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ZUSAMMENFASSUNG

Luftverschmutzung, insbesondere Feinstaub, wird mit erhdhter Morbiditat und Mortalitat in
Verbindung gebracht. Der Beitrag von ultrafeinen Partikeln (UFP, Dp < 100 nm) zur globalen
Krankheitslast, der burden of disease, und die Wirkmechanismen sind jedoch wenig erforscht.
Es ist unklar, ob ihre physikalischen Eigenschaften in erster Linie fur die Toxizitat von UFP
verantwortlich sind oder ob sie als Trager fiir biologisch reaktive Chemikalien dienen, die fur
schadliche biologische Wirkungen verantwortlich sind. Zur Beantwortung dieser Fragen sind
robuste Methoden zur Erzeugung und Kontrolle von UFP erforderlich, die eine prazise
Beeinflussung ihrer physikalischen und chemischen Eigenschaften ermdglichen.

Methoden zur Zellexposition an der Luft-Flussigkeits-Grenzflache (air-liquid-interface, ALI)
sind wichtige Instrumente fur die moglichst realistische Bewertung der Toxizitat von Aerosolen
aus der Luft und von technisch hergestellten Nanomaterialien in vitro. Diese Systeme bieten
verbesserte Moglichkeiten, Kapazitaten und Flexibilitat, indem sie Aerosole direkt auf lebende
Zellkulturen aufbringen. Die Bestimmung der genauen Aerosoldosis oder —abscheidung auf
den Zellkuturen bleibt jedoch eine Herausforderung, insbesondere bei UFP.

In dieser Studie wurden zwei UFP aus einem Ruf3partikelgenerator mit &hnlicher elementaren
Kohlenstoffstruktur und physikalischen Eigenschaften, aber unterschiedlicher chemischer
Zusammensetzung (organische Belastung) hergestellt und charakterisiert. Menschliche
Zellen aus dem Alveolarepithel (A549) wurden gegen UFP unter ALI-Bedingungen exponiert,
um ihre toxikologischen Auswirkungen zu bewerten. Die Ergebnisse zeigten, dass beide UFP,
unabhangig von der organischen Belastung, ahnliche Reaktionen auf die Stoffwechselaktivitat
auslosten. Ein hoéherer Gehalt an polyzyklischen aromatischen Kohlenwasserstoffen (PAK)
korrelierte jedoch mit einem erhéhten Xenobiotika-Stoffwechsel, was die Rolle der
chemischen Zusammensetzung bei biologischen Reaktionen unterstreicht. Dieser Ansatz
ermoglichte eine prazise Modifizierung der chemischen Eigenschaften von UFP als
Referenzrull bei gleichzeitiger Beibehaltung der physikalischer Merkmale, so dass eine
reproduzierbare toxikologische Bewertungen erleichtert wird.

Zur Bewertung der Massenabscheidung von UFP im ALI-System wurden Ruf3-UFP mit hoher
chemischer Beladung und Kupfer-UFP, die durch Funkenentladung erzeugt wurden,
verwendet. Die physikalischen Eigenschaften beider UFP wurden eng aneinander angepasst,
um ihr Ablagerungsverhalten zu untersuchen. Die Ergebnisse zeigten, dass beide Arten von
UFP fir die Bewertung der Abscheidungseffizienz in ALI-Systemen geeignet sind. Dartber
hinaus Ubertraf die gemessene UFP-Massenabscheidung die von herkémmlichen Modellen
vorhergesagten Werte.

Zusammenfassend lasst sich sagen, dass in dieser Dissertation eine robuste Methode zur
Erzeugung von UFP mit kontrollierten physikalischen und chemischen Eigenschaften
entwickelt wurde, um deren Rolle in der in-vitro-Toxizitdt zu untersuchen. Daruber hinaus
verbessert sie das Verstandnis Uber die Massenabscheidung von UFP in ALI-Systemen und
tragt damit zu einer verbesserten Expositionsbewertung in toxikologischen Studien bei.




ABSTRACT

Air pollution, particularly particulate matter, is linked to increased morbidity and mortality.
However, the contribution of ultrafine particles (UFP, Dp < 100 nm) to the global disease
burden remains uncertain. It is unclear to what extent their physical characteristics primarily
drive UFP toxicity or if they serve as carriers for biologically reactive chemicals responsible for
adverse biological effects. Addressing these questions requires robust methods for generating
and controlling UFP, allowing precise manipulation of their physical and chemical properties.

Air-Liquid Interface (ALI) cell exposure systems are critical tools for the most realistic
assessment of the toxicity of airborne aerosols and engineered nanomaterials in vitro. These
systems offer enhanced capability, capacity, and flexibility by directly depositing aerosols onto
living cell cultures. However, determining the precise aerosol dose or deposition remains
challenging, particularly for UFP.

In this study, two soot UFPs with similar elemental carbon cores and physical properties but
differing in chemical composition (organic load) were generated and characterized. The
approach enabled precise modification of the chemical properties of reference soot UFP while
maintaining consistent physical characteristics, facilitating reproducible toxicological
assessments. To assess their toxicological effects, human alveolar epithelial cells (A549) were
exposed to these UFP under ALI conditions. Results indicated that UFP, regardless of organic
load, induced similar metabolic activity responses. However, higher polycyclic aromatic
hydrocarbon (PAHs) content correlated with increased xenobiotic metabolism, highlighting the
role of chemical composition in biological responses.

Soot UFP with high chemical loads and copper UFP generated via spark discharge were
utilized to evaluate UFP mass deposition in the ALl system. The physical properties of both
UFP were closely matched to investigate their deposition behavior. Findings revealed that
both types of UFPs are suitable for assessing deposition efficiency in ALI systems. Moreover,
measured UFP mass deposition exceeded values predicted by conventional models.

This dissertation presents a robust method for generating UFP aerosols with controlled
physical and chemical properties to investigate their role in in vitro toxicity. It also provides
insights into UFP mass deposition in ALl systems, contributing to improved exposure
assessment in toxicological studies.
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Introduction

1 INTRODUCTION
1.1 AEROSOLS IN THE ATMOSPHERE

Particles of liquids, such as water, and solids, such as dust, suspended in the atmosphere
constitute atmospheric aerosols. There are numerous kinds of aerosol sources, but they can
be primarily divided into two categories: natural and anthropogenic. Natural sources include
sea salt spray, wind-borne dust, volcanic eruptions, forest fires, and biogenic aerosols (from
living organisms). Meanwhile, anthropogenic sources include road transport, industrial
emissions, biomass burning, and waste burning. Due to the variability in different sources and
formation mechanisms, aerosol particles can range in size from a few nanometers to several
tens of micrometers.

The ambient aerosol particle size distribution results from direct emissions, in situ particle
formation, interactions among particles or between particles and gaseous compounds, and
deposition processes. Nucleation-mode particles (3 to 20 nm) freshly form via the nucleation
of gaseous molecules and
ions and are later grown
by coagulating with other
nucleated particles and
condensing other gaseous
molecules’. Aitken-mode
(20 to 100 nm) and
accumulation-mode (100
to 1000 nm) particles are
commonly linked to
primary emissions from
combustion sources and
the  condensation  of

Particle number

dN/dlogDp, dS/dlogDp, dM/dlogDp

secondary materials?. .

Coarse-mode particles 0.001 0.01 0.1 1 10 100
(21000  nm)  primarily Nucleation mode Coarse mode
originate from mechanical

processes like Accumulation mode

aerodynamic Coarse particles

resuspension and surface

abrasion. Figure 1 shows —

a typical particle size Ultrafine particles

distribution. Due to their
high diffusivity, nucleation-

mode particles are rapidly
removed through Figure 1. Particle-size distribution of atmospheric particulate matter

coagulation®. However, (PM). This schematic illustrates a typical ambient particle-size
during new particle distribution for number concentration, surface area concentration, and
formation (NPF) events, mass concentration, plotted as dN/dLogDp (particle number per cubic
they can grow into the millimeter), dS/dLogDp (particle surface area per cubic millimeter),

. . and dM/dLogDp (particle mass per cubic millimeter), respectively.
Altk?n mOd?' Aitken-mode Vertical scaling is adjusted independently for each distribution. The
pamc_les’ in turn, (fan distribution highlights three primary aerosol modes: nucleation,
contribute to forming accumulation, and coarse.

0.001 0.01 0.1 1 10 100
Particle diameter (um)



Introduction

accumulation-mode particles through coagulation and condensation®. Accumulation-mode
particles persist in the atmosphere for extended periods due to their low gravitational settling
velocities and low coagulation rates®. In urban areas, the number particle size distribution is
typically dominated by nucleation and Aitken mode particles due to the abundance of primary
emission sources such as soot from power plants, traffic, and industrial activities®. The
contribution of anthropogenic non-combustion nucleation and Aitken mode particles is also
increasing in the urban scenario, with sources like brake pad wear, tire abrasions, friction
between wheels and roads/rails, and catenary sparking’.

Aerosol particles can be emitted directly into the atmosphere (primary aerosol) or formed when
emitted gases undergo complex aging processes and condense into particles (secondary
aerosol). Primary aerosols are directly generated from the sources without undergoing
significant chemical transformation processes in the atmosphere. They typically undergo the
bulk-to-particle (b-to-p) conversion process, which leads to their formation. Sea spray, soil and
rock debris (mineral dust), biogenic aerosols, forest fires, and volcanic debris constitute
primary aerosols from natural surface sources®. Atmospheric aerosols also constitute a
significant portion of primary aerosols from anthropogenic sources, such as diesel emissions
and road dust. However, primary organic aerosols (POA) can undergo further aging in the
atmosphere through heterogeneous oxidation (reaction with gas-phase oxidants, such as OH,
O3, or NO;) or within-particle chemical reactions, forming aged POA8. This aging process
alters their chemical composition, volatility, and optical properties, making them more similar
to secondary organic aerosols (SOA). Aged-POA can be a significant oxidized organic aerosol
mass source and influence cloud condensation nuclei (CCN) properties. Secondary aerosols
are generated directly in the atmosphere through chemical and physical processes, converting
gases to particles (g-to-p). They are mainly composed of tiny particles or liquid droplets formed
by the condensation of gaseous precursors. Anthropogenic SOA comprise sulfates and
nitrates formed through the condensation of sulfur- and nitrogen-containing gases and
carbonaceous molecules®™. At the same time, urban and industrial transportation emissions,
which release SO,, NOx, and volatile organic carbon (VOCs), are sources of anthropogenic
secondary aerosols. Approximately 90% of global VOCs and 50% of SOA emissions are
biogenic. Secondary aerosols significantly impact the global aerosol budget due to their
comparably high number concentration at locations worldwide and the substantial contribution
from anthropogenic gaseous emissions.

1.2 ULTRAFINE PARTICLES (UFP)

Ultrafine particles (UFP; Particulate matter (PMo.1)) are particles with an aerodynamic diameter
of 0.1 um or smaller. Many natural sources, such as volcanic activities, forest fires, and sea
spray, produce UFP, while anthropogenic sources are from combustion processes, such as
emissions from transport, industries, power plants, trash burning, cigarette smoking, and
biomass burning-'3. Atmospheric aerosol in urban environments constitutes a significant
portion of UFP as both singlet and aggregated particles™. The effect of UFP and its interaction
with other climate system components is complex. UFP can reflect, scatter and absorb solar
radiation®. Nucleation significantly contributes to the worldwide tropospheric particle number
concentration and is an essential factor in the CCN budget "'®. Nucleation processes also
contribute to an increase in aerosol radiative forcing'. Radiation-dominated NPF events are
directly influenced by solar radiation, affecting the concentration of UFP in the atmosphere.
As the Earth’s temperature rises, extreme weather events will exacerbate various plant
stressors, affecting the NPF events by influencing the precursor emissions'. UFP also
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impacts cloud properties, resulting in modified rainfall patterns and disparate precipitation.
This could increase the frequency and intensity of extreme weather events, leading to
significant losses from natural calamities™®.

Particle concentrations can be expressed in terms of surface area, particle number, or mass,
encompassing a wide range of particle types and related properties. Number and mass
concentration are the most commonly used metrics to describe aerosols or particulate matter
(PM). Mass concentrations commonly characterize fine PM (PM.s; aerodynamic diameter
< 2.5 ym) and coarse particulate matter (PM1o; aerodynamic diameter < 10 ym). UFP is usually
measured by its number concentrations, for it has a negligible mass but is a dominant
contributor to the total number of particles in the atmosphere'®. However, many health-related

studies of UFP use particle surface area as their metric to associate UFP and health effects?*-
22

The rapid conversion of UFP, particularly of their smallest fractions (<20 nm), is a significant
property. These particles exhibit Brownian motion, moving through diffusion along
concentration gradients. In areas with high particle number concentrations near emission
sources, UFP frequently collides with nearby particles, leading to coagulation and
accumulation into larger particles or deposition onto available surfaces' and making the
fraction of UFP <20 nm have very short atmospheric lifetimes. This usually lasts approximately
a few hours, and their concentrations rapidly decline as the distance from the emission source
increases?. Processes like coagulation and condensation of volatile organic compounds
(VOCs) and semi-volatile organic compounds (SVOCs) on the surface of UFP are other
contributors to particle growth?*. These processes vary from those that occur in larger
particles, as these undergo faster changes in number, size, shape, surface area and
volume?>2?¢. After formation, the UFP can stay suspended in the air longer than larger
particles?” before being removed through dry or wet deposition processes?.

