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Abstract 1

1 Abstract

The effects of engineered nanomaterials on human health are intensively studied in
order to facilitate their safe application. However, relatively little is known how me-
chanical strain (stretching), as induced in alveolar epithelial cells by breathing dynam-
ics, modifies biological responses to nanoparticles. In this study, A549 cells as a model
for human type Il alveolar epithelial cells were exposed to 25 nm amorphous colloidal
silica nanoparticles (Si25) under dynamic or static culture conditions. Gene array data,
gPCR, and ELISA revealed that stretching, in order to mimic breathing, can amplify the
inflammatory responses to nanoparticle exposure. Treatment of cells with either
stretching or nanoparticles alone led to minor changes in gene expression or cytokine
secretion. The amplifying effect from stretching was not influenced by nanoparticle
size or an intensified stretching, but by varying fetal bovine sera for medium supple-
mentation. The type of fetal bovine serum used as medium supplement determined
the occurrence of the amplifying effect, affecting both baseline cytokine production, as

well as cellular response to nanoparticles.

Gene expression alterations induced by combined exposure to nanoparticles plus
stretching showed a high similarity to those known to be induced by TNF and mediated
by NFkB. However, translocation of NFkB-p65, NF-kB2-p100/p52, and NF-kB1-
p105/p50 subunits upon Si25, stretch, or a combined treatment could not be ob-
served. Confocal microscopy revealed that stretching did not lead to an increased in-
ternalization of nanoparticles in this simplified lung model, indicating that the ob-
served response amplification was not caused secondary to an elevated intracellular

nanoparticle accumulation.

This study suggests that mechanical strain, which constantly affects lung epithe-
lial cells in vivo, significantly determines cell response and should therefore be imple-

mented in all in vitro models for pulmonary toxicity tests.
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2 Zusammenfassung in deutscher Sprache

Die Auswirkungen menschengemachter Nanopartikel sind im Fokus vieler
wissenschaftlicher Studien, um zukiinftig deren sichere Handhabung und Anwendung
zu gewahrleisten. Wenig ist bisher dariiber bekannt, wie sich mechanische Belastung,
die beispielsweise wahrend der Atmung in unseren Lungen stattfindet, auf die zelluldre

Reaktion gegentiber inhalierter Nanopartikel auswirkt.

In dieser Arbeit wurden A549 Zellen als Modell fir humane alveoldre Typ Il
Epithelzellen mit kolloidalen amorphen Siliziumdioxid-Nanopartikeln behandelt und
wahrenddessen entweder mit oder ohne mechanische Dehnung kultiviert.
Genexpressionsanalysen mittels Microarrays und quantitativer Echtzeit-Polymerase-
Kettenreaktion (qPCR) sowie Sekretionsanalysen durch Enzymimmunoassays (ELISA)
zeigten, dass atmungssimulierende mechanische Dehnung in vitro die
inflammatorische Zellantwort auf Nanopartikelexposition verstarken kann. Die
Behandlung der Zellen mit entweder mechanischer Dehnung oder Nanopartikeln allein
verursachte nur schwache Verdanderungen der Genexpression und Sekretion
bestimmter Zytokine. Der beobachtete verstiarkende Effekt der mechanischen
Dehnung auf die Zytokinexpression schien unabhangig von der Grof3e der eingesetzten
Nanopartikel zu sein. Auch das Steigern der mechanischen Dehnung von 15% auf 25%
Flachenexpansion veranderte den verstarkenden Effekt nicht. Jedoch fiihrte die
Verwendung eines anderen fotalen Kalberserums (FBS) in der Zellkultur zum
Ausbleiben dieses Effekts von mechanischer Dehnung. Sowohl die grundlegende
Zytokinproduktion, als auch die Reaktion auf die Nanopartikel waren vom Einfluss des

FBS betroffen.

Das durch Siliziumdioxid-Nanopartikel plus mechanische Dehnung verdnderte
Genexpressionsmuster der Zellen wies Ahnlichkeit mit der Zellantwort auf, die NFkB-
abhangig durch den Tumornekrosefaktor (TNF) induziert wird. Mithilfe von
Konfokalmikroskopie konnte die Translokation der NFkB-p65, NF-kB2-p100/p52 und
NF-kB1-p105/p50 Untereinheiten durch Behandlung mit Nanopartikeln, Dehnung oder

einer Kombination aus beidem nicht nachgewiesen werden.

Die Vermutung, dass mechanische Dehnung die zellulire Aufnahme von

Siliziumdioxid-Nanopartikeln steigert und damit indirekt zu einer stdrkeren
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inflammatorischen Reaktion fiihrt, konnte fiir dieses Lungenmodell mithilfe von

Konfokalmikroskopie widerlegt werden.

Diese Arbeit bestatigt, dass mechanische Belastung ein integraler Bestandteil der
in vivo Situation von alveolaren Epithelzellen ist und deren Zellantwort auf
Nanopartikel signifikant beeinflusst. Mechanische Belastung sollte daher in allen in

vitro-Modellen flir Pneumotoxizitatstests implementiert werden.
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3.1 Nanomaterials and nanotoxicology

Humans have always been exposed to naturally occurring nano-sized materials, for
example from volcanic ashes or dust from desert storms (Strambeanu et al., 2015b).
Unintended exposition to anthropogenic nano-sized or ultra-fine particles (e.g. from
mining, milling, and fuel combustion), however, has increased with industrialization
(Strambeanu et al., 2015a). Awareness of the hazardous potential of such small parti-
cles compared to larger ones rose in the nineteen-nineties with the realization of their
stronger inflammatory potential and more efficient interstitial translocation
(Donaldson et al., 2004; Kagan et al., 2005; Oberdorster et al., 2005; Oberdorster et al.,
2009). Nowadays, more and more types of engineered nanomaterials (ENM) are being
used for a diversity of applications. The most prominent examples are certainly titani-
um dioxide in sunscreen, nano-silver for its antibacterial effect in medical plasters or
clothing, quantum dots in optical electronics, carbon black in printer toner or mascara,
and nano-scaled synthetic amorphous silicon dioxide (SAS) as a food additive
(Karlsruher Institut flr Technologie, 2021a). It is not surprising that nanotoxicology as a
research field at the transition between materials science and toxicology has gained
increasing interest over the past two decades (Miller and Poland, 2020). Initially, the
common understanding and nomenclature of ‘nano-sized’, ‘nano-scaled’ or ‘ultra-fine’
particles was inconsistent. Many attempts have been made to establish a definition for
nanomaterials with regard to their origin, primary particles size, agglomeration and
aggregation behaviour, or their volume-specific surface area (Kreyling et al., 2010). In
2011, the European Commission recommended the following definition: “Nano-
material’ means a natural, incidental or manufactured material containing particles, in
an unbound state or as an aggregate or as an agglomerate and where, for 50% or
more of the particles in the number size distribution, one or more external dimensions
is in the size range 1 nm-100 nm. [...] ‘Particle’ means a minute piece of matter with

defined physical boundaries [...].”
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3.2 Entry routes into the body

Depending on the way of exposure, nanoparticles can enter the human body through
several routes (Stern and McNeil, 2008). The dermal route (intercellularly, transcellu-
larly, or via hair follicles) is especially relevant for nanoparticulate components of cos-
metics, dermatics and clothing. Healthy human skin is an effective protection and pre-

vents most of these nanoparticle types from entering the body (Nohynek et al., 2007).

The gastrointestinal tract (GIT) may come into contact with nano sized compo-
nents of food additives® and packaging material (e.g. nano-silver as an antimicrobial
agent, TiO,” as a food pigment, SiO, as a thickening agent), but also unintended con-
sumption of nanoparticles through contaminated food or water matters. Medical ap-
plications, such as contrast agents for radiology, also require ingestion of nanoparticles
(e.g. barium sulphate or iron oxide). Inside the GIT, nanoparticles encounter saliva,
gastric acid, enzymes, mucus, bacteria and food components leading to chemical and
physical transformation, disruption and eventually elimination. On their way from the
gut lumen into the tissue or blood stream, nanoparticles first have to penetrate a layer
of mucosa before entering the tissue via cellular or paracellular transport. Data on gas-
trointestinal nanoparticle entry vary substantially between in vitro and in vivo studies
as well as nanoparticle types. Estimating realistic exposition doses and translating and
applying these in cell culture or animal models are difficult challenges (Sohal et al.,

2018; da Silva et al., 2020).

In contrast to dermal and gastrointestinal nanoparticle entry, the inhalative entry
route is especially important when it comes to unintended occupational exposure to
nanoparticles. Many types of nanoparticles are suspected to cause respiratory diseases
such as inflammation, fibrosis or cancer (Nho, 2020). With global annual production of
SiO, being vaguely estimated between 10°-10° tons and expected to increase (Jankovié
and Plata, 2019), these materials represent an important unintended way of exposure

to production workers. Inhalative uptake can also become relevant when nanoparti-

? Currently, in the European Union no food additives that are intentionally produced in nano size are approved. (Karlsruher Institut
fur Technologie, 2021b. Nanomaterialien in Lebensmitteln [online].
https://nanopartikel.info/basics/querschnittsthemen/nanomaterialien-in-lebensmitteln/, [September 10, 2021].)

® Since 2021, the food additive E171, which contains nano-sized TiO,, is no longer considered safe by the European Food Safety
Authority. (European Food Safety Authority, 2021. Titanium dioxide: E171 no longer considered safe when used as a food
additive [online]. https://www.efsa.europa.eu/en/news/titanium-dioxide-e171-no-longer-considered-safe-when-used-food-
additive, [November 15, 2021].)
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cles that are usually bound within composite materials are subject to degradation and
thus released into the air. In 2015, ambient particulate matter was the cause for 4.2
million deaths; occupational exposure to particulate matter caused 0.4 million deaths
(Global Burden of Disease (GBD) 2015 Risk Factors Collaborators, 2016). Inhalation of
nanoparticles, e.g. as drug delivery system, has also gained increasing interest. Poten-
tial applications, some already under clinical investigation, use e.g. aerosolized lipo-
somes, polymers, or silica as carriers to target lung cancer, acute respiratory distress
syndrome (ARDS), asthma, respiratory infections, or diabetes (Osman et al., 2020;

Praphawatvet et al., 2020).

During inhalation, airborne particles enter the respiratory tract through nose or
mouth. Depending on size, shape and density, they deposit in different sections of the
lung. Particles in the size range of approximately 10 um deposit in the nasal and laryn-
gopharyngeal region, mainly upon impaction, but hardly reach the alveolar space. Par-
ticles sized 10-100 nm reach the bronchial and alveolar space almost unhindered via
diffusion. Deposition of nanoparticles in the lung also depends on capacity, flow rate
and frequency of inhalation (Heyder and Svartengren, 2002; Oberdorster et al., 2005;
Nho, 2020). Particles that deposit in the upper and conducting airways are subject to
mucociliary clearance. In the alveolar space, deposited particles can be phagocytozed
by alveolar macrophages. However, large parts retain in close contact with lung surfac-
tant and the alveolar epithelium where they can accumulate and eventually transition
to the interstitium, the lymphatic system, or into the blood stream from where system-

ic distribution is possible (Oberdorster et al., 2005; Riediker et al., 2019).

Cellular entry mechanisms (Figure 1) include endocytic processes, such as caveo-
lin or clathrin dependent endocytosis, clathrin independent endocytosis, phagocytosis
and macropinocytosis, as well as direct nanoparticle translocations. Endocytic uptake
is strictly regulated and incorporates nanoparticles within endocytic or phagocytic ves-
icles, thereby determining their intracellular or even transcellular fate and potential
immune responses. Direct nanoparticle translocations result in a vesicle-free penetra-
tion through the cell membrane, which is an important mechanism in drug delivery

research (Donahue et al., 2019).
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Figure 1: Cellular entry mechanisms and intracellular fate of nanoparticles. Reproduced from Reifarth
et al (2018) with permission from John Wiley and Sons.
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3.3 Mechanisms of nanoparticle toxicity

Many attempts have been made to identify specific nanoparticle properties that cause
toxicity. However, depending on particle type and the cells or tissues involved in this

interaction, the nano-bio interface can differ and ‘toxicity’ can have many faces.

Physicochemical properties like charge or functional groups determine the char-
acteristics of the nanoparticle surface which is the first component of the nano-bio
interface. The interaction between the particle surface and its surrounding presents
the second component of the nano-bio interface — the solid-liquid interface, which will
finally be in contact with tissue or cells. All three parts of the nano-bio interface can
thereby impair the biological entity — even before any direct contact (Nel et al., 2009).
The following paragraphs will briefly introduce relevant cellular effects that can be

triggered by nanoparticles (Osman et al., 2020).

Cell membrane damage may be caused by mechanisms like frustrated phagocy-
tosis (Donaldson et al., 2010), membrane depolarization, lipid leakage, production of
reactive oxygen species (ROS) causing lipid peroxidation, or impaired membrane
transport. Major factors can be nanoparticle size, shape, surface charge, and chemical

composition.

Oxidative stress upon nanoparticle exposition may be caused by their physico-
chemical properties like dissolution behaviour or ion release, or by their ability to
damage the mitochondrial membrane. Depending on the damage done by free radicals
that interact with cellular components (e.g. DNA), cells react with inflammation, apop-

tosis or necrosis.

Once nanoparticles have passed the cell membrane they may damage organelles
directly. Examples are loss of energy production when mitochondria are affected, or

enzymatic spilling when lysosomes rupture (Reifarth et al., 2018).

Inflammatory response upon nanoparticle exposition has not only been observed
in alveolar macrophages, but also in alveolar epithelial cells (Muehlfeld et al., 2008).
Prolonged or excessive inflammation can lead to fibrosis and cancer. The inflammatory
potential of nanoparticles depends on properties like size, shape, agglomeration be-
haviour, or surface chemistry, as those determine the probability of macrophage

recognition and complete phagocytosis, biopersistence, and pulmonary retention. In-
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flammasome activation has also been considered a possible inflammatory mechanism

upon nanoparticle exposure (Sharma and Jha, 2020).

Genotoxic effects may directly result from interaction between nanoparticle and
DNA, or indirectly after inflammatory processes, oxidative stress, or activation of
membrane receptors that are involved in DNA repair or other pathways (Yang et al.,

2012; Doak and Dusinska, 2017; Singh et al., 2017).

Cell death scenarios like necrosis, apoptosis and autophagy have been observed
upon nanoparticle exposure. Not only the definition of death modes varies strongly,
but cell death pathways also have significant crosstalk and depend on exposure inten-

sity (Mohammadinejad et al., 2019).
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3.4 Anatomy and physiology of the respiratory tract

The lungs can be divided into the upper (conducting) airways and the lower (respirato-
ry) airways, also called lung parenchyma. The process of breathing can also be divided
into ventilation and respiration. Ventilation of the lungs (in a relaxed state) is driven by
contraction of the diaphragm, resulting in a negative pressure inside the lungs that
causes air inflow. The conducting airways (pharynx, larynx, trachea, bronchi and bron-
chioles) aerate the respiratory zone (respiratory bronchioles, alveolar ducts, alveolar
sacs and alveoli) (Lang, 2020). Alveoli are the smallest functional entity in this hierar-
chically or tree-structured organ. In contrast to the conductive airways, which are lined
with ciliated columnar epithelium, mucus and surfactant (together =60 um thick), the
alveolar wall merely presents a 2 um or thinner barrier between air and blood (Gehr et
al., 1978). Oxygen in the air-filled alveoli diffuses through a lining of surfactant, a
squamous epithelium, the alveolar interstitium, and the capillary endothelium before
reaching the (deoxygenated) blood where it is, in large parts, bound to the erythro-

cytes’ haemoglobin.

The epithelial layer is built from alveolar epithelial cells of types | and Il (AE-I, AE-
I1). Type | cells are very flat and cover the greater part of the alveolar surface (x90%) to
minimize the diffusion barrier for respiratory gases. Cuboidal AE-II cells are twice as
numerous but cover only small portions of the alveolar surface (<10%) and have the
ability to differentiate and replace AE-I cells (Crapo et al., 1982; Crapo et al., 1983). AE-
Il cells contain lamellar bodies that secrete surfactant, mainly composed of surface
active lipids and proteins, onto the alveolar epithelium to reduce surface tension,
thereby preventing the alveoli from collapsing and facilitating normal breathing dy-
namics (Perez-Gil and Weaver, 2010). Alveolar macrophages are the first defence line
against inhaled pathogens that reach the alveoli, and involved in inflammatory activa-

tion (Hoppstadter et al., 2010).
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3.5 Mechanical forces in the lung

Our lungs are permanently under mechanical stress: an adult takes 12-20 breaths per
minute, inhaling 400-600 ml of air per breath. This equals 4.8-12 | of air that pass the
lungs each minute (Lang, 2020) under significant mechanical deformations. Knudsen
and Ochs (2018) reviewed current knowledge on surfactant lining and integrity of the
inter-alveolar septum, which facilitate mechanical stability in the alveolar space: during
inhalation and exhalation, alveoli experience deformation (Figure 2), which is com-
monly described as ‘strain’. Under normal breathing within 40-80% of total lung capac-
ity (TLC), reduced alveolar surface tension from surfactant lining and stability from the
connective tissue fibre network prevent the alveoli from collapsing at low lung vol-
umes, and from overdistention at higher lung volumes, thereby enabling energy effi-
cient breathing. As epithelial cells are overall connected to the stress-bearing connec-
tive tissue fibre network, they experience stress even in a healthy lung, for example
during physical exercise (this aspect will be further discussed in chapter 7.1.2). To a
certain degree, resulting damages to the plasma membrane or to cell-cell interactions
can be compensated by the cells. When it comes to diseased lungs or scenarios of in-
vasive mechanical ventilation, pulmonary micromechanical properties as well as pres-
sure ratios can change and cause imbalances in these complex structures, leading to

lung injuries (Slutsky and Ranieri, 2013; Brochard et al., 2017).

