers and physicochemical characterization. However, there are 
also limitations. Due to the complexity of the ambient air and endless 
possibilities on how different compounds interact with each other as 
well as with human cells, this approach is limited to studying the effects 
of the mixture of aerosol and the cellular mechanisms involved. For the 
risk assessment of single compound, single source exposures are still 
needed. Another limitation of our study is the parameters of the clean air 
control. To further improve the system, CO2 should be added to the CA, 
making it more realistic and comparable to ambient air. Moreover, due 
to the long exposure time, the number of timepoints is limited, making it 
more difficult to directly correlate cellular responses to the physical and 
chemical characteristics which vary strongly in ambient air. The use of 
online aerosol characterization instruments like the scanning mobility 
particle sizer (SMPS) can also be considered for further studies as par-
ticle size is an important parameter and can be used for estimating the 
size-dependent particle deposition on the ALI epithelial cell layer (Lucci 
et al., 2018). Furthermore, due to the long exposure time and limitation 
in sample number, the number of replicates needs to be carefully 
considered, to fit into the system while adjusting for the biological 
variance. Thus, further studies are needed with the possibility to sample 
or to monitor online biomarkers of interest throughout the duration of 
the exposure without influencing the exposed cells. This study was also 
limited due to the use of a single cell line, and we therefore recommend 
the use of co-culture models comprising immune cells and/or fibroblasts 
for instance, or the use of primary cells for further improving the 
sensitivity of the in vitro model without losing its robustness, and mimic 
closer the complexity of the human airways.

5. Conclusion

We demonstrated that long-term aerosol in vitro exposures at the ALI 
are feasible, providing a significant step toward realistic risk assessment 
for indoor and outdoor environments. Direct exposure to ambient air 
resulted in cytotoxicity and changes in the gene expression of 
inflammation-related genes in a bronchial epithelial monoculture cell 
model. Future efforts will focus on integrating the adapted AES with 
more complex co-culture systems, such as Calu-3 cells combined with 
human derived macrophages, to better evaluate the underlying cellular 
mechanisms in air pollutant exposure. This approach could be extended 

to diverse occupational and private environments, offering valuable 
insights for developing effective risk assessment strategies. Overall, our 
work establishes a comprehensive method for evaluating the long-term 
toxicity of ambient air and reinforces the need for strategies to mitigate 
air pollution’s impact on human health.
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