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Traffic as an important part of the energy sector significantly contributes to global air pollution. Tomitigate the

hazardous components of traffic emissions regulations have been implemented resulting in technological

solutions such as exhaust after-treatment systems. However, fuels also play a crucial role in emissions and

components such as the aromatic compounds in fuel have been linked to increased exhaust emissions.

Several current emissions regulations neglect environmental factors, such as cold operating temperatures,

that can significantly increase emissions. Moreover, the effect of fuel aromatics and cold temperature on

emissions toxicity has not been adequately studied. This study evaluates the impact of after-treatment

systems, aromatic fuel content, and cold operating temperature on emission toxicity. To achieve this, four

different light-duty vehicles were used in a temperature-controlled dynamometer room, with a co-culture

of A549 and THP-1 cell lines exposed to online exhaust emissions using a thermophoresis-based air–liquid

interface (ALI) system. The results demonstrate that the aromatic content of both diesel and gasoline fuels

increases exhaust toxicity. The study additionally emphasises the potential of particulate filters as

after-treatment systems to reduce the toxicity of emissions and highlights how cold running temperatures

result in higher exhaust toxicity. The study also assessed the diesel particulate filter (DPF) active

regeneration event, which leads to multi-fold emissions and higher toxicological responses. Overall, the

study provides crucial novel results on how various factors affect the toxicity of exhaust emissions from

modern light-duty vehicles, providing insights into decreasing the emissions from this energy sector.
Environmental signicance

The traffic sector is one of the main energy users globally with signicant contributions to global emissions and air pollution. Despite the increasingly strict
emissions regulations, several exhaust components such as ultra-ne particulates and black carbon still pose a signicant risk to public health and climate
change. Therefore, decreasing the harmful emissions from the traffic sector is of high importance. One of the methods to reveal the most toxic exhaust
components is the utilisation of novel in vitromethods, such as air–liquid interface (ALI) exposure systems. In the present study, thermophoresis-based ALI was
used to evaluate the toxicity of exhaust emissions and how factors such as fuel composition, aer-treatment systems, and operating temperatures affect the
emission toxicity. Results revealed that the higher aromatic content of diesel and gasoline fuel corresponds to the increase in PM emissions and higher
toxicological potential. The importance of aer-treatment systems, especially the particle lters, was highlighted. Cold operating temperature further increased
the emissions, especially those of PM and gaseous compounds such as NOx. The study provides crucial and novel information about light-duty vehicle emissions
and how their toxicological and environmental effects could be decreased with solutions such as cleaner fuels and aer-treatment technologies.
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1 Introduction

Traffic is one of the major atmospheric emission sources,
accounting globally for up to 27% of particulate matter (PM)
pollution in urban areas and one-quarter of greenhouse gas
emissions.1–3 Overall, decreasing air pollution from traffic
would have a benecial public health impact. To mitigate
exhaust emissions, several emissions standards have been
introduced globally to the vehicle eet, such as the Euro emis-
sions standards in the EU, Tier standards in the US, L standards
in Brazil, and the China emissions standards in China.5–10

Consequently, the hazardous components of the exhaust have
been decreasing in countries with emission regulations stan-
dards11 and the effect of emissions regulations on traffic
exhaust toxicity has been demonstrated in vitro.12,13 Despite this,
over 99% of the global population lives in environments with
ambient air pollution concentrations exceeding the WHO
limits.4 Air quality in developing countries is especially
impacted by traffic, with growth in eet numbers and a lack of
emissions regulations.11 The current emissions regulations are
constantly progressing, with future inclusions of traffic emis-
sion components such as the smallest particulate matter frac-
tions, semi-volatile organic compounds (SVOC), and tire wear.
Therefore, multi-technical solutions, such as aer-treatment
systems and cleaner fuels, are still considered necessary glob-
ally to decrease traffic emissions further.4,14,15 Aer-treatment
systems are developed to decrease the concentrations of
hazardous components of the exhaust. Systems such as three-
way catalysts (TWCs) reduce emissions by converting
hazardous pollutants to less hazardous ones with catalytic
reactions. Particulate lters, such as the diesel particulate lter
(DPF), decrease the PM emissions by use of honeycomb struc-
ture lters, efficiently decreasing PM emissions.16,17 Notably, in
most cases, the cost of air pollution management is shown to be
outweighed by the benets of clean air policies.18

Fuel composition is an aspect that has important conse-
quences on vehicle emissions and different chemical compo-
sitions have immense potential to decrease emissions,
particularly in vehicles without any aer-treatment systems. An
example of this is the ethanol concentration of gasoline, with
the higher ethanol content decreasing exhaust emission
concentrations and toxicity.12,19,20 Another important fuel
component is unsaturated aromatic hydrocarbons. The
concentration of aromatic hydrocarbons in both diesel and
gasoline fuels has been associated with an increase in exhaust
emissions concentrations and toxicological potential.21–24 Envi-
ronmental factors can also affect emissions and conditions
such as cold operation temperatures have been demonstrated to
increase PM concentrations in exhaust.25,26 Thus far, emissions
from cold-start and operating are included in a few emissions
regulations and testing, one example being the European type 6
test. Similar testing measures are included in the USA (CFR
1066 Subpart H) (US. EPA), South Korea (MOE, 2014), and China
(China 6, 2017) regulations. However, so far, there have been
only a few studies regarding the toxicity of emissions at cold
temperatures.12
456 | Environ. Sci.: Atmos., 2024, 4, 455–467
Increasingly combining the novel knowledge from toxico-
logical and epidemiological studies with emissions regulations
would be highly impactful.4 In vitro toxicological research is one
of the methods to further reveal the most hazardous aspects of
traffic exhaust, and several in vitro submerged studies have been
conducted on the toxicity of particulate matter in exhaust
emissions.12,27,28 However, toxicological experiments should
increasingly represent the actual biological system to better
establish the data from the most toxic emission components.28

A possible solution for this would be advanced in vitro models,
such as air–liquid interface (ALI) exposure systems, where the
cells can be exposed to total exhaust emissions, including
gaseous emissions such as SVOCs and nitrogen oxides
(NOx).29–32 Additional systems, such as primary cells and organ-
on-a-chip systems, would provide further advantages to pre-
senting real-life exposure.33 Toxicological studies should also be
combined with a detailed examination of the aerosol, increas-
ingly identifying the components in emissions that prominently
impact human health.34 Overall, toxicological studies could
provide vital information to further improve emissions
regulations.

