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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Two types of reference ultrafine soot 
particles (UFP) were produced

• Ultrafine soot UFP with similar physical 
properties and contrasting chemical 
properties

• The concentration of PAHs in the two 
types of UFP varied by orders of 
magnitude

• Different properties induce different 
toxicity in vitro

• Repeated UFP production and charac-
terization proved excellent stability and 
repeatability

A R T I C L E  I N F O
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A B S T R A C T

Ultrafine particles (UFP) are the smallest atmospheric particulate matter linked to air pollution-related diseases. 
The extent to which UFP’s physical and chemical properties contribute to its toxicity remains unclear. It is 
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hypothesized that UFP act as carriers for chemicals that drive biological responses. This study explores robust 
methods for generating reference UFP to understand these mechanisms and perform toxicological tests.

Two types of combustion-related UFP with similar elemental carbon cores and physical properties but different 
organic loads were generated and characterized. Human alveolar epithelial cells were exposed to these UFP at 
the air-liquid interface, and several toxicological endpoints were measured. UFP were generated using a mini-
CAST under fuel-rich conditions and immediately diluted to minimize agglomeration. A catalytic stripper and 
charcoal denuder removed volatile gases and semi-volatile particles from the surface. By adjusting the tem-
perature of the catalytic stripper, UFP with high and low organic content was produced.

These reference particles exhibited fractal structures with high reproducibility and stability over a year, 
maintaining similar mass and number concentrations (100 μg/m3, 2.0⋅105 #/cm3) and a mean particle diameter 
of about 40 nm. High organic content UFP had significant PAH levels, with benzo[a]pyrene at 0.2 % (m/m). 
Toxicological evaluations revealed that both UFP types similarly affected cytotoxicity and cell viability, 
regardless of organic load. Higher xenobiotic metabolism was noted for PAH-rich UFP, while reactive oxidation 
markers increased when semi-volatiles were stripped off. Both UFP types caused DNA strand breaks, but only the 
high organic content UFP induced DNA oxidation.

This methodology allows modification of UFP’s chemical properties while maintaining comparable physical 
properties, linking these variations to biological responses.

1. Introduction

Ultrafine particles (UFP) are particulate matter (PM) which have an 
aerodynamic diameter of ≤0.1 μm. They are formed by the dynamic 
processes of nucleation of gas phase compounds followed by conden-
sation and coagulation of primary particles (León-Mejía et al., 2016; 
Moreno-Ríos et al., 2022). They are produced by numerous natural 
sources like forest fires and volcanic events (Moreno-Ríos et al., 2022) 
while the anthropogenic sources include combustion sources like 
vehicular and power plant/ industrial emissions, biomass burning and 
tobacco smoking (Hofman et al., 2016; Schraufnagel, 2020). UFP have 
been investigated in multiple health-risk studies due to their small sizes 
(Leikauf et al., 2020; Ohlwein et al., 2019; Vallabani et al., 2023) which 
allows them to deposit with high efficiency down the alveolar regions of 
the respiratory system and further translocate throughout the body via 
the circulatory system (Han et al., 2023). Toxicological research in-
dicates that UFP exhibit greater toxicity per unit of mass compared to 
larger particles, potentially playing a role in the onset and advancement 
of various diseases (Leikauf et al., 2020). In 2021, the World Health 
Organization (WHO) revised the recommendations for air quality, 
emphasizing UFP monitoring as a good practice statement and set 
stricter goal limits for PM ≤ 2.5 μm (Schwarz et al., 2023; WHO, 2021). 
However, epidemiological studies and experiment-based reference 
values for UFP are still lacking.

In vitro studies are valuable for investigating the cellular and mo-
lecular mechanisms of action of UFP. Air-Liquid Interface (ALI) exposure 
systems are becoming more and more common in respiratory toxicology 
for the direct deposition of aerosols deploying in vitro cells cultures 
(Singh et al., 2021; Upadhyay and Palmberg, 2018). The primary 
advantage of these systems lies in their operation that mimics more 
realistic exposure, where solid or liquid particles are often delivered in 
mixtures with the surrounding air and are directly deposited onto tissue- 
cell cultures (Paur et al., 2011; Thorne and Adamson, 2013). Current in 
vitro multi-well aerosol exposure systems facilitate exposure and 
assessment of aerosol in high performance systems with high capability, 
efficiency, and flexibility (Lucci et al., 2018). Using a computer model 
approach, Karg et al. (2020) demonstrated that aerosols with a size 
range of 40 to 450 nm, has comparable deposition in the ALI system to 
that in the lung regions. Many studies on UFP induced toxicity with ALI 
exposure methods use resuspension of collected filter samples (Diabaté 
et al., 2008; He et al., 2020) from combustion or ambient measurements. 
However, resuspension of collected UFP leads to substantial changes in 
morphology and chemical properties of the particles including losses of 
more volatile fractions (Roper et al., 2018, 2019). Other studies that 
investigated the toxicity of UFP at ALI exposure systems, such as studies 
on printer emissions (Kim et al., 2022), different fuel exhaust emissions 
(Hakkarainen et al., 2023; Mülhopt et al., 2016), aircraft cabin bleed air 

(He et al., 2021), aircraft turbine engines (Jonsdottir et al., 2019) are 
becoming more prevalent, the overall evidence of cause-and-effect 
mechanisms of different UFP’s characteristics is still incomplete. The 
study by Schwarze et al. (2007) emphasized the significance of size and 
composition of the particles in their study and suggested that these 
characteristics of UFP could result in distinct cellular responses. A study 
by Juarez-Facio et al. (2022) applied standardized methods for the 
generation of UFP with different chemical compositions with two 
different operating conditions of mini Combustion Aerosol Standard 
(miniCAST), but the study emphasized the need for further optimization 
and regulated delivery, since cellular responses were not always 
observed.

The miniCAST soot generator (Jing, 1999) is one of the recognized 
combustion-derived aerosol sources. In a CAST, the soot is produced 
from a propane- diffusion flame that is continuously quenched by N2. 
Changing the different settings/ operating conditions of the CAST allows 
changes in the physical and chemical properties of its emissions 
(Moallemi et al., 2019; Moore et al., 2014). This flame- derived soot 
generator, with different set parameters, has the potential to mimic soot 
of real-world extrapolations without after-treatment systems (Ngo et al., 
2020). For example, a study by Moore et al. (2014) studied operating 
conditions of miniCAST where the generated soot particles behave as 
analogue to real-world aircraft and diesel engine sources concerning the 
OC fraction, soot mode size, concentration and hygroscopicity. Another 
study by Marhaba et al. (2019) showed that some miniCAST’s operating 
conditions facilitates generation of soot particles similar to aircraft soot 
in terms of the internal nanostructure, morphology and chemical 
structure. The miniCAST was also used as a calibration aerosol source to 
act as a surrogate of engine exhaust emissions for the physicochemical 
and optical properties (Ess and Vasilatou, 2019).

