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1 Abstract

With technological advancement and the emergence of nanotechnology, many unique
nanoparticles are being developed. These particles offer a broad range of industrial, consumer, and
medical applications. However, nanoparticles can enter the body via different means such as
inhalation or dermal uptake, and when inside the body, they can circulate in the bloodstream and
travel to the surrounding tissues or other organs such as placenta, which can impair the viability
of the fetus or cause early childhood complications.

Nanoparticles have a different physicochemical characteristics compared to their bulk material,
mainly due to their shape and size. Moreover, the high surface-to-volume ratio makes the
nanoparticles extremely reactive, which potentially may result in oxidative stress, cytotoxicity, and
genotoxicity. However, since the biological response to nanoparticles depends on their
physicochemical properties, nanoparticles could interfere with some organic dyes used in cell-
based assays, as well as with biological fluids such as cell culture medium. Therefore, the best
approach to bypass limitations in nanotoxicity tests is to utilize at least two different in vitro
toxicity or viability assays, as well as alternative screening methods such as microfluidics.

In this study, bewo b30 cells, derived from human placenta choriocarcinoma, are used to assess
the toxicity effects of different nanoparticles via in vitro assays on the placenta model. PrestoBlue
cell viability assay is used to investigate the toxicity of various nanoparticles in the presence of
serum, as well as their time-dependent toxicity. Furthermore, Image-iT ROS detection kit has been
used to evaluate oxidative stress caused by different nanoparticles at different concentrations and
exposure times, with and without the presence of serum.

In this project, a microfluidic live-cell screening system with integrated optical oxygen sensors
has been developed to analyze the nanotoxicity of different nanomaterials. Bewo b30 cells were
cultured inside microfluidic chambers, representing a placenta model through which nanoparticles
are passing or aggregated after exposure. Novel optical oxygen sensors have been integrated into
the microfluidic chip. These sensors are label-free and non-invasive and enable fast and continuous
monitoring of the cell-nanoparticle interaction during the entire exposure time. Different

microfluidic protocols were established and optimized for both static and stop-flow measurements.
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2 Introduction

2.1 Nanoparticles and nanotoxicity

Nanotechnology has received much attention in recent years, which led to the development of a
wide range of nanoparticles with a variety of industrial, medical, and consumer applications. For
example, titanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles are broadly used in
sunscreens and cosmetics to increase the ultraviolet (UV) light absorption and enhance sun
protection factor [1]. Similarly, silicon dioxide (SiO2) nanoparticles seemed to be very promising
in the biomedical sector with a wide range of applications, including drug delivery, biomolecule
detection and separation, and biomedical imaging [2]. Furthermore, various types of nanoparticles
are used in the development of biosensors, such as silicon nanowire-based biosensors [3], [4], and
semiconductor nanostructures like bioconjugated quantum dots [5]. Another application of
nanoparticles in healthcare lies in the field of nanomedicine, which covers areas such as targeted
drug delivery, nano diagnostics, and regenerative medicine [6].

Nanoparticles have a small size (at least one dimension ranging between 1 and 100 nm) [7],
which leads to different physicochemical characteristics in comparison to their bulk material,
including energy levels, optical properties, and chemical reactivity [8]-[10]. Although these
properties lead to a wide range of applications in industry and healthcare, yet there can be potential
health risks associated with these nanoparticles [6].

Shape and size are the main aspects of the difference in nanoparticle characteristics. High
surface-to-volume ratio and the small size alone makes them highly reactive. Since the biological
reaction to the nanoparticles varies depending on the size and shape, different toxicological
methods are needed in comparison to the conventional toxicological assessment of soluble
compounds, xenobiotics, or drugs. The toxicological tests carried on nanoparticles have to consider
biodistribution and surface effects as well as the evaluation of the nanomaterial [6], [11].
Furthermore, there are many factors that cause mechanical-biological interactions between cells
and nanoparticles. For example, nanoparticles that are stable and do not dissolve can accumulate
in cells and provide a high surface-to-volume ratio, which eventually promotes surface-induced

effects [12].
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Nanoparticles could generate free radicals and reactive oxygen species (ROS) [13] from the
molecules in their vicinity, due to increase in their reactivity and their high surface area, which
may cause damage to cell membranes and proteins inside cells causing inflammation and oxidative
stress [14], [15]. Nanomaterials can also split into ionic species when interacting with biological
tissues or fluids such as gastric juice, which may lead to the release of reactive ions that could
cause cytotoxicity [16], [17]. If nanoparticles disrupt DNA transcription and replication,
genotoxicity may occur, which could remove genes from the sequence resulting in a range of
harmful complications, such as apoptosis [18]-[20] or resulting in mutagenesis or carcinogenic
outcome [21].

Because of the small size of nanoparticles and their high surface-to-volume ratio, nanoparticles
actively interact with proteins and other cellular components. As soon as nanoparticles interact
with biological fluids, bio-nano interface forms, which lead to the protein corona effect that
impacts the biological responses to the nanoparticles, such as uptake, distribution, and toxic effects
[12], [22]. Therefore, the properties of the nanoparticles can be significantly altered as soon as
they interact with cell culture media containing serum. That means not only nanoparticle properties
but also cell culture media composition can impact the cell-nanoparticle interactions [23].

Useful nanotoxicity assessments need to be high-throughput since the toxicity of nanoparticles
is dependent on the particle composition, size, shape, and surface properties. Thus various
nanomaterials should be analyzed. There are different cell and tissue types in the human body, and
each can react differently to the nanoparticles, meaning that an optimal and stable nanotoxicology

method should test a combination of human cells and nanoparticles [14].

2.2 Biological systems & Nanoparticles

Nanoparticles could enter the human body through ingestion, inhalation, or dermal uptake [24] or
via direct injection in the case of nanomedicine [25], which may impair cell viability.
Nanoparticles that are taken up inside the body can transit throughout the body via blood
circulation and surrounding tissues and eventually might end up in organs such as kidney or spleen.

Therefore, nanoparticles contact with cellular structures is inevitable, and they will most likely
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penetrate the cells [26]. Figure 1 shows a diagram of tissues and organs that are accessible to
nanoparticles after uptake via inhalation. The absorption of nanoparticles by different organs and
tissues is dependent on the size of the nanoparticles. For instance, a study has shown that when
polystyrene particles with different sizes ranging from 50 nm to 3 um were ingested into a rat
model, there was no evidence of particles above 100 nm in bone marrow and none larger than 300
nm were circulating in the bloodstream, while the 50 nm and 100 nm particles were absorbed in

spleen, liver, blood, and bone marrow tissues [27].
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Figure 1. Diagram of nanoparticle pathway in the human body after inhalation [28].

Nanoparticles can penetrate the cellular membrane via passive transport mechanisms, such as
diffusion and osmosis, which require no activation energy [29], [30]. Nanoparticles can also
penetrate cells through active transport mechanisms when carrier proteins or ionic pumps within
cell membrane attach to the nanoparticle and move them across the cell membrane into the
cytoplasm with the use of energy [26]. Inorganic nanoparticles that require active transport to

penetrate the cell membrane are usually stopped from entering cells, except for the particles that
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are coated with a biomolecule such as transferrin (e.g., transferrin-conjugated gold nanoparticles)
that promotes their absorption by the carrier proteins [31].

Nanoparticles that can not enter cells through membrane diffusion or membrane pores can
penetrate the cell membrane via endocytosis [32]. Several studies have shown that nanoparticles
are taken up based on size and shape by almost all cell types via endocytosis. Also, there are reports
that nanoparticles have also been found in erythrocytes, which have lost their endocytosis abilities
[26], [33], [34]. These results show that nanoparticles can passively penetrate cells, mainly through
a mechanism that depends on the size and the shape of nanomaterials. Moreover, it is known that
nanoparticles are sequestered significantly in the mononuclear phagocytic system [35], [36].
Particularly, uptake of nanomaterials by circulating monocyte-macrophages will eventually lead
to their biodistribution in organs such as liver and spleen. For instance, some in vivo studies have
shown that capturing of injected magnetic nanoparticles by macrophages leads to high levels of
biodistribution in the liver and spleen [6], [37].

Some nanoparticles can change or bypass membrane permeability, based on their shape or their
ionic potential. Nanoparticles that are pointy or have sharp edges can mechanically damage the
cell membrane, creating short-lived nanochannels that provide a pathway for nanoparticles to enter
the cytoplasm [38]. This mechanism can be useful in drug delivery, for example, by coating
nanoparticles such as carbon nanotubes with biocompatible molecules that attach and penetrate
cells or by creating nanoneedles that can mechanically penetrate cells and deliver drugs directly
into the cytoplasm [14], [39].

The nanoparticle-cell interactions and pathways mentioned above are sophisticated and highly
dependent on size and geometry, physicochemical properties, and surface characteristics of
nanoparticles, meaning that high-throughput screening of nanoparticles on different cell and tissue
types is significantly essential. In this study, the placental cell line Bewo b30 was chosen to
perform an in vitro nanotoxicity, viability, and oxidative stress tests and to establish a lab-on-a-
chip nanotoxicological system with integrated sensors to monitor the respiration and oxygen

consumption of the cells.
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2.2.1 The placental barrier model

The placenta is a temporary yet vital organ that develops during pregnancy and essential for
maintaining the pregnancy [40], [41]. The most crucial function of the placenta is the exchange of
endogenous and exogenous substances [42], which supplies the fetus with sufficient oxygen and
nutrients, removal of fetal metabolic waste, and protection against harmful agents such as bacteria
and viruses [43].

