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ARTICLE INFO ABSTRACT
Editor: Lotfi Aleya Black carbon (BC) is a component of ambient particulate matter which originates from incomplete combustion emis-
sions. BC is regarded as an important short-lived climate forcer, and a significant public health hazard. These two con-
Keywords: cerns have made BC a focus in aerosol science. Even though, the toxicity of BC particles is well recognized, the
1131(\:/[ mechanism of toxicity for BC as a part of the total gas and particle emission mixture from combustion is still largely
ALL unknown and studies concerning it are scarce. In the present study, using a novel thermophoresis-based air-liquid in-
Genotoxicity terface (ALI) in vitro exposure system, we studied the toxicity of combustion-generated aerosols containing high levels
Inflammation of BC, diluted to atmospheric levels (1 to 10 pg/m®). Applying multiple different aerosol treatments, we simulated dif-

ferent sources and atmospheric aging processes, and utilizing several toxicological endpoints, we thoroughly examined
emission toxicity. Our results revealed that an organic coating on the BC particles increased the toxicity, which was
seen as larger genotoxicity and immunosuppression. Furthermore, aging of the aerosol also increased its toxicity. A
deeper statistical analysis of the results supported our initial conclusions and additionally revealed that toxicity in-
creased with decreasing particle size. These findings regarding BC toxicity can be applied to support policies and tech-
nologies to reduce the most hazardous compositions of BC emissions. Additionally, our study showed that the
thermophoretic ALI system is both a suitable and useful tool for toxicological studies of emission aerosols.
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1. Introduction

Air pollution is one of the main causes of premature deaths globally,
with a death toll of up to seven million annually, and nine out of ten peo-
ple's breathing levels of air pollution exceed the WHO guideline levels
(WHO, 2021). Despite the vast evidence connecting air pollution with
deaths and diseases, mortality due to outdoor pollution levels remains
high (Ritchie and Roser, 2017). While the causality is clear, the relative im-
portance of different chemical species found in ambient particles requires
further research. Understanding distinct air pollution components and
their role in human health is important (Cassee et al., 2013; Grahame
et al., 2014; Adams et al., 2015). Besides particle chemistry, physical char-
acteristics also influence toxicity. While the mass concentration of fine par-
ticles (PM, s) is the most measured metric, laboratory studies have found
that particle surface area (SA) concentration better predicts toxicity
(Schmid and Stoeger, 2016, Sager and Castranova, 2009). Overall, the
chemistry and physical characteristics depend on the emission source, as
well as atmospheric processes, further complicating the evaluation of parti-
cle toxicity for a certain emission source.

Black carbon (BC) particles originate from incomplete combustion in
engines, residential heating and cooking, forest fires, power plant boilers,
and other combustion processes. In urban areas, road traffic is generally
the main source of BC, with some contributions from other sources, depend-
ing on the location (Saarikoski et al., 2021). Due to the relatively short at-
mospheric life of BC particles, their concentrations vary spatiotemporally
from low, below 1 pg/m® (Hara et al., 2019; Vodicka et al., 2020; Luoma
et al., 2021) to very high, up to 10-20 pg/rn3 (Gramsch et al., 2020; Cai
et al., 2020). Overall, the development of better exhaust after-treatment
systems for vehicles, such as particulate filters, have led to the reduction
of traffic emissions and declining of urban BC concentrations (Wihersaari
et al., 2020; Luoma et al., 2021). Insoluble in water, BC particles are an ef-
ficient solar radiation absorber. Hence, BC is a prominent contributor to
global climate change, particularly within the Arctic (Bond et al., 2013;
Sand et al., 2016). BC particles consist of a carbon core comprising mainly
elemental carbon (EC) and a surface that can act as a condensation area for
toxic vapours released alongside BC (Ristiméki et al., 2007). The structures
of fresh BC particles are fractal but would become compact after atmo-
spheric aging (Kahnert, 2017).

In addition to climatic effects, BC particles are linked to several health
effects (WHO, 2021). Some reviews of epidemiological studies have even
suggested that BC particles are one of the most hazardous components of
ambient aerosol (EPA, 2012; Janssen et al., 2012). However, other interpre-
tations of current data have concluded that BC is only a small component
contributing to PM, 5 toxicity (Stanek et al., 2011) or that evidence either
way is insufficient (Kirrane et al., 2019). Different physicochemical and
morphological properties of particulate matter (PM) as well as simulta-
neously emitted species, co-emitted species, affect the toxicity of particles
and subsequent health effects (Ronkko et al., 2020). Similarly, BC particle
toxicity can also be affected by particle size, morphology, and co-emitted
species (Wang et al., 2019), as well as by atmospheric aging impacted by
several environmental parameters. BC can also work as carrier for different
toxic compounds, for example, multiple different organic components
(Cassee et al., 2013). Therefore, to simulate real-life conditions, studying
BC toxicity with various surface coatings is crucial. Overall, the importance
of BC as a research focus is indisputable, as mitigation of BC emissions
would result in major benefits for both climate change and air quality
(Timonen et al., 2019).

To date, toxicological studies concerning BC have mostly used carbon
black (CB) as a substitute for combustion-originated BC. Considering how
difficult the process of separating BC from a PM mixture is, CB is easier to
use in in vitro studies using submerged culture conditions. However, CB pro-
duced by industrial processes has a higher EC contribution (> 90 %) com-
pared to BC and the particle surface of CB is more homogenous, which
affects its ability to absorb components (Miiller et al., 2007). Furthermore,
unlike combustion, the CB synthesis process involves no co-emittance of
toxic vapours. Due to these differences, CB should not be used as a BC
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substitute in toxicological studies (Long et al., 2013). To examine BC toxic-
ity, exposure systems should aim to mimic real-life lungs and use BC created
by combustion emissions. Such systems include the air-liquid interface
(ALL), different organ-on-a-chip devices, and complicated multicellular cul-
ture systems. Besides conducting toxicology measurements, aerosol proper-
ties need to be measured simultaneously to account for changes in
concentration, chemical composition, and particle size.