In the present study a miniCAST was used to produce two types of 
reference UFP (high organic content and low organic content) with 
similar physical properties, continuing research on the biological effects 
of chemical soot particle composition after photochemical processing 
(Offer et al., n.d.; Pardo et al., 2022, 2023) but now focusing on varia-
tions in combustion by-products. Adenocarcinoma human alveolar 
A549 epithelial cells were exposed to both types of UFP, and the toxi-
cological responses were studied, to investigate the influence of primary 
organic coating and particularly the PAH content of UFP on toxicity in a 
repeatable and reproducible in vitro system.

2. Materials and methods

2.1. Generation of the UFP reference aerosols

The UFP was generated with a miniature combustion aerosol stan-
dard soot generator (miniCAST, model 5201C; Jing ltd., Switzerland). 
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The miniCAST uses a stream of fuel (propane) where the oxidation air is 
fed coaxially, resulting in a diffusion flame (Jing, 1999). By quenching 
the flame with nitrogen, a very high number concentration of UFP rich 
in organics can be produced, internally diluted, and cooled to about 
50 ◦C within the miniCAST (Malmborg et al., 2019). Flows were opti-
mized for a fuel rich condition (lambda, λ= 0.80, Ф = 1.25) to produce 
UFP with high organic content. Flow rates of propane, quench N2, 
dilution air and burner air were 0.055 L/min, 7 L/min, 20 L/min and 
1.05 L/min, respectively. For all the experiments, the operating condi-
tions of the miniCAST were kept constant. To reduce coagulation and 
formation of larger agglomerates, the miniCAST’s exhaust was imme-
diately diluted by a homebuilt porous tube diluter (PTD) with adjustable 
dilution ratio and an ejector diluter with fixed 1 in 10 dilution ratio (VKL 
10; Palas, Germany). The dilution in the PTD was adjusted in the 
beginning of each experiment and slightly readjusted during the four- 
hour period of each experiment to achieve constant characteristics 
(particle number and mass concentrations) throughout the experiments. 
Different organic loading of the particles was achieved by passing the 
diluted UFP aerosol through a catalytic stripper ((CS), Model CS015; 
Catalytic Instruments, Germany) at different temperatures and a char-
coal denuder. The CS, when heated to 350 ◦C removes the particle and 
gas phase semi volatile organic (SVOCs) fractions from the UFP. The 
diffusional losses within the CS used in this study were around 10 % for 
50 nm particles (Swanson and Kittelson, 2010). In contrast, keeping the 
CS at a room temperature setting, there was no removal of SVOCs, from 

the UFP maintaining the organic load at a level higher than that of the 
UFP stripped at 350 ◦C. These temperature settings resulted in UFP with 
varying chemical loads (original at room temperature and stripped at 
350 ◦C). To realize UFP-only exposures, the organic gas phase had to be 
removed in any case. Therefore, the CS was followed by a square multi- 
channeled charcoal denuder with 325 squared channels, 0.9 mm × 0.9 
mm (Helsatech, Germany) to remove gas phase organics (Binder et al., 
2022). Although particle losses of the charcoal denuder were lower 
compared to the CS, it was installed even when the CS was heated to 
keep possible artifacts and losses in the experiments with and without 
heating of the CS comparable. In the following these two UFP types were 
termed UFP-H (high organic load UFP) and UFP-L (low organic load 
UFP). After the denuders, the UFP were guided through a further dilu-
tion step applying a second 1 in 10 ejector diluter taking constantly 1.65 
L/min. This was followed by different instruments for online charac-
terization, collection of the UFP for offline aerosol characterization and 
cell exposure in the Automated Exposure System (AES, Vitrocell, GmbH, 
Germany).

A schematic of the experimental setup is presented in Fig. 1. To 
minimize particle losses and reactions throughout the entire setup, 
conductive perfluoro alkoxy (PFA) tubing material was used. This type 
of tubing material prevents the accumulation of static electric charges 
causing particle losses and therefore has a high transmission efficiency 
(Liu et al., 2019). PFA tubes were used with inner diameters of 4 mm or 
10 mm (depending on the flow rates) to ensure laminar flow and 

Fig. 1. Experimental set-up of soot generation, characterization, sampling methods and exposure in the ALI. TEOM - Tapered Element Oscillating Microbalance, 
SMPS - Scanning Mobility Particle sizer, AE33 – Aethalometer, TEM – Transmission Electron Microscopy.

A. Das et al.                                                                                                                                                                                                                                      Science of the Total Environment 951 (2024) 175727 

3 



minimize losses due to turbulence. All the instruments and the AES were 
operated nearby the miniCAST to reduce diffusion losses of UFP. 
Nevertheless, diffusional particle losses are unavoidable and coagula-
tion during transport cannot be completely neglected.

2.2. Online characterization of the UFP reference aerosols

After appropriate further dilution (Fig. 1), the UFP was guided to the 
online instruments for investigating their physical characterization. A 
TSI Scanning Mobility Particle sizer (SMPS) (Type 3082 TSI Incorpo-
rated, USA) was used for determining the size distribution and geometric 
mean mobility diameter (GMDmob). The size range selected for the SMPS 
was 5.94 nm to 224.7 nm with a sheath flow of 10 L/min and an aerosol 
flow of 1 L/min. A Tapered Element Oscillating Microbalance (TEOM 
1400a, Ambient Particle Monitor, Rupprecht & Patashnick Co., Inc., 
USA) with a total flow of 3 L/min was used to measure the UFP mass 
concentration. A seven wavelengths dual spot Aethalometer (AE33 
Aethalometer, Magee Scientific, USA) was installed to determine the 
equivalent black carbon mass concentration ((eBC,) (Petzold et al., 
2013)) and the Absorption Ångström Exponent (AAE) (Liu et al., 2018) 
of the UFP. The aethalometer was used with a total aerosol flow of 2 L/ 
min. The wavelength- independent multiple scattering correction factor, 
C = 1.39, as provided by the manufacturer for the built-in filter tape was 
utilized. The AAE was calculated using two pairs of wavelengths i.e. 
namely, AAE 470/ 950 and AAE 370/ 880 (Moosmüller et al., 2001; 
Perron et al., 2010; Segura et al., 2014; Zotter et al., 2017). The 
compensated aethalometer specific mass absorption cross sections 
(MAC) used at 370 nm, 470 nm, 880 nm, and 950 nm were 18.47 m2/g, 
14.54 m2/g, 7.77 m2/g, and 7.19 m2/g respectively (Drinovec et al., 
2015). The eBC was calculated from the conversion of the absorption 
coefficient (σab) at 880 nm with its respective MAC (7.77 m2/g).