The placental transport takes place between the mother and the fetus via a multi-cellular
complex consisting of villous syncytiotrophoblasts, villous cytotrophoblasts, and placental

endothelial cells, which is often known as the placental barrier [44].

CHORIONIC
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Figure 2. (A) Cross-section of the human placenta demonstrating, cotyledons that contain chorionic villi bathed in maternal blood.
(B) A zoomed-in view illustrating the chorionic villi and inner fetal capillaries. (C) The placental barrier separates the maternal
intervillous space from the fetal capillary lumen consists of syncytiotrophoblast and feta endothelial cells [45].

The mechanisms that are involved in the transport of substances through the placental barrier
are mainly based on passive diffusion, facilitated diffusion, active transportation, and
endocytosis/exocytosis [42], [43], [46], [47]. Furthermore, there are physiochemical factors which
influence the placental transfer, such as umbilical cord blood flow, barrier thickness, concentration

gradients, placental metabolism, and transporter activity in the placenta [48], [49].

12
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Hypoxia (shortage of the oxygen supply) in the placenta threatens the vitality of the fetus as
well as the viability of the placenta cells (cytotrophoblasts) [S0]. Moreover, hypoxia, oxidative
stress, and hypertension can cause pre-eclampsia, which affects 5% to 8% of women during
pregnancy and is a critical factor in maternal and perinatal morbidity and mortality [51].

With the technological advancement and growing applications of nanomaterials, an increase
in the nanoparticle production in the upcoming years is predictable. In recent years, researchers
that are investigating the risks of nanoparticles are mainly focused on the cell and tissue types that
may come in contact first with the airborne nanoparticles [52]. These airborne nanoparticles have
raised concerns regarding the exposure risks during pregnancy and or early childhood [53]. It has
now been shown that prenatal exposure to air pollution might be correlated to higher respiratory
need and inflammation induction in newborns [54]. Furthermore, a recent study has provided
compelling evidence of black carbon particles originating from ambient air pollution in the human
placenta, which suggests direct exposure to the particles during the most vulnerable period of life
[55].

These findings emphasize that nanoparticles could potentially penetrate the placental barrier
and pose a threat to the fetus and have an impact on fetal and early childhood health. Therefore,
the toxicity of nanoparticles and their risk assessment must be investigated thoroughly through

conventional and novel nanotoxicology methods.

2.3 Conventional risk assessment of nanoparticles

Risk assessment of nanoparticles is more complicated compared to the traditional toxicology of
chemical compounds [6]. Due to the vast and increasing number of available nanoparticles, there
is an urgent need for nanotoxicology screening to investigate the immediate and long-term effects
on human and environmental health.

Up until recent years, conventional approaches in toxicology assessments of nanoparticles
were mainly in vivo animal testing. However, the most significant disadvantage of animal trials is
the lack of correlation between findings in the in vivo models and the actual clinical effects due to

the natural genetic differences between them, for instance, between rodents and humans [56], [57].
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Moreover, often, improbable high dosages are applied to the models, which lead to acute toxicities,
while the long-term effects of low concentration exposure remain unknown. Furthermore, animal
trials are time and cost-intensive, which makes them inefficient to test a higher number of different
nanoparticles [6].

To avoid some of the shortcomings mentioned above, in vitro cell-based assays are a more
accessible and reliable alternative to the in vivo assessments of nanoparticle toxicity [58]. There
are several advantages to in vitro toxicity assessments of chemical compounds and nanoparticles,
including the reduction of animal testings, the speed, and lower costs compared to in vivo studies
[59].

One of the many assays used in toxicity and cell viability tests are resazurin-based assays, such
as alamarBlue and PrestoBlue assays, that quantify the metabolic activity of viable cells. Resazurin
(7-hydroxy-3H-phenoxazin-3-one-10-oxide) is a nonfluorescent blue dye that in the presence of
the redox environment of metabolically active and viable cells is reduced to resorufin, which is
highly fluorescent pink dye [60]. Cells that are damaged or not viable are not capable of sustaining
high reducing power, resulting in a relatively lower resorufin signal. Several studies have shown
a favorable performance of resazurin-based assays in different cellular systems, such as HepaRG
hepatic cell line [61], human epidermoid carcinoma cells (A431) [62] and a variety of melanoma
cell lines [63].

Furthermore, studies have shown that various pathogenic particles [64] and nanoparticles [65],
[66] produce reactive oxygen species (ROS) and free radicals. Therefore the evaluation of
intracellular and extracellular ROS production is useful to assess the potential risk and toxicity of
nanoparticles. Several methods with different sensitivity and specificity are available to evaluate
the ROS production in the presence of cells, for example, assays based on the fluorescent dye 2,7-
dichlorofluorescein (DCFH) can be used to measure ROS by flow-cytometric or fluorimetric
techniques [59]. Another method involves luminescence assays that measure phagocytic burst
based on chemical enhancers such as luminol or lucigenin [67], [68]. Moreover, electron
paramagnetic resonance (EPR) can be used to measure cellular ROS by applying low-toxicity spin
traps or spin probes such as TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) to the cell
culture [59], for instance, the phagocytic burst of macrophages and neutrophils have been

measured with EPR [69].

14
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There are many other assays to measure in vitro toxicity and cell viability, such as lactate
dehydrogenase (LDH) assay, trypan blue exclusion assay, propidium iodide (PI), luminescent
adenosine triphosphate (ATP) detection assay and Live/Dead assay. However, it must be noted
that nanoparticles could potentially interfere and behave differently in cell-based assays, for
instance, carbonaceous nanomaterials have the potential to interfere in a variety of toxicity assays
when assessed in human epidermal keratinocytes [59], [70]. Another disadvantage of in vitro
nanotoxicity assessments is that engineered nanomaterials interact with organic dyes that are used
in some cell-based assays, thus making them an unreliable option [71], [72]. Moreover, in vitro
cell-based assays have poor control over the exposure of the cells to the nanoparticles, since their
aggregation, sedimentation, and buoyancy can significantly change the number of nanoparticles
that come in contact with cells, and therefore have an influence on the results [6]. Furthermore, it
is often the case that in vitro cell-based assays are carried out under irrelevant physiological
conditions since most nanotoxicity assessments use immortalized cell lines that are significantly
different from native cells in human tissue [6], [73], [74].

Considering the limitations of the in vitro assays, the high number of engineered nanoparticles,
different cells, and experimental requirements, the best approach to circumvent and tackle these
issues is to use at least two different toxicity and/or viability assays, as well as employing

innovative and robust techniques for nanotoxicology and nanomaterial risk assessment.

2.4 Microfluidics and risk assessment of nanomaterials

Microfluidic platforms are becoming an attractive alternative to the conventional in vitro toxicity
and risk assessment assays. Microfluidic techniques have a variety of advantages over traditional
technologies used in the assessment of nanoparticle-cell interactions (Figure 3). In particular,
microfluidic devices allow recreating physiologically relevant measurement conditions, provide
continuous monitoring, and maintaining stable suspension of nanoparticles during the
measurement [6]. One of the most common objectives in microfluidics is to design and develop
lab-on-a-chip devices that can perform analysis on a single chip [75], [76]. Lab-on-a-chip systems

provide a wide range of applications such as cell-based drug testing and drug discovery [77],
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microflow controlling and high precision fluid handling for high-throughput screening in the cell-
based assays [78], and integration of sensors and detectors for in situ measurements and monitoring

different parameters within the cell culture environment [75], [79].

defined concentration gradients / fluid mechanical forces
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Figure 3. Advantages of microfluidics in risk assessment of engineered nanoparticles: microfluidic techniques can precisely control
the nanoparticle concentrations and provide homogenous distribution of nanoparticles. Furthermore, integrated biosensors can be
used in label-free and non-invasive monitoring of nanoparticle toxicity. Additionally, microfluidics is a suitable option to design
and develop physiologically relevant in vitro test models by controlling fluid mechanics forces, co-cultivation of various cell types,
and recreating 3D tissue models [6].

Although far from widespread, microfluidic nanotoxicity techniques are becoming popular
among scientists, and new developments and advancements are being continuously published.
There is a wide range of microfluidic methods and protocols for nanoparticle toxicity tests, and

various devices have been developed, some of which are explained in the following section.

2.4.1 Microfluidic nanotoxicological systems

Microfluidics enables the possibility of introducing multiple biological conditions in a single
system and replicates near in vivo like conditions and dimensions. Additionally, in the case of
cellular analysis, microfluidic devices offer many advantages, such as small sample volume,
controllability, and reproducibility. Thus, their benefits are promising in the development of high-

throughput platforms for nanotoxicological screening applications. Small sample volume is a
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crucial factor when dealing with nanotoxicology, since nanoparticles may be manufactured in low
concentrations, and might be highly expensive, or there may be a limitation in the amount or
dilutions which are required to perform toxicity tests. Furthermore, the performance of
nanoparticles under the flow is more problematic to assess compared to macroscale particles.
Therefore, the flow profiles and concentration gradients reproducibility rendered by microfluidic
nanotoxicological systems is a significant advantage [14].

