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Abstract

There is an increasing concern that smaller plastic particles could spread more easily
and pose greater health and environmental risks than larger particles. It has been
reported, that plastic particles can enter the human body through several primary routes:
ingestion, inhalation, and dermal absorption (Wu et al., 2022), making them a possible
threat to human’s health. A recent study has detected 6ppd-Quinone, a salmon-toxic
compound derived from car tires, in human urine, serum, and cerebrospinal fluid,

indicating the need to investigate its potential human toxicity. (Yi et al., 2025)

In this context, the project examined how nanopolystyrene particles of varying sizes and
surface chemistries, as well as 6PPD-quinone, affect the viability of key cells of the
neurovascular unit, in particular endothelial cells and microglia, and how “real life”
indoor dust extracts influence both neurovascular and lung cells. The project used brain
endothelial (hCMEC/D3) and lung A549 cells in a Transwell model to examine the effect
of selected undefined airborne compound and particle mixtures. On Barrier integrity and

cell viability following an extenstive extract screen of over 120 samples.

The findings demonstrated that high doses (greater than 300 pg/L or 100 pg/L) of the
Nanoplastics resulted in reduced cell viability. The most toxic particles, were the
unstained PS carboxylated 50 nm and unstained PS aminated 50 nm, proving that both
size and zeta potential influence the cell toxicity of nanopolystyrene, with smaller
particles having stronger effects. 6ppd-quinone also exhibited toxic effects, especially in
brain endothelial cells, with cell viability dropping below 50% at the highest tested
concentration. Lastly, exposure to selected undefined airborne dust extracts in the
Transwell model increased the metabolic activity of brain endothelial cells (hCMEC/D3)
in the basolateral compartment, with some samples causing activity levels up to 168%
of the control. This suggested that the extracts, triggered elevated mitochondrial or
metabolic activity, likely due to cellular stress, rather than actual cell proliferation.
However, transepithelial electrical resistance (TER) measurements indicated no

significant impact on lung barrier integrity after 48 hours of exposure.



Zusammenfassung

Kleinere Plastikpartikel stehen zunehmend im Fokus der Forschung, da sie sich leichter
in der Umwelt verbreiten und potenziell groBere Gesundheitsrisiken darstellen als
groBere Partikel. Mikro- und Nanoplastik kann Uber Inhalation, Nahrungs- und
Wasseraufhnahme und dermale Aufnahme in den menschlichen Korper gelangen (Wu et
al., 2022). Zudem wurde kurzlich 6PPD-Chinon, ein aus Autoreifen stammendes
toxisches Abbauprodukt, in menschlichen Korperflissigkeiten nachgewiesen, was die
Untersuchung moglicher gesundheitlicher Auswirkungen erforderlich macht (Yi et al,,

2025).

In dieser Arbeit wurde untersucht, wie Nanopolystyrolpartikel unterschiedlicher GréBe
und Oberflachenchemie sowie 6PPD-Chinon die Zellviabilitat von Zellen der
neurovaskularen Einheit, insbesondere Endothelzellen und Mikroglia, beeinflussen.
Daruber hinaus wurden die Effekte “realitatsnaher” Luftfilter-Extrakte auf
neurovaskulare und pulmonale Zellen analysiert. Hierzu wurden zerebrale
mikrovaskulare Edothelzellen (hCMEC/D3) und Lungenepithelzellen (A549) in einem
Transwell-Modell eingesetzt, um Zellviabilitat und Barriereintegritdt nach Exposition
gegenuber definierten Nanopartikeln und uber 120 undefinierten Luftfilter-Extraktproben

Zu untersuchen.

Die Ergebnisse zeigten, dass hohe Konzentrationen von Nanoplastikpartikeln zu einer
deutlichen Reduktion der Zellviabilitat fuhrten, wobei insbesondere 50-nm-
Polystyrolpartikel mit carboxylierten oder aminierten Oberflachen die starksten
toxischen Effekte aufwiesen. Auch 6PPD-Chinon zeigte ausgepragte zytotoxische
Effekte, insbesondere in zerebralen mikrovaskularen Endothelzellen. Die Exposition
gegenuber ausgewdahlten Luftfilter-Extraktproben flhrte zu einer erhdhten
metabolischen Aktivitat der zerebralen mikrovaskularen Endothelzellen, was auf eine
stressbedingte Reaktion hindeuten kdnnte, wahrend keine signifikanten Veranderungen

der Lungenbarriereintegritat festgestellt wurden.
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1 Introduction

1.1 The Blood-brain barrier

The blood-brain barrier (BBB) is a semipermeable and extremely selective barrier, that
separates blood from the brain’s extracellular fluid (Alahmari et al.,, 2021) and thus
preventing extravasation of blood products into the brain to protect neural tissue and

preserve an internal homeostatic environment (McConnell & Mishra, 2022).

It is primarily formed by a layer of specialized endothelial cells lining the brain’s
capillaries, which are tightly sealed together through complex junctional structures

known as tight junctions (Appelt-Menzel et al., 2017).

Surrounding and supporting the BBB is the neurovascular unit (NVU), an intricate network
of various cell types, including pericytes, astrocytes, microglia, and neurons, that
collectively interact to regulate neuroimmune responses, vascular permeability, cerebral

blood flow (CBF), and maintain a homeostatic CNS environment (McConnell & Mishra,
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2022).
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Figure 1: Schematic representation of BBB’s cellular structures. Figure made using Biorender,
2026.

BBB formation starts during embryonic development as endothelial cells enter the
central nervous system (CNS) and initiate vessel growth. Their tight junctions are formed
by a complex of transmembrane proteins, including occludin and claudins, as well as
cytoplasmic adaptors such as zonula occludens protein 1 (ZO-1), establishing a
paracellular barrier against molecular and ionic transport. They also recruit pericytes,

which wrap around the vessels, supporting their maturation, stabilizing the vascular



structure, and contributing to the development of a functional and selective barrier (Chen

etal., 2017).

Microglia, are a kind of neuroglia, distributed all across the brain and spinal cord. They
account for roughly 5-20 percent of the overall glial cell population ( Alahmari et al.,
2021). These microglia cells are derived from the yolk sac early in development,
(McConnell and Mishra, 2022) and they have two main functional roles: immune defense
and CNS maintenance ( Ginhoux et al., 2013). In adults, microglia serve as the brain’s
resident immune cells, constantly monitoring their environment and responding to injury
or changes by shifting between pro- and anti-inflammatory states. When inflammation
occurs, their role extends beyond defence, they help to limit damage to the CNS and
promote healing and structural restoration ( Ginhoux et al., 2013). In this activated state,
they to help clear debris, communicate with peripheral immune cells, and regulate
astrocyte activity (McConnell and Mishra, 2022). On the other hand, research shows that
microglial cells help to regulate how neurons grow, develop, and connect with each other,
thus influencing the blood-brain barrier (BBB), either supporting or disrupting it

depending on injury context (McConnell and Mishra, 2022).

Astrocytes, which closely surround brain capillaries, play a key role in forming the
basement membrane and maintaining homeostasis (Fernando et al., 2023). They link
neurons to vessels and help coordinate microvascular responses through junctional
signaling (Sato et al., 2022). Additionally, astrocytes shape immune activity in the brain
by releasing both pro- and anti-inflammatory cytokines and chemokines, affecting

microglia and macrophage behavior (Sato et al., 2022).

Pericytes exhibit features of both macrophages and smooth muscle cells (Kim et al.,
2006). They are essential for blood vessel development, blood-brain barrier
maintenance, restricting immune cell infiltration into the CNS, and regulating cerebral
blood flow (Armulik et al.,, 2010). Additionally, pericytes contribute to clearing toxic
metabolites through phagocytosis and possess multipotent stem cell capabilities
(Nakagomi et al., 2015). In cell culture studies, microglia, astrocytes, and neurons have
been shown to engage in complex signaling with one another, a process that seems to
intensify in the presence of neurological disorders or other pathological conditions

(Abbott et al., 2006).



1.1.1 Blood-brain barrier in vitro models

In vitro models of the blood-brain barrier (BBB) are essential for examining its function
and underlying mechanisms. In addition to that, they replace animal models and study
the BBB in the context of neurotoxicology and neurological diseases. (Madorran et

al.,2020).

Among the different models, the immortalized human brain cerebral microvascular
endothelial cell line (hCMEC/D3) is the mostly used cell line and has the potential to be
used for a standardized in vitro BBB model, offering advantages such as reproducibility,
homology and low cost (Qi et al., 2023). A major advantage of the hCMEC/D3 cell line is
its stable, easily cultured human microvascular cerebral endothelial cell (CEC)
population that perserve a normal BBB phenotype. This model is well suited for drug
uptake, active transport studies, and investigating brain endothelium responses to

pathogens and inflammation ( Weksler et al., 2013).

The human microglial cell line, HMC3, has also become a widely used model to explore
how different cells and molecules interact within the neurovascular unit, especially
regarding inflammation (Lepiarz and Olajide, 2019). HMC3 cells are important for
studying immune functions in the brain. They release cytokines and can engulf particles,
mimicking the activity of microglia in vivo. This makes them useful for exploring immune

aspects in the CNS (Dello Russo et al., 2018).

To evaluate how substances influence the integrity of the blood-brain barrier, hCMEC/D3
cells can be employed in transwell systems where barrier permeability is monitored. One
key method involves measuring the transendothelial electrical resistance (TEER), which
provides insight how ion permeability might be restricted by tight junctions between
endothelial cells. Variations in TEER values can describe the extent to which a compound

compromises the structural integrity of the BBB (Helms et al., 2016).

The hCMEC/D3 and HMC3 cells together are reliable cell lines to explore how different
substances affect the brain's barrier. By examining structural damage, immune
reactions, and changes in gene regulation, researchers can better understand how these

compounds may disrupt the BBB.



Table 1. Most common in vitro BBB models

Cellline Immortality origin References | First publication
hCMEC/D3 Transduction with hTERT and SV40 | Poller et al., | Weksler et al.,
large T antigen (2008) 2005
hBMEC Transduction with SV40 large T | Bowman et | Stinsetal.,1997
hBMEC-60 antigen ( Stins et al.,1997) al., 1983 Rood et al., 2000
Transduction with the human
papillomavirus (HPV)16 E6/E7 genes
(Rood et al., 2000)
TY10 Conditionally immortalized (| Maeda et| Sanoetal, 2010
proliferation  controlled in a|al,2013
temperature sensitive mechanism)
BB19 Transformation with HPV E6 and E7 | Kusch- Prudhomme et
genes and Transduction with SV40 | Poddar et | al.,, 1996
large T antigen al., 2005
SV-HCEC Transfection with SV40 large T | Bahr et al., | Muruganandam
antigen 2003 etal.,1997
HMC3 (ATCC | Transfection with SV40 large T | Dello Russo | Janabietal.,1995
CRL-3304) antigen (CHME3 clone) etal., 2018
HMOG6 Transduction with v-myc Retrovirus | Narantuya Nagai et al., 2001
etal., 2010
C20 Transduction with hTERT + SV40 Alvarez- Garcia-Mesa et
Carbonell al., 2017
etal., 2019




1.2 The Lung

Micro- and Nanoplastics have been detected inthe air, identifying inhalation as a relevant
human exposure pathway to plastic particles ( Wright et al., 2020). A recent study has
revealed that inhalation of Polystyrene Nanoplastics may cause inflammation in lung
tissue because of oxidative stress. (Wu et al., 2023).

Another study revealed that inhaling these particles, may induce lung fibrosis damage
and chronic obstructive pulmonary disease (COPD)-like lesions in rodents ( Yang et al.,
2024) A more recent study indicates that Polystyrene Nanoplastics induce oxidative
stress triggering the expression of inflammatory cytokines, such as IL-6, IL-18 and TNFA

in mice, thus leading to lung injury (Wang et al., 2025).

The primary role of the lung is to facilitate the exchange of gases, supplying the body with
oxygen needed for aerobic metabolism and eliminating carbon dioxide, the waste
product generated during this process (Miller et al., 2017). To enable this, the lung has
the largest epithelial surface, forming a complex network of tube-like epithelial branches
known as the conducting airway. This structure, composed of surfactant, epithelial and
endothelial cells, and a shared basal lamina, is optimized for gas exchange but leaves

lung tissue vulnerable to airborne toxins, particles, and microbes (Miller et al., 2017).

The lung is unique in possessing two circulatory systems: the pulmonary circulation,
which facilitates gas exchange and accommodates the entire cardiac output at low
pressure, and the bronchial circulation, which supplies oxygenated blood to the airways
and vessel walls (Suresh and Shimoda, 2016). The pulmonary endothelium forms a
continuous barrier, actively maintaining fluid homeostasis (Suresh and Shimoda, 2016).
However, inflammation or infection can disrupt this barrier, increasing permeability and

leading to oedema (Suresh and Shimoda, 2016).

The lung employs multiple defense mechanisms to protect itself against airborne
particles and pathogens (LeMessurier et al., 2020). The epithelium forms a tightly sealed
physical barrier through intercellular junctions, while the mucosal epithelium traps
inhaled microorganisms within a secreted mucus layer. Pathogens held back in the

mucus are removed by the mucociliary escalator via coordinated ciliary beating. In



parallel, epithelial cells express pattern-recognition receptors that enable early
detection of invading agents and initiation of immune responses (Vareille et al., 2011).
Surfactant reduces surface tension thus maintaining alveolar stability, while resident
immune cells, including alveolar macrophages and dendritic cells eliminate pathogens
(LeMessurier et al., 2020). Additional immune protection is provided by phagocytic cells

that engulf and degrade invading pathogens (Martin & Frevert, 2005).

The alveolar epithelium consists primarily of two specialized cell types: type | and type |l
alveolar epithelial cells. Type 1 cells exhibit a complex morphology characterized by
extensive cytoplasmic leaflets that line most of the alveolar surface, forming the
extensive interface required for efficient gas exchange (Weibel, 2015). Type 2 cells serve
as progenitor cells for type 1 and are responsible for the secretion of pulmonary
surfactant. (Weibel, 2015). Pulmonary surfactant is composed predominantly of
phospholipids, including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
phosphatidylglycerol, alongside neutral lipids such as cholesterol and surfactant

proteins A-D (Nkadi et al., 2009).

Nanoparticles, also known as ultrafine particles, typically measure between 1 and 1000
nanometres in diameter. While they are a component of ambient air pollution, they are
also intentionally engineered for a wide range of applications, including medical
applications (Malaviya et al., 2020). As an example, DNA-modified nanoparticles have
been synthesized for applications such as nanobarcoding and DNA sensing (Samanta et

al., 2016).

Several independent studies have demonstrated that particle size and surface area are
critical factors influencing the extent of pulmonary damage. Fine (£2.5 um) and ultrafine
particles (0.1 um) ( Kumar et al., 2021), due to their ability to penetrate deep into the
respiratory tract and lodge within the alveoli, where up to 50% may remain in the lung
parenchyma, are particularly potent in triggering inflammatory and oxidative responses
(Valavanidis et al., 2008). Depending on their chemical makeup and physical properties,
they have the potential to induce acute inflammation, which may eventually lead to

pulmonary fibrosis. (Malaviya et al., 2020)



1.2.1 Lungin vitro models

Among the different lung derived cell types used for two-dimensional (2D) cell cultures,
are A549, Calu-3, BEAS2B or hAELVI cells to investigate basic respiratory functions, drug
transport, and cytotoxicity. Calu-3 cells originate from the submucosal gland of a human
cancer patient and exhibit high levels of goblet cell markers. When grown at the air-liquid
interface (ALl), they differentiate into various cell types, making them valuable for
investigating mucus production and mucociliary dysfunction. In contrast, A549 cells,
which are frequently used as a model for the alveolar epithelial barrier, come from type 2
pneumocytes. These cells primarily have a secretory role and play a minimal part in
forming the epithelial barrier (Forbes & Ehrhardt, 2005). Therefore, alternative alveolar
cell models that accurately represent the barrier-forming type 1 pneumocytes are more
appropriate for experiments involving permeability, diffusion, or barrier disruption.
Currently, the only cell line available for modeling alveolar type 1 pneumocytes is the
hAELVicellline (Kuehn etal., 2016). While these 2D in vitro models are cost-effective and
reproducible, they lack the complex architecture and cellular diversity of native lung

tissue. (Kuhl et al., 2023).

Air-liquid interface (ALI) airway culture models can replicate the characterisric features
of the respiratory tract in vitro (Chiok et al.,, 2024). In ALl systems, primary airway
epithelial cells are cultured on permeable supports, exposing the apical surface to air
and the basal surface to nutrient media. This setup promotes differentiation into an
epithelium with ciliated and mucus-producing cells, making ALl cultures valuable for
studying mucociliary clearance, barrier function, and respiratory infections ( Miller et al.,
2017). According to Kuhl et al., a key limitation of ALI cultures is their limited lifespan,
once fully differentiated, the cells gradually lose viability, making them less suitable for

prolonged or high-throughput studies ( Kthl et al., 2023).