In the present study, using a thermophoresis-based ALI exposure system
(Thalainen et al., 2019), we simultaneously exposed two cell lines mimick-
ing the lung alveolar region to combustion-generated aerosol containing at-
mospheric levels of BC. The two cell lines were the human adenocarcinomic
alveolar epithelial cell line (A549) and human monocytic leukemia cell line
(THP-1) co-culture. Applying multiple different aerosol treatments, we sim-
ulated different sources and atmospheric aging processes. Utilizing several
toxicological endpoints, we could thoroughly examine emission toxicity.
Overall, our results contribute valuable data on toxicological effects con-
nected to combustion-generated BC.

2. Materials and methods
2.1. Generation of the aerosols

The particle generation was designed to produce BC particles represent-
ing different phases of BC's lifetime, i.e., primary BC particles (later called as
Primary), BC particles accompanied by sulfuric acid and hydrocarbons that
exist in fresh exhaust (later Fresh), and aged BC containing aerosol (later
called as Aged). This was done by generating BC by burning propane in a
flat flame type gas burner (GB) (Holthuis & Associates), equipped with
mass-flow controlled fuel, oxygen, and nitrogen supplies, by mixing hydro-
carbons (octacosane in case of Fresh and benzene in case of Aged) and sul-
furic acid with BC, and by using appropriate dilution and cooling system to
mimic particles of fresh exhaust and aging chamber to produce the aged BC
containing aerosol. In addition to six different aerosols generated by this
setup, two test points were also conducted with BC particles produced by
spark generator (model VSP-G1, by VSParticle, (Boeije et al., 2020)), with
solid carbon electrodes and N,. Because the particles are ablated in an
inert atmosphere, no combustion side-products are expected. See Table 1
for the details of different aerosol exposures. Fig. 1 shows a simplified dia-
gram of the setup, while a detailed one is included in the supplementary
material (Supplementary materials S1 Fig. 1). Hydrocarbons were added
prior to dilution, with the sample kept at a hot temperature (~300 °C).
The sulfuric acid was generated by feeding sulfur dioxide into the sample
line prior to the dilution stages through an oxidative catalyst (Karjalainen
etal., 2017).

The above-mentioned dilution and cooling system which mimics fresh
exhaust dilution consisted of a combination of a porous tube diluter
(PTD), residence time tube (RTT) and an ejector diluter (Fig. 1). This type
of dilution mimics the dilution, cooling, relative humidity, and particle for-
mation processes that happen when the exhaust aerosol from a combustion
engine exits the tailpipe and enters the atmosphere (Ntziachristos et al.,
2004; Mathis et al., 2004; Keskinen and Ronkko, 2010). It allows the trans-
ferring of initially gaseous, semi-volatile compounds to particulate phase.
The dilution system has been previously used to characterize several the
real-world particle emissions of vehicles and other combustion applications

Table 1
Test point descriptions. VSP-GI is a spark generator.

Test point BC source Aerosol treatment Particle coating
Primary Gas burner Primary -

Fresh Gas burner Fresh -

Freshyc Gas burner Fresh Octacosane
Freshpasos Gas burner Fresh Sulfuric acid
Agedqq Gas burner Aged, 1 day Benzene (precursor)
Agedsq Gas burner Aged, 5 days Benzene (precursor)
Freshysp VSP-G1 Fresh -

Freshysp, nc VSP-G1 Fresh Octacosane
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Fig. 1. Simplified diagram of the aerosol production setup. After the double ejector diluter, the aerosol is directed to ALI and other instrumentation. A detailed diagram is

provided in the supplementary material (Supplementary Materials S1 Fig. 1).

(ROnkko et al., 2007; Karjalainen et al., 2014). In this study, the total dilu-
tion rate (DR) of the system ranged from 600 to 1000 (lower during fresh or
primary measurements and higher during aged aerosol measurements).

After these dilution stages, the sample was either left untreated (Fig. 1:
Fresh), led through a thermodenuder (Fig. 1: Primary, Saha et al., 2015;
ROnkko et al., 2011; Heikkild et al., 2009) or led through a PAM chamber
(Fig. 1: Aged, Potential Aerosol Mass chamber, Kang et al., 2007,
Timonen et al., 2017). With the Primary samples, the aerosol was led
through a thermodenuder, in which the diluted exhaust sample is heated
to 265 °C, which causes evaporation of the most volatile aerosol particles
and condensated compounds. Evaporated compounds are then removed,
leaving mainly the non-volatile particle cores in the sample. With the
Aged samples, the PAM chamber mimics atmospheric aging by producing
main atmospheric oxidants (O3, OH-and HO,-radicals), that can react
with the existing precursor gases/vapours (e.g benzene) in the chamber
(Kang et al., 2007; Lambe et al., 2011). This oxidates the particles similarly
as in the atmosphere, but significantly faster due to higher oxidant concen-
trations. However, in addition to increase in mass the aging of benzene may
lead to photodegradation, which generate compounds with smaller molec-
ular weight and high volatility (Borrds and Tortajada-Genaro, 2012). These
samples correspond to the phases of engine-emitted aerosol, with Primary
being the aerosol inside the tailpipe, Fresh the aerosol a few seconds after
being released into the atmosphere and cooled to ambient temperatures
and Aged the aerosol which forms over hours and days in the atmosphere.
In the final dilution stage, two adjacent ejector diluters were used to in-
crease the sample flow rate to have enough sample for all instruments.

Particle size distribution was measured with a scanning mobility parti-
cle sizer (SMPS, TSI; Wang and Flagan, 1990). Particle number (PN) was
measured with a condensation particle counter for particles with a diameter
larger than 10 nm (A20 CPC, Airmodus), and surface area of particles was
determined from data measured with an electrical low-pressure impactor
(ELPI+, Dekati Ltd.; Jarvinen et al., 2014; Keskinen et al., 1992). BC con-
centration was measured using an aethalometer (AE33, Aerosol d.o.o.,
Ljubljana, Slovenia; Drinovec et al., 2015; Hansen et al., 1984) and other
compounds of PM with a soot particle aerosol mass spectrometer (SP-
AMS, Aerodyne Research Inc. Billerica, US; Onasch et al., 2012).

2.2. ALI exposure

The thermophoresis effect -based ALI system (Ihalainen et al., 2019)
was used to assess cytokine release, DNA damage, and differences in cell
cycle phases from the exposed cells. The thermophoresis-based ALI expo-
sure is presented in the Fig. 2. The main flow in ALI was 5 1/min with rela-
tive humidity approaching 100 %, while still staying below the
condensation point at 37 °C. A partial flow of 150 ml/min was led to the
cell surfaces as a laminar flow. A total of three independent 1-h exposures
(n = 3) were conducted for each test point, along with exposures of clean

air, incubator, and positive controls. The clean air exposures (n =
8) were used as control for the different toxicological analyses. Incubator
control (n = 8) was used as control for the ALI exposure system, and the
positive controls (n = 8) were lipopolysaccharide (LPS) for cytokine and
methyl methanesulfonate (MMS) for genotoxicity analyses.