V: % of
TLC

100% -1

80% T

60% T

40% -+

20% T

0% -1

P,, (cmH,0)

Figure 2: Suggested alveolar deformation mechanisms originally postulated by Gil et al. (1979), here
associated with more recent observations (Bachofen et al, 1987; Tschumperlin and Margulies, 1999;
Knudsen et al, 2018) by Knudsen and Ochs (2018). De-recruitment is unlikely during normal breath-
ing where the residual volume (*20-40% of TLC (Ruppel, 2012)) remains in the lungs. Alveolar wall
folding, change of shape, and isotropic balloon-like stretching occur with increasing pressure. Figure
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reproduced from Knudsen and Ochs (2018) under the terms of the Creative Commons Attribution 4.0

International License (CC BY 4.0) (http://creativecommons.org/licenses/by/4.0/).

Basic cellular responses to normal or excessive mechanical forces in the lungs are
still not entirely understood. As access to alveoli is limited in vivo, many attempts have

been made to simulate breathing or ventilation movement in vitro.


http://creativecommons.org/licenses/by/4.0/
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3.6 Current in vitro lung models

Research in life sciences depends on in vitro models. Despite many efforts, results from
in vitro models and associated in vivo or ex vivo data often lack correlation. Complex in
vitro models that also address biophysical aspects are a recent development in toxicol-
ogy that may help to close the gap between in vitro and in vivo scenarios (Del Favero
and Kraegeloh, 2020). With the knowledge gained from the previous chapters, it can
be summarized that modelling the human lung in vitro involves many challenges. Fo-
cussing on the alveoli as functional units of the lungs, it should be considered that i)
multiple interacting cell and tissue types are involved; ii) the alveolar barrier is situated
at the interface between air and blood; iii) the alveoli are exposed to mechanical stress
and deformation. This work focussed on the latter, using a stretchable submerse mon-

oculture model.

The simplified lung model allowed easy handling of cells and uncomplicated me-
dium-carried nanoparticle exposure. Vacuum-driven equibiaxial strain and a 6-well
format ensured that a large proportion of cells experienced strain — this is of im-
portance for any analysis that includes all cells of a well (e.g. well-based toxicity as-
says). In addition, when preparing microscopy samples, one well is sufficient to pre-
pare 4-6 different samples. Complex immuno staining with multiple antibodies and
labels can be avoided. However, a big well size requires large numbers of cells which

can be a disadvantage when attempting to culture primary cells.

This subchapter will illustrate current modelling approaches that address one or
multiple of these aspects. Permeable cell culture dishes (e.g. Transwell systems) can
serve as a connection between epithelial cells and macrophages on the upper (apical)
side with endothelial cells on the lower (basolateral) side. Depending on the liquid lev-
el, the epithelial cells on the apical side of the transwell are submerged or in direct
contact with air (Kasper et al., 2017; Costa et al., 2019). Culturing alveolar epithelial
cells at the air-liquid interface (ALI) is an important approach when it comes to re-
search on pulmonary surfactant or inhalation toxicology (Lacroix et al., 2018). So far,

these systems were limited to static cultivation.

First attempts to mimic strain in vitro used stretchable cell substrates like silicone
membranes or gelatine sponges (Wirtz and Dobbs, 1990; Liu et al., 1992). A commer-

cial system based on elastic silicone substrates that are stretched via vacuum applica-
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tion was introduced in the nineteen-nineties and revealed effects of stretching on, for
instance, epithelial repair, cytokine release and ROS production (Savla and Waters,
1998; Vlahakis et al., 1999; Chapman et al., 2005). Permeable and at the same time
elastic cell substrates can mimic the air-blood interface and dynamic conditions in one
system. Huh et al. (2010) even added microfluidic components to recreate blood flow
in the endothelial compartment of their system. Stucki et al. (2018) presented a lung-
on-a-chip system that additionally addresses easy handling regarding sterility, medium
supply, sample taking and measurement of transepithelial resistance as well as suita-
bility for microscopy analysis. Biological membranes made of collagen and elastin may
resemble the air-blood barrier even more realistically (Zamprogno et al., 2019). Typical
parameters for validation of such alveolar epithelial models are, for instance, surfac-
tant production, presence of tight junctions, transepithelial resistance or permeability

for small hydrophilic molecules.
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4 Aim of this study

The aim of this work was to elucidate how mechanical strain, mimicking normal
breathing, affects the cellular response of type Il alveolar epithelial cells upon exposi-

tion to amorphous colloidal silica nanoparticles.

The first part focussed on gene expression alterations caused by treating the
model cells (A549) with nanoparticles, mechanical strain, or both. It was analyzed if
mechanical strain influenced the amount of nanoparticles that the cells internalized

during the experiments.

The second part investigated whether this dynamic in vitro model was able to
mimic more extensive mechanical strain as occurs, for instance, in the diseased or ven-
tilated lung. The established model was also tested with a larger type of nanoparticles
to see whether the interaction between stretch and particles is affected by particle

size.

The last part of this work addressed experimental robustness of the system. Ex-
periments of parts | and Il were repeated under new experimental conditions such as
batch variations of nanoparticles and fetal bovine serum for cell culture supplementa-

tion.

Results from this work may help to identify how nanoparticles, cells, and their

way of interacting are affected by mechanical stimuli.
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5 Materials and Methods
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5.1 Synthesis and characterization of nanomaterials

All nanomaterials, if not stated otherwise, were synthesized and characterized at Leib-
niz Institute for New Materials gGmbH (Saarbriicken, Germany) by colleagues from the

program divisions Nano Cell Interactions, Chemical Analytics and Physical Analytics.

5.1.1 Colloidal amorphous silica nanoparticles

Labeled and unlabeled amorphous colloidal SiO, nanoparticles with a target diameter
of 25 nm or 80 nm were synthesized as described previously (Hartlen et al., 2008;
Tavernaro et al., 2017) through L-arginine-catalyzed hydrolysis of tetraethoxysilane
(TEOS) in a biphasic water/cyclohexane system. For preparation of fluorescently la-
beled SiO, nanoparticles, the dye ATTO 647N (ATTO-TEC GmbH, Germany), a carbopy-
ronine derivative, was covalently coupled into the SiO, nanoparticle matrix after a pre-
synthesis modification with cysteic acid and (3-aminopropyl)triethoxysilane. The parti-
cles were purified by dialysis against ultrapure water for 24 hours and subsequently
filtered through a sterile 0.2 um cellulose acetate filter. As reported before by Kucki et
al. (2014), SiO, nanoparticle dispersions prepared by this route do not contain detect-

able levels of endotoxins.

The primary particle size and size distribution of the SiO, nanoparticles were es-
timated by analysis of TEM micrographs (Philips CM200 FEG, FEI Company, Nether-
lands) using the Imagel software (http://rsb.info.nih.gov/ij/). Nanoparticle samples

were prepared by drying nanoparticle dispersions on a carbon coated copper grid.

The average hydrodynamic diameter (Dz) of unlabeled nanoparticles dispersed in
water was determined by dynamic light scattering (DLS) at 25 °C using a Zetasizer
NanoZSP (Malvern Instruments, Worcestershire, UK). Samples were diluted 1:10 in
ultrapure water and were irradiated with a HeNe laser (A = 633 nm). The intensity fluc-
tuation of the scattered light, detected at a backscattering angle of 173°, was analyzed
in automatic mode to obtain the autocorrelation function. To determine the average
hydrodynamic diameter (Dz) of fluorescently labelled nanoparticles (Si25-FD) a Na-
notrac NPA 250 (Microtrac GmbH, Germany) with a semiconductor laser (A = 780 nm)
in backscattering angle mode was used. Three independent measurements were per-
formed. The average hydrodynamic diameter (Dz) is given as z-average, the intensity

based harmonic mean.
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DLS measurements were also performed to determine the stability and agglom-
erate content of labeled and unlabeled SiO, nanoparticles dispersed in cell culture me-
dium. The particle dispersions were diluted to a concentration of 100 pg SiO, ml™ in
Dulbecco's modified Eagle medium (DMEM, PAN-Biotech GmbH, Germany) supple-
mented with 10% fetal bovine serum (FBS, PAN-Biotech GmbH, Germany) and for
comparison in ultrapure water. The pH value of the water was adjusted to 7.4. After 48
hours of incubation at 20 °C, measurements were performed using three independent
samples each. Using a regularisation scheme by number, the number weighted distri-
bution of the particle diameters was calculated (hydrodynamic diameter D,). The ag-
glomerate content was calculated assuming that agglomerates have a hydrodynamic

diameter larger than 90 nm.

The zeta potential of nanoparticles was determined using a Zetasizer NanoZSP
(Malvern Instruments, UK). In water, measurements were taken at 150 V using 10 mM
KCl as background electrolyte. Three independent measurements including several sub

runs were performed for each sample at room temperature.

In order to estimate leaching of the covalently bound Atto 647N dye from the
nanoparticles, samples were diluted 1:100 and subsequently ultra-filtered through a
modified polyethersulfone membrane with a molecular weight cut-off at 30 kDa (Pall,
Germany) by centrifugation (9,000 x g, 15 minutes). The fluorescence of the filtrate
and the diluted particle dispersions were then measured in a spectral range of 658-
800 nm, using a spectrofluorometer Spex FluoroMax-3 (HORIBA Jobin Yvon, Germany)

and an excitation wavelength of 645 nm. Measurements were performed in triplicate.

The SiO, concentration of nanoparticle dispersions was obtained by ICP-OES

analysis (Ultima 2, Horiba Jobin Yvon, Japan).

5.2 Cell Culture

A549 cells, as in vitro model for human type Il alveolar epithelial cells, were obtained
from the German Collection of Microorganisms and Cell Culture (# ACC107, DSMZ,
Germany). Authenticity of A549 cells was verified by STR (Short Tandem Repeat) analy-
sis (data not shown) and regular monitoring of the presence of lamellar bodies (Suppl.
Figure 31). Cultures were maintained in DMEM (PAN-Biotech GmbH, Germany) sup-
plemented with 10% FBS (PAN-Biotech GmbH, Germany or PAA Laboratories, Austria)
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(Table 1) at pH 7.4 and 37 °C in a humidified atmosphere (9% CO,). At =80% conflu-
ence, cells were detached using 0.05% trypsin /0.02% EDTA in PBS (PAN-Biotech
GmbH, Germany). Routine testing for mycoplasma contamination was performed with

the PCR Mycoplasma Test Kit Il (PromoCell, Germany).

Table 1: Overview of fetal bovine sera used in experiments.

Chapter Experiment Serum
Proliferation FBS Gold (PAN-Biotech)
(Figure 7) - Serum B
Membrane integrity FBS Gold (PAN-Biotech)
(Figure 8) - Serum B
Determination of treatment exposition time FBS Standard (PAA Laboratories)
(Figure 9) - Serum A
Gene array and cytokine expression analysis FBS Standard (PAA Laboratories)
Part] (Figure 10, Figure 11, Table 7, Table 8) - Serum A
IL8 secretion analysis FBS Standard (PAA Laboratories)
(Figure 12) -> Serum A
Nanoparticle uptake FBS Gold (PAN-Biotech)
(Figure 13, Figure 14, Figure 15) - Serum B
NF-xB translocation FBS Gold (PAA Laboratories)
(Figure 16, Figure 17, Figure 18) - Serum C
Effect of nanoparticle size FBS Standard (PAA Laboratories)
(Figure 19, Figure 20) - Serum A
Partll Effect of stretching intensity FBS Standard (PAA Laboratories)
(Figure 21, Figure 22) - Serum A
FBS Standard (PAA Laboratories)
Reproducibility of cytokine expression experi- - Serum A
ments Vs.
(Figure 23, Figure 25, Figure 26) FBS Gold (PAN-Biotech)
- Serum B
PartIll FBS Gold (PAA Laboratories)
-> Serum C

NF-kB translocation
(Figure 28, Figure 29, Figure 30)

vs.
FBS Gold (PAN-Biotech)
- Serum B

Table 2: Fetal bovine serum components according to manufacturers’ quality certificates.

Serum A* Serum B Serum C
Fetal bovine serum batch Cat: A15-151 Cat: P40-37500 Cat: A11-101
Lot: A15109-2859 Lot: P132104 Lot: A10-11-1725

pH 7.1 7.3 7.1
Osmolality [mOsmol / kg] 324 321 311
Albumin [g / 100 ml] 3.0 3.2 1.8
a-Globulin [g / 100 ml] 0.2 0.6 9.0
B-Globulin [g / 100 ml] 0.4 0.8 1.1
y-Globulin [g / 100 ml] 0.2 unknown 0.1
IgG [pg / ml] 88 411 63
Total protein [g / 100 ml] 3.8 4.7 3.9
Haemoglobin [mg / 100 ml] 14.7 15.5 17.0
Endotoxins [ng / ml] 0.1* 0.1 0.4*

*Converted from EU/ml to ng/ml assuming that one EU equals approximately 0.15 ng endotoxin per ml of solution.
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5.3 Mechanical strain

Two-dimensional mechanical strain was applied with a Flexcell FX-5000™ Tension Sys-
tem (Flexcell® International Corporation, USA). The Flexcell FX-5000 Tension System
consists of a software controlled vacuum pump, a tubing system that connects the
pump with a base plate, loading posts with different geometries for various stretching
setups, as well as special well plates with flexible silicone membranes serving as cell
substrates. Membranes are available with various protein coatings for improved cell
growth. For equibiaxial strain (equivalent degree of elongation in all directions), circu-
lar loading posts are inserted into the baseplate. Silicone lubricant spread on the load-
ing posts guarantees non-destructive sliding of the flexible membranes over the load-
ing posts. BioFlex 6-well culture plates with already adhering cells are fixed on top of
the loading posts into the baseplate and sealed with rubber gaskets to allow for vacu-
um development. Negative pressure applied from the bottom of the base plate pulls
the flexible membranes down, thereby stretching them over the fixed loading posts
and causing the cell substrate to expand to the predefined extent. Negative pressure
and loading post diameter define how far the membrane is pulled down and therefore
determine the final extent of area expansion. Curve shape and frequency can also be

controlled via software. The base plate can be stored inside an incubator.

Well plate with lid
Medium

No stretch Stretch
Cells

Base plate (fixed) —
Flexible membrane -
Loading post
(fixed) Vacuum pump Vacuum pump
Connection to off on

vacuum pump

Equibiaxial strain

\Area expansion l{

Figure 3: Schematic principle of cell stretching setup.
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The nominal surface area expansion values were validated by measuring the distances
between several reference points on the membrane at 0% nominal stretch and 15% or
25% nominal stretch (Suppl. Figure 33). Given this linear elongation (€), surface area
expansion (ASa, further on referred to as “stretch”) can be calculated (Roan and

Waters, 2011):
When Lyis final length and Ly is initial length at zero stretch, linear elongation equals

(L= Ly)
=~

or

1
e=(14+45)2-1
meaning that surface area expansion equals

AS, = (e+1)2 —1.

Cells were seeded onto laminin-coated BioFlex 6-well culture plates (Flexcell® Interna-
tional Corporation, USA) at a density of 10° cells per square centimeter and allowed to
attach for 24 hours. Cells experienced cyclic sinusoidal equibiaxial strain (Figure 3) with
stretch of 15% or 25% at a frequency of 0.25 Hz, simulating the mechanical strain dur-
ing ventilation (Waters et al., 2012). Stretching was maintained over the given period
(2-24 h). Control cells did not experience strain but were also grown on laminin-

coated BioFlex 6-well culture plates.

5.4 Exposition of cells to nanomaterials

For exposition of cells to nanomaterials, the particle suspensions were vortexed for
30 seconds. Re-dispersed nanoparticles were then diluted in full medium¢, followed by
another short vortexing step. Medium from the attachment period of the cells was
removed and replaced by the particle-burdened medium. Si25 and Si80 particles were
applied in a final SiO, concentration of 100 ug ml™ if not stated otherwise. The final

medium volume in 6-well culture plates was 3 ml.

° DMEM with 10% FBS supplementation is considered full medium.
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5.5 RNA isolation for gene array and qPCR

Sample generation and preparation for the gene microarray as well as sample genera-
tion for expression analysis comparing Si25 vs. Si80 and 15% vs. 25% stretch were per-
formed by Jennifer Welck (Nano Cell Interactions at Leibniz Institute for New Materials,

Saarbriicken, Germany).

5.5.1 RNA isolation

For isolation of total RNA, cells were detached by trypsin treatment and harvested by
centrifugation. For quantitative PCR, RNA was isolated using the RNeasy Mini Kit

(QIAGEN GmbH, Germany) according to the manufacturer’s instructions.

For gene arrays, RNA was isolated using QlAzol treatment according to the fol-
lowing protocol: the cell pellets were dispersed in 700 pl QlAzol lysis reagent (QIAGEN
GmbH, Germany), transferred into a QIAShredder column and centrifuged. Lysates
were then either stored at -80 °C, or processed further. After adding 200 ul of chloro-
form, samples were vortexed for 15 seconds, incubated for 2 minutes at room tem-
perature and centrifuged for 15 minutes at 12,000 x g and 4 °C. For precipitation of the
RNA, 500 pl isopropanol were added to the aqueous phase, the mixture was incubated
for 10 minutes at room temperature and centrifuged as before. The precipitate was
consecutively washed by adding 1 ml 75% ethanol and 96% ethanol and centrifugation
for 5 minutes at 7,500 x g at 4 °C. After drying, the RNA was eluted in 50 ul RNAse-free

water.