The present study aimed to examine how the aromatic
content of the fuel, aer-treatment systems, and temperature
affect exhaust emission toxicity. One emphasis in the aer-
treatment systems was on the gasoline particle lter (GPF), as
the PM emissions from modern gasoline vehicles are substan-
tially higher than those from modern diesel vehicles.35 For the
in vitro exhaust exposure experiments, a thermophoresis-based
ALI system with a co-culture of A549 and THP secondary cell
lines was utilised. A total of four different light-duty vehicles
complying with the most recent Euro 6d emission regulation
were used at warm and cold running temperatures. Detailed
results from light-duty vehicle emissions are presented in the
study of Saarikoski et al., 2023.36 Following the in vitro exhaust
exposure, several toxicological analyses were conducted to
reveal the toxicity of different exhaust emissions.

2 Materials and methods
2.1 Vehicle exhaust experiments

In the present study, four different vehicles with distinct fuel
options and aer-treatment systems were run at two different
temperatures (Table 1.). Vehicle and fuel properties are presented
in more detail in the ESI.† Briey, the vehicles were precondi-
tioned in the temperature-controlled dynamometer room over-
night until the emission measurement test on each vehicle.
Before the measurement run, the vehicles were moved on the
dynamometer without starting the engine; thus, the engine
experienced a cold start in all measurements. The driving cycle
was a modication of the Worldwide Harmonized Light Vehicles
Test Cycle (WLTC) test cycle. To achieve enough emission expo-
sure for ALI measurements, two consecutive WLTC cycles were
combined, resulting in a test cycle with a total of 1 hour duration.
The instrumental setup is shown in ESI S1 Fig. 1.†

A total of ve fuel options were used in the study. Two diesel
fuels with different aromatic contents were used with the diesel
vehicle, fossil fuel “EN590” specication with 20 wt% total
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Test point descriptions. CI = compressed ignition, SI = spark ignition, TDI = turbocharged direct injection, TSI = turbocharged stratified
injection, DPF= diesel particulate filter, SCR= selective catalyst reduction, DOC= diesel oxidative catalyst, GPF= gasoline particulate filter, TWC
= three-way catalyst, CNG = compressed natural gas

Vehicle Diesel, Euro 6d Gasoline, Euro 6d Gasoline, Euro 6d T GPF NGV, Euro 6d CNG

Abbrev. Diesel DPF Gasoline Gasoline GPF CNG
Fuels EN590 EN228 EN228 CNG

HVO Alkylate
Aer treatment DPF, SCR, DOC TWC TWC, GPF TWC
Temperatures (°C) Cold Cold Cold Cold

Warm Warm Warm Warm
Ignition system CI SI SI SI
Injection system TDI MPFI TSI TSI
Displacement (cm3) 1598 1199 999 1498
Power (kW) 85 55 81 96
Torque (N m) 250 110 200 200
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aromatics representing conventional diesel and essentially
aromatic-free bio-based hydrotreated vegetable oil type diesel
fuel containing 0.1 wt% total aromatics, referred to as “HVO” in
the study. For gasoline vehicles, the fuels were the regular
“E228” gasoline with approximately 34 wt% aromatics, and
“alkylate” with 0 wt% aromatics. The light-duty vehicle fuelled
by compressed natural gas used commercially available “CNG”.

In addition to aromatic content, several other properties
between the fuels varied substantially, such as cetane number.
Fuel properties were analysed by ASG Analytik-Service GmbH
and can be seen in ESI S1 Tables 2 and 3.†

2.2 Instrument setup

A detailed introduction to instrument setup is provided in the
study of Saarikoski et al., 2023.36 Briey, the test setup con-
sisted of standard exhaust measurement instrumentation
including a constant volume sampler (CVS) dilution system,
multicomponent exhaust gas analyser (AMA, AVL List GmbH),
and a large set of additional instrumentation divided into two
groups (Fig. 1). Before the exhaust reached the ALI system, it
Fig. 1 Simplified overview of the instrumentation set-up. Light-duty veh
system and aerosol measurement instruments under cold and warm o
injection, SI = spark ignition, GPF = gasoline particulate filter, CNG = com
= aromatic free gasoline, HVO = hydrotreated vegetable oil, aromatic f
dilution ratio, PTD = porous tube diluter, RTT = residence time tube, AL
electrical low-pressure impactor, SP-AMS = soot particle aerosol mass

© 2024 The Author(s). Published by the Royal Society of Chemistry
was guided across primary dilution (dilution ratio (DR) = 12)
with a porous tube diluter (PTD) combined with a residence
time tube (RTT), followed by secondary dilution with an
ejector diluter (DR = 11). The dilution air temperature was
maintained at 30 °C. Together these dilution systems simulate
the process of atmospheric dilution of the exhaust.37,38 The
dilution air used in the ALI line was compressed air dried with
an adsorption unit before being passed through a set of high-
efficiency lters. Simultaneous to the ALI exposure, the
exhaust was analysed for particle number (PN) concentrations
using a condensation particle counter (CPC) battery consisting
of CPCs at particle size cut points of 1.2 nm (A10, Airmodus,
Finland), 2.5 nm (3756, TSI Inc., USA), 10 nm, and 23 nm (A20,
Airmodus, Finland). The chemical composition of the parti-
cles was determined with a Soot Particle Aerosol Mass Spec-
trometer (SP-AMS, Aerodyne Research Inc., US) and equivalent
black carbon (eBC) concentration was measured with an
Aethalometer (AE33, Magee Scientic, Slovenia39). Moreover,
gravimetric PM sampling was conducted from the CVS-diluted
sample with PM samples collected on polytetrauoroethylene
icle exhaust was directed to the thermophoresis-based ALI exposure
peration temperatures. Eu6 = Euro6 emission regulation, DI = direct
pressed natural gas, EN228 = regular gasoline, 34% aromatics, alkylate
ree renewable diesel, EN590 = fossil fuel diesel, 20% aromatics, DR =

I = air–liquid interface, CPC = condensation particle counter, ELPI =
spectrometer, AE33 = aethalometer.