2.3. Offline characterization of the UFP reference aerosols

2.3.1. Particulate matter (PM)
Quartz fiber filters (QFF, Ahlstrom Munksjö Ltd., Sweden) were used 

for filter sampling of the UFP. Before sampling the filters were preheated 
at 550 ◦C for 5 h. Filter samples were stored at − 20 ◦C after each 
experiment until further analyzes. Field blanks were taken for correc-
tions. Untargeted qualitative analysis of samples was carried out with a 
thermal desorption comprehensive two- dimensional gas chromatog-
raphy hyphened with time-of-flight mass spectrometry (TD–GC ×
GC–TOFMS) on a Pegasus BT4D (LECO, USA) facilitated with an OPTIC- 
4 GC inlet system and a Cryofocus-4 cryogenic trapping system (GL 
Sciences, Netherlands). Circular filter punches of 2 mm in diameter were 
placed into a GC injection liner and thermally desorbed after being 
manually spiked with deuterated PAHs standards (1 μL of an internal 
standard (ISTD)). The chromatographic separation was done with a 
nonpolar capillary column (60 m, BPX5, SGE, Australia), installed in the 
first dimension and a midpolar capillary column (1.5 m, BPX50, SGE, 
Australia) in the second dimension (Table S1). The mass spectrometric 
analysis was done with electron ionization at 70 eV and detection by 
TOFMS. Details of the applied chromatographic and classification pa-
rameters for the analysis are provided in Tables S2 and S3 respectively. 
Further information on the inlet flow and temperature settings can be 
found in Tables S4 and S5 respectively. Targeted quantification of 
Polycyclic Aromatic Hydrocarbons (PAHs) was carried out by means of 
gas chromatography mass spectrometry (Shimadzu GCMS-QP2010 
Ultra, DTD-20 Shimadzu, Japan). The analyzes were done with direct 
thermal desorption (DTD) (Orasche et al., 2011) using OPTIC-4 inlet (GL 
Sciences B.V., The Netherlands) of defined filter punches (d = 6 mm). 
The punches were manually spiked with deuterated PAHs standards (1 
μL of an internal standard (ISTD)) prior to placing them in the GC in-
jection liner. More details of the analytical procedure are described in 
(Schnelle-Kreis et al., 2005). For the quantification of the PAHs, each 
sample was measured at least twice for reproducibility of measurements.

Representative highly loaded QFF were analyzed by Raman micro 
spectroscopy (LabRAM (HR system, Horiba, Japan) (Bladt et al., 2014; 
Ess et al., 2016; Raiolo et al., 2024) using a laser excitation wavelength 
of 633 nm (0.1 mW at the sample) and a long working distance objective 
lens of 50× magnification (NA = 0.5). The focused laser beam was 
scanned over an area of 10 μm × 10 μm 800 1/cm to 2000 1/cm was 
recorded.

To study the morphology of the UFP, Transmission Electron Micro-
scopy (TEM) grid samples were collected by directing a small volume 
(0.1 L/min) of the aerosol for 7.5 to 30 min through a perforated carbon 
film on a copper carrier mesh grid (200 mesh copper; Plano GmbH, 
Germany). The sampled grids were stored in a low humidity silica 
desiccator at room temperature prior analyzes with a Transmission 
Electron Microscope (TEM, JEM-2100F, JEOL Ltd., Japan) at 200 kV.

2.3.2. Gas phase
Adsorber tubes containing three sublayers of graphitized carbon 

black (GCB) sorbents were used for trapping compounds of different 
volatility (Gawlitta et al., 2023). Gas phase samples were collected in 
absorber tubes where a stainless-steel filter holder with a QFF was used 
upfront for removing the particulate fraction and protecting the 
adsorber tubes. Gilian GilAir Plus Personal Sampling Pumps (Gilian, 
USA) were used for sampling with a flow rate of 0.1 L/min to avoid 
breakthroughs of more volatile compounds. Field blanks were taken for 
corrections. The samples were stored at − 20 ◦C after each experiment 
until further analyzes. Analyzes of the adsorber tubes were conducted by 
thermal desorption (TD) with a Shimadzu TD-20 thermal desorption 
unit (Shimadzu, Japan), coupled to a gas chromatography hyphened 
mass spectrometry system (Shimadzu GCMS-QP2010 Ultra, Shimadzu, 
Japan). The analyzes of the samples were done as per (Gawlitta et al., 
2023; Mason et al., 2020) where the samples were spiked with an 
isotope- labelled standard mixture before analyses.

2.4. Cell culture, seeding and aerosol exposure

Human alveolar epithelial A549 cells (ACC 107, Leibniz Institute 
DSMZ - German Collection of Microorganisms and Cell Cultures, Ger-
many) were cultured in high-glucose Gibco Dulbecco’s Modified Eagle 
Medium consisting of Nutrient Mixture F-12 (DMEM/F-12; LIFE Tech-
nologies, 31,331,093, USA) supplemented with 5 % (v/v) fetal bovine 
serum (FBS; LIFE Technologies, 10,500,064, USA), 100 U/mL penicillin, 
and 100 μg/mL streptomycin (P/S; Sigma-Aldrich, P4333, USA) in a 
humidified incubator at 37 ◦C and 5 % CO2. Two days before exposure, 
A549 cells were seeded on the apical side of semipermeable transwell 
inserts (polyethylene terephthalate, 0.4 μm pore size, 4.67 cm2 mem-
brane growth area, Corning, USA) at a cell density of 64,000 cells/cm2 

growth area in DMEM/F-12 (5 % FBS). The day after, cells were set to 
the ALI by removing the medium from the apical side.

On the day of exposure, A549 cells reached near confluence and 
inserts were transferred to an automated exposure system (AES, Vitro-
cell, Germany). The system was used to expose A549 cells at ALI for 4 h 
to the generated UFP aerosols, conditioned to a relative humidity (r.H.) 
of 85 % at 37 ◦C at a flow rate of 100 mL/min over each exposure unit as 
previously described (Mülhopt et al., 2016; Oeder et al., 2015). One 
module was used as clean air (CA) control (100 mL/min of purified air at 
85 % rH. per unit). The size-dependent deposition of particles in the ALI 
exposure system was estimated from the SMPS data using the method-
ology outlined by Lucci et al. (2018). The basolateral exposure medium 
consisted of serum-free DMEM/F-12 GlutaMAX medium supplemented 
with 1 % P/S and 15 mM N-2-hydroxyethyl piperazine-N-2-ethane sul-
fonic acid buffer solution (HEPES, ThermoFisher Scientific, 15,630–056, 
USA). Incubator (Inc) control inserts served as control for the impact of 
the AES and airflow exposures were kept in an incubator free of CO2 
during the exposure period. After the exposure, cells were used for direct 
analysis and the exposure medium was collected in aliquots and frozen 
at − 80 ◦C for later analysis.
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2.5. Cytotoxicity and cell viability

After 4 h of exposure, different cellular assays and analysis were 
carried out in a minimum of three independent experiments for both 
UFP (UFP-H and UFP-L).

Cytotoxicity was evaluated by measuring the Lactate dehydrogenase 
(LDH) release by the Cytotoxicity Detection KitPlus (L-LDH; Roche, 
11,644,793,001, Switzerland). The cell exposure media directly 
collected after the exposure from the basolateral side of the insert were 
analyzed to measure the amount of LDH released upon plasma mem-
brane damage. Serum-free exposure medium acted as blank. LDH 
released by negative control cells treated with a 2 % Triton™ X-100 
(Sigma-Aldrich, Germany) solution for 20 min served as positive control 
(PC). The LDH kit was used according to the manufacturer’s in-
structions. The LDH released by the cells was assessed by measuring the 
absorbance at 493 nm with a Varioskan™ LUX multimode microplate 
reader (Thermo Scientific, USA). The results are shown as % of LDH 
maximal release (cytotoxicity) ± standard error of the mean (s.e.m) of N 
independent experiments (s.e.m, N = 3).