5.5.2 DNAse digestion and purification

Contaminating DNA was removed by DNAse | digestion using the RNase-free DNAse
Set (QIAGEN GmbH, Germany). Finally, RNA was purified using the RNeasy Mini Kit
(QIAGEN GmbH, Germany). Isolated RNA samples were stored at -80 °C. The RNA con-
centration was determined by absorption measurement at 260 nm (NanoDrop™ One,
Thermo Fisher, Germany). The quality of RNA preparations was checked by determina-
tion of the absorption ratio at 260 nm/280 nm and only samples with a ratio > 1.8

were used.
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5.6 Microarray analysis and bioinformatics

Microarray and bioinformatics were performed by colleagues at IfADo—Leibniz Re-
search Centre for Working Environment and Human Factors, Dortmund (Germany) and

Department of Statistics, TU Dortmund (Germany).

Analysis of gene expression in A549 cells was performed with Affymetrix
GenChip  Human Genome HG-U133 plus 2.0 chips (Affymetrix, Inc., CA, USA) as previ-
ously described (Krug et al., 2013). Briefly, the RNA was quantified using a NanoDrop
N-1000 spectrophotometer (Thermo Fisher, Germany) and the integrity of RNA was
confirmed by an automated gel electrophoresis system (Experion, Bio-Rad, CA, USA).
First-strand cDNA (complementary DNA) was synthesised from 100 ng total RNA using
an oligo-dT primer with an attached T7 promoter sequence, followed by the comple-
mentary second strand. The double-stranded cDNA molecule was used for in vitro
transcription (IVT, standard Affymetrix procedure) using Genechip 3’ IVT Express Kit.
During synthesis of the aRNA (amplified RNA, also commonly referred to as cRNA), a
biotinylated nucleotide analogue was incorporated, which serves as a label for the
message. After amplification, aRNA was purified with magnetic beads and 15 ug of
aRNA was incubated with fragmentation buffer as per the manufacturer’s instructions.
Then, 12.5 pg fragmented aRNA was hybridised with Affymetrix Human Genome U133
plus 2.0 arrays as per the manufacturer’s instructions. The chips were placed in a
GeneChip Hybridization Oven-645 for 16 hours at 60 rpom and 45 °C. For staining and
washing, Affymetrix HWS kits were used on a Genechip Fluidics Station-450. For scan-
ning, the Affymetrix Gene-Chip Scanner-3000-7G was used, and the image and quality
control assessments were performed with Affymetrix GCOS software. All reagents and
instruments were acquired from Affymetrix (Affymetrix, CA, USA). The generated CEL
files were used for further statistical analysis. The authors declare that microarray data
were produced according to MIAME guidelines and will be deposited in ArrayExpress

upon acceptance of the manuscript.

The following biostatistical analyses were performed using the statistical pro-
gramming language 'R-version 3.2.4'. Normalisation was performed with the method
Robust Multichip Average (RMA) (lIrizarry et al., 2003). Differential expression was cal-
culated using the R package limma (Smyth, 2005). The resulting p-values were multi-

plicity-adjusted to control the false discovery rate (FDR) by the Benjamini—Hochberg



30 Materials and Methods

procedure with a p-value smaller than 0.05 and fold change equal to or larger than
two. As a result, for each combination of centre (= test system), compound and con-
centration, a probeset/ gene list was obtained, with corresponding estimates for log
fold change and p-values of the Limma t test (unadjusted and FDR-adjusted). Probesets
not matching a particular gene in the database were annotated NA and counted as
single genes in the Venn diagrams. Probesets assigned to the same gene were treated

as dupli- or triplicates and counted as single gene in the Venn diagrams and tables.

5.6.1 RNA quality control

The absence of DNA was confirmed by PCR for Alu elements (Abdel-Halim et al., 2016)
on a random basis. Per PCR reaction, 12.5 ul Dream Taq PCR Mastermix (2x, Thermo
Scientific, Germany), 5 pl A1S primer (5 uM; 5°-TCA TGT CGA CGC GAG ACT CCA TCT
CAA A-37; Eurofins, Germany), 1000 ng RNA (or 100 ng genomic DNA as positive con-
trol) and nuclease-free water ad 25 ul were added. Samples were initially denatured at
94°C for 5 minutes. Then, 30 cycles of denaturing (1 min, 94 °C), primer annealing
(1 min, 56 °C) and elongation (2 min, 72 °C) were run. Twenty microliters of the result-
ing PCR product mixed with 4 ul loading dye (6x, Fermentas, USA) was pipetted into a
1% agarose gel stained with SYBR® Safe DNA Gel Stain (Thermo Fisher, Germany). The
1 kB DNA Gene Ruler (Fermentas, USA) was used as a reference. Electrophoresis was

run for 40 minutes at 6 V cm™ (data not shown).

5.7 Gene Expression Analysis by Quantitative Real-Time PCR
5.7.1 Reverse Transcription

Three micrograms of RNA were reverse-transcribed using oligo-dT18 primers and the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Germany) accord-
ing to the manufacturer’s instructions. The obtained cDNA was diluted to 10 ng ul™ by

addition of RNAse free water and stored at -80 °C.

5.7.2 Primer Design

Primers for amplification of CXCL8, CCL20, and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), which served as reference gene, were purchased from Eurofins

(Germany) (Table 3).
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Table 3: qPCR primers

Products on target tem Product  Melting Final con-
Primer Sequence 5-3° lates g length tempera- centration in
P [bp] ture[°C]  PCR[uM]
CCL20 TCAGTGCTGCTACTCC  Homo sapiens C-C motif 60.54 0.7
fwd ACCT chemokine ligand 20 116
CCL20 TGCCGTGTGAAGCCCA  (CCL20), transcript vari- 629 0.7
rev CAAT ant 1, mRNA 97 ’
CXCL8 TAGCCAGGATCCACAA  Homo sapiens C-X-C motif 58.80 0.5
fwd GTCC chemokine ligand 8 91
CXCL8 TGTGAGGTAAGATGG  (CXCL8), transcript vari-
58.34 0.5
rev TGGCT ants 1 and 2, mRNA
GAPDH  CAAATTCCATGGCACC Homo sapiens glyceralde-
59.11 0.5
fwd GTCA hyde-3-phosphate dehy-
drogenase (GAPDH), tran- 146
GAPDH TGAAGACGCCAGTGG script variant 1, 2, 3, 4, 59.33 0.5

rev ACTC MRNA

5.7.3 (qPCR protocol

Per PCR reaction 10 ul iTaq Universal SYBR Green Supermix (Biorad, Germany), primers
(final concentrations are given in Table 3), 50 ng cDNA templates and PCR water ad
20 pl were added. Samples were analysed at least in technical duplicates. A control
without template (no template control, NTC) was run in every analysis for each target.
PCR was initiated with a 30 seconds hot start at 95 °C followed by 40 cycles of dena-
turation (5 sec, 95 °C), annealing and elongation (30 sec, 60 °C) and a plate read. Final-
ly, the melting curve was documented from 65 °C to 95 °Cin 0.5 °C steps (Suppl. Figure
34). Low profile gPCR plates in combination with qPCR sealing tape (both Brand, Ger-
many) were used. Cycling, detection and analysis were performed with a CFX96 Touch

Real-Time PCR Detection System (Biorad, Germany).

5.7.4 Primer validation by agarose gel electrophoresis

PCR products from TNF treated A549 cells that express CXCL8 and CCL20 were frac-
tionated by electrophoresis to determine amplicon length and thereby verify primer
specificity. Twenty microliters of PCR product mixed with 4 ul loading dye (6x, Fermen-
tas, USA) were pipetted into a 3% agarose gel stained with SYBR® Safe DNA Gel Stain
(Thermo Fisher, Germany). GeneRuler DNA-Ladder (Low Range; Thermo Fisher, Ger-
many) was used for reference. Electrophoresis was run for 60 minutes at 4.6 V.cm™

(Suppl. Figure 34).
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5.7.5 Determination of PCR efficiency and optimization

To determine the amplification efficiency of the gqPCR, a ten-fold serial dilution was
prepared from cDNA obtained from TNFa treated A549 cells (calibration template).
According to the protocol described above, qPCR was performed with 600 ng to 0 ng
calibration template. Biorad CFX Manager 3.1 was used to determine PCR efficiency (E)
by calculating the calibration curve’s slope (m) (Pfaffl, 2001; Pfaffl and Riedmaier,
2011) (Suppl. Figure 34).

E=10 "/m

5.7.6 (gPCR data evaluation

Quantitative PCR data was analyzed using the efficiency (E) correcting Pfaffl method
(Pfaffl, 2001). Here, the cycle of quantification is referred to as Cq value. GAPDH served
as reference gene. CCL20 or CXCL8 were target genes. Change in gene expression
equals the ratio (R) between efficiency corrected ACq values of target and reference
genes. Delta Cg can be calculated by subtracting Cqg values of test samples from Cq
value of control sample. Samples were measured as duplicates or triplicates. Mean
values and standard deviations were calculated from at least 3 independent experi-

ments where cells from one 6-well represent one biological replicate.

AC control—test
(ETarget) ATarget( )

= ACqr control—test)
(EReference) eference(

5.8 Membrane integrity

Membrane integrity as an indicator for cell membrane damage was determined on the
basis of lactate dehydrogenase (LDH) activity in the cell culture medium, using the Cy-
toTox-ONE Homogeneous Membrane Integrity Assay (Promega, Germany). For the
LDH assay, cells were either cultivated in BioFlex 6-well culture plates for the dynamic
setup as described above, or in 96-well plates for the static setup (seeding density
10° cells cm™). After 24 h, the medium was replaced with particle-containing or control
medium and cells were kept under static (0% stretch) or dynamic (15% stretch) condi-
tions for further 24 h. 100 pl of the culture medium were then added to an equal vol-

ume of the assay reagent, mixed and incubated for 10 minutes according to manufac-
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turer’s instructions. Fluorescence was recorded at 590 nm using an Infinite M200 pro
microplate reader (Tecan, Switzerland) at an excitation wavelength of 560 nm. The
background fluorescence of the medium was measured using control wells without
cells and the obtained fluorescence was subtracted from all other samples. Cells incu-
bated with medium only served as untreated controls. Cells treated with 0.2% Triton X-
100 (Carl Roth, Germany) for 30 minutes served as positive controls for increased LDH
leakage. In order to exclude false negative results caused by potential degrada-
tion/deactivation of released LDH within 24 h, the activity of the control samples at
t =0 hour and t = 24 hour was also determined (Suppl. Figure 35). These values were
used to estimate the maximum degradation/deactivation and the evaluation of cyto-
toxicity. For the determination of membrane integrity, unlabeled nanoparticles were

used.

5.9 IL8 secretion (ELISA)

For quantification of IL8 secreted by A549 cells, the Human IL8 Chemiluminescent
ELISA (Thermo Fisher Scientific, Germany) was used according to the manufacturer’s
instructions. Supernatants were transferred into wells of a black 96-well plate (Greiner
Bio-One, Germany). Chemiluminescence was measured using an Infinite 200Pro mi-
croplate reader (Tecan, Switzerland). Cells treated for 24 hours with TNF (2 ng mI™)
served as positive controls. Untreated cells served as negative controls. IL8 levels were

expressed as picograms per milliliter supernatant.

5.10 Microscopy
5.10.1 Sample preparation for confocal microscopy

All microscopy experiments were performed with fixed cells. Samples on BioFlex
membranes or glass coverslips were washed two times with PBS before fixation with
4% paraformaldehyde (PFA; Electron Microscopy Sciences, USA) in PBS for 20 minutes.
PFA was removed by washing with PBS. Immunostaining was performed in 12-well
plates with a volume of 300 ul per sample. For intracellular targets, cells were perme-
abilized with 0.2% Triton X-100 (Carl Roth GmbH + Co. KG, Germany) in PBS for
10 minutes. Five percent bovine serum albumin fraction V (BSA, Carl Roth, Germany) in

PBS was used to block unspecific binding (1 hour, RT). Primary antibodies were applied
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in 1% BSA in PBS for 2 hours at RT (room temperature =23 °C), or overnight at 4 °C.
Excess antibodies were washed away with PBS (3 x 5 minutes) before labeled second-
ary antibodies were applied for 1 hour at RT. Again, samples were washed thoroughly
with PBS (3 x, 5 minutes) before nuclei were stained with the DNA binding dye Hoechst
(Sigma-Aldrich, Germany). Finally, samples were washed (3 x 5 minutes) and embed-
ded with Aqua-Poly/Mount (Polysciences, Germany). Information on antibodies and

dyes can be taken from Table 4.

Table 4: Immunocytochemistry

Target Antibody/Stain Provider
Cell membrane (sialic acid and N- Wheat Germ Agglutinin, Alexa Fluor™ 488 Con- Invitrogen
acetylglucosaminyl residues) jugate, #W11261 &
Nucleus (dsDNA) Hochst 33342, #H3570 Invitrogen
NF-KB p65 NF-KB p65 (D14E12) XP® Rabbit mAb, #8242 Ccl Signaling
Technology

) NF-kB1 p105/p50 (D4P4D) Rabbit mAb, Cell Signaling
NF-kB1 p105/p50 (total) #13586 Technology

) i . Cell Signaling
NF-kB2 p100/p52 NF-KB2 p100/p52 (18D10) Rabbit mAb, #3017 1 (")

5.10.2 Confocal laser scanning microscopy

Samples were imaged using a Leica TCS SP5 STED (Leica Microsystems, Germany) con-
focal laser scanning microscope, equipped with an HCX PL APO CS 63.0 x 1.40 oil im-
mersion objective. The 488 nm laser line of an argon laser was used for excitation of
Alexa Fluor 488. The ATTO 647N labeled nanoparticles were excited using a 633 nm
helium-neon laser. Emission signals were detected using an analogue PMT (photomul-
tiplier tube) detector for Alexa Fluor 488 labeled structures or an avalanche photodi-
ode detector and a 630 nm reflection short pass filter for ATTO 647N labeled nanopar-
ticles. Hoechst stained nuclei were excited with a pulsed infrared laser (MaiTai, Spectra

Physics, United States) running at 800 nm, and detected with a PMT detector.

For quantification of nanoparticle uptake, 2D-images with an area of
246 um x 246 um (2048 x 2048 pixels with 120 nm x 120 nm per pixel) were acquired.
The confocal z-section was placed 2-3 um above the cover-slip in order to image intra-
cellular nanoparticles (Figure 4 A). Imaging parameters like laser power (3%), detector

gain (100) and scanning speed (200 Hz) were kept constant throughout the experi-
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ments to allow for quantitative analysis of the fluorescence intensity in the nanoparti-
cle channel. Stretched and control samples without nanoparticles were prepared and
analysed equally in order to subtract contribution of the cellular (auto-) fluorescence

from the total fluorescence intensity.

Objective Coverslip
Laser beam Silicananoparticles

Cell with nucleus

Focal plane

° o ° _— Bioflex membrane

Figure 4: Imaging setup for confocal microscopy and quantitative analysis of nanoparticle accumula-
tion. A549 cells were exposed to Si25-FD (100 ug SiO; ml1) for 2, 5, and 24 h under static and dynamic
conditions. After staining of the cell membrane with WGA, and the nucleus with Hoechst dye (B), sam-
ples were analyzed by 2D imaging in a z-plane 2-3 um above the BioFlex membrane (4), sampling for
fluorescence emitted by the fluorescently labeled nanoparticles (C). The fluorescence intensity in the
nanoparticles channel was analyzed with Image] for quantification of Si25-FD accumulation. Bright-
ness and contrast of the images were enhanced for presentation. Cell segmentation is relevant for
Figure 15 and was performed manually with Image] 1.51j8.

5.10.3 Image processing with Image] 1.51j8

For overall nanoparticle uptake analysis, the total fluorescence intensity (sum of all
pixel values (gray values)) in the image was determined using Imagel’s analysis tool
‘measure Raw Integrated Density’. Background fluorescence was measured in respec-
tive control images that were not exposed to Si25-FD. Background intensity was sub-
tracted from all other samples. Background corrected fluorescence intensity values
were then divided by the corresponding number of nuclei, which were counted with
Imagel, to correct for cell number. Final results are given as ‘average nanoparticle fluo-

rescence intensity per cell’ in arbitrary units [a. u.].
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To obtain additional information on nanoparticle uptake under stretch, a single
cell analysis was performed. Unlike in the overall nanoparticle uptake analysis where
the nanoparticle fluorescence intensity was measured over the complete image, here,
intensity was measured in single, manually segmented cells. Corresponding back-
ground fluorescence in the nanoparticle channel, which was determined in control
samples without nanoparticles, was subtracted from the image prior to analysis. Cell
segmentation was based on the WGA membrane staining. Cells on the edge of an im-
age were not included (Figure 4). For each cell the total fluorescence intensity (Raw
Integrated Density) was measured using Imagel) 1.51j8. Cells were grouped into 6
groups with different fluorescence intensities ranging from less than 10 a.u., consid-

ered as cells with no nanoparticle uptake, to up to 10° a.u.

