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BACKGROUND: Secondary organic aerosols (SOAs) formed from anthropogenic or biogenic gaseous precursors in the atmosphere substantially contribute to the ambient ﬁne particulate matter [PM ≤2:5 lm in aerodynamic diameter (PM2:5 )] burden, which has been associated with adverse human
health eﬀects. However, there is only limited evidence on their diﬀerential toxicological impact.
OBJECTIVES: We aimed to discriminate toxicological eﬀects of aerosols generated by atmospheric aging on combustion soot particles (SPs) of gaseous biogenic (b-pinene) or anthropogenic (naphthalene) precursors in two diﬀerent lung cell models exposed at the air–liquid interface (ALI).
METHODS: Mono- or cocultures of lung epithelial cells (A549) and endothelial cells (EA.hy926) were exposed at the ALI for 4 h to diﬀerent aerosol
concentrations of a photochemically aged mixture of primary combustion SP and b-pinene (SOAbPIN -SP) or naphthalene (SOANAP -SP). The internally
mixed soot/SOA particles were comprehensively characterized in terms of their physical and chemical properties. We conducted toxicity tests to
determine cytotoxicity, intracellular oxidative stress, primary and secondary genotoxicity, as well as inﬂammatory and angiogenic eﬀects.
RESULTS: We observed considerable toxicity-related outcomes in cells treated with either SOA type. Greater adverse eﬀects were measured for
SOANAP -SP compared with SOAbPIN -SP in both cell models, whereas the nano-sized soot cores alone showed only minor eﬀects. At the functional
level, we found that SOANAP -SP augmented the secretion of malondialdehyde and interleukin-8 and may have induced the activation of endothelial
cells in the coculture system. This activation was conﬁrmed by comet assay, suggesting secondary genotoxicity and greater angiogenic potential.
Chemical characterization of PM revealed distinct qualitative diﬀerences in the composition of the two secondary aerosol types.
DISCUSSION: In this study using A549 and EA.hy926 cells exposed at ALI, SOA compounds had greater toxicity than primary SPs. Photochemical
aging of naphthalene was associated with the formation of more oxidized, more aromatic SOAs with a higher oxidative potential and toxicity compared with b-pinene. Thus, we conclude that the inﬂuence of atmospheric chemistry on the chemical PM composition plays a crucial role for the
adverse health outcome of emissions. https://doi.org/10.1289/EHP9413

Introduction
Over the past decades, the impact of ambient ﬁne particulate
matter [PM ≤2:5 lm (PM2:5 )] on the global burden of disease has
gained substantial attention. Epidemiological cohort studies have
found signiﬁcant correlations between the exposure to PM2:5 and
substantial eﬀects on human health, such as respiratory and
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cardiovascular diseases, and increased morbidity and mortality
(Brook et al. 2010; Cohen et al. 2017; Pope et al. 2020). It is well
accepted that the toxicity of PM2:5 varies between its sources and
formation pathways. However, it is still largely unknown which
PM properties—such as size, mass, shape, surface properties, or
chemical composition—induce biological responses (Burkholder
et al. 2017; Park et al. 2018; Wyzga and Rohr 2015). Furthermore,
our knowledge is mostly limited to the eﬀects of collected airborne
particles under submerged exposure conditions rather than the
direct deposition and interaction of aerosols with cell cultures
(Ihantola et al. 2020; Oeder et al. 2015). Submerged exposures do
not reﬂect the physiological condition of airway barriers because
inhalation occurs by aerosol deposition onto airway epithelial cells
that form, together with, for example, endothelial cells and basal
membranes, a tissue layer enabling gas exchanges between the
lungs and the blood circulation (Barosova et al. 2021). Air–liquid
interface (ALI) aerosol exposures oﬀer several advantages compared with submerged conditions. These include the preservation
of the physicochemical characteristics of airborne PM and a higher
sensitivity both in terms of eﬀective doses, which are lower at the
ALI, and in terms of transcripts regulation and protein enrichment,
which are more pronounced in alveolar epithelial A549 cells
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exposed at ALI compared with submerged exposures (Hilton et al.
2019; Lenz et al. 2013; Loret et al. 2016). It has been shown that
ALI-cultured A549 cells retain more of the usual patterns of tight
junction proteins, such as occluding, claudin-2, and zonula
occludens-3, as well as show lower permeation coeﬃcient values
than the submerged cells, resulting in a clear and tighter epithelial
phenotype (Rothen-Rutishauser et al. 2008).
Atmospheric aerosol particles may originate from primary
sources (primary aerosols), but they are also formed and altered by
oxidative gas-to-particle conversion in the atmosphere (secondary
aerosols) as well as complex multiphase chemistry (aged primary
aerosols) (Hallquist et al. 2009). The sources contributing to the
global primary aerosol load are manifold and from both anthropogenic and natural origin, including industrial processes, traﬃc, sea
spray, and wildﬁre burnings. Soot, or its related entities black carbon
(BC) and elemental carbon (EC), is released from both anthropogenic (e.g., traﬃc, residential heating, industry) and naturally occurring (e.g., wildﬁre) combustion processes (Bond et al. 2013). In
contrast to BC and EC, the term soot particles (SPs) is less speciﬁc
and does not refer to carbon atoms only. Instead, it is described as
black particles that can enter the atmosphere through combustion
processes (Andreae and Gelencsér 2006), so it also includes organic
and inorganic PM. SP has impacts on human health upon inhalation
(Janssen et al. 2011); however, freshly emitted SP become very
quickly coated by secondary aerosols in ambient air (Moore et al.
2014). Secondary aerosols are generated from volatile precursors by
atmospheric oxidants, such as hydroxyl (OH), ozone (O3 ), and nitrate radicals, or by photolysis in the atmosphere (Hallquist et al.
2009; Shakya and Griﬃn 2010). Secondary organic aerosols (SOAs)
from the oxidative conversion of volatile organic compounds
(VOCs) may increase levels of ambient PM2:5 considerably, causing
severe haze pollution episodes (Huang et al. 2014). Naphthalene and
b-pinene were found to be substantial contributors to the anthropogenic (Jia and Batterman 2010) and biogenic (Guenther et al. 2012)
global VOC emissions, respectively, with signiﬁcant potential to
form SOAs (Chen et al. 2016; Watne et al. 2017).
Naphthalene represents the smallest and most volatile polycyclic aromatic hydrocarbon (PAH) and is classiﬁed by the
International Agency for Research on Cancer as probably carcinogenic to humans (Group 2B) (IARC 2010). It is mainly formed
during combustion processes, such as fossil fuel combustion in
engines, in particular diesel engines, biomass burning, or tobacco
smoking, as well as in the chemical and metal industries (Jia and
Batterman 2010; Qian et al. 2021; Wang et al. 2020). Because of
its high vapor pressure, naphthalene is mainly in the gas phase at
ambient conditions and thus undergoes homogeneous gas-phase
reactions in the atmosphere, which can result in products of lower
volatility accompanied with their conversion into the particle
phase and the generation of SOAs (Williams et al. 2010).
b-pinene is a monoterpene, one of the main compounds released
by vegetation, such as by various coniferous plants (Faiola et al.
2015; Kleist et al. 2012). Its oxidation leads to substantial yields
of SOAs (Sarrafzadeh et al. 2016; Xavier et al. 2019), including
the formation of highly oxidized extremely low-VOCs (Ehn et al.
2014). On a global scale, biogenic VOCs largely exceed the
emissions of anthropogenic VOCs; however, anthropogenic
VOCs may regionally reach higher levels than biogenic VOCs
(Guenther et al. 1995). In the case of biogenic VOCs (isoprene,
terpenes) toxicity is generally enhanced by photochemical aging;
however, there is an unambiguous eﬀect of aging for PAHs and
engine emissions (Weitekamp et al. 2020; Xu et al. 2022).
Depending on the size of the PM, their retention in the lung
varies. Although inhaled particles between 5 and 10 lm in aerodynamic diameter typically aﬀect only the upper airways and are
removed by mucociliar clearance, particles in the range between
Environmental Health Perspectives

1 and 2:5 lm are able to penetrate deep into the respiratory
regions and particles <1 lm can easily deposit on alveoli and be
retained in the surfactant (Heyder 2004). Moreover, an in vivo
study showed that not only can ultraﬁne PM [PM ≤ 0:1 lm
(PM0:1 )] enter extrapulmonary organs, but particles with an aerodynamic diameter of between 0:2 and 2 lm can also (Li et al.
2019). In addition to the direct harm of particles to the organs,
several in vitro studies in human lung epithelial cells have shown
that the PM2:5 of SOA can trigger inﬂammation with systemic
eﬀects through the release of pro-inﬂammatory cytokines (Feng
et al. 2016), an increase in reactive oxygen species (ROS)
(Arashiro et al. 2018), and an impairment of the anti-oxidant system (Arashiro et al. 2018; Deng et al. 2013; Kouassi et al. 2010;
Longhin et al. 2013). In response, oxidative stress further triggers
inﬂammatory and mutagenic responses (Dergham et al. 2012; Lin
et al. 2017; Longhin et al. 2013; Møller et al. 2014; Riediker et al.
2019). Beyond the size of ambient PM2:5 , its chemical composition is assumed to play an important role in the toxicity of the
particles (Eaves et al. 2020; Sýkorová et al. 2016). Oxidation
ﬂow reactor (OFR) studies have revealed a greater toxic eﬀect of
higher photochemically aged a-pinene- and naphthalene-derived
SOAs on A549 cells compared with their SOAs of lower photochemical age, which was attributed to the increased formation of
ROS (Chowdhury et al. 2018, 2019).
Within the project aeroHEALTH (https://www.aerohealth.eu),
the present study aimed to investigate the toxicological impacts of
two model systems representing air pollution by primary combustion emissions (e.g., SPs) and atmospheric processing of a typical
anthropogenic (e.g., naphthalene) or biogenic (e.g., b-pinene)
VOC precursor. In the used experimental setup, the SOAs were
generated in an OFR in the presence of freshly formed combustion
soot, leading to coating SPs with condensed organic matter from
naphthalene (SOANAP -SP) and b-pinene (SOAbPIN -SP), respectively. Two diﬀerent cell culture systems were exposed to these
aerosols at the ALI. Increasing epidemiological and experimental
evidences show that environmental exposure may disturb airway
intercellular communication by indirect mechanisms, such as the
release of inﬂammatory cytokines, or by direct mechanisms,
including particles translocating from the lung into the circulation
(Peters et al. 2021; Wang et al. 2019). Especially in the alveolar
region, PAHs contained in the gas phase or detached from the particle surface may be displaced across the airway barriers and reach
cells and secondary tissues that are not directly exposed (Låg et al.
2020). In view of the important role of these mechanisms, A549
human alveolar epithelial cells were grown either as a monoculture
on an insert membrane or as a coculture model with microvascular
endothelial EA.hy926 cells on the basolateral side of the membrane to mimic the blood–air barrier and to evaluate cell-to-cell
interplay. We performed assays testing for aerosol-induced oxidative stress, inﬂammation, geno- and cytotoxicity, as well as to elucidate possible secondary eﬀects derived from cellular interplay,
according to adverse outcome pathways (Halappanavar et al.
2020). With this setup, we aimed to address the overarching scientiﬁc question whether atmospheric aging and the related formation
and condensation of SOAs on SPs can increase the toxicity of the
particles and whether the SOA precursor plays a decisive role in
the biological response.

