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Abstract.

Compressed natural gas vehicles are often considered a cleaner alternative to gasoline and diesel vehicles because they
generally emit less particulate mass. However, their emissions of ultrafine particles and their potential biological effects
remain insufficiently understood, especially for modern light-duty vehicles under realistic driving conditions. In this study,
exhaust emissions from a Euro 6 compressed natural gas taxi were investigated on a chassis dynamometer using two driving
cycles: a moderate real-driving cycle and a more dynamic cycle including cold-start operation. During the campaign, the
vehicle exhibited two operating states: an initial rich-mixture condition associated with impaired aftertreatment performance,
and a later stabilized condition. Gaseous pollutants, particle number, particle size distributions, soot mass, particle mass
distribution, and deposited particle dose were measured. The nanoparticle-enriched particle fraction was chemically analysed
for polycyclic aromatic hydrocarbons, nitrated and oxygenated derivatives, and water-soluble elements. In vitro toxicity was
assessed using human lung epithelial cells exposed at the air—liquid interface to diluted gas phase and diluted whole exhaust.
Rich-mixture operation strongly increased gaseous and particle emissions, while cold-start and dynamic driving also
increased emissions under stabilized operation. The nanoparticle-enriched fraction contained low concentrations of organic
compounds but substantially higher concentrations of water-soluble elements, dominated by zinc. Exposure to diluted
exhaust reduced cell viability, increased membrane damage, and induced cytokine release. The gas phase alone produced
measurable responses, while whole exhaust often produced stronger effects. However, differences between vehicle operating
states and driving cycles were not consistent across all toxicological endpoints. These results show that the potential health

relevance of compressed natural gas exhaust cannot be evaluated using particulate mass or regulated emissions alone. Even
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low-mass nanoparticle emissions, together with gas-phase compounds and soluble particle-associated species, may

contribute to cytotoxic and inflammatory responses.

1 Introduction

Compressed Natural Gas (CNG) is widely regarded as a cleaner alternative to gasoline and diesel, with the potential to
contribute to energy security, environmental sustainability, and affordability (Himona & Poullikkas, 2025; EFI Foundation,
et al., 2024). However, certain studies have indicated that CNG vehicles may produce higher nitrogen oxide (NOXx)
emissions (from 5% to 50% more) than gasoline vehicles, mainly due to their higher brake thermal engineering and
combustion temperature (Lv et al., 2023; Rasic¢ et al., 2017; Takeshita, 2012). Measurements on various new commercial and
passenger vehicles utilizing CNG and bi-fuel systems equipped with Euro 6 technology showed significant reduction in
carbon monoxide (CO) emissions from CNG vehicles when compared to gasoline vehicles while total and non-methane
hydrocarbon and NOx emissions were found to be relatively comparable (Giechaskiel et al., 2022). Further, although it is
true that CNG vehicles emit lower particulate mass concentration than diesel and gasoline vehicles, it seems like this is not
the case for particle number concentrations. Several studies have shown that CNG vehicles emit large numbers of ultrafine
particles (UFPs) and the position taken by legislation, which views CNG vehicles as particle-free, seems to raise significant
concerns (Giechaskiel et al., 2019; Kontses et al., 2020; Léhde & Giechaskiel, 2021; Toumasatos et al., 2021; Xue et al.,
2018).

UFPs, characterized by a diameter of less than 100 nm, raise significant concerns because of their capability to infiltrate the
deeper regions of the respiratory system (Malakar et al., 2021; Vallabani et al., 2023). Their deposition can trigger
inflammatory responses, oxidative stress, and other pathological processes. Additionally, UFPs have been associated with
systemic effects beyond the lungs, including cardiovascular and neurological impacts (Lin et al., 2022; Schraufnagel, 2020).
Toxic effects of urban UFP emissions vary considerably, mainly due to the inherent heterogeneity of the composition, shape,
and size distribution of particles from different environments and emission sources (Moreno-Rios et al., 2022; Su et al.,
2024). Moreover, in the case of vehicle UFP emissions, parameters such as engine type, engine operating conditions, fuel-
injection pressure, fuel type, fuel additives, and aftertreatment device traps can be important determinants for the release of
toxic emissions (Claxton, 2015). Therefore, there is a growing interest in investigating the toxicity of these particles using in
vitro cellular approaches. However, the difficulty in collecting sufficient nanoparticle mass becomes a limiting factor in
many environments (Portugal et al., 2024; Vouitsis et al., 2023).

The majority of the existing knowledge regarding the toxicity of vehicle UFPs relates to diesel particles primarily and
gasoline particles secondarily (Keska, 2023; Vouitsis et al., 2023; Weitekamp et al., 2020). New diesel aftertreatment
technologies, e.g. DOCs and DPFs, may shift in the size distribution of emitted particles toward smaller diameters (between
8 and 30 nm), and increase both their total particle number and the NO, content of the exhaust. Consequently, the resulting

exhaust increases injury and inflammation in exposed rats, as vascular oxidative stress and endothelial dysfunction correlate



65

70

75

80

85

90

Preprint. Discussion started: 3 June 2026
(© Author(s) 2026. CC BY 4.0 License.

https://doi.org/10.5194/ar-2026-19 '. A E R O S O L
’ Res ch

with the UFPs count rather than with the mass of inhaled particles or the concentration of NO, (Karthikeyan et al., 2013;
Kwon et al., 2020). Increasing evidence suggests that transition metals, as well as certain organic species, present in particles
of gasoline direct injection (GDI) engine emissions generate ROS that may be involved in the production of undesirable
respiratory symptoms (Charrier & Anastasio, 2012; Diaz et al., 2012; Maikawa et al., 2016). Emissions from port fuel
injection (PFI) gasoline and methanol-fueled engines significantly increase oxidative stress, cell membrane leakage, lipid
peroxidation, cell inflammation, and protein release in cultured cells, effects that can be related to cellular toxicity (Che et
al., 2010; Durga et al., 2014; Tzamkiozis et al., 2010).