Cell viability was assessed by the resazurin assay. After exposure, 
cells were washed with phosphate buffered saline (PBS) and 10 % 
PrestoBlue HS Cell Viability Reagent (ThermoFisher Scientific, A13262) 
in serum-free DMEM/F-12 was added to the apical and basolateral 
compartment. Following an incubation time of one hour, 200 μL aliquots 
of the solution were pipetted into a 96-well plate, and the metabolic 
activity of cells was analyzed with a microplate reader by measuring the 
fluorescence at 570nm (Varioskan LUX, ThermoFisher Scientific). The 
results are shown as % cell viability ± s.e.m. (N = 3).

2.6. Oxidative stress markers

The induction of oxidative stress after aerosol exposure was assessed 
by measuring the release of malondialdehyde (MDA), an end-product of 
lipid peroxidation, in the basolateral medium. MDA levels were quan-
tified as previously described (Cao et al., 2022) from the collected 
basolateral exposure media by using liquid chromatography (LC) tan-
dem mass spectrometry (API 4000, AB SCIEX, USA) in positive MRM 
mode. MDA was derivatized with 2,4-Dinitrophenylhydrazine (DNPH; 
Sigma–Aldrich, 04732) and extracted by liquid-liquid extraction and 
subsequent chromatographic separation on a C18 column (Agilent 1290 
UHPLC System) applying isocratic conditions. Results are presented as 
MDA ng/mL ± s.e.m. (N = 3).

Reduced and oxidized forms of glutathione are generally used to 
assess the oxidative condition of a biological system and were quantified 
by adapting methods previously described (Herzog et al., 2019; Sun 
et al., 2020) using LC-MS/MS. Directly after 4 h exposure, cells were 
washed twice with an ice-cold 1 mM N-ethylmaleimide (NEM; Sigma- 
Aldrich, E3876) solution in DPBS in the apical and the basolateral 
compartment. Throughout the whole sample preparation, samples were 
kept on ice. After aspiration, a precipitation solution of 20 mM NEM in 
absolute methanol was added to both compartments, followed by the 
addition of an internal standard mixture of labelled reduced (GSH, 6.5 
mM; Sigma-Aldrich, 683,620) and oxidized glutathione (GSSG, 67 μM) 
to the apical side. The labelled oxidized glutathione was synthesized as 
described in Herzog et al. (2019). Cells were incubated for 5 min and 
harvested by scraping. Since a leakage of extraction solution through the 
membrane cannot be excluded, supernatants of both compartments 
were combined, thoroughly vortexed and centrifuged at 10,000 xg for 7 
min at 4 ◦C. The supernatant was then transferred to a new tube and the 
solvent evaporated under a nitrogen stream at 45 ◦C. Subsequently, 
precipitants were re-suspended in 100 μL of the mobile phase A (0.1 % 
formic acid; Promochem, SO-9679-B001; in H2O). Samples were 
analyzed by LC-MS/MS in positive MRM mode on an Agilent 1260 HPLC 
system coupled to an Agilent 6470 tandem mass spectrometer. To assess 
GSSG concentrations 5 μL of the extract was injected to the HPLC sys-
tem. The latter was equipped with a C18 column (Penomenex Kinetex 

100 × 2.1 mm) and run with a gradient elution program (mobile phase 
A: 0.1 % formic acid and B: methanol) at 20 ◦C column oven tempera-
ture. For quantification of alkylated glutathione (GS-NEM) a 100-x 
dilution step was applied before injection of the extract to achieve 
concentrations in the linear calibration range of the instrument. Results 
are presented as % GSSG ± s.e.m. (N = 3).

The conversion of 2′,7′-dichlorodihydrofluorescein diacetate 
(H2DCF-DA) to the oxidized highly fluorescent dichlorofluorescein 
(DCF) was used to investigate the generation of intracellular reactive 
oxygen species (ROS). To do so, after aerosol exposure, cell inserts were 
washed twice with HBSS (ThermoFisher Scientific, 14,025,100) from 
both sides and 500 μL of 10 μM H2DCF-DA (Sigma-Aldrich, 287,810) 
solution in HBSS was added to the apical side. Cells were incubated at 
37 ◦C for 30 min in the incubator (r.h. of 85 %, 5 % CO2) and subse-
quently washed with HBSS. Afterwards, cells were lysed by scraping in 
90 % DMSO in HBSS and collected in tubes. The latter were centrifuged 
at 10,000 ×g for 5 min at 4 ◦C and the supernatant was transferred in 
120 μL aliquots to a black 96-well plate. The fluorescence of the oxidized 
DCF was measured at ex/em 485/535 nm in a microplate reader (Var-
ioskan LUX, ThermoFisher Scientific). The Relative Fluorescence Unit 
(RFU) were normalized by using the metabolic cell equivalents derived 
from the corresponding LDH data (Heinrich et al., 2014; Romano et al., 
2023). Results are presented as intracellular ROS normalized by the 
metabolic cell equivalent (MCE) ± s.e.m. (N = 3).

2.7. Cytochrome P450 activities

CYP1-dependent ethoxyresorufin-O-deethylase (EROD) and 7-Ben-
zyloxyresorufin-O-dealkylase (BROD) activity was investigated by a 
treatment of cells with the fluorometric substrates 7-ethoxyresorufin or 
7-resorufin benzyl after the four- hour exposures. Firstly, cells were 
harvested by trypsinization using 0.05 % Trypsin-EDTA solution (Sigma- 
Aldrich, MFCD00130286), transferred to a 96-well plate, and stored for 
lysis at − 80 ◦C overnight. Two separate 10 μM reaction mixtures were 
prepared containing 7-ethoxyresorufin (Cayman, 16,122) or resorufin 
ethyl ether (Biomol, ABD-15023) in 0.1 % Triton-X to measure EROD 
and BROD activity, respectively. Afterwards, cells were thawed and 
incubated with the reaction mixtures for 5 min at 37 ◦C (r.h. of 85 %, 5 % 
CO2). Subsequently, the activation solution containing 1 mM NADPH 
(Applichem, A1395,0100) in H2O was incubated for another 10 min at 
37 ◦C. A calibration curve of resorufin (Cayman, 700,023) was added to 
precisely determine the enzyme concentration. The fluorescence of 
resorufin was measured at ex/em of 544/595 nm in a microplate reader 
(Varioskan LUX, ThermoFisher Scientific). Results are presented as ac-
tivity of EROD and BROD normalized by the MCE ± s.e.m. (N = 3).