Environ. Sci.: Atmos., 2024, 4, 455–467 | 457
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membrane lters (Fluoropore, Merck KGaA), and the gaseous
components of NOx, NO2, N2O, and NH3 were measured with
Fourier-transform infrared spectroscopy (FTIR) (Rowaco AB). A
detailed display of the instrument arrangement is available in
ESI S1 Fig. 1.†
2.3 Exposures

The vehicles used different aer-treatment systems with the
diesel-fuelled vehicles having the diesel particulate lter (DPF),
selective catalyst reduction (SCR), and diesel oxidative catalyst
(DOC), one gasoline and CNG vehicle equipped with a TWC,
and the second gasoline vehicle including a gasoline particle
lter (GPF) in addition to a TWC. The diesel vehicle used
compression-ignition (CI) and turbocharged direct injection
(TDI), while the gasoline vehicle without a GPF used spark
ignition (SI) and multi-point fuel injection (MPFI, the gasoline
vehicle with a GPF used SI and turbocharged stratied injection
(TSI), and the CNG vehicle used SI and TSI) (Table 1). All vehi-
cles complied with the newest European Union Euro6d emis-
sions regulations. The running temperatures for the tests were
cold (−3.3 ± 2.4 °C) and warm (22.4 ± 0.2 °C). The repetition of
each exposure was three (n = 3), except for the two exposures of
HVO at the cold temperature, due to the DPF regeneration
event. As the emissions increased multi-fold due to lter
regeneration, this exposure was separated into one repetition of
the normal circumstance (n = 1) and two repetitions of DPF
regeneration (n = 2) in the results. Incubator control (n = 12)
was used as a control for the ALI exposure system, clean air
control (synthetic air number 4.0, n = 12) as a control for toxi-
cological endpoints, and the positive controls of lipopolysac-
charide (LPS) for cytokine and methyl methanesulfonate (MMS)
for genotoxicity analyses (n = 12).

Cell lines were cultured in a humidied incubator at +37 °C
and 5% CO2 in Dulbecco's Modied Eagle's Medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-
glutamine, and 1% penicillin and streptomycin (Sigma-Aldrich
or Gibco, Life Technologies). A detailed description of the cell
culture protocol can be found in our previous studies of Hak-
karainen et al., 2022 and 2023.24,40

Briey, the A549 human alveolar epithelial cells (ATCC®,
CCL-158™) were cultured on the basal side of the inserts'
membrane four to six days preceding the exposures. The seed-
ing densities of the cells depended on the exposure day and
were 400 000 cells per mL, 220 000 cells per mL, 200 000 cells
per mL, and 180 000 cells per mL for inserts exposed three, four,
ve, and six days later, respectively. The ALI environment was
formed 48 hours before exhaust exposure by removing the cell
medium from the basal side of the inserts. THP-1 human
monocyte cells (DSMZ ACC 16; German Collection of Micro-
organisms and Cell Cultures; DSMZ, Germany) were differen-
tiated with 0.5 mg mL−1 phorbol-12-myristate-13-acetate (PMA)
and seeded on the apical side of the inserts 24 h before the
exposures, resulting in approximately 10% of the total cell count
being THP-1s.

Preceding the light-duty vehicle exhaust exposure, the
medium was replaced with serum-free medium supplemented
458 | Environ. Sci.: Atmos., 2024, 4, 455–467
with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (Sigma-Aldrich, USA), for buffering the pH due
to lack of CO2 during the exposure. Following the 1 h exposure,
the medium was collected, and cells were supplied with a new
serum-free medium and incubated for 24 h at +37 °C and 5%
CO2. Aer the incubation, the medium was collected from the
inserts 24 h aer the exposure for the cytokine analysis.

Trypsin-ethylenediaminetetraacetic acid (EDTA) solution
was added to the cells, followed by incubation for 5 min at +37 °
C with 5% CO2, detaching the cells from the inserts. To inhibit
the trypsin, 100 mL of FBS was added, and cells were collected
from the inserts. 60 mL of the cells were mixed with a freezing
medium (50% DMEM, 40% FBS, and 10% DMSO) and stored at
−80 °C, for genotoxicity analysis.

2.3.1 ALI exposure. The ALI exposure system used in the
present study utilised the thermophoresis effect for the PM
deposition. The ALI system has a temperature gradient between
the top side (+37 °C) and bottom side (+57 °C), resulting in the
upli force for the aerosols. The cell inserts are on the top side
of the equipment and A549 cells, cultured on the basal side of
the inserts, are directly exposed to the aerosol. The THP-1 cells
cultured on the apical side of the inserts simulate the alveolar
macrophages. The main aerosol ow in the ALI was 5 L min−1

with a partial ow of 150 mL min−1 leading to the cells as
a laminar ow, and the relative humidity of the ALI system
approaching 100%. A detailed description of the ALI system is
provided in the article by Ihalainen et al., 2019.29 Deposition of
PM number and mass components were calculated from the
measured aerosol concentrations, as in our previous studies
using the identical ALI system.24,40–42 The deposition estima-
tions in the ALI system are presented in ESI S1 Table S4.†
2.4 Toxicological analysis