Chaes Absorption
Reflection
precipitation patterns Scattering f'f
— >
New particle formation CCN Absorption
Agglomeration e New particle formation
7 Scattering
* & Ultrafine particles: Black carbon, organic content, nitrate, sulphate, etc.
e / /.7 | Deposition : .
s * / Gas- particle transformation Primary emissions
processes
- '9 o 1
S ] i lla 1}
f . el . |

Figure 2 . Sources, environmental processes, and climate interactions of UFP
originating from a variety of natural and anthropogenic sources
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Elemental carbon (EC), organic compounds, nitrate ions, sulfates and trace metal oxides
constitute most UFP?°. The EC and organic compounds contain 80-90% of UFP, black carbon
(BC), and organic carbon (OC)*. These can serve as nuclei, absorbing other chemical
species®'. The mass associated with UFP comprises carbonaceous material with a minor
fraction contributed by inorganic ions, highlighting combustion processes as the primary
source of UFP in the ambient environment®’. BC is a primary aerosol product usually formed
during the incomplete combustion of biomass or fossil fuels from anthropogenic activities like
industrial and automobile emissions, biomass and solid waste burning®-34 Due to its
physicochemical characteristics, BC can serve as a substrate for various chemical reactions
and absorb both primary and secondary contaminants, which may be deposited on the skin
or inhaled, ultimately reaching the lungs and affecting respiratory tissues. Polycyclic aromatic
hydrocarbons (PAHs) are among the most significant organic components of PM®. These are
compounds composed solely of carbon and hydrogen atoms arranged in structures ranging
from simple rings to more complex configurations. PAHs are primarily emitted into the
atmosphere during combustion processes. They are considered hazardous, persistent organic
pollutants that harm the environment and human health, as they are often mutagenic,
carcinogenic, and/or detrimental to reproduction®,*”. Additionally, the PAHs can initiate
several atmospheric physical and chemical reactions that produce PAHs derivatives, such as
N-PAHs and O-PAHs®. Their concentration in ambient aerosol can be very low, but their
toxicity is often higher than that of their parent compounds®®. Sulfates and nitrates can be
found in the ambient UFP fraction as pure solid or aqueous particles or as a surface layer on
other solids, like carbon particles or ash*®#'. They can act as nuclei for the absorption of
various chemical species, potentially causing harm®'. In the finer fraction of PM, numerous
recognized sources of metals, such as Na, Ca, Al, K, Fe, Se, and Ti, as well as potentially
toxic elements like Hg, Pb, Cr, Cd, and As, exist*2. Exhaust emissions and non-exhaust
emissions (e.g., brake pads and tires) also contain elevated levels of Pb, Zn, Cu, Cd, Cr, Ni,
V, and As, including several ultra-trace metals like Pt, Pd, and Rh abundantly in the ultrafine
fraction, as suggested in many roadside studies****. Other metal contamination sources
include Cu from catenaries, Cr and Mn from wheels and rails in subway environments*.

1.2.1 UFP AND ADVERSE HEALTH EFFECTS

UFP has been linked to a wide range of health consequences, such as cancer and
cardiovascular and respiratory disorders. Its capacity to induce oxidative stress, inflammation,
and its genotoxicity- the latter crucial in carcinogenicity - has been linked to several health
effects*®. Oxidative stress can arise through various mechanisms, such as the reactive surface
of UFP generating reactive oxygen species (ROS) through interactions with mitochondria or
inflammatory cells. The formation of DNA adducts with various PAHs or ROS-mediated DNA
strand breaks can also result in genotoxic consequences*’. If damage to cellular DNA
surpasses the repair capacity, mutations can arise, playing a critical role in cancer
development. In general, UFP possess a larger and often more reactive surface area than
larger particles, making them more likely to induce toxic effects. The association of UFP-
induced cancer, such as adenocarcinoma in the lungs and malignant brain cancer, has been
studied*®-*°, Cardiovascular disorders from increased arterial stiffness and blood pressure
following short-term and long-term UFP exposures at individual levels are accompanied by
changes in many proteins, lipids, and metabolites®'2. Different human and animal studies
also suggest that the UFP induces the pathogenesis of airway inflammation and exacerbates
respiratory disorders*¢-*3%4 One toxicological study highlighted the significance of UFP size
and composition, suggesting that these characteristics can elicit distinct cellular responses®°.
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Other studies have emphasized that particle chemistry is the primary determinant of toxicity>'.
Laboratory synthesis of UFP with well-defined properties offers valuable insights into the
toxicity associated with specific characteristics. For instance, a study utilized standardized
techniques to generate UFP under two mini Combustion Aerosol Standard (miniCAST)
operating conditions, varying their chemical compositions®®. However, inconsistent cellular
responses underscored the need for further optimization and controlled delivery methods.

The amount of PM in the air that will deposit in the lungs varies depending on several
parameters, including the particle's size, shape, hygroscopicity and the individual's breathing
pattern*’. UFP sizes ranging from 10 to 100 nm deposits are most effective in the alveolar
region®” and are not cleared as efficiently by the body’s clearance mechanisms*’. A fraction
of the UFP may also cross the epithelium and translocate to the bloodstream and the body's
various organs®9%°. The particle’s size, surface charge, agglomeration, and chemical
composition can all affect this translocation®. After particles are transported and translocated
to different organs, the contaminants within them may preferentially accumulate in adipose
tissue and/or interact with
other substances, thereby
enhancing their toxicity
through a Trojan Horse )
Mechanism®' (Figure 3). This & .
depends on the particle's Eqosuweor ‘&
chemical properties, reactivity, o
and affinity. For example,
hydrophobic organic
compounds have an affinity to
accumulate in the body’s lipid

tissues and organs, leading to ,>‘:::\\ e Transiocalio )
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liver diseases®. Similarly, f Teung | TTE T .
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Translocation =
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morphology, crystallinity,
surfaqe area, roughngss, Figure 3. UFP exhibits the ‘Trojan Horse Mechanism’, which
porosity, agglomeration, translocates PAH from the ambient environment to various

hydrophobicity, hydrophilicity,
and electromagnetism can all
be implicated in the health
effects of UFP exposure®. Thus, this will depend on the source of contamination and would
consist of different types of pollutants, like inorganic ions, elemental carbon, trace metals, and
carbonaceous organic matter®. According to some researchers, the particle’s toxicity depends
primarily on its chemical rather than physical characteristics®'. However, the physical and
chemical characteristics of UFP are greatly dependent on its geographic location, weather,
and source of emissions. They are present in the ambient air with varying levels of pollutants,
making it complex to identify and predict which characteristics of UFP are responsible for its
toxicity.

body organ systems.



Introduction

1.2.2 CHALLENGES ASSOCIATED WITH MONITORING
AND CHARACTERIZING UFP

Monitoring UFP presents several challenges due to its distinct physical and chemical
properties. UFP often consists of semi-volatiie compounds that evaporate or condense
depending on temperature and concentration gradients®. It can be challenging to precisely
detect and capture their actual size distribution and chemical constituents. Additionally, their
high surface area-to-volume ratio provides a sufficient surface for gas-particle interactions,
allowing semi-volatile compounds to absorb onto or desorb from particles readily. Thus,
measurements of particle-phase vs gas-phase species may be altered by this dynamic
partitioning, which can change during sampling, particularly in response to temperature or
pressure fluctuations®. Furthermore, UFP are vulnerable to diffusion losses in sampling lines
because of their high diffusivity and small sizes. Even minor adjustments to the length or bends
of the tubing can result in significant particle losses, which could understate the accurate
concentrations®”. Many particle counters struggle to detect the smallest UFP (less than
10 nm), and it often requires multiple instruments to measure particle number concentrations
reliably across a wide range of sizes (e.g., Scanning Mobility Particle sizer (SMPS) for size
distribution, Condensation Particle Counter (CPC) for total number concentration)®.

The two most widely used metrics for characterizing the PM are number concentration and
mass concentration. UFP contribute negligibly to the particle mass and is usually
undermined’. Thus, a better way to monitor and characterize UFP is by their counts or the
number concentration®. However, most regulatory bodies and systems use mass-based PM
metrics as they are relatively easy and economical and thus suited for widespread monitoring.
Many parts of the world have significantly improved air quality and decreased air pollution-
related morbidity and mortality due to efficient particle mass-based regulation of air pollutant
emissions and concentrations™. Nevertheless, these particle mass-based controls are
insufficient to guard against the possible negative consequences of UFP exposure, at least to
the extent that they do not correlate with fine particle mass, and the mass concentrations
exhibit inconsistent correlations with the concentration of UFP'"“8. Thus, the effect of UFP on
human health and its contribution to diseases have been historically undervalued. There is no
consensus on a standardized method for measuring/ reporting ambient UFP, nor are there
clear guidelines defining acceptable UFP levels.

Sampling of UFP is possible; however, their physical and chemical characterization is highly
challenging due to the samples' extremely low mass, often falling below the detection limits of
most mass-based analytical instruments. The analysis becomes even more complex because
most UFP released during fossil fuel combustion are condensable particulate matter. These
particles originate in the vapor phase during combustion and rapidly condense upon cooling
in ambient air, forming solid salts or liquid droplets, which may later evaporate when diluted in
the atmosphere.
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1.3 CONTROLLED LABORATORY GENERATION OF
UFP

1.3.1 MIMICKING ATMOSPHERIC SOOT AND METAL
EMISSIONS

Soot formation results from incomplete combustion, which has various physical and chemical
characteristics. Several chemical and physical processes are involved in the complicated
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Figure 4. Formation of soot and its characteristics from the gaseous phase. Soot forms through
the reaction of radicals and hydrocarbons in the gas phase, leading to soot inception,
coalescence, agglomeration, and aggregation.

(Adapted from Ajita et al., 2022.)

process of soot production during combustion (Figure 4). While the process is complex and
varies with the type of fuel and combustion conditions, a general reaction pathway for soot
formation can be described. At high temperatures, chain reactions involving resonance-
stabilized radicals and hydrocarbons lead to initial PAHs forming in the pyrolysis zone’'. This
is followed by molecular growth and the formation of soot precursors. Then, dimerization and
oligomerization of PAHs occur. The following stage is called "soot inception," during which the
nascent soot evolves in a gas-to-particle conversion (nucleation)’. The soot nuclei then grow
through the coagulation process, forming a graphitic molecular structure that resembles an
onion and keeps its spherical shape. The developed soot’s fractal geometry is the product of
the original particle’s final aggregation and subsequent graphitization. Soot's physical and
chemical properties undergo dynamic changes during its formation. The C/H ratio increases
from around 1 (nascent soot) to 10-20 (fractal aggregates), while density rises from = 1.3
g/cm?® to 1.8 - 2 g/cm® 73, As soot particles evolve, the surface reactivity decreases, and the
optical characteristics shift significantly”.

Soot evolution during combustion is simulated in laboratory settings using a mixture of reduced
fuel components and oxidant gas under various experimental configurations. Typically, a
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hydrocarbon fuel (e.g., propane) is mixed with synthetic air in well-defined setups, such as
premixed, co-annular, counterflow, and inverse diffusion flames. The fuel composition and
flame configuration significantly influence soot formation and evolution. Regardless of the
flame type, soot inception occurs at approximately 1400 K, while particle burnout ceases
around 1300 K. Soot forms through the pyrolysis of hydrocarbons in the combustion zone,
where oxidation reactions generate heat and establish a well-defined temperature and
oxidation distribution. Along the vertical axis of the flame, soot precursors form at the flame
front, followed by molecular growth, coagulation, and aggregation as particles rise through the
flame. However, due to the oxidation layer at the flame’s surface, most soot particles are
burned off before exiting the flame. Soot particles can escape only if the combustion process
is quenched at a specific flame height, effectively "freezing" them at a given stage of evolution.
By adjusting the quenching height, the properties of soot fractal aggregates can be controlled.
Modifying the fuel and oxidant flow also alters the flame height, influencing the particle size
distribution at a given quenching position.

Another approach to generating soot and metal aerosol particles in laboratory settings involves
using spark discharge generators (SDGs). SDGs are versatile devices capable of producing
nanoparticles through spark ablation of electrodes, making them suitable for mimicking
atmospheric soot and metal aerosol particles. This method generates an electric spark and,
consequently, plasma within the gap between two conductive electrodes while an inert gas
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Figure 5. Formation of atomic clusters, nanoparticles, and agglomerates from the vapor phase.
Controlling the concentration of evaporated material during the initial stages of particle
formation, the resulting product can be tuned from individual atoms to nanoparticles and their
agglomerates.