The understanding of the toxicity associated with CNG particle emissions remains relatively scarce. However, inflammatory
processes can be caused by all types of exposures. Cells may respond to such stimuli by increasing cellular stress. The
amount of cell stress that is induced depends on the composition, type and concentration of chemical compounds, such as
PAHs and metals of emissions, regarding both gases and particles (Rossner et al., 2021). Exposure to PAHs appears to
reduce cell viability, increase pro-inflammatory cytokine release and increase DNA damage (Besis et al., 2022), similar
effects are observed in animal models as well (Tzamkiozis et al., 2010). The intensity of cellular responses varies with type
of exposure and is influenced by the physicochemical properties of the exhaust and the delivered dose (Rossner et al., 2021).
Most of the current knowledge is based on emissions originating from heavy-duty engines. In these studies, the mutagenic
potency of CNG emissions was found to be similar to that of gasoline and diesel emissions, while the overall toxicity
potency factors were generally lower for CNG (Agarwal et al., 2018; Jalava et al., 2012; Quiros et al., 2016; Seagrave et al.,
2005; Turrio-Baldassarri et al., 2006). The knowledge gap is even greater when it comes to the toxicity of emissions from
modern CNG light vehicles. This study aims to help address this gap through a series of cell exposures to exhaust emissions
produced under simulated real-world driving conditions. The test vehicle was a Euro 6 taxi with 125,000 km mileage,
considered representative of the CNG passenger car fleet in Greece. Gaseous and particulate emissions were measured on a
chassis dynamometer by applying two driving cycles. Collected samples were chemically analysed for Polycyclic aromatic
hydrocarbons (PAHs), nitrated PAHs (NPAHs), oxygenated PAHs (OPAHs), and water-soluble components. Toxicological
responses were evaluated in A549 human lung epithelial cells exposed at the air-liquid interface to CVS-diluted gas phase

and whole exhaust, using cell viability, membrane damage, and pro-inflammatory cytokine release as biological endpoints.

2 Materials and Methods
2.1 Test strategy, experimental setup, and driving cycles

The test vehicle was a Euro 6 bi-fuel light-duty vehicle used as a taxi in the urban area of Thessaloniki, Greece. The vehicle
was equipped with a 1498 cm? 96 kW spark-ignition engine, manual transmission, a three-way catalyst (TWC), and a
gasoline particle filter (GPF). At the time of testing, the vehicle had accumulated approximately 125,000 km. All

measurements were performed with the vehicle operating in CNG mode. The fuel was market-quality CNG of unknown
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exact composition. Refuelling inside the laboratory was not possible, therefore, the vehicle was transported to a commercial
CNG filling station when refuelling was required.

The experimental campaign was conducted in a chassis dynamometer test cell, where the vehicle was operated under
controlled laboratory conditions while reproducing real-world driving profiles. The exact configuration is shown in
schematic diagram in Figure 1. Exhaust was sampled under two conditions: untreated, directly from an extended tailpipe line

and diluted by the Constant Volume Sampling (CVS) system.

AMA

Constant Volume Sampling

AMA
Pre-Filter

PEMS _y

OBD
_A

o T (LT

Figure 1. Experimental setup for emission measurement, particle collection, and ALI exposure of CNG exhaust.

Schematic overview of the chassis dynamometer test configuration, including direct tailpipe sampling for gaseous emissions, SPN,
and soot mass measurements, and CVS-diluted exhaust sampling for particle size distribution, DGI particle mass collection, and
real-time ALI exposure using the ELLIE and MEC systems.

At the direct exhaust sampling point, gaseous emissions were measured using the AMA analyser, while a Portable Emissions
Measurement System (PEMS) provided real-time data of gaseous pollutants and solid particle number with a 23 nm cut-off
diameter (SPN23). Solid particle number with a 10 nm cut-off diameter (SPN10) was measured using an Aerosol Particle

Counter (APC), while soot mass concentration was monitored using a Micro Soot Sensor (MSS).
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At the CVS sampling point, diluted exhaust was used for additional particle metrics, particle mass collection and in vitro cell
exposure experiments. Particle size distributions were measured using an Engine Exhaust Particle Sizer (EEPS). Total
particle number with a 10 nm cut-off diameter (TPN10) was measured using Condensation Particle Counters (CPCs). For
particle mass collection, two Dekati Gravimetric Impactors (DGIs) were operated in parallel at an increased flow rate of 100
L/min. This elevated flow lowered the cut-off diameter of the final impaction stage to approximately 130 nm, allowing
collection of sub-130 nm particles on the backup filters, enriching the sample in nanoparticles. Due to the low particle mass
emitted by the CNG vehicle, particle mass was accumulated on common filters over multiple tests rather than collected
separately for each driving condition. For the toxicological assessment two ALI systems were used, one called ELectrostatic
air-Liquid Interface Exposure system (ELLIE), and one Multiculture Exposure Chamber (MEC).

The vehicle was tested under two different driving scenarios. The mild Real Driving Emissions cycle (mRDE) is a chassis
dynamometer reproduction of an on-road route and represents moderate real-world driving, with relatively smooth
acceleration and deceleration events. The cycle covers approximately 100 km over a duration of about 2 h. The Combined
Cycle (CC), more dynamic by design, integrates segments from BAB130, US06, and WLTC-low, combining high-speed,
aggressive, and urban driving conditions. It covers approximately 150 km over 6950 s, corresponding to about 1 h and 55
min. The duration of both cycles was suitable for real-time cell exposure experiments. Both cycles were previously described
in detail in a related study on diesel vehicle emissions (Tsakonas et al., 2025).

The experimental schedule was designed to include both cold and hot engine operation for each cycle. During the first two
days of testing, when the vehicle exhibited elevated emissions associated with rich-mixture operation, the sequence consisted
of a cold-start mRDE followed by a hot-start Combined Cycle. During the subsequent testing days, after the vehicle
emissions stabilized, the order was reversed, with a cold-start Combined Cycle followed by a hot-start mRDE. This approach
maintained the same number of cold starts and comparable total driving distance between the two operating states, allowing

the effect of vehicle operation to be distinguished from the effects of driving cycle and cold-start conditions.

2.2 Chemical analysis

The particle mass accumulated on the backup filters of the DGIs was used for chemical analysis targeting PAHs, NPAHs,
OPAHSs, and water-soluble elements. Given the very low nanoparticle mass emissions from the vehicle, individual test cycles
did not yield sufficient material for analysis. To overcome this, mass was accumulated on common backup filters across all
cycles. Following collection, the filter was divided into separate portions for organic and aqueous extraction, following

procedures described at Tsakonas et al. (2025).