Mostly, nanoparticle toxicity tests are performed using well plates, meaning cells are exposed
to the nanoparticles in static conditions, which may lead to absorbance or sedimentation of
nanoparticles onto the surface of exposed cells under gravity. Often there is no adequate control
over cell exposure to nanoparticles, resulting in aggregation and sedimentation of nanoparticles

(Figure 4) [80].

(a) 12-well cell culture plate

sedimentation

12-well plate

(b) microfluidic device

inlet 5 e s 2,
microfluidic diffusion 5 = e e e

inlet diluter (uDD) T .~ ¢
- - - - 2 - e e " flow

cell culture
compartments

P S -

- == 5"",’ e ——: 8
N\ s e S
multicompartment outlet
microfluidic device s S

cell

Figure 4. Diagram of nanoparticle kinetics in well plate vs. microfluidic device. (a) Nanoparticles (e.g., quantum dots) in static
conditions (i.e., without flow in well plates) are sedimented due to gravity and tend to settle and aggregate. (b) The ability of the
microfluidic device to keep a homogenous distribution of nanoparticles [80].

This issue has been investigated explicitly in a paper by Mahto et al. [80], in which they compared
the static and flowing nanoparticles, by testing a sample of quantum dots in a cell culture well
plate and then exposing the same quantum dot sample through a microfluidic concentration
gradient generator device via cell culture medium to the cells. The static condition showed less
cell viability and increased cell deformities suggesting the physiochemical stress caused by

sedimentation of quantum dots on the cell membranes.
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In order to study the effects of sheer-stress on the cells, the group of Kim et al. [81] has
cultivated endothelial cells in a microfluidic chip and exposed them to the silica nanoparticles.
Next, they adjusted the sheer-stress force to mimic the arterial and capillary shear-stress in a
healthy human and compared the results to the static environment. The toxicity of particles has
increased as shear-stress increased, while the static environment showed less toxicity at the same
concentration. That means static nanotoxicity assays may not be the best option to represent the
actual toxicity in a human body.

Furthermore, single-cell microarrays can be used to trap and immobilize cells, which allows
for specific evaluation toxicity and viability tests on individual cells apart from their population as
in typical cell toxicity and viability assays. A microfluidic single-cell device based on
polydimethylsiloxane (PDMS) has been developed by Cunha-Matos et al. [82]. They trapped
primary bone marrow dendritic cells in single-cell pockets within the microfluidic chamber formed
by soft lithography and then introduced gold nanorods to the traps. They monitored the cells for
24 h in a live-cell incubator and evaluated individual trapped cells for their response to the gold
nanorods.

As an example of integrated sensors, the group of Rothbauer et al. [83] has developed a
microfluidic cell culture device with integrated impedance sensors for non-invasive and
continuous monitoring of cells under dynamic exposure of silica nanoparticles. Human lung
adenocarcinoma cells were seeded in the microfluidic chip in media containing serum to form a
confluent monolayer of cells over the electrode surface. Nanoparticles perfusion carried out under
flow and with a serum-free media (to prevent bioactivity of the nanoparticles). Once again, full
media containing serum was perfused, to enable the regeneration of the cells. Additionally, a
metabolic assay was carried out in parallel to impedance measurement, which showed that silica
nanoparticles had reduced the cell regeneration and surface re-attachment. Moreover, the
microfluidic flow within the device reduced the regenerative capacity of the cells, meaning that

shear-stress applied to the cells influences the nanoparticle uptake increase and toxicity.
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2.4.2 Oxygen biosensors

Oxygen plays an essential role in mammalian cell culture. The consumption of oxygen is a crucial
and useful signal for understanding the behavior of cells, their functionality, and the assessment of
their viability. Oxygen concentration varies hugely in the human body, from 0.5% in tissues such
as cartilage and bone marrow and up to 14% in the lungs and circulatory system [84]. Despite this
variation in oxygen demand throughout the human body, most in vitro cell culture are preformed
under ambient atmospheric oxygen, which is an elevated level equivalent to 21% oxygen. This
condition is referred to as hyperoxia and could impact cell behavior [85]. Insufficient oxygen
levels, or hypoxia, has a profound effect on cells and tissues such as inducing vasodilation [86]
and shifting metabolic process to reduce oxygen consumption [79].

Oxygen level is an essential parameter in stem cell cultivation and differentiation. Oxygen
level changes in the stem cell cultivation environment can be used to establish an in vitro disease
model [87]. The interest in controlling and monitoring the oxygen levels in mammalian cell culture
has led to the utilization of a wide range of sensing methods such as standard electrochemical
electrodes [88], enzymatic sensors [89] and fluorescent and luminescent optical biosensors [90].

Optical sensors based on oxygen-sensitive dyes which are embedded in a polymer matrix are
a suitable option for integration in a lab-on-a-chip device due to the effortless integration of the
sensor spots in the microfluidic channels, their reliability, cost efficiency, and their long term
stability [91]-[94]. The surrounding oxygen molecules alter the luminescent intensity and decay
time of the phosphorescent indicator dye, which provides information on oxygen concentrations
[95]. Among these types of oxygen sensors, porphyrin-based sensor dyes are highly suitable due
to their biocompatibility and sensitivity [96], [97]. A typical microfluidic oxygen monitoring
systems consist of the biochip, optical fiber, a read-out system, and a data acquisition device [95],
[98]. For example, in a recent paper by Zirath et al. [94], oxygen indicator sensors based on
platinum (II) meso-tetra (4-fluorophenyl) tetrabenzoporphyrin (PtTPTBPF) were integrated into
two different microfluidic chips (Figure 5) to monitor dissolved oxygen levels and cellular oxygen
respiration in 2D and 3D microfluidic cell culture environment. The monitoring of partial oxygen
pressures provided the estimation of respiration in cell monolayers under the influence of

microfluidic flow, different cell types, cell numbers, and extracellular matrix (ECM) coatings.
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Figure 5. Schematic model of, (A) 2D culture chip and, (B) 3D culture chip with integrated PtTPTBPF oxygen sensors[94].

The integrated oxygen sensors mentioned above are non-invasive and label-free, which enables
the continuous and real-time monitoring of oxygen levels, metabolic activity, oxygen consumption
rates, and cell viability [94]. Therefore, in this study, a similar microfluidic device with P(TPTBPF
integrated oxygen sensors has been developed, and a microfluidic system has been optimized to
investigate the toxicity of nanoparticles on bewo b30 cells and monitor their oxygen consumption

and viability.

3 Materials and Method

3.1 Cell culture

For this study BeWo b30 cells (generously provided by Dr. Tina Biirki-Thurnherr, EMPA,
Switzerland) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM with L-glutamine
and high glucose; Gibco, 11965-084) and Ham’s Nutrient Mixture F12 , 10 % Fetal Calf Serum
(FCS, PAA, A15-101), 1% Antibiotics (Gibco, 15240-062) and 0.5 % HEPES ( Sigma Aldrich)
at 37° C with 5% CO2.

Cellstar filtered screw cap culture flasks (Item No0.658175,250 ml,75 cm?,PS,TC,sterile) were

used to culture cells. Cells were washed twice using Phosphate Buffered Saline (PBS), and 2ml of
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trypsin (Sigma-Aldrich Trypsin-EDTA solution) was added into the flask to dissociate adherent
cells following with 3-5 minutes of incubation, 5 ml of complete media was added to stop the
trypsinization, and the suspension was moved into an empty falcon tube. Cells were centrifuged
for 5 minutes with 140 rcf, and after centrifugation, the supernatant was removed, and 6 ml of
complete media was added to dilute the cell pellet for cell counting.

Cells were seeded with 50k cells/cm? per well in a 38 well plate for presto blue and ROS assays

and 400 k/ml were used for seeding the cells in the chip for oxygen consumption measurements.

3.2 Nanoparticles

For nanotoxicology and nanoparticle screening, various nanoparticles have been used, which are
Silicon Dioxide ICN (HISENTS project), and nanoparticles obtained from the European
commission's joint research center (JRC), including Silicon Dioxide, Titanium Dioxide, and Zinc

Oxide.

DLS DLS
Nanoparticle Solvent Concentration = TEM d(nm) (Intensity) (Number)
d(nm) d(nm)
SiO2 ICN Mili-Q water ~ 10.15 mg/mL 349+4.15 77.3+£35.9 36.7 £2.61
(HISENTS) nm nm nm
SiOz2 JRC Mili-Q water 10 mg/mL Sample 3178 £340.3 = 3131 £340.3
(NM02000a) present nm nm
aggregation
TiO2 JRC Mili-Q water 20 mg/mL Sample 789.7 £29.7 684.2 +35.83
(NM01001a) present nm nm
aggregation
ZnO JRC Mili-Q water 20 mg/mL Sample Peakl 146.0 ~ Peakl 140.9 +
(NM62101a) present +15.0 nm 21.2 nm
aggregation = Peak2 1626 + Peak2 1536 +
299.4 nm 324 nm

Table 1. Nanoparticle specification provided by Inorganic Nanoparticles Group (Catalan Institute of Nanoscience and
Nanotechnology )

To prepare a serial dilution, nanoparticles must be resuspended in an ultra-sonic bath for 5
minutes, and the required volume of nanoparticles to obtain a concentration of 500pug/ml must be

calculated.