(Adapted from Pfeiffer et al. 2014)

flows through the system. These electrodes are connected in parallel to a high-voltage power
source and a capacitor, which is charged by a constant current supply, thereby gradually
increasing the voltage between them. To ensure consistency in results, periodic discharges
and a stable gas flow are maintained. When the voltage reaches the breakdown threshold of
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the gas, ionization occurs, leading to plasma formation. The plasma’s ions and electrons move
in opposite directions until they collide with the electrodes. For a brief period, the local surface
temperature of the electrodes can reach approximately 20,000 K, causing material sublimation
and vapor generation. This vapor is carried away by the gas flow, which undergoes cooling
and condensation, initially forming atomic clusters that aggregate into "primary" nanoparticles
and eventually larger particles’. The characteristics of the resulting particles or aggregates
depend on factors such as the electrode material, gas flow conditions, particle concentration,
and gas properties’®. The primary particle size is influenced by several parameters, including
the breakdown voltage, spark energy (determined by the capacitor and circuit elements),
carrier gas type, and flow rate”’. Higher gas flow rates enhance cooling and dilution, leading
to smaller primary particles. Additionally, the electrode material properties, such as boiling
point and evaporation enthalpy, impact particle size’®. The energy of the spark, influenced by
the electrode gap distance and capacitance, also affects the mean particle diameter, with more
significant gaps and capacitance producing larger particles’®. Depending on the type of
electrodes used, various metals, such as copper (Cu), nickel (Ni), and iron (Fe), can be
aerosolized using this method. SDG techniques are also applied to non-metallic conductive
materials, and the electrode shape and arrangement influence the morphology of the final
products’. A schematic of the particle formation in SDG is presented in Figure 5.

In addition to flames and spark discharges, laser ablation (LA) generates particles under
carefully controlled laboratory conditions. Laser excitation can generate carbon aerosols or
aerosol standards. The LA system comprises two primary components: a pulsed laser serving
as the light source and an ablation chamber housing a solid target. Key laser parameters such
as wavelength, pulse duration, fluence, and the target's thermo-optical properties influence
the physicochemical characteristics of the resulting particles®. When nanoseconds or longer
pulses are used, dominant physical processes include nucleation, condensation, coagulation,
and aggregation. The applicability of the laser ablation method for the controlled production of
surrogate atmospheric soot was first demonstrated using a KrF excimer laser with a
wavelength of 248 nm and a pulse duration of 18 ns®'. Maintaining a stable yield requires
consistent laser fluence, achieved by placing a quartz plate in the beam path to reflect 4% of
the energy onto an energy meter. A high-purity monolithic graphite disc (3 cm in diameter, 5
cm in thickness) serves as the target. Soot generation depends on the laser's wavelength,
power, and the graphite’s thermo-optical properties. Soot is not produced below a specific
energy threshold, whereas exceeding it causes photon absorption, leading to erosion and
evaporation®. Focusing the beam maximizes fluence and creates a deep ablation crater
(~107" m wide), but repeated pulses reduce yield from the same area. The graphite target is
mounted on a rotating holder to ensure consistent particle concentration. The rotation speed
is synchronized with the laser’'s repetition rate and the irradiated area, enabling uniform
etching and stable yields over several hours. The laser ablation technique can also be applied
to aerosolize metals by selecting an appropriate solid metal target, such as Cu, Ni, Fe, and
others, to generate metal aerosol particles of a controlled size and composition.

Another method for generating metal aerosol particles in controlled laboratory conditions is
through atomization techniques, such as ultrasonic or pneumatic systems, which can produce
metal-containing aerosols by dispersing metal precursors (e.g., metal salts) dissolved in a
liquid. These precursors are atomized into fine droplets, and subsequent drying or thermal
decomposition produces metal or metal oxide aerosols®2. Other methods to generate metal
aerosols in laboratory settings include nebulization, electrospray, etc®.

The development of aerosol particle generators that simulate atmospheric soot and metal
emissions has enabled researchers to replicate emission scenarios under controlled
laboratory conditions, allowing for the study of specific aerosol properties. These systems
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produce aerosols with diverse characteristics, which are crucial for evaluating their impact on
climate and human health. One key application of these techniques is the study of UFP,
particularly in toxicological research, where aerosol properties can be modified to investigate
their impact on various biological mechanisms.

1.4 EXPOSURES TO UFP

Current knowledge regarding the health effects of UFP is predominantly derived from
epidemiological studies and toxicological studies conducted using in vitro and in vivo exposure
methods. Numerous studies have utilized UFP and nanoparticles (NP), such as soot, metals,
cerium, and titanium dioxide, to investigate their health impacts. Unlike UFP, NP is purposely
made with specific sizes, shapes, surfaces, and features, which can be used in numerous
physical, biological, biomedical and pharmaceutical applications®. Epidemiological research
also highlights the potential risks associated with UFP exposure. However, the most recent
comprehensive review of epidemiological studies on UFP-related health effects, published in
2019, concluded that the evidence linking UFP exposure to mortality and morbidity remains
inconsistent or insufficient*”#. This review emphasized that a critical challenge in evaluating
UFP-related health effects lies in the quality of exposure assessment®. While essential for
assessing human exposure under realistic conditions, epidemiological studies often face
limitations in accurately estimating actual exposure levels. These studies typically rely on
sparse measurements taken at monitoring sites distant from the affected populations or use
modeling approaches with inherent assumptions. As a result, toxicological studies are crucial
in providing precise measurements of exposure concentration and duration. They are
instrumental in determining the relative contributions of different pollutant mixture components
and disentangling independent biological responses to UFP exposure*’.

Controlled human exposure experiments are valuable for understanding the biological
mechanisms triggered by exposure to pollutants. Studies have consistently shown increased
oxidative stress and pulmonary inflammation biomarkers following UFP exposure, although
the inflammatory response can vary depending on individual susceptibility, as seen in
asthmatic subjects®. Associations have also been found between traffic-related UFP and
genomic damage in exhaled breath condensate (EBC), though these experiments are limited
by small sample sizes, high costs, and safety considerations, making it difficult to establish
clear exposure-response relationships or clinically significant effect thresholds®®.

In vivo experiments, also known as animal studies, are widely used for realistic exposure
scenarios. Inhalation studies directly assess UFP toxicity. Research indicates that UFP
exposure can lead to cardiovascular and systemic effects, including increased susceptibility
to cardiac arrhythmia, atherosclerotic lesions, and systemic oxidative stress, with variations
depending on particle size, composition, and underlying genetic susceptibility®’:%8. However,
decisions about exposure methods, doses, and endpoints are critical and challenging when
studying UFP.

In contrast, in vitro techniques provide a promising alternative to human or animal exposure
studies. In vitro methods involve a variety of considerations, such as the choice of cell type
(human or animal), primary cells versus cell lines, single-cell cultures versus mixed cultures,
and the selection of media (e.g., with or without serum)®. In vitro techniques are crucial for
understanding cause-and-effect relationships (a mechanistic approach), particularly in
identifying which particle properties trigger toxicological effects. This is especially significant
for UFP, which remains poorly understood and presents a considerable research challenge.

10
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Moreover, critical decisions regarding exposure methods, doses, and endpoints remain
particularly challenging when studying UFP toxicity. While traditional in vitro models are simple
and limited in their ability to mimic the complexity of in vivo systems, advancements in co-
culture and triple-culture techniques have emerged. These innovations have significantly
enhanced the physiological relevance of in vitro studies.

Submerged assessments are commonly chosen for the in vitro technique. This assessment
involves the test substances being dosed into the culture medium and the cultured cells being
immersed in the medium; thus, it is not realistic®*®'. Over the past few years, however, new
techniques that utilize advanced exposure systems have emerged, more closely resembling
the physiological aspects of airway exposure to airborne particles, thereby being more
biomimetic. Air-Liquid Interface (ALl) exposure systems in respiratory toxicology are
increasingly used to expose aerosols by deploying in vitro cell cultures®3,

1.4.1 AIR-LIQUID INTERFACE (ALI) EXPOSURE SYSTEMS

The primary advantage of the ALI exposure systems is that they function similarly to realistic
exposure, which involves delivering particles in mixtures with the surrounding air and directly
depositing them onto tissue-cell

cultures®®. Figure 6 shows a

simplified demonstration of an air-liquid

exposure. Modern multi-well in vitro —
aerosol exposure systems make
exposing and evaluating aerosols
easier in high-performance systems A
with great flexibility, efficiency, and
capability®®. These systems often allow
for the adjustment of the conditions of
aerosol exposure (e.g., dilution of the B ooooonooo
pollutants to influence the dose C

deposited on the cell cultures)®. N

These systems’ growing intricacy and  gigure 6. Ajrv liquid interface cultivation and exposure
complexity ~demand a thorough ging an exposure module. (A) Direct and controlled

understanding of their capabilities and exposure of the test atmosphere to cells at the
the conditions under which they can air/liquid interface; (B) cells are cultured on a
consistently deliver reliable,  membrane support; (C) nutrient medium is maintained
repeatable, and reproducible below the membrane. This setup ensures minimal

outcomes®. According to a computer losses, prevents reactions of key components with the
model approach, aerosols extending in culture medium, and allows high sensitivity in cellular
size from 40 to 450 nm deposition in response detection.

the ALI exposure system are similar to (Adanted from Vitrocell

those in the lung areas®’.

The modular design of most ALI exposure systems facilitates the sequential processes of
aerosol input and delivery, transport, dilution, sampling, and deposition, followed by exhaust.
Depending on the system design and aerosol, its properties (concentration, size, and phase
partitioning) may be continuously altered throughout the process®. The flow conditions, the
geometry of the system and aerosol characteristics can affect the losses and deposition in the
ALl as physical interaction mechanisms, including impaction, sedimentation, interception, and
diffusion, govern them®%, Changes in the particle size distribution, thereby altering the

11
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aerosol properties, can also occur through particle growth, clustering, or shrinkage resulting
from evaporation, condensation, and coalescence. Numerous factors influence these
changes, including flow rate, particle number density, multi-component composition, and
polydispersity of the aerosols under investigation'®. A flowing aerosol usually enters the
exposure system after being diluted to a recommended dosage, causing biological effects
while preserving the survival of biological tissue. The dilution step is generally done by mixing
the aerosol with conditioned air at a specific temperature and humidity. This may impact the
characteristics of aerosols, particularly liquid aerosol particles, where vapor/ liquid partitioning
plays a crucial role. Furthermore, introducing diluting air increases the volumetric flow rate,
which, in turn, raises the velocity of the diluted aerosol. Depending on the distribution of
particle sizes, this increase in velocity may alter the aerosol sampling efficiency "', particle
deposition, and system losses®.

After the dilution step, only a portion of the entering aerosol is deposited in the exposure well
chamber. The primary factors influencing aerosol sampling from the main pipe are the aerosol
particle’s size-dependent inertia and shape. It is generally advised to avoid further disruptions
of the flow and recirculation zones along the whole transport path to reduce the possibility of
changes in aerosol properties or losses®. Finally, depending on the flow, geometry, and
aerosol properties (such as size distribution and particle number density), the sampled aerosol
approaches the tissue where maximum deposition is necessary. Therefore, it is crucial to
comprehend the aerosol dynamics in the exposure systems when performing exposure
studies and consider potential aerosol changes'®. Much work has previously been done to
define different components and phenomena in the exposure systems, both computationally
and experimentally, to achieve steady and consistent aerosol delivery to biological cell
cultures03:104,

Deposition efficiency is a critical factor in ALI exposure systems. The physical properties of
aerosol components, such as particle size distribution and particle number density, closely
interact with the thermodynamic properties of liquid mixtures (e.g., vapor-liquid phase
partitioning) to influence deposition®. Various ALI aerosol-cell exposure devices have been
designed based on the mechanisms facilitating aerosol deposition onto cells. Earlier methods
primarily depended on aerosol particle diffusion and sedimentation °2. The use of electrostatic
and thermophoretic enhancements has been shown to improve deposition efficiency and
delivery rates, thereby reducing the exposure duration required to achieve biologically relevant
target doses'®. Cloud-enhanced gravitational settling has also been introduced to increase
aerosol deposition rates and material delivery efficiency by utilizing dense particle clouds with
faster settling speeds than individual aerosol particles’®. Yet, due to the complex physical
processes regulating aerosol transport and deposition, it is impossible to precisely determine
aerosol delivery to biological test systems based on aerosol mass flows. Furthermore, several
aerosol characteristics can vary beyond relative humidity, temperature, and concentration.
These include the particle number-size distribution, total particle mass, partitioning of semi-
volatile compounds between particulate matter and the gas-vapor phase, and even the
aerosol's chemical composition'?7:1% Additionally, exposure systems may not always perform
with complete reproducibility, as aerosol dilution can lead to inaccurate dosing, and non-
uniform aerosol distribution across replica cell culture inserts may occur'®,

Recent years have focused on creating theoretical models to predict deposition in ALI
systems. However, only a few models have been concurrently adapted and validated with
experimental data. As a result, dose-estimation models often remain specific to the exposure
system used, lacking generalizability across studies''®. One study investigating deposition in
ALl systems used fine and ultrafine aerosol particles, such as EC-90 and polystyrene particles,
with median diameters of 90 nm and 196 nm, respectively'''. These studies were not

12
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conducted in multi-well systems and did not explore material-dependent deposition efficiency.
Another study examined material-dependent deposition using liquid SiO, and polystyrene
suspensions'®?, Theoretical models have also been developed to predict size-dependent
aerosol deposition efficiency®. This thesis will experimentally determine the deposition
efficiency of various UFP in a multi-well system, focusing on the relationship between particle
characteristics and deposition behavior.

