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study toxic effects of polluted air in field

e Cell cultures grown at air-liquid inter-
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o Incubator with exposure boxes placed in
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exposures up to 5 days, 4 h/day
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ARTICLE INFO ABSTRACT

Editor: Anastasia Paschalidou Exposure of cell cultures at air-liquid interface (ALI), mimicking i.e. human lung surface, is believed to be one of
the most realistic means to model toxicity of complex mixtures of pollutants on human health. The complexity of
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portable emissions monitoring systems (PEMS) are combined into a portable emissions or air toxicity system, for
field deployment, including operation in moving vehicles. Cell cultures grown on 6 mm inserts are placed in an
airtight 17x13x9 cm exposure box, where the sample is symmetrically distributed into 8 wells of a standard
Transwell 24-well holder at 25 ecm®/min/insert. In a 40x35x45 cm inner dimensions incubator, sample and
control air are conditioned to 5 % CO», 37 °C and >85 % humidity and drawn through 2-4 exposure boxes.
Characterization with silver nanoparticles revealed 50 % particle losses at 15 nm and deposition rate of
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approximately 1.5 % at both 10 and 21 nm mean diameter. The system has undergone an extensive field vali-
dation, including 4 h of exposure and 2 h transport in a vehicle each day for 5 days, 5-day operation outside in
vans and tents at —7 to +32 °C, long transport and test on a heavy-duty truck, during which cells were exposed to
the diluted exhaust from the truck, this being the first known use of ALI exposure chamber as PEMS. The portable
exposure chamber, along with a field-deployable auxiliary mobile base including a small laminar flow box,
additional incubator and freezer, can be easily used to study the toxicity of various emissions, effluents and
polluted air, aiming for a more relevant toxicity measure than chemical composition alone.

1. Introduction

Exposure to polluted air is one of the leading environmental risks and
is among the top ten causes of premature death (HEI, 2024; Fuller et al.,
2022; Pozzer et al., 2023; WHO, 2021). Most of the effects are currently
associated with particulate matter (PM), chemical compounds bound to
it, and reactive nitrogen species (Lelieveld et al., 2023), both directly
emitted (primary emissions) and formed in the atmosphere at a later
stage (secondary emissions), and tropospheric ozone formed under the
presence of organic species, nitrogen oxides and sunlight. PM is typically
assessed as its total mass, however, in reality, it varies in size,
morphology, composition, toxicity and other adverse health effects.
Nanoparticles (NP), with diameter < 100 nm, are produced primarily by
combustion, followed by condensation of precursors at high tempera-
ture. NP have been reported to translocate to brain via the olfactory
nerve (Elder et al., 2006; Oberdorster et al., 2004) and are known to
efficiently deposit in human lung alveoli (Kiinzli et al., 2000), where
they can interfere with gas exchange between inhaled air and blood
(Almetwally et al., 2020), while the ultrafine fraction enters individual
cells including subcellular structures and can be distributed to distant
tissues and organs via blood stream. Carbonaceous particles from en-
gines are more hazardous, on the equivalent mass basis, than “average”
particles in the air (Krzyzanowski et al., 2005), and reduction of diesel
particulate matter has been found to be, on a mass equivalent bases, 4-9
times more beneficial than the reduction in overall PM2.5 concentra-
tions (Janssen et al., 2011). Other sources, like brake wear emissions,
commercial aviation jet engine emissions, emissions from household
stoves, welding, 3D printing, manufacturing, handling and processing of
nanomaterials, and other novel technologies, are of emerging interest
and concern. To further exacerbate the danger, NP are typically released
in highly populated areas.

As a complement to chemical and physical analyses, in vitro toxicity
tests using isolated DNA, cell cultures (Lawal et al., 2015; Libalova et al.,
2016; Zhang and Balasubramanian, 2014) and animal lung tissue slices
(Bion et al., 2002; Morin et al., 1999) have been carried out. Various
experimental models cell cultures have been exposed to previously
collected and resuspended particulate matter (Rothen-Rutishauser et al.,
2008; Gerlofs-Nijland et al., 2013; Ghio et al., 2013; Martin et al., 2017;
Totlandsdal et al., 2015).