21


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

For this study, 1:2 serial dilution to obtain six concentration of nanoparticles plus a negative control

(only media) has been used. (see Table 2 as an example of dilution process for SiO> ICN)

Concentration Dilution Final volume:

S 10.15 mg/mL Stock solution
NP1 500 pg/mL 148 uL of S + 2824 uL of medium 1500 uL
NP2 250 pg/mL 1500 pL of NP1 + 1500 pL of medium 1500 uLL
NP3 125 pg/mL 1500 pLL of NP2 + 1500 pL of medium 1500 uL
NP4 62.5 ug/mL 1500 pL of NP3 + 1500 pL of medium 1500 uLL
NP5  31.25 pg/mL 1500 pL of NP4 + 1500 pL of medium 1500 uLL
NP6 15.625 pg/mL 1500 pL of NPS + 1500 pL of medium 3000 uL.
NP7 0 Only medium

Table 2. Serial dilution of SiO2 ICN (10.15 mg/mL, HISENT project)

3.3 PrestoBlue™ cell viability assay

To evaluate cell viability and nanotoxicity screening of nanoparticles, PrestoBlue™ cell viability
reagent (LOT 1922837, Thermo Fischer Scientific) has been used. Cells were cultured in the 48
well cell culture plate (LOT E17113LN, CELLSTAR ®, Greiner bio-one).

To achieve a confluent monolayer of cells, well plates (21 wells, Triplicates of each
nanoparticles concentration) were seeded with 50k cells/cm?. After 24 hours incubation time, well
plates were washed with phosphate-buffered saline (PBS), and media were changed to the desired
media and nanoparticles combination. (e.g. 500ug/ml with 10% serum). To assess the toxicity of
nanoparticles, we exposed the cell for 4 and 24 hours.

PrestoBlue solution was prepared shortly before finishing of the incubation (4h and 24h). 10%
of PrestoBlue in complete medium were prepared in darkness and covered by aluminum foil. After
removing the nanoparticle solution and washing the wells with PBS,300ul of PrestoBlue solution
was added in each well, and the well plates were covered by aluminum foil following with 30-60
minutes of incubation. Afterward, 100ul was removed from each well of 48 well plates and added
to 96 well F-Bottom microplates (LOT E18083TQ, chimney well, white, lumitrac, Greiner bio-
one), and additionally, prestoBlue solution was added in three empty wells as a blank control.

To perform the fluorescence intensity measurement, PerkinElmer multimode EnSpire 2300

plate reader was used. Top excitation filter was used to perform this experiment, and excitation
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and emission wavelength were 560nm and 590nm, respectively. Moreover, Measurement height

was adjusted via plate reader settings to increase the measurement accuracy.

3.4 Image-iT™ LIVE Green Reactive Oxygen Species Detection kit

For ROS detection in live cells exposed to nanoparticles, The Image-iT™ LIVE Green Reactive
Oxygen Species (ROS) Detection Kit (136007, Invitrogen detection technologies, Thermo Fischer
scientific ) was used. The assay is based on 5-(and-6)- carboxy-2',7'-dichlorodihydrofluorescein
diacetate (Carboxy-H>DCFDA), and additionally the tert-butyl hydroperoxide (TBHP) is provided
by the kit as a positive control for ROS induction. It is recommended to use Hank’s balanced salt
solution with calcium and magnesium (HBSS/Ca/Mg, Gibco, 14025-092).

Cells were cultured in the 48 well cell culture plate (LOT E17113LN, CELLSTAR ®, Greiner
bio-one) as duplicates for each concentration plus the ROS positive control compound(TBHP),
with 50k cells/cm? seeding density for 24 hours before nanoparticle exposure to achieve a
confluent monolayer of cells. After the incubation, cells were washed with PBS and exposed to
nanoparticles with the concentrations mentioned in table 2 (section 4.2) for 4 hours and 24 hours.
Besides, extra wells were seeded for inducing the cells later with ROS positive control compound
(TBHP). 100mM stock solution of TBHP was prepared by adding 1.0uL of TBHP (Provided by
kit, Component C, 7.78 M) to 77uL of sterile distilled water. The 100mM TBHP stock solution
was diluted 1:1000 in the complete media to prepare a 100uM TBHP working solution. A
sufficient amount of the 100uM TBHP working solution was applied to the cells during the last
hour (60-90 minutes) of the nanoparticles incubation period at 37°C and 5% COx.

To label the cells with carboxy-H2DCFDA, first, a 10mM stock solution must be prepared. To
prepare the stock solution 50ul of DMSO (Provided by kit, component D) must be added to one
vail of carboxy-H>DCFDA (Component A, 275ug) and vortexed the vial the powder is completely
dissolved. Next, 15ul of the 10mM carboxy-H2DCFDA stock solution was added to 6 (SuL per
2mL) ml of warm HBSS/Ca/Mg to prepare a 25uM carboxy-H:DCFDA working solution.
Exposed cells were washed with warm HBSS/Ca/Mg once and labeled by adding 185ul of the
25uM carboxy-H>DCFDA to each well. Culture plates were covered by aluminum foil to protect
against light and incubated for 30 minutes at 37°C and 5% CO». Next, cells were washed carefully
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three times with HBSS/Ca/Mg and mounted in a warm buffer. Imaging must take place
immediately for the best results. The excitation/emission maxima of the oxidation product are
approximately 495/529, and the standard fluorescein filter sets can be used for imaging the well
plates. Furthermore, background noise was eliminated using Fiji, which is an open-source image

processing software based on ImagelJ.

3.5 Microfluidic chip with integrated oxygen sensors

An oxygen-tight microfluidic chip has been developed to measure the dissolved oxygen in
microfluidic chambers. The chip is made of two microscope slides (VWR Microscope Slides,
Ground Edges, article No. 631-1552), two layers of ARcare® 8259 which is a white rigid plastic
film and is coated one side with a medical-grade pressure-sensitive adhesive and has a thickness
of 157.48 um without liners, and one layer of ARcare® 90445, which is a transparent plastic film
with a medical-grade pressure-sensitive adhesive on both sides and the thickness of 81.28 um.

Inlet holes were drilled to prepare the microscope slides for bounding, and sensor spots were
roughened using the drill, and together with the bottom slide, they were washed in the ultrasonic
bath for 5 minutes using 2% Hellmanex solution and rinsed three times afterward with DI water.
After drying the slides, the PUITPTBPF oxygen sensor was applied by pipetting (2-3ul per spot) on
the top slide. Since the oxygen sensors are covalently bonded to the glass, the rough surface
improves their bounding. Sensors were dried and bounded to the glass at room temperature for 2
hours.

The microfluidic pattern was developed with micro-cutting the CAD design on ARcare®
90445 and ARcare® 8259 films using Roland CAMM-1 GS-24 vinyl cutter. Two layers of
ARcare® 8259 were prepared and bonded on top of each other and then bounded carefully to the
bottom microscope slide. To bond, the top glass slide with integrated oxygen sensors to the bottom
slide, which is bonded to two layers of ARcare® 8259, double-sided transparent ARcare® 90445
film was micro-patterned using the Roland vinyl cutter. The total height of the microfluidic
chamber is approximately 400 pm, and the volume of the chamber is roughly 10 uL. The last step
of chip development is to glue the inlet tubing to the microfluidic chip using Tygon tubing and

epoxy glue.
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3.6 Microfluidic setup with optical oxygen meter - FireSting

The chip was mounted on a 3D printed platform with a fiber holder and placed in a heating
chamber. The syringe pump was used to pump the media into the chambers, and in order to control
the flow and eliminate the air bubbles, 4-way flow valves were employed. Falcon tubes were used
to store the outflow waste from microfluidic chambers and 4-way flow valves. FireStingO> optical
oxygen meter (Pyroscience, Germany) was used to monitor the oxygen consumption Optical fiber
with the length of 1 m, the outer diameter of 2.2 mm and fiber diameter of 1 mm was connected
to the FireStingO> and mounted on the chip, and factory calibration conditions were used to
calibrate the sensors.

Cell respiration was measured on-chip under both static and flow conditions. For the static
oxygen monitoring, cells were seeded in the chip and mounted on the microfluidic platform, and
oxygen consumption was monitored continuously for hours. In the case of flow measurements, an
optimized protocol was used to record three cycles of stop-flow. The cycles consist of 10 minutes
of flow with 10 uL and 5 minutes of stop-flow to monitor oxygen consumption. Stop comments
were entered in the O; logger application (e.g., stopl, lower case, and no space) to find the data

sets from the raw data file.