5.10.4 Statistical analysis

If not stated otherwise, data are based on at least 3 independent experiments (biologi-
cal replicates; N) with 3 technical replicates (measurements) each. Data are shown as
mean * standard deviation (SD). Two sample, two tailed Student’s t-test was applied to
compare two groups; analyses of variance (ANOVA) was used to compare more than

two groups. P-values < 0.05 were considered as statistically significant.
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6 Partl: Mechanical strain alters gene expression in
A549 cells treated with 25 nm silica particles

The following chapter is based on a peer reviewed publication by Schmitz et al. (2019).
The work with the title “Mechanical Strain Mimicking Breathing Amplifies Alterations
in Gene Expression Induced by SiO? nanoparticles in Lung Epithelial Cells” was per-
formed by scientists from INM — Leibniz Institute for New Materials (Saarbricken,
Germany), the Department of Pharmacy, Pharmaceutical Biology, Saarland University
(Saarbricken, Germany), IfADo—Leibniz Research Centre for Working Environment
and Human Factors (Dortmund, Germany) and the Department of Statistics, TU Dort-

mund (Dortmund, Germany).
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6.1 Introduction

Potential adverse effects of nanomaterials on human health are an intensively studied
field of research (Gebel et al., 2014). With regard to the great diversity of nanomateri-
als, the identification of their biological modes of action and the identification of fac-
tors that modify the susceptibility of cells to nanomaterials are of high relevance.
Therefore, the use and development of advanced, rapid and significant in vitro-assays

are regarded as essential tasks.

In this study, colloidal silica nanoparticles were used as model material. Synthetic
amorphous silica (SAS), comprising fumed silica as well as silica prepared by wet-
chemical routes, including colloidal silica, are produced in industrial scales (Fruijtier-
Polloth, 2012). A global consumption of 1.5 million tons encompassing all types of SAS
was estimated for 2010 (European Union, 2012). Colloidal silica nanoparticles are used
in the paper industry, as polishing agents, for catalysis and coatings in the textile indus-
try, for food production, as well as for drug delivery (Vallet-Regi and Balas, 2008;
European Union, 2012), but are not authorised as food additives in the EU (EFSA Panel
on Food Additives and Nutrient Sources added to Food (ANS), 2018).

Amorphous silica nanoparticles have been regarded to exert a rather low toxicity
due to their low bio persistence (Sachverstandigenrat fir Umweltfragen, 2011). Never-
theless, a kinetic model for worst-case dietary exposure to synthetic amorphous silica
estimated silicon concentrations in liver that were similar to liver concentrations in
animal studies where adverse effects were observed (van Kesteren et al., 2015). In vivo
studies focussing on the inhalative route have shown that amorphous silica nanoparti-
cles induce transient lung inflammation and granuloma formation (Napierska et al.,
2010). In vitro, colloidal silica nanoparticles have been shown to induce cytotoxicity,
apoptosis, oxidative stress, as well as pro-inflammatory responses (Murugadoss et al.,
2017). Apart from dose, size and surface properties of the nanoparticles, these effects
seem to be dependent on the culture conditions and the cell type investigated. Nota-
bly, the culture conditions appear to influence the outcome and sensitivity of in vitro
assays. For example, pyrogenic silica induced a weaker response in A549 cells grown at
the air-liquid interface as compared to A549 under submerged conditions (Panas et al.,
2014). A modulation of pro-inflammatory responses induced by silica nanoparticles

could also be observed in lung co-culture models (Kasper et al., 2011; Napierska et al.,
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2012). Although co-culture models as well as ALl cultures are regarded as more realis-
tic models compared to conventional monocultures, they still do not provide the dy-
namic environment of the deep lung, namely the mechanical stimuli lung cells encoun-
ter during breathing. Mechanical strain has been described to induce surfactant re-
lease from alveolar type Il cells (Edwards, 2001), secretion of pro-inflammatory cyto-
kines (Yamamoto et al., 2002) as well as modulation of gene expression patterns in

A549 cells (Weber et al., 2014).

This study investigated the effects of colloidal silica nanoparticles on gene ex-
pression of A549 cells grown under dynamic conditions (equibiaxial cyclic stretch)

compared to static conditions.
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6.2 Results
6.2.1 SiO; nanoparticle properties

Two variants of amorphous, colloidal SiO, nanoparticles of similar size were synthe-
sized:  unlabeled  SiO; nanoparticles  (Si25) and  fluorescently labeled
SiO, nanoparticles (Si25-FD). The far-red emitting dye ATTO 647N was used for labeling
in order to allow detection of the nanoparticles by fluorescence microscopy. No signifi-
cant leaching (< 5 %) was measured for labeled particles (Supplementary Figure 36).
The mean particle diameter as determined by analysis of TEM micrographs (Figure 5) is
listed in Table 5. The hydrodynamic diameter (D,) of the particles corresponded well

with the diameter determined by electron microscopy (Table 5).

Table 5: Physicochemical properties of unlabeled (Si25) and fluorescently labeled (Si25-FD) nanopar-
ticles used in chapter 6. The hydrodynamic diameter D, was calculated based on the intensity distribu-
tion of the particle scattering signals.

. Labeling Diameter * Hydrodynamic Zeta SiO2 Concentration
§i0, Fully dyed SD (TEM) diameter (D) potential  of stock dispersion
nanoparticles (FD) [nm] [nm] [mV] [g L]
Si25 (G) - 2242 25+6 -27 9.101
Si25 (N) - 29.0+3 32+4 -35 9.302
. Atto
Si25-FD 647N 27.0£2 28+6 -41 8.111

To study the behavior of the synthesized SiO, nanoparticles under experimental-
ly relevant conditions, the particle stability and agglomerate content was tested in cell
culture media and ultrapure water. The number weighted hydrodynamic diameter (D)
increased in presence of medium. However, the agglomerate content increased only
slightly to 0.3% (Si25-FD) and 1.3% (Si25) after dispersion of the particles in cell culture
medium (Table 6). Thus, for both nanoparticle types no significant agglomeration was
observed. This is in line with results from previous studies (Peuschel et al., 2015;

Tavernaro et al., 2017).

The nanoparticles used in this study exhibited a negative zeta potential in water,
indicating electrostatic stabilization under these conditions (Table 5). In a previous
study, a reduction of the absolute zeta potential was observed after dispersion of the
nanoparticles in cell culture medium, indicating adsorption of ions or molecules to the

particle surface (Peuschel et al., 2015).
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Figure 5: Transmission electron micrographs of Si25 (batch G and N) and Si25-FD particles with par-
ticle size histograms from Image] based diameter evaluation and leaching measurement for labeled
Si25 nanoparticles.

Table 6: Stability of silica nanoparticles at a concentration of 100 ug SiO; ml! in ultrapure water or
cell culture medium (DMEM +10% FBS) measured by dynamic light scattering. The number weighted
hydrodynamic diameter D, was calculated. Numbers in brackets represent the diameter dispersity in
%.

Hydrodynamic Diameter (Dy) Agglomerate Content
Si0; nanopar- [nm] [%]
ticles .
H:0 Medium H20 Medium
Si25-FD 22 (21) 42 (14) 0 0.3

Si25 (N) 24 (21) 39 (11) 0 1.3
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The SiO, concentration of the synthesized nanoparticles was 9.1 mg SiO, mlI™ (Si25
(G)), (9.3 mg SiO, ml™? for Si25 (N)) and 8.1 mg SiO; ml™ (Si25-FD). From these values,
the nanoparticle number concentration was calculated based on the particle diameter.
At 100 pg SiO; ml?, the particle number concentration, corresponding to the applied
dose, was calculated to be 15.7 nmol I* (9.5x 10" NP mI™, Si25 (N)), 7.3 nmol I*
(4.4 x 10" NP mI™, Si25 (G)) and 9.0 nmol I™* (5.4 x 10" NP ml?, Si25-FD).

6.2.2 Compatibility of the culture conditions (matrix coating, strain, and nanopar-
ticles)

The BioFlex plates used for cell cultivation exhibit a flexible bottom made of a silicon
elastomer. Preliminary growth experiments revealed that A549 cells equally grew on
laminin as well as collagen type | coated plates. However, laminin was chosen as a ma-
trix coating because it is distributed in a uniform pattern along the epithelial basement
membrane and because it is more abundant than type | collagen in the healthy lung. In
comparison, collagen type | is more prominent in diseased lungs, especially in fibrosis
(Raghu et al., 1985) or lung tumors (Hendricks et al., 2012). Furthermore, laminin is
considered to prevent transdifferentiation of primary alveolar type Il cells into type |
cells (Guo et al., 2001), whereas collagen type | has been described to promote epithe-

lial-to-mesenchymal transition in vitro (Shintani et al., 2008).

At the beginning of this study, the influence of mechanical strain (sinusoidal,
equibiaxial strain with 15% surface area expansion at a frequency of 0.25 Hz) on
growth and morphology of A549 cells, compared to static conditions, was investigated.
Growth experiments using A549 cells indicated that cell division started approximately
24 hours (t = 0) after seeding and that the cells actively grew at the beginning of the
experiments (data not shown). At that time (t = 0), either strain was applied, or cells
were exposed to nanoparticles, or both. At t = 24 hours, after application of strain for
24 hours, no significant difference in the cell morphology was observed as compared
to static cultures. At that time, cultures appeared to be confluent (Figure 6). No signifi-

cant impact of stretching on cell proliferation could be observed (Figure 7).
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Figure 6: Confluent submerse A549 culture under static (0%) or dynamic (15%) conditions either
untreated, or exposed to Si25 (100 pug mlL, 24 h).
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Figure 7: A549 were grown on laminin-coated flexible membranes and treated with Si25 under static
(0% stretch) or dynamic (15% stretch) conditions for up to 24 h. Cell counting was performed via
nucleic staining and microscopy. Proliferation was related to the initial number of cells at t = 2 h. Data
represent mean *+ SD. N = 3.
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6.2.3 Membrane integrity is not affected by SiO. nanoparticles, mechanical strain
or both

Nanoparticles have been reported to influence membrane integrity under certain con-
ditions (Lesniak et al., 2012). Similarly, mechanical stimulation is also considered to
influence membrane integrity (Rouse et al., 2008). As shown in a previous study, the
lactate dehydrogenase (LDH) based membrane integrity assay is well suited to deter-
mine SiO, nanoparticle induced cytotoxicity (Peuschel et al., 2015). Therefore, this as-
say was used to analyze nanoparticle and strain induced effects on A549 cells. LDH
release measurements revealed that Si25 nanoparticles up to a concentration of
800 g Si0, ml™ did not affect the membrane integrity of A549 cells, neither in the
absence nor in the presence of mechanical strain (Figure 8). The further experiments
were conducted at an even lower mass concentration of 100 pg SiO, ml™. This concen-
tration was chosen in order to allow for comparison with other studies, e.g.
Murugadoss et al. (2017). However, Geiser and Kreyling (2010) have estimated that in
vivo, an alveolar surface cell receives between 120 and 2,400 nanoparticles per hour at
maximum, corresponding to a delivered dose of maximally 6 x 10*° nanoparticles per
24 hours and 10° cells. In a previous study, according to the in vitro sedimentation,
diffusion and dosimetry (ISDD) model (Hinderliter et al., 2010), the delivered dose was
estimated to be =25% of the applied Si25 nanoparticles within 5 hours (Peuschel et al.,
2015). From this, it can be estimated that at an administered dose of 100 ug ml™, the
cells receive a 10-fold particle overload (compared to Geiser and Kreyling’s estimation)
within 5 hours.

100% 15% m0%
-

80% -
60% -
40% -

20% -

LDH release [%]

0% - =

Figure 8: A549 were grown on laminin-coated flexible membranes and treated with 25 nm SiO; nano-
particles under static (0% stretch) or dynamic (15% stretch) conditions for 24 h. LDH release into
culture medium was measured. Data represent mean # SD. N = 4.
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6.2.4 Determination of treatment exposition time to analyze short term changes in
gene expression

Because CXCL8 is known to be upregulated by silica nanoparticles quickly (Skuland et
al., 2014), it was chosen as a target to determine a reasonable exposition time for fur-
ther analyses. Treatment with stretch or Si25 alone caused slight upregulation of
CXCL8 within 2 hours (4-fold; 4-fold), while a combined treatment caused a significant
upregulation to the 13-fold (p =0.013). All effects cleared within the next 3 hours;

similar results were obtained for CCL20 expression (Figure 9).
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Figure 9: A549 cells were cultured on laminin-coated flexible membranes and treated with 15% equi-
biaxial strain (stretch), Si25 or both. Cytokine expression was normalized to GAPDH expression and
related to expression levels of untreated controls. A statistically significant difference was present
between combined treatment and both 15% stretch alone (#) and Si25 (*) alone after 2 hours.
(ANOVA and Student's t-test with a = 0.05. For 2 h data N = 7, for 5 h and 24 h data. N = 3.)

6.2.5 Genome-wide gene expression alterations

Microarray analyses were performed to identify gene expression changes early after
incubation of A549 cells with either Si25 nanoparticles or mechanical strain or the
combination of both. As shown before (Figure 9) and according to recent literature
(Dos Santos et al., 2004; Rysa et al., 2018), significant gene expression changes were

expected to occur early (after 2 h).

Combined exposure to Si25 and stretch led to 41 significantly (false discovery
rate adjusted) upregulated probesets (Figure 10: left) representing 34 genes (Table 7).
Only one gene (MAFF) was upregulated by Si25 alone and one (CXCL8) by stretch
alone. A similar scenario was obtained for the downregulated genes (Figure 10: right;
Table 8). Combined exposure caused decreased expression of 32 probesets represent-
ing 29 genes. In contrast, neither Si25 alone, nor stretch alone induced significant de-
crease of any other gene. Six of the 29 genes were also downregulated when applying

stretch alone. Therefore, genome-wide analysis revealed that mechanical strain
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strongly enhances the effect caused by Si25 nanoparticles alone.
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Figure 10: Venn diagram showing the significantly up- and downregulated probesets (genes) in the
A549 cells after the application of Si25 nanoparticles, 15% stretch, and the combined treatment (Si25
+ stretch). Genes annotated NA were included and counted as individual genes.

6.2.6 Nanoparticle exposure under mechanical strain increases expression of in-
flammation-associated genes

Among the genes upregulated by Si25 + stretch were six genes encoding chemo-
kines/cytokines as well as three genes related to inflammation (/IL6, PTX3, ICAM1)
(Table 7). CXCL8 was the only gene induced under stretch alone. Further genes upregu-
lated by Si25 + stretch were related to signalling, stress, or apoptosis (EFNA1, DUSP5,
SOD2, PPP1R15A) or have been described as transcription factors or related to tran-
scription. Out of the latter group, MAFF was the only gene induced by Si25 alone. In-
terestingly, all of the nine genes encoding for chemokines/cytokines, as well as addi-
tional four genes have been described to be induced by treatment of A549 cells with
TNF (Dos Santos et al., 2004). Further, three upregulated genes are related to NF-kB
signalling. The corresponding gene products are known to be involved in either the
upregulation of the canonical NF-kB pathway (/RAK2), or inhibition of this pathway
(TNFAIP3, BIRC3), as well as in the alternative NF-kB pathway (NFKB2).

In summary, amorphous silica nanoparticles, when applied under mechanical
strain, induced upregulation of a number of genes related to a pro-inflammatory re-
sponse. This response exhibited a substantial overlap to the response elicited in A549

cells by TNF.



48 Part I: Mechanical strain alters gene expression in A549 cells treated with 25 nm silica particles

Table 7: Up-regulation of genes by combined treatment of A549 cells with Si25 (100 ug SiO; ml1) +
15% stretch for 2 hours.

FC__Name

chemokines/cvtokines, inflammation related

CCL2 2 C-C motif chemokine ligand 2 *
CCL20 15 C-C motif chemokine ligand 20 *
CXCL1 2 C-X-C motif chemokine ligand 1 *
CXCL2 2 C-X-C motif chemokine ligand 2 *
CXCL3 2 C-X-C motif chemokine ligand 3 *
CXCL8 7 C-X-C motif chemokine ligand 8 *s
ICAM1 2 intercellular adhesion molecule 1 *

IL6 3 interleukin 6 *

PTX3 4 pentraxin 3 *

NF-kB related

IRAK2 interleukin 1 receptor associated kinase 2

2
NFKB2 3 nuclear factor kappa B subunit 2
3

TNFAIP3 TNF alpha induced protein 3 *
BIRC3 2 baculoviral IAP repeat containing 3 *

signaling, stress or apoptosis

BCL2A1 3 BCL2 related protein Al *

DUSP5 2 dual specificity phosphatase 5

PPPIR15A 2 protein phosphatase 1 regulatory subunit 15A

EFNA1 2 ephrin Al *

SOD2 2 superoxide dismutase 2

transcription factors or related to transcription

ATF3 4 activating transcription factor 3

CITED2 2 Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-terminal

domain 2
MAFF 3 MAF bZIP transcription factor F n
NR4A1 2 nuclear receptor subfamily 4 group A member 1
NR4A2 5 nuclear receptor subfamily 4 group A member 2
NR4A3 2 nuclear receptor subfamily 4 group A member 3
others
ARL14 ADP ribosylation factor like GTPase 14

2
CTGF 2 connective tissue growth factor
FL]16734 2

STC1 2 stanniocalcin 1

* = Also induced by TNFa (Dos Santos et al., 2004);

s = also induced under stretch conditions in absence of nanoparticles;
n = also induced by nanoparticle treatment in absence of stretch;

FC = fold change compared to untreated control;

# = Six genes identified by the GeneArray were annotated NA and are not given here.

6.2.7 Nanoparticle exposure under mechanical strain decreases expression of pro-
liferation-associated genes

Downregulated genes by treatment with Si25 + stretch included genes for regulation of
translation and splicing, regulation of transcription, DNA or nucleotide binding, cell
division, apoptosis, ubiquitination, recombination, and double strand repair, as well as
calcium signaling (Table 8). This is a typical transcriptional pattern of cells that respond
to stress with cell cycle arrest and repair processes, accompanied by altered transcrip-

tion and translation, in order to survive an acute challenge by exposure to toxic com-



Part I: Mechanical strain alters gene expression in A549 cells treated with 25 nm silica particles 49

pounds.