13
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2 SCOPE OF THE THESIS

UFP being complex, alters the atmosphere's physical and chemical properties during their
lifetime. The source-specific characteristics of the UFP in the vicinity of its emission sources
change rapidly as it moves away from its source, and the physical and chemical aging masks
the initial emission characteristics®. Thus, to minimize the uncertainties associated with
determining UFP exposure, the controlled generation of UFP in laboratory settings with
simulated atmospheric processes is considered helpful. These controlled generations of UFP,
combined with the advanced exposure techniques, may also help provide reference-based
values for its toxicity. The laboratory UFP aerosol generation methods can also help ascertain
if one characteristic of UFP is more harmful than another, as they can be controlled relatively
easily.

This PhD thesis aims to develop different types of UFP aerosols, specifically soot UFP with
varying organic loads (UFP-H and UFP-L) and copper UFP (Cu-UFP), using extensively
researched laboratory generators such as the miniCAST soot generator and the spark
discharge generator, respectively. These UFP were generated with the focus to facilitate its
use for investigating UFP toxicity in the ALI, with sufficient particle mass required in such
analyzes. All the UFP aerosols had similar size distributions and particle mass concentrations,
which would aid in future work to understand the effect of chemical composition compared to
their physical characteristics. Although ALl exposures have many advantages, significant
dosimetric problems arise when investigating the action of aerosol particles on airway
epithelial cells through in vitro experiments, which require direct access of the gas medium to
the cells. Thus, quantitative analyzes were also investigated in the framework of this thesis for
deposition determination and compared with model studies. The main research questions
within the scope of this thesis were:

1) Can a robust method be developed to produce UFP aerosols with consistent physical
properties and variable chemical compositions?

2) How do the physical and chemical properties of soot UFP contribute to in vitro toxicity?

3) Is it possible to establish a reliable method for determining the deposited mass
concentration of UFP in the ALI system?

4) What are good endpoints/ analytes for bringing environmental and ALI monitoring
together?

14
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3 METHODOLOGY

3.1 LABORATORY GENERATION OF SOOT AEROSOL:
CAST

Soot evolution during combustion is simulated in laboratory settings using a mixture of reduced
fuel components and oxidant gas under various experimental configurations. A mixture of a
hydrocarbon substance (propane) and synthetic air is used in multiple well-defined
experimental configurations, including premixed flames, normal, and inverse co-annular or
counter-flowing diffusion, to
create soot in flames under

Dilution gases
contr.ollled laboratory
condltlons: The fuel §tructt_1re Quenching gases
and experimental configuration —

primarily influence the evolution
of soot. In combustion flames,
such as those in a miniCAST
soot generator''2, Soot
particles form through the
pyrolysis  of hydrocarbons
within the combustion zone
(Figure 7). Oxidation reactions

Dilution gases
+——

Gaseous Fuel

occurring within the flame
contribute to heating the
combustion zone. The specific
flame design ensures a
symmetrical  distribution of
temperature and oxidation
throughout its geometry®'. The
flame's vertical axis is where
particle formation and growth

Air Air

Figure 7. Soot generation using the CAST. The incomplete
combustion of propane produces soot particles in a diffusion
flame. Initially formed during pyrolysis, the particles become

coated with exhaust gases before exiting the combustion
chamber, where they are mixed with quenching gas to
stabilize their properties.

(Adapted from www.sootgenerator.com)

occur. At the flame front,

molecules grow, and soot

precursors are formed. Soot nuclei form and grow in the lower regions of the flame, gradually
coagulating and aggregating as they rise to higher flame positions. However, as soot particles
burn up when they pass through the oxidation layer at the flame's surface, very few or none
survive. Only when the combustion process is quenched at a specific height can the soot
particle escape the flame''®. When the combustion process is stopped, quenching stops the
chemical reaction and "freezes" the soot particle at that point in its evolution. Therefore, the
distinctive characteristics of the soot fractal aggregates can be changed by adjusting the
vertical position of quenching. Alternatively, the height of the flame can be adjusted by altering
the flow of the oxidizing air and fuel gas, which will also impact the size distribution at a
particular quenching position.

3.2 CATALYTIC STRIPPING

A catalytic stripper (CS) can efficiently remove the semi-volatile component particles from
internally and externally mixed aerosols. They are primarily utilized to detect raw exhaust
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particles from combustion
engines. The CS is a heated
catalytic component
designed to oxidize and
eliminate the semi-volatile
fraction, leaving the solid -
fraction for further ™
assessment.  Hydrocarbon
and sulfate species removal
by oxidation and trapping are
two  catalytically  driven
processes combined in a CS
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system. The initial version of Figure 8. Principle of a Catalytic Stripper. It is a heated
the CS used a commercial catalytic device that removes particle- and gas-phase semi-
oxidation catalyst heated to volatile components from an aerosol, enabling the
300°C, and a downstream measurement of non-volatile particle fractions.
cooling coil was used to (Adapted from www.catalytic-instruments.com)

lower the temperature to

ambient levels'*. However,

high particle losses hindered the effective removal of hydrocarbons and ammonium sulfate
particles. The second version combined the CS with a vortex tube diluter to reduce
thermophoretic losses''®. The evaporation tube was recently replaced with a smaller CS,
which suggested another CS variation in conjunction with a sulfur trap upstream of the primary
oxidation catalyst''®. The goal was to improve oxidation performance by capturing sulfate
material before it reached the oxidation catalyst. This system determined the non-volatile
fraction of vehicular emissions'” and performed better than the traditional thermodenuder
systems'®,

The CS version used in this study (Catalytic Instruments; Model CS015; Germany) removes
the semi-volatile fraction of a sample by evaporating the semi-volatile component (350°C),
oxidizing the organic species, and allowing the solid aerosol fraction to pass through to be
detected by any particle detector'’®. By passing an aerosol stream through a CS before a
particle instrument, only the solid fraction of the particle remains, leading to adaptivity in
changing the aerosol chemical loads (Figure 8). This approach enabled the evaluation of
varying chemical compositions of the UFP, which were subsequently analyzed for their
toxicological impacts.

3.3 CHARCOAL DENUDER

Denuding is an approach used in aerosol sampling to remove volatile organic compounds
(VOCs) and atmospheric oxidants from the gas phase, thereby preventing them from
interfering with the analysis of carbonaceous aerosols collected on particle-phase filters. In
the denuder approach, an organic denuder is placed upstream of a quartz filter, where
gaseous organics are removed by diffusion to an adsorbent surface, such as activated carbon
or a polystyrene-divinylbenzene resin'®. This study used a square multichannel charcoal
denuder with 325 squared channels, measuring 0.9 mm x 0.9 mm (Helsatech, Germany), to
remove gas-phase organics from the UFP soot. The setup also included a copper UFP'2",
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3.4 LABORATORY GENERATION OF METAL AEROSOL

The first spark discharge device for generating nanoparticles was developed in 1988'%. The
Spark Discharge Aerosol Generation (SDG) technique creates an electric spark, generating
plasma in the gap between two conductive electrodes, with a gas flowing through this region.
The voltage across the electrodes is increased by connecting a high-voltage source in parallel
with a capacitor, which is charged by a steady current source. When the potential difference
reaches the gas's breakdown voltage, the gas ionizes, producing plasma. During discharge,
the electrode's local surface temperature increases to approximately 20,000 K, causing the
material to sublime and generate vapor. This vapor is carried away by the gas flow, where it
rapidly cools and condenses, forming the initial atomic clusters and the "primary"
nanoparticles. These nanoparticles then aggregate, combining into larger particles’'23
(Figure 6). Within the plasma, ions and electrons move in opposite directions until they collide
with the electrodes. Several factors influence the characteristics of the resulting particles or
aggregates, including the electrode material, flow conditions, primary particle concentration,
and gas properties’®. Periodic discharges and a steady gas flow are used to ensure
reproducible results.

The breakdown voltage that produces the spark, the energy supplied by the circuit (capacitor,
etc.), the type of carrier gas, the movement of the gas between the electrodes, and other
factors all affect the size of the primary particles™’®. Increasing the gas flow rate enhances
cooling and dilution rates, resulting in smaller primary particles. Their sizes are influenced by
the properties of the electrode material, including its evaporation enthalpy and boiling point’®.
The spark's energy is influenced by the gap distance between the electrodes and capacitance;
increasing these parameters results in larger particle mean diameters. While the shape and
arrangement of the electrode influence the morphology of the final product, spark discharge
techniques can also be used in non-metallic conductive materials™.

The SDG used in this study (Palas, model GFG 1000, Germany) was employed with cylindrical
copper electrodes to produce the copper ultrafine particles (Cu-UFP). The carrier gas used
was argon (Ar), as the breakdown voltage for argon is higher than for helium (He), which will
give a higher energy per spark in Ar’®. The generated Cu-UFP enabled the analyzes of the
toxicological implications of metal UFP.

3.5 EXPERIMENTAL SETUPS

3.5.1 SOOT UFP

This study generated two types of soot UFP. These laboratory-generated UFP sources were
a miniature combustion aerosol standard soot generator (miniCAST, model 5201C; Jing Ltd;
Switzerland). The miniCAST creates a diffusion flame by introducing the oxidizing air coaxially
into a stream of propane''. A very high concentration of UFP rich in organics can be created
by quenching the flame with nitrogen, internally diluting it, and cooling it to roughly 50°C inside
the miniCAST'®. Flows were optimized for a fuel-rich condition to create UFP with high
organic content (lambda, A = 0.80, ® = 1.25). The corresponding flow rates for the burner air,
dilution air, propane, and quench-N; were 1.05 L/min, 0.055 L/min, 7 L/min, and 20 L/min,
respectively. The miniCAST’s working conditions remained consistent across all of the
experiments. A homemade porous tube diluter (PTD) with an adjustable dilution ratio and an
ejector diluter with a fixed 1:10 dilution ratio (VKL 10; Palas, Germany) were used to
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immediately dilute the miniCAST’s exhaust, preventing coagulation and the production of
larger agglomerates. To maintain consistent characteristics (particle number and mass
concentrations) of the UFP throughout the experiments, the dilution in the PTD was adjusted
at the start of each experiment and then slightly readjusted over the four hours. The particle’s
organic loading varied by passing the diluted UFP aerosol through a catalytic stripper (CS,
Model CS015; Catalytic Instruments; Germany) at different temperatures, along with a
charcoal denuder. The particle and gas-phase semi-volatile organic compounds (SVOCs)
fractions are removed from the UFP by heating the CS to 350°C. For 50 nm particles, the
diffusional losses in the CS in this investigation were around 10%. On the other hand, no
SVOCs were removed from the UFP when the CS was kept at room temperature, resulting in
an organic load higher than that of the UFP stripped at 350 °C. To ensure UFP-only exposures,
it was necessary to eliminate the organic gas phase. Consequently, the CS was followed by
a square multi-channelled charcoal denuder (Helsatech, Germany) featuring 325 square
channels, each measuring 0.9 mm x 0.9 mm, to remove gas-phase organics. While the particle
losses in the charcoal denuder were lower than those in the CS, they were included even
when the CS was heated to ensure that potential artifacts and losses remained comparable
between experiments conducted with and without CS heating.

From this point forward, these two UFP varieties were referred to as UFP-H (high-organic-
load UFP) and UFP-L (low-organic-load UFP). Following the denuders, a second 1 in 10
ejector diluter guided the UFP through a subsequent dilution phase, continuously taking 1.65
L/min. Subsequently, various instruments were used for online characterization, UFP
collection for offline aerosol analysis, and cell exposure in the Automated Exposure Station
(AES; Vitrocell GmbH; Germany).
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Figure 9. Experimental set-up of soot generation, characterization, sampling methods and exposure
in the ALI. TEOM - Tapered Element Oscillating Microbalance, SMPS - Scanning Mobility Particle
Sizer, AE33 — Aethalometer, TEM — Transmission Electron Microscopy. (Adapted from Das et al.

2024)
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A schematic of the experimental setup is shown in Figure 9. To reduce particle losses and
chemical reactions throughout the system, conductive perfluoroalkoxy (PFA) tubing was used.
This material prevents static charge buildup, which can cause particle losses, ensuring high
transmission efficiency'?. Based on flow rates, PFA tubing with inner diameters of 4 mm or
10 mm was selected to maintain laminar flow and minimize turbulence-related losses. All
instruments and the AES were positioned close to the miniCAST to limit UFP diffusion losses.
However, some diffusional particle losses and coagulation during transport remain
unavoidable.