2.2.1 Analysis of Organic Compounds (PAHs, NPAHs, OPAHs)

For the analysis of PAHs, NPAHs, and OPAHs, filter portions were extracted using microwave-assisted extraction with a

mixture of dichloromethane, n-hexane, and acetone (3:2:1, v/v/v). The extraction was performed in a CEM MARSX
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microwave extraction unit at 110 °C and 110 psi, with a 20 min ramp time and a 10 min hold time. Before extraction, an
internal standard mixture containing deuterated PAHs, NPAHs, and OPAHs was added to the samples.

The extracts were filtered, concentrated by rotary evaporation, and fractionated using a glass chromatography column packed
with activated silica and sodium sulphate. PAHs were eluted with n-hexane/dichloromethane, while NPAHs and OPAHs
were eluted using dichloromethane followed by acetone. The eluates were concentrated, and the NPAH/OPAH fraction was
divided for separate analysis of the two compound classes.

Target compounds were quantified using gas chromatography—mass spectrometry (GC-MS; Agilent 6890N GC coupled to
an Agilent 5973K MS) with a DB5-MS capillary column. PAHs, NPAHs, and OPAHs were analysed using compound-
specific temperature programmes and calibration standards. Compound identification was based on the comparison of
retention times and mass spectra with authentic reference standards. Procedural, method, and solvent blanks were analysed
for quality control. Limits of detection and quantification were calculated using signal-to-noise ratios of 3 and 10,

respectively. Surrogate recoveries were determined for all samples, and the results were not recovery corrected.

2.2.2 Analysis of Water-Soluble Elements

Filter segments intended for aqueous analysis were submerged in 5 mL of high-purity Milli-Q water and subjected to two 40-
minute sonication cycles. The resulting extracts were filtered through 0.22 pm PVDF membrane filters (Millipore, USA) to
remove any insoluble particles. To stabilize the samples and prevent hydrolysis, the aqueous extracts were acidified with
trace metal grade HCI-HNO:s to a final acid concentration of 2% (w/v).

The analysis included lead (Pb), barium (Ba), antimony (Sb), tin (Sn), cadmium (Cd), strontium (Sr), arsenic (As), zinc (Zn),
copper (Cu), nickel (Ni), cobalt (Co), iron (Fe), manganese (Mn), chromium (Cr), vanadium (V), and aluminium (Al). The
concentrations were determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo Scientific™
iICAP™ Q). Acidified samples were introduced via peristaltic pump (40 rpm) through an autosampler and pneumatic
nebulizer (Ar flow: 1.04 L/min) into a quartz spray chamber maintained at 5 °C and a concentric quartz torch with a 2.5 mm
injector. Plasma generation was achieved using a 1550 W RF power source and argon gas, with ion transmission facilitated
by nickel sampler and skimmer cones operating under low vacuum (1-2 mbar), and mass separation performed under high
vacuum (107*-1077 mbar) using a quadrupole analyser.

Calibration was performed externally using multi- and single-element standards (CPA Chem), diluted in ultrapure water and
trace metal grade nitric acid. Calibration ranges were 1-1000 pg/L for Fe and 0.05-100 pg/L for most other elements. Data

acquisition and instrument control were managed using Qtegra ISDS software.

2.3 Toxicological analysis

The toxicological assessment was performed using real-time ALI exposure of A549 human lung epithelial cells to diluted
exhaust sampled from the CVS. ALI exposure was selected because it allows cells grown on permeable membranes to be

exposed directly from the apical side to airborne gases and particles, while nutrients are supplied from the basal side. This

6
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configuration better represents inhalation exposure than conventional submerged exposure, where particles are first
collected, suspended in liquid medium, and may undergo changes in size, agglomeration state, surface chemistry, or
bioavailability before reaching the cells (Juarez-Facio et al., 2025; Latvala et al., 2016).

Two ALI exposure systems were used, ELLIE and MEC. ELLIE is a mobile ALI system optimized for the deposition of fine
and nanosized particles and for exposure studies under realistic aerosol conditions (Juarez-Facio et al., 2025). MEC is a
dose-controlled multiculture exposure chamber developed for efficient delivery of airborne and engineered nanoparticles to
cell cultures, including diesel soot and other nanoparticle aerosols (Asimakopoulou et al., 2013). The use of both systems
allowed the toxicological response to CNG exhaust to be evaluated under two complementary aerosol delivery and particle

deposition configurations.

2.3.1 ALI exposure systems

In the ELLIE system, the aerosol flow is directed perpendicularly toward the cell surface and particle deposition is enhanced
by electrostatic forces. Before entering the exposure module, the aerosol passed through a cyclone to remove particles larger
than 2.5 pm, followed by a custom-made impactor with a 450 nm cut-off at 1.5 L/min. This configuration allowed the
exposure to focus on the fine and nanosized particle fraction. Particles were charged using a radioactive “63Ni source, and
an alternating electrostatic field of +1 kV was applied between the aerosol inlet and the electrode below the exposure
chamber to enhance deposition onto the cells. This operating principle has been previously optimized for airborne
nanoparticle exposure and shown to increase deposition efficiency while maintaining cell viability under controlled exposure
conditions (Judrez-Facio et al., 2025; Latvala et al., 2016, 2017).

The ELLIE exposure module consists of seven chambers. The aerosol flow through each chamber was controlled by critical
orifices at 214 mL/min, corresponding to a total system flow of 1.5 L/min. The aerosol was conditioned before exposure, and
the exposure unit was maintained at 37 °C and high relative humidity to preserve cell viability during ALI exposure (Juarez-
Facio et al., 2025). During each experiment, selected chambers were supplied with whole exhaust, containing both gases and
particles, while other chambers received particle-filtered exhaust using DIF-LN40 filters. This allowed direct comparison
between exposure to the gas phase alone and exposure to the combined gas-particle exhaust mixture. Particle number
concentration was measured upstream and downstream of the exposure module using CPCs, enabling estimation of the
particle fraction deposited in the system.