Table 8: Down-regulation of genes by combined treatment of A549 cells with Si25 (100 ug SiOz ml1) +
15% stretch for 2 hours.

Gene# EC Name
translation regulation/splicing
DDX6 0.4 DEAD-box helicase 6
DDX17 0.5 DEAD-box helicase 17
GAS6-AS1 0.4 GAS6 antisense RNA 1
transcription regulation/DNA or nucleotide binding
ID2 0.5 inhibitor of DNA binding 2
ID3 0.5 inhibitor of DNA binding 3, HLH protein
ID1 0.2 inhibitor of DNA binding 4, HLH protein
ID4 04 inhibitor of DNA binding 4, HLH protein
ZNF480 0.3 zinc finger protein 480
BCOR 04 BCL6 corepressor
BDP1 0.3 B double prime 1, subunit of RNA polymerase III transcription initiation
HINT3 0.5 histidine triad nucleotide binding protein 3
ESCO1 0.5 establishment of sister chromatid cohesion N-acetyltransferase 1
ZNF770 0.5 zinc finger protein 770
MORF4L2 04 mortality factor 4 like 2
cell division/apoptosis
HISTIHI 0.5 histone cluster 1 H1 family member c
ASPM 0.5 abnormal spindle microtubule assembly
ubiquitination/protein interaction
TTC37 0.5 tetratricopeptide repeat domain 37
RC2C 0.5 proline rich coiled-coil 2C
LTN1 04 listerin E3 ubiquitin protein ligase 1
LONRF2 0.5 LON peptidase N-terminal domain and ring finger 2
0TUD4 0.5 OTU deubiquitinase 4
STYX 0.5 serine/threonine/tyrosine interacting protein
recombination/double strand repair
0GEN1 0.5 GEN1 Holliday junction 5' flap endonuclease
calcium signaling
AHNAK2 0.5 AHNAK nucleoprotein 2

FC = fold change compared to untreated control

# = Five genes identified by the GeneArray were annotated NA and are not given here
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6.2.8 Confirmation of cytokine expression by qPCR

Among the genes tested with the microarray, CCL20 and CXCL8 were those with the
highest relative expression in cells treated with Si25 + stretch compared to untreated
controls. To obtain more reliable data on relative expression levels, CCL20 and CXCL8
expression were analyzed by qPCR (Figure 11). According to microarray data, CCL20
was upregulated to the 15-fold and CXCL8 to the 7-fold under treatment with
Si25 + stretch. Quantitative PCR data indicated an even stronger upregulation upon
treatment with Si25 + stretch. CCL20 was upregulated to the 45-fold, CXCL8 to the 13-
fold. In accordance with the microarray data, treatment with only stretch alone or Si25

alone caused less upregulation (CCL20: 6-; 9-fold; CXCL8: 4-; 4-fold) (Figure 11).
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Figure 11: A549 were grown on laminin-coated flexible membranes and treated with Si25 under static
(0% stretch) or dynamic (15% stretch) conditions for 2 hours. Cytokine expression was normalized to
GAPDH expression and related to expression levels of untreated controls. ANOVA and Student's t-test
determined significant (a = 0.05) differences. Data represent means + SD. N = 6.

6.2.9 Nanoparticle exposure under mechanical strain increases IL8 secretion

In order to investigate whether increased CXCL8 expression resulted in higher protein
levels, the secretion of its gene product IL8 was analyzed by ELISA (Figure 12). After 2
hours of treatment, the Si25 alone, stretch alone, or Si25 + stretch only caused minor,
statistically insignificant changes. After 5 h and 24 h, however, an accumulation of IL8
in the cell culture medium could be observed. Untreated cells had secreted
=500 pg ml™* after 5 hours and =750 pg ml™* after 24 hours. Stretch alone did not signif-
icantly increase the level of secreted IL8 compared to the untreated controls
(=680 pg ml™* after 5 h; ~980 pg ml™* after 24 h). Si25 treatment resulted in doubling of
the amount of secreted IL8 as compared to untreated controls (=990 pg ml™* after 5 h;
~1400 pg ml™ after 24 h). Treatment with Si25 + stretch resulted in the highest secre-

tion (1300 pg ml™* after 5 h; 1600 pg mI™ after 24 h). The delayed increase in protein
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secretion in presence of strain suggests that this strain-induced process may be regu-
lated at the transcriptional level, since the level of protein secretion lags behind the
level of mRNA formation. For comparison, the secretion of cells treated with TNF
(2 ng mI™") was also analyzed. The effects of TNF exceeded those induced by the nano-

particle and strain by factors of five to six (Figure 27, Serum A, page 86).
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Figure 12: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25, or both. Cytokine secretion (IL8) was determined by ELISA. ANOVA showed no significant
(a =0.05) differences between groups. Data represent means * SD. N = 3.

6.2.10 Cellular accumulation of Si25 nanoparticles is not affected by stretching

Uptake and intracellular accumulation of nanoparticles are important steps in the in-
duction of toxic effects (Nel et al., 2009). Here, the question was raised whether me-
chanical strain caused an increased nanoparticle accumulation that was responsible for
the altered expression profile under combined treatment. The amount of internalized
Si25-FD nanoparticles in A549 over time was analyzed by measuring the overall fluo-
rescence intensity in the nanoparticle imaging channel within a section comprising
=50-100 cells. As can be seen in Figure 13, an increasing number of bright spots accu-
mulated within the cells over time. After 24 hours of treatment, nearly all cells showed
fluorescence from labeled nanoparticles with a tendency to accumulate in the peri-
nuclear region (Supplementary Figure 32). Quantitative analysis confirmed that the
average fluorescence intensity per cell increased over time (Figure 14), indicating in-
creased nanoparticle accumulation by the cells. The quantitative evaluation of the flu-
orescence images did not indicate a significant difference in Si25-FD uptake between

stretched or unstretched A549 cells (Figure 14).
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15%

0%

Figure 13: Mechanical strain (15% stretch) did not lead to an increased uptake of Si25-FD over 24 h.
A549 cells were exposed to Si25-FD (100 pg SiO; ml1; 2-24 h) under dynamic (15% stretch) or static
(0% stretch) conditions. Brightness and contrast were enhanced for presentation, still only the bright-
est spots are clearly visible to the eye. Images show representative data taken from three independent
experiments with one biological replicate (= microscopy sample from one 6 well) each. Per sample,
three images at three different positions were acquired. Brightness and contrast were enhanced for
presentation.
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Figure 14: Mechanical strain (15% stretch) did not cause a significant change in the uptake of Si25-FD
by A549 within 24 h compared to unstretched controls. The average nanoparticle fluorescence intensi-
ty of internalized Si25-FD related to the number of cells was quantified by image processing of confo-
cal images that were acquired by a standardized procedure. Data represent mean values * SD from
three independent experiments with one biological replicate (£ microscopy sample from one 6 well)
each. Student’s t-test was performed to determine statistically significant differences between groups
(a=0.05).

In order to further determine if all cells internalized similar amounts of Si25-FD, a sin-
gle cell analysis was performed. Histograms were obtained, displaying the distribution

of cells that exhibited different levels of fluorescence intensities (Figure 15). At all

times, histogram shapes did not differ much when comparing stretched with un-
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stretched cells. Cells with no or very low intensities (<10™* or <10™ a.u.) accounted for
only a small proportion in both groups: Already after two hours, nanoparticle fluores-
cence signals were detected in more than 70% of the stretched cells, and in more than
90% of the unstretched group. This trend continued with time: under both conditions,
more than 70% of the cells seemed to have accumulated particles after 5 h and 24 h. A
shift of the histogram to the right from 2 h to 24 h also indicated that over time all cells
accumulate more nanoparticles. In conclusion, stretching did not severely alter the
number of cells that accumulated nanoparticles, nor did it enhance the overall uptake

of nanoparticles per cell.
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Figure 15: Histograms display the distribution of A549 cells (y-axis: absolute cell number) exhibiting
different fluorescence intensities (x-axis: arbitrary fluorescence units). Given data represent two inde-
pendent experiments with one image of one sample each. Each dataset comprises ca. 100-200 cells,
depending on the respective point in time.
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6.2.11 No NF-kB translocation upon Si25 treatment, stretching or both

As described above, the observed gene expression profile showed significant overlap
with the gene expression profile induced by TNF (Dos Santos et al., 2004). TNF is
known to activate the NF-kB signaling pathway (Karin and Greten, 2005). According to
Dos Santos et al. (2004), TNF treatment of A549 cells not only causes induction of
NFKB1 (p105/p50) and NFKBIA, coding for its cytoplasmic inhibitor IkBa, but also of
TNFAIP3/A20 and BIRC3/IAP2, which are involved in the inhibition of TNF induced NF-
kB signaling by an auto-feedback loop. Of these genes, only TNFAIP3/A20 and
BIRC3/IAP2 were upregulated upon treatment of A549 with Si25 + stretch. Instead, the
NFKB2 gene, coding for the NF-kB2 p100/p52 subunits, was induced according to ex-
pression analysis. Translocation of the three subunits NF-kB p65, NF-kB1 p105/p50 and
NF-kB2 p100/p52 was analysed by immune fluorescence staining and confocal micros-

copy (Figure 16, Figure 17, Figure 18).

NF-kB p65 represents the major NF-kB heterodimer consisting of RelA (p65)-p50
dimers and is involved in the canonical (classical) NF-kB signal transduction pathway
(Gilmore, 2006). An increase in the nuclear fluorescence intensity compared to un-
treated cells was not observed and therefore did not indicate a significant accumula-
tion of NF-kB p65 in the nuclei of A549 cells after 2 hours (Figure 16). In comparison,
cells treated with TNF (20 ng ml™, 1 h) exhibited a bright nuclear fluorescence, indicat-
ing translocation of NF-kB p65. A translocation of NF-kB1 p105/p50, which is also in-
volved in the canonical pathway, could neither be confirmed nor ruled out by micros-
copy (Figure 17). These results indicate that the treatment of A549 cells with
Si25 + stretch does not result in a marked activation of the classical NF-kB signaling

pathway.

Unlike expected from the expression analysis (Table 7), microscopy could not
confirm translocation of NF-kB2 p100/p52 (NFKB2) (Figure 18) upon treatment with

Si25 + stretch.

A detailed overview of the translocation kinetics of the analyzed NF-kB subunits
in response to different inducers can be found in the supplementary information

(Figure 42, Figure 43, Figure 44).
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2h Control Si25

Figure 16: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25, or both for 2 hours (positive controls: human recombinant TNF, 20 ng ml1). Cells were
fixed and immuno stained for NF-kB p65. Images show representative data taken from one experiment
with one biological replicate (= microscopy sample from one 6 well). Per sample, three images at three
different positions were acquired. Brightness and contrast were enhanced for graphical presentation.
Scale = 50 um.
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Figure 17: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25, or both for 2 hours (positive controls: human recombinant TNF, 20 ng ml1). Cells were
fixed and immuno stained for NF-kB1 p105/p50. Images show representative data taken from one
experiment with one biological replicate (= microscopy sample from one 6 well). Per sample, three
images at three different positions were acquired. Brightness and contrast were enhanced for graph-
ical presentation. Scale = 50 um.
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Figure 18: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25, or both for 2 hours (positive controls: human recombinant LIGHT (TNFSF14, 100 ng ml-
1), Cells were fixed and immuno stained for NF-kB2 p100/p52. Images show representative data taken
from one experiment with one biological replicate (= microscopy sample from one 6 well). Per sample,
three images at three different positions were acquired. Brightness and contrast were enhanced for
graphical presentation. Scale = 50 um.
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6.3 Discussion
6.3.1 SiO; nanoparticle uptake is not enhanced under mechanical strain

Nanoparticle exposure under mechanical strain increased the expression of inflamma-
tion-associated genes, especially CCL20 and CXCL8. In order to address the question
whether the accumulation of nanoparticles is responsible for the observed amplified
responses under mechanical strain, we quantitatively analyzed the intracellular accu-
mulation of fluorescently labeled SiO, nanoparticles. No significant difference in cellu-
lar nanoparticle accumulation was observed, indicating that mechanical strain ampli-
fied the inflammatory effect of nanoparticles independently from their intracellular
accumulation. Since the amplitude and frequency of mechanical stain was chosen to
resemble the motion of normal breathing in the lung, it is possible that a similar ampli-
fication of nanoparticle-induced inflammation also occurs in alveolar epithelial cells in

vivo.

Previously published studies on the influence of mechanical forces on intracellu-
lar accumulation of nanoparticles obtained inconsistent results. Two studies reported
an increased accumulation of nanoparticles (made of polystyrene and quantum dots)
upon mechanical stimulation of bovine aortic endothelial cells and human epidermal
keratinocytes (Rouse et al., 2008; Hu and Liu, 2015). In both studies, uptake was quan-
tified by fluorescence measurements of cell lysates. This approach may only have in-
sufficiently distinguished between internalized and cell-associated nanoparticles. An
increase in nanoparticles accumulation under mechanical stimulation was also ob-
served by Huh et al. (2010). In their study, confocal microscopy was used to determine
the number of nanoparticle-positive NCI H441 alveolar epithelial cells in a lung on a
chip model mimicking alveolar distension by application of unidirectional cyclic strain.
The authors reported an increased number of cells that had taken up nanoparticles
when mechanically stimulated, as well as an increased translocation of nanoparticles
across the alveolar barrier from epithelial to endothelial cells. Furthermore, in the
study by Huh et al. (2010), a strain-induced increase in the fraction of cells internalizing
nanoparticles was observed, whereas in absence of strain only 7% of the cells seemed
to have accumulated nanoparticles. This trend was not confirmed here. Nevertheless,
evidence for a higher number of cells internalizing nanoparticles is qualitatively differ-

ent from the finding of a larger amount of nanoparticles internalized by a distinct



58 Part I: Mechanical strain alters gene expression in A549 cells treated with 25 nm silica particles

number of cells. In the current study, nanoparticle uptake was quantified by standard-
ized confocal microscopy analysis of 2D slices of confluent cell layers, ensuring that
fully internalized nanoparticles rather than membrane bound nanoparticles are includ-

ed in the analysis.

Freese et al. (2017), did not report an increased uptake of gold nanoparticles in
human umbilical vein endothelial cells (HUVEC) using similar stretching parameters.
The same authors even observed decreased accumulation of SiO, nanoparticles in

stretched HUVEC (Freese et al., 2014).

6.3.2 The pro-inflammatory response of A549 cells induced by SiO; nanoparticles
under mechanical strain seems independent from the canonical NF-kB path-
way

Under mechanical strain, Si25 induced upregulation of 13 genes (Table 7) that have
also been reported to be upregulated after adding TNF to A549 cells (Dos Santos et al.,
2004). Nine of these genes are coding for pro-inflammatory chemokines/cytokines or
molecules related to inflammation. The TNF induced response in A549 cells has been
described to induce upregulation of NFKBIA (IkBa) and NFKB1 (p105/p50) (Dos Santos
et al., 2004). Both genes are involved in the canonical pathway of NF-kB activation,
which is induced by TNF (Gilmore, 2006). Expression of these two genes was not influ-
enced by Si25 plus stretch. Similar to the TNF induced response, TNFAIP3 (A20) and
BIRC3 (IAP2) were upregulated by Si25 + stretch. The products of these genes have
been described to be involved in an auto-inhibition of NF-kB activation by negative
feedback (Dos Santos et al., 2004). The upregulation of genes involved in NF-kB signal-
ing led us to investigate the translocation of NF-kB in response to the treatment of
A549 cells. TNF is well-known to induce the canonical pathway of NF-kB activation
(Gilmore, 2006), including the translocation of p65 into the nucleus of A549 cells (Dos
Santos et al., 2004). In contrast, Si25 + stretch did not induce a marked translocation of
p65 into the nucleus. However, qualitative microscopy could not rule out involvement
of NF-kB1 p105/p50. At this point it seems unlikely that the canonical pathway is in-

volved in the induction of the observed pro-inflammatory response.

Unlike the TNF induced response observed by Dos Santos et al. (2004), NFKB2
(p100/p52) expression was induced by Si25 + stretch. As this might indicate involve-

ment of an alternative NF-kB pathway, the translocation of p52 (a proteolysis product
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of p100) was investigated. However, no marked translocation of this component was
detected, suggesting that this pathway is also not directly involved in the observed
pro-inflammatory response.

6.3.3 Mechanical strain amplifies Si25-induced effects on expression of genes re-
lated to inflammation in A549 cells

In this study, mechanical strain with the extent of normal breathing as well as Si25 na-
noparticles only led to minor changes in gene expression. Combining both treatments
resulted in a severely altered gene expression, suggesting a synergistic or amplifying
way of cell stimulation. This demonstrates that culture conditions mimicking the me-
chanical strain encountered by alveolar epithelial cells during normal breathing may be
relevant to identify cellular responses that do not occur under conventional static in

vitro conditions.

Similarly, under static conditions, modulation of the cellular response to nano-
particles occurs depending on the kind of culture system. Current lung in vitro culture
systems are either submerse mono- or co-cultures or systems grown at the air-liquid-
interface (ALI) as mono- or co-cultures (Clippinger et al., 2018). As shown by Kasper et
al. (2015), for example, a submerse co-culture model of epithelial and endothelial cells
exhibited a more sensitive release of inflammatory markers in response to application
of 60 pg ml™ SiO, nanoparticles compared to the mono-culture. Panas et al. (2014)
observed a reduced toxicity induced by SiO, nanoparticles when exposing A549 cells at
the ALI. In contrast, the pro-inflammatory response of A549 cells was induced when
cells were grown at the ALI. Generally, ALl systems are regarded to represent the in
vivo exposure conditions more realistically than standard approaches (Rothen-
Rutishauser et al., 2005; Wu et al., 2017; Lacroix et al., 2018). However, conventional
ALl systems based on permeable substrates do not incorporate the influence of me-

chanical stimuli (Huh et al., 2010; Schiirch et al., 2014).