Air-liquid interfaces (ALI), where cell cultures supported in media on
one side are exposed in real time to a mixture of pollutants (Aufderheide
and Mohr, 1999; Savi et al., 2008) were developed as a physiologically
relevant alternative to standard in vitro tests (Geiser and Lang, 2007;
Lacroix et al., 2018; Steiner et al., 2014), and used with diluted fresh
vehicle exhaust (Hawley et al., 2014; Oeder et al., 2023; Miiller et al.,
2010; Steiner et al., 2012 and 2015). A review of ALI exposure systems is
given in previous work (Rossner et al., 2021a), a review of models is
given in Upadhyay and Palmberg (2018). Such in vitro toxicity tests may
provide a more representative assessment than the one based on
chemical composition alone, yet avoid ethically problematic, and not
necessarily more representative, animal studies (Anadon et al., 2014).

Smaller particles and gaseous compounds are deposited by diffusion,
with deposition rates reported roughly around 2 % (Bitterle et al., 2006;
Rothen-Rutishauser et al., 2008; Tippe et al., 2002). In some cases, the
deposition rate of particles, but obviously not gaseous compounds, is
increased by electrostatic charging of the particles (Aufderheide et al.,

2003; Geiser et al., 2017; Zavala et al., 2014), by thermophoretic
deposition (Ihalainen et al., 2018), or by inertial impaction (Cooney and
Hickey, 2011). While thermophoresis effects are not overly dependent
on particle size, the particle charge distribution, as well as probability of
deposition by impaction, depends on the particle size. Enhanced depo-
sition of particles, but not gases, raises the issue of how representative
such exposure is in cases where the gaseous fraction can contribute
significantly to the toxic effects. For example, in diesel exhaust, the
cellular response (interleukin-8 secretion) was about equally divided
between gaseous fraction (filtered exhaust) and semi-volatile fraction of
particles (Holder et al., 2007). In exposures where both gaseous pol-
lutants and aerosols were considered, no deposition enhancement has
been used (Binder et al., 2022; Guénette et al., 2022).

The use of ALI has grown considerably over the last decade, with a
variety of cultures on a varying number of 6 mm, 12 mm and 24 mm
inserts, typically kept at 37°C, humidification of the sample, with our
without addition of COp, with deposition enhancement by particle
charging or with deposition by diffusion, and exposure times of tens of
minutes to 2 h, using a mix of commercially available and in-house
fabricated systems (Rossner et al., 2021b; Guénette et al., 2022; Hak-
karainen et al., 2022; Buckley et al., 2024).

As far as practical application of ALI interfaces, their operation in the
field is not necessarily simple, due to both the necessity of a close
cooperation between the toxicology team and the team providing the
sample from the studied process or environment, and due to the ne-
cessity to have a toxicological laboratory nearby, with at least some
facility at the testing site. These factors, in the opinion of the authors,
impose, along with the inherent complexity and expense of toxicological
assays, practical limits hindering ALI exposure applications.

The aim of this work was to develop and validate the concept of a
simple, practical, compact, portable ALI exposure system suitable for
field studies of a range of sources of complex mixtures of air pollutants,
together with an easily transportable auxiliary toxicological laboratory
that can be deployed in the field without a readily access to laboratory
equipment and sometimes not even to the basic amenities.

2. Experimental design and methods
2.1. Portable exposure box

The cell cultures are housed in commonly used commercial 24-well
Transwell™ plates, out of which 8 positions are populated with 6 mm
diameter membrane wells (inserts) with cell cultures placed in sup-
porting media. The plate sits on an adjustable stainless steel slab placed
in a modified waterproof camera box (exposure box). The sample is
delivered by a symmetrical stainless steel distributor mounted in the lid
of the box into 8 nozzles, each of 5 mm outer diameter and inner
diameter increasing from a 1 mm restrictor equalizing the flow to 25
cm®/min for each nozzle to 4 mm at the exit plane located 1-2 mm above
the membrane with the cell culture. The 17x13x9 cm exposure boxes,
shown in Fig. 1, can be hermetically sealed by connecting the inlet and
the outlet with a flexible tubing, and are stored and transported this way
in an insulated box or in an incubator.
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2.2. Toxicological incubator (exposure chamber)