The MEC system was used as a complementary ALI exposure platform. In contrast to ELLIE, the MEC delivers the aerosol
flow parallel to the cell culture surface, a configuration designed to provide continuous and relatively uniform exposure of
multiple cell cultures to airborne particles. Particle deposition in this configuration is mainly governed by diffusion and
inertial impaction under controlled flow conditions. The MEC design allows simultaneous exposure of multiple cell culture
wells under the same aerosol atmosphere, thereby increasing the number of replicates that can be exposed during a single
experiment. The system was developed as a dose-controlled exposure chamber and has been validated for efficient

nanoparticle delivery. Previous characterization showed an average inner particle collection efficiency of approximately

7



210

215

220

225

230

235

Preprint. Discussion started: 3 June 2026
(© Author(s) 2026. CC BY 4.0 License.

https://doi.org/10.5194/ar-2026-19 ( '. A E R O S O L
Res ch

82%, while the cell-specific deposition efficiency was estimated at approximately 35%, because only part of the deposited
particles reaches the cell growth area. Particle deposition and exposure uniformity were further demonstrated by TEM,
fluorescence microscopy, and flow-visualization experiments (Asimakopoulou et al., 2013). Before entering the MEC
system, the aerosol passed through an internal inertial separation section with an approximate cut-off diameter of 1 pm. The
flow accelerates through a constriction and then changes direction sharply, causing particles larger than approximately 1 pm
to impact and be removed from the flow. Therefore, MEC exposure was limited to the submicron fraction of the CVS-
diluted exhaust.

Unlike ELLIE, MEC was used for whole-exhaust exposure rather than for separate comparison of particle-filtered and
particle-containing exhaust. Therefore, the two systems provided complementary information: ELLIE enabled separation of
gas-phase and gas-plus-particle effects, while MEC enabled parallel whole-exhaust exposure of multiple cell culture wells
under a different flow and deposition principle. This comparison was important for assessing whether the observed
toxicological responses were consistent across different ALI exposure configurations. In this study, “whole exhaust” refers
to CVS-diluted exhaust containing both gas-phase compounds and particles, while “gas phase” refers to the same diluted

exhaust after particle removal by filtration.

2.3.2 Cell culture and exposure protocol

A549 human alveolar epithelial adenocarcinoma cells were used as the in vitro respiratory cell model. This cell line is widely
used as a reproducible human alveolar epithelial model for evaluating cytotoxicity, oxidative stress, and inflammatory
responses to inhaled or particle-associated pollutants (Guo et al., 2021; Latvala et al., 2016; Shahzadi et al., 2023).

The cells were cultured on inserts (Falcon® Permeable Support for 6-well Plate with 0.4 um Transparent PET Membrane)
for 24h at a density of 2x10° cells/insert, in 5% CO», 37°C, with DMEM-High glucose (Gibco, Invitrogen), supplemented
with 10% FBS (Fetal Bovine Serum, Gibco, Invitrogen) and 1% PS (Penicillin Streptomycin, Gibco, Invitrogen). Prior to
transporting the cells to the exposure site, the medium on top of the cells in the inserts was removed and 25 mM HEPES was
added in the basal medium. All exposures lasted 2h, and a negative control, meaning cells that were not exposed to
emissions, remained in the incubator.

Exposed cells remained in the incubator for 24h before cell viability was assessed using Alamar Blue staining
(AlamarBlueTM HS. Invitrogen). The staining solution was added to the cell culture medium and incubated for 3h. The
absorbance of the resulting colored product was then measured with a photometer at 570 nm (Fluorostar, Omega, BMG),

using the type:

Absorbance of exposed sample

Cell viability (%) =

x 100, (D

Average absorbance of incubator control
Cytotoxicity was evaluated by measuring the release of LDH in the culture medium during the 2h of exposure. The
CyQUANT™ LDH Cytotoxicity Assay Kit (Thermo Scientific) was used. Cells treated with 10% Triton-X100 were used as

a positive control, in order to have the maximum amount of LDH that can be produced by the specific type and number of
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cells. A negative control of unexposed cells was also used, representing the minimum amount of LDH release. Absorbance
was measured at 490 nm, with background correction at 680 nm.

The cell stress induction was evaluated by cytokine release assessment. More specifically, TNF-a and IL-1pB concentration in
the exposure medium was evaluated using ELISA kits according to the manufacturer’s instructions (MABTECH). A
standard curve with known amounts of each cytokine was used for concentration evaluation.

Statistical analysis was performed using one-way ANOVA. Values are presented as mean + standard error of the mean

(SEM), and differences were considered statistically significant at p < 0.05.

3 Results and discussion

The main objective of this study was to assess the toxicity of particle emissions from a light-duty CNG vehicle
representative of the city's modern fleet. Therefore, we selected a Euro 6 taxi with substantial mileage and an exhaust
aftertreatment system that has not undergone any intervention or maintenance throughout the use of the vehicle. These
vehicles have spark ignited stoichiometric (“rich burn”) CNG engines with TWC and GPF as aftertreatment systems and are
known for having low emissions of NOx, CO, unburned hydrocarbons (THCs) and particles. However, such performance is
only achieved when the engine operates within a narrow air-fuel equivalence ratio range (A or “lambda’), which is necessary

for the TWC to effectively reduce NOx and CO emissions (Di Maio et al., 2019; Sundermann et al., 2024).

During the test campaign, we observed a significant surge in emissions during the first two days. This behaviour was linked
to extended operation with a rich air-fuel mixture, which we attribute to the vehicle’s continuous use in urban driving prior
to testing. Under these conditions, the TWC could not operate within its optimal window, leading to elevated gaseous
emissions. The lack of oxygen also prevented soot oxidation, causing particulate matter to accumulate and gradually obstruct
the filter pathway. After prolonged highway driving on day 1, the engine management system adjusted A toward
stoichiometric conditions. This restored TWC efficiency, drastically reducing gaseous emissions and increasing oxygen
availability, which in turn promoted soot oxidation in the GPF. The accumulated soot was then released in a series of blow-

off events during test day 2. Following these events, emissions stabilized during the subsequent test days.