2.3. Cell culture

Cell lines of A549 human alveolar epithelial cells (ATCC®, CCL-158™)
and THP-1 human monocyte cells (DSMZ ACC 16; German Collection of
Micro-organisms and Cell Cultures; DSMZ, Germany) were cultured in a hu-
midified incubator at +37 °C and 5 % CO, in Dulbecco's Modified Eagle
(DMEM) supplemented with 10 % (v/v) fetal bovine serum (FBS), 2 mM
L-glutamine, and 100 U/ml penicillin/streptomycin (Sigma-Aldrich or
Gibco, Life technologies). Co-culture of A549 and THP-1 cells were cultured
on 24 mm Falcon™ inserts (Corning, #353090, USA), the A549 cells resem-
ble the lung alveolar epithelial cells and addition of THP-1 simulates mac-
rophages within the lungs, thus, resulting in a cell model which aims to
mimic the lung alveolar area. The A549 cells were cultured on the basal
side of the inserts' membrane for four to six days prior to exposures. Seeding
density of the cells depended on the exposure day and were the following:
220 000 cells/ml for inserts exposed four days later, 200 000 cells/ml for
inserts exposed five days later, and 180 000 cells/ml for inserts six days
later. Inserts were kept on 6-well plates with a total of 1 ml of 10 % FBS
DMEM on both sides of inserts. Two days (48 h) prior to exposure, the
ALI environment was formed for A549 cells by removing the cell medium
and adding 1 ml of DMEM with 5 % of FBS only onto the apical side. One
day (24 h) prior to exposure, THP-1 cells differentiated with 0.5 pug ml~*
phorbol-12-myristate-13-acetate (PMA) were seeded onto the apical side
of the inserts with the seeding density of 110 000 cells/ml, thus the amount
of THP-1 s was approximately 10 % of the total cell count during the expo-
sure. Immediately before the exposure, the medium on the apical side was
replaced with a serum free medium with a 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (Sigma-Aldrich, USA).
HEPES resists pH changes during the exposure. After the one-hour expo-
sure, the cell medium was collected for further analysis, a new medium
with 0 % FBS was added, and cells were incubated for 24 h at +37 °C
with 5 % COs.

After the 24 h incubation, the cell medium was again collected for the
analysis, therefore, giving us a chance to analyse the cytokine levels both
immediately (marked as 1 h) and 24 h after the exposure with enzyme-
linked immunosorbent assay (ELISA). Following the cell medium collec-
tion, both sides of the inserts were washed with phosphate-buffered saline
(PBS). The PBS was then collected into separate tubes and trypsin-
ethylenediaminetetraacetic acid (EDTA) was added on the cells to detach
the cells from the inserts' membranes. Trypsin-EDTA was allowed to affect
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Exposure by thermophoresis

57°C

the cells for 5 min at + 37 °C with 5 % CO,. After the trypsin-EDTA treat-
ment, 100 pl of FBS was added to inhibit trypsin-EDTA action. Cells were
rinsed from the insert membranes and collected into same tubes as the
PBS. A portion of the collected cells were pipetted in droplets to 4 ml of
70 % (v/v) ethanol under constant vortexing and stored at +4 °C. These
cells were later analysed with FACSCanto II flow cytometer (BD Biosci-
ences, USA) to determine the cell cycle phase. Of the remaining cells,
60 pl were mixed with freezing medium (50 % DMEM, 40 % FBS and
10 % DMSO) and stored at —80 °C for later analysis of genotoxicity.

2.4. ALI deposition

Deposition of particle mass, number, and surface area can be estimated
from the measured aerosol concentrations. These calculations are presented
in supplementary materials S1.1 and results in Table 5. For this ALI system,
the thermophoresis is the main deposition mechanism in contrast to
diffusion- and sedimentation-based ALI systems (Ihalainen et al., 2019).
Further information on how the deposition is calculated can be found in
Thantola et al. (2020).

2.5. Toxicological analyses

2.5.1. Genotoxicity

Genotoxicity was assessed with the slightly modified alkaline version of
single-cell gel electrophoresis (SCGE), also known as the comet assay. In the
SCGE assay, the cells are embedded in agarose gel and lysed in alkaline con-
ditions, followed by electrophoresis. The lysing reveals the cell nucleoids,
and the DNA supercoils, and the alkaline conditions relax the DNA coils,
making the analysis of genotoxicity more robust. During the electrophoresis
step, DNA strand breaks allow the negatively charged DNA to move to-
wards the positive anode of the electrophoresis chamber. The migrated
DNA-strands can be stained with ethidium bromide and quantified with
fluorescence microscopy. The level of genotoxicity is therefore the ratio
of migrated DNA compared to the unmigrated.

A 60 pl aliquot of cells was collected into Eppendorf-tubes with 540 pl of
freezing medium (DMEM supplemented with 40 % (v/v) filtered FBS
(BioWest, France) and 10 % (v/v) DMSO) and stored at —80 °C. For the
SGCE-assay, the cell samples in the Eppendorf-tubes were partially thawed
ina + 37 °Cwater bath and centrifuged for four minutes at +4 °C. After the
centrifugation, most of the supernatant was removed. Cells were resus-
pended to remaining supernatant and from each tube, duplicates of 20 pl
cell suspension aliquots were mixed in 80 pl of low melting point agarose
(LMPA, 0.5 % in PBS) and 80 pl of the mixture was added on top of the nor-
mal melting point agarose (1 % PBS) coated microscope slides. This was
followed by the lysis of cells by submerging slides into a lysis buffer
(2.5 M NaCl, 100 mM disodium ethyl-enediaminetetraacetic acid

Aerosol ¢ = @

Fig. 2. Simplified presentation of the thermophoresis-based air liquid interface exposure inside the ALI system used in present study. Original picture by Mika Ihalainen,
modified to display the A549 and THP-1 co-culture by the corresponding author.