Up to four exposure boxes can be used for exposure in a modified
small 40x35x45 cm inner dimensions commercial incubator (Binder
BF56, Tuttlingen, Germany). The exposure boxes are sealed, so the only
role of the incubator is to provide a stable temperature of 37 °C. In two
parallel branches for the sample examined and synthetic air (or purified
ambient air) used as control, food-grade CO; is added to the sample at 5
% by volume, and the sample passes first through a heat exchanger and
then through a Nafion membrane humidifier (MH-110-12S-2, Perma-
pure) filled with deionized water to increase its temperature to 37 °C
and relative humidity to 85-95 %, and then it is directed to the inlet of
one or more exposure boxes. From the outlet of each exposure box, the
sample is drawn through a filter, a rotameter, and a miniature rotary
vane pump with an in-house variable speed drive. The schematic and
photo of the setup are shown in Fig. 2. The incubator was tested at
temperatures of —5 °C to its practical limit of +33 °C, with electric
power consumption of the entire setup below 100 W at 20-25°C plus
approximately 3 W for each °C below 20°C. The entire system weighs 39
kg and is self-contained, except for separate bottles with CO, and, if
used, compressed control air and auxiliary power source (battery pack
and inverter).

2.3. Auxiliary equipment

For short trips to the exposure site (lasting a maximum of a couple of
hours), the exposure boxes can be sealed with a COz-enriched atmo-
sphere and transported in an insulated polystyrene box containing
preheated pads. Upon arrival, they can be directly connected to either
the control or sample line. For longer trips, the presence of additional
equipment at or near the exposure place is required. This includes a
laminar flow box, which circulates filtered air to provide a reasonably
sterile work environment for processing cell cultures, a small cell incu-
bator to maintain live cells, a small freezer to store samples and neces-
sary chemicals, a microscope, and cell culture supplies. Example
photographs of outdoor measurements conducted at ambient tempera-
tures ranging from —7 °C to +32 °C (with 33-34 °C being the practical
limit without active cooling to maintain the cell culture temperature of
37 °C) are shown in Fig. 3.

2.4. Physical characterization (particle depositions)

Particle losses in the sample conditioning train, up to the exposure
box inlet, were characterized by alternate sampling of particles in par-
allel to the incubator inlet and in lieu of one exposure box by a
condensation particle counter (CPC), alone or preceded by the scanning

] — )
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mobility particle sizer (SMPS). At the same time, other instruments were
sampling in parallel with the incubator to ensure the stability of particle
concentration and size distribution. Gasoline engine exhaust, metallic
particles generated by spark ablation (VSP), and silver nanoparticles
(AgNP) generated in a furnace were used, of which primarily AgNP are
reported on here, with other tests being done on older, larger version of
the chamber. In the experiment with AgNP, monodisperse aerosol
generated by a furnace followed by an electrostatic classifier was
introduced into the exposure chamber, two CPC (CPC3752, TSI) were
used simultaneously and switched their positions at each point to
compensate for possible differences between them. In other experi-
ments, polydisperse Ag aerosol was fed into the chamber and one CPC
was used, its location alternated between exposure box inlet and incu-
bator inlet.

In the AgNP experiment, particle deposition rate was examined by
placing 3 mm electron microscope grids on inserts in lieu of cell cultures,
depositing monodisperse aerosols of 10 and 30 nm diameter for
approximately 17 h and polydisperse aerosols with mean diameters of
11.0 and 20.1 nm, geometric standard deviations of 1.55 and 1.85,
generated at 1100 °C and 1200 °C, respectively, for approximately 3 h,
and determining the number of particles deposited and their size from
transmission electron microscope (TEM) imaging.

2.5. Toxicological characterization

The exposure boxes are functionally the same as described in the
previous work by the authors (Vojtisek-Lom et al., 2020), where they
were used in a larger incubator where human lung cells (BEAS-2B,
Rossner et al., 2021b), 3-D lung tissue models (Rossner Jr. et al., 2019),
and human olfactory mucosa cells (Saveleva et al., 2024) were exposed
to diluted exhaust from diesel and spark ignition engines running on a
variety of biofuels. The longest exposures were twice day for 2 h for 5
consecutive days. The results of these previous studies are summarized
in the Results section. In all combustion studies, both the dilution air and
the combustion air provided to the engine in an engine laboratory are
filtered and close to sterile. To extend the use of the exposure boxes to
polluted indoor or outdoor air, additional exposures of cell cultures to
outside air at a National Atmospheric Observatory Kosetice (NAOK,
considered as a rural background station of the CR), not within the
proximity of roads and industrial areas but amidst forests, pastures and
agricultural crop areas, were made for 2 h, twice a day, for five
consecutive days, for the purpose of assessing the effects of “common”,
non-sterile air.