Advancements in stem cell technology have led to the creation of three-dimensional (3D)
lung organoids. These structures, derived from human pluripotent stem cells, self-
organize into miniaturized versions of lung tissue, recapitulating key aspects of lung
development and disease. Lung organoids have been instrumental in modeling
conditions such as cystic fibrosis, pulmonary fibrosis, and viral infections, providing a

platform for drug testing and personalized medicine ( Kihl et al., 2023).



In contrast to cellular cell models, organoids represent fully differentiated 3D tissue
structures. Lung organoids are derived from human induced pluripotent stem cells
(iPSCs), ex vivo adult stem cells (ASCs), or embryonic stem cells, and can be cultured at
the air-liquid interface (ALI) or within hydrogels (Choi et al., 2020). Three-dimensional
organoid systems cultured in hydrogels were initially established to explore lung
development (Franzdéttir et al., 2010). However, more recently, these models have been
extended to a broader range of applications, including the investigation of respiratory
disorders, viral infections, and the assessment of drug-induced toxicity (Barron et al.,

2021).

Precision-cut lung slices (PCLSs) offer a three-dimensional experimental model that
closely reflects the native lung environment. Conventional cell cultures and organoid
systems depend on long differentiation processes, whereas PCLSs retain intact tissue
architecture and distinct macrophage subsets. However, the availability of human PCLSs
is restricted, and their viability in culture is limited to approximately one week, in contrast
to air-liquid interface (ALI) cultures, which can be maintained for 21-28 days.
Consequently, PCLSs are not well suited for long-term exposure studies (Barron et al.,

2021).



Table 2.Most common in vitro respiratory models

Model type

In vitro example of
host pathogen

interaction

Cell types used

Reference

Submerged cell

Respiratory  syncytial

Bronchial cell line

Becker et al.,

alveolar type 2 cells

(ALl monoculture)

Calu-3 cell line ( ALI

co-culture)

line culture virus (BEAS- 2B); Primary | 1992
human and
bronchial epithelial
cells
ALl cultures SARS- CoV Primary human | Qianetal., 2013

from cancer
patients undergoing

lung resection

Organoids Parainfluenza iPSCs, ASCs, | Porotto et al.,
human embryonic | 2019
stem cells

PCLS Influenza Healthy lung slices | Wu etal., 2010




1.3 Passage of fine particles from the lung into the brain

Air pollution continues to pose a significant global threat to public health. Over the past
several decades, extensive epidemiological and experimental research has identified the
lungs and cardiovascular system as the primary organs affected by exposure to polluted

air (Qietal., 2022).

Exogenous fine particles and nanoparticles are capable of entering the human brain
through the lung-blood-brain pathway. (Qi et al., 2022) Once inhaled, cellular toxicity is
size dependant, meaning that nanoplastics have a greater ability to penetrate biological

systems than microplastics ( Liu et al., 2021).

Uponinhalation, fine and ultrafine particles deposit on the surfactant film at the air-liquid
interface of the alveoli. Surface forces can displace these particles, allowing them to
interact with primary target cells. Ultrafine particles, due to their small size of < 100
nanometers in diameter, can penetrate through lung tissue compartments, reaching
capillaries and entering the bloodstream. This systemic circulation enables their
distribution to various organs, including the liver, spleen, kidneys, heart, and brain (Peters

etal., 2016).

This translocation can occur even in the absence of apparent damage to the BBB
however, exposure to such particles frequently leads to compromised structural integrity

and deformation of the blood vessels of the BBB (Qi et al., 2022).

Recent findings establish a strong connection between air pollution or occupational
exposure and the accumulation of particles in brain tissue, a phenomenon that may play
a role in the development of neurological disorders. Notably, in this study the brain
retains these particles for a longer duration than other organs, suggesting the potential

for sustained toxic effects within the CNS (Qi et al., 2022).
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1.4 Plastic

Plastic has become an integral part of modern life, yet its widespread use has raised

significant concerns about its impact on human health and the environment.

In 2017, more than eight million tons of plastics entered the oceans, this amount is >33
times as much as that of the total plastics accumulated in the oceans by 2015. (Li et al.,
2023). There are many different types of plastics including polypropylene (PP),
polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS), polyurethane (PU),
polyvinyl chloride (PVC), and polycarbonate (PC) ( Geyer et al. 2017). Polyethylene (PE) is
the most widely produced plastic in the world. It accounts for approximately 36% of all

non-fiber plastic ever made ( Geyer et al. 2017).

Most plastics are produced from non-renewable petroleum sources. Their incineration
releases toxic substances such as CO,, dioxins, and mercury, posing environmental and
health risks (Verma et al., 2016). Recycling plastic remains economically unattractive, as
virgin plastic is cheaper to produce, its cost influenced by natural gas prices and global
politics. Current recycling methods mainly target uniform, high value plastic waste (
Merrington et al.,, 2017). Despite these facts, plastic quickly gained widespread
popularity, not only because of its low production cost, but also due to its lightweight
nature, versatility, and excellent performance (Geyer et al, 2017). Its remarkable
durability and resistance to biodegradation have even led scientists to name the current

geological epoch, the Plasticene Age (Reed, 2015).

Because of their durability, these plastic wastes undergo continuous fragmentation
through “aging” processes such as exposure to ultraviolet radiation, temperature

fluctuations, mechanical wear, and biological activity (Dawson et al., 2018).

When broken down into particles smaller than 5 mm, they were classified as
microplastics (MPs), with particles under 1 um further categorized as nanoplastics (NPs).
MPs are divided into two types based on their origin: primary MPs, which are deliberately
produced for use in cosmetic products, and secondary MPs, which result from the
degradation and weathering of larger plastic items like textiles and tires (Wright and Kelly,

2017).
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Plastic particles have been detected in aquatic organisms, including oceans, sediments,
rivers and soil (Wright et al., 2013), and surprisingly food items such as salt, sugar, honey,
beer and plastic bottles also feature these particles (Banerjee et al., 2021; Brachner et

al., 2020; Prata et al., 2020, Wright & Kelly, 2017).

Microplastics are detected from the south to Antarctica (Aves et al., 2022), north to the
Arctic, (Bergmann et al., 2022), even up to the peak of Mount Everest ( Napper etal., 2020)

Plastic is the largest part of marine garbage (Rellan et al., 2023).

Plastic particles the environment can enter the human body through different ways, such
as contaminated air or ingestion via water or food, as mentioned before. These particles
can also interact with the skin, via contact with contaminated dust, clothing, or other
contaminated products (Prata et al., 2020). Additionally, plastic particles may enter the
human body through parenteral routes (Banerjee and Shelver, 2021; Weis et al., 2015).

Plastic particles were also reported to be seen in the human blood (Leslie et al., 2022).

The widespread use of these polymers leads to an omnipresent source of contamination,
through contact with or intake of food, water, or air. All of this illustrates the diverse forms
and sources of micro- and nanoplastics in the environment and, consequently, the

potential human exposure to plastic particles in everyday life.
1.4.1 Polystyrene

The focus in this study was on polystyrene nanoplastics. Polystyrene (PS) is a widely used
plastic polymer found in packaging materials, disposable cutlery, and foam products.
Due to its low biodegradability and high fragmentation potential, polystyrene contributes
significantly to microplastic pollution. Studies have shown that polystyrene micro- and
nanoplastics can induce oxidative stress, inflammation, and cellular toxicity in BEAS-2B
cells in vitro and thus potentially in humans upon exposure (Dong et al., 2020). The
toxicity of polystyrene particles largely depends on their size, shape, and surface
chemistry, which influence their interaction with biological systems (Banerjee and

Shelver, 2021).
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1.5 Routes of Human Exposure to Plastics

Plastic particles can enter the human body through several primary routes: ingestion,

inhalation, and dermal absorption (Wu et al., 2022).

Ingestion and inhalation are the two major exposure pathways. An adult may consume
approximately 5.1 x 10° microplastic particles from table salts and up to
4.1 x 10* microplastic particles via drinking water annually (Wu et al., 2022). Plastic in
bottled drinking water was found to be from the caps and could have long-term exposure
implications (Choudhary et al., 2020). Particles have also been found in beer, energy
drinks and other soft drinks (Kosuth et al., 2018; Shruti et al., 2020) and more recently
microplastics have been found within the flesh of fruit (especially Apples) and vegetables
(especially carrots) (Oliveri Conti et al., 2020). Meanwhile, inhalation intake ranges from
0.9 x 10*to 7.9 x 10* microplastic particles peryear (Wu et al., 2022). The airborne micro-
and nanoplastic have their origin mostly in urban dust that contains textile fibres, wear
particles from tire and road materials, like paint (GoBmann et al., 2022; Prata, 2018). The
intake of these particles would be further distributed in different tissues and organs of

humans depending on their sizes.

Although all three routes contribute to human exposure to microplastics and
nanoplastics, particles in the environment represent an important pathway of exposure.
This is due to long-term weathering of polymers, leaching of polymer chemical additives,
residual monomers, exposure to pollutants and pathogenic microorganisms all being

active in these environments (Li et al., 2018; VirSek et al., 2017).
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1.6 Healthrisks and potential toxicity of (Nano)plastic

A major issue when determining the risks of microplastics to human health is the lack of
information on human exposure. Adequate analytical tools to sample, isolate, detect,
quantify, and characterize small microplastics, especially nanosized plastic particles,
are urgently needed (Vethaak & Legler, 2021). There’s also the issue of standardization of
analytical approach. It is missing, thus researchers face a lack of reference materials,

experimental design and official definitions (Brachner et al., 2020).

The first atmospheric measurements of larger-sized, predominantly fibrous
microplastics indicate that plastic particles are a relevant component of fine dust, with,
for example, deposition rates in central London ranging between 575 and 1008

microplastic particles per square meter per day (Wright et al., 2020).

Nanoplastic exposure raises more concern, due to their small size, there are potential
risks to the respiratory tract, as ultrafine and nanoparticles are known to penetrate to the

alveolar regions of the lungs, potentially impairing their functions (Michelini et al., 2025).

In vitro experiments have demonstrated that nanoplastics can induce oxidative stress,
inflammatory responses, and cytotoxicity in lung epithelial cells, raising concerns about
respiratory health (Prata, 2018; Rodrigues et al., 2025). Animal studies further suggest
that ingested or inhaled microplastics can translocate to multiple organs, including the
liver, kidneys, and brain, potentially disrupting immune function and causing oxidative

damage (Garcia et al., 2023).

Two other research groups have recently checked the toxicity of NPs in lung and bronchial
cells. Xu and colleagues found that polystyrene nanoplastics (25 and 70 nm) impaired
viability and upregulated nuclear factor (NF)-kB as well as some pro-inflammatory
cytokines at concentrations of 50 pug/mL and above in the human alveolar epithelial line

A549 (Xuetal., 2019).

While larger microplastics are mostly excreted via feces, nanoplastics may cross the
intestinal barrier and enter the bloodstream, because of their small size. Although acute
intestinal toxicity is unlikely under realistic exposure levels, persistent low-level

accumulation of these particles in the gut could pose unknown risks (Wright et al., 2017).
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In general, it must be noted that all these effects and the associated toxicity can vary
greatly among different types of plastics, meaning that the harmfulness mainly depends
on the type of plastic and the related particle characteristics (Banerjee and Shelver,

2021).
1.7 6ppd-quinone

N'-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD), a commonly used
antioxidant in rubber manufacturing, has attracted worldwide concern, because its
environmental oxidation product, 6PPD-quinone (6PPD-Q), poses significant toxicity and

eventual health risks. (Yi et al., 2025)

The compound 6PPD-quinone was first identified as the cause of acute toxicity in coho
salmon (Oncorhynchus kisutch). For decades, unexplained mass die-offs of coho
salmon were observed in urban streams following rainstorms in the U.S. Pacific
Northwest. Despite numerous investigations, the cause remained elusive. To uncover the
culprit, a dedicated research team in Canada formed a task force. After five years of
intensive study, they successfully pinpointed 6PPD-quinone as the responsible agent in

2020 (Tian et al., 2021).

Although awareness of 6PPD-quinone as an environmental contaminant is growing,
there is still a substantial lack of comprehensive knowledge regarding its behavior,
transformation, and effects across different environmental compartments. Its
transformation mechanisms, degradation rates, and interactions with co-occurring

pollutants remains not fully understood. (Hassan Kazmi et al., 2024)

According to Greer et al.,, exposure with 6PPD-quinone leads to transcriptional
alterations in pathways associated with vascular permeability, compromising the
integrity of cell-cell adhesions and impairing endothelial junctions (Greer et al., 2023).
These physiological effects manifest in a set of symptoms collectively termed "urban
runoff mortality syndrome," (Yi et al., 2025) which includes signs such as disorientation,
loss of equilibrium, and ultimately death. Alarmingly, the compound's acute lethal
concentration (LC50) for coho salmon is just 95 ng/L,- well below levels commonly

detected in the environment (Greer et al., 2023).
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Investigations into other fish species have demonstrated a wide range of sensitivity to
6PPD-quinone. Brook trout and rainbow trout, for instance, are significantly less sensitive
than coho salmon but still experience mortality at environmentally relevant
concentrations. In contrast, species like sockeye salmon, zebrafish, and Atlantic salmon
showed apparent behavioural effects or mortality under similar exposure conditions

(Greeretal., 2023).

In mice studies it was shown that both 6PPD and its transformation product, 6PPD-
quinone, may possess hepatotoxic properties. These compounds were found to
accumulate in the liver and contribute to disruptions in lipid metabolism, indicating a

potential risk for liver dysfunction (Fang et al., 2023).

As tire wear particles (TWPs) are continuously released into the environment, 6PPD-
quinone (6PPD-Q) has become widely dispersed across air, water, soil, and biological
systems, where it bioaccumulates through the food chain. Significantly, 6PPD-Q has
been identified in human urine, serum, and cerebrospinal fluid, and its link to abnormal
a-synuclein aggregation in the brains of individuals with Parkinson’s disease highlights its

potential neurotoxicity. (Yi et al., 2025)

In the atmosphere, 6PPD reacts with ozone under light and high temperature conditions
to form 6PPD-Q. (Yi et al., 2025) Both 6PPD and 6PPD-Q are widely found in indoor and
outdoor dust at ng/g levels, of 1.7-223 for 6PPD and 0.33-82 ng/g for 6PPD-Q posing
exposure risks through ingestion, inhalation, and skin contact. Infants in particular, show
higher intake levels compared to adults (Zhu et al., 2024). Fang et al. demonstrated in
2023 that exposure to 6PPD-Q may increase the liver weight and the triglyceride level,

and also may alter the hepatic metabolism in mice (Fang et al., 2023).

In humans, higher concentrations of 6PPD-quinone (6PPD-Q) detected in the follicular
fluid of women with polycystic ovary syndrome (PCOS) have been associated with a range
of reproductive disruptions. These include prolonged menstrual cycles, elevated serum
levels of testosterone and anti-Mullerian hormone (AMqiH), an increased luteinizing
hormone (LH) to follicle-stimulating hormone (FSH) ratio, a decrease in the rate of high-
quality embryo development, and reduced levels of growth differentiation factor 9 (GDF9)

within the follicular fluid (Yu et al., 2024).
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A chinese biomonitoring study detected the presence of 6PPD-quinone in human urine,
with concentrations exceeding those of its parent compound, 6PPD. The analysis, based
on 150 urine samples from various demographic groups, revealed that pregnant women
exhibited the highest average levels of both substances: 0.068 ng/mL for 6PPD and 2.91
ng/mL for 6PPD-quinone (Du B et al., 2022). In another study, 6PPD-Q was quantified at
0.40, 0.076, and 2.91 ng/mL in the urine samples of adults, children, and pregnant
women, respectively, with detection frequencies ranging from 60% to 100%. Additionally,
experiments conducted on mice have indicated that 6PPD exhibit a higher likelihood

of bioaccumulation in the liver of mice in comparison to 6PPD-Q (Fang et al., 2024).

In another study, Patients with Parkinson’s disease revealed elevated levels of 6PPD-
quinone in their cerebrospinal fluid, averaging 11.18 ng/mL, compared to 5.07 ng/mLin a
healthy control group. The findings indicate that 6PPD-quinone may contribute to
neurodegenerative processes, as it was shown to promote the formation of Lewy neurites
at environmentally relevant concentrations and to induce mitochondrial dysfunction in
primary dopaminergic neurons (sourced from C57BL/6 mice) using an a-synuclein

preformed fibril (PFF) seeding model (Fang et al., 2023).

The results indicate that broader investigations of 6PPD-quinone effects in human cells

are required to assess potential health risks.
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2. Aim of the thesis

The aim of this thesis is to explore the potential health risks posed by environmental
particle exposure, focusing on both well-characterized plastic-related substances and
complex airborne materials. This investigation is structured around three distinct yet
complementary approaches using in vitro cell culture systems. Firstly, the study should
assess the effects of synthetically produced and chemically defined plastic particles on
cells of the central nervous system (CNS), including their impact on the blood-brain
barrier (BBB). Secondly, the toxicity of 6PPD-quinone (6PPD-Q), a small molecule derived
from tire wear particles, which has demonstrated aquatic toxicity and is now tested here
for its neurotoxic potential on mammalian cells should be examined. Thirdly, the thesis
should investigate complex, undefined airborne dust extracts collected from school
classrooms in Spain during both winter and summer seasons. These samples, which
reflect realistic environmental exposure scenarios, should be applied to the human
alveolar epithelial cell line A549 to evaluate their impact on lung cells and assess
seasonal variation in potential toxicity. While the defined nanoplastic particles and
6PPD-Q should be tested using CNS-related models, the school air samples should be
screened using a respiratory model, acknowledging the lungs as the primary site of
airborne particle exposure. Through this comparative approach, the study also aims to
evaluate the applicability of in vitro models as reliable tools for monitoring particle-

induced toxicity and health risks.