3.5.2 COPPER UFP

The metal UFP was generated using a spark discharge generator (Palas, model GFG 1000,
Germany). Copper electrodes were used, and the inert gas was argon, supplied at a pressure
of 1.3 bars and a flow rate of 4.75 L/min. The cylindrical copper electrodes were positioned 2
mm apart at a spark frequency ranging from 800 to 999 Hz. From this point forward, the copper
UFP produced is referred to as Cu-UFP. The Cu-UFP was then neutralised by a Palas
neutraliser (Palas; model XRC 049; Germany) and passed through a 5 L vessel and a
perfluoroalkoxy (PFA) coil of 3 m in length and 10 mm internal diameter to achieve the desired
particle mobility diameter. The Cu-UFP was passed through a square, multi-channelled
charcoal denuder with 325 squared channels, 0.9 mm x 0.9 mm (Helsatech; Germany), to
remove gas-phase organics that might originate from the vessel. The Cu-UFP was then diluted
with an ejector diluter using a fixed 1:10 dilution ratio (VKL 10; Palas Germany) to achieve the
desired particle number concentration. The Cu-UFP were then split into the Air Liquid Interface
System for exposure, Particle phase filter sampling, and another ejector diluter fixed ata 1:10
dilution ratio. This diluter was then connected to the aerosol online characterization
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Figure 10. Experimental set-up of Cu-UFP, characterization, sampling methods and exposure in the
ALI. SMPS - Scanning Mobility Particle Sizer.
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instruments and the exposure system in the Automated Exposure Station (AES; Vitrocell
GmbH, Germany).

Figure 10 shows a schematic of the experimental setup. PFA tubing was utilized to minimize
particle losses and chemical reactions within the system. This tubing prevents static charge
accumulation, which can lead to particle losses, thereby ensuring high transmission
efficiency’?®.

3.6 AEROSOL ONLINE CHARACTERIZATION

Online aerosol characterization refers to the real-time measurement of aerosols (in situ).
Several real-time methods exist to assess aerosols, including optical methods, electrical
mobility, and mass spectrometry. These methods help characterize dynamic aerosols,
enabling us to understand their properties, behavior, impact on climate, air quality, and health.

Online particle number size distribution (PNSD) measurements are commonly conducted
using electrical mobility analyzers, with the Scanning Mobility Particle Sizer (SMPS) being the
most widely used instrument'?. An SMPS comprises an impactor to remove large particles, a
neutralizer to charge particles predictably, a differential mobility analyzer (DMA) to classify
particles, and a condensation particle counter (CPC). The core of an SMPS is the DMA, which
classifies particles based on electrical mobility. The most common DMA design features two
concentric cylindrical electrodes. Aerosol enters near the outer electrode and is carried upward
by the flow. A particle-free sheath flow surrounds the inner electrode, preventing contact with
the aerosol unless a voltage is applied. When voltage is applied, particles of one polarity are
attracted toward the inner electrode, while those of opposite polarity are repelled outward. The
radial migration velocity depends on the applied voltage and the particles’ electrical mobility,
as expressed in the Equation:

7 = n.e.Cc.(dm)

b 3.m.n.dy

(1)

In this equation, n denotes the number of elementary charges (e), d» the mobility diameter, n
the gas viscosity, and C. the Cunningham slip correction factor'?’. The latter accounts for the
reduced drag forces on smaller particles due to non-specular molecular reflections, which
deviate from Stokes’ law. Particles with specific electrical mobility exit through a narrow slit
near the upper end of the inner electrode. The instrument can cover a full range of particle
sizes by ramping the DMA voltage.

Black carbon (BC) measurement is another crucial target for aerosol characterization, and its
definition highly relies on the measurement techniques employed. Optical instruments
commonly indirectly determine equivalent black carbon (eBC) mass concentrations, and filter
absorption photometers, such as aethalometers, are widely used. The aethalometer provides
online and continuous BC data by measuring light attenuation from particles collected on a
filter at specific wavelengths'?®. The measured attenuation is converted to an absorption
coefficient (babs) and then into eBC mass concentrations using predefined mass absorption
cross-section (MAC) values provided by the instrument manufacturers'®. When employing
light absorption methods, the term equivalent black carbon (eBC) should be used instead of
BC as a proxy for baps°.

eBC — S. (AATN;/100)

(2)
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where S denotes the filter surface area loaded with the sample; F+ the volumetric flow of spot
1; ¢ the lateral airflow leakage; dans the mass-absorption cross-section; k the loading factor
parameter; and AATN; the variation in attenuation of light of the filter tape loaded with the
sample of spot 1, ATN4, during the measurement timestamp At.

Another aerosol optical property describing the wavelength variation in aerosol absorption is
the Absorption Angstrém Exponent (AAE)'3'. The AAE is defined as

Caps(A) = CoA™44E (3)

Where A, Cas, and Co, denote wavelength, the aerosol absorption coefficient, and a
wavelength-independent constant (equal to the absorption coefficient at a wavelength of
1 um)™2. The AAE is widely used in aerosol characterization studies, as it is considered a
distinct property of each aerosol species'. For example, black carbon (BC) aerosols typically
have an AAE of around 1.0, while organic aerosols and dust exhibit higher values. An AAE
close to 1.0 indicates BC-rich aerosols, often linked to fossil fuel combustion'32133_ |n contrast,
higher AAE values suggest aerosols from biomass, biofuel burning, or dust sources'®2.

3.7 AEROSOL OFFLINE CHARACTERIZATION

Online characterization alone is insufficient for comprehensively assessing aerosols' physical
and chemical properties. Therefore, offline characterization is crucial in evaluating and
quantifying various aerosol components. A widely used approach for this purpose is aerosol
filter sampling, which enables collecting, analysing, and quantifying different aerosol
components.

3.7.1 PARTICLE-ASSOCIATED SAMPLING

Aerosols are commonly sampled using filter materials, including Teflon, glass fiber, cellulose,
quartz, and polycarbonate. The choice of filter material is guided by its suitability for
subsequent PM analysis. Quartz fiber filters (QFFs), widely used in various applications, are
favored for their high particle collection efficiency, high-temperature tolerance, and low
pressure drop. Within this thesis, sampling was conducted solely on QFFs. In general, QFFs
belong to the group of fibrous filters and consist of many individual fibers randomly oriented in
two dimensions. Several mechanisms, including diffusion, interception and inertial impaction,
cause deposition. Regarding the sampling environment, various samplers can be used for
particle sampling. In the current work, a home-built sampler collected the laboratory-generated
UFP with a flow rate of 10 L/min for the entire experiment. Before the sampling, the QFF were
preheated at 550 °C for five hours. After each experiment, filter samples collected for PAHs
analysis were stored at —20°C until further analyzes, while samples for copper analysis were
kept in a desiccator. Field blanks were included for correction purposes.
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3.7.2 ANALYZES OF PARTICLE-ASSOCIATED PAHS IN
UFP

Various pretreatment methods and analytical instruments are available for measuring particle-
associated PAHs in different matrices, and extraction techniques are widely applied,
particularly for samples with complex matrices. Direct thermal desorption (DTD) is a two-stage
process applicable to analyze SVOCs to reduce the time-consuming sample preparation steps
required for extraction-based analyzes'*. Targeted quantification of PAHs was carried out
using gas chromatography-mass spectrometry (Shimadzu GC-MS-QP2010 Ultra, DTD-20
Shimadzu, Japan). The analyzes were done with the DTD technique using OPTIC-4 inlet (GL
Sciences B.V., The Netherlands)'®®. A simplified diagram of a gas chromatograph-mass
spectrometer system is presented in Figure 11. Firstly, the QFF aliquots are taken and placed
inside the GC injector. Subsequently, the injector is heated to 350°C, and analytes are
desorbed. The desorbed analytes are carried by an inert gas, typically helium, through a
capillary column to separate the PAHs. The separation depends on the PAH’s interaction with
the column's stationary phase, which could be based on polarity, size, and boiling point. Once
separated, the PAHs are passed into the mass spectrometer, where they are ionized (typically
by electron ionization), fragmented, and then analyzed based on their mass-to-charge ratio
(m/z). A calibration curve needs to be created for the targeted quantification of PAHSs. It is
usually produced by injecting a known target PAHs standard concentration. Then, the areas
of each targeted PAHs are measured, and the calibration curve is made. Internal standards
are usually used to correct for matrix effects or variation from sample to sample. In this thesis,
eleven mainly particle-associated PAHs (=5 aromatic rings) and two intermediate PAHs (3-4
aromatic rings) were quantified by DTD-GC-MS.

QFF filter punch added with

¢ slandards

Lass Liner

Injector
’ ‘,-| Gas Chromatography Mass Spectrometry

Carrier Gas Inlet

Chromatogram

lon source

Y | Mass Analyzer . =
| e

Filament Vasuum System T
'«

Data acquisition

g
JowHaq

Analytical column

Figure 11. A simplified diagram of a gas chromatograph-mass spectrometer illustrating the
following components: (1) injector, (2) analytical column, (3) ion source, (4) mass analyzer
and (5) data acquisition
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3.7.3 ANALYZES OF COPPER UFP

Atomic absorption spectrometry is a widely used technique for detecting and quantifying
metals, including copper, in different sample types. The analysis in this thesis was conducted
using an Atomic Absorption Spectrometer (AAS ZEEnit 600s, Analytik Jena, Germany)
equipped with Zeeman effect background correction and a graphite furnace atomizer. The
AAS was fitted with a hollow cathode lamp (copper type), and the method parameters were
set in the instrument software, including the analytical line at 324.8 nm, a spectral bandpass
of 0.5 nm, and a working lamp current of 2 mA.

Calibration was performed with a certified copper AAS standard solution (ROTI®Star,
1,000 mg/L Cu in 2% HNO;) at a series of 2, 5, 10, 15 and 20 ppb. A 10% HNO; solution was
measured as a blank, followed by a 10 ppb control standard (Analytik Jena, copper AAS
standard, 2 mg/L in 0.2% HNO3), which was prepared by diluting 0.125 mL of the 2 ppm
solution in 25 mL. The calibration curve was generated with a 95.4% confidence interval,
ensuring reliable quantification of copper concentrations. For copper extraction, the QFF was
treated with 10 mL of 10% HNO; (nitric acid, ROTIPURAN® Supra, 69%). The samples were
centrifuged for 5 minutes at 3000 rpm to separate particulates. The supernatant was filtered
through a 0.45 um nylon filter to remove any remaining debris. A 1:200 pre-dilution was
performed before the AAS measurement to bring the copper concentration within the
calibration range.

Eppendorf pipettes and corresponding tips were used for all liquid handling steps to ensure
precise and accurate sample preparation.

3.7.4 MORPHOLOGY OF UFP

Transmission electron microscopy (TEM) is a powerful imaging technique that uses a beam
of high-energy electrons to visualize the internal structure of solids. It is widely applied in
aerosol characterization, providing detailed insights into the characteristics of aerosol
particles. It enables the physical and morphological analysis of individual particles collected
on a specialized support, specifically, a TEM grid. Due to this capability, extensive research
has focused on optimizing direct particle deposition onto these grids, minimizing the need for
additional sample preparation. It is important to note that TEM analysis at this stage provides
qualitative rather than quantitative insights. Commercially available TEM grids are circular
metallic supports typically composed of copper, nickel, gold, or molybdenum. They have a
diameter of approximately 3 mm and are subdivided into hundreds of small squares. These
grids are generally coated with a thin, translucent electron beam membrane, often made of
carbon, just a few nanometers thick, which enhances the contrast of deposited particles.
Various grid types and mesh sizes exist, tailored to different applications.

Several sampling techniques utilize TEM grids, relying on diffusion, thermophoresis, or
electrostatic precipitation mechanisms'®. In this study, TEM grid samples were collected by
passing a small volume (0.1 L/min) of aerosol for durations ranging from 7.5 to 30 minutes
through a perforated carbon film on a copper carrier mesh grid (200 mesh copper; Plano
GmbH, Germany). After sampling, the grids were stored in a low-humidity silica desiccator at
room temperature until analysis using a TEM (JEM-2100F, JEOL Ltd., Japan) operating at
200 kV.
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3.8 ANALYZES FOR THE MASS DEPOSITION OF THE
UFP

The Automated Exposure Station (AES; Vitrocell GmbH; Germany) was used for air-liquid
interface (ALI) exposures to quantify UFP mass deposition. The generated UFP-H and Cu-
UFP were used to assess the deposition of UFP within the ALI system. The flow rate per insert
was maintained at 100 mL/min, with each trumpet positioned 2 mm above the collection point.
All experiments were conducted under isothermal conditions at a temperature of 37.0°C +
0.1°C and a relative humidity of 87% * 3%. Before each experiment, the aerosol supply and
exit lines were sealed, and the system was pressurized to xxx mm H,O to ensure leak-free
operation, following the manufacturer's guidelines. Each UFP type underwent four
independent experiments, each lasting four hours, in alignment with previous ALI exposure
studies'7 138,

Emfab air monitoring filters (TX40HI20WW, 47 mm; Pall Corporation, NY, USA) were cut to fit
into Transwell inserts to collect the UFP-H. Instead of culture media, the underlying reservoir
was filled with deionized water'®. After each exposure, filters were collected and stored at -
20°C until analysis. Each filter was halved for separate analysis using the direct thermal
desorption gas chromatography-mass spectrometry (DTD-GCMS) described in the previous
section. To avoid obstructing carrier flow, filter halves were carefully rolled and placed in the
GC injection liner. Thermal desorption was performed at 270°C. Four particle-associated
PAHs (with =5 aromatic rings) were selected as markers for UFP-H: Sum
Benzo[b,j k]fluoranthene, Benzo[e]pyrene, Benzo[a]pyrene, and Benzo[ghi]perylene, which
were quantified using single ion monitoring (SIM) mode via DTD-GC-MS.