2.8. DNA damage

DNA single and double strand breaks were investigated by the 
alkaline version of single cell gel electrophoresis, also known as comet 
assay. After exposure, cells were washed once with HBSS and trypsi-
nized with 0.25 % Trypsin-EDTA solution. Cells were counted and 
diluted to a cell density of 250,000 cells/mL with DMEM/F12 + 10 % 
FBS. From the cell suspension aliquots, the mini-gel version of the comet 
assay was conducted as previously described (Di Bucchianico et al., 
2017). Cells treated with 30 μM H2O2 (Merck Millipore 107,209) served 
as positive control. Moreover, to analyze the amount of oxidative DNA 
damage, gels of additional slides were treated with the enzyme DNA- 
formamidopyrimidine glycosylase (Fpg; 4040_100_FM, Trevigen) after 
lysis as previously described (Di Bucchianico et al., 2017). Following 
electrophoresis, gels were neutralized using 0.4 M TRIS (Carl Roth, 
Karlsruhe, Germany, A411.1) and washed with ultrapure water. Slides 
were air-dried and stained with SYBR™ Green I Nucleic Acid Gel Stain 
(Invitrogen, S7563). Micrographs were taken with the Lionheart FX 
automated microscope in 20× magnification. 100 nucleoids per micro- 
gel were scored manually using the CometScore 2.0 (TriTek Corp) 
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software. Results are presented as % DNA in tail ± s.e.m. (N = 3).

2.9. Stability during biological exposures and statistical analysis

To assess the stability of UFP-H and UFP-L generation, the variability 
of the physical characteristics within the 4 h biological exposures were 
assessed by the coefficient of variation (CV). The CV was calculated as 
the standard deviation of the respective measured variable during a 4-h 
experiment divided by the average of that experiment and expressed as a 
percentage. The GMDmob, PNC, MC, eBC, and AAE (470/950) (370/880) 
were considered for determining the stability of the UFP characteristics 
produced. For A549 toxicity testing, statistical analysis was performed 
using GraphPad Prism software version 9.0.0 by one-way analysis of 
variance followed by the multiple comparison Dunnett’s test.

2.10. Repeatability of the UFP and statistical analysis

Over the course of more than a year, three separate measurement 
campaigns lasting several weeks with typically one experiment per 
working day were carried out (Table S6). The independent experiments 
for UFP-H were N = 11 (group A), N = 5 (group B) and N = 5 (group C), 
while for UFP-L were N = 8 (group A), N = 4 (group B) and N = 3 (group 
C). The repeatability of the generation of the UFP was assessed using 
results from these different campaigns. The repeatability of physical and 
optical properties for UFP-H and UFP-L within each measurement 
campaign was assessed by comparing the mean and standard deviations 
(Table S7). Welch’s ANOVA test was done between the aerosol physical 
properties between the different groups (Group A, Group B and Group C) 
to ascertain if the averages of the groups were significantly different to 
one another. Depending on the probability (p) values obtained (<0.05), 
the Bonferroni correction was applied to adjust the p- values. The fold 
changes between each characteristic between the groups were also 
calculated by the ratio of the averages. All the tests were performed in 
the programming environment R (Version 4.3.1) using the interface of 
RStudio (Version 2023.06.1, Build 524) at α = 0.05 (Tables S8 and S9).

3. Results and discussions

3.1. Characterization of the generated UFP reference aerosols

For this study two different UFP reference aerosols namely UFP-H 
(high organic load) and UFP-L (low organic load) were generated with 
similar physical (Table 1) but different chemical characteristics.

The number size distributions for UFP-H and UFP-L were similar and 
unimodal with a GMDmob of about 40 nm (Fig. 2, I). The mass size dis-
tribution for UFP-H and UFP-L were also very similar (Fig. S1) The 
slightly lower GMDmob of UFP-L may be explained by the stripping of 
organics from the soot aggregates as the CS removes a significant portion 
of the semi-volatiles and volatiles. With the use of the higher tempera-
ture in the CS for the UFP-L, the losses in the smaller size ranges might 
increase, which was adjusted by decreasing the dilution in the PTD to 
maintain similar particle number size concentrations. This could have 
resulted in an increment in the standard deviations of the size distri-
butions. The mass concentrations measured by the TEOM for UFP-H and 
UFP-L were in a comparable range with a slightly lower value for UFP-L 
as seen for GMDmob. The mass concentrations for both the UFP were 

cross-checked using the SMPS (assuming a density of 1 g/cm3) which 
gave the values of 80 μg/m3 for UFP-H and 70 μg/m3 for UFP-L.

The AAE is an important optical property of aerosol used for its 
characterization that describes the variation of wavelength dependence 
in light absorption (Liu et al., 2018). AAE is a specific property of each 
aerosol species where Black carbon (BC) has an AAE of around 1.0. 
Larger AAE values generally indicate an increase of organic content in 
the aerosol, due to both the presence of light-absorbing compounds in 
the organic aerosol and the internal mixing of black carbon and or-
ganics, leading to soot core-shell structures that enhance AAE (Virkkula, 
2021). For the UFP generated in our setup, the AAE values ranged from 
1.7 (UFP-L) to 2.0 (UFP-H) for both wavelength pairs. The high AAE 
values are an indication of high levels of aromatic structures 
(Samburova et al., 2016) present in the miniCAST generated UFP. The 
reduction of AAE from 2.0 (UFP-H) to 1.7 (UFP-L) indicates a decrease in 
organic content by the CS. The calculated eBC was higher for UFP-L than 
UFP-H. This increase might be due to an overestimation of using the 
same MAC values (7.77 m2/g at 880 nm as provided in the AE33 
manual) for both types of UFP soot generated. A study by (Romshoo 
et al., 2022) showed that thermally treated miniCAST soot with a size 
below 100 nm can have smaller MAC values of about 4.5 m2/g. There-
fore, while interpreting the eBC, uncertainties of MAC values should 
always be considered.

Offline chemical characterization was done from the particle phase 

Table 1 
Mass concentration (μg/m3), Particle number concentration (PNC) (#/cm3), Geometric mean diameter (GMDmob) (nm), Absorption Ångström Exponent (AAE) (470/ 
950), AAE (370/880), equivalent black carbon (eBC) (μg/m3) and deposition of UFP-H and UFP- L. The results are represented as four-hour averages ± standard 
deviation on the averages of each experiment in group A.

Type Mass concentration 
(μg/m3)

PNC 
(#/cm3)

GMDmob 

(nm)
AAE 
(470/950)

AAE 
(370/880)

eBC 
(μg/m3)

Deposition 
(ng/cm2)

UFP- H (N = 11) 110 ± 10 50*104 ± 2*104 45 ± 1 2.0 ± 0.1 2.0 ± 0.1 47 ± 2 1.5 ± 0.2
UFP- L (N = 8) 90 ± 10 50*104 ± 3*104 40 ± 1 1.7 ± 0.0 1.7 ± 0.0 51 ± 3 1.4 ± 0.2