18



3 Materials and Methods

3.1 Materials

Table 3. Polystyrene Nanoparticles

Name

Company

Catalogue No.

Concentration

mg/mL

Polybead
Microspheres 0.1

um

Polysciences

00876-15 ml

26.0

Polybead
Carboxylate
Microspheres 0.1

um

Polysciences

16688-15 ml

27.0

Polybead Amino
Microspheres 0.1

um

Polysciences

16586-5 ml

26.3

Polybead
Microspheres

0.05pum

Polysciences

08691-10ml

26.0

Polybead
Carboxylate
Microspheres

0.05pum

Polysciences

15913-10ml

27.0

DiagPoly amine
polystyrene

particles 0.05 um

CD Bioparticles

DFO-L027

10.0

The particles purchased from Polysciences /CD Bioparticles. According to the product
data sheet, particles produced by CD Bioparticles are stored in deionized water

containing a small amount of surfactant, and 2 mM sodium azide.
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Table 4. Devices

Name

Company

CellDrop FLTM

DeNovix Inc.

Enspire: 2300 Multilabel Reader

Perkin Elmer

EVOM3- Trans Epithelial Electrical

Resistance (TEER) meter

World Precision Instruments

Grant SUB Aqua Pro : SAP 12

Grant Instruments

Herasafe KS 18 Laminar Air Flow

Thermo Fisher Scientific

Incubator (MCO-170A/C)

Panasonic

Mikroskop: Olympus BX43 FCKX41

Olympus Austria GmbH

NTA: ZetaView Quatt 4 — Laser System

Particle Metrix GmbH

pH-Meter Mettler

Mettler toledo Seven Direct SD50

Ultrasonic bath

VWR, USC-TH

UV Lamp 15 W, Germicidal

Osram

Vortex: Genie 2

Scientific Industries
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Table 5. Consumables

Name Company Catalogue Npo.
24-well cell culture plate Greiner Bio-One 662641

96-well cell culture plate Greiner Bio-One 655 180

96-well cell culture plate - | Thermo Fisher 167425
Nunclon Delta Surface

HPLC vials N11, flat, crimp | Macherey-Nagel 702 01HP

neck, 1.5 ml, 11.6x32 mm,

clear

Microplate 96-well, F- Greiner Bio-One 655096

bottom, chimney well,

black

Microplate 96-well, F- Greiner Bio-One 655101

bottom, transparent

Parafilm 10.2cmx 38.1m | LabShop PM-996

roll

Petri dishes, 100 x 15 mm Kord Valmark 877-877-9680
Pipette tips, safeseal Biozym VT0200,VT0230VT0240

SurPhobsterile tips (10uL
100 pL, 200 pyL 1000 pL)

Serological pipettes (5 Sarsted 861.253.001
mL, 10 mL, 25 mL)

861.254.001
861.685.001

Syringe 1 mL Inject F-Solo | VWR/B.Braun 720-2561

Syringe 10 mL Inject Luer VWR 4606108V

Solo

T25 cell culture flask with Greiner Bio-One 690175

filter

T75 cell culture flask with Greiner Bio-One 658175

filter

ThinCerts™ inserts for 24- | Greiner Bio-One 662641 LOT: 23180116

well plates, pore size 0.4
Mm, transparent

ThinCerts™ inserts for 24- | Greiner Bio-One 662610 LOT:23180134
well plates, pore size 0.1

pMm,transparent
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Table 6. Chemicals

Name Company Catalogue Npo.

Ascorbic acid (AA) Sigma-Aldrich A4544

Bovine Serum Albumin Roth 8076.2

(BSA)

Calibration beads for the Particle Metrix 120-0104

ZetaView - fluo640,

DR-660-200 nm

Calibration beads for the Particle Metrix 110-0020

ZetaView - scatter,

PS beads-100 nm

Collagen IV Sigma-Aldrich C5533-5mg

DMEM Sigma-Aldrich D5796 - 500mL

DMSO (Dimethylsulfoxid) ThermoFisher Scientific D2438-50ML

Dulbecco’s Phosphate Gibco 14190-094

Buffered (DPBS)

EBM-2 medium, 1L Lonza, Szabo-Scandic LON190860

EGTA Sigma-Aldrich E3889

FBS: Fetal bovine serum Sigma-Aldrich F9665
LOT:19A124

Gelatine Sigma 22,151.02

hbFGF Sigma- Aldrich P0291-2506

HEPES solution, 1M pH
7.0-7.6, sterile filtered

Life Technologies Sigma
Aldrich

15630-080/ HO887

L-Glutamine (200 mM) Sigma Aldrich G7513
MEM Non-Essential Amino | Gibco 11140-035
Acids Solution (MEM

NEAA)

MTT (Thiazolyl Blue Sigma-Aldrich M2128
Tetrazolium Bromide)

Penicillin/Streptomycin; Sigma- Aldrich 15140-122/ 15630-080
solution stabilized with

10 000 units of penicillin

and 10 mgstreptomycin/ml

Trypsin/EDTA Pan Biotech P10-023100
Vasculife basal medium CellSystems LM-0002

(475 mL)
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3.2 Cellculture

All cell culture work was performed in a sterile laminar flow hood. The cells were cultured
in an incubator at 5% CO, (atmospheric air), 37°C, and 95% humidity.
Before each procedure involving the cells (such as medium change, seeding, or
experiments), the cells were examined under a microscope for appearance, density, and

morphology, as well as for the absence of contamination.
3.2.1 Celllines

Three human cell lines were used in experiments: the human brain microvascular
endothelial cell line hCMEC/D3, human microglial cell line HMC3 and human lung

adenocarcinoma cell line A549.

The hCMEC/D3 cell line originates from microvessels of the human temporal lobe,
obtained from surgical samples collected during an epilepsy treatment procedure from
an adult female epilepsy patient. The initial cell population was enriched for cerebral
endothelial cells (CECs) (Weksler et al., 2005). To achieve immortalization, cells
underwent sequential transduction with lentiviral vectors encoding the catalytic subunit
of human telomerase (hTERT), which extends telomeres, and the SV40 large T antigen,
which inhibits tumor suppressor pathways (Weksler et al., 2005; Poller et al., 2008).
Immortalized CECs were then selected through limiting dilution cloning, and the resulting
clones were thoroughly validated for their brain endothelial characteristics (Poller et al.,

2008).

HMC3 human microglial cells are transformed human microglial cells that retain the
properties of primary microglial cells. The HMC3 cell line was established through SV40-
dependent immortalization of a human fetal brain-derived primary microglia culture
(Dello Russo et al,, 2018). Resting HMC3 cells exhibited strong positivity for the
microglia/macrophage marker IBA1 and expressed the endotoxin receptor CD14, while
showing no expression of the astrocyte marker GFAP. Markers indicative of microglial

activation, including MHCII, CD68, and CD11b, were not expressed in resting HMC3
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cells, but their expression was significantly upregulated following activation with IFN-

gamma (10 ng/mL for 24 hours) (Li et al., 2009).

A549 cells are adherent epithelial cells derived from a human alveolar basal epithelial
adenocarcinoma. The cell line was established in 1972 from the lung tissue of a 58-year-
old Caucasian male (Giard et al., 1973). A549 cells are widely used as a model of alveolar
epithelial function and lung-related toxicity or drug delivery studies. They exhibit key
epithelial features, such surfactant production, and are known to retain a functional p53

pathway (Lieber et al., 1976; Foster et al., 1998).
3.2.2 Cell maintenance and seeding

hCMEC/D3 cells were passaged every Wednesday at a 1:3 ratio with a seeding cell
number of 40.000 cells/ cm? and required a gelatine-coated surface for proper
attachment. Gelatine (Sigma) coating of T25 flask was performed by applying sterile 0.5%
gelatine solution to the flask (2 mL for T25 flask), distributing it on the surface of the flask
and incubating for minimum 30 minutes at room temperature. The cells were grown in
EBM-2 medium, supplemented by 10mM HEPES, 5% of FBS Fetal Bovine Serum (Sigma),
1% of Penicillin/Streptomycin (Sigma), 5ug/ml of Ascorbic acid (Sigma) and 1ng/ml of
hbFGF (Sigma). The medium change followed a strict, weekly schedule where the

medium was changed every Monday, Wednesday and Friday.

For the monoculture experiment the hCMEC/D3 cells were passaged, by detaching them
by washing the T25 flask twice with 3mL of DPBS, adding 700 uL of Trypsin-EDTA solution
to the flask and tilting the flask to distribute the solution on the surface. The flask was
then incubated for 3 minutes in the incubator. Detachment of cells was verified by eye or
in the microscope. The detached cells were resuspended in 5.3 mL of complete growth
medium, the cell suspension was homogenized and singularized by pipetting up and
down 5 times, using a 5 mL serological pipette and transferred to separate Falcon tubes
for each condition. A new culture flask was prepared by coating it with 2 mL of 0.5%
gelatin solution and incubating it at room temperature for 30 minutes. After aspirating the
0.5% gelatin solution, 3 mL of complete EBM-2 medium were added to the new flask as

well as 2mL of cell suspension to achieve a splitting ratio of 1:3.
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Cell counting was done with the automated cell counter (CellDropFL). Cell count was
done three times per every condition, by applying 10 uL of cell suspension to the cell
counter device for every count. Having measured 3 times, cell number was averaged. The
cell suspension was calculated accordingly to obtain the needed amount required for

each seeding.

The HMCS3 cells were grown in basal EMEM growth medium (Sigma) supplemented with
10% of FBS Fetal Bovine Serum (Sigma), 1% of Penicillin/Streptomycin (Sigma), TmM of
Na- Pyruvate (Sigma), TmM of MEM NEAA Non Essential Amino Acids (Gibco), 2mM of L-
Glutamine (Gibco), (EMEM 5+). HMC3 cells were passaged once a week with seeding a
cellnumber of 40.000 cells/cm?. These cells were seeded in the same way the hCMEC/D3
were seeded, but the medium change followed a different protocol, where the medium

used was EMEM 5+ and it was changed every Monday, Wednesday, Friday and Sunday.

A549 cells were passaged twice a week with seeding a cell number of 10.000 cells/cm?
for inserts and 36.000 cells/cm? for the wells of 96 well plate. Cells were grown in basal
Dulbecco's Modified Eagle Medium DMEM, supplemented by 10% of FBS Fetal Bovine

Serum (Sigma) and 1% of Penicillin/Streptomycin (Sigma).

The lung cells were passaged, by detaching them by washing the T25 flask twice with 3mL
of DPBS, adding 700 uL of Trypsin-EDTA solution to the flask and tilting the flask to
distribute the solution on the surface. The flask was then incubated for 3 minutes in the
incubator. The detached cells were resuspended in 7.3 mL of DMEM medium,
supplemented with10% fetal bovine serum (FBS; Sigma) and 1% penicillin/streptomycin
(Sigma) The cell suspension was homogenized and singularized by pipetting up and down
5 times, using a 5 mL serological pipette and transferred to separate Falcon tubes for
each condition. No gelatin solution was needed for coating the new flask. 7mL of DMEM
++ medium were added to the new flask as well as 1mL of cell suspension to achieve a
splitting ratio of 1:8. The medium change followed a strict, weekly schedule where the

medium used was DMEM ++ and changed every Monday, Wednesday and Thursday.

Allcell lines were grown in their respective medium and incubated at 37°C, 5% C0O2, 95%

air atmosphere, 95% humidity.
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For the co-culture experiment, 24-well plates (Greiner) and ThinCerts® with a pore size of
0.4 um (Greiner, transparent) were used. The basolateral side of the inserts (the wells)
were filled with 900 pL complete EBM-2 medium. The apical side of the inserts were filled
with 300 pL of DMEM++ medium. On Day 2 and Day 4 the medium was changed. For this
the inserts were moved to an empty plate so the basolateral medium could be aspirated
and replaced by 900 pyL of complete EBM-2. The inserts were flipped over a Petri dish
using forceps toremove the old medium. The inserts were then moved back to the original
plate with fresh medium and 300 pL of complete DMEM++ was added to the apical side.
On Day 7, the procedure was repeated but instead of complete EBM-2 medium the old
medium was replaced with serum reduced EBM-2 (0.25% FBS) ( refer to chapter 3.5.6

Experimental procedure).
3.2.3 Solutions

1 mg/ml Ascorbic acid:

The end concentration of ascorbic acid solution added up to 1 mg/mL: Total volume of
solution - 20 mL: 20 mg of ascorbic acid was dissolved in 20 mL basal EBM-2 and sterile
filtered (0.22 um). The solution was aliquoted in 1.5 mL Eppendorf vials and stored at -

20°C.

0.5 % gelatine for coating:

1L of 0.5% gelatine solution (w/v) was prepared by dissolving 5 g of gelatine powderin 1L
deionized water in a glass bottle at 55-60°C. The solution was then autoclaved at 120°C

for 30 minutes, cooled down, and stored at room temperature.

hbFGEF:

hbFGF was dissolved in 0.1% BSA at 100 pyg/mL to make a stock solution. This stock
solution was then diluted to 200 ng/mL in 0.1% BSA for EBM-2 medium. Solutions were

sterile-filtered, aliquoted, and stored at -20 °C, with in-use aliquots of 5 mL kept at 4 °C.

MTT Stock Solution

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide): 5 mg

(Concentration: 5 mg/mL)
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The MTT stock solution was prepared by dissolving 50 mg MTT in 10 mL PBS (phosphate-
buffered saline) and subsequently sterile-filtered with a syringe filter with a por size of
0.22 uym. The stock solution was stored in a 15 mL tube (made of polypropylene, PP) at

4 °C. The solution was stored in the dark at 4 °C and used within 4 weeks.

EBM-2 Complete Medium:

The following final concentrations were used (dissolved in EBM-2):
- Ascorbic acid: 5 pyg/mL

- HEPES: 10 mM

- FBS: 5%

- Pen/Strep: 1%

- hbFGF: 1 ng/mL

The prepared complete EBM-2 medium (without hbFGF) was stored in a 50 mL
polypropylene tube at 4 °C and warmed to 37 °C before use. This medium was used
within one week of preparation. The growth factor hbFGF was added immediately before
usetoreachafinal concentration of 1 ng/mL (e.g., for 50 mL of EBM-2 complete medium,

250 yL hbFGF). Once the hbFGF was added the medium was used up on the same day.
EMEM 5+

The growth medium for HMC3 cells was EMEM 5+. The following final concentrations

were used ( dissolved in EMEM)
—Natrium Pyruvate: 1mM

- NEAA:0,5mL

- FBS: 10%

- Pen/Strep: 1%

-L-Glutamine: 2 mM

The prepared complete medium was stored in a 50 mL polypropylene tube at 4 °C and

warmed to 37 °C before use. The solution was used within one week of preparation.
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3.3 Preparation of nanoparticles

Nanoparticle suspensions were transferred into 1.5 mL HPLC glass vials, sealed with
parafilm, and sonicated for 10 minutes in an ultrasound bath without heating. Under a
laminar flow hood, spectroscopic glass cuvettes were rinsed with water and then with
ethanol. Approximately 10% more nanoparticle solution than required was pipetted into
each cuvette. The prepared cuvettes were then positioned in the laminar flow cabinet as

shown in Figure 2 (green circle).

755cm

/”“

Figure 2: Laminar flow cabinet used for UV radiation of nanoplastic. Green circle represents the
area where the glass spectroscopical cuvettes were placed. (Chmielewska, 2023)
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The laminar flow cabinet was closed and the UV lamps were turned on for 30 minutes.
Then, the samples were collected in 1.5 mL Eppendorf tubes. Different nanoparticle
concentrations in basal cell culture media were achieved via partial serial dilution. The

scheme of the performed serial dilutions can be seen in Figure 3.

Emm > EEm
—»<

Cmm > G

Figure 3: Serial dilution — concentrations of nanoparticles ( adapted from Chmielewska, 2023.

Each dilution was adjusted to match the water content of the highest concentration.

Before application to the cells, dispersions were vortexed and mixed with a micropipette.

28



3.3.1 Staining of particles with AttoDye

To prepare the dye solution, 1 mg of Atto665 dye was dissolved in 1 mL of sterile-filtered

(0.22 um) deionized waterin a 1.5 mL HPLC vial.

For the nanoplastic particle preparation, 5-7 drops from the stock solutions of
nanoplastic particles were added to 1.5 mL HPLC glass vials. ( refer to Table 3 in chapter
3.1). The samples were then sonicated for 10 minutes without heat to ensure proper

dispersion. Following sonication, the solutions were transferred to 2 mL glass vials.