2.4.1 Genotoxicity. Genotoxicity was assessed with
a slightly modied alkaline version of single-cell gel electro-
phoresis (SCGE), also known as comet assay. In the SCGE assay,
the cells are lysed within the agarose gel under alkaline condi-
tions, which is succeeded by electrophoresis. The cell nucleoids
are revealed by lysing and alkaline conditions make DNA coils
more relaxed, thus increasing the robustness of the assay.
During the electrophoresis, negatively charged DNA fragments
due to strand breaks migrate towards the positive anode. The
DNA strands are stained with ethidium bromide and quantied
with uorescence microscopy. The level of genotoxicity is pre-
sented 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. Data are presented as
a percentage compared to the clean air control. The detailed
procedure for the SCGE assay is described in our previous
study.40

2.4.2 Cytokines. The inammatory response of the cells
was investigated by measuring the concentrations of the che-
mokine (C–X–C motif) ligand 1 (CXCL1) and interleukin 8 (IL-6)
from the cell culture medium collected 24 h aer the exposures.
The secretion of cytokines was measured using an ELISA kit
(R&D Systems, Abington, UK) on 96-well plates (Nunc
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Distinct light-duty vehicles, fuels, and temperatures used with raw exhaust emissions of PM, eBC, NOx, NO2, N2O, NH3 organic matter
mass concentrations, and PN (>10 nm). <DL indicates measurements below the detection limit

Light-duty vehicle Fuel Temperature
PM
(mg m−3)

eBC
(mg m−3)

Organic matter
(mg m−3)

NOx

(mg m−3)
NO2

(mg m−3)
N2O
(mg m−3)

NH3

(mg m−3)
PN
(# cm−3)

Eu6 SI EN228 Cold 49.50 28.66 8.34 184.98 0.00 1.30 82.07 4.42 × 104

Warm 11.46 7.64 1.62 162.38 0.00 0.96 41.07 9.16 × 103

Alkylate Cold 10.63 5.80 1.35 126.63 0.00 0.97 26.10 9.12 × 103

Warm 8.64 4.80 1.44 147.82 0.00 0.96 33.60 9.15 × 103

Eu6 SI GPF EN228 Cold 0.95 <DL 0.66 192.03 0.00 5.68 24.60 2.17 × 102

Warm 0.97 <DL 0.78 137.11 0.00 10.70 10.70 2.22 × 102

Eu6 DI EN590 Cold 0.45 <DL 0.27 189.49 0.45 36.27 7.25 1.79 × 101

Warm 0.37 <DL 0.26 33.96 0.37 26.87 3.36 2.45 × 101

HVO Cold 0.52 <DL 0.31 132.58 1.03 30.44 3.10 3.06 × 101

Warm 0.53 <DL 0.37 56.42 0.53 35.86 3.69 2.73 × 101

DPF regen. HVO Cold 1.54 0.01 0.00 508.11 21.09 42.69 3.60 2.72 × 103

CNG CNG Cold 3.02 <DL 2.52 142.92 0.00 6.04 158.02 1.1 × 103

Warm 2.04 <DL 1.73 153.80 0.00 4.07 152.78 9.13 × 102
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Maxisorp), according to the manufacturer's instructions. The
measurements were conducted with a hybrid multi-mode
reader, Synergy H1 (BioTek Instruments, USA), at 450 nm.
Data from cytokine measurements are shown as a percentage
compared to the clean air control.
2.5 Statistical methods

Signicant differences in toxicological endpoints were compared
using Welch's one-way analysis of variance (ANOVA) with Dun-
nett's T3 pairwise comparison, due to the nonparametric distri-
bution. A p-value of <0.05 was considered statistically signicant.

The Multivariate Mixed Model (MMM)43 was employed to
assess how different aerosol components contribute to observed
toxicological responses. This model extends beyond basic mean
estimation, also capturing the variance–covariance structure in
the data. This is particularly valuable for aerosol measurement
data, which oen don't meet the standard assumptions of
independence and homogeneity required by typical regression or
ANOVA models.44 By incorporating a covariance structure, the
model improves accuracy and prevents residual autocorrelation.
It enhances the linearmodel (y= bX + 3) by introducing a random
component (Zu), where Z represents the design matrix for
random covariates (u). Thus, the model is represented as y= bX +
Zu + 3. Random effects were assigned to experimental factors like
experiment type and sample number to account for the corre-
lated chemical composition within each level of these factors.
Moreover, as the DPF regeneration event was such a special
event, the effect of it was analysed by the model.

Statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 27.0 (IBM Corp. Armonk, NY).
3 Results
3.1 Aerosol results

The emissions from vehicles using different fuels and operating at
different temperatures showed signicant variation, as shown in
Table 2. When using aromatic EN228 fuel and operating at a cold
temperature, the vehicle without a GPF had the highest
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrations of PM, BC, and organic matter. However, the use
of non-aromatic gasoline fuel signicantly reduced emissions in
both operating temperatures. The GPF-equipped gasoline vehicle
had signicantly lower particulate emissions compared to the
vehicle without a GPF but had higher gaseous emissions of NOx

and N2O. The diesel vehicle had the lowest PM emissions among
all vehicles, but an increase in PM emissions was observed with
EN590 fuel or at cold operating temperatures. Additionally, the
cold temperature led to a signicant increase in NOx emissions.
Active regeneration of the DPF led to a ten-fold increase in PN
emissions, a three-fold increase in PM mass, and a three-fold
increase in NOx emissions, especially seen with the rise of NO2

emissions. PM emissions from the CNG-fueled vehicle were
higher compared to vehicles equipped with particle lters, and
the NH3 emissions were the highest among all vehicles. The cold
operating temperature also resulted in higher PM emissions in
CNG vehicles. A detailed description of the emissions from light-
duty vehicles used in the present study is displayed by Saarikoski
et al., 2023.36
3.2 Toxicological results

An increase in genotoxicity was observed due to exhaust emis-
sions exposures of EN228 gasoline with both temperatures,
alkylate in the cold temperature, EN590 diesel in the cold
temperature, CNG in the cold temperature, and DPF regenera-
tion event (Fig. 2). The highest genotoxicity was measured in
DPF regeneration exposure and the lowest in HVO diesel at
normal temperature. GPF gasoline resulted in lower genotox-
icity than a gasoline vehicle without a GPF at both tempera-
tures. The fuel aromatic content increased genotoxicity in both
gasoline and diesel vehicle exhaust exposures. A statistically
signicant increase compared to the clean air control was found
in EN228 cold, alkylate cold, and DPF regeneration exposures.
Interestingly, HVO warm exposure resulted in a signicant
decrease compared to the clean air control.

