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• The toxicity of the exhaust from two diesel
fuels with distinct aromatic contents were
studied in vitro with ALI system.

• Results show that the higher aromatic
content of diesel fuel increases exhaust
emissions and their emissions.

• Genotoxicity was connected to the ex-
haust PM, whereas immunological re-
sponses were also evident with the
gaseous phase.
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The differences in the traffic fuels have been shown to affect exhaust emissions and their toxicity. Especially, the aro-
matic content of diesel fuel is an important factor considering the emissions, notably particulate matter (PM) concen-
trations. The ultra-fine particles (UFP, particles with a diameter of <100 nm) are important components of engine
emissions and connected to various health effects, such as pulmonary and systematic inflammation, and cardiovascular
disorders. Studying the toxicity of the UFPs and how different fuel options can be used formitigating the emissions and
toxicity is crucial. In the present study, emissions from a heavy-duty diesel enginewere used to assess the exhaust emis-
sion toxicity with a thermophoresis-based in vitro air-liquid interface (ALI) exposure system. The aim of the study was
to evaluate the toxicity of engine exhaust and the potential effect of 20 % aromatic fossil diesel and 0 % aromatic re-
newable diesel fuel on emission toxicity. The results of the present study show that the aromatic content of the fuel
increases emission toxicity, which was seen as an increase in genotoxicity, distinct inflammatory responses, and alter-
ations in the cell cycle. The increase in genotoxicity was most likely due to the PM phase of the exhaust, as the
exposures with high-efficiency particulate absorbing (HEPA)-filtered exhaust resulted in a negligible increase in
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genotoxicity. However, the solely gaseous exposures still elicited immunological responses. Overall, the present study
shows that decreasing the aromatic content of the fuels could be a significant measure in mitigating traffic exhaust
toxicity.
1. Introduction

Global air pollution is one of the most important environmental risks
threatening human health (Cohen et al., 2017; Forouzanfar et al., 2016),
with the recent WHO 2021 report estimating an annual death toll of up to
seven million. Exposure to ambient air pollution is associated with cardio-
pulmonary diseases, such as chronic obstructive pulmonary disease
(COPD), diabetes, and neurodegenerative diseases, such as Alzheimer's dis-
eases (Lim et al., 2010; Pearson et al., 2010; Forouzanfar et al., 2016;Maher
et al., 2016; Cohen et al., 2017; Mazidi and Speakman, 2017). Therefore,
decreasing air pollution levels is crucial. Thus, the need for several,
technology-based solutions for decreasing emissions is emphasized
(World Health Organization, 2021). Better after-treatment systems in com-
bustion applications, cleaner fuels, cleaner energy production, and electric
vehicles, are just a few of the possible solutions for lowering levels of air
pollution (Sofia et al., 2020; Apicella et al., 2020). However, electrifying
the heavy-duty fleet will be harder, as noted in the recent Euro 7 proposal,
therefore, the need for cleaner combustion-based fuels in these applications
will be relevant longer. (COM(2022) 586). Furthermore, research on com-
bustion emissions and their effect on human health is essential. The in-
crease in knowledge of the most harmful aspects of emissions will lead to
more effective mitigation strategies.

Ultra-fine particles (UFP), particleswith a diameter of<100 nm, are con-
nected to various adverse health effects, such as pulmonary and systematic
inflammation, and cardiovascular irregularities (Ohlwein et al., 2019). The
surface-area to mass-ratio of UFPs is high, allowing UFPs to transport a high
concentration of surface-bound components deep into biological systems
(Kwon et al., 2020). Thus, UFPs have been speculated to be one of the
most toxic components of ambient aerosols (Traboulsi et al., 2017). Notable
about UFPs is that they can enter the blood circulation via the lungs, thus,
affecting multiple organs of the body (HEI, 2013; Miller et al., 2017;
Schraufnagel, 2020). Furthermore, UFPs can be translocated into cells
with diffusion through lipid membranes, affecting cells that are generally
not capable of phagocytosis (Geiser et al., 2005; Yacobi et al., 2010). The im-
portance of UFPs to genotoxicity in vitro using an air-liquid interface (ALI)
exposure system has been highlighted recently (Hakkarainen et al., 2022).
The recent connections between neurodegenerative diseases and air pollu-
tion are linked to UFP exposure, as UFPs can penetrate the blood-brain bar-
rier, in addition to direct transport to the brain via the olfactory bulb
(Oberdörster et al., 2004; Calderón-Garcidueñas et al., 2015; Heusinkveld
et al., 2016; Calderón-Garcidueñas et al., 2019). Moreover, a study by
Park et al., 2020 suggested a pathological link, between UFP exposure and
Alzheimer's disease in vivo due to redox imbalance in the hippocampus.

The importance of UFP monitoring was emphasized in the WHO 2021
report, as there is a lack of information due to missing standardization re-
garding the measurement of under 100 nm size fraction of PM. Indeed, am-
bient levels of UFP in the atmosphere have been staying constant in recent
years (Presto et al., 2021).Moreover, themodern traffic after-treatment sys-
tems are not as effective with UFP emissions, compared to the PM with a
larger size, and may actually increase the concentration of UFP within the
exhaust emissions due to nucleation (Vaaraslahti et al., 2004; Kwon et al.,
2020). Overall, research-based information on the levels and effects of
UFPs should be improved, as stated in the WHO 2021 report, with one so-
lution being to decrease the measured particle diameter cut-off to 10 nm
from the 23 nm in the current vehicle exhaust emission legislation, with
the addition of volatile particles to the measurement methodology (ICCT,
2019).