To achieve a final dye concentration of 6 pg/mL, 24 uL of the Atto665 stock solution was
added to each Nanoplastics sample. For Polystyrene carobxylated 50 nm, 100 nm and
Polystyrene aminated 100nm, 1902 uL Milli-Q water and 74 uL of each nanoplastic stock
solution was added to the 24 L of the Atto665 dye. For Polystyrene pristine 50nm and
100nm, 1900 pL Milli-Q water and 76 pL of it’s nanoplastic stock solution was added to
the 24 pL of the Atto665 dye. And lastly for Polystyrene aminated 50nm, 1778,4 pL Milli-
Q water and 197,6 pL of its nanoplastic stock solution was added to the 24 pL of the
Atto665 dye. The mixtures were then vortexed to ensure homogeneity. 1.5 mL of each
sample was transferred into 2 mL glass vials (two vials per sample), sealed with parafilm
and aluminum foil, and incubated for 2 hours at room temperature at 100 rpm. The
incubation was conducted in a non-transparent box with a lid to prevent interference

from UV light.

During the staining process, 5 Litre beakers were filled with 2 Litre of Milli-Q water in
preparation for dialysis. Once staining was complete, the samples were transferred into

a dialysis tube and subjected to dialysis with daily water changes for a period of five days.

After dialysis, the samples were collected in 1.5 mL HPLC glass vials for further analysis.
Fluorescence measurements were performed using a plate reader, followed by
nanoparticle tracking analysis (NTA). The size, the zeta potential, and the number of
fluorescent particles of the nano plastic particles were established on the ZetaView NTA

device.
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3.4 Cell cultivation in 96-well plates/ Experimental setups

3.4.1 Experimental setup of hCMEC/D3 and nanoplastic

hCMEC/D3 endothelial cells were seeded on pre-coated (0.5% gelatin in deionized
water, 100 pL/well, 30 minutes, room temperature) 96-well plates. Two plates were used
for each experiment. Gelatin was removed using a multichannel pipette immediately
before cell seeding. Cells were seeded into 11 out of 12 columns; the 12th column served
as a blank, containing only medium without cells, to allow for background correction
during absorbance measurements. The total volume of the cell suspension or medium

(blank column) was 200 pL per well.

The seeding density was 40,000 cells/cm?®. Cells were washed the twice with 3mL of DPBS,
and then detached using 700 pL Trypsin-EDTA, incubated briefly, and subsequently
neutralized with complete EBM-2 medium. After resuspension, cell concentration was
determined using an automated cell counter. Based on the surface area of the 96-well
plate, which was 0,336 cm? and the desired seeding density, the required volume of cell
suspension was calculated and mixed with an appropriate volume of EBM-2 medium
supplemented with fibroblast growth factor (FGF). The resulting cell-medium mixture
was thoroughly homogenized before use. After thorough mixing with a serological
pipette, the suspension was transferred to a Petri dish and seeded into the pre-coated
96-well plates using a multichannel pipette. The plates were then incubated at 37 °C, 5%

CO,, 95% air atmosphere, and 95% humidity.

On Day 2 post-seeding, a complete medium change was performed using fresh EBM-2
supplemented with hbFGF. On Day 5, the medium was replaced with EBM-2 containing
0,25% FBS to slow down proliferation and support the formation of a stable endothelial

monolayer.

On Day 6, cells were exposed to fluorescently labeled polystyrene nanoparticles (NPs):
e PSP100 (pristine, 100 nm)
¢ PSA100 (aminated, 100 nm)

e PS C50 (carboxylated, 50 nm)
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AlWLNPs had been previously stained and stored at 4 °Cin 1.5 mL HPLC glass vials. Onthe
day of treatment, they were sonicated in an ultrasonic water bath for 10 minutes (without
heating) to ensure proper dispersion. Glass cuvettes were washed with MilliQ water
followed by 70% ethanol, filled with 100 pL of each NP stock solution and UV-sterilized
under a UV hood for 30 minutes. ( see chapter 2.3 Preparation of Nanoparticles) After UV
exposure, the sterilized NP dispersions were transferred into new sterile vials, sealed

with parafilm and aluminum foil, and labeled accordingly.

Dilutions were prepared in Vasculife medium from 1000 pg/mL NP stock solutions to the
following final concentrations: 100, 30, 10, 3, and 1pupg/mL. To prepare these

concentrations:

100 pg/mL: 1800 pL Vasculife + 200 pL stock

30 pg/mL: 1800 L Vasculife + 60 pL stock + 140 uL MQ water

10 pg/mL: 1800 pL Vasculife + 20 pL stock + 180 uL MQ water

3 pg/mL: 1940 pL VL/MQ (9.9 mL VL + 0.1 mL MQ H,0) + 60 pL of 100 pg/mL stock

1 pg/mL: 1980 pL VL/MQ + 20 pL of 100 pg/mL stock
Remaining VL/MQ solution was used for control wells.

Immediately before NP treatment, the wells were washed once with Vasculife medium.
The NP dispersions were vortexed and pipette-mixed to ensure homogeneity. All
procedures were carried out in the stem cell laminar flow hood under dark conditions to

protect fluorescent dyes from photobleaching (hood lights off, aluminum foil used)

Design of Plates:

Plate 1:
Column 1-5 Column 6-10 Column 11 Column 12 (Blanks)
(Polystyrole pristine ) (Polystyrole aminated)
Column 1: 100 pg/mL | Column 1: 100 ug/mL | Vasculife + VL+MQH:0
Column 2: 30 pg/mL Column 2: 30 pg/mL MQ H.O

Column 3: 10 pg/mL
Column 4: 3 ug/mL
Column 5: 1 ug/mL

Column 3: 10 pg/mL
Column 4: 3 ug/mL
Column 5: 1 ug/mL
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Plate 2:

Column 1-5 Column 6-10 Column 11 Column 12 (Blanks)
(Polystyrole
carboxylated)

Column 1: 100 yg/mL | Columns 6-8: only Vasculife + VL+MQH:0
Column 2: 30 pg/mL Vasculife MQ H,O

Column 3: 10 pg/mL Columns 9-10:

Column 4: 3 ug/mL Vasculife + fresh sterile

Column 5: 1 ug/mL filtered H,O

After NP application, the plates were incubated for 48 hours at 37 °C, 5% CO,, 95% air

atmosphere, and 95% humidity before further analysis.
3.4.2 Experimental setup of HMC3 and NP

HMC3 cells were similarily seeded on 96 well plates in 11 out of 12 columns, but without
any coating. Equally as hCMEC/D3 the 12" column served as blank which was later
subtracted from the absolute absorption values obtained from other wells. The total
volume of the cell suspension or medium (blank column) was 200 pL. Cells were cultured
incomplete EMEM medium supplemented with 10% fetal bovine serum (FBS; Sigma), 1%
penicillin/streptomycin (Sigma), 1 mM sodium pyruvate (Sigma), 1 mM non-essential
amino acids (MEM NEAA; Gibco), and 2 mM L-glutamine (Gibco). HMCS3 cells were
maintained under standard incubation conditions (37°C, 5% CO,, 95% air, 95%
humidity) and were passaged once per week at a seeding density of 40,000 cells/cm?.
After seeding, the medium was changed every second day, including weekends. The cells

used were kept between passage 19 - 35.

Cells were washed the twice with 3mL of DPBS, and then detached using 700 pL Trypsin-
EDTA, neutralized with complete EMEM, and resuspended. Cell concentration was
determined using the automated cell counter, CellDrop FL. A calculated volume of the
suspension was combined with fresh growth medium and mixed thoroughly. The mixture

was transferred to a Petri dish and seeded into the wells using a multichannel pipette.
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On the treatment day with NP, cells were washed once with basal EMEM (without

supplements). Unstained polystyrene nanoparticles (NPs) were used, including:
e PSP100: pristine polystyrene, 100 nm
e PS P50: pristine polystyrene, 50 nm
e PS C100: carboxylated polystyrene, 100 nm
e PS C50: carboxylated polystyrene, 50nm
¢ PSA100: aminated polystyrene, 100nm
¢ PS A50nm: animated polystyrene 50nm

Nanoplastic stock solutions were vortexed thoroughly before dilution in basal EMEM. All
treatments were performed under sterile conditions in a laminar flow hood. NP
dispersions were freshly prepared on the day of application and applied directly to the

cells.

The following conditions were applied for the plate treated with carboxylated PS C50

nanoparticles:

Columns 1-2: Basal EMEM (untreated control)

e Column 3: EMEM supplemented with 10% FBS and additives (positive control)
e Columns 4 & 11: Basal EMEM + sterile MilliQ H,O

e Columns 5-10: Basal EMEM containing PS C50 at concentrations of 300, 100, 30,

10, 3, and 1 pg/mL, respectively
e Column 12: Basal EMEM (blank; no cells)

Plates were incubated for 48 hours post-treatment at 37 °C, 5% CO,, and 95% humidity

before analysis.
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3.4.3 Experimental setup of hCMEC/D3 and 6ppd-Q

hCMEC/D3 cells were seeded onto 96-well plates pre-coated with 3mL 0.5% gelatin
dissolved in deionized water, incubated at room temperature for 30 minutes. After
removal of the coating solution, wells were washed twice with PBS and allowed to
equilibrate under the laminar air hood. Cells were seeded in 11 out of 12 columns; one
column was left blank (medium only, no cells) and later used for background subtraction
in absorbance-based assays. Each well was filled with 200 pyL of cell suspension with

EBM-2 medium. The plates were incubated at 37°C, 5% CO,, and 95% humidity.

As mentioned inthe chapter 3.2.2, the medium change with completed EBM-2 was done
weekly every Monday, Wednesday and Friday. On Day 5, the medium was replaced with
EBM-2 containing 0,25% FBS to slow down proliferation and support the formation of a

stable endothelial monolayer.

On the day of treatment (Day 6), cells were washed once with pre-warmed EBM-2
medium. For the treatment 6PPD-quinone (6PPD-Q) solutions were prepared freshly in

two steps under sterile conditions inside the laminar air hood:

A 10 mg/mL stock solution of 6PPD-Q was used to prepare a serial dilution in DMSO. The

following intermediate concentrations were generated through stepwise dilution:
3 mg/ml: 3,3 yL of 10 mg/mL stock 6ppd-quinone bottle and 6,7 uL DMSO
Tmg/ml: 1 yL of 10 mg/mL stock 6ppd-quinone bottle & 9 uL DMSO

300 pg/ml: 3,3 uL of 1 mg/mL solution and 6,7 yL DMSO

100 pg/ml: 1 pL of 1 mg/mL solution and 9 uL DMSO

30 pg/ml: 3,3 yL of 100 pg/mL solution and 6,7 uyL DMSO

10 pg/ml: 1 pL of 100 pg/mL solution and 9 uL DMSO

Each DMSO dilution was sterile filtered using a 0.22 um syringe filter and stored in sterile
1,5 mL Eppendorf tubes until further use. From the intermediate DMSO stocks, working
concentrations were prepared by diluting them into EBM-2 medium at a 1:1000 ratio

(e.g., 2 u\LDMSO 6ppd-Q stock solution solution into 1998 uL EBM-2). This resulted in the

34



following final concentrations: 10,000 pg/mL, 3,000 ug/mL, 1,000 pg/mL, 300 pg/mL,
100 pg/mL, 30 yg/mL and 10 pg/mL.

Just before application, solutions were vortexed to ensure homogeneity. Cells were then

exposed to the treatment media for 24 hours under standard culture conditions.

After the 24-hourincubation, cell viability was assessed using the MTT assay. 10 yL of the
12 mM MTT stock solution was added to each well. Following reagent incubation for 10
minutes at 37°C and solubilization, absorbance at 570 nm was measured using a

microplate reader.
3.4.4 Experimental setup of HMC3 and 6ppd-Q

HMC3 cells were used following the same experimental setup, with the only changes
being the use of EMEM medium and no gelatin coating of the 96-well plates. Cells were
seeded with one column left blank for background subtraction, and all other steps,
including incubation, detachment, seeding, treatment, and viability assays, were

performed as described in chapter 3.2.2 Cell maintenance and seeding.
3.5 Exposure of filtered indoor particles on human lung cells A549

In the next set of experiments, the focus was set on analyzing air filter samples collected
from schoolsin Barcelona, to assess the extracts and their potentialimpact on lung cells.
Specifically, filters were obtained from six different schools and five houses across
Barcelona, with samples collected during both the winter and summer seasons. This
seasonal comparison allowed for the investigation of potential variations in particle load
due to environmental or behavioral changes throughout the year. In total, 124 samples
were analyzed. Each filter was extracted, which were then characterized for extracted
particles using Nanoparticle Tracking Analysis (NTA) to determine their size distribution,
particle concentration, and zeta potential. These parameters provide insights into the
physical properties of the particles, such as their surface charge, which can influence
their interaction with biological membranes. To evaluate the biological effects of these
extracts, a cell viability test (MTT assay) was conducted using cultured lung cells. To
assess the potential cytotoxic effects of the extractions, an initial screening was
performed using the A549 lung epithelial monoculture model as described in chapter

3.2.2 Cell maintenance and seeding.
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The MTT assay measures mitochondrial metabolic activity as an indicator of cell health
and viability, thus enabling the assessment of potential cytotoxic effects caused by
particle exposure. In addition, transepithelial electrical resistance (TEER) measurements
were done to evaluate the integrity of the epithelial barrier. TEER provides a quantitative
measure of tight junction function and is a key indicator of whether particles compromise

the protective barrier of lung epithelial cells.

Together, these methods provided a comprehensive approach to understanding both the
physicochemical characteristics and the possible biological impact of airborne extracts

from dust collected from indoor environments commonly occupied by children.
3.5.1 Sampling process in Barcelona

The sampling campaign was conducted in Barcelona between February and July 2024,
covering both awinter and a summer season. Indoor particulate matter (PM 2.5) samples
were collected from five schools and five residences. At each site, sampling was
performed for one week, typically resulting in 10 samples per location ( 5 filters in winter
and 5 in summer). In some cases, school holidays reduced the number of collected

filters to three or four.

To minimize noise during operation, the sampling equipment was enclosed in a large
metal box containing a smaller plastic box lined with sound insulation. At each sampling
location, one SKC Leland Legacy Pump was installed and connected to a personal
environmental monitor (PEM) sampler equipped with a pre-muffled quartz filter (47 mm).

The PEM sampler was specifically designed for the collection of PM 2.5.
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Figure 4: Sampling setup: SKC Leland Legacy pump with PEM sampler (PM 2.5, quartz filter)
enclosed in a sound-insulated box. Picture provided to us. ( https://inchildhealth.eu/, access:
08.January 2026)

In schools, the pump was operated at a flow rate of 10 L/min for 480 minutes per day
(08:00-16:00). On Fridays, equipment was retrieved between 12:00 and 13:00,
transported to the next site, and re-installed for the following Monday. In residences, the
flow rate was kept at 10 L/min. Priorto sampling, quartz filters were muffled to eliminate
residual impurities. Filters were stored in plastic holders in a balance room under

controlled temperature (4 °C).

The Sampling campaign provided us with information on the Schools and Houses from
which the air filters were placed and collected. Schools 1-5 were located in areas
classified as urban traffic, while School 6 represented an urban background location. In
one case, the same school was sampled in two indoor environments: the gym (School 2)

and a classroom (School 3).

Houses 1-4, 6, and 7 were also classified as urban traffic, whereas House 5 was an urban
background site. During the summer campaign, Houses 2 and 3 were unavailable and
therefore substituted with Houses 7 and 6, respectively, both situated near the original

residences.