Under in vivo conditions, in which alveolar cells are constantly exposed to stretch
due to breathing, amorphous silica has been shown to result in transient lung inflam-
mation, involving an increase of pro-inflammatory cytokines and chemokines (Fruijtier-
Polloth, 2012; Pavan and Fubini, 2016). In contrast, most in vitro studies focussing on
the effects of amorphous silica nanoparticles on lung cells are performed under static

conditions, not addressing the impact of mechanical stimuli. Under static conditions,
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amorphous silica nanoparticles have been described to induce a broad range of cellular
responses. This is partially caused by the multitude of types of silica used for nanotoxi-
cological studies. The physicochemical properties of amorphous silica particles related
to toxicity, including particle size and morphology, aggregation state, porosity, hydro-
phobicity/hydrophilicity and solubility are to a great extent variable and depend on the
preparation process and surrounding conditions (Napierska et al., 2010). Accordingly,
various in vitro studies reported on the induction of oxidative stress responses, activa-
tion of MAP kinase and NF-kB pathways, release of pro-inflammatory cytokines and

chemokines, or even cytotoxicity (Fruijtier-Polloth, 2012).

The colloidal silica nanoparticles used in this study are regarded to be hydrophilic
and covered by mutually H-bonded silanols (Napierska et al., 2010; Pavan and Fubini,
2016). Such silica nanoparticles are regarded as non-membranolytic and therefore not
involved in the induction of a persistent lung inflammation responsible for the induc-
tion of lung cancer, silicosis, or autoimmune diseases (Pavan and Fubini, 2016). In line
with this proposal, the silica nanoparticles used in this study did not result in mem-

brane damage or cytotoxicity as measured by LDH release from the cells (Figure 8).

In this study, for the first time, the effects of silica nanoparticles on gene expres-
sion of mechanically stretched lung epithelial cells were analyzed. Only under the
combined treatments (Si25 + stretch) upregulation of nine genes related to pro-
inflammatory responses (Table 7) was induced. According to gene array data, chemo-
kine CCL20 was among the strongest upregulated genes. CCL20 is known to recruit
immature dendritic cells and subpopulations of T-lymphocytes and B-cells (Schutyser
et al., 2003). CXCL8, encoding for the neutrophil attracting chemokine IL8, was also
markedly upregulated (Table 7). In comparison, no increase in the secretion of IL8 by
stretched and silica nanoparticle-treated primary endothelial cells (HUVEC) was found
by Freese et al. (2014). In addition, in this study, a moderate (2-4-fold) upregulation
was observed for CCL2, CXCL1, CXCL2, CXCL3, IL6, ICAM1 and PTX3. An augmented ex-
pression of ICAM1 induced by silica nanoparticles combined with mechanical strain

was also found in endothelial cells (Huh et al., 2010).

Furthermore, a similar gene expression pattern to the one observed in this study
was found after exposure of BEAS-2B cells to crystalline silica under static conditions,

showing upregulation of CCL20, CXCL8, CXCL1, CXCL3 and IL6 together with further
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cytokines and chemokines (Ovrevik et al., 2009). The same study also revealed that
A549 cells showed an attenuated induction of CXCL8 in response to crystalline silica as

compared to BEAS-2B cells, an immortalized human bronchial epithelial cell line.

In conclusion, this part revealed an amplifying effect on gene expression (in-
flammatory responses in particular) upon of Si25 and stretch, when simultaneously
applied to submerse A549 cells. An indirect effect from impaired membrane integrity
or increased nanoparticle uptake upon stretch could be excluded. Involvement of NF-

kB signalling cannot be ruled out at this point.?
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7 Partll: Influence of silica nanoparticle size and
stretching amplitude on cytokine release in alveolar
type Il cells






Part Il: Influence of silica nanoparticle size and stretching amplitude on cytokine release in alveolar type Il cells 65

7.1 Introduction

In the following chapter, two aspects of the previously utilized dynamic lung in vitro
model for nanotoxicity testing (Schmitz et al., 2019) were evaluated more closely: First,
it was investigated if the synergistic effect of nanoparticle treatment in combination
with mechanical strain on cytokine expression is specific for the administered particle
size (25 nm). Second, it was elucidated if this synergistic effect can be enhanced by

stronger, supposedly non-physiological mechanical strain.

7.1.1 Particle size

In pulmonary toxicology research, nanoparticle size is an important parameter as it
determines nanoparticle deposition, clearance and translocation (Schmid et al., 2009).
For in vivo inhalation is known that particles of different sizes and masses deposit in
different regions of the lungs depending on their diffusion and sedimentation behav-
iour (Heyder and Svartengren, 2002). A larger diameter of nanoparticles can limit cellu-
lar internalization and intracellular distribution (Lu et al., 2009; Schiibbe et al., 2012).
Several studies (Hetland et al., 2001; Napierska et al., 2012; Lag et al., 2018) reported
stronger inflammatory responses upon exposition to smaller particles, higher total
surface areas and higher mass concentrations. Size dependent effects could often be
observed for particles with diameter differences of only few nanometers. It is also
known that the surface area plays a crucial in nanotoxicity by determine the contact
interface between nanoparticles and biological entities like proteins or whole cells
(Hetland et al., 2001; Lee et al., 2011). Based on this knowledge it was expected that

A549 cells would respond less to Si80 than to Si25 nanoparticles.

When it comes to comparing different particle sizes with each other, an im-
portant question arises: Should one administer the different particles at similar mass
concentration or at similar particle number concentration. Here, two comparable SiO,
particles with differing diameters were administered at similar mass concentration of
100 pg Si0, mI™t. Consequently, the smaller Si25 particles were delivered at higher par-
ticle number concentration (98-fold) and higher total surface area (13-fold) compared
to the larger Si80 particles. This supports the hypothesis that Si25 treatment would

stimulate stronger responses than Si80 treatment.

Both particle types were within a size range that is preferably internalized via
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endocytosis, and quickly accumulate in the perinuclear region (Lu et al., 2009; Yuan
and Zhang, 2010; Schiibbe et al., 2012) (Supplementary Figure 32). As reported by
Schumann et al. (2012) and Peuschel et al. (2015), no major differences in uptake or
intracellular transport characteristics were observed in A549 cells. Therefore, it was
assumed that potentially different responses upon Si25 or Si80 exposition would not

result from a difference in internalization.

7.1.2 Mechanical strain in in vitro models

Considering that in vitro lung models may represent healthy or pathologic lungs, it is
important to be able to mimic physiological and non-physiological mechanical strain.
The latter occurs, for example, under invasive mechanical ventilation in the lungs of

patients that suffer from acute lung failure (Slutsky, 1999).

While in common in vitro models the respiratory rate can simply be translated to
cycling frequency, it is still not entirely clear what degree (amplitude) of area expan-
sion (stretch) in the in vitro system resembles physiology in vivo. A review on estimates
of alveolar deformation from 2011 (Roan and Waters) summarized that =10% stretch
(e = 5%) takes place under normal breathing within tidal volume, — more in diseased
lungs or when exploiting total lung capacity. A consecutive review of the same authors
(Waters et al., 2012) gave a valuable overview of studies that observed responses to
mechanical strain in lung epithelial cells. In terms of cell death and injury they suggest
that A549 are less vulnerable with tolerable stretching amplitudes of up to35%
(e £16%) as compared to primary alveolar epithelial cells. Waters et al. give profound
estimations that below 12% stretch (e < 6%) alveolar epithelial cells are not affected,
while stretch between 12% and 21% (e = 6% to 10%) may trigger some cellular re-
sponses. Stretch of more than 21% can therefore be considered as injurious. In particu-
lar, for inflammatory responses Waters et al. recapitulate that mechanical strain can
indeed cause reactions in lung cells, but an evaluation of necessary degrees of stretch-

ing was not possible at that point.

Several studies observed stretch induced or stretch amplified inflammatory re-
sponses in the range between 5% and 35% stretch with a risk for cytotoxic reactions at
higher stretch intensities (Vlahakis et al., 1999; Dos Santos et al., 2004; Jafari et al.,

2004; Ning and Wang, 2007; Doryab et al., 2020). As shown in chapter 6, 15% stretch
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alone does not affect A549 cells significantly. Therefore, comparable experiments were
performed with higher stretch amplitudes. Stretch was increased to the maximum
possible extent (25% stretch) to stimulate a significantly stronger reaction compared to

previously performed experiments with 15% stretch.
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7.2 Results

7.2.1 Silica nanoparticles of 25 or 80 nm in diameter cause similar responses in
A549 cells

Si80 alone caused minor changes in CXCL8 (4-fold) and CCL20 (9-fold) expression
(Figure 19). There was no significant difference when compared to Si25 treated cells.
When stretch was applied, Si80 induced CXCL8 expression to the 15-fold and CCL20 to

the 48-fold, comparable to the treatment with Si25 + stretch.

Analyses of IL8 secretion after 5 hours of treatment resembled qPCR data (Figure
20), however, the extent of amplification by combining stretch + NP exposition was
less pronounced for secretion. Stretch + NP (1,293 pg mI™ for Si25 + 15%; 1,257 pg ml™
for Si80 + 15%) exceeded secretion values of treatments with nanoparticles alone
(987 pg ml™ for Si25; 993 pg ml™ for Si80), or stretch alone (681 pg ml™). Cellular re-

sponses were similar for Si25 and Si80.
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Figure 19: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25, or Si80 (100 ug ml1), or a combination for 2 hours. Cytokine expression was normalized
to GAPDH expression and related to expression levels of untreated controls. ANOVA and Student’s t-
test determined significant (a = 0.05) differences from respective stretch only (#) or nanoparticle only
(*) controls. Data are given as mean # SD. N = 7 for no NP and Si25, N = 3 for Si80.
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Figure 20: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25, or Si80 (100 ug ml1), or a combination. IL8 secretion was determined by ELISA after
5 hours of exposition. ANOVA determined no significant (« = 0.05) differences between Si25 and Si80
groups. Data are given as mean + SD. N = 3.

7.2.2 Increasing stretching amplitude from 15% to 25% does not lead to stronger
inflammatory response of A549 cells

A non-physiologically strong mechanical strain was applied to A549 cells for 2 hours.
Limited by the stretching setup used for this work, 25% stretch (ASa ) was applied to
the cells in the same frequency (0.25 Hz) and sinusoidal shape as for 15% stretch.
Measurement as described in chapter 5.3 and supplementary Figure 33 revealed actual
applied area expansion values of 17% (at 15%) and = 27% (at 25%). Cell morphology
and confluency did not differ between treatments. Without nanoparticle treatment,
there was no difference between cells stretched at 15% or 25% (CXCL8: 3.6-fold vs.
3.4-fold with p =0.3; CCL20: 6.4-fold vs. 5.2-fold with p =0.5) (Figure 21). Combining
Si25 + 25% stretch did not raise cytokine expression compared to Si25 + 15% stretching
(cxcL8: 12.9-fold vs. 12.1-fold with p = 0.8; CCL20: 45.1-fold vs. 39.7-fold with p = 0.6).
Again, IL8 secretion data supported results from expression analysis. IL8 secretion was

not significantly changed by increasing the stretching amplitude from 15% to 25%.
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Figure 21: A549 cells were cultured on laminin-coated flexible membranes and treated with 15% or
25% stretch, Si25 (100 ug ml1), or a combination for 2 hours. Cytokine expression was normalized to
GAPDH expression and related to expression levels of untreated controls. ANOVA and Student's t-test
determined significant (a = 0.05) differences from respective stretch only (#) or nanoparticle only (*)
controls. Data are given as mean + SD. N = 7 for 0% and 15%, N = 3 for 25%.
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Figure 22: A549 cells were cultured on laminin-coated flexible membranes and treated with 15% or
25% stretch, Si25 (100 ug mli), or both. 1L8 was determined by ELISA after 5 hours of exposition.
ANOVA determined no significant (a = 0.05) differences between 15% and 25% stretching groups.

Data are given as mean * SD. N = 3.
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7.3 Discussion
7.3.1 Particle delivery

To evaluate whether the size of SiO, nanoparticles affects cellular response under stat-
ic or dynamic conditions, A549 cells were treated with SiO, nanoparticles of different
diameters (Si25=22.4nm, Si80 =91.5nm) at similar SiO, mass concentrations
(100 pg ml™), but consequently different particle concentrations (Si25 = 9.5 x 10" ml™?,
Sig0 = 1.4 x 10" ml'™).

Based on the computational model of particle sedimentation, diffusion, and tar-
get cell dosimetry for in vitro toxicity studies (ISDD) by Hinderliter et al. (2010),
Peuschel et al. (2015) calculated delivered doses for similar nanoparticles as follows:
the fraction of deposited particles was 26.5% for Si25 and 20.4% for Si85 particles after
5 h of exposition, assuming no agglomeration. Apart from their longer exposition time
compared to this work, Peuschel et al. calculated with lower administered doses
(Si25 = 1.2 pg ml™, Si85 = 50 pg ml™) and higher medium fill level (5 mm or 3 mm). Dis-
regarding that in this in dynamic in vitro model cell culture medium is constantly mov-
ing and thereby certainly affecting particle sedimentation and diffusion, the approxi-
mation by Peuschel et al. will be used to estimate the delivered doses (Si25 = 7.9 x 10°
particles per cell, Si80 = 0.08 x 10° particles per cell; Table 9). Based on BET (Brunauer—
Emmett—Teller) gas adsorption measurements of the SiO, nanoparticles (Peuschel et
al., 2015), the delivered surface area was calculated. With 109 m? g'1 specific surface
area for Si25 and 11 m? g for Si80 it can be estimated that the finally delivered total
particle surface area per cell are = 9000 um2 for Si25 and 700 um2 for Si80 — knowing
that the cell monolayer is confluent. Depending on the assumed packing density of the
nanoparticles it can be estimated that for Si25, 3-4 layers of nanoparticles cover the

confluent cell layer. For Si80 is estimated that the cell layer is only covered 60-70%.
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Table 9: Physicochemical properties of unlabeled (Si25) and fluorescently labeled (Si25-FD) nanopar-
ticles. The hydrodynamic diameter D, was calculated based on the intensity distribution of the parti-

cle scattering signals using DLS. Number of particles per cell seeded refers to 0.96 * 10¢cells that were
seeded per well.

Estimated Estimated
number of surface
particles area deliv-

Diameter Number of delivered ered per
. +SD Hydrodynamic Zeta particlesad- within2h cell seeded
Sio, (TEM) diameter (Dz) potential ministered per per cell [um?2 per
nanoparticles [nm] [nm] [mV] cell seeded seeded cell]
Si25 (G) 224 +2 25+6 -27 29.6 * 106 7.9 *106 9000
Si80 (M) 91.5+3 98 +19 -34 0.4 * 106 0.08 * 106 700

7.3.2 Interplay between stretch and nanoparticles may take place at the cell mem-
brane

Hetland et al. (2001) studied the effect of silica particle size and surface area on cyto-
kine release in A549 cells. Different sizes of quartz and fumed amorphous microsilica
were administered. For quartz, they observed that the total administered surface area
rather than particle size determined the cellular response. They also concluded that
when comparing crystalline and non-crystalline silica at low concentrations, different
cytokines are induced. Non-crystalline silica (0.3 um) was more potent for IL6, similarly
sized quartz (0.4 um) was more potent for IL8. With increasing concentrations, crystal-
linity rather than particle size or surface area determined toxicity. However, more re-
cent evidence suggested that independent of crystallinity, disorganized silanol groups
on the surface of silica nanoparticles can affect membrane integrity (Pavan and Fubini,
2016; Pavan et al., 2019). Focussing on colloidal amorphous silica nanoparticles, Rabolli
et al. (2010) studied the ‘Influence of size, surface area and microporosity on the in
vitro cytotoxic activity of amorphous silica nanoparticles in different cell types’. They
observed that vulnerability to physico-chemical nanoparticle properties can vary be-
tween cell types. Macrophages (murine, 1774), for example, were sensitive to large
surface areas and small micropore volumes. In contrast, for endothelial cells (human,
EA.hy926) and fibroblasts (murine, 3T3), primarily surface roughness and small particle
diameter affected viability. A study by Lag et al. (2018) investigated size-dependent
cytokine release upon amorphous silica nanoparticle exposition in two bronchial epi-
thelial cell lines (human, BEAS-2B; human, HBEC3-KT). They observed similar cytokine
response patterns for both cell lines and both particle sizes (10 nm vs. 50 nm) involving

p38 MAPK, TACE and the NF-kB pathway. Independent of the administered surface
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area, particles with smaller diameter were more potent in inducing cytokines than

larger particles.

Based on this knowledge on silica toxicity it was hypothesized that A549 would
respond less to 100 ug Si80 ml™ than to the same mass of Si25 for multiple reasons:
larger diameter, smaller total surface area, and fewer particles. As both particle types
originate from comparable syntheses (protocol and starting material) their surface
chemistry was expected to be similar and therefore probably not responsible for any

varying effect on cellular response.

Surprisingly, data shown in Figure 19 and Figure 20 could not verify the hypothe-
sis that Si25 and Si80 affect A549 in a size dependent manner. In the two scenarios
that were compared here, cells were either fully covered with multiple layers (3-4) of
Si25 in large numbers, or only partially covered (60-70%) with fewer Si80 nanoparti-
cles. At a mass concentration of 100 ug ml™, a size difference does not seem to play a
role at first sight. For a conclusion about the contribution of particle number and total
particle surface area, further experiments are necessary. Experiments with similar par-
ticle concentration or similar total surface area could help to elucidate, if in this setup
particle size is a relevant factor. Preferably, administered doses should stepwise cover
more and more of the cell surface up to multiple layers as already studied for Si25
here. This could provide insight whether the proportion of ‘covered’ cell surface is a

decisive factor for the observed inflammatory response.