Due to different exhaust exposures, there were distinct
concentrations of cytokines CXCL1 and IL-6 secreted from the
cell co-cultures (Fig. 3). Decreases in CXCL1 levels were
Environ. Sci.: Atmos., 2024, 4, 455–467 | 459
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Fig. 2 Percent of genotoxicity after the different vehicle exhaust
exposures in two temperatures from an A549 and THP-1 co-culture,
compared to the clean air control with a dashed line indicating the
control. Results are shown as means with 95% CI. n = 3. *p-value <
0.05 compared to control and a = p-value < 0.05 compared between
different exposures.

Fig. 3 Percent of CXCL1 (A) and IL-6 (B) cytokines after the different
vehicle exhaust exposures at two temperatures from an A549 and
THP-1 co-culture, compared to the clean air control with a dashed line
indicating the control. Results are shown as means with 95% CI. n = 3.
*p-value < 0.05 compared to the control and a = p-value < 0.05
compared between different exposures.
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observed in EN228 gasoline at both temperatures and DPF
regeneration. For IL-6, cytokine levels were decreased in expo-
sures to gasoline EN228 at both temperatures, EN590 diesel at
the cold temperature, and CNG at the warm temperature.
Increased cytokine levels were observed for CXCL1 in exposures
of alkylate gasoline at the warm temperature and CNG at the
cold temperature. For IL-6, an increase in cytokine levels was
observed from exhaust exposures of alkylate gasoline at both
temperatures and CNG at the cold temperature. A statistically
signicant decrease compared to the clean air control was
found with CXCL1 in exposures of EN228 warm and cold, and
DPF regeneration. Alkylate and EN228 exhaust exposures also
had statistically signicant differences between the warm
temperatures. For IL-6, a statistically signicant decrease
compared to the clean air control was observed with both warm
and cold EN228 exhaust, EN590 cold, and CNG warm. A
statistically signicant increase compared to the clean air
control was observed in alkylate warm exhaust exposure.
Alkylate warm exhaust exposures displayed a statistically
signicant difference between both EN228 and EN590 cold, and
CNG warm exhaust exposures.
3.3 Results from statistical analyses

TheMMM analysis revealed a statistically signicant increase of
PM mass in genotoxicity when other measured parameters,
such as NOx and NO2, were added to the model and data was
divided by the vehicle types (Table 3). However, NO2 resulted in
a higher increase in genotoxicity with a similar mass unit
increase. Similarly, for PN a statistically signicant increase in
genotoxicity per unit increase was seen. For cytokines CXCL1
and IL-6, statistically signicant effects were found with BC, PM,
and organic matter masses, with a unit increase of PM and
organic mass raising the cytokine levels and BC mass
decreasing. Moreover, both PN and NOx displayed decreasing
effects for both cytokine percentages. When data were further
divided by the DPF regeneration effect, the association of NO2

and DPF regeneration event was emphasised in genotoxicity.
The unit increases in NOx and PM mass together with DPF
regeneration still induced a statistically signicant increase in
genotoxicity. For cytokines, no statistically signicant effect was
found when the DPF regeneration event was taken into account.
Full results of the MMM analysis are displayed in ESI S2.†
4 Discussion

In the present study, an in vitro co-culture of A549 and THP-1
cells was exposed to the exhaust emissions of different light-
duty vehicles using a thermophoresis-based ALI system. Con-
cerning the fuel, for diesel fuels the main distinctions were in
cetane number and aromatic content, and for gasoline fuels,
distinctions were observed in addition to aromatic content,
sulphur, and olen content. Previous studies have linked the
aromatic content to the increase in emissions, whereas the role
of olens for example is negligible.21,23,45,46,63 Therefore, the
difference in the emissions between the fuels is probably due to
the aromatic content. Differences in the emissions are analysed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results from the MMM analysis. PM, NOx, organic matter (Org), and NO2 correspond to one mass unit increase (mg m−3) and PN an
increase of 10 # cm−3. Estimates indicate the percentage effect on toxicological responses and a p-value of <0.05 is considered statistically
significant and marked with an asterisk

Data divided by Toxicological endpoint Parameter Estimate Std. error p-Value
95%
CI lower

95%
CI upper

Vehicle Genotoxicity PM 2.72 0.98 0.006* 0.79 4.66
NOx 0.16 0.04 0.000* 0.08 0.23
PM 2.52 0.98 0.012* 0.56 4.47
NO2 2.99 0.88 0.001* 1.22 4.71
PN 0.02 0.01 0.006* 0.001 0.04
NOx 0.17 0.04 0.000* 0.09 0.25
PM 6.5 2.68 0.105 −2.7 15.6
Org −29.1 16.5 0.166 −78.5 20.3

CXCL1 PM 26.2 8.94 0.004* 8.42 44.1
BC −48.2 15.4 0.003* −77.9 −17.5
PM −3.7 1.94 0.097 −8.2 0.83
Org 19.8 12.0 0.131 −0.12 0.02

IL-6 PM 34.6 11.8 0.005* 11.0 58.2
BC −64.6 20.3 0.002* −105.3 −23.9
BC −33.3 8.83 0.000* −50.9 −15.6
Org 95.2 29.2 0.002* 36.9 153.5