The air sampling was conducted using SKC’s Leland Legacy Pump, which is particularly
suited for studies requiring consistent, long-duration indoor sampling. According to the

manufacturer, the pump supports high and stable flow rates with compensated flow
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control. Low operational noise was a key advantage for use in sensitive settings such as
classrooms, reducing disruptions of the courses during sampling. The device’s operating
temperature range (0-40°C) also ensured that seasonal temperature variation (cold and

warm sampling periods) remained within its functional range. ( SKC Ltd. Leland Legacy

Pump. Available at: https://www.skcltd.com/products2/air-sampling-pumps/leland-

legacy-pump.html (Access : 12. September 2025)

3.5.2 Extraction process

The extraction process began with the preparation of an extraction buffer consisting of
0.9% NaCl and 0.05% Tween-80 solution. A 0.9% NaCl solution was prepared by
dissolving 3.6 g of NaClin 400 mL of Milli-Q water. Due to the high viscosity of Tween-80,
a 10% (v/v) Tween-80 stock solution was first prepared by mixing 0.5 mL Tween-80 with
4.5 mL of 0.9% NaCl solution. For the extraction buffer (EDC), 109.45 mL of 0.9% NaCl
was supplemented with 550 uL of the 10% Tween-80 solution and mixed thoroughly.
Before starting the extraction, the particle concentration of the buffer was measured
using a nanoparticle tracking analyzer (NTA) to ensure it was particle-free. Each air filter,
with a total diameter of 47 mm, was handled under sterile conditions. From each filter,
approximately three-quarters was received for analysis. Using disinfected scissors, the
filter was cut into smaller pieces, and half of the received portion was placed into a pre-
weighed 50 mL tube. Then 10 mL of the prepared extraction buffer were pipetted on the
filter. The tubes were then shaken for 30 minutes at 250 rpm to facilitate the release of
particles from the filter material. After shaking, the filter was pressed to recover as much
extract as possible, transferred into a pre-weighed 15 mL tube, and weighed again to
determine the residual filter mass. The resulting extract was then aliquoted into five
sterile 1.5 mL tubes and stored at-20 °C, while the remaining buffer solution was kept at
4°C. This standardized procedure ensured consistent extraction for subsequent

physicochemical characterization and biological testing.
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3.5.3 Screening process with A549 cells

To assess the potential cytotoxic effects of the extracted particles, an initial screening
was performed using an A549 lung epithelial monoculture model. On Day 0, A549 cells
were seeded ( as described in chapter 3.2.2 ) into 96-well plates and allowed to adhere
and grow. Confluency was monitored daily with the Tecan plate reader, and once cells
reached the target range of 30-40%, typically by day 2 or 3, they were exposed to the
extracted samples. Only frozen aliquots of the extracts were used for exposure, as these
had previously demonstrated stronger biological effects compared to those stored in the
cold room at 4°C. After exposure, the cells were incubated until they reached
approximately 80-100% confluency, at which point a metabolic activity assay (MTT assay)
was carried out on Day 4 or 5 to determine the viability of the treated cells. This screening
approach allowed for the identification of extracts with potentially significant biological

impact, providing a basis for more detailed follow-up experiments.

Design of Plates:

Column 1-2 Column 3-9 Column 10-11 | Column 12 (Blank)
DMEM + medium Column 3+4 : Extraction | Column 10: DMEM + medium
Buffer EGTA 1mM
Columns 5-9: Extracts Column 11:
EGTA 3mM
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3.5.4 Sampling Overview

Table 7. Sampling overview

Sample Extract Sampling Season Setting Area
Number 5x1mL - time (min)
20°C
1-10 School 1, 253-480 winter urban classroom
School 2 front/ gym
back
1116 School 3 241-480 winter urban classroom
back
17-22 School 4 243-480 winter urban classroom
back
23-28 School 5 480 winter urban classroom
background | front
29-34 School 6 246-480 winter urban classroom
background | front
35-40 House 1 900-1800 winter urban living room
41-46 House 2 900-1800 winter urban living room
47-57 House 3, 900-1800 winter urban living room
House 4
58-63 House 5 900-1800 winter urban living room
64-69 School 1 2-480 summer urban classroom
front
70-77 School2 +3 | 182-480 summer urban classroom
front
78-82 School 4 480 summer urban classroom
front
83-89 School 5 216-480 summer urban classroom
background | front
90-95 School 6 187-480 summer urban school
background
96-100 House 1 900-1800 summer urban house
101-106 House 4 900-1800 summer urban house
107-112 House 5 900-1800 summer urban house
113-118 House 6 900-1800 summer urban house
119-124 House 7 900-1800 summer urban house

40




3.5.5 Establishment of culture conditions for A549/D3 Transwell® model

The aim of this preliminary testing was to assess how different media compositions might
influence cell behavior, barrier integrity, and overall assay performance. Three different
media setups, for extracts 2, 3 and 4 were compared: (1) serum free DMEM basal medium
in both compartments, (2) DMEM supplemented with 10% fetal bovine serum (FBS) in the
apical chamber (A549 side) but without FBS in the basolateral chamber (D3 side), and (3)

DMEM supplemented with 10% FBS in both apical and basolateral chambers.

These conditions were chosen to determine the optimal environment for maintaining
both cell types and to ensure reliable TEER measurements and consistent cellular
responses to extracts. The results from this pilot helped to decide for a stable and
reproducible platform for the subsequent exposure experiments using the selected

extracts from the previous screening.

<——— Transwell® insert

® <« —— Brain
Endothelium (hRCMEC/D3)

Figure 5: Schematic representation of the Transwell co-culture system. A549 lung epithelial cells
were cultured on the apical side of the membrane insert, while human brain endothelial cells
(hCMEC/D3) were seeded in the basolateral compartment (well bottom). The porous membrane
allows for particle diffusion and intercellular communication. This setup was used to assess
barrier integrity (TER) and cytotoxic effects upon exposure to filter-derived particle extracts.
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3.5.6 Experimental procedure

To provide the two compartments required for the barrier integrity measurement,
Transwell® inserts were placed into 24-well plates. In this model , the apical side (“air
side”) refers to the inside of the insert (medium volume:300 pL) where cells are grown on
its membrane, while basolateral side (“blood side”) corresponds to the well (medium

volume: 900 pL).

First, A549 cells were seeded on 1.0 um inserts and exposed to filtered indoor extracts
refer to chapter 3.5.4 “Sampling overview”on the apical side. On Day 2 hCMEC/D3 cells
were seeded in the wells with the EBM-2 medium. Additionally a medium change with
10% FBS and 1% Penstrep supplemented DMEM was done for the inserts. On Day 4,
there was a medium change for both cell lines, using DMEM with 10% FBS for the inserts
and EBM-2 for the wells. On Day 7, a medium change was performed again using the
same medium for the inserts, while the wells received serum-reduced EBM2 (0.25% FBS
instead of 5%). On Day 8, the two cell lines were combined, the A549 in the inserts with
the hCMEC/D3 in the wells, and then exposed to the samples. On that same day, TER
measurements were performed immediately before and after exposure. TER
measurement was done using a chopstick electrode (STX2 - World Precision
Instruments) and an EVOMTM volt ohm meter (World Precision Instruments).The
electrode was incubated in DMEM basal medium for 40 minutes before the measurement
was done. The long part of the electrode was placed inside the well, whereas the shorter
part was placed inside of the insert. The blanks were measured first. When the value was
stable for 10 seconds it was noted down. Between different compounds and setups, the
electrode was washed in DMEM basal medium. The ensure reproducibility and
comparability, the samples and electrode were equilibrated at room temperature and
measurements were taken at the same position of the insert every time. After the
measurements the electrode was washed in milli-Q for 1 min and again disinfected for 1-
2 min in 70% EtOH. The electrode was stored dry. An additional TER measurement and

an MTT assay were conducted 48 hours post-exposure.

In the preliminary testing 3 inserts were used for each extract ( 2-4), 3 inserts for the

extraction buffer (EB), 2 inserts were used as a negative control, containing either DMEM
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without FBS or with 10% FBS supplementation and 1 insert was used as a positive

control, receiving EGTA 3mM. This setup was used for each media condition.

3 inserts were used as blanks, with no cells seeded on either side in 1 plate. The setup
for the preliminary testing provided 3 different conditions as described in chapter 3.5.5
“Establishment of culture conditions for A549/D3 Transwell model“ and three

independent experiments were conducted.

Following the preliminary testing, one condition of the three tested set-ups and 13

samples were chosen for three additional experimens. (refer to Table 8 in chapter 7.5)

The chosen condition was DMEM supplemented with 10% fetal bovine serum (FBS) in
the apical chamber (A549 side), but without FBS in the basolateral chamber. Two plates
were used for these three experiments and each plate had 24 wells. Each well contained
a 1.0 um insert with A549 cells, and hCMEC/DS3 cells were seeded in the wells. For each
plate 3 inserts were used per sample and 6 inserts for their respective extraction buffer
(EB), 2 inserts were used as a negative control, containing DMEM without FBS, 1 insert
was used as a postive control containing EGTA 3mM. One plate also contained three

blanks (no cells seeded on either side).
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4

Particle characterization

Nanoparticle tracking analysis (NTA) utilizes Brownian motion to analyze and visualize
particles in the nanometer range. The speed of particle movement, which depends on
the temperature and viscosity of the suspension, is related to the hydrodynamic

diameter of the particles using the Stokes-Einstein equation (Filipe et al., 2010).

This technique combines laser light scattering microscopy with a CCD camera (short for
charge-coupled device), which enables the imaging and recording of nanoparticles in
solution (Filipe et al.,, 2010). Additionally, the measurement also provides the

concentration of the suspension in units of particles per mL.

The NTA device also allows the determination of the zeta potential based on
electrophoretic mobility. The zeta potential is a key parameter describing the
electrostatic potential at the hydrodynamic shear plane of nanoparticles in suspension
and serves as a measure of their colloidal stability. It is influenced by various factors
including the solvent, pH, viscosity, ionic strength, conductivity, and temperature (Martin
et al.,, 2022; Smith et al., 2017). In aqueous solutions, charged nanoparticles are
surrounded by an electric double layer consisting of a firmly bound Stern layer and a
more loosely associated diffuse layer. The slipping plane between these two regions

defines the location at which the zeta potential is measured (Smith et al., 2017).

Using nanoparticle tracking analysis (NTA), zeta potential measurements can be
performed via electrodes integrated into the sample chamber. When an electric field is
applied, both the nanoparticles and the surrounding fluid are set into motion. The
apparent drift velocity of each particle is a superposition of electrophoretic and
electroosmotic motion, from which the electrophoretic velocity (ye) can be determined.
The zeta potential () is then calculated using the Helmholtz-Smoluchowski equation

(Griffiths et al., 2011).

Before each measurement, the NTA system was calibrated using 100 nm polystyrene
calibration beads supplied by the manufacturer. The sample chamber was rinsed with 1
mL of deionized water and the absence of particles was verified on the display. The

calibration beads were serially diluted in deionized water, first to 1:1,000 then to
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1:250,000. Approximately 1 mL of the diluted suspension was introduced bubble-free
into the device using a syringe. The software performed an auto-alignment procedure to
ensure the optical system was properly centered and symmetrical, indicating readiness
for measurement. For fluorescence calibration, beads matched to the 640 nm laser
wavelength were diluted in deionized water similarly to 1:100,000 (via 1:1,000 and 1:100
dilutions) and calibrated using the same steps. No special alignment was necessary for

zeta potential measurements.

Prior to each measurement, nanoplastic stock solutions were ultrasonicated for 10
minutes at room temperature in an ultrasonic bath to disperse potential aggregates
formed during storage. For polystyrene (PS) nanoparticles, a 1 mL aliquot was
transferred into 1.5 mL glass roll-neck vials and sealed with parafilm. Samples were
vortexed briefly (5-6 seconds) before further dilution. Serial dilutions were prepared in
MilliQ water to achieve optimal particle concentrations within the ZetaView Quatt 4 Laser
System’s measurement range (~10"7-10"8 particles/mL), targeting approximately 100
particles per frame for tracking analysis. After each dilution step, samples were vortexed
for 2-3 seconds to ensure homogeneity and injected bubble-free into the device sample
chamber using a 1 mL syringe. The sample chamber was rinsed with 1 mL deionized

water before use and checked for residual particles.

Measurement parameters for size analysis of 100 nm PS particles were set at 25°C using
a 520 nm laser, with camera sensitivity at 75%, shutter speed of 100, and frame rate of 15
frames per second. Fluorescence measurements were carried out with excitation at 670
nm (selected based on the absorption scan) and emission recorded from 690 to 800 nm,
as well as with excitation at 620 nm and emission recorded from 640 to 800 nm.
Additionally camera sensitivity was increased to 100% and minimum brightness
threshold was adjusted from 30 to 100 to optimize detection. Size and fluorescence
analyses were conducted at 11 positions, with means and standard deviations
calculated after automatic outlier removal. Zeta potential measurements employed a
488 nm laser at 25°C, with sensitivity and shutter settings adjusted to 60 and 100 and
measurements performed at two positions in either pulsed or continuous mode,

depending on sample conductivity.
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Throughout, media and solvent controls (MilliQ water, ethanol, DMSO) at matching
dilution factors were measured to identify and exclude background noise. The viscosity

of all diluted samples was assumed constant due to the high dilution in MilliQ water.
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5 Assays

5.1 MTT Assay

The assay is based on the ability of mitochondrial enzymes in living cells to reduce a
water-soluble yellow compound, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) into purple, insoluble formazan crystals (Mosmann, 1983). The resulting

color can be quantified spectrophotometrically.

The toxic MTT solid was dissolved in DPBS to yield the concentration of 12 mM (50 mgin
10 mL DPBS). The solution was stored at 4°C and covered with aluminum foil to protect
it from potentially harmful UV light. For the experiments with nanoplastics and the 6ppd-
quinone by the 46th incubation hour of the cells, a 96-well plate was taken out of the
incubator, and 10 pL of MTT solution was added to each well containing 200 pL of medium
perwell. A plate was incubated for another 2 hours at 37°C, 5% CO,, 95% air atmosphere,
95% humidity. When the incubation was completed, the plate was placed on ice, the
medium was removed, and the wells were washed with 100 uL ice-cold DPBS/well. The
DPBS was then removed by pipetting. Further, a 100 uL of DMSO was pipetted into wells
to dissolve the formed crystals, and a plate was incubated for another 10 minutes at
37°C, 5% CO., 95% air atmosphere, 95% humidity. Subsequently, the absorbance of the
solution in each well was measured on a plate reader (Enspire 2300) at 570 nm. Prior to

measurement, the plate was shaken for 30 seconds inside of the instrument.

For the Transwell experiments, after 47 hours of incubation, the inserts were transferred
to a96 well plate, where15 uL 12 mM MTT stock solution were added to each insert (apical
side). 45 pL 12 mM MTT stock solution were added to each well (basolateral side ). The
plates were then incubated for another hour at 37°C, 5% CO,, 95% air atmosphere, 95%
humidity. When the incubation was completed the medium was removed, and the inserts
were washed with 200 plL ice-cold DPBS, and the wells with 600 pL ice-cold DPBS. The
DPBS was then removed by pipetting. Further, 220 uL of DMSO was pipetted into the
inserts to dissolve the formed crystals, and 600 puL of DMSO were added to the wells for
the same purpose. The plates were incubated for another 10 minutes at 37°C, 5% CO.,

95% air atmosphere, 95% humidity. After 10 minutes, 200 pL from each well and 200 pL
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from each well was pipetted into a 96 well plate for the absorbance measurement.
Subsequently, the absorbance of the solution in each insert and each well was measured
on a plate reader (Enspire 2300) at 570 nm. Prior to measurement, the plate was shaken

for 30 seconds inside of the instrument.
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6 Statistical analysis

The cell experiment data were presented as mean * standard deviation (SD) in the form
of bar charts. Statistical analysis was performed using one-way ANOVA followed by the
Holm- Sidak post-hoc test. Statistical significance was indicated in the diagrams as
follows: * p < 0.05 (significant), ** p < 0.01 (very significant), *** p <0.001 and **** p<
0.0001 (highly significant).

6.1 MTT Assay for cell viability

Only 6 out of 8 wells per column were taken into calculations, top and bottom row was
considered faulty due to potentially increased evaporation of media on the edges of the
plates, and therefore, not included in the mean value. For the Experiments with the
Transwell model, all wells were taken into calculations. The average of blank (medium
without cells) was subtracted from each data point. Each column was averaged. The cell
viability by every condition was calculated in percentage relatively to the untreated
vehicle control from the same plate, with control being either EBM-2 medium and water
or EMEM medium or DMEM medium. Standard deviation in percentage relatively to

untreated vehicle control was also included.
6.2 TER

To obtain the actual TER values (Q cm?), the mean TER values of the wells without cells
were subtracted from the individual values of the wells with cells and multiplied by the
growth surface area of 0.336 cm?®. The calculated values were then normalized to the
mean value of the corresponding control wells containing, depending on the
experiemental setup either, EBM-2 medium and water or EMEM medium or DMEM
medium. Furthermore, the resulting data were expressed as mean percentages relative

to this control.
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7 Results

7.1 NTA Particle characterization and fluorescence measurement of

Nanoplastics

To ensure sterile conditions, all polystyrene nanoparticles (NPs) used for experiments
were sterilized using UV radiation. The fluorescence signals of all particle types remained
clearly detectable after sterilization, ensuring their continued applicability for tracking

and analytical purposes ( refer to Figure 6 and 7) .

When comparing the fluorescence spectra before and after UV sterilization,
characteristic differences between the nanoparticles types became evident. The highest
signal prior to sterilization was observed for PS C50, reaching values close to 200,000 at
its emission maximum. After UV treatment, the fluorescence decreased, but remained
at the highest level among all tested particles, with a strong fluorescence signal. PS P50
also displayed strong fluorescence before sterilization, with maximum intensities around
175,000. After UV exposure, the peak decreased to approximately 155,000. The signal
didn’t drop significantly and it is also comparable to the signal of PS C50 after UV

sterilization.

For PS P100, the fluorescence maximum was observed at approximately 130,000 before
treatment, which then decreased to around 40,000 after sterilization. A similar trend was
noted for PS A100, which dropped from roughly 100,000 to 60,000. These findings
indicate that both PS P100 and PS A100 experience a pronounced decrease in signal
strength. PS A50 showed values of about 60,000 before UV exposure and around 30,000
after exposure. This almost halved intensity highlights a comparatively high sensitivity of

this particle type to UV exposure, resulting in a substantial loss of fluorescence.