One of the major contributors to exhaust emissions is fuel. The compo-
sition of fuels has been shown to affect emissions and their toxicity (Jalava
2

et al., 2012; Yang et al., 2018; Hakkarainen et al., 2020). For example, a
higher ethanol contribution in fuel has been shown to decrease exhaust
PM emissions and toxicity of emissions (Timonen et al., 2017;
Hakkarainen et al., 2020). Moreover, the aromatic content of the fuels, re-
ferring to the concentration of unsaturated hydrocarbons with benzene-like
structures, has a substantial role regarding emissions, especially PM con-
centration (Karavalakis et al., 2015). The aromatics work as a precursor
of multiple toxic compounds of combustion emissions (Yang et al., 2019),
and a reduction in aromatics has been connected to a decrease in emissions
toxicity (Jalava et al., 2021; Karavalakis et al., 2015; Hakkarainen et al.,
2020). Consequently, the concentration of aromatics is of high importance
and has been aimed to be substituted with higher ethanol-gasoline blends
for commercial gasoline fuels (EPA 2017). Fuels produced from non-fossil
sources, such as renewable diesel, have been shown to have in addition of
low aromatics, no sulphur, higher oxygen content, and higher cetane num-
bers than fossil fuels. These properties all increase engine performance and
decrease emission toxicity (Wu et al., 2020). Moreover, the fuels produced
from non-fossil sources have lower greenhouse gas emissions than fossil
fuels (Jeswani et al., 2020).

In the present study, emissions from a modern high-speed heavy-duty
diesel engine without aftertreatment were used to assess exhaust toxicity
with a thermophoresis-based in vitro ALI exposure system (Ihalainen
et al., 2019). The aim of the study was to evaluate the toxicity of engine ex-
haust UFPs from two distinct diesel fuels. A co-culture of the human
adenocarcinomic alveolar epithelial cell line (A549) and humanmonocytic
leukaemia cell line (THP-1) was used. The two diesel fuels were: fossil fuel
with 20 % of aromatics (Ar20), and renewable diesel, with 0 % aromatic
content (Ar0). To better understand the relative toxicity of different exhaust
components, volatile material was removed from the particles in selected
exposures. Additionally, the effect of gas-phase compounds on toxicity
was tested by filtering the exhaust sample entering the ALI with high-
efficiency particulate absorbing (HEPA) filter. Finally, to examine the effect
of only the smallest PM size fraction, selected exposures were conducted
using the differential diffusion analyser (DDA) classifies particles based
on their diffusional movement. Several different toxicological endpoints
were analysed from the cells after the one-hour exhaust exposure.

2. Materials and methods

2.1. Engine exhaust experiments

In the present study, the source for emissions was a high-speed heavy-
duty (HD), non-road diesel engine, AGCO 44 AWIC (ACGO Power Oy,
Finland), which was tested using an electric dynamometer developed in-
house at VTT. Basic characteristics of the engine are found in supplemen-
tary materials S1 Table 1. The specifications of the dynamometer are also
reported in the S1. The engine was a modern diesel engine equipped with
a common-rail fuel injection system, which is less sensitive toward fuel
properties such as density and viscosity, compared to the older engines
equipped with a mechanical fuel injection system. Overall, the engine
used in the experiments represents diesel engines applied to heavy-duty ve-
hicles, non-road applications, and high-speed marine engines using distil-
late fuels. The engine was not equipped with any exhaust after-treatment
system in the measurements.

The engine was operated by running two consecutive 1800 s long ISO
8178 ramped mode cycles (RMC-C1) to obtain a cycle that matches the
standard 3600 s ALI sampling period. The RMC-C1 is a test cycle developed
for non-road engines and it contains modes with different loads and engine
speeds from idle to maximum power and linear transitions lasting 20 s
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between the modes. Duration of one mode with constant speed and load
varies from 126 to 248 s. The cycle is shown in the supplementarymaterials
S1 Fig. 1.

2.1.1. Fuels
The following two fuels with different aromatic contents were used in

the measurement campaigns with HD diesel engine: “Ar20” fuel meeting
EN590 specification with 20 wt-% total aromatics representing conven-
tional diesel and essentially aromatic-free “Ar0” fuel containing 0.1 wt-%
total aromatics. Both test fuels are commercially sold. In addition to aro-
matic content, several other properties of fuels varied substantially, such
as cetane number and polyaromatic hydrocarbon (PAH) content. Fuel prop-
erties were analysed by ASG Analytik-Service GmbH and can be seen in
supplementary materials S1 Table 3.

2.1.2. Instrument setup
The instrument setup consisted of two different exhaust sampling sys-

tems, exhaust sample treatment systems, aerosol and gas instruments, and
the ALI cell exposure system. The simplified overview of the measurement
setup is shown in Fig. 1. Demonstration of the whole set-up is found in the
supplementary materials S1 Fig. 2.

The exhaust was sampled from the tailpipe to several instruments in-
cluding ALI by a porous tube diluter (PTD) combined with a residence
time tube (RTT) together simulating the process of atmospheric dilution
of the exhaust (Rönkkö et al., 2006; Keskinen and Rönkkö, 2010). A dilu-
tion rate (DR) of 12 was targeted within the PTD, and the dilution air tem-
perature was maintained at 30 °C. After the RTT, a sample was led to an
ejector diluter directly (DR 5) or through a thermodenuder. The direct op-
tion was used when particles containing semi-volatile compounds were
studied and the thermodenuder option was used when non-volatile parti-
cles were studied. The thermodenuder, which removes volatile compounds
from the particles, was operated at 265 °C.

After the ejector diluter, a sample was split between two lines: to the
DDA-ALI system and to a set of real-time instruments.

The DDA was used to select the nano fraction (smaller than 10 nm) of
the particles. When all the particles were studied, the classification was
switched off. Downstream of the DDA additional clean air was added to
the sample to reach a flow rate of 5 l/min required by the ALI, resulting
in a DR of 6.67. A static mixer ensured a uniform sample to the ALI. The
DDA classifies particles by their diffusion rates, allowing only particles
smaller than 10 nm to pass through (Arffman et al., 2017). Particles
below a certain size can be separated within the DDA by diffusion and
guided to the ALI system for nanoparticle exposures. However, the device
is still a prototype, with the present study being one of the first times it is
used. The exposures which included the DDA are indicated by the term
Fig. 1. Simplified overview of the instrumentation set-up. The exhaust sample was dire
(DDA) was used with Nano exposures. The route of these experiments is marked with
fossil diesel, DR = Dilution Ratio, PTD = Porous Tube Diluter, RTT = Residence Time
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“Nano” within the exposure names. The effect of gaseous compounds was
studied by removing particles from the sample with a HEPA-filter (HEPA
Capsule 12144, Pall Corporation, Port Washington, NY, USA) in front of
the ALI. These exposures are indicated by the term “HEPA”.