Vehicle + DPF reg. Genotoxicity PM 1.25 4.73 0.792 −8.1 10.6
PN 0.001 0.04 0.793 −0.06 0.08
DPF reg. 93.8 28.2 0.001* 36.6 148.1
PM 2.8 0.98 0.005* 0.87 4.78
NOx 0.23 0.11 0.023* 0.0.4 0.48
DPF reg. −65.7 73.9 0.375 −211.6 80.1
PM 2.3 1.06 0.028* 0.25 4.4
NO2 −5.8 18.2 0.750 −41.8 30.1
DPF reg. 270.7 560.7 0.630 −836.3 1377

CXCL1 PM 4.18 3.6 0.241 −2.84 11.2
PN −0.04 0.03 0.164 −0.09 0.02
DPF reg. −35.4 22.8 0.123 −80.4 9.67

IL-6 PM 4.92 4.4 0.266 −3.8 13.6
PN −0.05 0.04 0.132 −0.12 0.02
DPF reg. −1.12 29.1 0.969 −58.6 56.3
PM −1.37 0.87 0.135 −3.22 0.5
NOx −0.19 0.09 0.052 −0.4 0.002
DPF reg. 118.8 64.9 0.069 −9.3 246.9
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in more detail in the study of Saarikoski et al., 2023.36 But
briey, with both diesel and gasoline fuels, the higher aromatic
hydrocarbon content increased the exhaust emissions. The
difference was especially high within the gasoline fuels at cold
temperatures, with close to a ve-fold difference between the
EN228 and alkylate in PM, BC, organic matter, and PN
concentrations. There were also higher emissions from
aromatic fuel for the diesel vehicle, which was seen as an
increase in PN and PM mass, but only in the EN590 at cold
operating temperature. Similarly to the present study, the
aromatic content of the fuel has been associated with higher
exhaust emissions in previous studies.21–24,47 The aromatic
hydrocarbons in fuel work as precursors of PM emissions due to
the polymerisation, higher double-bond equivalent values,
higher boiling point and lower vapour pressure.48–50 In addition
to PM concentrations, in our previous study by Hakkarainen
et al., 2023 (ref. 24) there was a substantial increase in PM-
bound PAH components from aromatic diesel fuel exhaust
compared to the non-aromatic. The increase in exhaust emis-
sions is a collective consequence of imperfect fuel mixing and
a decrease in combustion efficiency.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Cold operation temperatures have been associated with
higher emissions in multiple studies previously.12,25,26,51,52

Similar results were observed in the present study, with all the
vehicles having a higher concentration of PM emissions in cold
operation temperature measurements. Additionally, for the
diesel vehicle, there were observed signicant increases in NOx

concentrations at cold running temperatures, indicating the
effect of temperature on the increase in gaseous emissions such
as NOx. The reason for emissions increases is connected to poor
fuel atomisation, decreased thermal efficiency, and incomplete
combustion due to cold temperature.53 For example, the
increased PM formation in the cold engine is associated with
the cooling effect of engine walls in a combination of inade-
quate evaporation of fuel droplets and poor fuel and gas
mixtures.54 Furthermore, PM size distribution can be affected by
colder temperatures, with increased emissions of larger parti-
cles, speculated to be connected to the evaporation of oil
droplets, leading to more incomplete combustion and a higher
size fraction of PM emissions. The concentration of toxic air
pollution components, such as PAH compounds, also increases
due to cold operating temperatures.52 Moreover, cold operation
Environ. Sci.: Atmos., 2024, 4, 455–467 | 461
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temperatures have been shown to affect the aer-treatment
systems, decreasing their efficiency, and leading for example
to increases in NOx emissions.25,55 The increase in NOx emis-
sions from the diesel vehicle might be due to the decreased
efficiency of the SCR system in the cold temperature, similarly,
as has been observed in the previous studies.25

Both the higher aromatic hydrocarbon content of the fuel
and cold running temperatures also affected the toxicity of the
emissions. Genotoxicity was higher in all the cold temperature
exposures except the gasoline vehicle fuelled with EN228,
indicating that overall cold temperature increases the geno-
toxicity of the emissions. The increase in genotoxicity and
increase in PM emissions are associated, as the exhaust PM
has been connected to genotoxicity in previous studies.24,56,57

The MMM analysis also demonstrated a statistically signicant
increase in genotoxicity due to the PN and PM mass concen-
tration increases, supporting the genotoxicity of exhaust PM.
Gaseous components such as NOx and NO2 also displayed
a statistically signicant increase in genotoxicity, highlighting
the potential toxicity of these as well. Similarly, the aromatic
content of the fuel has been shown to increase the toxicological
responses to the exhaust PM in several studies.58–63 Moreover,
the previous study by Hakkarainen et al., 2023 (ref. 24) shows
that higher concentrations of PM-bound PAH compounds
resulted in an increase in the toxicological potential of diesel
exhaust. This could play a role in the genotoxicity as the PM-
bound PAH compounds can be transported to intracellular
spaces, increasing their toxicological potential. The ability of
PAH compounds to form DNA adducts affects the DNA's
structural integrity, resulting in unfunctional DNA, genotox-
icity, and apoptosis.57 This could also explain the difference
between as aromatic and non-aromatic gasoline exposures; the
exhaust from higher aromatic fuel resulted in primary geno-
toxicity with an absence of inammation, whereas the
observed genotoxicity from alkylate gasoline exhaust expo-
sures was secondary, including the inammatory response.64

The effect of aer-treatment systems of modern light-duty
vehicles has been shown to signicantly decrease the PAH
compounds in exhaust PM, subsequently affecting the
toxicity.12 In the present study, in addition to the clear effect of
the DPF, the GPF was also shown to decrease the toxicity of
exhaust exposures, compared to the gasoline vehicle without
a GPF. These results support the recommendations to
increasingly include a GPF in modern gasoline vehicles.65