3.7 Single-cell microarray fabrication

The single-cell microarray is a PDMS based microchip, developed by the soft lithography
technique. PDMS is mixed in a ratio of 10:1 with the curing agent provided by the kit, to prepare
the PDMS for baking and thus hardening. Next, the mixture is poured on a silicon-based mold,
containing the structure of the microarray, and then place in a vacuum chamber to eliminate the
bubbles. Then the wafer and bubble-free PDMS mixture are baked in the oven for 1 hour at 70°C.
The next step is to remove the PDMS layers from the wafer and place them in a clean Petri dish

with structure facing upwards to avoid damaging and contamination of the channels.
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Microscope slides (VWR Microscope Slides, Ground Edges, article No. 631-1552) were used
as the bottom layer of the chip. The microscope slides were washed in the ultrasonic bath for 5
minutes using 2% Hellmanex solution and rinsed three times afterward with DI water. The next
step is bonding the PDMS layers, and microscope slides using the plasma cleaner. After activating
the surface for bonding, the PDMS must be gently pressed on the microscope slide to avoid
damaging the microstructure of the array. The bonded chips were clamped and placed in the oven
for 1 hour at 70°C. The last step is sterilizing the microchips using 70% ethanol and washing them

with sterile PBS. Bewo b30 cells were diluted to 10 k/ml and seeded carefully with a syringe.

4 Results and discussion

4.1 Toxicity assessment using PrestoBlue™ cell viability assay

The toxicity of various nanoparticles was evaluated using PrestoBlue™ cell viability assay. Bewo
b30 cells were cultured in a 48 well plate with 50k cells/cm? seeding density and incubated for one
day to form a confluent monolayer of cells. In this assay, nanoparticles were diluted in different
concentrations (Table 2), plus a negative control being only the cells with cell culture media. Cells
were exposed to three different nanoparticles (SiO> ICN, SiO; JRC, and ZnO JRC) for 4 and 24
hours to investigate the concentration, exposure time, and time-dependent effects of different
nanoparticles on the cells. Another aspect was the evaluation of the serum in the cell culture media.
Hence cells were cultured with 10% FCS and 0% to investigate serum starvation and its
consequences on the sells and to assess the toxicity of nanoparticles in the absence or the presence
of the serum.

The cell viability was calculated by the following equation, and results were grouped and

plotted using GraphPad Prism 6 (Figure 5)

UConcentrationX - RFUBlank
RFUControl - RFUBlank

RF
Cell Viability (%) = 100 X

The results show that SiO; ICN (Figure 5A, B) nanoparticles have no toxic effect at the most

concentrations in the presence of serum (10% FCS). There is a slight reduction in cell viability in
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500 pg/ml concentration at 4h exposure (Figure 5A), and a lesser cell viability reduction in 125
pug/ml and 250 pg/ml at 24h exposure (Figure. 5B). However, 500 pg/ml concentration at 24h
shows cell viability around 50% of the control (Figure. 5B). In the case of serum starvation, there
is a significant loss of cell viability at 250 pg/ml and 500 pg/ml concentrations under 4h exposure
(Figure 5A) and an evident decrease in cell viability at 24h exposure (Figure 5B).

Interestingly, SiO; JRC appears to induce more toxicity compared to SiO ICN. As
demonstrated in figure 3C and figure 3D, there is a decrease in the cell viability at both 4h and 24h
exposure, particularly at 250 pg/ml and 500 pg/ml concentrations. However, in the case of 0%
FCS, there is a significant decrease in the viability at all concentrations at both 4h and 24 exposure.

Silicon dioxide (SiO2) nanoparticles have various industrial or consumer applications such as
additives to cosmetics, drugs, printer toners, paper, tires, varnishes, and food as well as biomedical
and biotechnology applications. Some in vitro studies have shown size- and dose-dependent
toxicity, increased ROS levels, production of inflammatory mediators, and cellular uptake of Si0>
nanoparticles [99], [100]. However, the adverse effects of SiO2 nanoparticles were significantly
less in the presence of serum (10% FCS), likely due to the masking of reactive surface groups
[100].

The most remarkable result is the significant toxicity of ZnO JRC nanoparticles. As shown in
Figure 3E and Figure 3D, there is a substantial loss of cell viability at both 4h and 24h exposure.
At 4h exposure, the cell viability is under 50% of control at all concentrations, with or without the
presence of serum. In the case serum starvation at 24h exposure, cells have shown no viability
(only 1-2% of control) at all concentrations except 15.625 pg/ml.

Recent studies have suggested ZnO nanoparticles as a possible anticancer agent due to their
higher toxicity towards rapidly dividing cancer cells [101]. However, several toxicological have
shown that ZnO nanoparticles significantly decrease the cell viability not only in cancer cell lines
of the lung, kidney, skin, immune system, and gut but also in primary cells such as immune cells,
neural stem cells, or fibroblasts [102], [103]. Other negative effects that been attributed to ZnO
nanoparticles are inflammatory reactions, changed cell cycle, and DNA damage. Zinc oxide (ZnO)
nanoparticles are manufactured extensively with various commercial applications, such as
antibacterial coatings and UV absorbers in sunscreens and textiles. Therefore an investigation

concerning their toxicity is required [102].
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4.2 Assessment of generated reactive oxygen species by nanoparticles

The Image-iT LIVE Green ROS detection kit has been used to detect the ROS generated by
different nanoparticles and chemical compounds at different concentrations. The detection kit is
based on 5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA),

which is a reliable fluorogenic indicator for ROS generated in live cells (Figure 6) [104].

o) o)
n
HaC=C=0 O o O o-8-cH, HO O o O oH HO O o ‘ o
cl cl Cleavage by al cl cl Z cl
H
$CO0H cellular esterases SPCOOH ROS 000

6—=L, ~ 66—, 6—L, ~
HOOL/ 4 N HOOC/ { HOOC/ A
5 5 5
R
2 CHz=C~OH
Carboxy-H,DCFDA Carboxy-DCFH Carboxy-DCF

Figure 6. The nonfluorescent carboxy-H2DCFDA permeates the live cells and deacetylates by cellular esterases. In the presence
of ROS generated in the cells during oxidative stress, the reduced fluorescein compound is oxidized and emits green fluorescence
[104].

Additionally, the detection kit has provided tert-butyl hydroperoxide (TBHP), which is a common
oxidant used as a positive control during nanoparticles induced toxicity via oxidative stress [105].

Chlorpromazine (CPZ) is known to induce toxicity and oxidative stress in various cells [61],
[106], [107]. Therefore it was used to optimize the ROS detection protocol on bewo b30 cell line,
with different concentrations, TBHP as a positive control, and negative control being the untreated
cells (Figure 7). As demonstrated in Figure 7, the ROS+ (100 uM TBHP) has produced significant
oxidative stress, which is visible by microscope as an emitting bright green fluorescent in
comparison to the untreated control, which is almost entirely dark. Chlorpromazine (CPZ) shows
oxidative stress as significant to TBHP at 150 nM and 75 nM, and with a decrease in CPZ
concentrations, the emitted fluorescent is reduced, meaning that less ROS is produced by the cells,

thus lower toxicity at those concentrations.
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Chlorpromazine

ROS+

(100 pM TBHP) Gontrol

Figure 7. ROS detection in bewo b30 cells, treated with CPZ in different concentrations. 100pM of TBHP was used as ROS+
and control being untreated cells with only media.

Oxidative stress in JRC nanoparticles was investigated using the optimized ROS detection
protocol. In these sets of measurements, three different JRC nanoparticles were investigated with
varying concentrations with 4% FCS and at 4h exposure time. Figure 8 shows the results obtained
by fluorescent microscopy. As demonstrated, ZnO JRC shows higher oxidative stress, especially
at 500 pg/ml, 250 pg/ml, and 125 pg/ml and graduate decrease in ROS production at lower
concentrations. TiO2 JRC is less toxic compared to ZnO. However, it appears to generate more
ROS and toxicity in comparison to SiO2 JRC. As shown in Figure 8, with a decrease in nanoparticle

concentrations, the fluorescence emission decreases significantly in both TiO2 JRC and SiO, JRC.

500 pg/ml 250 pg/ml 125 pg/ml 62.5 pg/ml 31.25 pg/ml 16.625 pg/ml Control ROS+

ZnO JRC

TiO, JRC

si0, JRC

Figure 8. ROS detection in bewo b30 cells, exposed over 4h to JRC nanoparticles at different concentrations with 4% FCS. 100uM
of TBHP was used as ROS+ and control being untreated cells with only media.
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Furthermore, ROS production by SiO; ICN has been investigated at different concentrations
in the presence of serum (10% FCS), as well as serum-free conditions, over 4h and 24h exposure
time. As shown in Figure 9, there is high oxidative stress at 500 pg/ml, 250 pg/ml and 125 pg/ml
in serum-free media at 24h exposure, meaning that both exposure time and serum play an essential
rule in the toxicity of SiO, ICN nanoparticles. Evidently, in the case of 10% FCS in the media and
4h exposure time, nanoparticles generate less ROS, meaning lower toxicity and oxidative stress,
which also correlates with the PrestoBlue results shown in Figure SA.