Filter sampling of PMwas conducted from the same line in parallel with
the DDA. The sampling on quartz filters (Pallflex Tissuquartz, Pall Corpora-
tion, Port Washington, NY, USA) was performed with an eFilter (Dekati
Ltd., Kangasala, Finland).

For most of the real-time instruments, the sample after the first ejector
diluter was further diluted by two parallel ejector diluters (DR 5). A
mixer and conical sampling tube were placed after the two ejector diluters
to ensure proper mixing of the sample before being directed to the analysis
instruments. The instruments in this sampling line included scanning mo-
bility particle sizer (SMPS, TSI, inc., Shoreview, MN, USA, (Wang and
Flagan, 1990) and Nano-SMPS, which were used to measure the particle
number (PN) size distribution. PN concentration of particles larger than
10 nm was measured with a condensation particle counter (CPC A20,
Airmodus Oy, Helsinki, Finland). An additional bridge diluter, followed
by a mixer and flow splitter, was used upstream of the CPC to reduce parti-
cle concentration at the inlet in order to avoid exceeding the optimal con-
centration range of the instrument. An electrical low-pressure impactor
(ELPI+, Dekati Ltd., Kangasala, Finland (Järvinen et al., 2014; Keskinen
et al., 1992)) was utilized in the measurement of particle lung deposited
surface area (LDSA) to compare possible differences of particle exposure be-
tween emissions of two distinct diesel fuels (Lepistö et al., 2022). LDSA is a
metric that estimates the surface area of particles that enter the lung alveoli.
Different compounds, for example, the total organic aerosol (OA) mass of
PM were measured with a soot particle aerosol mass spectrometer (SP-
AMS, Aerodyne Research Inc. Billerica, US, (Onasch et al., 2012)) and
equivalent black carbon (eBC, hereon referred to as BC) concentration
with an aethalometer (AE33, Magee Scientific, Slovenia, Drinovec et al.,
2015)).

2.2. PAH

PAH concentrations were analysed from particles collected at the previ-
ous campaign, using the same fuels and engine. Concentrations are calcu-
lated using the percentage fractions of PAH from earlier campaign,
therefore, concentrations of PAHs presented may not fully correspond to
thosewhich were in the aerosols of ALI exposures. The PAHswere analysed
by a subcontractor, MetropoliLab, and a total of 24 individual PAH com-
pounds (Supplementary materials S1 Table 6) were analysed according to
ISO 16000 and EN 14662 analysis methods. The detection limits of the
PAH analysis were 10–30 ng compound per sample and measurement un-
certainty was 30 %.
cted to the denuder for the Primary exposures and a differential diffusion analyser
dashed arrows. Ar0 = Non-aromatic renewable diesel, Ar20 = 20 % aromatics
Tube, ALI = Air-Liquid Interface.
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2.3. Exposures

The test matrix of this study is presented in Table 1. The highest priority
and the largest number of repetitions were given to Ar20 fuel, as it repre-
sents the most used diesel fuel in Europe. Less commonly available
aromatic-free Ar0 fuel and special sampling treatments received fewer rep-
etitions. From both Ar20 and Ar0, three repetitions (n = 3) of the normal
exhaust (also referred to as fresh) exposures were conducted. Additionally,
one to three (n = 1–3), depending on the exposure, exposures with the
DDA (denoted Nano) and exposures from which the volatile compounds
were removed with thermodenuder (Primary), and a combination of both
exposures (Nano Primary) were completed with both fuels. To examine
the toxicity of gaseous exhaust compounds individually, from three Ar20
exhaust exposures (n = 3) particles were filtered out before the ALI using
HEPA-filter. Moreover, as the concentrations of aerosols were higher in ex-
posures without the DDA, to compare inmore detail the absolute toxicity of
only nanoparticle exposures, three exposures (n=3)were conductedwith-
out DDA, but with similar concentrations as exposures including DDA (Re-
duced conc.). As the repetition count was low for the majority of the
Primary and Nano exposures, with the addition of lacking aerosol data for
Nano exposures, we have included in the figures results only from the
Ar0, Ar20, and Ar20HEPA exhaust exposures, whereas results from the Pri-
mary and Nano exposures are presented only in the table form. The clean
air exposures were used as a control for the toxicological analyses and incu-
bator controls as a control for the ALI exposure system (n=7). The positive
controls (n = 7) were lipopolysaccharide (LPS) for cytokine and methyl
methanesulfonate (MMS) for genotoxicity analyses.

2.4. ALI exposure

The thermophoresis effect-based ALI in vitro exposure system was used
to expose cells to different aerosols produced by the engine for 1 h. In this
thermophoresis-based ALI exposure system, the aerosol exposure is con-
ducted from the basal side of the inserts on to the A549 epithelium
(Ihalainen et al., 2019). Themain flow in the ALI was 5 l/minwith a partial
flow of 150ml/min led to the cells as a laminar flow. The relative humidity
of the ALI system approaches 100 %, while still staying below the conden-
sation point at 37 °C. Deposition of particle mass, number, and surface area
were calculated from the measured aerosol concentrations, similarly as in
our previous studies using the same exposure system (Ihantola et al.,
2020; Ihantola et al., 2022; Hakkarainen et al., 2022). The calculations
are presented in supplementary materials S2 and the results in Table 4.

2.5. Cell culture

Co-culture 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) was cultured on
24 mm Falcon™ inserts (Corning, #353090, USA). The cells were cultured
in a humidified incubator at +37 °C and 5 % CO2 in Dulbecco's Modified
Eagle (DMEM) supplemented with 10 % (v/v) fetal bovine serum (FBS),
Table 1
Test point descriptions.