Fig. 1. Exposure box with a standard 24-well plate with 8 active 6-mm inserts.
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Fig. 3. Field installations of the exposure chamber and the auxiliary laboratory: a,f) laminar flow box placed in a tent; b) left to right: CO, and synthetic air bottles,
particle counter (UF-CPC 200, Palas) and particle classifier (Engine Exhaust Particle Sizer, TSI), laminar flow box, exposure chamber; c,d) exposure chamber and
particle counter and classifier in a 3 m x 2 m lockable garden house; e) winter tests with instruments in a van and air quality monitoring station trailer.

3. Results of validation and trial runs
3.1. Characterization of particle losses

The particle losses in the sample conditioning system, between the
incubator inlet and the exposure box inlet, as determined for silver
particles in nitrogen, are shown in Fig. 4a. The penetration rate increases
with the particle size, nearly logarithmically (in a nearly linear manner
with respect to the logarithm of the particle size) until about 25 nm,
being roughly 25 % at 10 nm, 50 % at 15 nm and 70 % at 20 nm, pla-
teauing at around 80 %. The error bars represent standard deviations
which are relatively small. (Note: The standard deviation was computed
from the standard deviations of values measured at each position with
each of the two counters.)

Analogous results shown in Fig. 4b were obtained with a similar
system but placed in a larger incubator with longer sample travel path,
when tested with copper, iron and gold particles generated using a spark
generator. The particle size range is determined by the particle sizer
limit on the lower end (7 nm for Cu, 14 nm for Fe and Au, measurements
were done during different campaigns) and by very low concentrations
beyond 100 nm. There, the standard deviations are substantially higher,
due to highly variable performance of the spark generator. It is the au-
thors opinion that Au particles are the most representative, as the older
ALI system (Vojtisek-Lom et al., 2020) had higher diffusion losses and
therefore lower penetration rates.
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Fig. 4. Penetration rates for a) silver particles with this ALI exposure system and b) copper, iron and gold particles with previous ALI exposure system.

3.2. Particle deposition assessment

At 1100 °C, the number of particles deposited, determined from TEM
images (left photo in Fig. 5) was in the range of 55-120 (mean 88)
particles per 2.94 um? area, corresponding, at 6 mm insert diameter, 25
cm®/min/insert and 161 min exposure time to mean concentrations of
2.06 10° particles deposited per cm® flown through the insert. At the
same oven settings, the mean particle concentration measured by
nanoSMPS (SMPS 3938, EC 3082, DMA 3085, CPC 3756, all TSI) was
1.24 107 #/cm?, yielding a mean overall deposition efficiency of 1.66 %.
Of 518 particles counted from a total of six TEM images, 256 were larger
than 11 nm, which is consistent with the mean diameter of 11.0 nm
measured by the nanoSMPS.

At 1200 °C, a large number of very small particles was observed
(right photo in Fig. 5). Of 972 particles counted, 552 were smaller than
5 nm. On one of the six counting areas, 504 particles were counted, of
which 372 were smaller than 5 nm. The remaining five counting areas
had 57-107 particles per 2.94 um?, of which 38-58 were larger than 5
nm and 16-29 were larger than 20 nm. Such a large number of very
small particles, which were unlikely to be part of the test aerosol and
even if so, which were unlikely to penetrate through the sampling sys-
tem, was attributed to a fragmentation of larger clusters, albeit the
mechanism of such fragmentation is not known to the authors. It is the
opinion of the authors that only units of percent of large, 20 nm mean
diameter, clusters were lost to <5 nm fragments. Assuming symmetrical
particle size distribution, the total number of “original” (as generated)
particles was roughly twice the number of >20 nm particles, which was

= : ; . O]

22 per 2.94 um?, or 4.3 x 10* particles deposited per cm® flown through
the insert. The deposition efficiency was therefore determined as 8.6 x
10* particles deposited per cm® divided by the mean concentration of
1.39 x 107 #/cm?®, or 0.62 %.