These findings emphasize the importance of serum in the media while conducting toxicity
assessments on nanoparticles since nanoparticles interact with biological fluids containing proteins
and form protein corona. Protein corona may protect the cell membrane against the reactive
surfaces of nanoparticles, and it can increase the stability of nanoparticles, thus decreasing the

cellular toxicity or oxidative stress [108].

500 pg/ml 250 pg/ml 125 pg/ml 62.5 pg/ml 31.25 pg/ml 15.625 pg/ml Control

10% FCS,24h 0% FCS,4h 0% FCS, 24h

10% FCS, 4h

Figure 9. ROS detection in bewo b30 cells, exposed over 4h and 24h to SiO2 ICN at different concentrations with 0% FCS and
10% FCS. 100uM of TBHP was used as ROS+ and control being untreated cells with only media.
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4.3 Optimization of the microfluidic oxygen measurement setup

The microfluidic nanotoxicological system developed for continuous monitoring of cell viability
consists of a microfluidic chip with integrated oxygen sensors, 3D printed interface, heating

chamber, syringe pump, and FireStingO> optical oxygen meter (Figure 10).

(A)

Figure 10. Microfluidic system for continuous oxygen monitoring. (A) Microfluidic chip with integrated PtTPTBPF oxygen
sensors, based on microscope slides and micropatterned adhesive films. (B) 3D printed platform to mount the chip, consisting of
optical fiber holder, 4-way fluid valves, and tubing. (C) Syringe pump on the top for continuous perfusion, the heating chamber at
37° C. and FireStingO: optical oxygen meter.

The microfluidic chip (Figure 10A) is mounted on the 3D platform (Figure 10B) with the fiber
holder fixed on the chip via screws. Syringes are connected to the inlet via PEEk tubing and outlet
to the 50 ml falcon tubes to contain the waste. 4-way valves are used to switch between PBS
syringes (for removing bubbles and washing the chip and tubes) and perfusion syringes. The
platform is placed in a heating chamber (Figure 10C) at 37° C to maintain the ideal temperature
for cell culture. FireStingO»> is connected via optical fibers through an opening on top of the heating

chamber to the chip (Figure 10C).

The integrated PtTPTBPF oxygen sensors (Figure 11) is based on red-light excitation and near-
infrared (NIR) emission. As demonstrated in Figure 11B, red-light excitation (620 nm) is
transmitted via red light source through the optical fiber and emitted back from the oxygen sensor
to the infrared detector at NIR (760 nm). The red-light sensors show luminescence in the near-
infrared (NIR), which decreases with high oxygen levels and increases at low oxygen levels

(Figure 11C). The phase shift between excitation and luminescence (Figure 11D) is registered
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continuously by the FireStingO», which is the basis of measuring the oxygen consumption of cells,

thus monitoring their viability.

Phase modulation
A phase shift

excitation

luminescence

Figure 11. (A) Integrated PtTPTBPF oxygen sensors applied via pipetting on the glass. (B) Red-light excitation from the red light
source and NIR emission from the sensor to the infrared detector via optical fiber [109]. (C) High NIR emission at low O levels
and low NIR emission at high Oz levels [109]. (D) The phase shift between excitation and luminescence [110].

Both static and stop-flow oxygen monitoring of bewo b30 cells were conducted in this study.
In order to monitor oxygen consumption of cells without a microfluidic flow, cells were seeded
with three different concentrations of chlorpromazine (CPZ) and SiO;2 ICN and control being
only the medium. Then the oxygen consumption of the cells was monitored continuously for hours.
As illustrated in Figure 12, CPZ is highly toxic at 600 nM, since there is no oxygen consumption
at this concentration and partial oxygen pressure remain constant during the incubation. On the
other hand, with a decrease in CPZ concentration, oxygen consumption increases, meaning cells
are still viable. Similarly, the oxygen consumption of SiO2 ICN was monitored. SiO2 ICN appears

to be less toxic in the presence of serum (10% FCS) since there was oxygen consumption at all
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concentrations. However, at 500 pug/ml, the slope is less steep, indicating that oxygen consumption

is slower, therefore cell viability is lower.

Static oxygen monitoring (No flow)

0O, Monitoring

| >
~“min-h ~h—day(s)
| Cell seedmg> | Cell proliferation - O, consmnption>

Chlorpromazine, NoFlow Si0; , 10% FCS, NoFlow
N - 600nM < 20 - 500pg/mI
51 -= 75 nM ® = 125pg/ml
H - 93nM 2 150 -+ 50 pg/ml
§ 100 —+ Control E -+ Control
= < 100
g $
&
:% i
o 3
K} £
£ o0 3l
g 5 10 0 5 0 15 20 25

Time (h) Time ()

Figure 12. Static O> monitoring. (Bottom left) Bewo b30 cells O2 monitoring treated with chlorpromazine. (Bottom right) Bewo
b30 cells O2 monitoring exposed to SiO2 ICN with 10% FCS.

Another method to monitor oxygen consumption of cells and estimate their viability is the
stop-flow measurement. In this method, oxygen consumption is measured in multiple stop-flow
cycles. Each cycle consists of 10 minutes of flow at 10 ul/min, following with a stop of the
perfusion for 5 minutes, resulting in a drop in partial oxygen pressure (Figure 13). This change in

partial oxygen pressure is then used to estimate cell viability.

Optimized stop-flow protocol — O, consumption

| Cycle 1 ‘ Cycle2 >] Cycle3

/
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3 — Ch4 5
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Figure 13. Optimized stop-flow protocol for monitoring oxygen consumption in a short period.

34


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Figure 14 demonstrates the complete stop-flow processes mentioned above. Before seeding
the cells, a baseline stop-flow measurement must be conducted to determine the O> drop of the
background, which in this case, is cell culture media. Bewo b30 cells were seeded in chip and
incubated overnight to form a confluent monolayer. The next step is to perform a stop-flow process
before treating the cells with chlorpromazine (CPZ) to determine the oxygen consumption of
healthy cells. Then cells were perfused with media containing different CPZ concentrations for 30
minutes. In the following, another stop-flow process was conducted to determine the oxygen
consumption of CPZ treated cells. The data obtained from the Oz logger application is analyzed
using Matlab to calculate the change in oxygen consumption or delta. The cell viability is estimated
by using delta values obtained from the measurement in the equation shown in Figure 14, and
results were plotted using GraphPad. The results showed a significant decrease in cell viability at

300 nM following with cell viability around 50% at 75 nM.

| |
Seeding ‘ Stop-Flow PreChlorpromazine > | Stop-Flow PostChlorpromazine >
]
24 23.0
— Cht — 300 nM

— Ch2 5 — 75n0M
7 — Ch3 S — 37.5nM

dphi (%)

22

214 r r 3
0 1000 2000 3000 21.0+ T T T
Time (s) 0 1000 2000 3000

Time (s)
Data analysis (e.g. Matlab)

Aq)past_Aq)rm_cells 0=
A‘I)pre _A(Drm_cells

Chlorpromazine

3
o

rS
S

Viability (%)

20

Cell Viability (%) = 100 X

Concentration (nM)

Figure 14. Complete stop-flow measurement. Bewo b30 cells were seeded and exposed to CPZ for 30 minutes. Cell viability was
estimated using stop-flow delta values of pre and post-treatment. Cell viability is shown in %.

Similarly, a stop-flow measurement was conducted to investigate the toxicity of SiO2 ICN
nanoparticles on bewo b30 cells. In this case, cells were perfused with 0%FCS for 4h, and

Live/Dead assay was used to evaluate further and compare the cell viability to oxygen
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measurement. As shown in Figure 15, cell viability decreases significantly below 40% at the
highest concentration. However, there was a difference in the Live/Dead assay compared to O2
viability results at the control and 50 pg/ml. This difference is due to the decrease in cell number
after 4h perfusion. The reduction in cell number after perfusion is one of the few drawbacks of this
method. However, cells have different behavior under microfluidic flow, and some cell lines are
more robust to the flow conditions and sheer-stress than others. Another challenge in this method
is the appearance of air bubbles in the microfluidic chamber or on top of the oxygen sensors

resulting in complications, such as cell detachment and false signals during measurements.

Live / Dead

500 pg/ml

SiO, , 0%FCS, 4h incubation
100+

= Oxygen consumption
Live/Dead staining

©
o
1

50 pg/ml
(=23
o

IS
')
L

Viability (%)

20+

o S

Control

Concentration (ug/ml)

Figure 15. Bewo b30 cells exposed to SiO2 ICN with 0%FCS for 4h. A comparison between Live/dead assay and monitoring
oxygen consumption and estimating cell viability using the stop-flow method.

4.4 Matlab data analysis

The Matlab algorithm aims to automatically find three stop-flow data points from the Excel file
generated by the Oz logger and calculate delta, mean, and standard deviation for each channel and
plot the graphs for the given time. The output result will be saved as an Excel file.