Test point Fuel Particle type Size classification for ALI Repetitions

1. Ar0 Ar0 Fresh No 3
2. Ar20 Ar20 Fresh No 4
3. Ar20 HEPA Ar20 Gas phase only HEPA filter 3
4. Ar0 Nano Ar0 Fresh Yes, nanoparticles with DDA 3
5. Ar0 Primary Ar0 Primary No 1
6. Ar0 Nano Primary Ar0 Primary Yes, nanoparticles with DDA 2
7. Ar20 Nano Ar20 Fresh Yes, nanoparticles with DDA 3
8. Ar20 Primary Ar20 Primary No 3
9. Ar20 Nano Primary Ar20 Primary Yes, nanoparticles with DDA 2
10. Ar20 Reduced conc. Ar20 Fresh No, reduced concentration 3
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2 mM L-glutamine, and 100 U/ml penicillin and 100 U/ml streptomycin
(Sigma-Aldrich or Gibco, Life technologies).

The A549 cells were cultured on the basal side of the inserts' membrane
four to six days preceding the exposures. The seeding densities of the cells
depended on the exposure day and were 220 000 cells/ml, 200 000 cells/
ml, and 180 000 cells/ml for inserts exposed four, five, and six days later,
respectively. ALI environment was formed for A549 cells 48 h before expo-
sure, by removing the cell medium and adding 1 ml of DMEM with 5 % of
FBS only onto the apical side. THP-1 cells were differentiated 24 h before
exposure, with 0.5 μg/ml phorbol-12-myristate-13-acetate (PMA) and
seeded on the apical side of the inserts with the seeding density of 110
000 cells/ml. Thus, the percentage of THP-1s was approximately 10 % of
the total cell count.

Prior to the exposure, the mediumwas replaced with serum-free medium
supplemented with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (Sigma-Aldrich, USA), for buffering the alteration of
pH. After the exposure, the medium was collected, and cells were supplied
with a new serum-free medium and incubated for 24 h at +37 °C with 5 %
CO2. After the 24 h incubation, the medium was again collected from the
inserts. Therefore, we can analyse the cytokine levels immediately (marked
as 1 h) and 24 h (marked as 24 h) after the exposure.

Next, inserts were washed with phosphate-buffered saline (PBS)
from both sides of the membrane. PBS was collected and
trypsin-ethylenediaminetetraacetic acid (EDTA) solution was added to
cells and incubated for 5 min at +37 °C with 5 % CO2, detaching the
cells from the inserts' membranes. To inhibit the trypsin, 100 μl of FBS
was added, cells were rinsed from the insert membranes and collected
in the same tubes as PBS earlier.

For analysis of genotoxicity, 60 μl of the cells were mixed with a freez-
ing medium (50 % DMEM, 40 % FBS, and 10 % DMSO) and stored at
−80 °C. For cell cycle analyses, a portion of the cells was pipetted in drop-
lets to 4 ml of 70 % (v/v) ethanol under constant vortex-mixing and stored
at +4 °C and analysed later.

2.6. Toxicological analysis

2.6.1. Genotoxicity
Genotoxicity was assessed with a slightly modified alkaline version of

single-cell gel electrophoresis (SCGE), also known as comet assay. In the
SCGE assay, the cells are embedded in agarose gel and lysed in alkaline set-
tings, followed by electrophoresis. The lysing exposes the cell nucleoids,
and the DNA supercoils with the alkaline conditions making DNA coils
more relaxed, increasing the robustness of the assay. During the electropho-
resis step, strand breaks in the DNA allow the negatively charged DNA to
migrate more toward the positive anode of the electrophoresis chamber.
The DNA strands can be stained with ethidium bromide and quantified
with fluorescence microscopy. The level of genotoxicity is presented by
the ratio of migrated DNA compared to unmigrated with data analysis
done using the geometric median from the percentage of DNA in the tail.
The detailed procedure for the SCGE assay is described in a previous
study by Hakkarainen et al., 2022.

2.6.2. Cytokines
The immunological response of the cells was investigated by measuring

the concentrations of the chemokine (C-X-C motif) ligand 1 (CXCL1),
Tumor Necrosis Factor alfa (TNF-α), Interleukin 6 (IL-6), Interleukin 1
beta (IL-1β), Interferon gamma (IFN-γ), Interleukin 10 (IL-10), and
Granulocyte-macrophage colony-stimulating factor (GM-CSF) from cell cul-
ture mediums. The secretion of CXCL1 was measured using an Enzyme-
Linked Immunosorbent Assay (ELISA) kit (R&D Systems, Abington, UK)
on 96-well plates (NuncMaxisorp), according to themanufacturer's instruc-
tions. The measurements were conducted with a hybrid multi-mode reader
Synergy H1 (BioTek Instruments, USA) at 450 nm.

Concentrations of GM-CSF, IFN-γ, IL-1β, IL-6, IL-10, and TNF-α were
measured using U-PLEX Biomarker Group 1 (hu) 6-assay kit and Sector
2400 imager Reader (both from Meso Scale Diagnostics, USA) with



Table 3
Deposition estimates for PM mass, particle number (PN, > 10 nm), organic aerosol
(OA) mass, and black carbon (BC) mass from four different exposures. PM mass is
calculated from the sum of OA and BC. All values were calculated from concentra-
tions in the diluted exhaust gas.

Test point PM mass
deposition
(ng/cm2)

PN deposition
(particles/mm2)

OA mass
deposition
(ng/cm2)

BC mass
deposition
(ng/cm2)

1. Ar0 2.1 7.3 × 104 0.7 1.4
2. Ar20 4.2 1.1 × 105 1.5 2.7
5. Ar0 Primary 1.1 1.0 × 104 0.2 0.9
8. Ar20 Primary 1.8 1.6 × 105 0.3 1.5
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Discovery Workbench® 3.0.18 software. Analyses were conducted accord-
ing to themanufacturer's instructions, using reagents providedwith the kit.
The detection limits (DL) were defined for each cytokine separately. Distri-
butions of cytokines and detection ranges are shown in supplementary ma-
terials S1 Table 2. For samples where concentrations were below the lower
DL, values corresponding to half of the DL (DL/2) of the respective cytokine
assay were used.