The actual deposition efficiency is likely higher due to particle
clustering. In the original aerosol, only 2.34 % of all particles were larger
than 40 nm, while among 132 deposited particles larger than 20 nm, 46
(35 %) were larger than 40 nm. At 2.55 fractal dimension (sintered but
not spherical particles), particles larger than 40 nm constitute 70 % of
the total mass, compared to particles larger than 40 nm constituting
roughly a quarter of the total mass in the original distribution. There-
fore, about 40 % of the deposited particle mass (30 % < 40 nm and 10 %
> 40 nm) corresponds to the original size distribution and about 60 % to
non-original agglomerates. Given this, the deposition efficiency should
be, in theory, higher by a factor of 2.5, or about 1.55 %. This calculation
is, however, speculative, as toxicological effects are dependent on par-
ticle size, and do not necessarily correspond to any common physical
metric.

Without assessing particle sizes, and counting all detectable parti-
cles, excluding one outlier frame with a high number of <5 nm particles,
the deposition efficiency would be 1.19 %.

In theory, with an increasing size of incoming nanoparticles, the
penetration rate increases mainly due to decreased diffusion losses in the
sampling and conditioning system, but the “insert” deposition efficiency
(ratio of particles deposited to particles entering the insert) decreases
due to lower diffusion rate of larger particles. The product of the
penetration and deposition rates, or the overall deposition rate, is the
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Fig. 5. Deposition of polydisperse silver particles of a) 11 nm and b) 20 nm mean diameter onto electron microscope grid placed on inserts.
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resulting fraction of particles deposited is the product of penetration
rate, and its dependency on particle size may not be straightforward.
Here, increasing particle humidity, a necessary step at ALI interfaces,
may also, at least temporarily, affect the particle size. Also, the rather
high concentrations of 107 #/cm?, chosen to get a detectable amount of
particles in a reasonable time, favors particle coagulation and
agglomeration.

Given the uncertainties involved, the reported deposition rate of
1.65 % for 11 nm aerosol and the estimated deposition rate of 1.55 % for
20 nm aerosol, interpreted as the fraction of particles entering the
incubator that in some form are deposited on the insert surface, are more
of a rough estimate than a specification, expected to vary among the
source aerosols, notably considering the effects of the humidification
process. Taking the pragmatic approach, the authors believe that a
deposition rate of somewhere in the range of 1-2 % for silver particles
with a mean diameter of 11 nm (the smallest the authors were confident
to produce in meaningful quantities, to deposit, and to analyze), is a
reasonable proof of the validity of the concept.

3.3. Cytotoxicity effects of common air

Fig. 6 presents the results of a trial cytotoxicity assay (LDH; lactate
dehydrogenase) after 5 days of exposure to outdoor air. Up to four
sample types, representing different types of cells, were utilized: hOM
(human olfactory mucosa cells), MucilAir Healthy (a 3D cell model
derived from healthy donors). Cells were exposed to ambient air for 2 h,
followed by a 2-h period without airflow, and then subjected to another
2 h of exposure. This cycle was repeated daily over 5 days (time points
T1 - T5, starting at TO). After each day, cells were kept overnight in a
cell incubator, and the culture medium was collected for LDH analysis.
LDH release was normalized to the TO time point to account for differ-
ences in the baseline metabolic activity of the cell types. Even though for
some samples we observed elevated cytotoxicity values over time, it is
important to note that the cytotoxicity levels mostly did not exceed
established limits (> 80 %), indicating that the cells remained within a
tolerable range of stress. Overall, the cells were in good shape
throughout the experiment. Importantly, no contamination was

hOM
> MucilAir Healthy
4 BlMucilAir Asthma 1
E MucilAir Asthma 2
3

LDH release relative to TO

Fig. 6. Cytotoxicity results from trial 5 day exposure: Four samples (hOM,
MucilAir Healthy, MucilAir Asthma 1, MucilAir Asthma 2), representing three
types of cells were exposed repeatedly for 5 days to ambient air for 2 h twice a
day. LDH release — ratio of absorbance to that at TO — is shown at the end of
each day.