Material and Methods
Aerosol Generation and Characterization
Aerosol generation and sampling setup. SOAs of either naphthalene (Sigma-Aldrich; 147141-25G; 99%) or b-pinene (SigmaAldrich; 402753-10G; ≥99 %) were produced by mixing their pure
vapor with SPs and subsequent processing in an OFR [i.e., a
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potential aerosol mass (PAM) reactor] (Bruns et al. 2015; Kang
et al. 2007) for the simulation of atmospheric photooxidation
(aging) by OH radicals. In addition, pure SPs were also fed into the
PAM reactor without aging and used as the reference control. This
was done because SPs and SOA precursors refer to primary compounds, which are simultaneously transformed by atmospheric
aging. However, SOA rapidly starts to cover the surface of the SPs,
and the particle constitution may be described by a core–shell
model. Only particulate organic species at or near the particle surface are exposed to OH radicals, whereas the soot core of the particle is shielded against heterogeneous oxidation (Lim et al. 2017).
Considering the generally slower reaction kinetics of heterogeneous oxidation compared with the homogeneous oxidation involved
in SOA formation, we may assume that soot cores are oxidized to a
negligible extent. Therefore, fresh SPs, rather than aged SPs, without the addition of SOA precursors were used as the reference. A
simpliﬁed scheme of the setup is shown in Figure 1.
First, SPs, functioning as a condensation sink for SOAs, were
produced by a CAST-Burner (Combustion Aerosol Standard; model
5201C; Jing) under lean combustion conditions (50 mL=min propane, 0 mL=min MixN2 , 1:42 L=min Oxid.Air, and 20 L=min Dil.
Air) to minimize the organic content and generate EC-rich
particles with a Gaussian size distribution (geometric mean
∼ 100 nm). A custom-made porous tube diluter with a variable
mass ﬂow-controlled dilution ratio was applied as a ﬁrst dilution
step. Naphthalene or b-pinene vapors were produced using

a custom-made diﬀusion source, placed in a temperaturecontrolled water bath, using nitrogen (99.999% purity) with a
ﬂow rate of 1 L=min. The length and diameter of the diﬀusion
source, as well as the bath temperature, were adjusted for each VOC
individually to maintain the same precursor concentration. The bath
temperatures for VOC generation were ∼ 40 C for b-pinene and
∼ 60 C for naphthalene. Diameters of the diﬀusion source were
10 mm for b-pinene (length 40 mm) and 25 mm for naphthalene
(length ∼ 5 mm), with an additional 25 mm of frit to prevent turbulent mixing and reduce diﬀusion. The targeted VOC concentration of
4 mg=m3 was adjusted every day before the experiment and veriﬁed
after the experiment by a ﬂame ionization detector (model 109A;
J.U.M. Engineering). The mixture of soot and VOC was humidiﬁed
during a second dilution step using an ejector diluter (Palas VKL 10;
Palas GmbH) with a ﬁxed 1:10 dilution ratio. Here, humidiﬁed air
(moistened by a PermaPure humidiﬁer FC125-240; Perma Pure),
mixed with 0:3 mL=min nitrogen, containing deuterated butanol
(D9-butanol; 98% isotopic purity; Sigma Aldrich) was used as dilution medium. Final concentrations entering the PAM reactor were
1 mg=m3 soot, 4 mg=m3 VOC, and 80 ppbV D9-butanol at 40%
relative humidity (RH).
The PAM reactor (Bruns et al. 2015; Kang et al. 2007) refers to
an OFR with an internal volume of 15 L and was operated at a ﬂow
rate of 8 L=min, resulting in a mean residence time of 113 s. It generates O3 in situ and, subsequently, OH radicals from irradiating
humid air by two ultraviolet (UV)-lamps (BHK Inc.) with emission

Figure 1. A schematic overview of the aerosol generation, sampling method, and ALI exposure system. SP (CAST soot; 1 mg=m3 ) together with either
b-pinene (4 mg=m3 ) or naphthalene (4 mg=m3 ) passed through a PAM reactor for photochemical aging by OH radicals after humidiﬁcation and appropriate
dilution. In addition, pure SP (CAST soot; 1 mg=m3 ) were fed into the PAM reactor without aging and used as the reference control. O3 , which was produced
in situ by the PAM reactor, was removed after the reactor by an O3 -scrubber to a level <10 ppb. State-of-the-art methods characterized the chemical and physical properties of the generated SOA [line A: TEOM; line A/B: PTR-MS, SMPS, CPC, O3 monitor; line C: O3 monitor; line D: Aethalometer, SMPS, AMS,
OPROSI, oﬄine sampling (VOC adsorber, TEM, GC × GC-TOFMS)]. Two ALI exposure systems were used in parallel. An optional 1:3 diluter in front of one
ALI exposure system and a 1:10 diluter in front of the second ALI exposure system were applied to investigate diﬀerent dilutions of the aerosol [undiluted
(1:1), 1:3, 1:10, and 1:30]. The magniﬁcation of a single exposure position illustrates the air ﬂow of the aerosol over the cells growing on the membrane of
Transwell inserts and shows aerosol deposition by diﬀusion. Note: ALI, air-liquid interface; AMS, high-resolution time-of-ﬂight aerosol mass spectrometer;
CAST, combustion aerosol standard; CPC, condensation particle counter; Dp, change in pressure; GC × GC-TOFMS, comprehensive two-dimensional gas
chromatography–time-of-ﬂight mass spectrometer; OH, hydroxy; OPROSI, online particle-bound ROS (reactive oxygen species) instrument; ozone, O3 ; PAM,
potential aerosol mass; PTR-MS, quadrupole proton–transfer reaction mass spectrometer; SMPS, scanning mobility particle sizer; SOA, secondary organic aerosol; SP, soot particle; TEM, Transmission electron microscope; TEOM, tapered element oscillating microbalance; VOC, volatile organic compounds.
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lines at 185 and 254 nm. We adjusted the UV lamp power to obtain
similar photochemical ages ( ∼ 3 d) of both types of SOAs, accounting for the diﬀerent rate constants of naphthalene and b-pinene
toward the OH radical (kOH ðnaphthaleneÞ = 2:3 × 10−11 s=cm3 ;
kOH ðb-pineneÞ = 7:4 × 10−11 s=cm3 (Atkinson and Arey 2003).
Although SOA-precursors and SP were exposed to O3 concentrations of 6:0 ± 0:6 ppm (b-pinene) and 5:4 ± 0:3 ppm (naphthalene)
for 113 s, the aging under the described conditions is strongly dominated by OH radical chemistry (Atkinson and Carter 1984;
Sarrafzadeh et al. 2016). Fractional importance of non-OH fate,
including photolysis at 185 and 254 nm, as well as reactions with
Oð1D Þ, Oð3P Þ, and O3 , were found to be comparable to ambient air
assessed by the PAM model of Peng et al. (2016). Furthermore, the
surface oxidation of SP by O3 is estimated to be negligible based on
the kinetic data of Chughtai et al. (2003).
A ceramic honeycomb denuder, impregnated with sodium nitrite was installed downstream of the PAM reactor to remove O3
to a level of <10 ppbV, and monitored by the O3 monitor. In
addition, a custom-made porous tube diluter (ﬁxed at a 1:3 dilution) and an ejector diluter (1:10 dilution) (Palas) were installed
in the sampling lines guided to the two ALI exposure systems to
obtain the diﬀerent dilution ratios [undiluted (1:1), 1:3, 1:10, and
1:30] for the cell exposures. All dilution steps were conducted
with puriﬁed compressed laboratory air, compressed by an oilfree compressor (SF4; Atlas Copco) and puriﬁed by a modiﬁed
catalytic converter (737-15; Aadco), which removed hydrocarbons, including methane, to a concentration of <10 ppbV.
Online aerosol measurements. Four sampling points were
used for the online aerosol measurements (Figure 1). A detailed
description of the respective methods are outlined in the below
paragraphs.
Particle number and particle size distribution. A scanning
mobility particle sizer (SMPS) comprised of an electrostatic classiﬁer (TSI; model 3082) connected to a condensation particle counter (TSI; model 3750) was installed at line D. Multiple charge
correction and diﬀusion loss correction were done using AIM software (version 10.3; TSI). A second electrostatic classiﬁer (TSI;
model 3082) connected to a 3025A CPC (TSI) was installed with
the option to switch between line A or line B without additional
dilution for monitoring the feed and aged aerosol properties.
BC and particle mass. A seven-wavelength aethalometer
(model Magee AE33; Aerosol d.o.o.) was used at line D to conﬁrm
stable SP concentrations, measured as BC at 880 nm, whereas the
diﬀerence of the PM concentration at 370 and 880 nm, denoted as
brown carbon (BrC), conﬁrmed the stable formation of SOA over
the whole cell exposure time. In addition, a tapered element oscillating microbalance (TEOM 1400a; Rupprecht & Patashnick Co.,
Inc.) was used to determine the SP mass concentration at line A.
Both instruments had own ejector diluters (1:10 dilution) (Palas),
ensuring the appropriate concentrations.
Photochemical age. D9-butanol was used as a photochemical
clock and was measured before and after the PAM reactor step by a
quadrupole proton–transfer reaction mass spectrometer (PTR-MS;
Ionicon). With a rate constant of 3:4 × 10−12 cm3 =s for D9-butanol
and a mean PAM reactor residence time of 112.5 s, the OH radical
exposure can be calculated and subsequently converted into an
equivalent photochemical age (Barmet et al. 2012), assuming an average ambient OH radical concentration of 106 molecules=cm3
(Prinn et al. 2001). The PTR-MS was installed in parallel to the second electrostatic classiﬁer (switching between line A and line B)
and setup in multiple ion detection mode, with an estimated detection limit of 0:5 ppb. For experiments with naphthalene: m/z 21
(primary water ion, [H2 18O +H+ ), 66 (D9-butanol fragment
½M-HDO+H+ ), 129 (naphthalene C10 H8 , ½M+H+ , for quantiﬁcation), and 159 (naphthoquinone C10 H6 O2 , ½M+H+ ) were recorded.
Environmental Health Perspectives