Cytokines weremeasured from amedium collected directly after the ex-
posure (referred to as 1 h) and after 24 h of incubation (24 h). The high per-
centage of levels of IFN-γwere below DL and thus excluded from the study.
Moreover, the majority of the cytokines from the 1 h timepoint (except
CXCL1 and IL-6) were not analysed due to the high percentage of concen-
trations below DLs. Data from cytokine measurements are shown as a per-
centage of difference compared to clean air control.

2.6.3. Cell cycle
In cell cycle assay, the RNA of the fixed and permeabilized cells is

erased, followed by the staining of the DNA with propidium iodide (PI), a
fluorescent agent which binds to the DNA through intercalation between
the bases, and the analysed with FACSCanto II flow cytometer (BD Biosci-
ences, USA). The stained DNA within the cells emits fluorescence signals
proportional to the amount of cellular DNA. The RNA is first removed
from the cells because PI binds to RNA as well, making the results impossi-
ble to interpret due to the fluorescence signal from RNA.

The cell suspensions fixed in ethanol were centrifuged, washed with
1 ml of cold PBS, and resuspended in 250 μl of cold PBS. 3.75 μl of
RNAse A (10 mg/ml) was added to the samples and vortexed before a 1 h
incubation at +50 °C. This was followed by adding 2.0 μl of PI (1 mg/
ml), vortex-mixing, and 30 min incubation at +37 °C. The samples were
measured with a FACSCanto II flow cytometer (BD Biosciences, USA).
The data from measurements were analysed using FlowJo 10 software
(FlowJo LLC, USA) and presented as cell population percentages in sub-
G1/G0, G1/G0, and S + G2/M phases, compared to the respected clean
air control levels. TheG1phase indicates cell growth, the S+G2_Mcell mi-
tosis, and the Sub_G1 phase indicates the state of apoptosis.

2.7. Statistical methods

Statistical analyses between groups were performed using
Mann-Whitney U test. A p-value of <0.05 was considered to be statistically
significant. Statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 27.0 (IBM Corp. Armonk, NY).

3. Results

3.1. Aerosol results

The different aerosol components and properties are presented in
Table 2 in the diluted exhaust gas, preferring the aerosol concentrations
which were led in the ALI system at exposures. Note that with all the expo-
sures except for the Ar0, Ar0 Primary, Ar20, and Ar20 Primary, aerosol fed
to the measurement devices was different from that the cells were exposed
to in the ALI. Therefore, in the following tables, we only present properties
(PM mass from the sum of OA and BC and from quartz filters, size with a
Table 2
PMmass as the sum of BC andOA and PMmass fromquartzfilters, geometric mean diam
(BC)mass, OA to BCmass percentage, andmean organics families' mass concentrations f
concentrations led in the ALI system.

Test point PM mass concentration
(μg/m3)

GMD
(nm)

PN
(#/cm3)

OA mass concentra
(μg/m3)

1. Ar0 2.4 / 2.6 15 8.1 × 104 0.8
2. Ar20 4.5 / 3.6 16 1.2 × 105 1.6
5. Ar0 Primary 1.2 / 1.3 32 1.1 × 104 0.2
8. Ar20 Primary 1.9 / - 32 1.8 × 104 0.2

5

geometric mean diameter (GMD), PN (> 10 nm), OA mass, BC mass, and
masses of different OA families, as well as OA/BC -ratio) from the aerosols.
The deposition estimates in the ALI system for PMmass, PN (> 10 nm), OA,
and BCmass are shown in Table 3. The raw exhaust gas concentrations are
presented in supplementary materials S1 Table 4. The PM mass from mea-
surement instruments resulted in a bit higher concentration, compared to
thefilter samples. The Ar20 resulted in 88% and 58%higher PMmass con-
centrations in both fresh and Primary exposures, respectively. However, the
OA and BC fractions were relatively similar in both fresh and Primary expo-
sures, indicating that both OA and BC components increased in the same
proportion when using Ar20. Based on the differences between primary
and fresh emissions on average approximately only 20 % of OA stayed
non-volatilized at 265 °C (Table 3). Regarding the composition of OA, OA
consisted mostly of hydrocarbon fragments as the hydrocarbon fragment
(CxHy) concentration was significantly higher than the one of oxygenated
fragments (CxHyO and CxHyOz) for all studied conditions. The main ion
fragments were C4H9

+ and C3H7
+ from the alkyl chain (CnH2n+1) followed

by C4H7
+ and C3H5

+ from the alkene chain (CnH2n-1). The high contribution
of hydrocarbon-like OA is very typical for traffic-related exhaust emissions
(Saarikoski et al., 2017). All mass spectra of the CxHy-family for both Fresh
and Primary emissions as well as for both fuels (Ar0 and Ar20) were very
similar (S3 Fig. 1) and do not explain the concentrations differences. It
should be noted that fragmentation in AMS is the very strong and original
structure of individual compounds can not be characterized. As the main
difference between Ar20- and Ar0-fuels was the contribution of aromatics,
the higher OA and BC concentrationswhenusingAr20-fuel were very likely
connected to aromatic compounds. The contribution of particulate C6H5

+

ion which is a basic fragmentation ion from the aromatic ring was
0.9–3.2 % of the total hydrocarbon fragment. The contribution was higher
for primary emissions than for fresh ones and for Ar20 than for Ar0 (S1
Fig. 3).

Fresh emissions in both fuels had relatively similar size distribution
(mobility diameter) curve shapes, with Ar20 having a significantly higher
number concentrations of particulates (Fig. 2). The concentration of UFPs
in Primary exposures was multi-fold lower and the peak of particle size
was in larger diameter particulates compared to fresh, resulting in an over-
all larger average PM size in Primary exposures.