Details on exposure are provided in the Cytotoxicity effects of common air
section.

*hOM (human olfactory mucosa cells); MucilAir Healthy (3D cell model from
healthy donor); MucilAir Asthma (3D cell model from asthmatic donor).
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observed during the experimental period, as the cells were cultured with
antibiotics and antimycotics due to the in vitro system's lack of an im-
mune system, ensuring the reliability and integrity of the results.

4. Discussion
4.1. Laboratory and field campaigns

In the predecessor of this system (Vojtisek-Lom et al., 2020), BEAS-
2B cell line was exposed to gasoline exhaust fumes for 1-2 h at room
temperature (RT), with results published in several studies between
2019 and 2021 (Rossner Jr. et al., 2019; Cervena et al., 2020; Rossner
et al., 2021b). Similarly, the 3D Lung Model (MucilAir) was subjected to
gasoline and diesel exhaust fumes, with exposure durations of 1-2 h at
RT. While some findings have been published (Rossner Jr. et al., 2019;
Cervena et al., 2020), others remain unpublished. Human Olfactory
Mucosa Cells (hOM) were exposed to diesel exhaust fumes for 1 h at RT
(Saveleva et al., 2024). The A549 co-culture with THP-1 underwent
exposure to spark ablation nanoparticles for 1 h at RT. During some of
these studies, the exposure boxes have been prepared in an ordinary
toxicological laboratory and then transported to and from the exposure
site by car (1 h drive each way) and by sled (in an insulated box, approx.
10-min ride on ice in Finland).

In the system presented here, the A549 co-culture with THP-1 and
hOM were exposed to ambient air for 4 h for 5 consecutive days at
temperatures ranging from —7 °C to +32 °C. During this time, the
exposure chamber has been operated in a van (low temperatures), in a
lockable metal garden shed, in an exhibition tent (higher temperatures),
and in general office spaces, along with online particle monitoring
instrumentation. The entire setup has been powered both from the grid
and by batteries and inverter (5 kWh LiFePo batteries and 2 kW
inverter/charger in a 50 kg package, however, most of this capacity was
used by online instrumentation). Its placement in heated or air condi-
tioned environments, typical for field campaigns with instruments in a
van or in a container, would most likely extend the operating range,
however, such conditions are representative of human exposure only in
a small number of cases.

The exposure chamber and the auxiliary equipment has been trans-
ported by an ordinary van to different campaigns, the longest distance
being from Prague to Tampere, Finland.

Table 1 summarizes research that highlights the use of our in-house
exposure system. This summary underscores the pivotal role of our
custom-built exposure system in facilitating these studies, reflecting

Table 1

An overview of experiments conducted on various cell types exposed to different
environmental conditions, detailing the exposure type, duration, temperature,
and publication status using our exposure system (Vojtisek-Lom et al., 2020).

Cell type Exposure Duration °C Published in
BEAS-2B Gasoline 1-2h RT Rossner Jr. et al.,
exhaust fumes 2019; Cervena
et al., 2020;
Rossner et al.,
2021b
3D lung model  Gasoline 1-2h RT Rossner Jr. et al.,
(MucilAir) exhaust fumes 2019; Cervena
et al., 2020,
Diesel exhaust 1-2h RT Not published
fumes
Ambient air 4h —7°Cto  Rossner et al., 2024
+32°C
A549 Spark ablation 1h RT Not published
coculture nanoparticles
with THP-1
hOM (human Diesel exhaust 1h RT Saveleva et al.,
olfactory fumes 2024
mucosa Ambient air 4h —7°Cto Rossner et al., 2024
cells) +32°C
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ongoing research and publication efforts on the biological impact of
environmental exposures.