Adding 15% stretch to the Si80 treatment resulted in a similarly amplified re-
sponse as previously shown for Si25 + stretch. Assuming that particle uptake is similar
for Si25 and Si80 (Peuschel et al., 2015), and that stretch does not affect uptake rate
(Schmitz et al., 2019), it can be hypothesized that the short-term synergistic interplay
between stretch and nanoparticles takes place at the first contact site between cells
and particles — the cell membrane. Potential interaction mechanisms between nano-

particles and the cell membrane will be discussed in chapter 9.

7.3.3 Cell type specific robustness to mechanical strain needs to be considered for
in vitro models

The following studies reported stretch-induced or stretch-amplified cytokine release in
A549 cells: Vlahakis et al. (1999) used a predecessor of the stretching setup used here

to show that stretch alone can induce cytokine release in alveolar epithelial cells. Ex-
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posing cells to 20% stretch did not cause a significant increase of IL8 release
(7.8 £ 44%). Thirty percent stretch, however, did so (49 + 34%). Both conditions did
not affect proliferation or viability. They could also show that TNF-induced IL8 release
can be amplified by 30% stretch if TNF exposition time was 48 h and dosing was
<0.1 ng ml™. IL8 induction from higher doses of TNF was not affected by additional
stimulation from stretch — supposedly because the maximum response was already
triggered. They confirmed their results with analyses of gene expression where 30%
stretch for 4 hours led to a 4-fold upregulation of CXCL8. As an indicator for the magni-
tude of the cellular response under static conditions Vlahakis et al. determined a
maximum upregulation of CXCL8 to the 16-fold by treatment with TNF at 10 ng mi™. It
is notable that Vlahakis et al. applied cyclic sinusoidal stretch with higher frequencies
(0.33 or 0.66 Hz) compared to this work (0.25 Hz). Dos Santos et al. (2004) published
similar results that were obtained with a similar setup. Cytokine induction with TNF
(10 ng mI™) could not be raised by 20% stretch (0.5 Hz). Another study by Jafari et al.
(2004) observed IL8 release after 4 hours in A549 cells that were stretched cyclically
(0.33 Hz) to 32%, but not in cells that were stretched with less than 21%. Synergistic
effects on IL8 release and CXCL8 expression by LPS (lipopolysaccharides) and mechani-
cal strain was observed by Ning and Wang in 2007. They also observed amplitude (5%,
15%, 30% stretch) and frequency (0.2 Hz, 0.5 Hz, 1 Hz) dependent IL8 increase in A549
after 4 hours. Describing a new “stretchable” ALl lung in vitro model, Doryab et al.
(2020) reported no change in proliferation or cell viability of A549 under 21% stretch,
but a reduction of both under 35% stretch at 0.33 Hz. Furthermore, they confirmed
Vlahakis’ observations on an intensified TNF induced IL8 release upon 35% stretch, but
not upon 21% stretch. It is worth mentioning that Doryab et al. induced IL8 with

15 ng ml™* of TNF.

Based on Waters’ estimation from 2012 and the above listed studies, it can be
suspected that stretch above =21% affects A549 cells only slightly, with serious effects
appearing with increasing stretch. Here, 15% stretch, previously shown not to affect
proliferation, membrane integrity, or gene expression, was compared to 25% stretch.
Both amplitudes caused similarly moderate cytokine upregulation in A549 cells after
short exposition time of 2 hours. Again, these results support Waters et al. (2012) say-

ing that A549 cells are, compared to primary alveolar cells, robust against relatively
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high degrees of mechanical strain and may result in an underestimation of the impact
of mechanical strain. In combination with nanoparticle treatment, no difference be-
tween 15% and 25% area expansion could be observed either, although maximum re-

sponse was not yet reached.

Assuming that these, from a technical point of view, minor changes in gene ex-
pression should be detectable, it can be summarized that increasing stretch from 15%
to 25% did not lead to a further increase in cytokine expression, neither with nor with-
out nanoparticles present. Within this range of stretching amplitude, the synergistic
contribution of stretching is probably regulated like an on/off switch rather than an

adjustable response.

A distinct feature of A549 cells is a mutation of the K-ras gene (Kirsten Rat Sar-
coma Viral Proto-Oncogene), which leads to a permanently upregulated CXCL8 expres-
sion and IL8 secretion (Valenzuela and Groffen, 1986; Sparmann and Bar-Sagi, 2004).
Even though A549 cells may be less sensitive to mechanical strain compared to prima-
ry alveolar cells, it is conceivable that a higher baseline expression/secretion of CXCL8
could lower their relative response amplitude as well as their response threshold to-
wards stretch or nanoparticle stimuli. Comparable experiments with primary alveolar
epithelial cells or a cell line without K-ras mutation could determine the contribution
of A549 specific behavior to this study’s outcome. Preliminary results (Supplementary
Figure 41) from an experiment with human pulmonary alveolar epithelial cells
(HPAEPpIC) indicate that primary cells may overall respond less to stretch and nanopar-
ticles. As this experiment was performed under 10% only, and as no viability or toxicity

data are available yet, these results are to be interpreted with caution.
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8 PartIll: Experimental reproducibility with the dynam-
ic lung in vitro model
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8.1 Introduction

In vitro models for nanotoxicity research aim at high levels of reproducibility. The pre-
viously utilized dynamic in vitro lung model (Schmitz et al., 2019) comprises two varia-
ble factors that may affect reproducibility of test results, besides proper functioning of
the Flexcell stretching setup. i) An extensively studied immortalized cell line (A549) was
chosen instead of using primary cells, which are less uniform in their behaviour. Cell
behavior, though, can be influenced strongly by composition of the cell culture medi-
um (van der Valk et al., 2018). Supplementation with antibiotics was renounced, how-
ever, fetal bovine serum (FBS) was added (10%). ii) Toxicity of nanoparticles of the
same type may vary between batches (e.g. due to change in bulk material) and way of
administration (e.g. submerse vs. air-liquid (Panas et al., 2014; Lovén et al., 2021).
Thorough characterization of all used batches is essential, considering that under lab

scale the product of one synthesis may not suffice for a complete toxicity screening.

The employed submersed cell culture model lets nanoparticles interact with the
cell culture medium first, before an interaction with the cells can take place. If present,
proteins from the biological milieu that surround nanoparticles, e.g. blood or lymph
fluid in vivo, or cell culture medium in vitro, can adsorb to their surface. This may not
only affect particle properties like zeta-potential and thereby colloidal stability, but
also conformation of the bound proteins. An altered nanoparticle-cell interaction is
consequential. This concept has long been known as ‘protein-lipid corona’ on nanopar-
ticles (Lundqvist and Cedervall, 2020). In an in vitro setup, FBS is the main source for

proteins, such as growth factors, immunoglobulins, or serum albumin.

With regard to silica nanoparticles, Lesniak et al. (2012) could show that when
administered under serum-free conditions, silica nanoparticles adhere more strongly
to the cell membrane and are internalized more efficiently by cells compared to se-
rum-containing conditions. Under serum-free conditions, they observed more cell
membrane damage, and particle uptake did not seem to be limited to the vesicular
endolysosomal pathway, but nanoparticles that were applied under serum-free condi-
tions also grew protein coronas, however, in their composition they differed signifi-
cantly from those coronas grown on nanoparticles in FBS-containing medium. They
exhibited cytosolic and cytoskeleton or membrane related proteins in their corona

rather than immunoglobulins, complement proteins, or apolipoproteins — probably
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released upon cell damage. For the amorphous colloidal Si25 particles used in this
work, Peuschel et al. (2015) reported no LDH leakage up to concentrations of
200 pg ml™ for A549 cells grown in DMEM supplemented with 10% FBS. Under serum-

free conditions, though, this concentration caused a cytotoxic LDH leakage.

Not only the presence or absence of FBS in in vitro models has been shown to af-
fect experimental outcome. As FBS is an uncontrolled and inadequately characterized
animal product that varies strongly depending on origin, season and processing, batch
to batch variations can affect cell behavior in the in vitro model (Gstraunthaler et al.,
2013; Barosova et al., 2021). Critical components can be endotoxins, or simply too
many bovine proteins (e.g. y-globulins or haemoglobin). Especially controversial is FBS
supplementation in cancer or stem cell research as well as in in vitro toxicity testing.
Research quality and animal protection are reasons to find alternatives to supplement-
ing cell culture medium with FBS. First achievements have been made, however, FBS is

still widely used (van der Valk et al., 2018).

In this chapter, reproducibility of the previously observed results was tested

when using another batch of FBS and another batch of Si25 nanoparticles.
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8.2 Results
8.2.1 Nanoparticles and fetal bovine serum

During the experimentation period, a new FBS from a different provider as well as new
synthesis batches of Si25 were introduced. Serum ‘A’ (FBS Gold from PAA Laboratories,
Austria) was replaced with serum ‘B’ (FBS Gold from PAN-Biotech GmbH, Germany).
Further reproducibility tests were performed with serum ‘C’ (FBS Standard from PAA
Laboratories, Austria) (Table 2, page 25). According to manufacturers, albumin concen-
trations did not differ much while serum ‘B’ contained slightly more protein in total.
Synthesis batch Si25 (G) was replaced with batch Si25 (N). All other experimental set-
tings and analysis methods were performed as previously described (Chapter 5). Na-
noparticles from different batches were considered comparable. Physicochemical

characteristics can be found in Table 10 and were analysed as described in chapter 5.1.

Table 10: Physicochemical properties of unlabeled Si25 used in chapter 8. The hydrodynamic diameter
D, was calculated based on the intensity distribution of the particle scattering signals.

Diameter *+ SD Hydrodynamic Si0z Concentra-

Sio, (TEM) diameter (D) Zeta potential tio.n of st.ock
nanoparticles [nm] [nm] [mV] dlsper?mn
[gL7]
Si25 (G) 224+2 25+6 -27 9.101
Si25 (L) 2102 215 -24 5.841
Si25 (N) 29.0+3 32+4 -35 9.302

8.2.2 Culture conditions may alter particle-induced effects on cytokine expression

Under condition A (Serum A / Si25 (G)), treatment with stretch or Si25 caused minor
CXCL8 upregulation in A549 cells (3.6-fold vs. 4.1-fold with p = 0.54). Under condition B
(Serum B / Si25 (N)), cells responded to stretch, but not to Si25 exposition (2.7-fold vs.
0.3-fold with p<0.001 (§)). Under condition A, a combined treatment with
stretch + Si25 (12.9-fold) exceeded effects of stretch alone (#, p <0.01) and Si25 alone
(*, p<0.01). Under condition B, a combined treatment with stretch + Si25 (2.6-fold)
did not exceed stretch alone (p = 0.93). A similar pattern was observed for the expres-
sion of CCL20 (Figure 23). Apparently, the amplifying effect of combining stretch + Si25
that was observed under condition A could not be reproduced under condition B.
Comparing the response to stretch alone for serum ‘A’ and ‘B’ revealed minor but in-

significant differences (Figure 23). The most obvious differences were the missing re-
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sponse to Si25 alone and stretch + Si25 under condition B.
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Figure 23: A549 cells were cultured on laminin-coated flexible membranes in medium supplemented
with FBS from two different suppliers and treated with 15% stretch, Si25 (100 ug ml), or both for 2
hours. Cytokine expression (CXCL8, CCL20) was normalized to GAPDH expression and related to ex-
pression levels of untreated controls. ANOVA and Student’s t-test determined significant differences (a
= 0.05) between treatments (* combined treatment vs. Si25, # combined treatment vs. stretch, §
stretch vs. Si25). Data are given as mean *+ SD. N =7 for Serum A/Si25(G) and N =10 for Serum
B/Si25(N).

To evaluate baseline expression, untreated controls under serum ‘B’ were related to
untreated controls under serum ‘A’ (Figure 24). A549 seemed to express slightly less

CXCL8 under serum ‘B’ than under serum ‘A’.

Serum A mSerum B

=
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-

Relative normalized expression
o
wu
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Figure 24: A549 cells were cultured on laminin-coated flexible membranes in medium supplemented
with FBS from two different suppliers for 2 hours. Cytokine expression (CXCL8, CCL20) was normal-
ized to GAPDH expression and related to expression levels of untreated controls under Serum A. N = 3.

It should be mentioned here that at this time of the experimentation period neither

serum ‘A’ nor Si25 from batch ‘G’ were available any longer. Therefore, an independ-

ent exchange of the two factors was not possible.

To determine if the absent response to Si25 with serum ‘B’ was caused by the

change in particle batch or FBS batch, the experiment was repeated with two different
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Si25 batches (‘L vs. ‘N’). Figure 25 shows that when cultured with serum ‘B’, neither
Si25 from batch ‘L’ nor from batch ‘N’ caused an increase in CXCL8 or CCL20 expression
compared to untreated controls. Adding stretch to Si25 (L) or Si25 (N) treated cells did
not induce a significantly stronger response than observed for stretch alone. This indi-
cated that a change in nanoparticle batches was not the reason for an altered experi-
mental result. However, as the original serum is no longer available, solid evidence

could not be produced.

12
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Figure 25: A549 cells were cultured on laminin-coated flexible membranes in medium supplemented
with serum ‘B’ and exposed to Si25 of two different batches (Si25(L) or Si25(N), 100 ug ml') with
(15%) or without stretch. Cytokine expression (CXCL8, CCL20) was normalized to GAPDH expression
and related to expression levels of untreated controls. ANOVA did not reveal significant difference
between Si25 batches. Data are given as mean * SD. N=10 for no NP/Serum B, N=3 for
Si25(L)/Serum B and N = 7 for Si25(N)/Serum B.

IL8 secretion corresponded with CXCL8 expression in both experimental setups,
when related to the respective baseline IL8 secretion (Supplementary Figure 37). Simi-
lar to the comparison of baseline expression (Figure 24), baseline IL8 secretion differed
between both conditions: Under serum ‘B’, untreated cells only secreted half the
amount of IL8 within 24 hours compared to untreated cells under serum ‘A’ (369 vs.

746 pg ml™) (Figure 26). This difference became even more pronounced when cells

were treated with TNF for 24 hours (Figure 27).
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Figure 26: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25 of different batches (100 ug ml?), or both. Two different experimental setups are com-
pared here: cells cultured in medium supplemented with serum ‘A’ and exposed to Si25(G) and cells
cultured in medium supplemented with serum ‘B’ and exposed to Si25(N). Cytokine secretion (IL8) was
determined by ELISA after 24 hours of exposition. ANOVA and Student's t-test with a = 0.05 deter-
mined significant differences (*) between experiments from different setups. N = 3.
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Figure 27: Cells were treated with TNF (2 ng ml1) in DMEM with different FBS batches. Baseline IL8
secretion at t =2 h was 273 + 76 pg ml'* with serum ‘A’ and 141 * 97 pg ml'! with serum ‘B’. IL8 secre-
tion was determined by ELISA. Data represent mean values *+ SD from three independent experiments.
Student’s t-test determined significant differences (*, a = 0.05) between respective samples from differ-
ent setups.

Light microscopy did not reveal a difference in cell morphology between both

FBS supplements (Supplementary Figure 38).
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8.2.3 Impact of FBS change on NF-kB translocation

As described in chapters 6.2.11 and 6.3.2, NF-kB signaling may play a role in the in-
flammatory response caused by Si25 exposition under mechanical strain. In chapter 6,
NF-kB translocation experiments were performed with fetal bovine serum ‘C’%. Accord-
ing to the gene expression analysis (chapter 6.2.5), RELA (coding for subunit NF-kB
p65) was not upregulated, although the general response pattern was similar to that
caused by TNF, which is known to activate NF-kB p65 signaling. Microscopy did not
show NF-kB p65 translocation either. These results could be reproduced when cultur-
ing cells with serum ‘B’ (Figure 28). Similar to the experiments in chapter 6, an in-
creased expression or translocation of subunit NF-kB1 p105/p50 (NFKB1) could neither
be confirmed nor ruled out with this method. A slight difference between 15% stretch
or Si25 alone compared to 15% + Si25 may be visible in Figure 29. However, slight nu-
clear presence of this subunit is always visible. Subunit NF-kB2 p100/p52, whose corre-
sponding gene NFKB2 was upregulated to the 3-fold (Chapter 6.2.6) just as in the pre-
vious experiments, did not translocate to the nucleus when cells were cultured with

serum ‘B’ (Figure 30).

In summary, qualitative analysis by confocal microscopy did not show involve-
ment of NF-kB signaling upon treatment with Si25, stretch, or both when A549 were

cultured with different fetal bovine serum batches.