Fig. 2. (I) Size distribution of UFP-H and UFP-L. The shaded area represents the 
standard deviation of the number concentration (#/cm3) in each size bins. (II) 
Fig. 5. TEM images: A.1 UFP- H showing the graphitic structure, magnification 
at 50,000×; A.2 UFP-H showing the primary soot particle and coating of 
SVOCs, magnification at 100,000×; A.3 UFP-H magnification at 200,000×; B.1 
UFP- L magnification at 50,000×; B.2 UFP-L showing the primary soot particle; 
B.3 UFP-L magnification at 200,000×.
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samples on QFF and gas phase samples in adsorber tubes for both UFP 
aerosols. Firstly, an untargeted screening of the particle phase samples 
of UFP-H and UFP-L was done using GC × GC-ToFMS. Fig. 3 displays the 
bubble plots of the significant peaks obtained in the chromatograms 
after the analyzes of UFP-H (top) and UFP-L (bottom). Significantly 
higher amounts of PAHs with m/z 178–300 were found in UFP-H 
compared to UFP-L including parent and alkylated four-, five- and six- 
member ring PAHs. Only for UFP-H, oxygenated PAHs were detected 
in a comparably low concentration. Similar results were published by 
(Schneider et al., 2022) regarding higher PAH content for UFP-H from 
group A by application of Electron Spray Ionization-Fourier-Transform 
Ion Cyclotron Resonance Mass Spectrometry (ESI-FTICRMS). The au-
thors stated the presence of larger PAHs (≥ 6 rings) with an m/z up to 
800. These compounds are not detectable by our measurements as it is 
far beyond the volatility range that can be covered by GC × GC-ToFMS. 
Only low amounts of Phenanthrene, Pyrene and Benz(a)anthracene can 
be detected for the UFP-L sample after correction by a measurement of a 
purified air sample. Sections of the original chromatograms of UFP-H, 
UFP-L and purified air can be found in the supplementary (Fig. S2) as 
well as the classification of compounds found in UFP-H and UFP-L 
(Table S10).

Of the sixteen designated High Priority PAHs by the Environmental 
Protection Agency (EPA) (Hussar et al., 2012), eleven mainly particle 
bound PAHs (≥5 aromatic rings) and two intermediate PAHs (3–4 aro-
matic rings) were quantified for UFP-H and UFP-L in a targeted analyzes 

by direct thermal desorption hyphened gas chromatography mass 
spectrometry (DTD-GCMS). The PAHs in UFP-H constituted approxi-
mately 2.5 % of the total UFP mass, signifying high PAHs concentrations 
including benzo[a]pyrene, which is considered one of the most toxic 
PAHs that has been thoroughly characterized in terms of its toxicity 
(Jung et al., 2010). The content of Benzo[a]pyrene was analyzed to be of 
about 2 mg per g UFP total mass. Fig. 4 shows the concentrations at ALI 
for all targeted PAHs. A semi-quantitative study by (Ngo et al., 2020), 
using a miniCAST exhaust without a CS had similar observations where 
they found mainly semi- volatiles (m/z 176–242) and non- volatiles (m/ 
z ≥ 252) formed at a lambda of 0.805 and negligible amounts of volatiles 
(m/z 78–166). The targeted nonvolatile PAHs in UFP-L were always 
below the limits of quantification (LOQ) of 0.01 ng/m3.

The Raman spectra of soot, which is used to study its nanostructure, 
exhibit two prominent overlapping bands at approximately 1350 1/cm 
(D or ‘defect’) and 1600 1/cm (G or ‘graphite’) (Cuesta et al., 1994; 
Tuinstra and Koenig, 1970). Two exemplary spectrums of UFP-H and 
UFP-L for Group A is shown in Fig. S3. According to (Ferrari and Rob-
ertson, 2000), the increase in the height-ratio I(D)/I(G) is linked to an 
increase in structural order for amorphous and disordered carbons, 
hence lower I(D)/I(G) values indicate more amorphous structures and 
can be expected for soot samples with higher organic carbon (OC) 
content. The found I(D)/I(G) ratios for the UFP-H and UFP-L were 0.99 
± 0.05 (N = 3) and 1.05 ± 0.02 (N = 3), respectively. These values 
indicate very similar structural order with slightly higher amount of 

Fig. 3. Chemical characterization of UFP-H (top) and UFP- L (bottom) via DTD-GC × GC-TOFMS. PAH content of the two samples is shown along the two- 
dimensional separation space. The peak area is represented by the diameter of the “bubble”. Plots are normalized to the area of the most abundant PAH found 
in UFP-H. Both samples were corrected by a purified air measurement. Methyl-PAHs: Methylated PAHs, Phenyl- PAHs: Phenylated PAHs, Oxy-PAHs: Oxygen-
ated PAHs.
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amorphous carbon for UFP-H. This agrees with the results found by (Ess 
et al., 2016) where the lowest OC soot (4 %) had the highest I(D)/I(G) of 
1.19 ± 0.02 and the highest OC soot (47 %) had the lowest I(D)/I(G) of 
1.03 ± 0.03.

To compare the morphology and to determine the degree to which 
thermal treatment in the catalytic stripper altered the structure of the 
UFP, samples were collected and analyzed using a TEM (Fig. 2, II). Both 
UFP showed soot agglomerates with primary particles consisting of 
graphitic-layered structures. These structures are comparable to soot 
from other combustion sources like diesel soot (Vander Wal et al., 2007; 
Vander Wal and Tomasek, 2004). The fractal aggregates of both UFP 
were similar and clearly did not change with thermal treatment. A 
geometric primary particle size of 22 ± 6 nm was determined for UFP-H 
(N = 54) and 22 ± 6 nm for UFP-L (N = 39). Similar observations are in 
accordance with particle data from (Ess et al., 2021) for near- 
stoichiometric diffusion flame with a miniCAST burner. Though the 
size of the primary particles were very similar to each other, a more 
amorphous appearance with blurry boundaries between the primary 
particles was observed for UFP-H indicating a considerable amount semi 
volatile species.

For a thorough comparison of the UFP-H and UFP-L, it is essential to 
consider the gas phase. Therefore, four volatile compounds namely 2- 
Methylnaphthalene, 1-Methylnaphthalene, Biphenyl and 1,2-Dimethyl-
naphthalene were quantified using a targeted TD- GC- MS for both 
UFP. Contrary to the concentration differences for the PAHs in the 
particle phase, no significant differences in the gas phase for UFP-H and 
UFP-L were observed (Table S11). Although PFA was used as tubing 
material, the similar concentration of gas phase compounds for both 
UFP types indicates a strong carryover from previous UFP-H experi-
ments and needs to be considered in future research that includes the 
effects of gas phase compounds in PM toxicological studies.

3.2. Toxicological assessments

The two aerosols, UFP-H and UFP-L were investigated for their toxic 
potential in human alveolar epithelial ATII cells (A549) exposed at the 
ALI (Fig. 5). In our study, the calculated deposition of UFP mass per area 
was similar for UFP-H and UFP-L (Table 1).