4.2. Effects of transport and handling during field campaigns on control
cells

Our studies by Rossner Jr. et al. (2019) and Cervena et al. (2020) are
part of a comprehensive investigation into the toxicological impacts of
gasoline engine emissions on human airway models, utilizing both a 3D
human airway model (MucilAir™) and human bronchial epithelial cells
(BEAS-2B) grown at an air-liquid interface. In both studies, control cells
played a critical role in establishing a baseline for understanding the
effects of gasoline engine emissions on human airway models. The
control cells, which were not exposed to gasoline exhaust, served as a
reference to determine the normal, unstressed state of the human
bronchial epithelial cells (BEAS-2B) and the 3D human airway model
(MucilAir™). In the absence of exposure to harmful pollutants, these
control cells maintained typical cellular morphology and function. They
exhibited stable levels of reactive oxygen species (ROS), indicating that
oxidative stress was minimal or absent under normal conditions.
Furthermore, the control cells did not show signs of DNA damage, which
is crucial as it underscores that any observed genotoxic effects in the
exposed cells could be directly attributed to the emissions rather than
any inherent cellular instability. Additionally, the control cells demon-
strated a lack of significant inflammatory response, with cytokine levels
such as IL-6 and IL-8 remaining at baseline levels. This absence of an
inflammatory reaction in the control cells is particularly important as it
highlights the inflammatory response seen in exposed cells as a direct
consequence of the gasoline engine emissions. Upon exposure to gaso-
line emissions, a significant increase in oxidative stress markers was
observed in both models, indicating that oxidative stress is a central
mechanism of toxicity. This was accompanied by a pronounced in-
flammatory response, with elevated levels of pro-inflammatory cyto-
kines such as IL-6 and IL-8. Additionally, both studies reported
significant DNA damage, highlighting the genotoxic potential of these
emissions. The 3D MucilAir™ model demonstrated greater resilience
compared to the simpler BEAS-2B cells, underscoring the importance of
using complex models for more accurate toxicological assessments.

4.3. On enhancing the deposition rate

The particle deposition rate observed here, roughly 1.5 %, and in line
with about 1.5-2 % reported by Miilhopt et al. (2016) for diffusion-
controlled systems, seems to be relatively low compared to systems
that enhance particle deposition by thermophoretic effect (BroBell et al.,
2013; Thalainen et al., 2018) or by charging the particles and applying
voltage on the order of hundreds to thousands of Volts on the cells to
attract the charged particles (Savi et al., 2008; Aufderheide et al., 2003;
Geiser et al., 2017). While the increase in deposition rate due to the
thermophoretic effect is practically independent of particle size, the
average number of charges on a particle is approximately proportional
to the particle diameter (Hinds, 1999), and therefore, the deposition rate
increases with the particle diameter. While such enhancement is useful
for the study of aerosols, our system has been intended for studying
complex mixtures including both aerosols and gaseous pollutants, where
considerable portion of toxic effects can be associated with the gas
phase. Therefore, we have opted not to enhance the particle deposition.

4.4. On the choice of the flow rate

The particle losses due to diffusion, the dominant mechanism of loss
of nanoparticles in the sampling system, increase with the residence
time, and therefore favor higher flow rates. Higher flow rates, on the
other hand, increase the stress on the cell cultures, leading to higher
cytotoxicity as assessed by LDH release (Buckley et al., 2024).

The absolute particle deposition rate (number of particles deposited
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on the cell culture) is, in our opinion, very little affected by the flow rate.
The number of particles delivered to the cell cultures is proportional to
the flow, but at the same time, the probability of particle deposition by
diffusion is proportional to the residence time, which is inversely pro-
portional to the flow rate. Therefore, the absolute deposition rate, a
product of deposition efficiency and the total number of particles
introduced into the system, is relatively constant. Buckley et al. (2024)
reported a deposition rate of silver NP on 6 mm inserts of approximately
5-10 % (five times the rate observed here), but at 5 ml/min flow (one
fifth of that used in this study).

4.5. Comparison of the deposition rate to that in human lung alveoli

Despite the relatively low deposition rate, the particle deposition is,
in our opinion, higher, per surface area, compared to human lungs, as
demonstrated in the following calculation.