PS C100, in contrast, demonstrated fluorescence stability. The fluorescence values of

around 80,000 prior to sterilization remained the same after UV treatment.

The MQ blank served as a control and surprisingly displayed comparable fluorescence

signals to some of the stained nanoplastics before and after UV.
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In summary, all nanoparticle types showed a reduction in fluorescence after UV
sterilization, but the extent of the decrease varied considerably. PS P100 was most

strongly affected, while PS C100 retained a stable fluorescence profile.

PS C50 consistently provided the highest absolute fluorescence intensities both before
and after treatment, making it particularly suitable for applications where a strong signal
is required. Importantly, despite the losses, all particle types maintained fluorescence

levels sufficient for reliable detection.
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Figure 6: Polystyrene Nanoplastic, fluorescence measurement before UV sterilization was done
at 620/640/800 nm with TECAN
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Figure 7: Polystyrene Nanoplastic, fluorescence measurement after UV sterilization was done at
620/640/800 nm with TECAN

7.2 Effects of potential environmental toxins on cell viability

7.2.1 Effects of 6ppd-Q on cell viability

This study investigated the potential toxic effects of 6ppd-Q on cells of the blood-brain
barrier (BBB). hCMEC/D3 (human brain endothelial) and HMC3 (human microglial) cells
were exposed to 6ppd-Q, and cell viability was assessed using MTT assays to determine
potential cytotoxic and metabolic effects. Given the limited clinical research on the toxin,
our study aimed to evaluate its impact on BBB cell health and viability, contributing to a

better understanding of its potential (neuro)toxic effects.

Figures 8 and 9 present the results of the MTT cell viability assay performed with
hCMEC/D3 (Figure 8) and HMC3 ( Figure 9). The cells were seeded on 96-well plates and
the 6ppd-Q was applied on the 6th day. MTT assay was performed on the following 7th

day, after exposing the cells with the toxin for a duration of 24 hours.
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7.2.2 6ppd-Q and hCMEC/D3 cells

All tested concentrations of the 6ppd-Q had a significant effect on viability of the
hCMEC/D3 cells. The cell viability significantly decreased when exposed to higher

concentrations of 6ppd-Q.

At 10,000 pg/ml; 3,000 pg/ml and 1,000 cell pg/ml viability drops significantly, with
numbers being 47%, 43% and 44% respectively, indicating strong cytotoxic effects of
6ppd-Q at high concentrations. 300 pg/mlalso show a significant reduced viability ( lower
than 55%). At 100 pg/ml, 30 pyg/ml, and 10 pg/ml, cell viability increases again, nearing
control levels (VC). The dose-response curve suggests a threshold where cytotoxic

effects diminish.
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Figure 8: Effects of a 24h-treatment with 6ppd-Q on viability of hCMEC/D3 cells grown in EBM-2
medium at 37°C, 5% CO,, 95% air atmosphere, 95% humidity, determined by MTT assay. Data
were analyzed using one-way ANOVA with post hoc Holm-Sidak test. The results were
represented as cell viability percentage relatively to the control (basal growth medium EBM-2)
with vehicle (VC). The outliers were determined using the Grubbs test. Each column depicts a
mean value £ SD from N = 18-36 individual measurements (n = 3 independent experiments) —
control N = 36; otherwise N=18. The statistical significance of the data set was established via
one-way ANOVA with confidence interval of 95% (*p<0.05, **p<0.005, ***p<0.001,
****n<0.0001).
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7.2.3 6ppd-Q and Microglial (HMC3) cells

The exposure of HMC3 cells to all concentrations of 6ppd-Q resulted in a significant
decrease in cell viability. A clear dose-dependant reduction in viability was observed,
with higher concentrations of 6ppd-Q (10,000 pg/ml and 3,000 pg/ml) notably reducing
cell viability. At 10,000 pg/ml cell viability drops to 70% and at 3,000 pg/ml to 66%. Even
intermediate concentrations (1,000 pg/ml and 300 pug/ml) exhibited significant cytotoxic
effects on the HMCS3, with viability being 71% and 72%, respectively. In contrast, lower
concentrations (100 pg/ml, 30 yg/ml, and 10 pg/ml) increase viability to near control

levels (VC).
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Figure 9: Effects of a 24 h-treatment with 6ppd-Q on viability of HMC3 cells grown in EMEM 5+
medium at 37°C, 5% CO,, 95% air atmosphere, 95% humidity, determined by MTT assay. Data
were analyzed using one-way ANOVA with post hoc Holm-Sidak test. The data shown are as
mean = SD. The results were represented as cell viability percentage relatively to the control
(growth medium EMEM 5+) with vehicle (VC). The outliers were determined using the Grubbs test.
Each column depicts a mean value £ SD from N = 18-36 individual measurements (n = 3
independent experiments) — control N = 36; otherwise N =18. The statistical significance of the
data set was established via one-way ANOVA with confidence interval of 95% (*p<0.05,
**p<0.005, ***p<0.001, ****p<0.0001).
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7.3 Effects of stained nanoplastic particles on cell viability of

hCMEC/D3

The viability study with hCMEC/D3 cells was also conducted with selected stained nano
plastic particles. Given its extensive use in preliminary studies, PS pristine 100 nm was
included in the analysis. PS aminated 100 nm was tested to ensure a diverse range of
particle types. Additionally, PS carboxylated 50 nm was examined due to the notable
cytotoxicity observed with its unstained version at high concentrations (300 pg/mL and
100 pg/mL), allowing us to determine whether staining influenced its toxic effects. The
results of the MTT cell viability assays are depicted in Figures 10, 11, and 12. The cells
were seeded on 96-well plates and the different types of stained nanoplastic particles
were applied on the 6" day. MTT assays were performed on the 8™ day, after exposing the

cells with the nanoplastic for a duration of 47 hours.

The viability of hCMEC/D3 cells was significantly decreased to 72% by 100 pug/mL PS
carboxylated 50 nm after 48 hours incubation compared to control with vehicle. 30 pg/mL
and lower (10 yg/mL, 3 ug/mL, 1 pg/mL) showed no effects similar to the control groups..
In conclusion, stained carboxylated polystysrene nanoplastics of 50 nm exhibit dose-

dependent cytotoxicity.
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Figure 10: Effects of a 48h-treatment with stained carboxylated 50nm nanoplastics on viability
of hCMEC/D3 cells grown in EBM-2 medium at 37°C, 5% CO,, 95% air atmosphere, 95%
humidity, determined by MTT assay. Data were analyzed using one-way ANOVA with post hoc
Holm-Sidak test. The data shown are as mean = SD. The results were represented as cell viability
percentage relatively to the control (basal growth medium EBM-2) with vehicle. The outliers were
determined using the Grubbs test. Each column depicts a mean value £ SD from N= 24-72
individual measurements (n = 3 independent experiments) — control N = 72; otherwise N=24. The
statistical significance of the data set was established via one-way ANOVA with confidence
interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

All tested concentrations of stained polystyrene pristine 100nm had no significant effect
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Figure 11: Effects of a 48h-treatment with stained pristine 100nm nanoplastics on viability of
hCMEC/D3 cells grown in EBM-2 medium at 37°C, 5% CO,, 95% air atmosphere, 95% humidity,
determined by MTT assay. Data were analyzed using one-way ANOVA with post hoc Holm-Sidak
test. The data shown are as mean * SD. The results were represented as cell viability percentage
relatively to the control (basal growth medium, EBM-2) with vehicle. The outliers were
determined using the Grubbs test. Each column depicts a mean value £ SD from N = 16-18
individual measurements (n = 3 independent experiments) — control N =18, PS P 100 pg/mL n =
16, otherwise N = 17. The statistical significance of the data set was established via one-way
ANOVA with confidence interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).
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All tested concentrations of stained aminated polystyrene nanoplastics with 100 nm

diameter had no significant effect on viability of the hCMEC/D3 cells.
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Figure 12: Effects of a 48h-treatment with stained aminated 100nm nanoplastics on viability of
hCMEC/D3 cells grown in EBM-2 medium at 37°C, 5% CO,, 95% air atmosphere, 95% humidity,
determined by MTT assay. Data were analyzed using one-way ANOVA with post hoc Holm-Sidak
test. The data shown are as mean * SD. The results were represented as cell viability percentage
relatively to the control (basal growth medium, EBM-2) with vehicle. The outliers were
determined using the Grubbs test. Each column depicts a mean value £ SD from N =18 individual
measurements (n = 3 independent experiments) — control N = 18. The statistical significance of
the data set was established via one-way ANOVA with confidence interval of 95% (*p<0.05,
**p<0.005, ***p<0.001, ****p<0.0001).

7.4 Effects of unstained nanoplastics on cell viability of HMC3

With this study it was aimed to evaluate the potential toxic effects of unstained
polystyrene nanoplastic types. Microglial cells HMC3 were exposed to six nanoplastic
variants: polystyrene (100 nm and 50 nm), carboxylated polystyrene (100 nm and 50 nm),
and aminated polystyrene (100 nm and 50 nm). Cellular viability was assessed using the

MTT assay.
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Figures 13-18 presented the results of the MTT cell viability assays conducted with HMC3.
The cells were seeded on 96-well plates and the different nanoplastic types were applied
on the 6™ day. After 47 hours of exposure, the MTT assay was performed on the 8" day to

evaluate cell viability.

The viability of HMC3 cells was decreased by the two highest concentration of unstained
PS pristine 100 nm after 48 hours of incubation compared to control with vehicle. Cell
viability was decreased by 300 pg/mL to 86% and by 100 pg/mL to 88% In contrast, lower
concentrations (30 pug/mL, 10 ug/mL, 3 ug/mL and 1 ug/mL) had only minor effects on cell
viability, which remained close to control levels. Cell viability was 92% at 30 pg/ml, 96%

at 10 pg/ml, 95% at 3 ug/mi, and 100% at 1 pg/ml.
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Figure 13: Effects of a 48h-treatment with unstained Polystyrene pristine 100nm nanoplastic on
viability of HMC3 cells grown in EMEM 5+ medium at 37°C, 5% CO,, 95% air atmosphere, 95%
humidity, determined by MTT assay. Data were analyzed using one-way ANOVA with post hoc
Holm-Sidak test. The data shown are as mean = SD. The results were represented as cell viability
percentage relatively to the control ( growth medium EMEM 5+) with vehicle. The outliers were
determined using the Grubbs test. Each column depicts a mean value £ SD from N =18-36
individual measurements (n = 3 independent experiments) — control N = 36. The statistical
significance of the data set was established via one-way ANOVA with confidence interval of 95%
(*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).
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Compared to the EMEM + MQ control (normalized to 100%), no significant effects on the
cell viability was observed at any tested concentration. While slight increases in viability
were noted at lower concentrations (1-30 pg/mL), these changes were within the margin
of variability and were not statistically nor biologically meaningful. Overall, polystyrene

pristine 50 nm nanoparticles did not reduce cell viability at any concentration tested.
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Figure 14: Effects of a 47h-treatment with unstained polystyrene pristine 50nm nanoplastic on
viability of HMC3 cells grown in EMEM 5+ medium at 37°C, 5% CO,, 95% air atmosphere, 95%
humidity, determined by MTT assay. Data were analyzed using one-way ANOVA with post hoc
Holm-Sidak test. The data shown are as mean = SD. The results were represented as cell viability
percentage relatively to the control ( growth medium EMEM 5+) with vehicle. The outliers were
determined using the Grubbs test. Each column depicts a mean value £ SD from N =18-36
individual measurements (n = 3 independent experiments) — control N = 36. The statistical

significance of the data set was established via one-way ANOVA with confidence interval of 95%
(*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).
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At the highest concentration cell viability was reduced to 86 % by 300 pg/mL polystyrene
carboxylated 100nm nanoparticles. 100 ug/mL condition reduced the cell viability to 88%
and 30 pg/L to 91%.
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Figure 15: Effects of a 48 h-treatment with unstained Polystyrene carboxylated 100nm
nanoplastic on viability of HMC3 cells grown in EMEM 5+ medium at 37°C, 5% CO,, 95% air
atmosphere, 95% humidity, determined by MTT assay. Data were analyzed using one-way
ANOVA with post hoc Holm-Sidak test. The data shown are as mean * SD. The results were
represented as cell viability percentage relatively to the control ( growth medium EMEM 5+) with
vehicle. The outliers were determined using the Grubbs test. Each column depicts a mean value
= SD from N =18-36 individual measurements (n = 3 independent experiments) — control N = 36.
The statistical significance of the data set was established via one-way ANOVA with confidence
interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).
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As mentioned before, PS carboxylated 50 nm showed severe cytotoxicity at higher doses
of 300 pg/mL and 100 pg/mL. The drop in cell viability at 300 pg/mL was 2%. 100 pg/mL
reduced viability by nearly 50%, at 30 ug/mL the cell viability was reduced to 77%. Even
the lower concentrations (1-10 pg/mL) seemed to reduce cell viability slightly, down to

around 80-83%, but still statistically significantly.

These are by far the most pronounced effects, suggesting that C50nm PS-polystyrene
nanoparticles are significantly more toxic to HMC3 cells than other polystyrene

nanoplastic types.
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Figure 16: Effects of a 48 h-treatment with unstained Polystyrene carboxylated 50nm
nanoplastic on viability of HMC3 cells grown in EMEM 5+ medium at 37°C, 5% CO,, 95% air
atmosphere, 95% humidity, determined by MTT assay. Data were analyzed using one-way
ANOVA with post hoc Holm-Sidak test. The data shown are as meanc SD. The results were
represented as cell viability percentage relatively to the control ( growth medium EMEM 5+) with
vehicle. The outliers were determined using the Grubbs test. Each column depicts a mean value
= SD from N =18-36 individual measurements (n = 3 independent experiments) — control N = 36.
The statistical significance of the data set was established via one-way ANOVA with confidence
interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

The viability of HMC3 cells was decreased by the highest concentration 300 pg/mL of
unstained polystyrene aminated 100 nm to 88% after 48 hours of incubation compared
to control with vehicle ( EMEM +MQ). In contrast, lower concentrations (100 pug/ml, 30
pg/ml, 10 pg/mi, 3 pg/ml and 1 pg/ml) had only minor effects on cell viability, which
remained close to or above control levels. Specifically, viability was 98% at 100 pg/ml,

100% at 30 pyg/ml, 102% at 10 pg/ml, 110% at 3 ug/ml, and 118% at 1 pg/ml.
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Figure 17: Effects of a 48h-treatment with unstained aminated 100nm nanoplastics on viability
of HMCS cells grown in EMEM 5+ medium at 37°C, 5% CO,, 95% air atmosphere, 95% humidity,
determined by MTT assay. Data were analyzed using one-way ANOVA with post hoc Holm-Sidak
test. The data shown are as mean * SD. The results were represented as cell viability percentage
relatively to the control (basal growth medium EMEM 5+) with vehicle. The outliers were
determined using the Grubbs test. Each column depicts a mean value £ SD from N = 24-48
individual measurements (n = 4 independent experiments) — control N = 48. The statistical
significance of the data set was established via one-way ANOVA with confidence interval of 95%
(*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

The viability of HMC3 cells was significantly decreased by 300 ug/mL and 100 pg/mL
polystyrene aminated 50 nm particles to 60% and 68% after 48 hours of incubation
compared to control with vehicle (EMEM +MQ). At 30 pug/mL cell viability was reduced to
74%. Lower concentrations (1-10 pg/mL) also showed a slight reduction in viability,
reaching 85% at 10 ug/mL, 84% at 3 ug/mL, and 85% at 1 ug/mL. These findings suggested
a dose-dependent cytotoxic effect of PS-P A50nm nanoparticles in HMC3 cells,

particularly at concentrations over 100 pg/mL.
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Figure 18: Effects of a 48h-treatment with unstained aminated 50nm nanoplastic on viability of
HMCS3 cells grown in EMEM 5+ medium at 37°C, 5% CO,, 95% air atmosphere, 95% humidity,
determined by MTT assay. Data were analyzed using one-way ANOVA with post hoc Holm-Sidak
test. The data shown are as mean * SD. The results were represented as cell viability percentage
relatively to the control ( growth medium EMEM 5+) with vehicle. The outliers were determined
using the Grubbs test. Each column depicts a mean value £SD from N = 18-36 individual
measurements (n = 3 independent experiments) — control N = 36. The statistical significance of
the data set was established via one-way ANOVA with confidence interval of 95% (*p<0.05,
**p<0.005, ***p<0.001, ****p<0.0001).

7.5 Effects of Air filter dust extracts on lung cell proliferation

Following the initial screening of all 124 extracted samples using the A549 monoculture
model, only those that showed a significant reduction in cell viability, specifically below
70% as determined by the MTT assay, were selected for further investigation. This pre-
selection allowed to concentrate on the most promising samples. In total, 13 extracts
met this criteria and were subsequently tested in a more advanced and physiologically
relevant in vitro model: the Transwell system using a co-culture of A549 lung epithelial

cells and human brain endothelial cells (D3).