(Na,EDTA), 10 mM Trizma base, 200 mM NaOH, 1 % (v/v) Triton X-100
in ddH-0, pH 10) at +4 °C for one hour. After the lysis, slides were rinsed
with the neutralizing buffer (0.4 M Tris(hydroxymethyl)aminomethane,
pH 7.5) and carefully arranged in the electrophoresis tank. The tank was
filled with a cold electrophoresis buffer (0.3 N NaOH, 1 mM Na2-EDTA,
pH > 13), incubated for 40 min in the dark and followed by electrophoresis
at to 24 V/300 mA for 20 min. After electrophoresis, the slides were neu-
tralized by rinsing them three times with a neutralizing buffer, then fixed
with ethanol (99 % v/v) and left to dry. After the drying, the slides were
stained with ethidium bromide, which binds between DNA bases and
emits fluorescence under fluorescent light, and a total of 100 cells from
the duplicate slides per sample were scored with a fluorescence microscope
Zeiss Axio Observer Z1 (ZEISS, Germany) using Comet assay [V software
(Perspective Instruments Ltd., UK). Data analysis and statistical analysis
was done using the median from the percentage of DNA in the tail, since
it has been proven to yield results that are easier to compare between differ-
ent studies (Sunjog et al., 2013).

2.5.2. Cytokines

The inflammatory response of the cells was analysed by measuring the
concentration of cytokines CXCL8/IL8, CXCL1/Gro-a, and TNF-a. The se-
lection of inflammatory mediators was based on results from previous stud-
ies (Ihantola et al., 2020; Ihantola et al., 2022). The cytokines were
measured from the cell culture medium collected immediately after the
exposures and after 24-h incubation, using ELISA kit (R&D Systems,
Abington, UK) on 96-well plates (Nunc Maxisorp), according to the manu-
facturer's instructions. The measurements were conducted with hybrid
multi-mode reader Synergy H1 (BioTek Instruments, USA) at 450 nm.
The concentrations of cytokines were interpolated from the standard
curves.

2.5.3. Cell cycle

In a cell cycle assay, the RNA of the fixed and permeabilized cells is first
removed, followed by the staining of the DNA with propidium iodide (PI), a
fluorescent agent which binds to the DNA through intercalation between
the bases. The stained DNA inside cells produce fluorescence signals pro-
portional to the amount of cellular DNA. Because PI binds to RNA as well,
the fluorescence signal from RNA would make the results impossible to in-
terpret, which is why the RNA is removed.

The cell suspensions fixed with ethanol were centrifuged, washed with
1 ml of cold PBS, and resuspended in 250 pl of cold PBS. After this, 3.75 pl
of RNAse A (10 mg/ml) was added to the samples and the samples were
vortexed prior to a 1-h incubation at + 50 °C, followed by an addition of
2.0 pl of PI (1 mg/ml) to the samples, vortexing and a 30 min incubation
at + 37 °C. The samples were measured with a FACSCanto II flow cytometer
(BD Biosciences, USA). The data from the measurements was analysed
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using FlowJo 10 software (FlowJo LLC, USA) and presented as cell popula-
tion percentages in sub-G1/G0, G1/GO, and S + G2/M phases.

2.6. Statistical methods

The Multivariate Mixed Model (MMM, Mehtitalo and Lappi, 2020) was
used to assess how the aerosol particle concentration and select individual
chemical components contributed to the observed toxicological responses.
The main idea of a mixed model is to estimate not only the mean of the mea-
sured response variable but also the variance-covariance structure of the
data. This makes the model applicable also for atmospheric measurement
data, which do not usually fulfill the standard independency and homoge-
neity assumptions required by most regression or ANOVA type statistical
models (Mikkonen et al., 2011). Additionally, modelling the covariance
structure of the variables makes the estimates more accurate and prevents
autocorrelation of the residuals. The model is formed by adding a so-
called random component to the standard linear model, in matrix format
given by y = BX + ¢, where y is the vector of measurements of the studied
variable, X is the matrix of observations from predictor variables, 3 denotes
the unknown vector of intercept and slope estimates of the model and ¢ con-
tains the residuals of the model. In the random part (denoted Zu), Z is the
design matrix for the vector of random covariates u. Thus, the final models
are given in formy = X + Zu + e. Experiment type and number of the
sample were assigned as random effects due to the non-independence of
chemical composition within each level of these factors.

The best predictive models for each toxicological endpoint in the MMM
was achieved by testing all possible two predictor models and selecting
three predictor models and comparing the changes in the Schwarz's Bayes-
ian Criterion (BIC) value. Larger changes in BIC indicate larger explanatory
power of the removed principal component (PC) on the dependent variable,
i.e., toxicological endpoint. Models with more than three predictors were
not possible to fit as the number of observations did not allow it. MMM
analyses were conducted for multiple different toxicological endpoints in
both GB and VSP-G1 exposures, using several combinations of different
aerosols parameters.

Statistical analyses were performed using IBM SPSS Statistics for Win-
dows, Version 27.0 (IBM Corp. Armonk, NY) and R software (R Core
Team, 2021; Bates et al., 2015).

3. Results
3.1. Aerosol properties

Table 2 shows the composition of the measured aerosol mass concentra-
tion. These results are used to interpret the cell culture data. Despite the ef-
forts to keep the mass concentration, and especially BC concentration,
consistent between points, there was variation. The total mass concentra-
tion (sum of analysed particulate components) ranged from 1.53 to
9.50 pg/m®, while the BC concentration ranged from 1.22 pg/m> to
8.35 pg/m>. The PM consisted mainly of BC and organic matter, here on re-
ferred as organic aerosol (OA), with small amounts of sulphate (SO% ),
which was present with the highest amount, when sulfuric acid was

Table 2
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Table 3

Mean mass concentrations of the different OA families during each test exposures.
Oxidation state for OA was calculated as 2*(oxygen-to-carbon ratio) — (hydrogen-
to-carbon ratio).