For analyzing the Cu-UFP, empty Transwell inserts were subjected to a four-hour exposure
under identical conditions, with deionized water in place of media. Following exposure, the
membranes were excised, collected, and stored in a silica desiccator before analysis. For
copper quantification, membranes were extracted using 1 mL of 10% HNO; (ROTIPURAN®
Supra, 69%), vortexed at 3000 rpm for 2 minutes, and subjected to a 1:20 pre-dilution before
atomic absorption spectrometry (AAS) measurement. Copper concentrations were then
determined from the inserts using AAS analysis.

24



Results and Discussions

4 RESULTS AND DISCUSSIONS
4.1 CHARACTERIZATION OF LABORATORY -

GENERATED SOOT UFP

4.1.1 ONLINE CHARACTERIZATION

The miniCAST generator generated the UFP reference soot aerosol particles, UFP-H (high
organic load) and UFP-L (low organic load). They have similar physical but different chemical

characteristics (Table 1).

Size distribution measurements and
geometric mean mobility diameter
(GMDmop) of the ultrafine soot particles
were obtained with a TSI Scanning
Mobility Particle Sizer (SMPS)
(Type 3082 TSI Incorporated, USA). The
SMPS was connected at a dilution of 100
from the exposure, and subsequently, the
data were corrected. The SMPS was
operated at a 10:1 sheath-to-aerosol flow
ratio, and the size range selected was
5.94 nm to 224.7 nm. The diffusion losses
were accounted for by checking the
Aerosol Instrument Manager software,
version 10.3. The size distributions were
fitted to lognormal functions, and all the
results presented in the subsequent
sections are based on fitted data.

The size distributions of UFP-H and UFP-
L were similar, displaying a unimodal
profile with a geometric mean diameter
(GMD) of approximately 40 nm (Figure
12A). The mass size distributions for
UFP-H and UFP-L were also nearly
identical (Figure 12B). As the CS
removes a significant portion of volatiles
and semi-volatiles, the stripping of
organics from soot aggregates likely
contributes to the slightly smaller GMDob
observed for UFP-L. The dilution in the
porous tube diluter (PTD) was adjusted to
maintain comparable particle number
size concentrations. This adjustment was
necessary because the higher
temperatures in the CS for UFP-L could
lead to increased losses in smaller
particle size ranges. Consequently, the
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The total mass concentration was measured with a Tapered Element Oscillating Microbalance
(TEOM 1400a, Ambient Particle Monitor, Rupprecht & Patashnick Co., Inc.). The TEOM is a
gravimetric instrument that continuously quantifies particulate mass concentration using a
tapered-element oscillating microbalance. The TEOM takes the sample through a filter and
constantly weighs it, thereby measuring the mass concentration. The TEOM was modified to
operate at a flow rate of 3 L/min. The mass concentrations measured by the TEOM for UFP-
H and UFP-L were similar, with a slightly lower value for UFP-L, consistent with the GMDmop
results. To further verify the mass concentrations, both UFP samples were cross-checked
using the SMPS (assuming a density of 1 g/cm3), which yielded values of 80 ug/m? for UFP-H
and 70 pug/m? for UFP-L.

Equivalent black carbon (eBC) and Angstrdm Exponent (AAE) were measured using a dual-
spot Aethalometer (AE33, Magee Scientific, Berkeley, USA). The AE33 measures light
transmission at seven different wavelengths (370, 470, 520, 590, 660, 880, and 950 nm)
through two sample spots with varying flow rates and particle loading relative to the reference
spot. The total aerosol flow in the aethalometer was set at 2 L/min. The manufacturer's
wavelength-independent multiple scattering correction factor, C = 1.39, was applied to the
built-in filter tape. The eBC, a primary tracer for combustion emissions, is estimated as an
equivalent mass concentration from the change in optical attenuation at channel 6 (880 nm).
Two wavelength pairs, AAE 370/880 and AAE 470/950, were used to calculate the AAE. For
the two soot UFP samples analyzed, UFP-L shows a higher eBC compared to UFP-H. This
increase may stem from the overestimation of using identical mass absorption cross-section
(MAC) values (7.77 m?/g at 880 nm, as provided in the AE33 manual) for both types of UFP
soot. Studies suggest that miniCAST-generated soot, when thermally processed and with
particle sizes smaller than 100 nm, could have MAC values around 4.5 m?/g. Therefore,
uncertainties in MAC values should be considered when interpreting eBC measurements’,
The AAE, which describes the wavelength dependence of light absorption, is a key optical
property of aerosols. Each aerosol type has a distinct AAE, with BC typically exhibiting an AAE
of around 1.0"*2. Due to the internal mixing of organics and BC, forming soot core-shell
structures that influence the AAE, and the presence of light-absorbing compounds in organic
aerosols, higher AAE values often indicate a higher organic content™'. In this study, the AAE
values for the UFP generated in our setup ranged from 1.7 (UFP-L) to 2.0 (UFP-H) across
both wavelength pairs. The UFP produced by the miniCAST generator is rich in aromatic
structures, as reflected by its high AAE values. The decrease in AAE from 2.0 (UFP-H) to 1.7
(UFP-L) suggests that the catalytic stripper (CS) reduced the organic matter content.

Table 1. Online characterization- Mass concentration (ug/m?), particle number concentration
(PNC) (#/cm?3), geometric mean diameter (GMDmob) (nm), equivalent black carbon (eBC) (ug
/m?) and absorption Angstrém exponent (AAE) (370/880), AAE (470/950) of UFP-H and UFP-
L are reported. The results are presented as four-hour averages * standard deviations,
calculated from the averages of each experiment.

Type Mass PNC GMDmob eBC AAE AAE
concentration (#/cm?d) (nm) | (ug/m?  (370/880) (470/950)
(ug / m®)
UFP-H 110 £10 50*10*+ 2*10* 45+ 1 47 £2 20+£01 | 2.0+£01
(N=11)
UFP-L 90 £ 10 50*10*+ 3*10* 40 + 1 513 1.7+£00 [ 1.7x£0.0
(N=8)
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4.1.2 OFFLINE CHARACTERIZATION

Particle-phase samples from
both  UFP aerosols were S .
analyzed offline using a quartz g R UFP-H
fiber filter (QFF) for chemical
characterization. An
untargeted screening of UFP-
H and UFP-L particle-phase 5
samples was conducted using 33

Time 2(s)

R,

thermal desorption

comprehensive two- ,

dimensional gas - W i ’
chromatography hyphenated .

with  time-of-flight  mass : UFP-L

spectrometry (TD-GC x GC-
TOFMS). Figure 13 presents
bubble plots of the prominent
peaks detected in the
chromatograms for UFP-H
(top) and UFP-L (bottom).
Compared to UFP-L, UFP-H ‘
exhibited a significantly higher T 8500
number of PAHs with m/z 178— e

300, including parent and

Retention Time 2 (s)

_ fuo. o Figure 13. Chemical characterization of UFP-H (top) and UFP-L
alkylated four-, five-, and six- % L performed using DTD-GC x GC-TOFMS. The PAH
ring PAHSs. Oxygenatgd PAHs content of the two samples is displayed within the two-dimensional
were observed in relatively low  separation space, with the peak area represented by the diameter
concentrations exclusively for of the "bubble." The plots are normalized to the area of the most
UFP-H. Similar results, abundant PAH found in UFP-H. Both samples were corrected
it ; using a measurement of purified air. Methyl-PAHSs refer to
indicating higher PAHSs content 1 PAHSs, Phenyl-PAHS to phenylated PAHs, and Oxy-

in UFP-H, were reported using PAHSs to oxygenated PAHs.
Electron Spray ionization-
Fourier-transform lon

Cyclotron Resonance Mass Spectrometry (ESI-FTICRMS)'#2. The authors noted the presence
of larger PAHs (26 rings) with m/z values of up to 800. However, as these molecules fall
beyond the volatility range detectable by GC x GC-ToFMS, our measurements could not
identify them. After correcting for a filtered air sample, only trace amounts of
Benz[a]anthracene, phenanthrene, and pyrene were detected in the UFP-L sample. The
Environmental Protection Agency (EPA) has identified sixteen High Priority PAHs 3. In the
targeted analysis using direct thermal desorption hyphenated gas chromatography-mass
spectrometry (DTD-GCMS), two intermediate PAHs (containing three to four aromatic rings)
and eleven predominantly particle-bound PAHs (=5 aromatic rings) were measured for UFP-
H and UFP-L. The PAHSs in UFP-H accounted for approximately 2.5% of the total UFP mass,
indicating significantly high concentrations of PAHs. Among the PAHs quantified in high
concentrations in UFP-H was Benzo[a]pyrene, one of the most hazardous and well-
characterized PAHSs in terms of toxicity. It accounted for approximately 2 mg per gram of the
total mass of UFP. Figure 14 illustrates the concentrations of all targeted PAHSs, corrected for
the exposure system. A semi-quantitative study using a miniCAST exhaust without a catalytic

27



Results and Discussions

stripper (CS) reported similar findings, observing primarily semi-volatile PAHs (m/z 176-242)
and non-volatile PAHs (m/z 2 252) at a lambda of 0.805, with negligible amounts of volatile
PAHs (m/z 78-166)'4. For UFP-L, the targeted non-volatile PAHs were consistently below
the Limits of Quantification (LOQ) of 0.01 ng/m?.

Coronene

Benzo[ghi]perylene

Indeno[1,2,3-cd]pyrene

Perylene

Benz[a]pyrene

Benz[e]pyrene

Targeted PAHs

Sum Benzo [b,] k]fluoranthene

Chrysene
[ urFP-H
Benz[a]anthracene ™ UFP-L”
LI B S B R R B L AL AL B R B B R
0 50 100 150 200 250 300 350

Concentration (ng m™)

Figure 14. The concentration of PAHs in UFP-H (N=7) is shown, with error bars representing the
standard deviation of each targeted PAH across all experiments.

**For UFP-L samples, all analyses were below the LOQ, which for our method is 0.01 ng/ m?

The Raman spectra of soot, used to investigate its nanostructure, feature two prominent
overlapping bands at approximately 1350 1/cm (D or 'defect') and 1600 1/cm (G or
'graphite')'*>146. The height ratio I(D)/I(G) increase is associated with more significant
structural order in amorphous and disordered carbons'’. Consequently, lower I(D)/I(G) values
suggest more amorphous structures and are typically observed in soot samples with higher
organic carbon (OC) content. The measured I(D)/I(G) ratios were 0.99 £ 0.05 (N = 3) for UFP-
H and 1.05 £ 0.02 (N = 3) for UFP-L, indicating very similar structural order but with slightly
higher amorphous carbon content in UFP-H. This is consistent with findings by another study,
where the lowest OC soot (4%) had the highest |(D)/I(G) ratio of 1.19 + 0.02, while the highest
OC soot (47%) had the lowest I(D)/I(G) ratio of 1.03 + 0.03 8. Samples were collected and
analyzed using a transmission electron microscope (TEM) to compare their morphology and
assess the effect of thermal treatment in the catalytic stripper on the UFP structure (Figure
15). Both UFP samples exhibited soot agglomerates composed of primary particles with
graphitic-layered structures, similar to soot from other combustion sources, such as diesel
soot'®1%0 The fractal aggregates of both UFP remained unchanged after thermal treatment.
A geometric primary particle size of 22 + 6 nm was measured for UFP-H (N = 54) and
22 + 6 nm for UFP-L (N = 39). These findings align with another study on a near-stoichiometric
diffusion flame using a miniCAST burner''. Despite the similar sizes of the primary particles,
UFP-H displayed a more amorphous appearance with blurry boundaries between primary
particles, suggesting a substantial presence of semi-volatile species.
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/ 34 nm

/
Organic coating (SVOCs) ———
Primary soot particle 100 nm

Primary soot particle

Figure 15. TEM images: A.1 UFP- H showing the graphitic structure, magnification at 50,000x%; A.2
UFP-H showing the primary soot particle and coating of SVOCs, magnification at 100,000x; A.3 UFP-
H magnification at 200,000x%; B.1 UFP- L magnification at 50,000x; B.2 UFP-L showing the primary
soot particle; B.3 UFP-L magnification at 200,000x.

4.1.3 TOXICOLOGICAL EFFECTS

The toxicological effects of two

soot aerosol particles, UFP-H and Clean Air
UFP-L, were investigated in UFP-H
human alveolar epithelial cells UFP-L

(A549) using the Automated % Cytotoxiciy T
Exposure System at the air-liquid
interface (ALI).