BC and OA mass concentrations in the aerosols were higher from the
Ar20 fuel, in both Primary and fresh emissions (Fig. 3). The organic fraction
of the emissions from both fuels was multi-fold lower in primary aerosols.
Note that organic mass concentrations were measured with a SP-AMS,
eter (GMD), particle number (PN,> 10 nm), organic aerosol (OA)mass, black carbon
rom four different exposures. Values are in the diluted exhaust gas, corresponding to

tion BC mass concentration
(μg/m3)

OA /
BC

CxHy

(μg/m3)
CxHyO
(μg/m3)

CxHyOz (z > 1)
(μg/m3)

1.6 0.5 0.70 0.06 0.04
3.0 0.53 1.40 0.1 0.05
1 0.2 0.13 0.04 0.03
1.7 0.12 0.16 0.03 0.02



Fig. 2. Particle number size distribution (1/cm3) for Ar0, Ar0 Primary, Ar20, and Ar20 primary exposures in the diluted exhaust gas. Fresh (normal) exposures are indicated
by orange colour and Primary exposures with blue colour.
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which includes only submicron particles with larger than 50 nm in aerody-
namic diameter, and therefore, these results partly exclude the high PN con-
centrations which are seen in Fig. 2.

LDSA size distributions corresponding to the exhaust pipe concentra-
tions of the two different fuel combustion are shown in Fig. 4. The results
show that the higher particle emissions from Ar20 cause potentially more
lung exposure than with Ar0 which could contribute to negative health ef-
fects. Also, Ar20 combustion contributes relatively more to lung deposition
of particles smaller than 40 nm showing that also the characteristics and
sizes of particles causing lung exposure are different, indicating varying
health effects with the different fuels. In general, with both fuels, LDSA is
Fig. 3. Equivalent black carbon (BC) and organic aerosol (OA)mass concentrations (μg/m
gas.
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mainly from soot particles smaller than 100 nm, which is typical for engine
exhaust and near-traffic ambient aerosol (Lepistö et al., 2022).

3.1.1. PAH
The PM-bound PAH emissions from the diesel enginewere considerably

higher when using Ar20 as fuel (Fig. 5). Note that PAH analysis were not
conducted during this experiment campaign, but the corresponding PAH
concentrations were calculated using the PM masses between the cam-
paigns. Raw exhaust gas concentrations of PAH compounds can be seen
in supplementary materials S1 Fig. 4. This figure also includes the concen-
trations of PAH compounds in semi-volatile compound fraction. Based on
3) fromAr0, Ar20, Ar0 Primary, and Ar20 Primary exposures in the diluted exhaust



Fig. 4. Particle LDSA size distributions from Ar0 and Ar20 calculated from the
exhaust pipe concentrations. The standard deviations of the distributions are
indicated by vertical bars.
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the fuel properties the PAH content in Ar20-fuel was 1.7 % and for Ar0
below 0.1 %. Of course, during the combustion of fuels, more PAH com-
pounds might be formed. From the individual PAH compounds, pyrene
was dominating species. The concentration of carcinogenic PAHs (pre-
sented as a line on the bar figures) was higher from the exhaust emissions
of Ar20 fuel.

3.2. Toxicological results

The toxicological results of Ar0, Ar20, and Ar20 HEPA exposures are
presented in the following figures. Results are compared to the clean air
Fig. 5.Masses of PM-bound polyaromatic hydrocarbonsmeasured in the diluted exhaust
Carcinogenic PAHs are presented in bolded font and their sums with lines on the bar fig
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control with error bars showing a 95 % confidence interval (95 % CI) and
the statistically significant differences (< 0.05 p-value) between the clean
air control and different exposures are indicated with an asterisk and a
line with alpha, respectively. Results from exposures that are not presented
in the figure are shown in Table 4. In addition, all the exposures are pre-
sented in more detail in supplementary materials S1 Table 5. and the raw
values are displayed in supplementary materials S3.

3.2.1. Genotoxicity
The highest genotoxicity was observed from the Ar20 exposure with an

increase compared to the clean air control, whereas the Ar0 resulted in neg-
ligible difference (Fig. 6.). A statistically significant difference was found
between the Ar20 and Ar20 HEPA exposures.

3.2.2. Cell cycle
Ar0 and Ar20HEPA both resulted in similar levels of G1 cell cycle phase

compared to clean air control (Fig. 7). Ar20 resulted in a statistically signif-
icant decrease in S + G2_M and an increase in G1 cell cycle phases com-
pared to clean air control. A statistically significant difference was found
between the Ar0 and Ar20 Sub_G1 cell cycle phases. Approximately 75 %
of the cells are in the G1 phase, 22 % in the S + G2_M, and 3 % in the
Sub_G1 cell cycle phases, respectively.

3.2.3. Cytokines
Exposure to all studied exhausts resulted in a statistically significant de-

crease in IL-1β and TNF-α levels in samples collected 24 h after the expo-
sure when compared to control (Fig. 8). Exposure to Ar20 HEPA also
lowered the levels of IL-10, CXCL1, and IL-6 and exposure to Ar20 lowered
IL-6 secretion. In samples collected 1 h after the exposure, exposure to Ar20
and Ar20 HEPA resulted in higher levels of CXCL1.
gas from two different fuels. Corresponding to concentrations within the ALI system.
ures.



Fig. 6. Percent of genotoxicity after diesel exhaust exposures from A549 and THP-1
co-culture, compared to the clean air control with dashed line indicating the control.
Results are shown as means with 95 % CI. n = 3. *p-value <0.05 compared to
control and α = p-value <0.05 compared between different exposures.
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When comparing exposures, a fewdifferenceswere observed. The levels
of IL-1β and CXCL1 differed statistically after Ar0 and Ar20 HEPA expo-
sures (24 h samples). Interestingly, whilst all exposures elevated CXCL1
levels in samples collected after 1 h, the highest elevation was seen in
Ar0, which differed significantly from both Ar20 and Ar20 HEPA.

Results from the exposures which are not shown in the figures are pre-
sented in supplementary materials S1 Table 5. Due to the low number of
repetitions and lack of corresponding exposure aerosol data, it is not possi-
ble to fully draw conclusions about the toxicological effects between the re-
sults in Figs. 6 to 8.