Cytotoxicity was assessed by measuring the LDH release into the 
basolateral exposure medium, which occurs upon rupture of cell mem-
branes, a hallmark of necrosis cell death. Both aerosols induced a sig-
nificant cytotoxic response to the same extent (≈27 %) compared to the 
clean air (CA) control (Fig. 5, I). Comparable results could be observed 
for the cell viability analysis, in which both aerosols reduced the cellular 
metabolic activity to 56 % (UFP-H) or 50 % (UFP-L) of the incubator 
control, and displayed a significant decrease compared to the CA control 
(82 %) (Fig. 5, II). Our results indicate the capacity of UFPs to cause 
necrosis, a well-known cause of inflammation, via the release of danger 
signal which can activate the NLRP3 inflammasome, a multiprotein 
complex involved in the regulation of inflammation (Øvrevik et al., 
2015). Generally, it was already observed in previous studies that UFP 
can induce an impairment of cell viability and metabolism, although in 
higher concentrations than applied in our study (Andreau et al., 2012; 
Hammond et al., 2022; Salinas et al., 2020). Nevertheless, previous 
studies (Bonetta et al., 2009; Borgie et al., 2015; Hammond et al., 2022) 
demonstrate that the mechanisms of toxicity are strongly dependent on 
the chemical composition of the aerosol, which is usually neglected for 
the elaboration of limit values. Even though the cytotoxicity assessment 
did not show clear differences between the two UFP, an in-depth anal-
ysis was conducted aiming to unravel the influence of UFP’s chemical 
composition on the oxidative stress response, xenobiotic metabolism, 
and genotoxicity of the exposed cells. Following 4-h exposure, particles 
with low amounts of organic content caused a significant oxidative 

Fig. 4. Concentration of polycyclic aromatic hydrocarbons (PAHs) in UFP-H (N = 7). The error bars represent the standard deviation of each targeted PAHs in all the 
experiments. ** The analyses for the UFP-L samples were all under the limit of quantification (LOQ). The LOQ for our method is 0.01 ng/m3.
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Fig. 5. Cell Viability and Oxidative Stress. The percentage of cytotoxicity measured by LDH release in cell medium following 4 h exposure and percentage of cell 
viability measured by the resazurin assay following 4 h exposure of A549 cells (I) The potential of oxidative stress was investigated by the detection of MDA [ng/mL] 
released into the sample medium, the percentage of intracellular oxidized glutathione (GSSG) of the total glutathione, as well as the formation of intracellular ROS 
(RFU*MCE) following 4 h exposure of A549 cells. (II) UFP-H, ultrafine particles condensed with high amounts of semi-volatile organic compounds; UFP-L, ultrafine 
particles condensed with low amounts of semi-volatile organic compounds. Bars represent the average ± s.e.m. (N = 3). Statistically significant results with respect to 
CA are marked with asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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stress response in epithelial cells, while exposure to particles bearing 
high amounts of organic content led to a non-significant, but slight in-
duction of oxidative stress markers. Compared to the CA controls, 
especially UFP-L triggered an intracellular generation of reactive oxygen 
species (ROS; Fig. 5, II), which seems to be partially scavenged by the 
GSH antioxidant system as indicated by increased levels of GSSG (Fig. 5, 
II). Nevertheless, the elevated GSSG levels could also indicate a 
decreased enzymatic activity of oxidative stress enzymes such as 
glutathione reductase responsible for the recycling of GSSG to GSH, 
which has been proposed before as a mechanism of ambie nt PM toxicity 
(Hatzis et al., 2006). GSH regulation has shown to play an important role 
in pro-inflammatory processes in the lung and an imbalance of the 
oxidant/antioxidant capacities can be associated with diseases such as 
cystic fibrosis or asthma (Rahman and MacNee, 2000), there is already a 
link between oxidative stress and inflammation in the lung and lung 
diseases. Moreover, slightly increased levels of the lipid peroxidation 
marker, MDA were detected to a similar extent for both UFP (Fig. 5, II), 
which could additionally indicate an imbalance and overloading of the 
antioxidative defence systems leading to the oxidation of macromole-
cules such as phospholipids, a main constituent of the cell membrane 
(Tsikas, 2017). The exposure to UFP-H induced a significant increase in 
EROD activity and a slight increase in BROD activity (Fig. 6, I), indi-
cating enhanced enzymatic activity of CYP 450 monooxygenases, such 
as the phase metabolism enzymes CYP1A1 (Borgie et al., 2015; Shimada 
and Fujii-Kuriyama, 2004; Wohak et al., 2016) or CYP3A4 (Oeder et al., 
2015). The latter is commonly known to be activated by PAHs such as 
benzo[a]pyrene or benzofluoranthenes (Genies et al., 2013; Wohak 
et al., 2016) as prevalent in UFP-H. Investigated monooxygenases were 
not induced by UFP-L, further supporting the assumption that two 
chemically different aerosols were produced. Different responses be-
tween UFP-H and UFP-L exposure could also be observed in the DNA 
damage analysis (Fig. 6, II). Although both types of UFP induced DNA 
strand breaks, with UFP-L to a greater extent than UFP-H, particles with 
high levels of organic content appear to promote DNA modifications that 
are recognized by the base excision repair enzyme Fpg (Fig. 6, II). These 
findings are in accordance with previous studies showing a correlation 
between increased levels of Fpg-sensitive sites and PAH exposure 
(Andersen et al., 2018; Genies et al., 2013).

3.3. Stability, repeatability and statistical analysis

The coefficient of variation (CV) was determined for each experi-
ment of UFP-H and UFP-L for the four- hours of exposure to ascertain the 
stability of the generated UFP. The CV was <15 % in all experiments and 
all three campaigns indicating stable generation of the UFP-H and UFP- 
L. The repeatability of the UFP-H and UFP-L generation was assessed by 
comparing the mean and standard deviations (Table S7) of the different 
properties measured by the different aerosol characterization in-
struments for the separate measurement campaigns (Group B and Group 
C). The online instruments showed comparable results indicating a 
reproducible generation of the UFP. However, higher concentrations of 
all PAHs were observed in the separate measurement campaign (Fig. S4, 
A). But no change in pattern could be observed after normalizing to the 
total concentration of PAHs (Fig. S4, B). Therefore, we suspect that less 
particle losses occurred in Group B where our filter sampler was located 
closer to the miniCAST (ca. 5 m) contrary to the other groups (Group A, 
Group C) where the distance was about 20 m. To verify this and to 
characterize the process of particle losses in longer lines, additional 
experiments with similar settings were conducted. Here, measurements 
of size distribution were done in parallel after a 5- and a 20-m -long 
tubing (Fig. S5). These results suggested similar factors of loss of the UFP 
mass and PAHs with increasing sampling line length. Therefore, a strong 
scrutiny of the distance of sampling units should always be done before 
doing experimental setups, particularly for UFP.

Welch’s ANOVA could not reject the hypothesis on similar Groups A, 
B, and C for the AAE370/880’s of both UFP-H and UFP-L. For PM mass 

concentration, PNC, GMDmob and eBC in both UFP-H and UFP-L, the 
Bonferroni correction was applied after rejection of the null hypothesis 
by Welch-ANOVA for post hoc testing. For UFP-H, none of the group’s 
differences in means was significant except for mass concentration 
(Group A and Group B), GMDmob (Group A and Group B; Group A and 
Group C) and eBC (Group A and Group C). However, except for eBC, the 
fold changes of the aerosol properties between these groups were ≈1, 
indicating small differences between the group means. Therefore, sig-
nificant differences are a consequence of the high reproducibility within 
the individual groups. The same holds for UFP- L, where most of the 
significantly different means (for mass concentration, number concen-
tration, GMDmob and eBC) that appeared between Group A and Group B 
were statistically different (p < 0.05). For both UFP-H and UFP-L, eBC 
was significantly about 20–30 % lower in Group A than in the other two 
Groups B and C. Although mass concentration, eBC depends on the 
inherent carbon structure of the soot, determining its absorption prop-
erties. Since both mass and number concentration of particles show fold 
changes closer to one than eBC, it points to uncertainty related to the 
eBC quantification.