For experiments with b-pinene: m/z 21, 66, 137 (b-pinene ½M+H+ ,
for quantiﬁcation), and 81 (b-pinene fragment ½M-C4 H6 +H+ , as
qualiﬁer).
O3 , which was formed in situ by vacuum ultraviolet (VUV)
radiation at 185 nm, was quantiﬁed after a 10-fold dilution with
pure nitrogen by an O3 monitor (model O3 41 M; Environment S.
A./Ansyco GmbH) at line B. A second O3 monitor (model
APOA 350E; Horiba) was installed at line C to guarantee that no
O3 reached the ALI systems.
Elemental ratios. A high-resolution time-of-ﬂight aerosol
mass spectrometer (AMS; Aerodyne Inc.) (DeCarlo et al. 2006)
was operated at line D to determine ratios of the elements O/C and
H/C, the total mass concentration, and a size distribution of the
nonrefractory organic chemical composition. The instrument was
run with a vaporizer temperature of 560°C, with an averaging time
of 4 min. The resulting mass spectrum was analyzed in the m/z
range of 12–220 amu because the fractions >200 amu have little to
no impact on the total organic concentration or the elemental composition, given that we observed no m=z > 200 amu. Calibrations
were preformed weekly using dried 350-nm ammonium nitrate
particles, size selected based on mobility diameter with a diﬀerential mobility analyzer and a condensation particle counter (TSI;
model 3786), as described previously (Jayne et al. 2000). The ionization eﬃciency was found to be 7:0 × 10–8 before experiments
and 6:0 × 10–8 after the experiments. The collection eﬃciency,
used to correct for nonunity collection, was calculated as the percentage of organics detected by the AMS compared with the CPC,
assuming a density of 1:4 mg=m3 , and was found to be ∼ 70%. The
method used to analyze the elemental composition of the aerosol is
described in detail elsewhere (Canagaratna et al. 2015).
ROS measurement. An online particle-bound ROS instrument (OPROSI; University of Basel) was installed on line D with
an 10-fold ejector diluter (Palas) to trace the oxidative potential
as described previously by Wragg et al. (2016). The occurrence
of ROS is based on H2 O2 measurements.
Offline aerosol measurements. In parallel to the online chemical and physical characterization, PM2:5 particles were sampled
on prebaked (500°C) quartz ﬁber (QF) ﬁlters (Pall Corporation;
Tissuquartz) for oﬄine chemical characterization. Filters with a
total sampling volume of 600 L were collected either at a
10-L=min ﬂow rate (60 min collection time) or at a 5-L=min ﬂow
rate (120 min collection time), respectively.
Particulate carbon and chemical SOA composition. EC and
organic carbon (OC) were determined from the QF ﬁlters using a
thermal-optical carbon analyzer (Desert Research Institute model
2001A; Atmoslytic Inc.) following the IMPROVE_A protocol
(Chow et al. 2007). The chemical SOA composition was investigated with two complementary MS techniques from particles collected on ﬁlters as described above: Direct inlet probe–highresolution time-of-ﬂight mass spectrometer (DIP-HRTOFMS;
Pegasus GC-HRT 4D; LECO) (Käfer et al. 2019) and comprehensive two-dimensional gas chromatography (GC × GC)–TOFMS;
Pegasus BT 4D GC × GC; LECO) with thermal desorption (TD).
For DIP-HRTOFMS, round ﬁlter punches with a diameter of 2 mm
were analyzed by TD in the ion source (40 C −2=s −400 C) in four
replicates. Raw spectra were blank corrected, summed over the
whole run, and found ions were assigned to elemental formulas limited to 1–50 carbon, 0–102 hydrogen, and 0–5 oxygen atoms within
a relative mass error window of 5 ppm. Last, ions with odd nominal
mass, which represent fragments from the electron ionization, were
removed from the data set to focus on molecular ions. The
TD-GC × GC-TOFMS was operated with an OPTIC-4 GC inlet system (GL Sciences), with helium (Helium 5.0; Linde AG) as the carrier gas and a GC column set consisting of an SGE BPX5
capillary column [5% phenyl polysilphenylene–siloxane, 60 m,
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0:25 mm internal diameter (i.d.), 0:25 lm ﬁlm thickness (df); SGE]
in the ﬁrst dimension (1D) and an SGE BPX50 capillary column
[50% phenyl polysilphenylene–siloxane, 1:5 m, 0:1 mm i.d.,
0:1 lm df; SGE] in the second dimension (2D). The desorbed semivolatile organic compounds (SVOCs) were cryogenically focused
via the cryogenic trapping system Cryofocus-4 (GL Sciences) at
−100 C using liquid nitrogen. The temperature for TD in the
OPTIC-4 inlet system was gradually ramped at 2°C/s from 40°C to
300°C to gently introduce aerosol particle constituents onto the GC
column with reduced thermal fragmentation. The inlet purge time
was 100 s at a column ﬂow of 1 mL=min and a split ﬂow of
100 mL=min. The desorption ﬂow rate was 2:6 mL=min in spitless
mode. After TD, the column ﬂow was adjusted to 1 mL=min, and
the split ﬂow to 100 mL=min, for the remainder of the measurement. After 10 min of holding the initial temperature of 40°C in the
primary oven, it was ramped at 2 C=min from 40°C to 250°C, after
which a gradient of 5 C=min was applied to 330°C and held for 10
min. The secondary oven was oﬀset by +20  C from the primary
oven, and the modulator temperature was oﬀset by 15°C to the
secondary oven temperature. The modulation period was 5 s,
with a hot pulse time of 1.5 s. The MS transfer line temperature
was set to 300°C. Mass acquisition was done from 20 to 700 Da at
100 spectra=s. The electron energy was 70 eV, and the ion source
temperature was 250°C. Data acquisition and processing was carried out using the ChromaTOF software (version 5.5; LECO).
Postprocessing was done with a minimum peak signal-to-noise
value (S/N) of 1,000, which resulted in a total peak number of
397 and 798 peaks for SOANAP -SP and SOAbPIN -SP, respectively.
Transmission electron microscopy (TEM) images. Were
taken for selected experiments by guiding a small volume
(100 mL=min) of the aerosol ﬂow for 2–10 min through a carbon
sampling grid (400 mesh copper; Agar Scientiﬁc). Sampled grids
were stored at room temperature (RT) at low humidity in a desiccator prior to analysis using a TEM (JEM-2100F; JEOL Ltd) at
200 kV.

ALI Exposure Systems and Cell Culture
ALI exposure. Two custom-made automated exposure systems
(Vitrocell Systems) were used to expose cells at ALI at diﬀerent
dilutions of the aerosols [undiluted (1:1), 1:3, 1:10, and 1:30].
The tested aerosol was guided through a size-selective impactor
that excluded particles with size fractions >PM10 , before entering
the inlet of the ALI exposure system and the main reactor. The
ALI exposure systems were operated with diﬀerent settings compared with previous publications (Mülhopt et al. 2016; Oeder
et al. 2015). The total aerosol ﬂow (inlet) was reduced to
5 L=min owing to the limited aerosol ﬂow through the PAM reactor. The cabinet was heated to a temperature of 39.4°C to
reduce water condensation in the tubes. Both systems comprised
three Vitrocell 6/6 CF Stainless modules, thus enabling the exposure of six inserts of a 6-well format per module. Every position
in the module was supplied with separate air ﬂow over a trumpet
taken from the main reactor. Exposure to the tested aerosol was
conducted in 12 positions per ALI exposure system, in which the
aerosol was passed over the cells growing on Transwell inserts
and deposition was controlled only by diﬀusion. A simpliﬁed
scheme of the setup is shown in Figure 1. In addition to the aerosol exposures, each system had a separate clean air (CA; puriﬁed
compressed laboratory air) exposure sector serving as controls
(6 positions per ALI exposure system). Incubator control cell cultures were important to assess the impact of the ALI exposure
system itself on the cultured cells. The temperature of each module containing the cells was continuously measured and controlled via external water baths, and although the cabinet was
heated to 39.4°C, the modules themselves had to be cooled down
Environmental Health Perspectives

to 37°C for optimal cell culture environment. Humidiﬁed aerosol
and CA (85% RH) were operated with a 100-mL=min ﬂow rate
over every position in the ALI exposure system, as described by
Mülhopt et al. (2016). Every evening the ALI exposure systems
were dried using ﬁltered ambient air, and the tubing to and from
the modules was also dried by starting a ﬁltered ambient air exposure ( ∼ 30% RH) with an increased ﬂow rate of 200 mL=min for
20 min. Between diﬀerent aerosol exposures, the reactors were
taken apart and cleaned with 70% ethanol. The impactors were
cleaned once a week, as well as before changing the aerosol.
Estimation of the particle deposition in ALI. The deposited
PM mass per area was calculated using the following equation.

 g × Q × N × t × qp × Vp
,
Deposited mass per area ng=cm2 =
A
where g is the deposition eﬃciency; Q is the aerosol ﬂow; N is
the particle number concentration (particle count per volume); t
is the duration of the exposure; qp is the particle density; Vp is
the particle volume, assuming spherical particles; and A is the
area of the deposition plate. The size-dependent deposition eﬃciency of particles (g) in the ALI exposure system is calculated
using the theory described by Lucci et al. (2018). In the model,
the deposition of particles is generally controlled by sizedependent diﬀusion and sedimentation mechanisms. Large particles deposit by sedimentation, whereas small particles deposit
by diﬀusion. The particle deposition eﬃciency is controlled by
various parameters (e.g., particle size and density, aerosol ﬂow,
temperature, pressure, and geometry of the system). In the present study, the size-dependent particle number concentration was
used, which was measured by the SMPS at line D. The mean
eﬀective density of each aerosol type was calculated by forcing
the mass concentration measured by SMPS to be equal to the
mass concentration measured by a TEOM. Particle density inﬂuences the calculations in two ways: ﬁrst, determining the deposition eﬃciency, and second, and more importantly, by converting
the deposited number of particles to deposited mass. Aerosol
ﬂow and temperature were 100 mL=min and 37°C, respectively.
Cell lines and ALI exposure. A549 human alveolar epithelial
cells (ATCC; CCL-185) and EA.hy926 hybrid human endothelial
cells (kindly provided by Dr. S. Moertl, HelmholtzZentrum)
were routinely cultured in high-glucose Gibco Dulbecco’s
Modiﬁed Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12)
(ThermoFisher Scientiﬁc; 31331-028) supplemented with 5%
(vol/vol) fetal bovine serum (FBS) (ThermoFisher Scientiﬁc;
10500-064), and 100 U=mL penicillin and 100 lg=mL streptomycin (P/S; Sigma-Aldrich; P4333) in a humidiﬁed incubator at
37°C and 5% carbon dioxide (CO2 ). For the mono- and coculture
exposure experiments, A549 cells were seeded on the same day
on transferrable 24-mm Transwell inserts with a polyester membrane (0:4lm pore-size; type #3450; Corning) 96 h before the
exposure experiments at a density of 1:8 × 105 cells=mL per insert
(3:8 × 104 cells=cm2 growth area) with 1:5 mL of cell culture medium provided at the basal compartment of the Transwell. Fortyeight hours after the initial cell seeding, the culture medium on
the apical side for both cell models was removed to generate
ALI conditions, and fresh cell culture medium was added in the
basal compartment. Twenty-four hours later, the inserts for the
coculture were inverted; 1 × 105 EA.hy926 cells per insert
(0:21 × 104 cells=cm2 growth area) were seeded in 750 lL of medium; and after 1 h, the insert was turned back and fresh medium
was added to the basolateral compartment of the Transwell. For
the monoculture, the medium was renewed to ensure equal treatment of both cell culture models. On Day 5, the day of the exposure experiments, inserts with mono- and cocultures were placed
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in the exposure modules of the ALI exposure system (Vitrocell
Automated Exposure Station Standard Version) with 1:8 mL
serum-free DMEM/F12 medium supplemented with 1% P/S and
15 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
(HEPES) buﬀer solution (ThermoFisher Scientiﬁc; 15630-056) at
the basolateral compartment. Cells were then exposed for 4 h to the
conditioned (85% RH, 37°C) and diﬀerently diluted aerosols [undiluted (1:1), 1:3, 1:10, and 1:30]. All experiments were performed in
at least three independent exposures. After the exposure, the eﬀects
of the aerosols on the cells were examined with several assays, and
the exposure medium was collected on ice for direct analyses or frozen at −80 C for later analyses.