The highest difference compared to clean air control with an increase in
genotoxicitywas seen in Ar20 Primary. However, no statistically significant
results were seen in genotoxicity. The highest difference with a statistically
significant increase in Sub_G1 cell cycle phaseswas observedwithAr20 Pri-
mary exposure. For the different cytokines, Ar20 Primary resulted in the
highest difference with a statically significant increase between the clean
air control in levels of GM-CSF, IL-1β, and TNF-α andwith a statistically sig-
nificant decrease in IL-10 and CXCL1. For IL-6, the highest differencewith a
statistically significant increase was with Ar20 Reduced conc. Exposure.
Ar20 Nano and Ar0 Nano resulted in the highest difference compared to
clean air control with statistically significant decrease and increase for 1 h
Fig. 7. Percent of different cell cycle phase populations after diesel exhaust
exposures from A549 and THP-1 co-culture, compared clean air control with
dashed line indicating the control. Results are shown as means with 95 % CI.
n = 3. *p-value <0.05 compared to control and α = p-value <0.05 compared
between different exposures.
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levels of IL-6 and CXCL1, respectively. The lowest differences in toxicolog-
ical endpoints were detected with Ar20 Reduced conc., with the least dis-
tinction compared to clean air control in genotoxicity and different cell
cycle phases.

4. Discussion

In the present study, the emissions and emission toxicity of renewable
diesel fuel (Ar0) differed when compared to those of fossil-based diesel
(Ar20). Overall, PM mass and PN in the Ar20 fuel exhaust emissions were
higher compared to the Ar0, whereas the particle size and OA/BC percent-
ages between the different fuel exhausts were similar. As anticipated, the
Ar0 fuel combustion also led to a lower concentration of PAH compounds,
including the carcinogenic PAHs, similarly as in multiple previous studies
comparing emissions of fossil- and renewable diesel fuels (Lu et al.,
2012a, 2012b; Valle-Hernández et al., 2013; Steiner et al., 2013; Yilmaz
and Donaldson, 2022). The results show the importance of the aromatic
compounds in the fuel to the exhaust emissions. Also, the LDSA results fol-
low the results with PN andmass concentrations, with over 75% higher de-
posited surface area in the lung alveoli from the Ar20 emissions,
demonstrating possible major differences with the health effects caused
by the combustion of different fuels. Additionally, the LDSA results show
that the average sizes of particles contributing to LDSA were slightly differ-
ent, indicating that also the characteristics of particles entering the lung al-
veoli differ, which could lead to distinct health effects.

The exhaust emissions of two different fuels showed distinct toxicolog-
ical effects. The overall mechanisms of PM-induced toxicity are complex
due to the chemical complexity of the proxy and the biological complexity
of the target and the interaction of those. The chemical composition of PM
such as the concentration of metals and PAHs has been shown to affect
health effects, due to their capability to produce oxidative stress and disturb
normal homeostasis, leading to toxicological endpoints such as cytotoxic-
ity, genotoxicity, and ultimately cell death (Shiraiwa et al., 2017;
Riediker et al., 2019; Rönkkö et al., 2020). Furthermore, morphological as-
pects such as particulate size are important, affecting the ability of particu-
lates to absorb and transport compounds to the deeper parts of the tissues
and cells (Moreno-Ríos et al., 2022). The role of particles or particle-
bound compounds as the culprits of genotoxicity is indicated in the present
study by the Ar20 HEPA exposures, as the solely gaseous exposure did not
increase genotoxicity. Mass concentrations of carcinogenic PAHs in semi-
volatile compounds fraction and PM-bound fraction in Ar20 support this.
However, in the earlier studies using wood combustion emissions with
identical ALI system, the solely gaseous exposures resulted to increase in ge-
notoxicity (Ihantola et al., 2020). Suggesting that the carcinogenic com-
pounds in diesel exhaust are mainly bound to the particles, whereas, with
wood combustion, the gaseous phase of the aerosol can be additionally
genotoxic. Interesting is, however, why in the present study HEPA expo-
sures resulted in lower genotoxicity compared to clean air control. A possi-
ble reasonmight be associatedwith cell cycle populations and a decrease of
cell populations in the S-phase, as the cells in S-phase suffer more DNA
damage due to the presence of replication processes (Kruszewski et al.,
2012).

The Ar20 diesel exhaust induced higher genotoxicity compared to Ar0,
which was seen in both Comet assay and the percentage of cells in the
Sub_G1 phase of the cell cycle, as one of the major steps in apoptosis is
DNA fragmentation. (Bai et al., 2017). Higher concentration of PM-bound
PAH (especially the carcinogenic PAH) compounds in Ar20 emissions is
one of the likely culprits of the higher genotoxicity in vitro, as they have
been associated with genotoxicity in multiple different air pollution studies
(Kamal et al., 2015; Billet et al., 2018; Kanashova et al., 2018; Ihantola
et al., 2020; Ihantola et al., 2022). PAH genotoxicity is due to metabolic
products of PAHs in biological systems, binding to DNA and forming so-
called PAH-DNA adducts, disturbing the normal functionality of DNA,
and resulting in genotoxicity (Ewa and Danuta, 2017). For example, in
A549 cells, even the low concentrations of the benzo[a]pyrene (B[a]P)
have been linked to the addition of PAH-DNA adducts and genotoxicity



Fig. 8. Percent of different cytokine levels fromA549 and THP-1 co-culture, compared to the control after exposure to diesel exhaust. A)GM-CSF, B) IL-10, C) IL-1B, D) TNF-a,
E) IL-6, and F) CXCL1. All uniform bars present the 24 h samples and the bars with slash lines present the 1 h samples. Results are shown as means with 95 % CI. n = 3. *p-
value <0.05 compared to control and α = p-value <0.05 compared between different exposures.
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(Genies et al., 2013; Genies et al., 2016). Moreover, the UFPs can transfer
the PAH compounds on their surfaces at high concentrations and within
the intracellular space, thus, strengthening the toxicological effect of the
PAHs (Moreno-Ríos et al., 2022). Additionally, the PAH compounds have
been shown to localize in cytoplasm and result in toxicity in vitro, even
when the particle localisation is on the extracellular side of the cell, as the
PAHs can cross the lipid membrane due to their lipophilic character (Liu
et al., 2021).