This model was intentionally selected based on previous findings suggesting that
nanoparticles inhaled into the lungs can translocate via the bloodstream to the brain. (Qi

etal., 2022)
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Figure 19: Summary of the cell viability data of A549 cells after exposure to samples collected
from schools and houses during winter. Only the extracts that showed less than 70% cell viability
were chosen for the Transwell System Model with co-culture of A549/D3.
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Figure 20: Summary of the cell viability data of A549 cells after exposure to samples collected
from schools and houses during summer. Only the extracts that showed less than 70% cell
viability were chosen for the Transwell System Model with co-culture of A549/D3.

64



Table 8 below showed the samples with strongest cell viability reduction after the
screening and highlights the 13 samples that were selected for further experiments. The
pink coloured 9 samples from the winter season and 4 samples from the summer

seasonwere selected for the further studies in the Transwell model.

School 1 -Winter
2A (66%)
3A(39%)
4A (60%)
5A (61%)

School 2 -Winter
7A (96%)

9A (87%)

10A (70%)

School 3 -Winter
12A (67%)
14A (65%)
15A (78%)
16A (57%)

School 6 - Winter
30A (67%)

31A (104%)

32A (97%)

33A (105%)

House 5 - Winter
59A (70%)
60A (85%)
61A (66%)
62A (76%)
63A (76%)

School 1 - Summer
65A (62%)
66A (70%)
67A (68%)
69A (72%)

School 2 - Summer
71A (78%)
72A (66%)
73A (83%)

School 3 - Summer
74A (81%)

75A (84%)

76A (96%)

77A (117%)

School 6 - Summer
92A (87%)
93A (84%)
94A (81%)
95A (92%)

House 5 - Summer
108A (87%)

109A (73%)

110A (67%)

111A (109%)

112A (93%)

Table 8. Summary of the cell viability data of A549 cells after exposure to samples collected from
schools and houses during winter and summer. A total of 13 samples reduced cell viability below
70% (highlighted) and were therefore selected for further analyses.
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7.6 NTA data correlation to cell viability of the extract screening

Table 9 below summarizes the physicochemical properties and biological performance
of the 124 samples used in the experiments, where effects of filtered indoor extracts on
human lung cells (A549) were tested. Samples 1-63 were collected in the winter season,
whereas samples 64-124 were collected during the summer. The table includes the
median particle size (nm), zeta potential (ZP, mV), particle concentration (particles/mL),
x-fold cell viability relative to a control, and the standard deviation (SD) for each
measurement. This dataset allows for comparison of particle stability, surface charge,
and potential cytotoxic effects across different formulations, highlighting trends
between size, surface charge, concentration, and cell viability.

Table 9. NTA Data for filtered indoor particles from Spain. It includes the median particle size

(nm), zeta potential (ZP, mV), particle concentration (particles/mL), x-fold cell viability relative to
a control, and the standard deviation (SD) for each measurement.

Sample | Median size ZP [mV] Conc. X-Fold Viability | SD
Number | [nm] [particles/mL] | (MW)

1 106.9 -16.41 5.10E+07 1 0.131
2 121.4 -12.71 1.30E+08 0.640 0.124
3 118.3 -11.63 3.80E+08 0.421 0.063
4 109.4 -11.00 1.90E+08 0.602 0.096
5 104.2 -8.07 1.20E+08 0.703 0.115
6 120.8 -6.09 1.30E+08 0.850 0.366
7 116.7 -11.38 8.40E+07 0.965 0.077
8 116.2 -6.92 8.80E+07 1.031 0.119
9 121.5 -8.41 1.40E+08 0.873 0.073
10 137.5 -9.57 1.80E+08 0.699 0.036
11 175.4 -11.46 2.10E+08 1 0.172
12 130.3 -10.45 2.90E+08 0.667 0.172
13 142.5 -8.64 1.80E+08 0.850 0.097
14 124.3 -6.10 5.30E+08 0.652 0.084
15 121.7 -12.54 8.20E+07 0.775 0.138
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16 158.0 -9.81 2.80E+08 0.570 0.127
17 132.0 -5.35 6.50E+07 1 0.153
18 126.6 -10.83 4.40E+08 0.939 0.122
19 116.8 -11.90 3.30E+08 0.965 0.160
20 126.5 -13.37 2.50E+08 1.140 0.253
21 110.6 -11.40 2.50E+08 0.890 0.136
22 118.0 -9.33 3.40E+08 0.906 0.269
23 170.0 -4.02 1.70E+08 1 0.154
24 159.3 -6.13 2.40E+08 1.071 0.165
25 124.6 -4.63 3.00E+08 0.864 0.135
26 157.5 -2.53 2.70E+08 0.940 0.149
27 147.5 -4.08 3.00E+08 0.779 0.129
28 151.5 -4.59 3.30E+08 0.853 0.107
29 117.5 -3.84 4.50E+07 1 0.195
30 117.2 -4.19 1.14E+08 0.674 0.250
31 120.2 -3.83 6.60E+07 1.042 0.203
32 116.4 -5.93 1.10E+08 0.969 0.150
33 121.9 -5.80 1.40E+08 1.050 0.190
34 118.4 -6.37 1.00E+08 1.048 0.208
35 112.9 -5.35 6.20E+07 1 0.170
36 123.2 -6.51 9.50E+07 1.089 0.174
37 136.2 -3.79 3.30E+08 0.985 0.375
38 125.0 -2.97 4.50E+08 1.134 0.231
39 132.4 -5.94 3.70E+08 1.030 0.324
40 126.2 -6.48 6.90E+08 1.369 0.586
41 130.6 -4.28 5.40E+07 1 0.210
42 139.0 -3.41 4.70E+08 0.819 0.153
43 137.0 -4.51 3.30E+08 0.918 0.172
44 135.0 -6.37 3.70E+08 0.970 0.237
45 137.1 -4.62 2.00E+08 0.885 0.267
46 134.4 -6.12 3.80E+08 0.937 0.105
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47 122.5 -1.06 1.90E+07 1 0.183
48 140.0 -4.92 1.00E+08 0.989 0.113
49 132.5 -6.64 7.30E+07 0.799 0.134
50 143.0 -4.52 9.80E+07 0.873 0.173
51 128.5 -6.17 1.80E+08 0.848 0.142
52 136.1 -6.74 1.90E+08 0.822 0.101
53 114.7 -7.07 2.10E+08 0.847 0.076
54 142.9 -6.06 2.10E+08 0.831 0.045
55 142.5 -7.58 3.20E+08 0.791 0.093
56 141.2 -6.36 3.10E+08 0.851 0.077
57 117.1 -6.72 4.40E+07 0.826 0.087
58 121.2 -6.22 5.80E+07 1 0.207
59 128.3 -6.09 1.10E+08 0.703 0.068
60 130.7 -7.46 3.70E+08 0.847 0.199
61 131.2 -8.13 4.50E+08 0.663 0.080
62 111.2 -3.71 7.90E+08 0.762 0.167
63 116.8 -5.14 3.70E+08 0.759 0.098
64 108.0 -4.07 2.70E+07 1 0.209
65 133.9 -7.26 2.20E+08 0.622 0.104
66 147.9 -5.46 4.70E+08 0.703 0.389
67 135.4 -7.00 4.10E+08 0.678 0.126
68 152.8 -8.06 3.80E+08 0.844 0.108
69 153.7 -3.83 5.10E+08 0.724 0.083
70 101.2 -6.78 2.70E+06 1 0.145
71 135.4 -6.22 3.00E+07 0.782 0.105
72 125.0 -4.77 1.80E+07 0.663 0.128
73 149.6 -5.96 1.00E+07 0.830 0.121
74 136.0 -4.60 2.10E+07 0.809 0.119
75 118.9 -6.06 1.20E+07 0.835 0.099
76 128.8 -5.42 1.20E+07 0.960 0.187
77 133.2 -5.77 1.60E+07 1.169 0.196
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78 119.8 -8.81 3.90E+07 1 0.110
79 135.0 -5.40 2.10E+08 0.726 0.060
80 133.9 -8.48 2.00E+08 0.729 0.206
81 131.6 -4.64 2.40E+08 0.746 0.052
82 141.4 -5.90 2.60E+08 0.741 0.064
83 130.0 -5.94 4.10E+08 0.780 0.075
84 119.8 -8.81 3.90E+07 1 0.095
85 135.0 -5.40 2.10E+08 0.816 0.080
86 133.9 -8.48 2.00E+08 0.783 0.077
87 131.6 -4.64 2.60E+08 0.791 0.047
88 141.4 -5.90 2.60E+08 0.801 0.074
89 130.0 -5.94 4.10E+08 1.138 0.812
90 105.9 -5.33 2.90E+07 1 0.094
91 125.6 -6.05 1.20E+08 0.903 0.123
92 110.4 -7.09 4.40E+08 0.870 0.165
93 117.0 -8.37 2.50E+08 0.841 0.105
94 113.5 -6.31 2.30E+08 0.813 0.176
95 121.8 -4.60 1.70E+08 0.919 0.182
96 98.2 -5.23 4.10E+06 1 0.094
97 127.8 -3.83 2.40E+07 0.981 0.127
98 131.7 -3.94 1.60E+07 1.035 0.169
99 134.0 -2.68 3.40E+07 1.014 0.124
100 134.7 -6.10 2.50E+07 0.939 0.166
101 123.1 -8.55 2.20E+07 1 0.138
102 145.8 -6.60 2.00E+08 1.155 0.162
103 126.7 -5.38 3.90E+08 1.214 0.067
104 117.4 -4.91 4.30E+08 1.051 0.154
105 105.9 -4.92 4.10E+08 1.263 0.150
106 125.9 -6.77 2.30E+08 0.984 0.051
107 178.1 -8.32 2.10E+07 1 0.248
108 163.0 -4.63 4.10E+08 0.873 0.245
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109 113.0 -6.21 4.60E+08 0.733 0.250
110 136.9 -5.20 5.00E+08 0.672 0.050
111 111.0 -3.66 2.00E+08 1.093 0.099
112 194.6 -6.34 3.10E+08 0.934 0.126
113 138.6 -1.56 3.10E+07 1 0.080
114 130.3 -2.61 2.50E+08 0.886 0.093
115 124.0 -6.00 2.80E+08 0.878 0.079
116 132.5 -5.26 6.70E+08 0.914 0.162
117 98.8 -3.99 5.20E+08 0.947 0.063
118 121.8 -4.44 5.90E+08 0.921 0.103
119 165.2 -6.33 8.30E+07 1 0.098
120 139.8 -8.01 2.40E+08 0.904 0.095
121 132.2 -2.32 3.00E+08 0.900 0.118
122 116.5 -5.43 2.10E+08 0.953 0.067
123 136.5 -7.13 2.00E+08 0.914 0.076
124 120.1 -3.65 5.10E+08 0.998 0.094

No correlation was found between any particle data type with the cell viability indicating

other compounds in the extracts relevant for the cell viability reductions.

7.7 Optimization of the A549/D3 co-culture Transwell® model

The results of the MTT assay for samples 2, 3 and 4 selected from the screen showed a
change in A549 cell viability compared to the extraction buffer control (EB) under medium
condition DMEM basal (Figure 21A) and DMEM with FBS both apically and basolaterally.
(Figure 21 B) In DMEM basal medium, some variability was observed, with extract 4A
showing a reduced viability around 80%. When FBS was present in both apical and
basolateral compartments, sample 2A showed a tendency toward reduced viability (
83%), whereas 4A displayed a slight increase of 158% relative to EB (Figure 21 B). In
contrast, in the presence of 10% FBS apically without basolateral supplementation,
extract-induced effects were less variable, and viability remained consistently close to

EB levels. (Figure 21 C)
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The cytotoxic control (EGTA, 3 mM) strongly reduced cell viability in all conditions,

confirming assay sensitivity.
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Figure 21: Cell viability of A549 cells after exposure to filter extracts (2A, 3A, 4A) compared to
extraction buffer control (EB), determined by MTT assay. Cells were cultured in (A) DMEM basal
medium, (B) DMEM with 10% FBS both apically and basolaterally (C) DMEM with 10% FBS
apically and no FBS basolaterally. EGTA (3 mM) was used as a positive control. Each column
depicts a mean value =+ SD from N= 3-9 individual measurements (n = 3 independent
experiments) —control N = 3. The statistical significance of the data set was established via one-
way ANOVA with confidence interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

The results of the MTT assay for samples 2, 3, and 4 revealed an increase in hCMEC/D3
cell viability under all three tested media conditions. Under DMEM basal medium cell
viability increased around 127% for sample 2A, 135% for 3A and 154% for 4A (Figure 22
A). When both the basolateral and apical compartments contained DMEM with 10% FBS,

the viability was around 130% for 2A and 3A and 124% for 4A (Figure 22B).

In DMEM without FBS in the basolateral compartment, but with 10% FBS on the apical
side, hCMEC/D3 cells showed enhanced viability of around 180% for 2A, 165% for 3A and
130% for 4A (Figure 22C). Interestingly, even in this condition where FBS was absent from
the basolateral compartment, hCMEC/D3 cells still exhibited improved viability. This
pattern suggested that the absence of serum may lead to more pronounced cytotoxic
effects, possibly because serum proteins can bind and sequester harmful compounds

or particles, reducing their bioavailability and toxicity.
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Figure 22: Cell viability of D3 cells after exposure to filter extracts (2A, 3A, 4A) compared to
extraction buffer control (EB), determined by MTT assay. Cells were cultured in (A) DMEM basal
medium,(B) DMEM with FBS both apically and basolaterally (C) DMEM with FBS apically and no
FBS basolaterally. EGTA (3 mM) was used as a positive control. Each column depicts a mean
value = SD from N = 3-9 individual measurements (n = 3 independent experiments) — control N =
3 The statistical significance of the data set was established via one-way ANOVA with confidence
interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

Figure 23A showed reductions in A549 cell viability after exposure to the tested extracts.
Samples 12A,14A, 16A demonstrated cell viabilites of around 69%, 83% and 88%
respectively. Sample 72A, also showed a drop in cell viability of around 80%. These
values indicate a consistent but not severe cytotoxic effect across the different extracts.
In comparison, the positive control EGTA (3 mM) resulted in a marked decrease in cell

viability to 5.8%.

Figure 23B also demonstrated moderate reductions in A549 cell viability following
exposure to the tested extracts. Samples 30A, 61A, 64A, 65A and 67A showed cell
viabilities of approximately 86%,88% , 86% and 75% respectively. These values indicate
a consistent but not severe cytotoxic effect across the different extracts. In comparison,

the positive control EGTA (3 mM) resulted in a marked decrease in cell viability to 4%.
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Figure 23: Cell viability of A549 cells after exposure to filter extracts compared to extraction
buffer control (EB), determined by MTT assay. Cells were cultured in DMEM with FBS apically and
no FBS basolaterally,. EGTA (3 mM) was used as a positive control. Each column depicts a mean
value £ SD from N= 3-9 individual measurements (n = 3 independent experiments) — control N =
3 The statistical significance of the data set was established via one-way ANOVA with confidence
interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

The results of the MTT assay for hCMEC/D3 cells on the basolateral side (Figure 24A)
showed a general increase in metabolic activity in response to all tested extracts
compared to the respective extraction buffer (EB) controls. Samples 12A,14A, and 16A
exhibited viabilities of approximately 107%, 145%, and 133%, indicating a moderate but
consistent elevation in cell viability. Similarly, EB(70) and 72A reached around 113% and

130%, while EB(107) and 110A showed 98.5% and 99%, respectively.

Figure 24B demonstrated a notable increase in cell viability following exposure to the
tested extracts. Especially samples 30A, 61A, 65A and 67A showed a prominentincrease

in cell viabilities of approximately 168%, 120% ,165 % and 134% respectively.

Notably, EGTA (3 mM), used as a positive control, induced a pronounced increase in MTT
signal, in both Figures 24 A and B reaching, approximately 132% in Figure 24A and 198%
in Figure 24B.
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Figure 24 : Cell viability of hCMEC/D3 cells after exposure to filter extracts compared to
extraction buffer control (EB), determined by MTT assay. Cells were cultured in DMEM with FBS
apically and no FBS basolaterally,. EGTA (3 mM) was used as a positive control. Each column
depicts a mean value £ SD from N = 3-9 individual measurements (n = 3 independent
experiments) — control n = 3. The statistical significance of the data set was established via one-
way ANOVA with confidence interval of 95% (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001). In
Figure 24 A, samples 12A,14A and 16A showed a statistical significance in comparison to their
respective extraction buffer, EB 11. In Figure 24 B, sample 65A showed a statistical significance
in comparison to its respective extraction buffer, EB 64.