Immunofluorescence
To check for a conﬂuent cell monolayer, the membranes were cut
out from the Transwell inserts on the day of the exposure and were
washed twice in phosphate-buﬀered saline (PBS), ﬁxed with 4%
formaldehyde (Paraformaldehyde; Carl Roth; 4980.1) for 12 min,
and washed three times in 0.1% bovine serum albumin (BSA)
(Sigma-Aldrich; A8412) in PBS, before staining with Phalloidine
A488 (1:100; Sigma-Aldrich; 49409) and 4 0 ,6-diamidino-2phenylindole (DAPI) (1:1,000; Sigma-Aldrich; D9542) in 1%
BSA and 0.1% Triton-X in PBS for 1 h at RT. Membranes were
washed three times in PBS, once in double-distilled water, and embedded in ﬂuorescence mounting medium (Glycergel; DAKO;
Agilent; C056330-2). Slides were observed on a Lionheart FX
Automated Microscope and pictures captured for illustration.
Cell viability assay and live cell microscopy. To determine
cell viability, immediately after the exposure, A549 inserts were
transferred to a 6-well plate, washed once with PBS before adding 1 mL prewarmed fresh exposure medium (serum-free
DMEM=F12+1% P/S and 15 mM HEPES) with 10% PrestoBlue
HS Cell Viability Reagent (ThermoFisher Scientiﬁc; A13262) to
the apical and basolateral compartments. After an incubation of
45 min at 37°C in the incubator, aliquots of the basal and apical
medium were pipetted into a 96-well plate, and the quantiﬁcation
of metabolically active cells was performed by measuring the ﬂuorescence at 570 nm with a spectrophotometer (MULTISKAN
SKY Microplate Spectrophotometer; ThermoFisher Scientiﬁc).
The results are presented as percentage cell viability compared
with incubator control from at least four independent exposures
and one technical replicate, respectively. After the PrestoBlue
assay, inserts were washed twice with PBS before 600 lL of
staining solution [Hoechst; 33342; 5 lg=mL (Sigma-Aldrich;
B2261) and propidium iodide (PI), 25 lg=mL (Sigma-Aldrich;
P41770) in serum-free cell culture medium (DMEM=F12+1 %
P/S] was added for 45 min at 37°C. This was followed by two
further PBS washing steps, the addition of prewarmed PBS below
and above the insert, and the capturing of the image with a live
cell microscope (Lionheart FX automated microscope) at 37°C.
Cell membrane damage assay. For assessing aerosol-induced
membrane integrity as a measure of cytotoxicity, the release of lactate dehydrogenase (LDH) was immediately determined from the
medium that had been directly collected after exposures by the
Cytotoxicity Detection KitPlus (L-LDH; Roche; 11644793001) in a
96-well plate. Cell culture medium was used as the blank. The kit
was used according to the manufacturer’s recommendation
with the addition of a LDH standard curve ranging from
4 to 250 mU=mL (L-LDH; Roche; 10127230001). After 10 min,
the quantiﬁcation of LDH release was performed by measuring the
absorbance at 493 nm with a spectrophotometer (MULTISCAN
SKY Microplate Spectrophotometer). The results are shown as LDH
concentration in microunits per milliliter calculated with the help of
standard curves from at least four independent exposures and, in
each case, four (monoculture) or two (coculture) technical replicates.
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Oxidative stress analysis. Malondialdehyde (MDA), an indicator of cellular oxidative stress, was measured from the frozen
collected sample media using the liquid chromatographic (LC)
MS/MS method (API 4000 Triple Quadrupole system, AB Sciex
in positive MRM mode), as previously described by Wu et al.
(2017b). Shortly afterward, frozen samples were thawed and
20 lL of cell culture medium was mixed with 25 lL of 100 ng=mL
d2 -MDA and 500 lL of 0:5 mM 2,4-dinitrophenylhydrazine
(DNPH; Sigma-Aldrich; D199303) in 1% formic acid solution.
Derivatization was conducted at 37°C under 300 rpm for 70 min in
a Thermomixer C (Eppendorf) before 700 lL of n-hexane (highperformance LC-grade; VWR) was added, shaken, and centrifuged
at 9,390 × g for 5 min Heraeus Biofuge Pico Centrifuge (Thermo
Scientiﬁc). The n-hexane supernatant was collected, and the
extraction procedure was repeated once. Following this, the collected n-hexane supernatant was combined and dried by nitrogen
in a Vapotherm Basis Mobil I (Barkey) at RT. The dried residue
was redissolved in 50 lL of methanol:0.1% formic acid (80:20,
vol/vol). After the liquid–liquid extraction, the MDA adduct was
analyzed by LC-MS/MS (capillary voltage 4.5 kV, source temperature 350°C, column compartment set at 20°C) in multiple reaction, and the isocratic separation was conducted with a constant
ﬂow of 200 lL=min of mobile phase. Each sample was injected
twice with 10 lL injection volume for each measurement. A standard calibration curve with standard concentrations of MDA ranging from 0.5 to 20 ng=mL was set up for quantiﬁcation. Data are
presented as MDA in nanograms per milliliter from at least three
independent exposures with one technical replicate.
Comet assay. Immediately after the exposure, inserts were
washed twice with PBS and cells were harvested with 0.5%
Trypsin-ethylenediaaminetetraacetic acid (EDTA) (Sigma-Aldrich;
T4174) for 3 min (for A549 cells) or 6 min (for EA.hy926 cells).
Trypsin-EDTA was inhibited with FBS, and the cell types were collected separately. The cells were centrifuged at 0:2 × g and 4°C and
then resuspended in 1 mL of cold PBS. Cells were counted with
Trypan Blue in an automated cell counter (Luna-II; Logos
Biosystems; BioCat). The alkaline version of the comet assay was
performed according to the mini-gel comet assay method previously
described (Di Bucchianico et al. 2017) to detect DNA single- and
double-strand breaks, as well as alkaline labile sites. Cells exposed
to 30 lM hydrogen peroxide for 5 min on ice were used as positive
controls. On each slide, eight mini-gels were prepared, including
untreated controls, exposed cells, and positive controls for both
A549 and EA.hy926 cells. At least three independent slides per condition were prepared, and 100 nucleoids per mini-gel were scored
using CometScore (version 2.0; TriTek Corp.) on 1:10.000-dilution
SYBR Green (ThermoFisher Scientiﬁc; S7563) stained slides. A
Lionheart FX automated microscope was used to take 20 × magniﬁcation micrographs of the stained slides. Data are shown as percentage DNA breaks (% DNA in tail) from at least three independent
exposures with two technical replicates.
IL-8 measurement. Aliquots of the collected and −80 C-stored
exposure media were thawed and analyzed in a 96-well plate, using
the enzyme-based immunosorbent assay (ELISA; R&D Systems;
DY208) for the pro-inﬂammatory cytokine IL-8, according to
manufacturer’s instruction. In brief, a 96-well plate was coated with
100 lL of diluted human IL-8 capture antibody overnight at RT. On
the next day, the plate was washed three times with wash buﬀer
[0.05% Tween 20 (Santa Cruz; 9005-64-5) in PBS, pH 7.2–7.4],
blocked with 300 lL block buﬀer (1% BSA, pH 7.2–7.4) for 1 h, after which the washing step was repeated. Thawed samples of the
A549 monoculture were diluted 1:2 and samples of the
coculture 1:3 in reagent diluent (0.1% BSA and 0.05% Tween
20 dissolved in PBS) and IL-8 standards were prepared
(31–2,000 pg=mL). One hundred microliters of either the samples
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or the standards were added to the plate for 2 h at RT. After washing
three times with wash buﬀer, the plate was incubated with 100 lL
of detection antibody for 2 h at RT. The washing step was repeated,
and 100 lL of streptavidin–horseradish peroxidase was added to
each well for 20 min. After another washing step, 100 lL of
3,3 0 ,5,5 0 -tetramethylbenzidine (TMB; Cell Signaling Technologies;
7004P6) was used as an substrate and incubated for 20 min before
50 lL of stop solution (sulfuric acid) was added, and the ﬂuorescence was measured at 450 and 540 nm in a microplate reader
(Varioskan Lux multimode microplate reader). Results are presented as IL-8 in picograms per milliliter from at least four independent exposures with one technical replicate.

Angiogenic score from at least three independent experiments
and two technical replicates.
Statistical methods. Each experiment was performed at least in
triplicate. The results of three or more independent experiments
were expressed as the mean ± standard error of the mean ðSEMÞ.
Diﬀerences between the groups were analyzed using one-way
analysis of variance (ANOVA) with the Welch-Satterthwaite
approximation for unequal variances (Welch 1947). Multiple comparisons using the Bonferroni correction to control the inﬂation of
type I errors were conducted for all ANOVA results with a
p < 0:05 as post hoc analysis for sample comparison. All data were
analyzed with R environment (RStudioTeam 2019, http://www.
rstudio.com/). Graphs were illustrated using GraphPad Prism for
Windows (version 9.0.0; GraphPad Software).

Angiogenesis Assay
EA.hy926 cells were seeded at a density of 100,000 cells per well
(2:6 × 104 cells=cm2 growth area) in a 12-well plate. After 24 h,
the attached cells were treated with a 1:1 mixture of fresh medium
and conditioned medium (CM) for 24 h. The CM represents the exposure medium that was collected and stored at −80 C after the 4-h
exposure to the diﬀerent undiluted aerosols. After 24 h, the cells
were trypsinized and seeded in fresh cell culture medium at 2 × 104
cells per well (6:2 × 104 cells=cm2 growth area) in a 96-well plate
precoated with a growth factor-reduced BME Matrigel (Cultrex in
vitro angiogenesis assay; R&D Systems; 3470-096-K). Tube formation was captured 24 h after seeding (10 × objective; Lionheart FX
Automated Microscope; BioTek). The angiogenic potential, which
indicates the capacity of a compound to increase or decrease the formation of capillary-like structures, was calculated with the formula
established by Aranda and Owen (2009).