At 10* particles/cm3, a reasonable street ambient air value, 25 cm®/
min flow, and 20 h total exposure time, 3 x 10 particles pass by the 6
mm diameter insert area. At 1 % deposition efficiency, about 10° par-
ticles per mm? are deposited. If the same aerosol is inhaled at 12 dm®/
min for 20 h, at human lung surface area of 78 m? (Guha et al., 2014), a
reasonable value within (not counting the extremes) the roughly
30-100 m? reported range, reviewed in (Frohlich et al., 2016), about 2
x 10° particles per mm? surface area enter the lungs. The deposition
rate, different for different regions of the lung, varies with particle size,
with a peak of alveolar deposition efficiency of about one half at roughly
10-20 nm (Hofmann, 2009), a size comparable to where peak concen-
trations in urban areas were observed by Stolcpartova et al. (2015). A
deposition rate of 32-73 % for common household sources was reported
by Vu et al. (2017). At 50 % deposition efficiency, about 1000 particles/
mm? are deposited in human lungs over a 20-hour exposure to 10*
#/cm®, two orders of magnitude less compared to the exposure boxes. It
should be noted that while the absolute deposition efficiency in human
lung is larger than in the exposure chamber, the deposition efficiency
per surface area of lung or culture is about two orders of magnitude
higher for the exposure box than for a lung. Therefore, for human lung
air-liquid interface, the 20-h exposure corresponds to a human exposure
on the order of hundred times higher - months to a year at units of hours
per day.

4.6. Use of ALI exposure systems as PEMS

The exposure chamber has been transported on two instrumented
heavy-duty trucks while sampling their diluted exhaust and exposing the
cell cultures to it. This study was, to our knowledge, the first time ALI
exposure was used on board a moving vehicle to sample its emissions,
analogous to PEMS. As no online measurement is taking place, a logical
analogous acronym Portable Emissions Toxicity System (PETS) is
suggested.

The size, power consumption and operation of the exposure chamber
is well in line with Fourier Transform Infra Red (FTIR) spectrometers,
tunable diode laser spectrometers, and other instruments used as
portable emissions monitoring systems (PEMS), evaluating a range of
compounds for research, and lately also regulatory, purposes. While by
traditional characterization of aerosol instrument by Hallquist et al.
(2009) by their ability to resolve chemical composition, an ALI exposure
system might be considered a “useless instrument” as it does not provide
any chemical characterization, in complex mixtures, where considerable
portion of toxic effects is associated with a very small fraction of the
mixture by mass, a more direct assessment of toxicity is, in our opinion, a
valuable tool, due to complex and often unknown positive and negative
synergies among the different compounds. There were no observable
adverse effects of the transport on the control cells, and neither there
were any observable adverse effects on control cells which were trans-
ported by vehicle in exposure boxes (without being exposed to exhaust)
in several of our studies. Therefore, we believe that the ALI exposure
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developed here can be relatively easily replicated by other laboratories
and used to evaluate the effects of exhaust from novel fuels and pro-
pulsion systems, as well as a range of real-world pollutant mixtures, such
as emissions from ships, airplanes, wood stoves, welding and metal
working operations, industrial plants, nanomaterial production and
handling plants, and similar operations during which complex mixtures
with potentially adverse inhalation risks to human health are produced.

5. Conclusions

A portable toxicological incubator in which cell cultures are exposed
to pollutant mixtures at air-liquid interface, intended for practical field
use, has been developed and tested in the field. Eight 6 mm inserts with
cell cultures are contained in airtight exposure boxes which can be easily
transported and handled in the field, and placed in a portable incubator
during the exposure. There, the sample stream and the control stream (i.
e., synthetic air), conditioned to 37 °C, 5 % CO5 and > 85 % relative
humidity, are introduced at 25 em®/min/insert into exposure boxes
containing sample and control cell cultures, which in our studies were
MucilAir™ 3-D human lung models, human olfactory mucosa cells, and
BEAS-2B and A549 human lung cells. Exposures up to five days, twice
two hours per day, to diluted exhaust and outdoor ai have been per-
formed, with no noticeable adverse effects to control cells due to bio-
logical air contaminants or due to extensive transport of the cells either
during or before/after the exposure. The exposure system has been
mounted on a moving heavy-duty truck in northern Finland, sampling
its diluted exhaust, this being the first use of an ALI exposure system as a
part of an on-board vehicle emissions monitoring system.

A field laboratory, including particle monitoring instruments, bat-
teries, and laminar flow box for cell handling has been deployed for one-
week campaigns in a van, a tent and a garden shed at outdoor temper-
atures from —7 °C to +32 °C, demonstrating the feasibility of ALI
exposure in field conditions. The approach developed here can easily be
replicated by other labs and can be used for practical assessment of
toxicity of complex mixtures from a variety of sources.
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