We decided to retain the data from the initial two days of testing, as they represent a worst-case scenario with respect to both
gaseous and particulate emissions. Including this period allowed us to contrast conditions of impaired aftertreatment
efficiency with those of normal stoichiometric operation. For this reason, the results are presented in two groups, hereafter
referred to as untuned operation (day 1 and 2) and tuned operation (rest of the days), in order to investigate whether
differences in engine management and aftertreatment performance translate into measurable variations in the toxicity of the

emitted particles.
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3.1 Gaseous and particle emissions

Figure 2 presents THC/CH4, CO, NOx, and soot mass emissions for the tested vehicle, including the average values under
untuned and tuned operation, as well as the individual hot mRDE and cold Combined cycle results that constitute the tuned-
operation dataset. Under untuned operation, all gaseous emissions were substantially higher than the tuned-operation
average. CO emissions exceeded 1000 mg/km and were approximately six times higher than the average measured under
tuned operation. The differences in THC/CHs and NOx emissions, although less pronounced than for CO, were still
considerable, showing increases of approximately 120% and 165%, respectively.

It is important to note that the measurement schedule was balanced between the two operating conditions. During the first
two days, corresponding to untuned operation, two tests were conducted each day: a cold-start mRDE followed by a hot-start
Combined Cycle. During the following test days, corresponding to tuned operation, the order was reversed, with a cold-start
Combined Cycle followed by a hot-start mRDE. In this way, the daily distance covered, the driving dynamics, and the
number of cold starts were kept comparable between the two operating states. Therefore, the observed differences cannot be
attributed to the test design, but mainly to the vehicle operating mode.

Under tuned operation, the vehicle behaved as expected for a modern Euro 6 CNG car, with low gaseous emissions across
both cycles. This highlights the strong dependence of TWC efficiency on stoichiometric operation and confirms that the
elevated emissions during untuned operation were the direct result of rich-mixture conditions. Notably, within the tuned-
operation dataset, the individual cycle results show that the cold-start Combined Cycle produced higher gaseous emissions
than the hot mRDE cycle, with increases of approximately 108% for CO, 300% for THC/CHa, and 108% for NOx. These
findings underline the combined influence of engine calibration, cold-start operation, and driving dynamics on gaseous

pollutant levels.

10
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Figure 2. Gaseous and soot mass emissions under tuned and untuned CNG vehicle operation. Average THC/CH4, CO, NOx, and
soot mass emissions are shown for untuned and tuned operation, together with the individual hot mRDE and cold Combined Cycle
results included in the tuned-operation dataset. Red lines indicate the WLTC reference legislative limits for CO (1000 mg/km) and
NOx (60 mg/km).

The deterioration observed during untuned operation was also reflected in particle emissions. Soot mass emissions were
approximately five times higher under untuned operation than the tuned-operation average. Within the tuned-operation
dataset, the cold-start Combined Cycle resulted in approximately 65% higher soot mass emissions than the hot mRDE cycle,
demonstrating the influence of driving cycle and engine temperature on particulate mass emissions.

A similar trend was observed for particle number emissions, as shown in Figure 3. Particle number emissions during untuned
operation were markedly higher than the tuned-operation average across all particle size cut-offs and particle metrics, with
increases of approximately 90% for SPN23, 110% for SPN10, and up to 700% for TPN. Within the tuned-operation dataset,
PN emissions from the cold-start Combined Cycle exceeded those from the hot mRDE cycle by approximately 160%, 280%,
and 960% for SPN23, SPN10, and TPN, respectively.
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Taken together, the gaseous and particle emission results highlight two main points. First, untuned operation, linked to rich
combustion and impaired aftertreatment performance, led to a sharp increase in both gaseous and particulate emissions.
Second, even under tuned operation, cold-start conditions and the more dynamic Combined cycle strongly affected particle

emissions, particularly for smaller particle size cut-offs.
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Figure 3. Particle number emissions (a) and particle size distributions (b) under tuned and untuned CNG vehicle operation.

SPN23, SPN10, and TPN10 emissions are shown for untuned and tuned operation, together with the individual hot mRDE and
cold Combined Cycle results included in the tuned-operation dataset. Particle size distributions are presented for the tested
operating and driving conditions. Red lines indicate the WLTC reference legislative limits for SPN23 (6 x 10! p/km).

The particle size distributions obtained under both tuned and untuned operation, and across all test cycles, displayed a
broadly similar shape despite the large differences in total particle concentration. This suggests that the main particle
formation mechanisms remained comparable between conditions, while their intensity varied substantially. Across the
distributions, three particle modes could be distinguished qualitatively: a nucleation mode peaking around 10 nm, a second
mode centred around 50 nm, and a larger mode slightly above 100 nm. The smallest mode is consistent with freshly formed
nucleation particles, while the intermediate mode may reflect accumulation-mode particles formed by condensation and
coagulation processes. The larger mode is likely associated with agglomerated soot or particles released from the GPF. The
presence of bi- or trimodal particle size distributions has also been reported for PAH-associated particles in exhaust
emissions (Yang et al., 2005), suggesting that organic species may contribute to the observed PSD structure.

Figure 4 links the physical characterization of the emitted particles with the subsequent chemical and toxicological analyses.

The DGI mass distribution shows that most of the collected particle mass was found in the intermediate impactor stages,
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while the backup-filter fraction below approximately 130 nm represented a smaller but analytically relevant nanoparticle-
enriched fraction used for chemical characterization. In parallel, the deposited-dose results show that measurable particle
mass reached the cell cultures during ALI exposure, supporting the relevance of the toxicological assessment despite the low
overall particle mass emitted by the CNG vehicle. Therefore, the chemical profile obtained from the DGI backup filters and
the biological responses observed in the ALI systems should be interpreted as complementary information on the

nanoparticle-enriched fraction of the CVS-diluted exhaust.
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Figure 4. Particle mass distribution and deposited particle dose during CNG exhaust exposure.

Panel (a) shows the particle mass collected in the DGI stages and backup filter, representing the aerodynamic particle mass
distribution of the CVS-diluted CNG exhaust. Panel (b) shows the estimated deposited particle dose during ALI exposure in the
ELLIE and MEC systems.