Results
Characterization of the SOA Components of the Two
Aerosol Types
All online instruments conﬁrmed stable and reproducible aerosol
feeds and aging conditions over the entire exposure period of 4 h
(Figure S1A–E). Moreover, BC and OC concentrations were similar for both precursors. In addition, strong similarities between
both precursors were observed for averages of geometric mean of
particle size, equivalent photochemical ages, and OC fractions.
An overview of the SOA concentrations and properties, as well
as of the bare SPs, is compiled in Table 1. TEM micrographs of
both SOAs revealed similar particle shapes of soot agglomerates
coated with organic material, whereas pure SPs seemed to retain
their more fractal structures (Figure S2). The particle number of
SOANAP -SP was slightly higher compared with SOAbPIN -SP
(Table 1), and spontaneous nucleation of SOANAP -SP, forming particles with a mobility diameter of <50 nm, occurred to a minor extent
(Figure S1F). Consequently, the estimation of the particle mass deposition suggested a 1.5-fold higher deposition of SOANAP -SP
(28 ng=cm2 ) compared with SOAbPIN -SP (17 ng=cm2 ).
To explore how SOAbPIN -SP is chemically distinct from
SOANAP -SP, we performed untargeted GC × GC-TOFMS analysis
for the SVOCs. The chemical composition of the two generated
SOAs diﬀered widely in individual molecular composition, compound classes, and oxidation state (Figure 2A–F). In GC × GC
with a nonpolar column in the ﬁrst and a polar column in the second

Angiogenic score =


ðNo: of sprouting cellsÞ × 1 + ðNo: of connected cellsÞ × 2 + ðNo: of polygonsÞ × 3
Total number of cells
+ ð0, 1 or 2Þ

The addition of 0, 1, or 2 to the total value depended on the presence of a complex mesh. No complex mesh is represented by the
addition of 0 points; for the existence of luminal structures consisting of two to three cell layers, an addition of 1 point is necessary; and for luminal structures of greater than three cell layers,
an additional value of 2 is added. Results are presented as

Table 1. Physical and chemical properties of unaged pure soot particles (SP, CAST soot; 1 mg=m3 ) or atmospheric photooxidation (aging) by OH radicals in a
potential aerosol mass (PAM) reactor of SP (CAST soot; 1 mg=m3 ) together with either naphthalene (4 mg=m3 ) or b-pinene (4 mg=m3 ), forming SOANAP -SP
and SOAbPIN -SP, respectively.
SOANAP -SP

SP
Categories
BC (mg=m3 )
BrC content (%)
Days atmospheric OH age [d (n)]a
Particle number concentration (n=cm3 )
Particle geometric mean diameter (nm)
Total EC (mg=m3 )
Total OC (mg=m3 )
OC1 (mg=m3 )
OC2 (mg=m3 )
OC3 (mg=m3 )
OC4 (mg=m3 )
Deposition (ng=cm2 )
H2 O2 -equivalent (lmol=m3 )
O/C (ratio)

SOAbPIN -SP

Instrument

Mean ± SD

n

Mean ± SD

n

Mean ± SD

n

Aethalometer
Aethalometer
PTR-MS
CPC
SMPS
Carbon analyzer
Carbon analyzer
Carbon analyzer
Carbon analyzer
Carbon analyzer
Carbon analyzer
Calculation
OPROSI
AMS

1:3 ± 0:1
12 ± 1
0
1:3 × 106 ± 0:3 × 106
117 ± 1
0:7 ± 0:1
0:3 ± 0:2
0:01 ± 0:01
0:03 ± 0:02
0:2 ± 0:3
0:06 ± 0:08
9±1
0:02 ± 0:05
—

7
7
7
7
7
5
5
5
5
5
5
5
3
0

1:5 ± 0:1
32 ± 1
2:9 ± 0:4
1:4 × 106 ± 0:2 × 106
114 ± 1
1:0 ± 0:2
1:1 ± 0:2
0:2 ± 0:05
0:3 ± 0:05
0:5 ± 0:1
0:1 ± 0:05
28 ± 2
14:1 ± 0:9
0:77 ± 0:06

10
10
10
10
10
10
10
10
10
10
10
10
2
10

1:4 ± 0:1
22 ± 1
2:8 ± 0:2
0:9 × 106 ± 0:2 × 106
117 ± 1
0:7 ± 0:1
1:0 ± 0:2
0:1 ± 0:03
0:3 ± 0:05
0:5 ± 0:1
0:1 ± 0:04
17 ± 2
3:6 ± 0:5
0:61 ± 0:02

11
11
11
11
11
11
11
11
11
11
11
11
3
11

Note: Results are presented as mean ± SD. This reflects the reproducibility of n indicated independent experiments. —, no data available; AMS, high-resolution time-of-flight aerosol
mass spectrometer; BC, black carbon; BrC, brown carbon; CPC, condensation particle counter; EC, elemental carbon; H2 O2 , hydrogen peroxide; OC, organic carbon; OH, hydroxy;
PTR-MS, quadrupole proton–transfer reaction mass spectrometer; OPROSI, online particle-bound reactive oxygen species instrument; SD, standard deviation; SMPS, scanning mobility particle sizer.
a
Assuming an average ambient hydroxyl radical concentration of 106 molecules=m3 .
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Figure 2. Chemical characterization of SOANAP -SP and SOAbPIN -SP. (A,B) GC × GC-TOFMS bubble plots for SOANAP -SP (A) and SOAbPIN -SP (B) at atmospheric OH age  3 d. Bubble sizes correspond to their respective peak areas. (C,D) Assignment of representative peaks from GC × GC-TOFMS for
SOANAP -SP (C) and for SOAbPIN -SP (D) to their molecular formulas via comparison with NIST mass spectral library and retention indices (excluding peaks
with inconclusive MS spectra). (E,F) Areas of the 100 peaks with the highest signal intensities from GC × GC-TOFMS classiﬁed by compound classes and
functional groups for SOANAP -SP (E) and for SOAbPIN -SP (F). The classiﬁed 100 compounds account for 77.4% and 60.4% of the total abundance for
SOANAP -SP and SOAbPIN -SP, respectively. Corresponding numerical data for (A–D) are shown in Tables S1 and S2 and for (E,F) in Tables S3 and S4. Note:
GC × GC-TOFMS, comprehensive two-dimensional gas chromatography–time-of-ﬂight mass spectrometer; MS, mass spectrometer; NIST, National Institute of
Standards and Technology; OH, hydroxyl; SOANAP -SP=SOAbPIN -SP, soot particles (SP, CAST soot; 1 mg=m3 ) together with either naphthalene (4 mg=m3 ) or
b-pinene (4 mg=m3 ) photochemically aged with OH radicals in a potential aerosol mass reactor.

retention dimension, compounds were ﬁrst separated according
to their vapor pressures, corresponding to the respective carbon
number and boiling point on the x-axis, and by polarity on the yaxis (Figure 2A,B). The compounds were classiﬁed into both ringopening and -retaining aromatics, as well as cyclic and noncyclic
Environmental Health Perspectives

compounds, based on their appearance in the 2D chromatogram
and mass spectrometric signature (Figure S3). SOANAP -SP was
clearly dominated by aromatic structures. Aromatic compounds,
retaining the naphthalene carbon backbone of two six-rings, eluted
slightly faster in the second dimension compared with the ring-
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opening aromatic compounds and, therefore, were located below the
ring-opening aromatics in the 2D chromatogram. For SOAbPIN -SP,
the region between 3,000 and 5,000 s revealed peaks of highest abundance, corresponding to a boiling point range of ∼ 170 C to 290°C
for linear alkanes with a molecular weight of ∼ 140–230 Da and carbon numbers between C10 and C16 . For SOANAP -SP, the region with
peaks of highest abundance was between 3,700 and 6,000 s, corresponding to a boiling point range of ∼ 220 C to 330°C for linear
alkanes with a molecular weight of ∼ 170–270 Da and carbon numbers between C12 and C19 .
In all aging experiments, we detected more individual compounds for SOAbPIN -SP than for SOANAP -SP within the assessable boiling point range. At a minimum peak S/N of 1,000 the
total peak number for SOANAP -SP and SOAbPIN -SP was 397 and
798 peaks, respectively. The top 100 peaks with the highest peak
intensities presented in Figure 2A,B,E,F contributed to 77.4%
and 60.4% of the total peak intensity for SOANAP -SP and
SOAbPIN -SP, respectively (Figure S4, Tables S1 and S2).
Furthermore, SOANAP -SP consisted of fewer, but more abundant,
compounds in signal intensity (Figure S4A). Despite performing
an elaborated cleaning procedure, carryover eﬀects between
experiments could not be fully avoided. However, Figure S4
illustrates that the carryover was limited when considering the
chemical proﬁles and abundances, showing that the investigated
two SOA types resulted in entirely diﬀerent chemical species
with respect to the detected molecular structures. For
SOAbPIN -SP, these compounds were mostly comprised of oxygenated cyclic and acyclic compounds (Figure 2D,F), whereas in
SOANAP -SP, we mostly found aromatic structures (Figure 2C,E).

DIP-HR-TOFMS measurements were performed for the analysis
of higher oxidized compounds, exceeding the application range
of GC × GC-TOFMS. Complex patterns of nonaromatic
(H=C > 1) oxidized fragments (O=C > 0) with up to four oxygen
atoms were recognized, although oligomers could not be unambiguously identiﬁed (Figure 3E,F). The DIP-HR-TOFMS measurements showed a lower H/C-ratio for SOANAP -SP, pointing
again to its more aromatic structure compared with SOAbPIN -SP.
The resulting O/C values from the AMS measurements indicated
a slightly higher photochemical oxidation of SOANAP -SP compared with SOAbPIN -SP (Figure 3B,D). In addition, SOAbPIN -SP
appeared well within the triangular space spanned by the relative
fractions of m/z 43 vs. m/z 44 (Figure S5).

Cytotoxic Effects after Exposure to Soot Aerosol Coated with
SOAs
For our study we established two diﬀerent cell culture models, one
using an alveolar epithelial lung (A549) cell line as an ALI monoculture model and another using an A549/human endothelial (EA.
hy926) cell line ALI coculture model (Figure 4A, graphical illustration). Immunoﬂuorescence staining conﬁrmed a conﬂuent single
cell layer in both cell culture models shortly before the aerosol exposure (Figure 4A, right panel). To explore how SOAbPIN -SP and
SOANAP -SP aﬀect the cell culture models, we ﬁrst performed a
resazurin-based viability test on the A549 monoculture. Exposure to
the undiluted pure SPs did not signiﬁcantly decrease cell viability
(Table S6). In addition, SOAbPIN -SP did not signiﬁcantly aﬀect cell
viability in all tested dilutions (p > 0:05) and exhibited slightly