4 Serum C was considered comparable to serum ‘A’ as it was provided by the same manufacturer in the same year. Serum A was
no longer available for these experiments. Respective cytokine expression data can be found in supplementary Figure 40.
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Figure 28: Confocal fluorescence microscopy of A549 cells that were cultured with different batches of
FBS on laminin-coated flexible membranes and treated with 15% stretch, Si25, or both for 2 hours
(positive controls: human recombinant TNF (20 ng ml1). Cells were fixed and immune-stained for NF-
KB p65. Images represent one experiment for serum ‘C’ and three independent experiments for serum
‘B’. Brightness and contrast were enhanced for graphical presentation. Scale bar is 50 um.
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Figure 29: Confocal fluorescence microscopy of A549 cells that were cultured with different batches of
FBS on laminin-coated flexible membranes and treated with 15% stretch, Si25, or both for 2 hours
(positive controls: human recombinant TNF (20 ng ml1). Cells were fixed and immune-stained for NF-
KkB1 p105/p50. Images represent one experiment for serum ‘C’ and two independent experiments for
serum ‘B’. Brightness and contrast were enhanced for graphical presentation. Scale bar is 50 um.
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Figure 30: Confocal fluorescence microscopy of A549 cells that were cultured with different batches of
FBS on laminin-coated flexible membranes and treated with 15% stretch, Si25, or both for 2 hours
(positive controls: human recombinant LIGHT (TNFSF14), 100 ng mI1). Cells were fixed and immune-
stained for NF-kB2 p100/p52. Images represent two independent experiments for serum ‘C’ and three
for serum ‘B’. Brightness and contrast were enhanced for graphical presentation. Scale bar is 50 um.
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8.3 Discussion

Reproduction of the previously described cytokine expression analysis (Chapter 6) with
another fetal bovine serum batch indicated that FBS as a supplement to cell culture
medium affects the outcome of in vitro experiments with regard to inflammatory re-
sponses. The response to stretch alone was similar under both serum conditions while
the response to nanoparticles differed (Figure 23): With serum ‘A’, A549 cells respond-
ed slightly to Si25 exposition by overexpressing CXCL8 and CCL20. With serum ‘B’, no
response to Si25 was observed. Accordingly, with serum ‘B’ the response to
Si25 + stretch did not exceed the response to stretch alone. A contribution by a change

in Si25 batches is unlikely as demonstrated in chapter 8.2.1 (Table 10, Figure 25).

When related to untreated controls, the IL8 secretion analysis (Supplementary
Figure 37) corresponded well with the respective expression analysis (Figure 23) for
both FBS batches. Absolute values, however, revealed that when kept with serum ‘A’,
A549 cells produced higher levels of baseline IL8 compared to serum ‘B’ (Figure 26).
Under both conditions, a treatment with TNF (2 ng ml'l) resulted in a =7 fold increase
in IL8 secretion within 24 hours, but still, cells under serum ‘B’ produced less IL8 than
those under serum ‘A’ (Figure 27). Compared to the response to TNF, the response to
Si25 + stretch was rather small in both scenarios. Similar observations were made by
Veranth et al. (2008) who reported that IL6 secretion of untreated and soil dust treat-
ed BEAS-2B cells was not only increasing with increasing FBS concentration, but also

depended on the composition of the cell culture medium.

The following paragraphs will discuss potential differences of the applied FBS
batches that may have contributed to the different experimental outcome. Based on
manufacturer information from analysis certificates, endotoxin content was acceptably
low in all three sera (Table 2). According to Kirikae et al. (1997) who analysed endotox-
in content of 40 different FBS batches, median endotoxin levels were =46 pg ml™. One
fifth of the tested FBS batches contained more than 1 ng ml™ endotoxin. After the dilu-
tion of FBS in cell culture medium, endotoxin concentrations in this work ranged be-
tween 10 - 40 pg ml™. Referring to Standiford et al. (1990) who reported that IL8 could
not be induced by LPS at concentrations up to 10 pg ml™ in A549 cells, it seems unlike-
ly that the here present minor endotoxin concentrations caused the observed varying

baseline IL8 secretion.
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Interestingly, serum ‘B’ contained significantly more immunoglobulin G (IgG,
411 pug ml™) than serum ‘A’ or ‘C’ (88 pg ml™, 63 pug ml™). IgG molecules that rapidly
adsorb to silica particles tend to be replaced in large parts by complex bovine serum
proteins, if present, within minutes (Frost et al., 2017). After 2 hours of incubation,
immunoglobulins make up for only =5-10% of the protein corona on amorphous silica
nanoparticles (Tenzer et al., 2013). However, Frost et al. (2017) also demonstrated that
when exposed to IgG alone, dispersed silica nanoparticles aggregate. Here, a supple-
mentation with 10% FBS provided sufficient complex proteins to compete with IgG for
adsorption on the silica surface. However, the =5-fold IgG concentration in serum ‘B’
compared to serum ‘A’ may have led to more nanoparticle aggregation thereby reduc-
ing the amount of dispersed particles that interacted with the cells. This may explain

why under serum ‘B’, A549 cells hardly responded to Si25 exposition.

Further should be mentioned that fetal bovine serum is an undefined product
that contains many more molecules than those analysed for quality control. It is not
unlikely that an unknown component affected the experimental outcome as well. For
instance, Niederstaetter et al. (2021) recently identified eicosanoids, a group of signal-
ing molecules, to vary strongly between FBS batches. This is particularly interesting as
these molecules have complex inflammatory functions (Calder, 2020). Hydroxyeico-
satetraenoic acids, for example, have been shown to inhibit mucin production and NF-
kB translocation in human mucoepidermoid pulmonary carcinoma cells (Song et al.,
2015), but also to activate TNF and IL8 secretion via the canonical NFkB signaling
pathway in THP-1 human monocytic cells (Liu et al., 2020). As their impact on alveolar
epithelial cells is still unclear, it remains unanswered whether varying eicosanoid con-

centrations in FBS have affected these experiments.

The FBS batch ‘Serum A’ may have been involved in undeclared blending with
bovine serum albumin (BSA) (Gstraunthaler et al., 2014). BSA can act protectively
when involved in nanoparticle-cell interactions (Gualtieri et al., 2012; Peuschel et al.,
2015). Compared with serum ‘B’ (presumed to not contain additional amounts of BSA),
cells in serum ‘A’ may have been protected from nanoparticles by BSA. Against these
expectations, cells responded to Si25 under serum ‘A’ but not under serum ‘B’. Accord-
ingly, under serum ‘B’ no amplified effect by adding stretch to nanoparticle exposition

was observed (Figure 23). It is known that already small amounts of BSA alone can
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protect cells from silica induced damage as much as 10% FBS supplementation does
(Peuschel et al., 2015). Considering that this work was performed with 10% FBS sup-
plementation, it seems unlikely that additional BSA could have increased “protection”
from particle induced damage. Further, compared to fetal bovine serum, BSA (usually
gained from adult animals) contains more IgG. As discussed above, in presence of suf-

ficient other complex serum proteins IgG may play a role for nanoparticle aggregation.

In conclusion, moderate fluctuations in serum albumin content from blending
with BSA could be ruled out as an interfering factor as albumin accounts for roughly
three quarters of the total protein content in FBS anyhow. Similarly, endotoxins which
are part of regular FBS quality analysis were present in concentration ranges that are
unlikely to affect A549 cells. Immunoglobulins (i.p. IgG) may affect nanoparticle aggre-
gation and thereby reduce the amount of dispersed nanoparticles that are finally de-
livered to the cells. Other active molecules (e.g. eicosanoids) that are not part of regu-
lar FBS quality analysis may vary strongly between batches and cannot be ruled out as

interfering factors in these experiments.

Expression and secretion experiments with heat inactivated FBS were not per-
formed as cell attachment and morphology were affected in initial experiments (Sup-
plementary Figure 39). Additional investigations on the exact FBS composition, its
overall impact on gene expression, as well as a detailed characterization of the nano-
particle-protein coronas are necessary to draw further conclusions. This test for exper-
imental reproducibility again demonstrates that FBS and its varying composition of

active molecules is a source for inconsistent study results in vitro.
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9 Conclusion and Outlook

In this work, mechanical strain was found to intensify silica nanoparticle-induced gene
expression in A549 cells without increasing intracellular uptake of nanoparticles. This
indicates that under in vitro conditions that mimic mechanical stimulation, nanoparti-
cles might induce more pronounced effects than observed under conventional static in
vitro conditions. Presumably, integration of mechanical strain into predictive nanotoxi-
city in vitro models can improve in vitro-in vivo correlation compared to static sub-

merged model systems.

Furthermore, this work defined limitations of the utilized dynamic in vitro model:
with A549 cells modelling alveolar epithelial cells, this setup was not able to mimic
pathologically heavy extents of mechanical strain as would occur under mechanical
ventilation or certain respiratory diseases. A549 were robust to 25% area expansion,
which was the maximum technically achievable stretch, and supposedly harmful for
other cell types. With respect to pharmaceutical nanoparticle applications in the dis-
eased respiratory system, the robustness of model cell types to mechanical strain

should be considered.

Regarding the colloidal amorphous silica nanoparticles (Si25 or Si80), no direct
size-dependent effects on A549 cells could be shown when administered at the same

mass concentration.

Interestingly, a supplier change for FBS led to the insight that batch-to-batch var-
iations may affect nanoparticles, cells and their interaction. It remains unresolved
whether the observed stretch-independent nanoparticle accumulation described in
chapter 6.2.10 was also influenced by batch-to-batch variations, as these experiments
were performed with serum ‘B’, unlike the associated gene expression experiments in

chapter 6.2.5 that were performed with serum ‘A’.

In summary, this work has shown that the interaction of nanoparticles and cells
can be influenced by mechanical stimulation. Further research is needed to identify

the exact ‘site of interplay’ between nanoparticles and mechanical stimulation.

Some studies already focused on the interaction between nanoparticles and sev-
eral cell membrane components: in a murine type Il alveolar epithelial cell line (C10)

Orr et al. (2009) found that 500 um silica nanoparticles are coupled to actin filaments
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upon interaction with the transmembrane heparan sulfate proteoglycan syndecan-1.
The authors also suggested that silica nanoparticles trigger their own uptake via
macropinocytosis, which is a possible internalization route for silica in A549 cells
(Nowak et al., 2014), by clustering these transmembrane proteins. Tsugita et al. (2017)
and Nishijima et al. (2017) identified scavenger receptors to bind and recognize amor-
phous and crystalline silica and to mediate internalization, IL1B secretion and inflam-
masome activation in macrophages. For airway epithelium Sanchez et al. (2017) ob-
served an inhibition of the cation channel Transient Receptor Potential Vanilloid 4

(TRPV4) by amorphous silica nanoparticles, leading to an impaired ciliary function.

Knowing that clathrin-dependent endocytosis and macropinocytosis are im-
portant uptake mechanisms for amorphous nano silica in lung epithelial cells (Hsiao et
al., 2014; Nowak et al., 2014; Kimper, 2017) and that the cytoskeleton, particularly
actin filaments, play an important role in these mechanisms (Robertson et al., 2009)
makes the following findings even more interesting: in pulmonary epithelial cells,
stretch induced gene expression is related to rearrangements of cytoskeletal actin fil-
aments (Geiger et al., 2006). The stability of microtubules (Geiger et al., 2009) as well
as tight junction distribution (Cavanaugh et al., 2001; Jacob and Gaver, 2012; Doryab et
al., 2020) may also be affected by mechanical strain. Even though it was shown that
for amorphous silica nanoparticles, caveolin-dependent endocytosis plays a secondary
role in A549 cells (Hsiao et al., 2014), it should be mentioned that formation of caveo-
lae and related signalling can also be altered by mechanical strain (Gervasio et al.,
2011; Nassoy and Lamaze, 2012). However, Diem et al. (2020) stated that in vivo,
where alveolar type Il cells account for less than 10% of the epithelial surface, it is
known that the cytoskeleton is involved in signaling, membrane interactions (Mattila
et al., 2016), internalization (Orr et al., 2007) and intracellular endosome transport

(Matteoni and Kreis, 1987).

For the dynamic lung in vitro model presented here, however, the point of inter-
section between nanoparticle-induced and stretch-induced cellular response remains
to be identified. Bionanomechanic approaches (Septiadi et al., 2018) combined with
super resolution microscopy (Hansel et al., 2020) may help to study the interactions of
i) nanoparticles with the cell membrane, ii) nanoparticles with the cytoskeleton and

extracelullar matrix, iii) stretching with cell adhesion and the cytoskeleton. The interac-
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tion of fluorescent silica nanoparticles with integrins, focal adhesions, or cytoskeletal

fibers before and after mechanical stimulation could, for instance, be visualized.
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11.1 Identity verification of A549 cell line
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Figure 31: Lamellar bodies (LB) in A549 cells stained with LD540 (left) for fluorescence microscopy, or
visualized with darkfield microscopy (right). N = Nucleus.

11.2 Intracellular nanoparticle localization

20 pm

Figure 32: Left: Confocal fluorescence microscopy of A549 treated with fluorescently labeled Si25 at
100 ug ml! for 24 hours. Lamin-B (red) nucleus staining with Si25 labeled with Atto 647N (cyan).
Right: Confocal fluorescence microscopy of A549 treated with fluorescently labeled Si25 (100 ug ml-
1) + 159 stretch for 2 hours. Filamentous actin (green) and Si25 labeled with Atto 647N (magenta).
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11.3 Validation of elongation in stretching setup

To validate the manufacturer’s specifications on area expansion values, a membrane
was marked with five crosses by hand and one picture was taken when the membrane
was relaxed and one when the membrane was stretched at a nominal value of 15% (or
25%). With Image) 1.51j8, 14 different distances between the crosses were measured
to determine the elongation of +8% (or 13%), which results in an effective area expan-

sion of +17% (or 27%).

Figure 33: Validation of nominal area expansion.
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11.4 Primer validation
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Figure 34: Primer validation: Melting peak, melting curve, electrophoresis, qPCR standard curve.
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11.5 LDH degradation

To determine the amount of lactate dehydrogenase that potentially degraded during
the 24 hour exposition time, a control experiment was performed. Cells were seeded
and grown to confluence in a 96-well plate. Fresh medium was added to both groups
and the blank (Medium + FBS) at t = 0 min. Triton X-100 was given to both groups at
t=0 min. The LDH assay (CytoTox-ONE Homogeneous Membrane Integrity Assay
(Promega GmbH, Germany)) was performed with group A at t = 30 min and with group
B at t = 24 h. After 24 h only =50% of the released LDH could still be detected. Data
represent mean values + SD of one experiment with 3 technical replicates. Student’s t-
test with a = 0.05 was performed and indicated a significant degradation of LDH within

24 hin blank, untreated controls and triton X-100 treated positive controls.

50.000 - t=0h mt=24h

45.000 - =
40.000 -
35.000 -
30.000 -
&= 25.000 -
20.000 -
15.000 -
10.000 - =

5.008 a - S . -

Medium + FBS  Untreated Triton X-100

Figure 35: Degradation of LDH within 24 h.
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11.6 Leaching of fluorescent SiOz nanoparticles

100 -

[y
=}
I

Fluorescence Intensity [%]

1 4
unfiltered 30 kDa cut-off

Figure 36: Leaching of the ATTO 647N dye was determined by fluorescence measurements using a
centrifugal device with a 30 kDa molecular weight cut-off. No significant leaching was observed.

11.7 Stretch and Si25 induced IL8 secretion
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Figure 37: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25 of different batches (100 ug ml?), or both. Two different experimental setups are com-
pared: cells cultured in medium supplemented with serum ‘A’ and exposed to Si25 (G) and cells cul-
tured in medium supplemented with serum ‘B’ and exposed to Si25 (N). Cytokine secretion (IL8) was
determined by ELISA after 24 h exposition. N = 3.
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11.8 Cell morphology under different fetal bovine sera

Serum A Serum B

S 3

Figure 38: Light microscopy of A549 cells that were cultured on laminin-coated flexible membranes
with two different supplements of FBS. Cells were kept under static (0% stretch) or dynamic (15%
stretch) conditions for 24 hours.

11.9 Cell morphology under supplementation with heat-inactivated
FBS
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Figure 39: Light microscopy of A549 cells that were cultured on Iamnin-cated flexible membranes
with untreated or heat-inactivated fetal bovine serum ‘C’ for 24 hours. Serum was heat inactivated at
56°C for 30 minutes before addition to culture medium. Scale indicates 100 um.
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11.10 Cytokine expression under supplementation with heat-

inactivated FBS
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Figure 40: A549 cells were cultured on laminin-coated flexible membranes and treated with 15%
stretch, Si25 (batch “N”, 100 ug ml1), or both. Cell culture medium was supplemented with serum ‘C".
Cytokine expression (CXCL8, CCL20) was normalized to GAPDH expression and related to expression
levels of untreated controls. N=3.

11.11 Effect of nanoparticles and stretch on human pulmonary alveo-
lar epithelial cells
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Figure 41: Human pulmonary alveolar epithelial cells (HPAEpiC) were cultured on laminin-coated
flexible membranes and treated with 10% stretch, Si25 (100 ug ml?), or both. Cytokine expression
(CXCL8, CCL20) was normalized to GAPDH expression and related to expression levels of untreated
controls. N=1.
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11.12 Translocation kinetics of NF-kB subunits
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Figure 42: Confocal fluorescence microscopy of A549 cells that were treated with Si25, human recom-
binant TNF, lipopolysaccharides (LPS, E. coli K12), or human recombinant LIGHT (TNFSF14) and fixed
and immuno stained for NF-kB p65 after different incubation times. Images represent one experiment.
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11.12.2 NF-kB2 p100/p52
Si25 TNF LPS LIGHT
control 100 pg/ml 20 ng/ml 1 pug/ml 100 ng/ml

Figure 43: Confocal fluorescence microscopy of A549 cells that were treated with Si25, human recom-
binant TNF, lipopolysaccharides (LPS, E. coli K12), or human recombinant LIGHT (TNFSF14) and fixed
and immuno stained for NF-kB2 p100/p52 after different incubation times. Images represent one
experiment.
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11.12.3 NF-kB1 p105/p50
Si25 TNF LPS LIGHT
control 100 pg/ml 20 ng/ml 1 pug/ml 100 ng/ml

Figure 44: Confocal fluorescence microscopy of A549 cells that were treated with Si25, human recom-
binant TNF, lipopolysaccharides (LPS, E. coli K12), or human recombinant LIGHT (TNFSF14) and fixed
and immuno stained for NF-kB1 p105/p50 after different incubation times. Images represent one
experiment.
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