The deposited-dose results also indicate that the relative behaviour of the two ALI systems depended on the driving
condition. During the hot mRDE cycle, MEC showed a substantially lower deposited particle mass than ELLIE, whereas
during the cold Combined Cycle the deposited doses in the two systems were more comparable. This difference is likely
related to changes in the particle size distribution between the two cycles. The Combined Cycle produced a larger fraction of
very small particles, for which deposition in the MEC system may be more efficient than for larger particle sizes, while
ELLIE maintained high deposition efficiency through electrostatic enhancement. Thus, the deposited dose was influenced

not only by the emitted particle mass, but also by the size distribution and the deposition principle of each ALI system.
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3.2 Particle mass chemical characterisation

Particle mass for chemical analysis was collected on the DGI backup filters, corresponding to the nanoparticle-enriched
fraction below approximately 130 nm. Because of the low particle mass emitted by the CNG vehicle, the filters were
collected across all driving conditions and therefore represent an integrated chemical profile of the emitted nanoparticle
fraction rather than cycle-specific composition. Since both the DGI sampling and the ALI exposure systems received diluted
exhaust from the CVS, the chemical profile obtained from the backup filters is directly relevant to the particle fraction to

which the cells were exposed, at least for particles smaller than 130 nm.

3.2.1 Organic analysis

Figure 5 presents the concentrations and relative contributions of the analysed PAHs, NPAHs, and OPAHs in the
nanoparticle-enriched particle fraction. The total concentrations of > 16PAHs, > SOPAHs, and Y 7NPAHs were 0.81, 0.24,
and 0.07 ng/m?, respectively, following the order PAHs > OPAHs > NPAHSs.

The PAH profile was dominated by low-molecular-weight compounds, mainly naphthalene (NAP, 53%), phenanthrene
(PHE, 15%), and pyrene (PYR, 13%), which together accounted for approximately 81% of the total PAH concentration. The
remaining PAH fraction was mainly represented by fluoranthene (FLT, 7%), anthracene (ANT, 3%), acenaphthylene (ACY,
2%, fluorene (FLN, 2%), acenaphthene (ACE, 1%), and chrysene (CHR, 1%), while the heavier PAHs each contributed less
than 1%.

For NPAHs, I-nitronaphthalene (I-NNAP, 34%), 2-nitronaphthalene (2-NNAP, 36%), and 1-nitropyrene (I-NPYR, 19%)
were the dominant species, together contributing approximately 89% of the total NPAHs. The remaining NPAH fraction was
composed of 5-nitroacenaphthene (5-NACE, 4%), 3-nitrobiphenyl (3-NBP, 4%), 4-nitrobiphenyl (4-NBP, 1%), and 2+3-
nitrofluoranthene (2+3-NFLT, 1%).

Similarly, the OPAH fraction was mainly composed of 1,4-naphthoquinone ((1,4)O.NAP, 36%), 9-fluorenone (9-OFLN,
30%), and acenaphthoquinone (AceNQ, 22%), which together accounted for approximately 88% of the total OPAHs. The
remaining OPAHs included 9,10-anthraquinone ((9,10)0-ANT, 7%), 2-nitrofluorenone (2-N-9-OFLN, 2%), 1,2-
benzanthraquinone (1,2-O,BAA, 2%), benzanthrone (BAN, 2%), and benzo[a]fluorenone (BaOFLN, <1%)).

Although NPAHs and OPAHs were present at lower absolute concentrations than parent PAHs, their presence is relevant

because these derivatives are often associated with oxidative and inflammatory responses.
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Figure 5. Organic chemical profile of nanoparticle-enriched particles emitted by the CNG vehicle.

Relative contributions and concentrations of PAHs, NPAHs, and OPAHs measured in the DGI backup-filter samples,
corresponding to particles below approximately 130 nm. Samples were collected from CVS-diluted exhaust across all driving
conditions and therefore represent an integrated organic profile of the emitted nanoparticle-enriched fraction.

3.2.2 Inorganic analysis

Figure 6 presents the concentrations and relative contributions of the analysed water-soluble elements in the nanoparticle-
enriched particle fraction. Water-soluble elements were detected at substantially higher concentrations than the analysed
organic compounds, with a total concentration of 21.5 ng/m?.

The elemental profile was strongly dominated by zinc (Zn), which reached 18 ng/m? and accounted for approximately 85%
of the total measured water-soluble elements. Aluminium (Al, 7%) and iron (Fe, 4%) were the next most abundant elements,
while the remaining elements each contributed 1% or less. Together, Zn, Al, and Fe accounted for approximately 96% of the
quantified water-soluble elemental fraction. The remaining fraction was mainly represented by manganese (Mn, 1%), nickel
(Ni, 1%), antimony (Sb, 1%), and barium (Ba, 1%), while copper (Cu), strontium (Sr), tin (Sn), chromium (Cr), cobalt (Co),

and lead (Pb) each contributed less than 1%; vanadium (V), arsenic (As), and cadmium (Cd) were below the limit of
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detection. This indicates that the water-soluble inorganic fraction was a major component of the chemically characterized

nanoparticle mass and that Zn was the dominant water-soluble element in the collected CNG particle sample.

100% — 30
90% arb 27
OBa
80% @sb 24
21.,5 @Sn
70% 21
S 60% 18 %
= =]
= E
E 50% 15 €
g =
<
£ 40% 12 g
O
30% 9
20% 6
10% 3
0% 0

EWSEs

Figure 6. Water-soluble elemental profile of nanoparticle-enriched particles emitted by the CNG vehicle.

Relative contributions and concentrations of water-soluble elements measured in the DGI backup-filter samples, corresponding to
particles below approximately 130 nm. Samples were collected from CVS-diluted exhaust across all driving conditions and
therefore represent an integrated inorganic profile of the emitted nanoparticle-enriched fraction.

3.3 Toxicological characterization

The toxicological response of A549 cells exposed to CVS-diluted CNG exhaust was evaluated through cell viability, LDH
release, and cytokine production. Figure 7 presents the comparison between tuned and untuned vehicle operation for all
endpoints. Exposure to both gas phase and whole exhaust reduced cell viability and increased LDH release compared with
the respective controls. However, the differences between tuned and untuned operation were not consistent across these
cytotoxicity-related endpoints, indicating that the change in vehicle operating state did not translate into a clear difference in
cell viability or membrane damage.

A stronger indication of an effect of vehicle operation was observed for the inflammatory endpoints. IL-1f and TNF-a
release increased after exposure, and the response tended to be higher for whole exhaust under untuned operation,

particularly for cytokine production. Nevertheless, these differences should be interpreted cautiously, since they were not
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consistently significant across all comparisons. Overall, the tuned—untuned comparison suggests that both operating states

induced measurable biological responses, with some indication that untuned whole exhaust may enhance inflammatory

signalling.
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Figure 7. Toxicological responses under tuned and untuned CNG vehicle operation.