Figure 3. Oxidation state of SOANAP -SP and SOAbPIN -SP. (A,C) Occurrence of reactive oxygen species (ROS) in SOANAP -SP (A) and SOAbPIN -SP (C) by measuring H2 O2 with an online particle-bound ROS instrument (OPROSI) in micromoles per meter cubed of n independent experiments (SOANAP -SP: n = 2,
SOAbPIN -SP: n = 3). (B,D) O/C ratios determined by AMS for SOANAP -SP (B) and SOAbPIN -SP (D) of n independent experiments (SOANAP -SP: n = 10,
SOAbPIN -SP: n = 11). (A–D) The upper and lower hinges of the box plots represent the ﬁrst and third quartiles (the 25th and 75th percentiles) of the distribution. The
midline in the box is the median and the whiskers extend from the highest, respectively lowest, value that is within 1:5 × IQR of the hinge, where IQR is the distance
between the ﬁrst and third quartile. (E,F) Van-Krevelen Plots for DIP-HRTOFMS measurements (average of 4 independent experiments, respectively) of
SOANAP -SP (E) and SOAbPIN -SP (F). The size of the depicted circles represents the relative abundance of ions in the mass spectrum. Other than for the AMS, the
mass fragments at m/z 43.9898 of CO+2 and m/z 27.9949 of CO+ are not considered for the DIP results. Corresponding numerical data for (A–D) are shown in Table
1, and (E,F) in Excel Tables S7 and S8. Note: AMS, high-resolution time-of-ﬂight aerosol mass spectrometer; CO2 , carbon dioxide; DIP-HRTOFMS, direct insertion probe high-resolution time-of-ﬂight mass spectrometer; IQR, interquartile range; OH, hydroxyl;SOANAP -SP=SOAbPIN -SP, soot particles (SP, CAST soot;
1 mg=m3 ) together with either naphthalene (4 mg=m3 ) or b-pinene (4 mg=m3 ) photochemically aged with OH radicals in a potential aerosol mass reactor.
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Figure 4. Cell viability and LDH release after 4-h exposure to SOANAP -SP and SOAbPIN -SP. (A) Schematic overview of the cell seeding procedure of mono- and coculture, as well as representative immunoﬂuorescences images of mono- (A549; upper image) and coculture (A549/EA.hy926; lower image) on the day of aerosol exposure, stained for actin ﬁlaments (phalloidin, green) and nuclear stain (DAPI, blue). Scale bar: 200 lm. (B) Cell viability of A549 monoculture after the exposure to
SOAbPIN -SP and SOANAP -SP measured by resazurin-based assay. Results are presented as the mean cell viability compared with the incubator ctrl ± SEM of n independent experiments (SOAbPIN -SP: n = 4, SOANAP -SP: n = 5 for all dilutions and CA ctrl: n = 8) and dotted lines denote the regression line for the respective SOA
forced through the CA ctrl. (C) Propidium iodide staining (PI, red) of A549 monoculture after 4 h exposure with SOAbPIN -SP and SOANAP -SP for all dilutions, as well
as a CA ctrl. Hoechst nuclear stain (blue). Scale bar: 1,000 lm. Shown are representative images of at least three independent experiments. (D) LDH release (mU=mL)
of A549 monoculture after the exposure to SOAbPIN -SP and SOANAP -SP. (E) Comparison of LDH release (mU=mL) of the mono- and coculture after the exposure to
SOAbPIN -SP (left panel) and SOANAP -SP (right panel). (D,E) Results are presented as absolute values ± SEM of n independent experiments (SOAbPIN -SP: n = 4,
SOANAP -SP: n = 5 for all dilutions, and CA ctrl: n = 9) and dotted lines denote the regression line for the respective cell culture models and SOA forced through the CA
ctrl. (B,D,E) Aerosol exposure groups were compared by performing a one-way ANOVA and statistical signiﬁcance was calculated with multiple comparisons for the
dilutions within one aerosol exposure group using the Bonferroni correction. p-Values are presented in the graph and in the tables below the graphs. Corresponding numerical data for (B,D,E) are shown in Tables S6 and S7. Note: ANOVA, analysis of variance; CA, clean air; ctrl, control; DAPI, 4 0 ,6-diamidino-2-phenylindole; inc, incubator; LDH, lactate dehydrogenase; OH, hydroxyl; SEM, standard error of the mean; SOA, secondary organic aerosol; SOANAP -SP=SOAbPIN -SP, soot particles (SP,
CAST soot; 1 mg=m3 ) together with either naphthalene (4 mg=m3 ) or b-pinene (4 mg=m3 ) photochemically aged with OH radicals in a potential aerosol mass reactor.
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lower viability (78%) following undiluted aerosol exposures [halfmaximal inhibitory concentration ðIC50 Þ > 1:1 dilution; Figure 4B].
In contrast, cells exposed to SOANAP -SP had lower cell viability in
the range from 70% cell viability for the 1:30 diluted aerosol to the
signiﬁcant (p < 0:0001) 40% for the undiluted aerosol (IC50 = 1:1:5;
Figure 4B) compared with control cells. The undiluted SOANAP -SP
aerosol cell exposures showed signiﬁcantly lower viability than
undiluted SOAbPIN -SP treatments (p = 0:0008). This signiﬁcant difference was also conﬁrmed by normalizing to the deposition that is
needed to achieve the respective IC50 values of SOAbPIN -SP and
SOANAP -SP. By liner regression analysis, the normalized mass deposition for SOANAP -SP (R2 = 0:6, p = 0:0005) resulted in an IC50
value of 18 ng=cm2 , whereas the IC50 value for SOAbPIN -SP
(SOAbPIN -SP: R2 = 0:7, p = 0:001) did not even reach its highest
concentration. No linear regression could be calculated for the exposure with SP (R2 = 0:01) because of the similar results in all dilutions. No signiﬁcant diﬀerence in cell viability was observed for the
CA controls compared with the incubator controls (100% cell viability). The resazurin-based assay was not conducted with the coculture model owing to space limitations in the ALI exposure system.
The results from the cell viability assay of the monoculture were
also corroborated by live cell microscopy, where we saw a higher
number of dead cells after the exposure to SOANAP -SP than to
SOAbPIN -SP and only a slightly higher number of dead cells in the
CA control compared with the incubator controls (Figure 4C).
The diﬀerence in cell viability prompted a further elucidation
of how the tested biogenic and combustion-derived SOAs aﬀected
the used cell cultures. In the monoculture, a concentrationdependent (R2 = 0:5, p = 0:03) diﬀerence in LDH level (higher in
exposed cells vs. control) was detected following exposure with
SOAbPIN -SP, with the highest eﬀect at dilution 1:1 (undiluted).
Compared with SOAbPIN -SP, the exposure to SOANAP -SP in the
monoculture led to the release of higher LDH concentrations in all
dilutions with ∼ 200 mU=mL in dilutions 1:30, 1:10, and 1:3
and 330 mU=mL in dilution 1:1 (undiluted) (Figure 4D). These
aerosol-speciﬁc eﬀects on LDH release in the monoculture were
conﬁrmed by the results observed with the coculture system, in
which we monitored the same trends with a lower magnitude, but
with no statistically signiﬁcant eﬀect compared with the monoculture (Figure 4E). Model systems exposed to CA were not signiﬁcantly diﬀerent from each other in LDH release (33 mU=mL for
monoculture; 38 mU=mL for coculture).

Effects on Oxidative Stress and Genotoxicity by Soot Aerosol
Coated with SOAs
Next, we investigated why SOANAP -SP induced a higher cytotoxic
eﬀect compared with SOAbPIN -SP. No organic or inorganic peroxides were present in the undiluted pure soot aerosol (Table 1),
3:6 lmol=m3 hydrogen peroxide ðH2 O2 Þ-equivalent in the undiluted SOAbPIN -SP and 14:1 lmol=m3 H2 O2 -equivalent in the
undiluted SOANAP -SP, indicating a higher oxidative potential of
SOANAP -SP with respect to SOAbPIN -SP (Figure 3A,C). These
results were corroborated through analysis of MDA, a marker for
cellular oxidative stress. Both in the mono- (Figure 5A) and the
coculture (Figure 5B), exposure to SOANAP -SP induced the highest release of MDA in all dilutions (concentration-dependent;
R2 = 0:98, p = 0:0002) with a peak at the undiluted (1:1) aerosol
(45 ng=mL). The exposure with SOAbPIN -SP resulted in a
concentration-dependent (R2 = 0:8, p = 0:15) higher release of
MDA, with the greatest release of 23:3 ng=mL (monoculture) and
18 ng=mL (coculture) at dilution 1:1 (undiluted) (Figure 5A,B).
Also here, the cells exposed to undiluted pure soot had only a
slightly higher release of MDA in the monoculture (12 ng=mL;
SP column in Table S6) and in the coculture (11 ng=mL; SP column in Table S7). These ﬁndings of elevated oxidative stress
Environmental Health Perspectives

markers after SOA exposure motivated the genotoxicity investigation, given that oxidative stress can cause DNA damage.
Interestingly, the exposure with SOAbPIN -SP and SOANAP -SP
resulted in a ﬂatter response compared with the MDA results for
the dilutions from 1:10 until 1:1 (undiluted) for SOAbPIN -SP
(9–11% DNA breaks) and from 1:30 until 1:1 (undiluted) for
SOANAP -SP (13–16% DNA breaks) in A549 cells in both cell culture models (Figure 5C,D). Remarkably, after the exposure to
SOANAP -SP, we detected a signiﬁcantly higher percentage of
DNA breaks in EA.hy926 cells that were not directly exposed to
the aerosols [7% DNA breaks (1:3), p = 0:02 to 1:10 dilution; 8%
DNA breaks (1:10), p = 0:03 to 1:10 dilution], suggesting possible secondary genotoxic eﬀects. Because of space limitations in
the ALI exposure system, the baseline of DNA breaks were
deﬁned from the incubator control, showing 4% of DNA breaks.
Moreover, the exposure to undiluted SP resulted in 8% DNA
breaks of A549 cells in both cell culture models and 4% for EA.
hy926 cells (SP column in Tables S6 and S7).

Impacts on Inflammatory Response and Angiogenesis by
Soot Aerosols Coated with SOAs
The exposure to SOAbPIN -SP resulted in a non–concentration-dependent response with IL-8 concentrations between 335 pg=mL and
382 pg=mL in the monoculture. SOANAP -SP, however, induced a
higher concentration-dependent (R2 = 0:92, p = 0:002) IL-8 release
with 600 pg=mL at the undiluted (1:1) aerosol (Figure 6A). The CA
control was at 341 pg=mL and the exposure to undiluted SP showed
no further diﬀerence in IL-8 release (360 pg=mL; SP column in
Table S6). Contrary to the results regarding cytotoxicity and oxidative stress, SOA exposures of the coculture resulted in a signiﬁcantly
higher IL-8 release compared with the monoculture in both aerosols
and all dilutions (Figure 6B). Exposure of the coculture to SP had no
signiﬁcant eﬀect on IL-8 release (520 pg=mL; SP column in Table
S7). Moreover, we wanted to elucidate how the greater secretion of
inﬂammatory cytokines may directly regulate the functional crosstalk between A549 and EA.hy926 endothelial cells. By treating EA.
hy926 cells with conditioned media from the A549 exposure to the
diﬀerent aerosols, we found that only media from the SOANAP -SP
exposure induced a higher angiogenic potential of EA.hy926
(Figure 6C,D). We saw the same eﬀect with the conditioned medium from the coculture exposed to SOANAP -SP, where we found a
signiﬁcant diﬀerence compared with the CA control and even
SOAbPIN -SP (Figure 6C,D). No angiogenic eﬀect of the conditioned
media collected after the exposure to SP from both cell culture models was observed (Tables S6 and S7).

Discussion
The present study provides new insights into the impact of SOA of
anthropogenic and biogenic volatile organic precursors in the presence of soot core particles in airway ALI model systems at the cellular and molecular levels. It was observed that the formation of an
SOA layer by adsorption and condensation on freshly emitted SP
could cause a substantial aggravation of toxic eﬀects, diﬀering from
combustion-only SP, which caused only slight toxic eﬀects. Thus, it
could be expected that the toxicity of primary particulate emissions
in the ambient air during a medium strong atmospheric aging (e.g.,
equivalent to a range of a few days) was enhanced. Here, SOAs
formed from a biogenic (b-pinene) or a combustion-related organic
precursor component (naphthalene) were investigated and compared. We showed that an in-depth physicochemical aerosol characterization delivered relevant information for inhalation toxicology
studies and that the diﬀerent chemical identity of tested aerosols
may explain the diﬀerent toxicological outcomes. Cells exposed to
SOANAP -SP—here as surrogate for atmospherically processed
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Figure 5. Induced oxidative stress and genotoxicity after 4-h exposure to SOANAP -SP and SOAbPIN -SP. (A) MDA release (ng=mL) of A549 monoculture after
the exposure to SOAbPIN -SP and SOANAP -SP. (B) Comparison of MDA release (ng=mL) of the mono- and coculture after the exposure to SOAbPIN -SP (left
panel) and SOANAP -SP (right panel). Results are presented as absolute values ± SEM of n independent experiments (SOAbPIN -SP: n = 3, SOANAP -SP: n = 4 for
all dilutions, and CA ctrl: n = 7) and dotted lines denote the regression line for the respective cell culture models and SOA forced through the CA ctrl (A,B).
(C) DNA breaks (in %) of A549 monoculture after the exposure to SOAbPIN -SP and SOANAP -SP. (D) Comparison of DNA breaks (in %) of the mono- and coculture (Coculture A549; Coculture EA.hy926) after the exposure to SOAbPIN -SP (left panel) and SOANAP -SP (right panel). Results are presented as absolute
values ± SEM of n independent experiments (SOAbPIN -SP: n = 4, SOANAP -SP: n = 5 for all dilutions and inc ctrl: n = 3) and dotted lines denote the regression
line for the respective cell culture models and SOA forced through the CA ctrl (C and D). (A–D) Aerosol exposure groups were compared by performing a
one-way ANOVA and statistical signiﬁcance was calculated with multiple comparisons for the dilutions within one aerosol exposure group using the
Bonferroni correction. p-Values are presented in the graph and in the tables below the graphs. Corresponding numerical data for (A–D) are shown in Tables S6
and S7. Note: ANOVA, analysis of variance; CA, clean air; ctrl, control; inc, incubator; MDA, malondialdehyde; SEM, standard error of the mean; SOA, secondary organic aerosol; SOANAP -SP=SOAbPIN -SP, soot particles (SP, CAST soot; 1 mg=m3 ) together with either naphthalene (4 mg=m3 ) or b-pinene (4 mg=m3 )
photochemically aged with OH radicals in a potential aerosol mass reactor.

combustion emissions—exhibited lower cell viability, higher oxidative stress, and genotoxicity and induced inﬂammatory and angiogenic responses compared with those exposed to SOAbPIN -SP. In
addition, concentration-dependent biological eﬀects were observed
following exposures to SOAbPIN -SP and SOANAP -SP in several
assays. Moreover, the diﬀerent toxicological responses in the used
mono- and coculture systems pointed out the importance of using
multicellular in vitro models to improve the understanding of possible cellular crosstalk.