During the measurement, comments must be added to pinpoint the stop-flow initiation in the

data file. Comments must be lower case, and space must be avoided (e.g., stopl, stop2,stop3).
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After stoping the O logger application and finishing the measurement, the algorithm generates a
text file. The text file was copied in Excel and moved to the Matlab directory (current) folder. The
file name must be entered between apostrophes in line 6, without and file extension, to load the
excel file in Matlab (Figure 16). The comments must be added respectively between apostrophes
at line 9, line 75, and line 141, In this case, stop1,stop2, and stop3 (Figure 16). Next, the stop-flow
duration time (in seconds) must be adjusted in linel2, line 78, and line 144. In this case, the stop-

flow is 3 minutes or 180 seconds (Figure 16).

1

2| |=2 clear

S [=t [

4 - close all

b

g = [data, text, raw]l=xlsread('yg hannel3and4d day2 preNP');% Load Excell file
7 EEEEEREEEREERCEASTEELRANFS I E R R e L e e e e e R T R R R R R R EERE
8 £5top Flow 1

B = x gl=strcmpi (text(:,4),'stopl'); %the comment that we are leocking for
T8 = c sl=find(x s1==1};

e dl_sl=c:_sl—4; Trow

12 = d2 sl=dl s1+180; % conds

I3

14 %Channel 1

g = chlvl sl=data(dl sl1,4); X

16 — chlv2 sl=data(d2 s1,4); %2 +E40 afcer Zmin

T == Dl_51=chlvl_sl—chlv2_sl; D

1g = 51 sl=std(data(dl_sl:dZ sl,4)); %5 he!

1P = M1 sl=mean(data(dl s1:d2 s1,4)});

20 = figure

2 = plot (data(dl_sl:d2 =1,4), 'LinsWidch',2)

23 = title('Scop Fiow 1')

23| = hold on

24

Figure 16. Matlab algorithm. Loading excel file and adjusting comments and time.

After executing the program, the oxygen uptake and respiration for 3 minutes are plotted
(Figure 17). Furthermore, the delta between the beginning and end of the stop-flow, mean, and
standard deviation of each channel are calculated and saved as an excel file that can be found in

the Matlab directory folder.
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Figure 17. Respiration and oxygen uptake during a stop-flow cycle

Based on the delta values obtained by the algorithm, eventually, the viability of the cells could be

calculated using the following equation:

A t Aq)no cells
Cell Viability (%) = 100 x —2>= -
A(I)pre - A(I)no_r:ells

Matlab provides a vast and robust set of tools and formulas to analyze the data and robust data
visualization to generate and modify plots and graphs. Matlab code could be potentially compiled
and converted to other programming languages such as python for more optimization in the code

and the performance.

4.5 Proof of concept on the single-cell microarray

The single-cell microarray (Figure 18) aims to immobilize and capture single cells, which allows
specific analysis to be performed on individual cells. The chip consists of 86 cell traps, each with
6um width. Bewo b30 cells were diluted and loaded in the cells with a syringe to assess the
trapping efficiency of the chip. Cells were trapped in around 50% in the best case, with some chips

entirely clogged by the cells at the inlet.
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Figure 18. (Left) Schematic demonstration of the single-cell chip. (Right) Microscope image of the PDMS chip.

After capturing the bewo b30 cells, the microarrays were exposed to chlorpromazine and SiO> ICN
nanoparticles to investigate their toxicity on induvial cells. Figure 19 demonstrates the trapped
bewo b30 cells treated with chlorpromazine for 30 minutes, following with ethidium bromide

staining to indicating the dead cells.

Figure 19. Bewo b30 cells trapped in the microarray and treated with CPZ for 30 minutes. Dead cells were stained using ethidium
bromide.
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Similarly, bewo cells were exposed to SiO> ICN nanoparticles with 0%FCS for 4h. After the

incubation, cells were stained with ethidium bromide to demonstrate the dead cells.

Figure 20. Bewo b30 cells captured and exposed to SiO2 ICN nanoparticles with 0%FCS for 4h. Dead cells were stained using
ethidium bromide.

5 Conclusion

The PrestoBlue and ROS detection assays were used to assess the toxicity of
different nanoparticles at different concentrations, exposure time, as well as under
serum starvation conditions. The toxicity of nanoparticles has increased in serum-
free media and longer exposure time. Moreover, Si0, JRC has shown more toxicity
and reactivity compared to Si0, ICN, meaning that JRC nanoparticles have different
physicochemical properties that influence their reactivity and nanotoxicity.

To further investigate the toxicity of nanoparticles, a microfluidic
nanotoxicological system with integrated oxygen sensors has been developed. The
microfluidic chip is based on microscope slides and biocompatible micropatterned

adhesive films, which provides rapid prototyping and development of the chip.
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The Oxygen sensors are applied directly via pipetting, resulting in effortless
sensor integration. These sensors are label-free and non-invasive, meaning that they
are suitable for continuous monitoring of oxygen levels in cell culture. Both static
and stop-flow oxygen monitoring methods were used to assess the toxicity of
chlorpromazine and SiO; ICN. In the case of static monitoring, oxygen levels were
measured continuously for hours, rendering an estimation of overall cell respiration
and viability. On the other hand, stop-flow measurements were conducted under
short period, resulting in a fast response of the sensors to oxygen consumption in the
presence of cellular respiration in viable cells.

The proof of concept for a single-cell microarray has been provided. The single-
cell microarray is PDMS based chip capable of trapping single cells, which can be
utilized to analyze individual cells. Bewo b30 cells were trapped in the microarray
and exposed to chlorpromazine and nanoparticles to evaluate their induced toxicity

on individual cells.
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27.
28.
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31.
32.
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34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

clear
clc
close all

[data,text,raw]=xIsread('green_channel3and4_day2_preNP');% Load Excell file
Yo% %0 Yo Yo Yo Yo Yo Yo R Yo E Yo Z. Yo A Yo %o Yo Yo Yo Yo A %o F %o K Yo H % M %1 %o o Yo Yo Yo To Yo Yo Yo To Yo Yo Yo Yo Yo Yo %o Yo

%o %0 Fo o %o To To %o Fo To To Fo To Yo Jo
%Stop Flow 1

x_sl=strempi(text(:,4),'stop1"); %the comment that we are looking for

c_sl=find(x_s1==1);
d1l_sl=c_s1-4; %orow number in data
d2_sl=dl_s1+180; %row after 180 seconds

9%0Channel 1
chlvl_sl=data(d1_s1,4); %channel 1 value 1

chlv2_sl=data(d2_s1,4); %channel 1 value 2 ,e.g. after 2min

D1_sl=chlvl_sl-chlv2_sl; %Delta
S1_sl=std(data(d1_s1:d2_s1,4)); %Standard deviation
M1_sl=mean(data(d1_s1:d2_s1,4)); %Mean

figure

plot(data(d1_s1:d2_s1,4),'LineWidth',2)

title('Stop Flow 1)

hold on

%Channel 2

ch2v1_sl=data(d1_sl1,5);

ch2v2_sl=data(d2_s1,5);

D2 _sl=ch2vl_sl-ch2v2_sl; %Delta
S2_sl=std(data(d1_s1:d2_s1,5)); %Standard deviation
M2_sl=mean(data(d1_s1:d2_s1,5)); %Mean
plot(data(d1_s1:d2_s1,5),LineWidth',2)

%Channel 3

ch3v1_sl=data(d1_s1,6);

ch3v2_sl=data(d2_s1,6);

D3_sl=ch3vl_sl-ch3v2_sl; %Delta
S3_sl=std(data(d1_s1:d2_s1,6)); %Standard deviation
M3_sl=mean(data(d1_s1:d2_s1,6)); %Mean
plot(data(d1_s1:d2_s1,6), LineWidth',2)

% Channel 4

ch4vl_sl=data(d1_s1,7);

ch4v2_sl=data(d2_s1,7);

D4_sl=ch4vl_sl-ch4v2_sl1; %Delta
S4_sl=std(data(d1_s1:d2_s1,7)); %Standard deviation
M4_sl=mean(data(d1_s1:d2_s1,7)); %Mean
plot(data(d1_s1:d2_s1,7), LineWidth',2);
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53. legend('Channel_1','Channel_2','Channel_3','Channel_4")

54. xlabel('Time(s)")

55. ylabel('ppO2")

56.

57. %Table

58. Channels = {'Channel_1";'Channel_2';'Channel_3";'Channel_4'};

59. Delta = [D1_s1;D2_s1;D3_s1;D4_s1];

60. Standard_deviation = [S1_s1;S2_s1;S3_s1;S4_s1];

61. Mean = [M1_s1;M2_s1;M3_s1;M4_s1];

62.

63. T_sl = table(Delta,Standard_deviation,Mean,...

64. 'RowNames',Channels);

65. writetable(T_s1,'Stop Flow 1.txt','WriteRowNames',true)

66.

67. b_sl=[chlvl_s1 chlv2_sl;ch2vl_sl ch2v2_sl; ch3vl_sl ch3v2_sl; ch4vl_sl chd4v2_sl];

68. figure

69. bar(b_sl)

70. title('Stop Flow 1")

71. xlabel('Channel')

72. ylabel('ppO2")

3. %% %0 % Yo Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Y% % Y% %o

74. 9%Stop Flow 2

75. x_s2=strcmpi(text(:,4),'stop2"); %the comment that we are looking for

76. c_s2=find(x_s2==1);

77. dl_s2=c_s2-4; %row number in data

78. d2_s2=d1_s2+180; %row after 180 seconds

79.