Cytotoxicity was assessed by
measuring lactate dehydrogenase
(LDH) release into the basolateral
exposure medium, indicating cell % Cell Viability
membrane rupture and necrotic
cell death. Both aerosols induced
significant cytotoxicity, with cell . i i .
death reaching approximately

27% compared to the clean air _ o o

(CA) control (Figure 16). Similarly, Figure 16. % _Cytotoxmlty and % Cell V|ab|I|ty: The percentage
L . of cytotoxicity measured by LDH release in cell medium

cell viability analysis revealed a

following four-hour exposure and the percentage of cell viability
reduced metabolic activity to 56%  measured by the resazurin assay following four-hour exposure
for UFP-H and 50% for UFP-L, of A549 cells. Bars represent the average + s.e.m (N = 3).
significantly lower than the CA Statistically significant results with respect to CA are marked

control (82%) (Figure 16). with asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001)

These findings suggest that UFPs can trigger necrosis, potentially driving inflammation by
releasing danger signals that activate the NLRP3 inflammasome, a key regulator of
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inflammatory responses’?,
Previous studies have shown
that UFPs impair cell viability
and metabolism, often at higher
concentrations than those used
in our study'™3'%. However,
toxicity mechanisms depend
highly on aerosol chemical
composition, a factor frequently
overlooked in setting regulatory
limit valugs%4196.157,

Despite no significant
differences in cytotoxicity
between the two aerosol types,
a detailed analysis revealed
distinct effects on oxidative
stress, xenobiotic metabolism,
and genotoxicity. After a 4-hour
exposure, UFP-L (with lower
organic content) induced a
significant  oxidative  stress
response, as evidenced by
increased intracellular reactive
oxygen species (ROS)
generation (Figure 17). This
response was seemingly
balanced by the glutathione
(GSH) antioxidant system, as
indicated by elevated oxidized
glutathione (GSSG) levels,
which may also reflect reduced
activity of oxidative stress-
related enzymes, such as
glutathione reductase, which
facilitates GSSG-to-GSH
recycling, a mechanism
previously proposed for ambient
PM toxicity'®. Disruptions in
GSH regulation are critical in
lung inflammatory processes
and are associated with
diseases such as cystic fibrosis
and asthma'®,

The UFP types caused slight
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Figure 17. The potential of oxidative stress was
investigated by detecting the amount of MDA [ng/mL]
released into the sample medium, the percentage of
intracellular oxidized glutathione (GSSG) to the total

glutathione, as well as the formation of intracellular ROS
(RFU*MCE) following a four-hour exposure of A549 cells.
Bars represent the average + s.e.m (N = 3). Statistically
significant results with respect to CA are marked with
asterisks (*, p < 0.05; **, p < 0.01; **, p < 0.001)

] Clean Air

BROD activity
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Figure 18. Induction of the resorufin intensity by increased
activity of 7-ethoxyresorufin-O-deethylase (EROD) and 7-
benzyloxyresorufin-O-debenzylase (BROD) normalized by the
metabolic cell equivalent (MCE) following four-hour exposure of
A549 cells. Bars represent the average + s.e.m (N = 3).
Statistically significant results with respect to CA are marked
with asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001)

elevations in malondialdehyde (MDA), a marker of lipid peroxidation. This suggests that
antioxidant defenses were partially overwhelmed, leading to oxidative damage to cell
membrane phospholipids (Figure 16)'®°. UFP-H exposure significantly increased EROD
activity and modestly enhanced BROD activity (Figure 18), indicating the activation of phase
| metabolic enzymes like CYP1A1'57:161.162 and CYP3A4'%3, which are typically induced by PAH
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and are abundant in UFP-H, such as Benzo[a]pyrene and Benzofluoranthenes. In contrast,
UFP-L did not activate these enzymes, confirming the chemical distinctions between the two
aerosols.

Genotoxicity analysis highlighted differential DNA damage patterns. Both aerosols caused
DNA strand breaks, but UFP-L induced more extensive damage. Particles with high organic
content appeared to promote DNA modifications recognized by the base excision repair
enzyme Fpg (Figure 19), consistent with previous findings linking increased Fpg-sensitive
sites to PAHs exposure 64165,

[ |Clean Air

™™ uFP-H
ik [IuUFP-L
% Fpg sites (DNA in tail) —
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Figure 19. Percentage of DNA in tail and Fpg sites (% DNA in
tail) detected by comet assay following four-hour exposure of
A549 cells. Bars represent the average + s.e.m (N = 3).
Statistically significant results with respect to CA are marked
with asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001)

4.1.4 INDICATORS OF UFP TOXICITY

With the two types of UFP soot generated (UFP-H and UFP-L), toxicological results showed
similar effects in simpler assays assessing cytotoxicity. However, differences became more
apparent when evaluating oxidative stress, metabolic indicators, and genotoxicity. These
findings highlight the importance of chemical composition, as physical characteristics such as
number and mass concentration were kept constant. This underscores the need to consider
particle chemistry in future toxicological assessments and regulatory frameworks. Notably, the
polycyclic aromatic hydrocarbons (PAHs) present in UFP-H can induce their own metabolism
by upregulating xenobiotic-metabolizing enzymes such as cytochrome P450 monooxygenase
1A1 (CYP1A1), potentially via activation of the aryl hydrocarbon receptor (AHR)'®®.
Additionally, individual PAHs may also interact with the constitutive androstane receptor
(CAR)'®, More detailed analyzes, such as transcriptomics and proteomics, should be
considered to understand better the mechanisms driving toxicity.
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4.2 CHARACTERIZATION OF LABORATORY-GENERATED
COPPER UFP

4.2.1 ONLINE CHARACTERIZATION

The study utilized a spark discharge generator (SDG) to produce the copper ultrafine particles
(UFP), specifically the Cu-UFP. During the experiment, the Cu-UFP were characterized by
mobility size using the TSI Scanning Mobility Particle Sizer (SMPS) (Type 3082, TSI
Incorporated, USA). Particle number concentrations and mobility size distributions were
measured using a sheath flow rate of 10 L/min and an aerosol flow rate of 1 L/min. The size
range selected for the operation was 5.94 nm to 224.7 nm, and the diffusion losses were
accounted for by checking in the Aerosol Instrument Manager software, version 10.3. The size
distributions were fitted to lognormal functions, and all the results presented in the subsequent
sections are based on fitted data. The geometric mean mobility diameter of Cu-UFP was 33 +
2 nm, slightly smaller than the UFP-H discussed in the previous section. The particle number
concentration of Cu-UFP was approximately twice as high as that of UFP-H, likely due to its
smaller mobility diameter. The primary particle size of Cu-UFP, generated via spark discharge,
typically ranges from 1 to 9 nm, which is significantly smaller than that observed for UFP-H in
TEM studies'®®. Assuming a 1 g/cm? density, the SMPS mass concentrations for the Cu-UFP
were approximately 90 ug/m?3. The particle number size and mass distributions for the Cu-UFP
are given in Figure 20.

4.2.2 OFFLINE CHARACTERIZATION

The Cu-UFP were also collected on quartz fiber filters to quantify their mass concentration
and validate the measurements obtained from the SMPS. The filter samples were analyzed
using Atomic Absorption Spectroscopy (AAS), which determined a copper concentration of
80 pug/m? £ 10 ug/m? across all experiments (N=5). Additionally, the filters were examined for
iron (Fe) to assess the purity of the Cu electrode used in the SDG. The Fe concentration was
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Figure 20. (A) Number size distribution and (B) Mass size distribution of Cu-UFP for all the
experiments (N=5). The shaded area represents the standard deviation of the number
concentration (#/cm?) and mass concentration (ug/m?) in each size bin, respectively.
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0.9%, potentially resulting from contamination during electrode manufacturing or using a
stainless steel punch for aliquot punching.

4.3 TOWARD RELIABLE UFP MODELS FOR
TOXICOLOGICAL ASSESSMENT

Studying UFP is crucial because, compared to larger particles, they exhibit significantly higher
particle number concentrations and surface areas and greater levels of toxic substances like
oxidant gases, organic compounds, and transition metals relative to their mass. Laboratory
studies also show that UFP have substantially greater redox activity than larger particulate
matter. However, conducting epidemiological studies on UFP health effects requires careful
consideration of complex exposure assessment challenges, such as spatial variability, indoor
emission sources, differences in how outdoor UFP infiltrate indoor environments, and
seasonal changes influenced by weather and particle volatility.

To address the complexities of UFP toxicity and explore potential mechanisms of action, this
thesis utilizes well-characterized surrogate UFP models. Three distinct types of UFP were
developed, each with comparable number and mass concentrations but markedly different
chemical compositions: one enriched in PAHs, one with low PAHs content, and one containing
metals. These models serve as representative aerosols for key toxicants like soot, PAHs, and
metals, providing a controlled framework to study their effects. While such models inherently
simplify the vast variability of ambient air, they enable a more precise mechanistic investigation
into UFP-induced toxicological responses. No standardized UFP model or in vitro testing
protocol exists to assess toxicity or establish reference values applicable to real-world
emissions. Thus, developing robust and validated surrogate UFP models is critical for linking
toxicological outcomes to specific physical and chemical particle properties.

4.4 DOSIMETRY IN ALI SYSTEMS

Recent studies investigating the toxicity of UFP using ALI exposure systems have been
increasing, particularly in the context of sources such as fuel exhaust emissions'®®, aircraft
turbine engines'’, printer emissions'", and the miniCAST burner®'72, However, in many of
these studies, the delivered aerosol dose to cells is often estimated using model calculations,
extrapolated from submerged exposure dose-—response relationships, or determined via
electrostatic deposition combined with quartz crystal microbalance (QCM). These approaches
are employed due to current limitations in online measurement techniques for deposited mass
in ALI systems, e.g., QCM approaches its detection limit in the UFP size range. Electrostatic
deposition can enhance particle delivery efficiency but may introduce artifacts by altering the
physicochemical environment. Specifically, electric charging can affect the ionic composition
of the culture media and potentially impact cell viability. Moreover, the charging process might
modify aerosol properties, influencing toxicological outcomes'”3.

Regarding dosimetry, most ALI studies rely on inert solid particles tagged with fluorescent
markers, such as glycerol'®'4 or e-cigarette vapor'®'”® and mainstream tobacco
smoke® "%, Inert particles have also been widely used for developing and validating
computational dosimetry models in these systems®:102107.111.139 "However, a key limitation of
these models is that they are often based on idealized particles and vary across different ALI
platforms, raising questions about the accuracy and relevance of the predicted doses. There
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remains uncertainty as to whether the modeled dose reflects the actual cellular exposure or
merely serves as a theoretical estimate.

Therefore, in the context of this thesis, UFP generated from specific sources (UFP-H and Cu-
UFP) were used to experimentally determine the deposited mass in an ALI system, specifically
the Automated Exposure Station (AES; Vitrocell GmbH; Germany). These experimental
results were then compared to predictions derived from computational modeling to assess the
validity of the modeled doses.

4.4.1 MEASURED MASS DEPOSITION

For the UFP-H, three particulate-associated PAHs were selected as marker components to
determine the total UFP mass deposited after the four-hour exposure. These PAHSs included
the Sum Benzolb,j,k]fluoranthene, Benz[e]pyrene and Benz[a]pyrene. EMFAB filters were
used for levels X and Y, with four positions from level X (X1, X2, X3, X4) and six positions
from level Y (Y1, Y2, Y3, Y4, Y5, Y6) considered for the experiments. Figure 21 presents the
PAHs deposited per filter area for each exposed insert. Statistical analysis using Welch's
ANOVA showed no significant differences in individual PAH levels between inserts (p > 0.05).
A correlation-based pattern analysis was performed to evaluate potential variations in PAHs
composition across inserts. The lowest correlation value obtained was 0.92, indicating a
consistent distribution of PAHs across all inserts. This high correlation suggests no alteration
in the ALI system's PAHs profile and confirms the accuracy of the analytical quantification. In
parallel with ALI exposure in the AES, particulate-phase filter samples were collected using
QFF outside the AES to track PAHs concentrations and the amount deposited. Table 2.
Summarizes the concentration obtained from the filter samples in the deposition experiments.
The deposition of Cu-UFP on inserts exposed in the AES at the ALI was conducted at levels
X (X1, X2, X3, X4)and Y (Y1, Y2, Y3, Y5, Y6) for four hours. The inserts were exposed for
four hours, after which the Transwell membrane was extracted and analyzed to quantify the
mass deposition of Cu-UFP. Figure 22 presents the measured Cu-UFP deposited in each
exposed insert, as determined by AES at the ALI. Similar to the UFP-H analysis, a Welch
ANOVA was performed for Cu-UFP, revealing no significant differences between inserts (p >
0.05).

Table 2. Concentration of PAHs obtained using DTD-GCMS from the particulate phase in
UFP-H. Results are presented as mean + standard deviation (n = 6) for each PAH compound.