Chemical Distinct Characteristics of SOAs Responsible for
Cellular Effects
Chemical and physical transformation of VOCs in the atmosphere
lead to the formation of amorphous solid or semi-solid SOA
Environmental Health Perspectives

particles (Dennis-Smither et al. 2014); however, investigations of
the in vitro toxicity of primary combustion emissions (i.e., of SPs)
photochemically aged in the presence of SOAs are scarce. The
photochemical aging of both naphthalene and b-pinene in the presence of soot aerosols resulted in SPs coated with SOA materials
that simulated aged atmospheric SPs. These aerosols had similar
physicochemical characteristics in terms of mass, size distribution,
particle number, particle geometric mean diameter, and atmospheric OH radical age, as well as EC and OC content. This is of
great importance because it remains unclear whether SOAs with
similar physical characteristics also cause similar biological eﬀects
(Burkholder et al. 2017; Künzi et al. 2015; National Academies of
Sciences, Engineering, and Medicine 2016). The present study
shows that SOANAP -SP compared with SOAbPIN -SP had an
adverse outcome on cell viability, oxidative stress, genotoxicity,
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Figure 6. Inﬂammatory and angiogenic response triggered by SOANAP -SP and SOAbPIN -SP. (A) IL-8 release (pg=mL) in A549 monoculture after the exposure
to SOAbPIN -SP and SOANAP -SP. (B) Comparison of IL-8 release (pg=mL) of the mono- and coculture after the exposure to SOAbPIN -SP (left panel) and
SOANAP -SP (right panel). (A,B) Results are presented as absolute values ± SEM of n independent experiments (SOAbPIN -SP: n = 4, SOANAP -SP: n = 5 for all
dilutions and CA ctrl: n = 12) and dotted lines denote the regression line for the respective cell culture models and SOA forced through the CA ctrl. Aerosol exposure groups were compared by performing a one-way ANOVA and statistical signiﬁcance was calculated with multiple comparisons for the dilutions within
one aerosol exposure group using the Bonferroni correction. p-Values are presented in the graph and in the tables below the graphs. (C,D) EA.hy926 cells
were cultured for 24 h in media collected after the exposure to SOAbPIN -SP and SOANAP -SP, as well as, CA control and then allowed to from tube structures
on Matrigel for 24 h. Shown are representative images of EA.hy926 tubes from the indicated treatments (C) and quantiﬁcation (D) of three independent experiments. Scale bar: 1,000 lm. Corresponding numerical data for (A–D) are shown in Tables S6 and S7. Note: ANOVA, analysis of variance; CA, clean air; CM,
conditioned medium; ctrl, control; IL-8, interleukin-8; OH, hydroxyl; SEM, standard error of the mean; SOA, secondary organic aerosol;
SOANAP -SP=SOAbPIN -SP, soot particles (SP, CAST soot; 1 mg=m3 ) together with either naphthalene (4 mg=m3 ) or b-pinene (4 mg=m3 ) photochemically aged
with OH radicals in a potential aerosol mass reactor.

and inﬂammation consistent with previous studies (Chowdhury
et al. 2018, 2019; Han et al. 2020) and, in addition, induced a proangiogenic potential in endothelial cells. This also holds true if we
account for the calculated mass-speciﬁc cellular deposition, which
was greater for SOANAP -SP. Even though this study conﬁrmed the
health risks of speciﬁc SOA compounds and pointed out the beneﬁts of in vitro exposures in an ALI exposure system, it has its limitations. The applicability of ALI exposures to human exposures
remains uncertain as long as it is diﬃcult to determine respiratory
tract deposition of airborne nanoparticles (Löndahl et al. 2014).
However, calculations by Paur et al. (2011) for in vitro nanotoxicity studies suggested using ranges between 0:75 ng=cm2 for realistic ambient exposure and 130 ng=cm2 for worst-case occupational
exposure representing daily dose levels. In the present study, the
deposition ranged from 0:9 ng=cm2 (1:30 dilution) to 28 ng=cm2
(undiluted) for SOANAP -SP and from 0:6 ng=cm2 (1:30 dilution) to
17 ng=cm2 (undiluted) for SOAbPIN -SP, covering realistic ambient
exposure to mild occupational exposure conditions. Moreover, in a
recent study, we showed that for aerosols with a comparable particle size distribution the diﬀerence between the deposition in lung
tissue and ALI exposure system was less than a factor of 2 (Karg
et al. 2020).
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The chemical characterization revealed distinct qualitative
diﬀerences in the chemical composition of SOAbPIN -SP and
SOANAP -SP, which is potentially responsible for the observed
diﬀerences in the cellular toxicity. Thereby, the chemical composition of the derived SOA depended very much on the chemical
functionality of the precursor and the low organic content of the
SP seed. The detected chemical structures corresponded to typical ﬁrst-generation degradation products of the respective precursor. For SOAbPIN -SP, the major ﬁrst-generation degradation
product was nopinone in the particulate and acetone in the gas
phase (Hohaus et al. 2015; Kaminski et al. 2017). In SOANAP -SP,
we mostly found aromatic structures, which are well-known
aging products originating from ring-opening and -retaining reactions of the aromatic precursors (Chan 2009). The photochemical
degradation of naphthalene started with the addition of a OH radical, forming a hydroxyhexadienyl-type radical. From an intramolecular rearrangement, the ﬁrst-generation product naphthol
was formed. If the hydroxyhexadienyl-type radical reacts with
oxygen, ring-opening structures may be formed, such as 2-formylcinnamaldehyde (Keyte et al. 2013). 1-Naphthol and 2-naphthol, which were generated in signiﬁcant yields, may be further
oxidized by other oxidants, such as hydroperoxides, and oxygen
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to naphthoquinones (Keyte et al. 2013). Upon further oxidation,
early generation products increase in oxygen-containing moieties
and could polymerize under the applied conditions (Kenseth et al.
2018; Sato et al. 2016).
Moreover, diﬀerences in volatility of the formed compounds
from b-pinene and naphthalene aging could be derived from the
GC × GC signatures, generally indicating more volatile compounds for SOAbPIN -SP. In SOANAP -SP, the aromatic structure
was usually maintained and dominated the SOA composition, for
which toxic eﬀects on human health are well documented and
include carcinogenic and mutagenic eﬀects, as well as reproductive defects (Drwal et al. 2019; Gaspari et al. 2003; Perera et al.
2002).
Concerning elemental aerosol particle composition, the O/C
value for SOANAP -SP (0.77) exceeded that of SOAbPIN -SP
(0.61), agreeing with a previous study about the photooxidation
of naphthalene and a-pinene (Chowdhury 2018). In addition, the
average carbon oxidation state (OSC ), which is calculated as
2 × O=C–H=C was higher for SOANAP -SP (0.5) than for
SOAbPIN -SP (–0:43). SOANAP -SP, with 0.3 to 0.7, showed a similar range of OSC as reported in the literature for emissions from
residential logwood combustion (Hartikainen et al. 2020) and
gasoline direct injection vehicles (Pieber et al. 2018) of the same
photochemical age ( ∼ 3 equivalent days). The OSC increases
upon oxidation owing to the formation of carbon–oxygen bonds
and/or the breaking of carbon–hydrogen bonds through, for
example, functionalization or fragmentation reactions (Kroll et al.
2011). In this context, the oxidative addition of polar functional
groups to the carbon backbone could be observed for both aerosol
types.
We found that SOAbPIN -SP appeared well within the triangular space spanned by the relative fractions of m/z 43 vs. m/z 44,
representing ambient organic aerosols from global AMS ﬁeld
studies (Ng et al. 2011), thus supporting its use as a surrogate for
atmospherically processed combustion emissions. The diﬀerence
in O/C between SOANAP -SP and SOAbPIN -SP might be a consequence of the slightly higher photochemical age of the
SOANAP -SP or diﬀerences in formation pathways, including
the release of secondary VOCs from fragmentation. In contrast to
the data from AMS measurements, for which correction procedures were developed to improve the accuracy of the derived elemental ratios (Canagaratna et al. 2015), in the data evaluation from
the DIP measurement the peak at m/z 43.9898 of CO+2 , which
increases from, for example, thermal decarboxylation of carboxylic acids in the SOAs, is not considered because of a too high peak
intensity from background air and the associated high uncertainty
of the result. Consequently, the result of higher O/C for
SOAbPIN -SP than for SOANAP -SP could indicate a higher abundance of carboxylic groups in SOANAP -SP, represented by the
AMS, but not by DIP, measurements. Future studies beyond the
scope of this manuscript will discuss data from AMS and DIP in
more detail.
It is possible that the aerosol’s toxicity largely depends on the
degree of oxidation induced by atmospheric aging. Thus, the hazards of functional groups of the detected organic compounds
could have a decisive impact. Studies on PAHs, such as naphthalene, have demonstrated speciﬁc toxic eﬀects on cells (IARC
2010), and these eﬀects may be enhanced by their oxidized derivatives (Chowdhury et al. 2018). However, it has to be noted that
this increased toxicity reﬂected speciﬁc oxidation stages and
could change with oxidation mechanism given that studies have
also shown a declined toxicity during aging for naphthalene (Han
et al. 2020) or hydrocarbons (Jiang and Jang 2018). For selected
terpenes emitted from coniferous plants, including also b-pinene,
no adverse cytotoxic or genotoxic eﬀects in A549 human lung
Environmental Health Perspectives