Test point C,H, C,H,0 CH,0,z>1)  CHN Oxidation
(ng/m®  (ng/m®  (ug/m®) (pg/m?)  state
Primary 0.24 0.05 0.30 0.01 0.82
Fresh 0.09 0.03 0.07 0.01 —0.27
Freshc 1.77 0.06 0.18 0.02 ~1.80
Freshipsos 0.35 0.05 0.23 0.02 -0.07
Agedy g 0.35 0.29 0.34 0.02 0.43
Agedsg 1.24 2.47 2.37 0.06 1.37
Freshysp 0.09 0.03 0.08 0.02 ~0.42
Freshysp, 1ic 0.32 0.04 0.08 0.03 -1.41

added to the test point Freshysos. The contribution of the OA to the PM
was highest when octacosane or benzene were added. OA:BC varied from
0.10 (Primary) to 3.90 (Agedsq) indicating the thickness of the coating com-
pared to the BC core. The percentage of organic aerosol when octacosane
was added is somewhere between pure engine exhaust (Kostenidou et al.,
2021) and traffic site ambient aerosol (Enroth et al., 2016).

The OA was further divided to different organic families based on the
elemental composition (Table 3). In every test point, a large fraction of
OA was composed of hydrocarbon fragments (C,H,), for which the largest
fraction was measured for the test Freshyc (87 % of the OA was CHy)
and smallest for test named Agedsq (20 % of the OA was C;Hy). The OA
in both Aged, 4 and Ageds, samples was constituted mostly of oxygenated
fragments with one oxygen atom (C,H,0) or more than one oxygen
(CH,0, (z > 1)), the total fraction of oxygenated fragments being 63 %
and 79 % in Aged, 4 and Ageds, samples, respectively. In terms of oxidation
state of OA, Agedsg had clearly larger oxidation state than Aged;4, whereas
Freshyc and Freshysp, i had the smallest oxidation states for OA of all test
points. The contribution of nitrogen-containing organic fragments (C,H,N)
was 1-6 % in the OA. The largest fraction of it was measured for test
Freshysp, nc, however, the concentration of the total OA was rather small
in this test point, and therefore, the inaccuracy in the C,HyN fraction was
considerable.

Table 4 contains the particle number concentration, the particle surface
area concentration, and the median particle aerodynamic size for the sur-
face area distribution (SMAD: surface median aerodynamic diameter).
The PN concentration varied among the test points even more than the
mass concentration, but this was mostly due to the presence of nucleation
mode particles in some test points. The particle number distributions of
test points Freshyjosos to Agedsq and Freshysp, ¢ were bimodally distrib-
uted (see Supplementary materials S1 Fig. 2). In the aged aerosol cases
there were so many nucleation mode particles that the soot mode was ob-
scured. Table 4 also shows the particle SA concentration, which varied
from 70 to 1440 pm?/cm®, and the median particle size of the SA distribu-
tion, which ranged from 43 to 281 nm. We chose the median of the SA dis-
tribution to represent the overall size, as especially in the case of the aged
aerosols, the median of the number distribution was heavily influenced

Mean mass concentrations of the different components and percent of organic aerosols (OA) from aerosols of each exposure. BC was measured with an aethalometer and other
particulate components with the SP-AMS. Concentrations of carbon monoxide and ozone for each test point were measured with electrochemical gas sensors provided by
Vaisala. Test points 5 and 6 contained addition of benzene in the PAM chamber. HC means addition of octacosane.

Test point Total mass (pg/m>) BC (ug/m®) OA (ng/m°) SO~ (pg/m?) NO3 (ng/m®) NH; (ng/m?) CO (ppm) 05 (ppm) OA (%)
Primary 8.79 7.97 0.79 0.01 370 290 <0.1 <0.1 9.0
Fresh 1.53 1.22 0.30 0.01 680 620 <0.1 <0.1 19.6
Freshyc 6.28 4.09 2.15 0.01 500 570 <0.1 <0.1 34.3
Freshysos 9.43 8.35 0.90 0.17 560 0.00 <0.1 <0.1 9.6
Agedy g 5.30 3.98 1.29 0.02 760 180 2.92 0.45 24.3
Agedsg 9.50 1.91 7.45 0.10 760 440 2.82 3.42 78.4
Freshysp 1.61 1.30 0.28 0.01 320 370 <0.1 <0.1 17.5
Freshysp, nc 1.93 1.40 0.53 0.01 300 0.00 <0.1 <0.1 27.5
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Table 4

Particle number concentration measured with a CPC, particle surface area (SA) con-
centration measured with an ELPI+ and median of particle SA distribution for the
surface area distribution. For the aged aerosol samples the soot mode could not be
distinguished from the nucleation mode.

Test point Particle number SA concentration Median of SA
concentration (1/cm?®) (pmz/ cm®) distribution (nm)
Primary 760 260 262
Fresh 19507 70 72
Freshyc 270 130 276
Freshpasoq 890 210 281
Agedq 74,800 390 86
Agedsq 221,000 1440 78
Freshysp 16,800 160° 24
Freshysp, uc 11,700 110° 43

2 CPC data for this measurement was not recorded, used SMPS measurement in-
stead (1 out of 3 total hours recorded).
> Data partially recorded (2 h of 3 total hours).

by the nucleation mode particles. The spark generator soot particles were
considerably smaller than the gas burner soot particles.

The primary BC particle distribution was not entirely consistent be-
tween test points, and especially for Fresh the primary distribution had a
smaller median size than other test points, as can be seen Supplementary
S1 Fig. 4, which shows the primary aerosol distribution for each one. The
thermodenuder also has lower penetration for small particles, which leads
to the Primary aerosol slightly shifting to a larger median size than the
“true” Primary aerosol created in the flame.

Table 5 shows the deposition estimates within the thermophoresis-
based ALI system.

3.2. Toxicological results

The toxicological results are presented in more detail in supplementary
materials S1 Tables 1 and 2.

3.2.1. Genotoxicity

Genotoxicity results from Comet assay are presented in Fig. 3, with the
mean of the three one-hour exposures compared to the clean air control and
error bars showing the standard error of mean (SEM). With exception of Pri-
mary, all the aerosol exposures resulted in more genotoxicity than the con-
trol. The highest genotoxicity was observed from the Agedsq and Freshygp
exposures.

3.2.2. Cytokines

Results of CXCL1 and IL8 measurements are presented in Figs. 4 and 5,
respectively. The 1 h levels of CXCL1 were higher than the 24 h levels in all
cases, and higher than the control level in all but Agedsy. Clearly, the
highest level from 1 h samples were detected from exposure to Freshy,
but in 24 h the levels of CXCL1 diminished below the levels of the clean
air control sample. The highest 24 h level were detected from exposure of
Primary and the lowest, for both 1 h and 24 h, from Agedsq. For the IL8,
a similar trend was observed, with 1 h levels being higher than 24 h levels.
However, the highest 1 h levels for IL8 was detected from Freshysp and the

Table 5
Deposition estimates with SD for BC, PM (particulate matter), PN (particulate num-
ber) and SA (surface area) within the ALI system.