Cytokine results display an increase in IL-6 levels due to
exhaust exposures of a GPF-equipped gasoline vehicle in the
cold operating temperature, indicating an inammatory
response from the cells. The CNG exhaust also increased both
cytokine levels in exhaust exposure at cold running tempera-
tures. Both results suggest that the cold temperature affects
exhaust toxicity with low PM concentrations, indicating the
important role of cold temperature in the toxicity of gaseous
compounds. Interestingly, the cold temperature increased the
levels of IL-6 in EN228 gasoline exhaust exposures, whereas
with the diesel exhaust there was a decrease in cytokine levels
at cold running temperature from exposures to higher
aromatic fuel. The decrease in cytokine levels observed from
462 | Environ. Sci.: Atmos., 2024, 4, 455–467
the EN228 exhaust supports that the increased PM emissions
also induce toxicity via cytokine level alterations. The MMM
analysis also showed that higher BC concentration in emis-
sions leads to a decrease in cytokine levels. This is likely due
to the high BC concentrations in emissions of the gasoline
vehicle without a GPF. Moreover, the toxicity of BC has been
estimated to be higher than the mass concentration in the PM
mixture, due to the small particle size and increased surface
area for toxic compounds to absorb.66 The decrease in cyto-
kine levels indicates most likely immunological responses,
such as immunosuppression, likewise observed in our
previous study with diesel exhaust exposures.24 Immunosup-
pressive effects have been associated with air pollution
exposure previously.41,42,67

Interestingly, the cold temperature had an effect on the
toxicological responses of CNG vehicle exhaust, with increases
in genotoxicity and inammation. The vehicle used in the
present study utilises gasoline in specic moments, such as
cold operating temperatures and engine start.68 Therefore, this
results in a surge in PM emissions and a subsequent increase in
toxicity might be due to the cold temperature resulting in
increased gasoline combustion in the vehicle. The lubrication
oils may also play a role in the increase in PM emissions as
indicated previously.69 Overall, emissions from CNG-fuelled
vehicles have also been shown previously to be less toxic
compared to diesel and gasoline vehicles.70–72 However, in the
vehicle type used in the present study, the cold operation
temperature increased the toxicity of the exhaust, especially the
genotoxicity, emphasising the need to study the effects of
operating temperature on gas-fuelled vehicles further. More-
over, the cold start in the cycle produces high emissions and its
share in the observed effects is probably signicant.

DPF regeneration is a method of removing the accumulated
PM from the lter material.73 The present study demonstrated
an apparent effect in the emissions and the toxicological
endpoints with the active DPF regeneration event. During the
active regeneration, the accumulated soot particulates are
burned from the lter by adding excess fuel in the exhaust gas
system, increasing the temperature to 600 °C, followed by
a multi-fold increase in PM emissions. The active regeneration
event has been calculated to increase the overall particulate
emissions from modern diesel vehicles and may lead to an
underestimation of real-world PM emissions.73 DPF regenera-
tion events have also been associated with an increase in
sulphur emissions,74 , as seen in the results of Saarikoski et al.,
2023.36 Moreover, the recent light-duty vehicle emissions regu-
lations do not include the emissions spikes during lter
regeneration.75 In the present study, a substantial increase in
genotoxicity was seen from the exhaust exposures including the
active regeneration of the DPF, indicating the genotoxic
potential of diesel particulate emissions. In addition to the rise
in PM emissions, gaseous compounds such as oxidative NO2

may play an important role in the increase of toxicity and NO2

has been suggested to be one of the main toxic components of
modern diesel exhaust.76 Therefore, the increase in toxicological
potential with DPF regeneration event exposure might be due to
the NO2 emissions. The MMM analysis further emphasised the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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association of NO2 emissions and the DPF regeneration event,
indicating the genotoxicity due to NO2. Consequently, the
results of the present study indicate that the DPF regeneration
event increases the toxicity of modern light-duty diesel vehicle
emissions, implying that aer-treatment events such as the DPF
regeneration should be included in the discussions regarding
the real-life emissions of modern vehicles. In addition, GPF
regeneration events have also been associated with an increase
in especially UFP emissions.77 However, the possible effect on
emission toxicity requires further studies.

The utilisation of non-aromatic fuels in traffic is a possible
method to decrease the hazardous emissions from the energy
sector, especially when the non-aromatic fuels are made from
more sustainable source materials, as the non-aromatic diesel
in the present study. The non-aromatic gasoline fuel is made by
alkylation, in which the lighter hydrocarbons are combined to
form longer high-octane-rate gasoline using a catalyst.78 The
alkylate components in the non-aromatic gasoline also have
high-octane numbers.79 HVO is manufactured from renewable
and sustained sources of fats and oils, resulting in diesel fuel
free from oxygen, sulphur, and aromatic compounds.80 There-
fore, the production of carbon-neutral biofuels would also
result in the reduction of the aromatic content in fuels. Thus,
increasing the availability of these fuels in addition to a better
aer-treatment system could be an efficient way to decrease
emissions further. Moreover, as one of the main PM compo-
nents of the exhaust is black carbon, which is also a relatively
signicant climate force, especially in the Arctic region, the
potential of distinct lter systems and fuels to decrease BC
emissions would further contribute to climate change mitiga-
tion. The study provides more representative in vitro results
from the possible health effects of traffic emissions, as the ALI
systems represent biological systems better than more tradi-
tional submerged exposures. The additional advantage of the
distinct ALI systems is to include the whole aerosol within the
exposure, including the gaseous compounds.81,82

The present study displayed novel results using a unique ALI
exposure system. Despite this, the study had some limitations.
These include a low number of exposure repetitions, which
decreased the statistical power, especially with the non-
aromatic diesel fuel at cold temperatures, as the DPF regener-
ation event took place during the two exposure cycles. More-
over, the bi-fuel approach of the CNG vehicle raises uncertainty
if the higher toxicological responses with the cold running
temperature were mainly because of the use of gasoline fuel in
the vehicle. Furthermore, the toxicological analysis battery was
a bit restricted, as the measurements were conducted at the
dynamometer laboratory several hundreds of km from the
toxicological laboratory. Consequently, the toxicological anal-
yses were limited to those we could conduct from the collected
medium and cell samples. Despite these limitations, the
present study demonstrates how fuel components such as
aromatics affect exhaust emissions toxicity in vitro and how
environmental factors such as cold operating temperature have
an important role. Moreover, aer-treatment systems such as
the DPF and GPF signicantly decrease the toxicity of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
emissions, but active lter regeneration events should be
increasingly included in the upcoming emissions regulations.
5 Conclusions