cells were found in an ALI exposure study by Gminski et al.
(2010), although mutagenic and carcinogenic eﬀects were
described for speciﬁc compounds such as a, b-unsaturated aldehydes and 2-octen (Gminski et al. 2010). In our study, there were
similarities between the abundance of most functional groups and
related compound classes in SOAbPIN -SP and SOANAP -SP, such
as furans, aldehydes, and ketones. The oxidation of naphthalene
may lead to ﬁrst-generation open-ring dicarbonyl products and
closed-ring epoxide products (Wang et al. 2007). A recent
in vitro proteome-wide study by Han et al. (2020) pointed out the
importance of short-lived unsaturated carbonyls in aged naphthalene as the main toxic components at the posttranslational level.
Furthermore, the oxidation of furan-containing compounds
favored the formation of epoxides, which are associated with
enhanced harmful cellular eﬀects (Peterson 2013; Tabaran et al.
2019). The intracellular oxidation of aldehyde groups by
enzymes of the aldehyde dehydrogenase family has been associated with adverse eﬀects on various cell types, especially concerning tumor initiation, metastasis, and therapeutic resistance
(Ma and Allan 2011; Rebollido-Rios et al. 2020; RodriguezTorres and Allan 2016). Photooxidation of b-pinene resulted in
nopinone as a major ﬁrst-generation product, which in a second
step may form nine-carbon multifunctional compounds (Sato et al.
2016). In contrast to aldehydes, ketones are less reactive and less
electrophilic, characteristics that can be associated with lower
toxicological eﬀects. However, minor changes in the molecular
structure could be decisive for adverse outcomes (LoPachin and
Gavin 2014; Schwöbel et al. 2011). Future studies are warranted
to evaluate the particle cellular uptake of the tested aerosols to
better understand the bioaccessibility of speciﬁc chemical compositions and their cellular eﬀects.
Our results indicate that the diﬀerential toxicity of the precursors [half maximal oral lethal dose (LD50 ) (rat) naphthalene:
2,000 mg=m3 (U.S. EPA 2021b); oral LD50 (rat) b-pinene:
5,000 mg=m3 (U.S. EPA 2021a)] was retained after an equivalent
photochemical age of 3 d. However, depending on particle size,
altitude, and atmospheric compartment, the lifetime of a particle
spans a range from a few hours up to 2 wk (Raes et al. 2000;
Williams et al. 2002). From a chemical perspective, atmospheric
aging increased the O/C ratio of any organic aerosol constituent
toward the limit of 2 determined by CO2 , steadily increasing their
functionalization (Kroll et al. 2011); yet AMS analysis of organic
aerosol from the Northern Hemisphere did not exceed O/C ratios
of 1.2 (Ng et al. 2010), also not for highly oxidized molecules
(Ehn et al. 2014). Moreover, atmospheric aging involves several
processes and conditions, such as distinct diﬀerences during dayand nighttime or ambient levels and distributions of nitrogen
oxides (NOx ) species, triggering diﬀerent reaction pathways.
There is particularly strong evidence that exposure to nitrogen
dioxide is associated with adverse eﬀects on human health
(Atkinson et al. 2018; Mills et al. 2015) and leads to the formation of atmospheric mutagens from PAHs (Atkinson and Arey
1994). However, the general role of NOx in atmospheric aging on
the toxicity of SOA is in the early stage of research (Chowdhury
et al. 2019). Hence, it remains an unanswered question if, when,
and how diﬀerent structural properties of SOA precursors are
inﬂuencing the chemical and toxicological properties of the respective SOA during photochemical aging.

The Importance of Using Mono- and Coculture Systems in
Aerosol Studies
Although monocultures provide information on direct toxicological eﬀects of nanomaterials, recent studies have pointed out that
multicellular culture systems are important tools for modeling
an in vivo physiological cellular environment, including the
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interaction between diﬀerent cell lines (Bengalli et al. 2013;
Klein et al. 2013; Lacroix et al. 2018). It is well known that,
apart from pulmonary adverse health eﬀects, PM2:5 can also
induce an increased risk for cardiovascular morbidity and mortality (Brook et al. 2010). Dysfunction of endothelial cells in particular is suspected to play a major role in inducing cardiovascular
injury after the inhalation of PM2:5 in a cohort of healthy individuals (Pope et al. 2016), which highlights the importance of the
used epithelial–endothelial coculture in our study to depict possible underlying mechanisms.
In our epithelial monoculture, SOANAP -SP induced a 10-fold
higher, and SOAbPIN -SP a 7-fold higher, release of LDH in the
undiluted aerosol compared with CA controls. Interestingly,
the relative diﬀerence in LDH was lower in our epithelial–
endothelial coculture (5-fold) than in the monoculture after the
exposure to both undiluted aerosols. It is conceivable that this
eﬀect was the result of an enhanced physical barrier due to the
addition of endothelial cells on the basolateral side of the membrane. Notably, the diﬀusion of particle-related H2 O2 content is
presumed to represent a main pathway for inducing intracellular
ROS formation (Liu et al. 2020). It was already shown that the
SOA oxidative potential depends on the hydrocarbon precursor
identity, with biogenic SOA having a lower water-soluble oxidative potential than anthropogenic SOA (Tuet et al. 2017). Indeed,
we found a greater peroxide content in SOANAP -SP ( ∼ 3:5 times
higher compared with SOAbPIN -SP) and a higher abundance of
MDA ( ∼ 2 times higher compared with SOAbPIN -SP in the undiluted aerosol), which is an end product of the lipid peroxidation
induced by free radicals (Ayala et al. 2014), in the cell culture
medium of both mono- and cocultures. Assuming an enhanced
physical barrier in the coculture system, but observing no diﬀerences in MDA release in the mono- and cocultures after the exposure to the tested SOAs, suggested an additional release of MDA
from endothelial cells, possibly induced by oxidized phospholipids and cytotoxic compounds of the epithelial cells (Landar et al.
2006). Epidemiological and in vivo studies with PM2:5 have identiﬁed inﬂammatory responses as a major adverse outcome pathway (Yan et al. 2016), and in vitro studies have highlighted the
impact of endothelial cells in secreting pro-inﬂammatory mediators (Karki and Birukov 2020). In line with our observations of
SOANAP -SP inducing cellular cytotoxicity and oxidative stress,
we observed a greater release of IL-8 in the monoculture after the
exposure to SOANAP -SP ( 2-fold higher in the undiluted aerosol) compared with SOAbPIN -SP (no diﬀerence in the undiluted
aerosol). In addition, we showed higher secretion of IL-8 in the
coculture compared with the monoculture system ( 2-fold
higher after the exposure to undiluted SOAbPIN -SP and
SOANAP -SP). Inﬂammation and oxidative stress are main drivers
for the induction of DNA strand breaks (Møller et al. 2014).
Consistent with our previous shown results on MDA and IL-8
release, we observed DNA breaks of  10% for undiluted
SOAbPIN -SP and  16 % for undiluted SOANAP -SP in the monoculture. Moreover, experiments with conditioned media-based
techniques revealed secondary genotoxic eﬀects of nanomaterials
(Åkerlund et al. 2019; Evans et al. 2019). To the best of our
knowledge, this is the ﬁrst study that showed secondary genotoxic eﬀects on cells in a coculture system at ALI where a cell–
cell interplay was provided. Here, we observed genotoxic eﬀects
on endothelial cells ( 8 % DNA breaks) after the exposure with
SOANAP -SP [undiluted (1:1) and 1:3 diluted] but not after
SOAbPIN -SP exposures. Further studies should investigate this
observation to exclude a possible translocation of PM through the
insert membrane and thus a direct eﬀect on endothelial cells
(Wang et al. 2019). However, the enhanced release of IL-8 in the
coculture cell model compared with the monoculture following
Environmental Health Perspectives

SOANAP -SP exposure, supported our assumption of secondary
genotoxic eﬀects given that cytokines may promote genomic
instability and IL-8 is a pro-angiogenic factor, potentially
explaining the observed cross-activation of endothelial cells
(Aivaliotis et al. 2012; Heidemann et al. 2003). Furthermore, the
angiogenesis assay with a conditioned media-based approach
aﬃrmed the cross-activation of endothelial cells after the exposure to SOANAP -SP. No diﬀerence in the angiogenic potential
between the conditioned media of the mono- and cocultures was
observed, indicating that besides IL-8 other pro-angiogenic factors and oxidative stress may also play a decisive role (Kim and
Byzova 2014). The conditioned media of the coculture exposed
to SOAbPIN -SP induced a decreased angiogenic potential, whereas
in the conditioned media of the monoculture, no diﬀerence from
the control was detected. Future studies beyond the scope of this
manuscript should investigate how SOAbPIN -SP diﬀerently altered
the angiogenic potential of endothelial cells in our experimental
setup. In general, dysfunction of endothelial cells is associated
with adverse health outcomes. Although a reduced angiogenic
potential of endothelial cells after the inhalation of PM2:5 has been
observed in previous studies (Lan et al. 2020), and can be an indication for a compromised ventilation–perfusion ratio of the lung,
an enhanced angiogenic potential is one of the hallmarks for several interstitial lung diseases (Ackermann et al. 2020).
Nonetheless, although coculture models are enhancing in
vitro studies by including the interaction between cell types, to
what extent this may reﬂect an in vivo physiological cellular environment is always of concern and further optimization and standardization are needed. For instance, although our coculture model
focused on the deposition of inhaled PM2:5 on epithelial cells, it
is well accepted that resident immune cells are also directly targeted upon inhalation and thus, including immune competent
cells would be an improvement of the model. Moreover, A549
cells at ALI are known to partially mimic the property of an alveolar epithelium (Wu et al. 2017a), but drawbacks include their
low expression of tight junctions or adherence proteins and their
inability to form a fully diﬀerentiated and polarized epithelium
(Papazian et al. 2016). Therefore, the additional usage of diﬀerent
epithelial cells, which could represent a heterogeneous population
of several diﬀerent epithelial cell types, would have beneﬁted our
study. However, owing to the complexity of our experimental
setup, we found with A549 a robust cell line that is suitable for
large and repetitive studies. Further studies comparing simultaneous performed aerosol exposures in vivo with diﬀerent in vitro
cell culture systems should help to extrapolate within the framework of replacement, reduction, and reﬁnement.

Conclusions
The ubiquitous layer of SOA components that condenses onto
primary particles can have a strong impact on PM toxicity. In
particular, SOA-coated combustion SPs showed higher toxicity
compared with fresh combustion SPs. This emphasizes the importance of atmospheric transformations for the toxicity and
adverse health eﬀects of ambient aerosol particles and may help
to explain the high numbers of air-pollution related mortality and
morbidity cases identiﬁed by epidemiological studies. This study
also demonstrated that diﬀerent SOA precursors led to diﬀerent
toxicological outcomes at comparable exposure conditions. A
typical anthropogenic, aromatic SOA precursor (naphthalene)
mixed with SPs, led to condensation of higher oxidized, aromatic
SOAs of higher oxidative potential on the SPs and induced stronger toxic eﬀects in the investigated lung cell models. In contrast,
a typical biogenic, aliphatic SOA precursor (b-pinene) led to condensation of less oxidized, aliphatic SOAs of lower oxidative
potential on the SPs and induced milder toxic eﬀects in the
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investigated lung cell models. Our ﬁndings highlight the role of
diﬀerent structural–chemical properties of photochemically aged
SOAs for in vitro toxicological outcomes. Moreover, we emphasize the importance of multicellular culture systems to model a
normal physiological cell environment with intercellular crosstalk. Future studies will also focus on an in-depth characterization
of the used aerosols and of aerosol-speciﬁc eﬀects on transcriptomic and proteomic outcomes.
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