Comparison of AS549 cell responses after exposure to CVS-diluted gas phase and whole exhaust under tuned and untuned
operation. Panel (a) cell viability assessed by Alamar Blue staining and cytotoxicity assessed by LDH release. Panel (b) shows
cytokine release, including TNF-a and IL-1f. *p<0.05, **p < 0.01, ***p<0.0001, compared to control, One Way ANOVA. #p<0.05,
##p < 0.01, ###p<0.0001, intercomparison of exposure conditions, One Way ANOVA

Figure 8 also includes the corresponding MEC results for cell viability and LDH release under whole-exhaust exposure.
Since MEC was used only for whole-exhaust exposure, the most appropriate comparison between systems is with the whole-
exhaust conditions in ELLIE. Both systems showed reduced viability and increased LDH release after exposure, although the
magnitude of the response differed between systems. These differences are expected, given the different aerosol delivery,

flow configuration, and particle deposition mechanisms of ELLIE and MEC.
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Figure 8. Cell viability and cytotoxicity under tuned operation: comparison of driving conditions and ALI exposure systems.

Comparison of A549 cell responses after exposure to CVS-diluted gas phase and whole exhaust during the hot mRDE and cold
Combined Cycle under tuned operation. Responses obtained with the ELLIE and MEC exposure systems are shown where
applicable. Panel (a) shows cell viability assessed by Alamar Blue staining. Panel (b) shows cytotoxicity assessed by LDH release.
*p<0.05, **p<0.01, ***p<0.0001, compared to control, One Way ANOVA. #p<0.05, ##p<0.01, ###p<0.0001, intercomparison of
exposure conditions, One Way ANOVA.

Cytokine release under tuned operation is presented in Figure 9. Both IL-1p3 and TNF-a increased after exposure, confirming
the induction of a pro-inflammatory response. For IL-1p, the cold Combined Cycle whole-exhaust exposure produced a
stronger response than the corresponding gas-phase exposure and the hot mRDE exposure in the ELLIE system, suggesting
that driving dynamics and/or cold-start conditions may influence the inflammatory potential of the emitted particles. This
was the clearest indication that the driving condition affected the toxicological outcome. For TNF-a, the differences between
driving conditions were less pronounced and did not show the same clear pattern.

The MEC results in Figure 9 also showed increased cytokine release after whole-exhaust exposure, but the pattern between
the hot mRDE and cold Combined Cycle was not identical to that observed in ELLIE. Therefore, the comparison between
the two ALI systems should be interpreted as complementary rather than directly interchangeable. Both systems support the
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conclusion that diluted CNG exhaust can induce inflammatory responses, but the magnitude and detailed pattern of the

response depend on the exposure system and endpoint considered.
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Figure 9. Cytokine release under tuned operation: comparison of driving conditions and ALI exposure systems.

Comparison of A549 inflammatory responses after exposure to CVS-diluted gas phase and whole exhaust during the hot mRDE
and cold Combined Cycle under tuned operation. Responses obtained with the ELLIE and MEC exposure systems are shown
where applicable. Panel (a) shows TNF-o release. Panel (b) shows IL-1f release. *p<0.05, **p<0.01, ***p<0.0001, compared to
control, One Way ANOVA. #p<0.05, ##p<0.01, ##{p<0.0001, intercomparison of exposure conditions, One Way ANOVA.

Overall, the toxicological results indicate that CNG exhaust affected cell viability, cytotoxicity, and inflammatory signalling
in A549 cells. The gas phase alone was sufficient to induce measurable responses, while whole exhaust often produced
stronger effects, highlighting the contribution of the particle-containing fraction. However, neither tuned versus untuned
operation nor the comparison between hot mRDE and cold Combined Cycle produced consistently significant differences
across all endpoints. Thus, the main finding is not a strong separation between operating or driving conditions, but rather that

CNG exhaust, including its particle-containing fraction, can induce adverse cellular responses under the tested conditions.
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4 Discussion

The present study shows that emissions from a modern Euro 6 CNG vehicle can induce measurable biological responses in
lung epithelial cells, even when particle mass emissions are low. This is important because CNG vehicles are often discussed
mainly in terms of reduced CO: and PM mass emissions compared with conventional fuels. However, our results support the
view that particle number, particle size, chemical composition, and delivered dose are more informative than PM mass alone
when assessing potential health relevance. Previous studies have similarly shown that CNG vehicles may emit low particle
mass but substantial numbers of ultrafine particles, especially in the nucleation size range, and that the relationship between
mass-based and number-based emissions can be weak (Dimopoulos Eggenschwiler et al., 2021; Jayaratne et al., 2008).

A central feature of this campaign was the contrast between two vehicle operating states. During untuned operation, the rich
air—fuel mixture impaired aftertreatment performance, resulting in increased gaseous emissions and higher particle
emissions. This is consistent with the known sensitivity of three-way catalysts to A control and with previous work showing
that CNG emissions can vary strongly under transient or dynamic operation (Dimaratos et al., 2019). Nevertheless, the
biological response did not increase proportionally with the emission factors. This suggests that the toxicological outcome
was not controlled only by the total emitted mass or number, but also by the composition of the gas phase and particle
fraction, the size-dependent deposition in the ALI systems, and the specific biological endpoint considered.

The particle size distributions were broadly similar across conditions, with three apparent modes in the nucleation,
intermediate, and larger particle ranges. This indicates that the same general particle formation mechanisms were probably
present under both tuned and untuned operation, while their intensity changed substantially. The DGI mass distribution and
deposited-dose results further help interpret this point: only a fraction of the emitted particle mass was collected in the
nanoparticle-enriched backup-filter fraction used for chemical analysis, yet this fraction is directly relevant to the particles
delivered to the ALI systems. The deposition results also show that exposure dose depended not only on the emitted aerosol
but also on the exposure system, with ELLIE generally favouring deposition through electrostatic enhancement and MEC
responding more strongly when the aerosol shifted toward smaller particle sizes.