4. Conclusions

We generated two different UFP reference aerosols using a miniCAST 
generator with appropriate set points and dilutions. By treating the 
aerosols with a catalytic stripper at different temperatures and a char-
coal denuder, UFP with distinct content of semi volatile organic com-
pounds (UFP-H and UFP-L) but similar physical properties were 
generated. A variety of techniques, including a Scanning Mobility Par-
ticle sizer (SMPS), Transmission Electron Microscopy (TEM), two- 
dimensional gas chromatography hyphened with time-of-flight mass 
spectrometry (TD–GC × GC–TOFMS), Targeted quantification by direct 
thermal desorption hyphened gas chromatography hyphened mass 
spectrometry (DTD-GC–MS) were used to appropriately characterize the 
physical and chemical properties of these UFP. PM and gas phase sam-
pling and analysis was carried out for characterization of the aerosol 
composition. The reference aerosols were used and characterized in 
three independent campaigns, demonstrating that the physical proper-
ties (mass concentration, PNC, GMDmob, eBC, AAE) can be determined 
with a high degree of reliability and repeatability. The investigation of 
the composition and concentration of the UFP showed that long sam-
pling lines can lead to significant particle losses, which was identified as 
the main driver of experimental variance for UFP among the three in-
dependent campaigns.

Human alveolar A549 adenocarcinoma cells were exposed to both 
types of UFP, and various toxicological responses were studied. Expo-
sure to the different UFP led to the activation of distinct biological ef-
fects. The cytotoxicity assays carried out showed similar responses for 
both UFP-H and UFP-L exposures. The intracellular generation of ROS 
was significantly higher for UFP-L than for UFP-H while the activation of 
xenobiotic metabolizing enzymes was significantly higher for UFP-H. 
This suggests that the UFP differences in organic content induce 
different biological responses.

The UFP was produced during multiple campaigns and thus dem-
onstrates the applicability of this method. Each exposure experiment 
took four- hours to complete and required constant and stable UFP 
production. The biological replicates for every campaign required 
redundant exposures, and the UFP were reproducibly produced where 
the daily variability remained low and stable throughout the campaign. 
In addition, the variations in the reference UFP parameters during 
annually repeated campaigns were also small, indicating that the UFP 
generation of aerosols was repeatable.

Our work highlights a method to produce UFP with similar physical 
and different chemical characteristics for toxicological assessments in 
the ALI exposure system which suggests a complex relationship between 
the chemical composition of UFP and biological effects in comparison to 
its size. This can be very critical as the epidemiological and toxicological 
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Fig. 6. Cytochrome P450 Activity and DNA Damage. Induction of the resorufin intensity by increased activity of 7-ethoxyresorufin-O-deethylase (EROD) and 7-ben-
zyloxyresorufin-O-debenzylase (BROD) (I) normalized by the metabolic cell equivalent (MCE) following 4 h exposure of A549 cells. Percentage of DNA in tail as well 
as Fpg sites (% DNA in tail) (II) detected by comet assay following 4 h exposure of A549 cells. UFP-H, UFP with high organic content; UFP-L, UFP with low organic 
content. Bars represent the average ± s.e.m. (N = 3). Statistically significant results with respect to CA are marked with asterisks (*, p < 0.05; **, p < 0.01; ***, p 
< 0.001).
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literature still lacks evidence-based values for UFP and would provide 
further knowledge in understanding the limit values of UFP. The high 
stability and reproducibility of reference UFP production enables 
repeated ALI exposures, and by applying different dilution ratios, step-
wise determination of dose-response investigations is feasible even for 
direct air-liquid exposures. Future studies will focus on the application 
of these reference UFP on different cellular models, postexposure re-
sponses, transcriptomic and proteomic analyses.
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Hatzis, C., Godleski, J.J., González-Flecha, B., Wolfson, J.M., Koutrakis, P., 2006. 
Ambient particulate matter exhibits direct inhibitory effects on oxidative stress 
enzymes. Environ. Sci. Technol. 40, 2805–2811. https://doi.org/10.1021/ 
es0518732.

He, R.-W., Gerlofs-Nijland, M.E., Boere, J., Fokkens, P., Leseman, D., Janssen, N.A.H., 
Cassee, F.R., 2020. Comparative toxicity of ultrafine particles around a major airport 
in human bronchial epithelial (Calu-3) cell model at the air–liquid interface. Toxicol. 
in Vitro 68, 104950. https://doi.org/10.1016/j.tiv.2020.104950.

He, R.-W., Houtzager, M.M.G., Jongeneel, W.P., Westerink, R.H.S., Cassee, F.R., 2021. In 
vitro hazard characterization of simulated aircraft cabin bleed-air contamination in 
lung models using an air-liquid interface (ALI) exposure system. Environ. Int. 156, 
106718 https://doi.org/10.1016/j.envint.2021.106718.

Heinrich, P., Diehl, U., Förster, F., Braunbeck, T., 2014. Improving the in vitro 
ethoxyresorufin-O-deethylase (EROD) assay with RTL-W1 by metabolic 
normalization and use of β-naphthoflavone as the reference substance. Comp. 
Biochem. Physiol. Part C Toxicol. Pharmacol. 164, 27–34. https://doi.org/10.1016/ 
j.cbpc.2014.04.005.

Herzog, K., IJlst, L., van Cruchten, A.G., van Roermund, C.W.T., Kulik, W., Wanders, R.J. 
A., Waterham, H.R., 2019. An UPLC-MS/MS assay to measure glutathione as marker 
for oxidative stress in cultured cells. Metabolites 9. https://doi.org/10.3390/ 
metabo9030045.

Hofman, J., Staelens, J., Cordell, R., Stroobants, C., Zikova, N., Hama, S.M.L., Wyche, K. 
P., Kos, G.P.A., Van Der Zee, S., Smallbone, K.L., Weijers, E.P., Monks, P.S., 
Roekens, E., 2016. Ultrafine particles in four European urban environments: results 
from a new continuous long-term monitoring network. Atmos. Environ. 136, 68–81. 
https://doi.org/10.1016/j.atmosenv.2016.04.010.

Hussar, E., Richards, S., Lin, Z.-Q., Dixon, R.P., Johnson, K.A., 2012. Human health risk 
assessment of 16 priority polycyclic aromatic hydrocarbons in soils of Chattanooga, 
Tennessee, USA. Water Air Soil Pollut. 223, 5535–5548. https://doi.org/10.1007/ 
s11270-012-1265-7.

Jing, L., 1999. Standard combustion aerosol generator (SCAG) for calibration purposes. 
In: Presented at the 3rd ETH Workshop “Nanoparticle Measurement,” ETH 
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Karg, E., Jakobi, G., Scholtes, S., Schnelle-Kreis, J., Lintelmann, J., Matuschek, G., 
Sklorz, M., Klingbeil, S., Orasche, J., Richthammer, P., Müller, L., Elsasser, M., 
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