Test point BC (ng/cm?®)  PM (ng/cm?) PN (#/mm?) SA (pm?/mm?)
Primary 0.72 = 0.09 0.8 = 0.11 730 = 256 236 + 57
Fresh 0.11 = 0.01 0.14 = 0.01 580 * 826 65+ 1
Freshyc 0.38 = 0.11 0.58 = 0.14 270 = 124 121 = 34
Freshyasos 0.76 = 0.10 0.86 = 0.11 1040 = 771 192 = 50
Agedqq 0.36 = 0.02 0.48 + 0.04 67,300 = 3185 353 + 35
Agedsq 0.18 = 0.04 0.86 = 0.12 199,000 + 5683 1297 = 20
Freshysp 0.12 = 0.03 0.15 = 0.02 15,400 = 3146 140 = 29
Freshysp, nc 0.13 = 0.02 0.18 = 0.03 14,000 = 10,122 95 + 10
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lowest from Agedsq. For the 24 h levels, the highest were seen from expo-
sure to Primary and the lowest from the three coated ones, Freshyso4,
Freshyc, and Agedsq, which were all in the same range.

3.2.3. Cell cycle

Different cell cycle phases analysed with flowcytometry are presented
in Fig. 6. Exposures to Primary, Freshyaso4, and, Agedsq resulted in notably
different cell cycle phase fractions compared to the clean air control, with a
higher amount of G1 phase for exposures of Primary and Freshyysso4, and
close to double amount of Sub_G1 for Agedsq exposure. Note that for the
Agedsq, the sum of the cell cycle phases is below the 100 %, due to incapa-
bility to get data from some of the Agedsq samples.

3.3. Results from statistical analysis

Results are comprehensively displayed in the supplementary material
S2 Tables 1-8. From these results, four combinations of aerosol properties
were also chosen for display in Fig. 7 from the GB originating exposures.
The combinations are total mass and organic mass, total mass and PN,
total mass and SA, and total mass and median particle diameter of the SA
distribution. These were chosen due to the biological importance and statis-
tically significant differences. The error bars indicate the 95 % confidence
interval (CL: 95 %). To visualise the differences between the aerosol compo-
nents, compared to total particle mass in more detail, we calculated the
MMM analysis for PN, SA, and particle diameter with unit values of
10,000 #/cm?, 10 pm/cm?®, and 10 nm, for 24 h GB exposures. For VSP-
G1 originating samples similar graphs were not completed, as within
those samples the variance within the results was considerably large.

4. Discussion

The present study demonstrates that in vitro exposures of combustion
originated BC are possible with the novel thermophoresis-based ALI sys-
tem, and that the different treatments of aerosol affect the observed toxic-
ity. The statistical analyses uncovered the relationships between the
aerosol properties and the toxicological results. As most of the previous
studies concerning BC toxicity have used CB, instead of BC, the discussion
was extended to include non-laboratory BC sources, such as diesel engines
and wood burning. Overall, there is not yet a clear consensus on the toxicity
of BC, as stated in the WHO global air quality guidelines 2021. Thus, the re-
sults of our study will contribute to future evaluations.

The difference in genotoxicity between the Primary and other GB orig-
inated samples indicate that the organic coating increases the DNA damage.
The effect of organics to genotoxicity has been seen in previous studies,
with compounds such as PAHs being the possible culprit (Billet et al.,
2018; Kanashova et al., 2018; Ihantola et al., 2020; Ihantola et al., 2022).
The PAH content may also vary highly due to different aerosol treatment,
which might also explain the higher toxicity of Aged exposures. In
cells such as A549 the genotoxicity of PAHs, especially the benzo[a]pyrene
(B[a]P), is linked to the addition of metabolites to the amino groups of
DNA, resulting in PAH DNA adducts, even with low concentrations of
PAHs (Genies et al., 2013; Genies et al., 2016). However, in our study the
concentrations of PAHs were not measured, thus, we can only speculate
on their role. The results from the MMM analysis support the finding that
organics increased genotoxicity, as the mass of organics in PM, as well as
the addition of particle surface area, had a positive correlation with geno-
toxicity in the GB samples, whereas the total mass of the exposures did
not correlate with increases in genotoxicity. The fact that the Primary and
Fresh exposures had almost 4-fold difference in total mass (higher in the
Primary test point) and the Fresh exposure still resulted in considerably
higher genotoxicity, support the conclusion that the genotoxicity was not
significantly dependent on the total mass.

In addition to the organic coating, SA is an important factor when con-
sidering toxicity (Schmid and Stoeger, 2016; Oberdorster et al., 2005), as
the organic compounds on the particle SA are in direct contact with the ex-
posed cells, thus, affecting what kind of compounds can distress the cells,
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Fig. 3. Percent of genotoxicity compared to the clean air control, measured with Comet assay from differently treated BC exposures. Dashed line indicates the clean air

control. Results are shown as geometric means (n = 3) with SEM.

and how the different effects can happen between the cells and toxic com-
ponents. The SA is also one reason why the toxicity studies using CB do not
represent the combustion originated BC, as the SA features between CB and
BC differ; BC particles have more defects and therefore more surface func-
tionalisation (Long et al., 2013). Moreover, the SA controls how much coat-
ing material can bind to the particles. Even though, phagocytic behaviour of
A549 cells is negligible, it has been shown that particles containing surface
absorbed organics, such as PAHs, can work outside of the cells as uptake
reservoirs for these compounds, thus exerting toxicity to the cells even if
the particle location is not intracellular (Liu et al., 2021).

With the two Aged exposures, the concentration of ozone was relatively
high, especially in the Agedsq. Ozone is known to induce oxidative stress
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and has been linked to genotoxicity with even lower concentrations than
those observed in the present study (Poma et al., 2017). The role of the or-
ganics as the genotoxicity culprit is not undermined, however, as there were
negligible levels of ozone in the three different Fresh exposures, still resulting
in genotoxicity. Subsequently, ozone might have only increased the genotox-
icity of both Aged exposures. Similarly to ozone, the both Aged samples also
had CO, whereas, the rest of the samples did not. However, CO has not
been associated with genotoxicity (Zhang et al., 2019). Both gases are a result
of the aerosol aging setup, where ozone is added to simulate atmospheric con-
ditions and CO is used as a tracer gas to calculate the age of the aerosol.