Sum Benzolb,j,k]fluoranthene Benzo[e]pyrene Benzo[a]pyrene (ng/m?)
(ng/m?) (ng/m®)
7014 6615 717
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Figure 21. Deposited PAHs (A), (B), (C) from
UFP-H in the ALl insert for all the experiments in
pg/cm? (N=5). The error bars represent the
standard deviations.
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Figure 22. Deposited Cu-UFP in the ALl insert for all the experiments in ng/cm? (N=5).
The error bars represent the standard deviations.

35



Results and Discussions

4.4.2 ESTIMATED MASS DEPOSITION

The quantified deposition was then compared to the model-estimated deposition. The
deposited PM mass per area was calculated using the following equation: Equation (4),

- ng)
Deposited mass per area (sz)

NXQXNXtXppXVp

" Equation 4

where n is the deposition efficiency; Q is the aerosol flow; N is the particle number
concentration (particle count per volume); t is the duration of the exposure; p;, is the particle
density; V, is the particle volume, assuming spherical particles; and A is the area of the insert.

The size-dependent deposition efficiency (n) in the ALI exposure system was calculated using
the theoretical framework described in a previous study®®. In this model, particle deposition is
primarily governed by size-dependent diffusion and sedimentation mechanisms: larger
particles deposit predominantly by sedimentation, while smaller particles deposit via diffusion.
The deposition efficiency is influenced by multiple factors, including particle size and density,
aerosol flow rate, temperature, pressure, and system geometry. The particle number
concentrations used in the model were obtained from SMPS measurements during the
exposure period. The densities of UFP-H and Cu-UFP were set to 1.0 g/cm?® and 0.9 g/cm?,
respectively. Density plays a crucial role in deposition calculations, as it affects the
determination of deposition efficiency and the conversion of deposited particle number to
deposited mass. The area of the insert was set to 4.67 cm? according to the surface area of
the inserts used. The aerosol flow and temperature over each position were set to 100 mL/min
and 37°C, respectively.

As estimated by the model, the deposited mass area for UFP-H and Cu-UFP was 1.0
0.2 ng/cm? and 1.3 £ 0.2 ng/cm?, respectively. Correspondingly, the deposition efficiency was
calculated to be 0.22% * 0.03% for UFP-H and 0.8% + 0.1% for Cu-UFP. These modeled
values were then compared to the experimentally measured UFP mass, revealing significant
discrepancies. For UFP-H, the model underestimated the deposition of individual PAH
markers compared to measured values. Specifically, the deposited mass of
Benzo[b,j,k]fluoranthene, Benz[a]pyrene, and Benz[e]pyrene was found to be 7 to 8 times
higher in the experimental data than in the model predictions. A similar trend was observed
for Cu-UFP, where the model underestimated mass deposition by a factor of 5. These
discrepancies may be related to assumptions regarding boundary layer thickness at the
deposition plate. This theoretical model was developed based on the Vitrocell VC24/48 and
AMES systems, using a sampling rate of 20 mL/min. It is assumed that the sampled particle
flow rate physically constrains the theoretical maximum deposition, and therefore, actual
deposition efficiency must be taken as the minimum of the two fluxes. However, this thesis
employed the Automated Exposure Station, a structurally different system, with a significantly
higher sampling flow rate of 100 mL/min. To address these differences, an alternative
approach was employed in this study, estimating boundary layer thickness using Brownian
displacement over a characteristic time'”’. While this approach was acknowledged in the
original paper from which the modeling was adapted, it was not implemented, as the
Computational Fluid Dynamics (CFD) simulations in that study suggested that boundary layer
thickness had a lower dependence on deposition efficiency in the diffusion regime. Their
validation, which involved comparing modeled deposition with CFD results, demonstrated
good agreement for particles larger than 0.3 um; however, they noted that further refinements
could improve accuracy in the ultrafine particle range. Applying the Brownian displacement
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approach in this study resulted in higher estimated UFP mass deposition, bringing model
predictions closer to experimental values. The revised model underestimated UFP-H
deposition by only 2 to 3 times, from 7 to 8 times, and Cu-UFP deposition by a factor of 2,
rather than 5. Thus, the recalculated deposition efficiency becomes 1% for UFP-H and 2% for
Cu-UFP, as seen in previous studies'””'"®, This suggests that boundary layer thickness plays
a more significant role in UFP deposition than previously assumed, particularly for ALl systems
that differ structurally, are exposed to varying flow rates, and encounter more complex
aerosols.

These results underscore the need for system-specific modeling adjustments to accurately
predict UFP deposition, as variations in sampling methods, airflow dynamics, and particle
interactions can significantly impact the estimated deposition efficiency.

4.4.3 COMPARING ALI EXPERIMENTS WITH HUMAN
EXPOSURE MODELS

ALl cellular exposures offer several advantages, including enhanced reproducibility,
physiological relevance in respiratory toxicology, and suitability for short- to mid-term
exposures. A key consideration is the comparability of ALI-based exposures with actual
human inhalation scenarios. In this context, evaluating particle deposition in ALI systems
concerning the human lung's tissue-delivered dose (TD) is essential.

Using the same ALl system as employed in this thesis, a previous study applying the
Hygroscopic Particle Lung Deposition (HPLD) model identified a particle size range of 40—-450
nm in which the ratio between deposition in human lung regions and in the ALI system varied
by less than a factor of two. This range corresponds to the mobility diameters utilized in the
present work, supporting the representativeness of the measured mass deposition. Moreover,
HPLD model outputs suggest that deposition in ALI systems should be moderately increased
for bronchial cell lines®. In contrast, a tenfold reduction should be applied for alveolar cell lines
to achieve comparable particle loads with in vivo exposures?’.

In evaluating the toxicological dose, clearance mechanisms in the tracheobronchial and
alveolar regions, as well as inherent differences in cellular sensitivity between ALI-grown cells
and native lung tissue, must also be considered. Another essential consideration in ALI
exposures is the deposition of gas-phase molecules. Particles smaller than 1 nm lie within the
transition zone between particles and gas or vapor molecules®. As a result, the behavior of
gas-phase deposition must be more carefully considered in model calculations at this scale.
Typically, gas molecules, such as formaldehyde, do not adhere to tissue surfaces upon
contact unless they are highly reactive. Moreover, after prolonged exposure, gases can exert
a back pressure from the tissue side, further lowering their deposition probability®”. Since
oxidative stress and DNA damage have been observed following gas-phase exposures, more
attention should be directed toward understanding gas-phase interactions in ALl systems.
Additional experimental work in this area is needed'”®.
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4.5 ENDPOINTS/ANALYTES FOR |INTEGRATING
ENVIRONMENTAL AND ALI MONITORING

The lungs are particularly vulnerable to inhalation exposure from airborne particles. In recent
years, significant progress has been made in developing air—liquid interface (ALI) exposure
systems to evaluate the potential toxicity of airborne particles'”®. These systems offer more
physiologically relevant and realistic exposure conditions than traditional submerged exposure
via culture medium, which can alter particle characteristics and affect cell interaction '8,

In the context of this thesis, three types of UFP models were generated to support toxicological
investigations and better understand the mechanistic pathways underlying the biological
effects of UFP characteristics. However, in real-world environments, UFP are never isolated;
they exist as part of complex mixtures with other atmospheric constituents. It has been
suggested that even when the toxicity of individual compounds is well characterized, their
mixtures can lead to unexpected effects, such as enhanced oxidative stress, inflammation, or
DNA damage.

While short-term exposures using defined, single-dose pollutant applications help assess
acute toxicity, investigate long-term effects at low pollutant concentrations requires continuous
exposure systems. The automated ALI exposure system was adapted for long-term
experiments to address this need. In three independent experiments, human bronchial
epithelial cells (Calu-3) were continuously exposed to ambient urban air from a European city
for 72 hours™'. These exposures were accompanied by comprehensive toxicological
assessments and detailed physical and chemical aerosol characterization. Common air
pollutants identified included Benz[a]pyrene (<3 ng/m? per 24 h) and PM2.5 (<12 ug/m? per 24
h), with a maximum particle number concentration of 4.4 x 1072 particles/m?® per 24 h'®1,
Ambient air exposure led to increased cytotoxicity and a non-significant reduction in cell
viability. However, upregulation of the proinflammatory cytokine IL13 and the xenobiotic
metabolism genes CYP1A1 and CYP1B1 was observed, particularly in response to elevated
concentrations of PAHs.

Findings from both the UFP soot model and long-term ambient exposures highlighted PAHs
as key inducers of xenobiotic-metabolizing enzymes such as CYP1A1. This response was
triggered by high-dose UFP soot exposures (UFP-H) and prolonged exposure to low ambient
PAH concentrations. These results suggest that PAHs can serve as effective analytes for
toxicological assessment in environmental monitoring.
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5 SUMMARY AND OUTLOOK

Ultrafine particles (UFP) are the smallest atmospheric particulate matter associated with
diseases related to air pollution. In 2021, the World Health Organization (WHO) updated its
air quality recommendations, highlighting the significance of UFP monitoring as a best practice
and establishing stricter goal limits for particulate matter (PM, < 2.5 ym). Nonetheless, there
is still a lack of epidemiological studies and experimental reference values for UFP. It is not
entirely understood how the physical properties of UFP contribute to their toxicity or whether
the particles primarily serve as carriers of biologically reactive chemicals responsible for
biological responses. Therefore, addressing these questions in toxicological testing
necessitates robust methods for generating and manipulating UFP, allowing for targeted and
reproducible adjustments of the physical and chemical parameters of UFP. As a result,
laboratory conditions are essential for assessing these processes and their significance
concerning adverse health effects. Hence, producing reliable and reproducible data on UFP
is vital.

This thesis presents the production and characterization of soot UFP with similar elemental
carbon cores and similar physical properties, but differing chemical constituents. The primary
soot particles were generated with a Mini CAST burner at fuel-rich conditions (A=0.80) and
immediately diluted by an adjustable porous tube diluter and 10-fold fixed ejector diluters to
reduce agglomeration. A catalytic stripper, followed by a multichannel activated charcoal
denuder, was used to strip off volatile and semi-volatile components. Depending on the
temperature of the catalytic stripper, two types of UFP soot were produced: UFP with high
semi-volatile organic content (UFP-H) and UFP with low semi-volatile organic content
(UFP-L). Physical characterization revealed that both samples had similar mobility diameters
(=45 nm), particle numbers (=50 x 10*/cm?), and mass concentrations (=100 ug/m?®), along
with similar equivalent black carbon concentrations (=50 pug/m?) and the same morphology.
Filter samples were taken to characterize the chemical composition. Untargeted analysis and
targeted quantification of polycyclic aromatic hydrocarbons were performed. In the untargeted
analysis, compared to UFP-L, UFP-H exhibited a significantly higher number of PAHs with m/z
178-300, including parent and alkylated four-, five-, and six-ring PAHs. Oxygenated PAHs
were observed in relatively low concentrations exclusively for UFP-H. In the targeted
quantification, the PAHs in UFP-H accounted for approximately 2.5% of the total UFP mass,
indicating significantly high concentrations of PAHs. Among the PAHs detected in high
concentrations in UFP-H was Benzo[a]pyrene, one of the most hazardous and well-
characterized PAHs in terms of toxicity. It accounted for approximately 2 mg per gram of the
total mass of UFP. The generated aerosols were further assessed for biological responses in
human alveolar epithelial cells at the air-liquid interface. The toxicological assessments were
investigated in an Automated Exposure Station at the air-liquid interface. Toxicological
assessments included cellular metabolic activity, cytotoxicity, genotoxicity, and xenobiotic
metabolism. Furthermore, repeated cell exposures were enabled to produce and adjust
specific UFP attributes with demonstrated reproducibility for toxicological studies.
Toxicological evaluations revealed that both types of UFP similarly affected cytotoxicity and
cell viability, regardless of organic load. Higher xenobiotic metabolism was observed for
UFP-H, whereas reactive oxidation markers increased when semi-volatile compounds were
stripped off (UFP-L). Both UFP types caused DNA strand breaks, but only the UFP-H induced
DNA oxidation.

Additionally, this thesis investigated the mass deposition of UFP in the ALI system using the
UFP-H and copper UFP (Cu-UFP) generated via spark discharge. The physical properties of
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both UFP types were closely matched to study their deposition behavior. PAHs were used as
tracers to quantify UFP-H deposition via TD-GCMS, while Cu-UFP deposition was determined
using AAS. Statistical analysis (Welch’s ANOVA) confirmed that deposition levels were
consistent across biological exposure inserts (p > 0.05). Interestingly, measured UFP
deposition exceeded the values predicted by conventional models, highlighting discrepancies
between theoretical predictions and the behavior of the ALI system using complex aerosol
particles. This highlights the need to refine ALl system deposition models to enhance
deposition accuracy, particularly in the UFP size regime. The thesis also explores the use of
ALI monitoring in combination with real ambient exposures and emphasizes the shift from
mass-based toxicants/endpoints to more specific indicators, such as PAHs. Additionally, it
highlights the increasing focus on genomics and proteomics investigations to better
understand UFP toxicity.
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