The chemical profile of the nanoparticle-enriched fraction provides a plausible explanation for the observed biological
responses. Parent PAHs were the most abundant measured organic class, followed by OPAHs and NPAHs. Although the
absolute concentrations of these organic compounds were low, the presence of oxygenated and nitrated PAH derivatives is
relevant because these compounds can contribute to oxidative and inflammatory responses. At the same time, the water-
soluble elemental fraction was much higher than the measured organic fraction and was strongly dominated by Zn, with
smaller contributions from Al and Fe. This suggests that, for this CNG vehicle, the toxicity of the nanoparticle-enriched
fraction may not be driven primarily by parent PAHs alone, but by a mixed chemical profile involving soluble metals,
oxygenated organics, nitrated organics, and gas-phase compounds.

The toxicological results support this mixed-exposure interpretation. Gas-phase exposure alone was sufficient to reduce cell

viability, increase LDH release, and induce cytokine release, while whole exhaust often produced stronger responses. This
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agrees with the idea that CNG exhaust toxicity may be partly associated with gas-phase or semi-volatile compounds, not
only with particles. Li et al. (2021), for example, linked toxicological responses from light-duty CNG/RNG exhaust to
specific gas-phase and semi-volatile organic compounds, including benzene, dibenzofuran, formaldehyde, and other reactive
species. Therefore, in the present study, the stronger responses during whole-exhaust exposure should not be interpreted as a
pure “particle effect”, but rather as the additional effect of a particle-containing exhaust mixture over an already active gas
phase.

The cytokine pattern may also reflect the chemical nature of the exposure. TNF-a and IL-1f are regulated through partly
different biological pathways: TNF-a is commonly linked to transcriptional inflammatory signalling, while IL-1 release
requires both priming and post-translational processing through inflammasome-related pathways. Organic compounds such
as PAHs and quinones can activate oxidative-stress-sensitive inflammatory signalling, including NF-«kB-related pathways,
while particles and soluble metals can contribute to lysosomal stress, mitochondrial ROS, and NLRP3 inflammasome
activation (Dostert et al., 2008; Guo et al., 2021; Hornung et al., 2008; Huang et al., 2023; Ovrevik et al., 2015). In this
study, the indication that IL-1B was particularly responsive under some whole-exhaust conditions is therefore compatible
with a role of the particle-containing, metal-rich fraction. However, this mechanism remains inferential because ROS,
caspase-1 activation, and inflammasome markers were not directly measured.

The limited separation between tuned and untuned toxicological responses is scientifically meaningful. Untuned operation
clearly increased emissions, but it did not produce a uniformly stronger biological response across all endpoints. This could
be due to several factors: the integrated exposure dose may not scale linearly with emission factors; the chemical
composition of the biologically deposited fraction may have remained broadly similar; and the selected endpoints may
respond differently to gas-phase compounds, soluble metals, and particle-associated organics. A comparable complexity has
been reported in studies of diesel and dual natural gas—diesel particles, where toxicity varied with PAH and metal
composition rather than with particle mass alone (Pino et al.,, 2025). Thus, the present results suggest that altered
aftertreatment performance can strongly affect emission levels, but its effect on biological response depends on how the
emitted mixture changes chemically and physically.

Overall, this work supports a cautious but important conclusion: modern CNG exhaust should not be considered
toxicologically irrelevant simply because particle mass emissions are low. The gas phase and the nanoparticle-containing
fraction both contributed to adverse cellular responses, while the chemical analysis points to a complex mixture of low-level
organic compounds and relatively abundant water-soluble elements. The study also highlights the value of combining
emission measurements, particle size distributions, deposited-dose estimates, chemical characterization, and ALI toxicology.
Although the results are based on one vehicle and a limited number of biological repetitions, they show that CNG exhaust
toxicity cannot be inferred from regulated emissions alone and should be evaluated using source-specific chemical and

biological information.
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5 Conclusions

This study investigated the emissions and in vitro toxicological response of a Euro 6 bi-fuel CNG taxi tested under simulated
real-world driving conditions. The vehicle exhibited two distinct operating states during the campaign: an initial
untuned/rich-mixture operation associated with impaired aftertreatment performance, and a subsequent tuned/stabilized
operation. This allowed the study to evaluate not only the emissions of a modern CNG light-duty vehicle, but also whether a
deterioration in engine and aftertreatment operation translated into a stronger biological response. Gaseous emissions,
particle number and size distributions, particle mass distribution, chemical composition of the nanoparticle-enriched fraction,
deposited dose, and ALI toxicological endpoints were combined to provide an integrated assessment.

The results confirm that CNG vehicles can emit very low particle mass while still producing relevant numbers of ultrafine
particles. Untuned operation caused a strong increase in both gaseous and particle emissions, while the cold and more
dynamic Combined Cycle increased emissions even under tuned operation. However, the broadly similar particle size
distributions across conditions suggest that the main particle formation mechanisms remained comparable, while their
intensity changed.

The chemical characterization of the nanoparticle-enriched fraction showed that the collected particles contained both
organic and inorganic toxicologically relevant components. PAHs were the most abundant measured organic class, followed
by OPAHs and NPAHs, while water-soluble elements were present at substantially higher concentrations than the measured
organics and were strongly dominated by Zn. This chemical profile suggests that the observed biological response cannot be
attributed to a single compound class, but rather to a complex mixture of gas-phase compounds, particle-associated organics,
and soluble inorganic species.

The toxicological results showed that CVS-diluted CNG exhaust induced measurable responses in A549 cells, including
reduced cell viability, increased LDH release, and increased cytokine production. Gas-phase exposure alone was sufficient to
induce biological responses, while whole exhaust often produced stronger effects, indicating that the particle-containing
fraction contributed to the observed toxicity. Nevertheless, the differences between tuned and untuned operation, or between
the hot mRDE and cold Combined Cycle, were not consistently significant across all endpoints. Therefore, increased
emission levels did not translate linearly into stronger toxicological responses.

Overall, this work highlights that the toxicological relevance of CNG exhaust cannot be evaluated using regulated emissions
or particle mass alone. Even when particle mass is low, the combination of ultrafine particles, soluble metals,
oxidized/nitrated organics, and gas-phase compounds may induce cellular stress and inflammatory responses. The combined
use of emission measurements, chemical characterization, deposited-dose estimation, and two ALI exposure systems

provides a more complete framework for assessing the health relevance of modern CNG vehicle exhaust.
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