The VSP-G1 originated samples resulted in overall higher genotoxicity
compared to the GB produced aerosol exposures, which is somewhat contrary
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Fig. 4. Percent of CXCL-1 levels compared to the clean air control, measured with ELISA assay from differently treated BC exposures 1 h and 24 h after the exposures. Dashed
line indicates the clean air control. Results are shown as geometric means (n = 3) with SEM.
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Fig. 5. Percent of IL-8 levels compared to the clean air control, measured with ELISA assay from differently treated BC exposures 1 h and 24 h after the exposures. Dashed line
indicates the clean air control. Results are shown as geometric means (n = 3) with SEM.

to the organic coating hypothesis, as VSP-G1 originated samples had very little
organic mass. Moreover, the total mass concentrations with VSP-G1 samples
were also considerably lower compared to the GB samples. The underlying
reason for increase in genotoxicity, however, might be the PM size as the
VSP-G1 originated particles were especially small. Similarly, the study of
Diabaté et al., 2021 observed genotoxicity and inflammatory responses in sim-
ilar co-culture due exposure of low dose of nanoparticles in ALL The particle
mass concentration may also be somewhat underestimated, as the SP-AMS
transmission efficiency is low for particles below 40 nm. Smaller particle
size correlated with increased genotoxicity in both GB and VSP-G1 MMM
models (not statistically in VSP-G1) and the effect of size on genotoxicity is
plausible, as smaller particles can carry more surface compounds per a unit
of mass, and penetrate deeper to the cells (Besis et al., 2017). One possible ex-
planation for the high genotoxicity of VSP-G1 exposures compared to corre-
sponding GB exposures might be the particle localization inside of the cell
nucleus. It has been shown that SiO, nanoparticles with size fraction of
40 nm to 70 nm can be localized inside the nucleus of A549 cells (Chen and

1004

von Mikecz, 2005). Furthermore, a study by Perde-Schrepler et al. (2019)
showed that Ag nanoparticles can be transported inside of the cell nucleus,
which was associated with increase in genotoxicity. Even though both of
these studies used different particles than our study, both SiO, and Ag nano-
particles are insoluble and have a low organic fraction as do the VSP-G1 par-
ticles. The small particle size as culprit of genotoxicity have been speculated in
the previous studies using the thermophoresis-based ALI system (IThantola
et al., 2020; Thantola et al., 2022). The particle size might also explain the dif-
ference in genotoxicity between the two VSP-G1 generated exposures, as the
addition of HC increased particle size and lowered genotoxicity. Moreover,
the genotoxicity seen from the GB samples might be higher than observed
with the Comet assay, as the possible PAH DNA adducts may decrease the
DNA tails due to the increased size of the DNA fragments (Kamal et al.,
2015). Consequently, the organic coating might induce overall higher geno-
toxicity than the PM size.

Levels of CXCL1 and IL8 after 24 h from several GB samples decreased
compared to the clean air control. This indicates immunosuppression
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Fig. 6. Percent of different cell cycle phase populations from each exposure and clean air control. Results are shown as geometric means (n = 3) with SEM.
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due to aerosol exposure, as has been previously seen in multiple different
cells and in vivo studies using urban and biomass combustion aerosol
exposures (Martikainen et al., 2018; Jalava et al., 2009; Happo et al.,
2013). Immunosuppression may indicate that the cellular process
has been damaged in a way that the cells are incapable of producing
defensive mechanisms anymore. Compared to the genotoxicity results,
there were considerably less statistically significant results in the MMM
analysis for CXCL1 and IL8. However, in both 24 h samples, decreasing
particle size and increasing BC mass raised inflammatory mediator
levels. Moreover, with CXCL1, an increase of organic mass was found to de-
crease the chemokine levels, supporting the hypothesis of high levels of or-
ganic compounds being a likely cause for immunosuppression. Previous
studies have also linked PAHs to immunosuppression (Li et al., 2010;
Thantola et al., 2020; Ihantola et al., 2022), and PAHs exert their toxicity
mainly through genotoxic pathways, such as bulky adducts and DNA strand
breaks, which lead to cell cycle arrest and apoptosis (Gao et al., 2008).
Thus, in our study the immunosuppression is a consequence of the genotox-
icity, of what are presumed PAH compounds on the BC particle surfaces.
This further emphasizes the toxicity of organics in the case of the GB
exposures.

The higher CXCL1 and IL8 levels with 1 h samples compared to the 24 h
samples are logical, as cells start to produce inflammatory mediators
immediately at the exposure, but the possible PAH DNA adduct formation
which leads to immunosuppression occurs after some time (Genies et al.,
2013). An exception is the Agedsq exposure, however, as the chemokine pro-
duction was suppressed in both CXCL1 and IL8 1 h samples, indicating high
immunotoxicity already during the exposure. Moreover, the 1 h result show
that Freshy increases CXCL1 production up to 3-fold compared to clean air
control; the octacosane coating possibly having an important part in this.
However, this will stay only as speculation due to the lack of studies concern-
ing immunotoxicity of saturated hydrocarbons.

Concerning the VSP-G1 originated samples, the 24 h CXCL1 and IL8 re-
sults were comparable to the control. However, from the 1 h samples, an in-
crease in both CXCL1 and IL8 levels compared to control indicate that
exposures raised inflammation in cells immediately after the exposure,
but that the inflammation levels were decreased back to control levels
after 24 h. An interesting aspect is the possible effect of particle size,
which increased genotoxicity in VSP-G1 exposures, apparently did not ini-
tiate immunosuppression. It might be that the observed genotoxicity in
VSP-G1 aerosol exposed cells did not yet compromise the cellular processes.
This is in line with the speculation that the genotoxicity seen in VSP-G1
samples is primary genotoxicity, in which the inflammation is negligible
(Schins and Knaapen, 2007).