80. %Channel 1

81. chlvl_s2=data(dl_s2,4); %channel 1 value 1

82. chlv2_s2=data(d2_s2,4); %channel 1 value 2 .e.g. after 2min

83. D1_s2=chlvl_s2-chlv2_s2; %Delta

84. S1_s2=std(data(d1_s2:d2_s2,4)); %Standard deviation

85. M1_s2=mean(data(d1_s2:d2_s2,4)); %Mean

86. figure

87. plot(data(d1_s2:d2_s2.4),'LineWidth',2)

88. title('Stop Flow 2")

89. hold on

90.

91.

92. %Channel 2

93. ch2vl_s2=data(dl_s2,5);

94. ch2v2_s2=data(d2_s2,5);

95. D2_s2=ch2v1_s2-ch2v2_s2; %Delta

96. S2_s2=std(data(d1_s2:d2_s2,5)); %Standard deviation

97. M2_s2=mean(data(d1_s2:d2_s2,5)); %Mean

98. plot(data(d1_s2:d2_s2,5),'LineWidth',2)

99,

100.

101.

102.%Channel 3
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103.
104.
105.
106.
107.

ch3v1_s2=data(d1_s2,6);

ch3v2_s2=data(d2_s2,6);

D3_s2=ch3v1_s2-ch3v2_s2; %Delta
S3_s2=std(data(d1_s2:d2_s2,6)); %Standard deviation
M3_s2=mean(data(d1_s2:d2_s2,6)); %Mean
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108.plot(data(d1_s2:d2_s2,6), LineWidth',2)

109.

110.

111.

112.%Channel 4

113.chdv1_s2=data(d1_s2,7);

114.ch4v2_s2=data(d2_s2,7);

115.D4_s2=ch4vl_s2-ch4v2_s2; %Delta

116.54_s2=std(data(d1_s2:d2_s2,7)); %Standard deviation

117.M4_s2=mean(data(d1_s2:d2_s2,7)); %Mean

118.plot(data(d1_s2:d2_s2,7),'LineWidth',2);

119.legend('Channel_1','Channel_2','Channel_3','Channel_4")

120.xlabel('Time(s)")

121.ylabel('ppO2')

122.

123.%Table

124.Channels = {'Channel_1";'Channel_2';'Channel_3";'Channel_4'};

125.Delta = [D1_s2;D2_s2;D3_s2;D4_s2];

126.Standard_deviation = [S1_s2;S2_s2;S3_s2;S4_s2];

127.Mean = [M1_s2;M2_s2;M3_s2;M4_s2];

128.

129.T_s2 = table(Delta,Standard_deviation,Mean,...

130.'RowNames',Channels);

131.writetable(T_s2,'Stop Flow 2.txt','WriteRowNames',true)

132.

133.b_s2=[chlv1l_s2 ch1v2_s2; ch2v1_s2 ch2v2_s2; ch3v1_s2 ch3v2_s2; ch4vl_s2 ch4v2_s2];

134.figure

135.bar(b_s2)

136.title('Stop Flow 2")

137.xlabel('Channel’)

138.ylabel('ppO2")

139. % % o %o %o Fo To Yo To To o To To Yo To To o Fo To Yo To To Fo Fo Fo Fo Fo Fo To Yo Fo Fo Yo Fo To Yo Fo o Yo To To Yo Yo Fo Yo Yo To Fo Yo
0T Yo %o To o Yo To o To To o To To o Yo To To Yo Fo To o Jo To Fo Yo To Fo Yo To Fo Yo

140.%Stop Flow 3

141.x_s3=strcmpi(text(:,4),'stop3"); %the comment that we are looking for

142.c_s3=find(x_s3==1);

143.d1_s3=c_s3-4; %row number in data

144.d2_s3=d1_s3+180; %row after 180 seconds

145.

146.%Channel 1

147.ch1v1_s3=data(d1_s3,4); %channel 1 value 1

148.ch1v2_s3=data(d2_s3.,4); %channel 1 value 2 ,e.g. after 2min

149.D1_s3=chlvl_s3-ch1v2_s3; %Delta

150.S1_s3=std(data(d1_s3:d2_s3,4)); %Standard deviation

151.M1_s3=mean(data(d1_s3:d2_s3,4)); %Mean

152.figure

153.plot(data(d1_s3:d2_s3,4),'LineWidth',2)

154 title('Stop Flow 3")

155.hold on

156.

157.
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158.%Channel 2

159.ch2v1_s3=data(d1_s3,5);
160.ch2v2_s3=data(d2_s3.,5);
161.D2_s3=ch2v1_s3-ch2v2_s3; %Delta
162.S2_s3=std(data(d1_s3:d2_s3,5)); %Standard deviation
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163.M2_s3=mean(data(d1_s3:d2_s3,5)); %Mean
164.plot(data(d1_s3:d2_s3,5), LineWidth',2)

165.

166.

167.

168.%Channel 3

169.ch3v1_s3=data(d1_s3,6);

170.ch3v2_s3=data(d2_s3,6);
171.D3_s3=ch3v1_s3-ch3v2_s3; %Delta
172.S3_s3=std(data(d1_s3:d2_s3,6)); %Standard deviation
173.M3_s3=mean(data(d1_s3:d2_s3,6)); %Mean
174.plot(data(d1_s3:d2_s3,6),'LineWidth',2)

175.

176.

177.

178.%Channel 4

179.chdv1_s3=data(d1_s3,7);

180.ch4v2_s3=data(d2_s3,7);

181.D4 _s3=ch4vl_s3-ch4v2_s3; %Delta
182.84_s3=std(data(d1_s3:d2_s3,7)); %Standard deviation
183.M4_s3=mean(data(d1_s3:d2_s3,7)); %Mean
184.plot(data(d1_s3:d2_s3,7),'LineWidth',2);
185.legend('Channel_1','Channel_2','Channel_3','Channel_4")
186.xlabel('Time(s)")

187.ylabel('pp02")

188.

189.%Table

190.Channels = {'Channel_1";'Channel_2';'Channel_3";'Channel_4'};
191.Delta = [D1_s3;D2_s3;D3_s3;D4_s3];
192.Standard_deviation = [S1_s83;S2_s3;S3_s3;S4 _s3];
193.Mean = [M1_s3;M2_s3;M3_s3;M4_s3];

194.

195.T_s3 = table(Delta,Standard_deviation,Mean,...
196.'RowNames',Channels);

197.writetable(T_s3,'Stop Flow 3.txt",'WriteRowNames',true)
198.

199.b_s3=[chlv1_s3 ch1v2_s3; ch2v1_s3 ch2v2_s3; ch3v1_s3 ch3v2_s3; ch4vl_s3 ch4v2_s3];
200.figure

201.bar(b_s3)

202.title('Stop Flow 3")

203.xlabel('Channel')

204.ylabel('ppO2")

205. % %0 o Yo To To Yo To To Yo Fo To Yo Fo Fo o Fo To o Fo To o Fo To To o To To Yo Yo To Fo Yo
206.%Delta Mean

207.ch1_D=[D1_s1 D1_s2 D1_s3];
208.ch1_MD=mean(ch1_D);

209.ch2_D=[D2_s1 D2_s2 D2_s3];
210.ch2_MD=mean(ch2_D);

211.ch3_D=[D3_s1 D3_s2 D3_s3];
212.ch3_MD=mean(ch3_D);

213.ch4_D=[D4_s1 D4 _s2 D4_s3];
214.ch4_MD=mean(ch4_D);

215. % % % Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
216.Channels = {'Channel_1";'Channel_2";'Channel_3';'Channel_4'};
217.Stop1_Delta = [D1_s1;D2_s1;D3_s1;D4_sl];
218.Stop2_Delta = [D1_s2;D2_s2;D3_s2;D4_s2];
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219.Stop3_Delta = [D1_s3;D2_s3;D3_s3;D4_s3];

220.Mean_Delta=[ch1_MD;ch2_MD;ch3_MD;ch4_MD];

221.

222.Stop1_Standard_deviation = [S1_s1;S2_s1;S3_s1;S4_s1];

223.Stop2_Standard_deviation = [S1_s2;S2_s2;S3_s2;S4_s2];

224.Stop3_Standard_deviation = [S1_s3;S2_s3;S3_s3;S4_s3];

225.

226.Stopl_Mean = [M1_s1;M2_s1;M3_s1;M4_sl];

227.Stop2_Mean = [M1_s2;M2_s2;M3_s2;M4_s2];

228.Stop3_Mean = [M1_s3;M2_s3;M3_s3;M4_s3];

229,

230.T =
table(Stop1_Delta,Stop2_Delta,Stop3_Delta,Mean_Delta,Stop1_Standard_deviation,Stop2_Standard_
deviation,...

231.Stop3_Standard_deviation,Stop1_Mean,Stop2_Mean,Stop3_Mean, RowNames',Channels);

232.writetable(T,'Stop_Flow_Results.xIsx',"WriteRowNames',true)
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