The present study utilised a thermophoresis-based ALI system
to analyse the exhaust toxicity of different light-duty vehicles
and how the difference in fuel aromatic content, aer-treatment
systems, and environmental factors, such as operation
temperature, impacts the toxicity of the emissions. Results
indicate that the fuel aromatics increased the emissions,
leading to an increase in toxicological responses, especially with
gasoline. The aer-treatment systems resulted in a substantial
decrease in PM emissions, subsequently leading to a decreased
toxic effect compared to the gasoline vehicle without particulate
lters. The role of increased PM and NOx concentrations in
genotoxicity was further accentuated with statistical analysis.
The cold temperature increased the inammatory response in
multiple exhaust exposures, especially with the CNG-fuelled
vehicle. However, with the CNG vehicle, this might be due to
the vehicle using gasoline at cold temperatures, thus increasing
the emissions and their toxicity. The active regeneration event
of the DPF in diesel vehicles displayed a unique situation in the
toxicological study. Regeneration events led to a substantial
increase in emissions especially with NO2, subsequently
observed as a rise in toxicity of emissions. Overall, the present
study demonstrates how the aromatic content of the fuel
increases toxicity, further emphasising our results from the
previous studies. Furthermore, decreasing PM emissions from
modern gasoline vehicles is highly important and will also
decrease the toxicity of the exhaust emissions. Factors such as
cold operating temperature and lter regeneration events
should be included in the upcoming light-duty vehicle regula-
tions to establish increased approximations of real-life exhaust
emissions, resulting in further decreases in exhaust emissions
and cleaning the traffic sector.
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Topi Rönkkö, Päivi-Aakko-Saksa, Pasi Jalava.

Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Acknowledgements

This project has received funding from the European Union's
Horizon 2020 research and innovation programme under grant
agreements no. 814978 (TUBE) and no. 955390 (ULTRHAS).
Financial support was provided by the Black Carbon Footprint
project funded by Business Finland (grant no. 528/31/2019, 530/
31/2019), participating companies, and municipal actors. The
Academy of Finland Flagship Programme “ACCC” (grant
numbers 337551, 337552) as well as University of Eastern Fin-
land doctoral school EPHB funding are gratefully acknowl-
edged. We thank Hanne Vainikainen for her invaluable
assistance with the Comet analysis and Petteri Marjanen, Jussi
Hoivala, and Iida Okkonen for their valuable work during the
measurement campaign.

References

1 S. Heydari, M. Tainio, J. Woodcock and A. de Nazelle,
Estimating traffic contribution to particulate matter
concentration in urban areas using a multilevel Bayesian
meta-regression approach, Environ. Int., 2020, 141, 105800,
DOI: 10.1016/j.envint.2020.105800.

2 European Environment Agency (EEA), Transport and
Environment Report 2021 Decarbonising Road Transport —
on. Sci.: Atmos., 2024, 4, 455–467
the Role of Vehicles, Fuels and Transport Demand, 2022, p.
87, DOI: 10.2800/68902.

3 EPA, Inventory of U.S. Greenhouse Gas Emissions and Sinks:
1990-2021, U.S. Environmental Protection Agency, 2023,
EPA 430-D-23-001, https://www.epa.gov/ghgemissions/dra-
inventory-us-greenhouse-gas-emissions-and-sinks-1990-
2021.

4 World Health Organization, WHO Global Air Quality
Guidelines: Particulate Matter (PM2.5 and PM10), Ozone,
Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide,
World Health Organization, 2021, https://apps.who.int/iris/
handle/10665/345329.

5 ICCT, International Council on Clean Transportation,
China, 2020, accessed August 19, 2020, https://theicct.org/
china.

6 ICCT, International Council on Clean Transportation, Latin
America, 2020, accessed August 19, 2020, https://
theicct.org/latin-america.

7 ICCT, International Council on Clean Transportation,
United States, 2020, accessed August 19, 2020, https://
theicct.org/united-states.

8 N. Hooman, M. Messagie, J. Van Mierlo and T. Coosemans,
A review of the European passenger car regulations – real
driving emissions vs local air quality, Renewable Sustainable
Energy Rev., 2018, 86, 1–21, DOI: 10.1016/j.rser.2018.01.012.

9 Y. Wu, S. Zhang, J. Hao, H. Liu, X. Wu, J. Hu, M. P. Walsh,
T. J. Wallington, K. M. Zhang and S. Stevanovic, On-road
vehicle emissions and their control in China: A review and
outlook, Sci. Total Environ., 2017, 574, 332–349, DOI:
10.1016/j.scitotenv.2016.09.040.

10 P. Bielaczyc, IOP Conf. Ser.: Earth Environ. Sci., 2019, 214,
012139.

11 C. B. Ribeiro, F. H. C. Rodella and L. Hoinaski, Regulating
light-duty vehicle emissions: an overview of US, EU, China
and Brazil programs and its effect on air quality, Clean
Technol. Environ. Policy, 2022, 24(3), 851–862, DOI: 10.1007/
s10098-021-02238-1.

12 H. Hakkarainen, P. Aakko-Saksa, M. Sainio, T. Ihantola,
T. J. Rönkkö, P. Koponen, T. Rönkkö and P. I. Jalava,
Toxicological evaluation of exhaust emissions from light-
duty vehicles using different fuel alternatives in sub-
freezing conditions, Part. Fibre Toxicol., 2020, 17, 17.
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