Within the cell cycle analysis, the G1 indicate cell growth, the S + G2 M
indicate the state of cell mitosis, and the Sub_G1 phase indicates the state of
apoptosis. Thus, the cell phase differences between the clean air control and
exposures are a sign of damage to the cell cycle from the aerosol exposures.
PM exposure has been previously linked to the disturbance of the cell cycle
as well (Xiao et al., 2019), and to the organic fraction of PM and its genotox-
icity (Longhin et al., 2013). Our results show differences in cell phases com-
pared to the clean air control in all except the GB Fresh and Freshyc
exposures. The highest Sub_G1 levels were detected in the Agedsy exposure,
which is in line with the other toxicological responses to this exposure, as in-
creases in Sub G1 phase indicate extensive DNA degradation connected to ap-
optosis (Bai et al., 2017). This result also points to the genotoxicity of the
organic fraction within the exposures, similarly as seen in the study by
Longhin et al. (2013). The MMM analysis supports this with a statistically sig-
nificant decrease of G1 phase and increase of Sub_G1 phase associated with
organic mass. The high G1 levels indicate that the cell proliferation has
stopped, which was seen in the samples of Primary and Freshysso4, indicating
that cells may be switching focus from division to, for example, defensive pro-
cesses. This is line with the high inflammation and low genotoxicity seen in
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the Primary samples. For the Freshy,s04, the genotoxicity results were the sec-
ond lowest, thus also being somewhat in line with the high levels of cells in G1
phase. Furthermore, with the VSP-G1 samples, there was a low amount of
cells in Sub_G1 phase, but quite a high amount of cells in S + G2_M cell
cycle phase, suggesting cell cycle arrest at G2/M phase, which could lead to
prolonged cell damage and halting of cell growth (Yang et al., 2018).

Limitations of this study were the use of relatively few toxicological anal-
yses, due to conducting the exposures in a combustion aerosol lab rather than
a toxicological laboratory space. Thus, the assays were restricted mainly to
those in which cells could be collected and stored for later analyses. The fu-
ture studies using more toxicological analyses and variation of different cell
lines, with addition of even primary cells, should be considered. Further-
more, PAH measurements would have been a great addition for deeper dis-
cussion of the possible toxicity of organic coatings. Additionally, the in vitro
system is (as always) only a rough estimation of a whole human, thus, results
cannot be perfectly linked to health effects in humans and to wider public
health. Especially the lung deposition differs from the deposition within
our ALI system. With some uncertainties, the particle size range of few hun-
dred to several hundred nm is less likely to deposit to the lung alveolar re-
gion, compared to the particles with size range of tens of nm (Londahl
et al., 2014). Whereas, in the thermophoresis-based ALI system, the deposi-
tion stays quite constant from UFP size range up to particles with 1 pm diam-
eter, therefore reducing the representativeness of the reported outcome for
human risk evaluation. The methodology of the test aerosol production in
this study could have been improved. As discussed in the results section,
we had some difficulties with the soot production. In future studies, more ef-
fort should go towards controlling the primary soot size and concentration.
Additionally, it would be beneficial from a statistics perspective to include
more size variation within each sample treatment group in order to distin-
guish between effects due to particle size and sample treatment. Future stud-
ies should also look at particle morphology, as it is known that BC can be
emitted in a highly fractal structure, which influences the uptake of semi-
volatile vapours. Finally, a simple control for effects due to gases (instead
of particles) should be included in future studies, by removing particles
using a high-efficiency particulate filter (HEPA filter).

The domestic energy generation and biomass burning were found as the
most important sources connected to health effects of BC in the recent study
of Chowdhury et al. (2022). Furthermore, the sources of BC can also affect
the coating of the BC particles, with solid fuel combustion resulting to particles
with higher coating compared to the traffic emissions (Liu et al., 2017). Addi-
tionally, the environmental aspects, such as season can also affect the coating
of the BC particles, with for example photo-oxidation enchanting the second-
ary aerosols (Liu et al., 2019a, 2019b). Consequently, these studies are
pinpointing the importance of reducing the impacts of biomass combustion.

Our study, as far as we are aware, is one of the very first toxicological
studies using real combustion originated BC aerosols. BC as a PM component
is an interesting focus of the toxicological studies, as it has been argued that
BC is a relatively more hazardous component of the whole PM aerosol
(Janssen et al., 2011; Yang et al., 2021). The hypothesis for higher toxicity
has been suggested to be caused by the high carbon content of BC, the
small particle size, and the large surface area which acts as a condensation
sink for organic vapours (Grahame et al., 2014). Our results agree with two
of the suggested properties: particle size and organic fraction. The results in-
dicate that organic coating and atmospheric aging of the BC particles in-
creases their toxicity, as seen in multiple different exposures within our
study and accentuated by the results of the statistical analyses. Moreover,
the recent study of Offer et al., 2022 using ALI exposure system with co-
culture, showed that the aged soot particles induced higher genotoxicity
and inflammatory effects, compared to the primary particles, thus, showing
very similar results as the present study. Moreover, the smaller particle size
correlated with increased toxicity, seen especially with VSP-G1 originated
aerosol exposures. Therefore, in addition to BC, the results of our study em-
phasize the role of UFP emissions and their possible effect on public health.
Levels of UFP in the environment have not been significantly decreasing in
recent years (Presto et al., 2021), thus, supporting the recent statement by
the WHO (WHO, 2021) that UFP levels should be added to monitoring
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measurements. Overall mitigation of air pollution with aims of both global
climate change and air quality improvements are important, and BC as miti-
gation focus affects both (Harmsen et al., 2020).

5. Conclusions

In the present study, we conducted in vitro exposures of combustion origi-
nated BC with novel thermophoresis-based ALI system. The different aerosol
treatments induced various physical and chemical aerosol characteristics
which affected the toxicity of the primary, fresh and aged aerosol particles.
Aged aerosols typically consist of particles with a higher concentration of or-
ganics, compared to primary or freshly emitted aerosols. The VSP-G1 spark
generator was included in the study as a different source of aerosols. Results
from the GB exposures emphasized the importance of the organic coating to
genotoxicity and immunosuppression, and the VSP-G1 exposures emphasized
the genotoxicity of the ultra-fine particulates. Therefore, the overall drivers of
the toxicity seemed to be the organic fraction and the particle size of the aero-
sols. Both were further emphasized by the statistical analyses. Despite the im-
perfect representativeness of the in vitro system compared to whole human
exposure, the results of the present study suggest that the BC emission reduc-
tion should focus on combustion emissions with small particle sizes or simul-
taneous organic emissions for the largest benefits to air quality.
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