7.8 TEER Results of A549/D3 Transwell® model

To evaluate the effect of extracts (samples 2, 3, and 4) on epithelial barrier integrity,
transepithelial electrical resistance (TER) was measured in a Transwell model with A549
in the apical compartment and hCMEC/D3 in the basolateral compartment. The
measurement was done once at Oh with the extracts and once after 48h before the MTT
assay was performed. Measurements were performed for samples 2, 3, and 4 and are
reported as mean * SD (n = 3). Results indicated that the presence or absence of serum
significantly influenced TER. In the absence of serum (0%/0%) in the basolateral
compartment, more pronounced reductions in TEER were observed, suggesting that
barrier integrity is more sensitive under serum-free conditions. Interestingly, even without
serum basolaterally, hCMEC/D3 cells maintained improved viability. Overall, the most
stable TEER values were obtained with the medium containing serum in the apical

compartment and no serum in the basolateral compartment.
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Table 10. Results of transepithelial electrical resistance (TER) measurement in a Transwell
model with A549 in the apical compartment and hCMEC/D3 in the basolateral compartment.
Measurements were performed for samples 2, 3, and 4 and are reported as mean = SD (n = 3).

Extraxt/Sample 0% / 0% 10% / 10% 10% / 0%
Control -0h 1003 91+14 82+2
EB 1007 11417 92+ 11
2 1092 121 +23 885
3 95+ 29 128+18 10914
4 1098 1231 1038
Control-48h 84+17 129 £ 1 94+ 11
EB 10416 1579 1273
2 90+16 161 =15 1089
3 4913 16317 1058
4 67 =21 143 =1 1107

Table 11 showed results of TER measurements performed on the 13 extracts that were
selected for further experiments and are reported as mean = SD (n = 3). The selected
condition was DMEM with 10 % FBS in the apical compartment (A549) and no FBS in the
basolateral compartment (hCMEC/D3). The measurement was done once at Oh with the
extracts and once after 48h before the MTT assay was performed. Analysis of the TER

measurements revealed no significant changes between the tested conditions.
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Table 11. Results of transepithelial electrical resistance (TER) measurement in a Transwell
model with A549 in the apical compartment and hCMEC/D3 in the basolateral compartment.
Measurements were performed for samples EB (11), EB(70), EB(107), EB( 29), EB( 58), EB( 64),
12, 14, 16, 72, 30, 61,65, 67, 110 and are reported as mean = SD (n = 3). Samples 30 and 72
weren’t statistically significant to their respective EB, EB(29) and EB(70).

Extraxt/Sample

Control-0h
EB (11)

12

14

16

EB (70)

72

EB (107)

110
Control-48h

EB (11)

12
14
16
EB (70)
72
EB (107)

110

10% / 0%

100 % 1

100+ 2

100+4

95+3

103+4

100+ 3

85%4

100+ 3

102+6

100 1

100 % 1

11125

1053

1075

100+ 2

1035

100 % 1

1025

Extraxt/Sample 10% /0%

Control-0h 100+ 1
EB (29) 100+ 2
30 883
EB (58) 100+ 3
61 902
EB (64) 1004
65 11114
67 99+6
Control-48h 100 £1
EB (29) 100+ 2
30 100+ 3
EB (58) 100+ 2
61 95+4
EB (64) 100 £ 1
65 986
67 914
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8 Discussion

This thesis explored multiple aspects of nanoparticle as well as chemical and undefined
air borne extract exposure on cellular models. Three main experimental components
were investigated: (1) exposure of artificial polystyrene nanoparticles on cells of the
human neurovascular unit, hCMEC/D3 and HMC3, (2) the effects of the environmentally
relevant compound 6PPD-quinone, and (3) the impact of an undefined environmental

extract containing unknown substances.

As anticipated, exposure to UV light caused a reduction in fluorescence intensity.
According to Nurmukhametov et al.,(2007), the loss of fluorescence intensity in
polystyrene based materials after UV exposure results from either a photochemical

degradation or radiation-induced chemical conversions in the molecule.
8.1 Effects on cell viability

The results of the MTT cell viability assays demonstrated that exposure to 6PPD-quinone
and various polystyrene nanoplastic types induced clear concentration-dependent

effects of hACMEC/D3 and HMC3 cells.

For 6PPD-Q, a significant decrease in cell viability was observed at higher concentrations
in both cell types. In hCMEC/D3, viability dropped to below 50% at 10,000 pg/L, 3,000
pg/L and 1,000 pg/L, indicating strong cytotoxicity at these doses. At 300 ug/L, viability
remained significantly reduced (around 55%), whereas lower concentrations (100 pg/L,
30 pg/L, 10 pg/L) showed a return to values close to control levels. A similar dose-
response was seen in HMC3 cells, with the highest concentrations (10,000 pg/L and
3,000 ug/L) causing viability reductions to 70% and 66%, respectively, while intermediate
concentrations (1,000 pg/L and 300 pg/L) still showed significant effects (around 71-
72%).

A cell type dependant response was observed with hCMEC/D3 cells showing a stronger
reduction in viability at higher concentrations than HCM3 microglia. This is consistent
with reports of oxidative stress responses in human cerebral endothelial cells following
exposure to p-phenylenediamine-derived quinones. Xia et al., (2025) reported increased

reactive oxygen species and stress-related cellular responses in hCMEC/D3 cells after
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exposure to PPD-quinone compounds. The ratio of PPD-Q to PPD was up to three times
higher in smaller particles (0.056-0.1 um) than in larger ones (10-18 um), indicating that
particle size plays a major role in atmospheric transformation and potential human

exposure patterns ( Xia et al., 2025).

In the case of nanoparticle exposures, distinct patterns emerged depending on particle
size and surface chemistry. PS C 50nm was chosen for this experiment, because this type
of size and chemistry proved to be the most toxic to hCMEC/D3 (and other) cells in
previous studies (cell viability and cellular uptake studies) done by other team members

at AIT (Chmielewska, 2023).

ForhCMEC/D3, exposure to stained carboxylated polystyrene nanoparticles (PS C50) led
to a marked and statistically significant reduction in viability to around 72% at 100 pg/mL,
while lower concentrations (30 pg/mL and below) were not significantly different from
controls, indicating a clear dose-dependent effect. By contrast, exposure to stained
plain polystyrene (P100) and aminated polystyrene (A100) did not significantly affect
viability at any tested concentration, suggesting lower acute toxicity of these larger

particles in endothelial cells.

These findings align with previously reported data demonstrating that smaller particles
(Banerjee etal., 2021) and charged surfaces interact more strongly with cell membranes,
leading to enhanced uptake and higher cytotoxicity (Fréhlich, 2012). The high toxicity of
carboxylated 50 nm particles are related to their small size , which enhance cellular
interaction and stress responses. Aminated particles, especially A5Onm can also induce
membrane damage and mitochondrial stress, due to their size and positive charge
(Fréhlich, 2012). In line with these findings, exposure of HMC3 microglial cells to
aminated A50 nanoparticles resulted in a pronounced, concentration-dependent
decrease in cell viability in the present study. Cell viability was reduced to approximately
60 % and 68 % at the highest tested concentrations of 300 pg/mL and 100 pg/mL,
respectively, and remained decreased to about 74 % even at 30 pg/mL. These findings
suggested a dose-dependent cytotoxic effect of PS-P A50nm nanoparticles in HMC3

cells, particularly at concentrations over 100 pg/mL.

Importantly, the MTT assay measures mitochondrial metabolic activity rather than

absolute cell death (Ghasemi et al., 2021). A decrease in MTT signal reflects reduced
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mitochondrial dehydrogenase activity, which may indicate cell death but can also reflect
stress or metabolic slowdown. Therefore, the observed reductions in MTT signal at higher
concentrations should be interpreted as strong mitochondrial impairment, likely

accompanied by partial cell death at the most toxic doses.

The differential sensitivity between endothelial and microglial cells may reflect their
distinct physiological roles: endothelial cells form the BBB and have robust barrier
functions (Wu et al., 2023) whereas microglia serve as resident immune cells that readily
initiate inflammatory responses( Dello Russo et al., 2018) In experimental and injury
models, microglia are primary producers of key proinflammatory cytokines, such as
TNF-q, IL-6, IL-1B) (Bourne et al., 2025) and become activated by signals from stressed
endothelial cells. Together, these data support the notion that endothelial cells are
structurally and functionally geared toward a barrier role, whereas microglia are primed
forimmune activation under challenge. The extremely high sensitivity of HMC3 to C50nm
nanoparticles supports this, suggesting microglia could act as early targets in

nanoparticle-induced neurotoxicity.

Finally, the dose-dependent cytotoxic effects of 6PPD-Q observed in this study are
consistent with emerging literature reporting its strong toxic potential in human cell

models (Qi et al., 2024).

These findings highlight that both nanoparticle properties (size, surface chemistry) and
chemical pollutants like 6PPD-Q can compromise BBB-associated cells. They also
emphasize the need for further mechanistic studies including ROS measurements,
cytokine profiling, or extracellular vesicle analysis to complement the MTT data and

better understand the pathways underlying these toxic effects.

8.2 Pilot experiment: A549 screening monoculture and

A549/hCMEC/D3 co-culture Transwell® model

To explore whether a combined lung-neurovascular barrier model could provide
additional insight into nanoparticle translocation and cellular effects, pilot experiments
were conducted using A549 alveolar epithelial cells grown first as a monoculture, then
as the apical layer in a Transwell system with hCMEC/D3 endothelial cells in the

basolateral compartment. This setup aimed to mimic a simplified lung-to-brain exposure
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scenario and assess its barrier characteristics (TER) and cellular mitochondrial activity

(MTT) following the exposure of undefined environmental extracts.

A large-scale screening of 124 environmental extracts obtained from indoor air filters
collected in schools and residential buildings revealed marked variability in their effects
on A549 lung epithelial cell viability. Initial MTT assays identified 13 samples that reduced
viability to below 70% compared to controls, indicating potential cytotoxicity. These

samples were selected for more detailed testing in a co-culture (Transwell) system.

Pilot experiments using samples 2, 3, and 4 demonstrated moderate to pronounced
effects on A549 viability depending on medium composition. In serum-free basal
medium, extract 4 reduced viability of hCMEC/D3 to approximately 80%, while extracts
2 and 3 showed smaller changes. When 10% FBS was added to both apical and
basolateral compartments, sample 2 produced a slight but measurable reduction in
viability (~83%), whereas sample 4 led to an increase in metabolic activity (158% of
control). In contrast, under conditions with 10% FBS only in the apical compartment,
viability remained close to control for all three extracts, suggesting that serum proteins

may bind or neutralize toxic components, thereby mitigating their cytotoxic potential.

Following the preliminary testing, one condition and 13 samples were chosen for
additional experiments. The chosen condition was DMEM supplemented with 10 % FBS
in the apical chamber (A549 side), but without FBS in the basolateral chamber (hCMEC/
D3 side). For the apical A549 epithelial cells, several extracts (12A, 14A, 16A, and 72A)
induced reduction of cell viability of approximately 69-88% relative to the control, while
samples 30A, 61A, 64A, 65A, and 67A showed viabilities ranging from 75-88%. These

values represent a measurable, but not severe reduction in mitochondrial activity.

Onthe basolateral side, h(CMEC/D3 cells demonstrated an increase in metabolic activity
upon exposure to most extracts (Figures 22A and 22B). Samples 12A, 14A, 16A, and 72A
led to viabilities between 107-145%, whereas samples 30A, 61A, 65A, and 67A showed
even more pronounced increases, up to approximately 168% of control levels.
Interestingly, the positive control EGTA also induced a substantialincrease in MTT signal
(132-198%), consistent with cellular stress responses leading to metabolic
overcompensation or increased mitochondrial activity, which may reflect either an

adaptive response or assay interference rather than true proliferation.
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A549 epithelial cells, positioned at the direct site of exposure, may be more prone to
stress induced mitochondrial impairment, whereas endothelial cells, indirectly exposed
via the basolateral compartment, may initially respond with compensatory upregulation
of metabolic pathways. Another possibility is that soluble factors released from A549

cells upon exposure trigger a signalling pathway, influencing endothelial cell activity.

This suggests that factors in the extracts may have had indirect or stimulatory effects on
brain endothelial metabolism or that serum diffusion from the apical side provided

additional nutritional support to the basolateral cells.

Transendothelial/epithelial electrical resistance (TEER) measurements performed
before and after 48 h exposure to samples 2, 3, and 4 showed no significant loss of barrier
integrity under most tested conditions. TEER values remained low overall, typical for
A549-based systems (Barosova et al., 2021), but were stable over 48 h, indicating that

acute extract exposure did not disrupt tight junctions to a major extent.

Follow-up TEER measurements with the 13 selected extracts further supported this
observation: no statistically significant differences were detected between samples and
controls, suggesting that, despite measurable cytotoxicity in A549 cells in some
conditions, the overall epithelial-endothelial barrier remained functionally intact during

the 48 h exposure period.
8.2.1 Model limitations and future improvements

Although the combination of A549 and hCMEC/D3 in a Transwell system does not
represent a standard or well-established in vitro model, this pilot setup provided
valuable first insights into barrier behaviour and cellular responses to environmental
extracts. Nevertheless, the current system has several important limitations that must

be acknowledged and addressed in future work to improve its physiological relevance.

A major drawback of using A549 cells is that they express mainly type Il alveolar epithelial
cell markers, whereas in vivo the alveolar epithelium consists of type l and |l cells. (Foster
etal., 1998) These type | cells play a critical role in maintaining barrier integrity by limiting
fluid entry into the alveolar space (Weibel, 2015), a feature that is largely absent in A549
cultures. This structural and functional difference was reflected in the low TEER values

measured in the present experiments, confirming that the A549 monolayer formed only
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a weak epithelial barrier. (Barosova et al., 2021) As a result, the current model does not

fully replicate the tight barrier properties of the human alveolar epithelium.

To bring the model closer to in vivo conditions, several improvements should be
considered. These include replacing A549 with more physiologically relevant cell types
(e.g., primary human alveolar epithelial cells or type I-like cell lines), or creating a co-

culture with additional lung cell types.

Introducing basolateral flow or shear stress could help mimic the dynamics of blood
flow, as the vascular system of the lung is continuously exposed to shear stress from

blood flow ( Nossa et al., 2021).

Moreover, the study focused primarily on TER and cell viability as endpoints, which
provided only limited information on the underlying mechanisms of toxicity. To capture
more subtle effects, future studies could include additional markers such as reactive
oxygen species (ROS), inflammatory mediators (e.g., cytokines), or release of
extracellular vesicles, which may better reflect early cellular stress responses and
barrier modulation. Chemical characterization of the extracts may also help identify

which components drive the observed metabolic effects.

Finally, itis also important to critically consider what actually passes through the barrier.
The observed signals in the basolateral compartment may not necessarily represent
intact particles, but could instead reflect secondary soluble factors released by the lung
epithelial layer after exposure. Distinguishing between actual particle translocation and
secondary signalling or dissolution effects will be crucial to accurately interpret

transport phenomena in such model.
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9 Conclusion

This research project investigated the potential health risks posed by environmental
particle exposure, focusing on well characterized plastic related substances, the toxicity

of 6PPD-quinone and complex airborne materials.

The results from nanoparticle exposure experiments confirmed a clear size- and surface
chemistry dependent effect on cell viability. Particularly, carboxylated 50 nm polystyrene
particles induced pronounced concentration-dependent reductions in cell viability, with
microglial HMC3 cells showing higher sensitivity compared to hCMEC/D3 cells. These
findings align with previous reports on the increased reactivity of small, negatively
charged nanoplastics and underline the importance of particle characteristics in

determining cellular stress responses at the brain’s vascular interface.

In the case of 6PPD-quinone exposure, a strong concentration-dependent decrease in
cell viability was observed in both hCMEC/D3 and HMCS cells, with high concentrations
leading to substantial cytotoxicity. Interestingly, experiments revealed a reduction in

compound permeation at higher concentrations, suggesting saturation.

A major component of this thesis was the pilot testing of indoor dust extracts derived
from air filters collected in schools and residential buildings. Thirteen extracts identified
during initial screening were examined in an A549/D3 Transwell co-culture model. The
MTT assays revealed moderate but consistent reductions in metabolic activity in A549
lung epithelial cells, with viability values typically ranging between 70-90%, while
hCMEC/D3 endothelial cells on the basolateral side exhibited increased metabolic
activity, in some cases up to 168%. This differential response suggests cell type specific
adaptive mechanisms and emphasizes the need to interpret increases in MTT signal
carefully, as they may indicate metabolic overcompensation rather than proliferation.
Importantly, TER measurements remained stable throughout all exposure conditions,
indicating that barrier integrity was not acutely compromised under the applied

concentrations and exposure durations.
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The pilot lung—neurovascular barrier model proved to be a useful screening tool, but also
revealed important limitations. The use of A549 type Il alveolar epithelial cells resulted in
low baseline TER values, reflecting their limited barrier function compared to primary
type | alveolar cells. Future optimization of the model should include more
physiologically relevant lung epithelial cell types, the introduction of immune cells, and
the addition of flow or shear stress to better mimic in vivo conditions. Furthermore,
mechanistic endpoints such as oxidative stress, and inflammatory mediator release,

should be integrated to provide a more comprehensive picture of biological effects.

In conclusion, the results of this research illustrate how the influence of nanoparticle
properties, chemical exposures, and environmental mixtures can shape both cellular
responses and barrier integrity. These insights emphasize the need for integrated and

complementary in vitro approaches to adequately model complex exposure situations.
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