Another possible perpetrator for the genotoxicity is the particle size it-
self. It has been observed that the solid nanoparticles can yield genotoxicity
without the PAH compounds, as seen in a study where mainly BC particles
with an average diameter below 30 nm, resulted in high genotoxicity
9

(Hakkarainen et al., 2022). Genotoxicity can rise from two different mech-
anisms which are called primary and secondary genotoxicity. In the pri-
mary, the DNA damage is induced by the particles with an absence of
inflammation and the secondary includes the oxidative damage-inducing
pathways resulting from the inflammation (Schins and Knaapen, 2007).
The process of nano-sized particle induced primary genotoxicity is con-
nected with the capability of particles to enter intracellular and even
intranuclear parts of the cell, therefore, disturbing normal cell functions
and inflicting toxicological responses (Perde-Schrepler et al., 2019). The
mechanisms of genotoxicity due to nano-sized particles include alteration
of cell metabolism, DNA lesions, mitochondrial damage, activation of in-
flammatory mediator synthesis, and generation of reactive oxygen species
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(ROS) due to peroxidation of membrane lipids and/or release of radicals
from the particle surfaces (Sukhanova et al., 2018). It has been shown
that for the respiratory cells, particles with a diameter below 50 nm can
enter the intracellular spaces (Ruenraroengsak et al., 2012), and since the
average PM size in the present study with fresh exposures was below
20 nm, particulates were probably able to infiltrate the cell membranes
and cause genotoxicity via the primary genotoxic route. Furthermore, re-
sults from Ar20 Primary exposure support that the genotoxicity was most
likely due to the particle size, as the Ar20 Primary induced an increase in
genotoxicity even with a low mass of OA. However, the chemical composi-
tion of PM between the two fuels still has importance. This is indicated by
differences in genotoxicity between the fresh and Primary exposures from
both fuels: Ar20 exposures resulted in high genotoxicity, whereas the Ar0
exposures did not. As the PM masses and sizes were similar in both Ar20
and Ar0 Primary exposures, the underlying reason for the high genotoxicity
of Primary Ar20 is likely connected to the chemical composition of PM.

The decrease in cytokine levels has been associated with air pollution
exposure in vitro and in vivo in previous studies (Happo et al., 2013;
Martikainen et al., 2018). This decrease might be due to e.g. immunosup-
pression. Decreases in multiple identical cytokines due to diesel exhaust
particle exposure have been suggested to be connected to the suppression
of MyD88 pathways and activation of the NF-ĸB transcription factor
(Sarkar et al., 2012). Overall, the cytokine results show a stronger immuno-
logical response from the Ar20 exposures, especially the Ar20 HEPA expo-
sure, compared to the Ar0. The high decrease in cytokine levels after Ar20
HEPA exposure indicates that the gaseous fraction might play the biggest
role in the immunosuppression seen after exposures. However, interest-
ingly there were not so clear correlations between immunosuppression
and genotoxicity, contrary to what was seen in the study of Hakkarainen
et al., 2022. Moreover, the Ar20 Primary induced pro-inflammatory,
while the Ar20 fresh exposures had immunosuppressive effects, indicating
the immunotoxicological importance of the PM-bound OA compounds.
Overall, cytokine results show that exposure to exhaust of diesel fuel with
aromatics, induces a higher difference inmultiple cytokine levels compared
to the clean air control, similarly as observed in previous studies (Kooter
et al., 2013; Malorni et al., 2017).

The concentration of PN emissions led through the DDA has been esti-
mated to decrease to a maximum of 10 % from the initial concentration
of a certain particle size range, compared to exposures without the DDA
(Arffman et al., 2017). And as only sub 10 nm particles were included
with DDA, the decrease in PM mass concentrations was considerably
higher. The multi-fold lower PM concentrations of the Nano exposures
were evident within the toxicological responses, as the Nano-exposures re-
sulted in lower toxicity compared to the fresh and Primary exposures. Over-
all, it is difficult to state any conclusive results from the Nano exposures, as
there were no aerosol data for the PM mass or average PM size from the
Nano exposures. However, the exposure to Ar20 reduced concentration ex-
haust resulted in the least difference compared to clean air control in toxic-
ity, therefore, slightly suggesting the higher toxicity of the only sub 10 nm
particle exposures. Overall, the Nano exhaust exposures including DDA em-
phasize the need to conductmore toxicological and aerosol research includ-
ing the very smallest particle sizes (Pedata et al., 2015; WHO 2021;
Moreno-Ríos et al., 2022).

Overall, results reveal that the aromatic content of diesel fuel is an im-
portant aspect considering the toxic compounds of diesel exhaust emis-
sions. The present study additionally emphasizes the role of UFPs as
genotoxic drivers. Therefore, the chemical composition of diesel fuel can
have an important role in the toxicity of the emissions, and eliminating
the aromatics from the diesel fuel, with the addition of particle filters as
after-treatment systems, can decrease the emission toxicity further. Even
though the present study establishes similar results from the previous stud-
ies, the use of a novel ALI exposure system complemented with a thorough
analysis of exhaust emissions, these results are crucial addition to the re-
search field (Lu et al., 2012a, 2012b; Kooter et al., 2013; Steiner et al.,
2013; Valle-Hernández et al., 2013; Malorni et al., 2017; Yilmaz and
Donaldson, 2022).
10
5. Conclusions

In the present study, the effect of aromatic concentration of diesel fuel in
emissions and their toxicity was studied using a thermophoresis-based ALI
exposure system. Results indicate that the larger concentration of aromatics
increased the PM and PAH exhaust emissions, which subsequently led to an
increase in genotoxicity and immunological responses. The increase in geno-
toxicity was suggested to be induced by the particulate emissions, likely con-
nected to the UFP size fraction. However, the exposure with only gaseous
fraction also induced a decrease in cytokine levels, and therefore, the toxicity
of the gaseous fraction of the emissions should not be ignored and requires
further research. Overall, decreasing the aromatic content of diesel fuels
using for example renewable diesel as in the present study could be substan-
tial for mitigating the PM emissions from combustion-based emissions. Our
future studies aim to reveal the effect of fuel on emissions toxicity withmore
detail, using passenger vehicles with several different fuels including mod-
ern after-treatment systems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.164215.
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