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Summary

The interaction of nanoparticles (NPs) with biological systems, such as living cells, has become
one of the most stimulating areas of basic and applied science. NPs are used in a wide variety of
consumer products and have been increasingly designed for nanomedical applications.
Therefore, unintentional or deliberate human exposure to NPs has become inevitable. However,
in spite of intensive investigations, our current knowledge about the biological impact of NPs is
still incomplete. The goal of this work was to perform an interdisciplinary approach to analyze
the effects of distinct NPs at cellular level. In particular, we used quantitative live-cell imaging

under static and physiological flow conditions to investigate in great detail the uptake of NPs.

Live-cell imaging is commonly the method of choice to visualize uptake of NPs in real time with
high spatial resolution. Although acquired image data are rich in information, outcomes of NP-
cell interactions are normally evaluated by simple qualitative approaches. In the first part of this
work, a highly innovative method integrating live-cell imaging with quantitative image analysis is
described. Particle_in_Cell-3D is able to quantify the uptake of NPs into single cells in absolute
numbers. Further studies presented in this thesis demonstrate the use of Particle_in_Cell-3D, as

well as the crucial importance of quantitative live-cell imaging approaches.

Particle_in_Cell-3D was used to evaluate cell type-dependent uptake and cytotoxicity of the
310 nm silica NPs. After 24 hours, the absolute number of particles internalized by cancer cells
derived from cervix carcinoma (Hela) was twice as large as the number of particles taken up by
human vascular endothelial cells (HUVEC). Strikingly, exposure to silica NPs for 24 h induces cell
death in HUVEC but not in Hela cells. Quantitative determination of NP uptake appears to be
essential to demonstrate that nanotoxicity of materials cannot be generalized and translated
from one cell type to another. In another case study, we assessed the uptake kinetics of 8 nm
and 30 nm ceria NPs interacting with human microvascular endothelial cells (HMEC-1). These NPs
formed agglomerates in biological medium, and particles directly contacting cells had a mean
diameter of 417 nm and 316 nm, respectively. Quantitative analysis was decisive to reveal
significant particle size-dependent effects. After 48 h of interaction, the number of intracellular
particles was over four times higher for 316 nm agglomerates. In addition, our findings offer new

insights into the “dilution” of intracellular NPs, possibly influenced by cell division and exocytosis.

Titania NPs are widely used as physical barriers for UV light in sunscreens. The results of this

research project shed light on mostly neglected potential cytotoxicity related to coating
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composition of sunscreen titania NPs. The presence of organic shell in NPs is found to correlate

with an enhanced cytotoxicity of titania NPs on HMEC-1 cells.

The most recent project focuses on platinum-decorated ceria (Pt-ceria) NPs. They resemble
catalyst-derived NPs emitted by motor vehicles into the environment. Using live-cell imaging we
clearly show that ~50 nm Pt-ceria NPs can rapidly penetrate cell membranes and reach the
cytosol. Moreover, if properly targeted, these NPs are able to selectively accumulate in cellular
organelles, like mitochondria. Interestingly, no permanent membrane disruption or any other

significant adverse effects on cells were observed.

Mesoporous silica nanoparticles (MSNs) attract increasing interest in the field of gene and drug
delivery due to their versatile features. Here we describe poly(amidoamine) dendron-
functionalized MSNs that can successfully deliver various compounds into cells. Furthermore,
guantitative uptake kinetics and cytotoxicity studies indicate a good biocompatibility of

dendronized MSNs.

Static conditions represent an important shortcoming of the in vitro experiments on uptake of
NPs by cells. This work describes a versatile microfluidic device based on streaming which is
induced by surface acoustic waves. The device offers a convenient method for mimicking
capillary blood flow and it can be combined with live-cell imaging. Using this approach along with
Particle_in_Cell-3D, we demonstrated the influence of flow on the uptake of NPs. Under
physiological flow conditions, NP uptake rates were significantly lower than under low shear
conditions, highlighting the vital importance of fluidic environment for cellular uptake

mechanisms.

On the whole, potential adverse effects on cells depend strongly on the physicochemical
properties of NPs and are influenced by biological environment and experimental conditions.
Taken together, the studies presented in this thesis show that quantitative live-cell imaging is a

powerful method to investigate the biological effects of NPs at cellular level in great detail.
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1 Introduction

More than 1,600 consumer products introduced to the market contain nanomaterials. This is the
current information in a public inventory based on data provided by manufacturers [1]. However,
since manufacturers are not required to declare presence of nanomaterials in their products, the
actual number on markets worldwide is probably larger than this. Nanomaterials are used in a
great variety of applications, ranging from food and sunscreens to textiles and fuel additives. Due
to their very small size, nanoscale materials such as nanoparticles (NPs) often display unique
physical and chemical properties, creating new possibilities for technological applications. On the
other hand, since NPs are of the same size scale as typical cellular components, they can surpass

the natural defenses of human organism and lead to permanent cell damages.

With the increasing use of nanomaterials, accidental or intentional human exposure to
engineered NPs is inevitable. Comprehensive understanding about potential health impact of
NPs is therefore highly needed. Accordingly, interaction of NPs with biological systems has
become a very stimulating topic in basic and applied science and engineering. In the last decade,
academia, industry, and regulatory agencies have been challenged to develop advanced methods
that could help to identify which features make NPs safe or toxic, as well as the underlying
mechanisms of nanotoxicity. In a recent press release, the German Federal Institute for Risk
Assessment (BfR) highlighted a key question: “How can the safety of nanomaterials be
ensured?” [2]. Among other statements, this BfR communication points to the urgent need of
reliable methods for assessment of nanomaterials with regard to their physicochemical and

toxicological properties.

Having the same key question in mind, the national Priority Program SPP1313: “Biological
Responses to Nanoscale Particles” was initiated by the German Research Foundation (DFG) in
2007 and operated until 2014 [3]. Within the interdisciplinary framework of the SPP1313, a
research project called NPBIOMEM was started aiming its activities at the “Bioactivity and
cellular uptake of distinct nanoparticles in human endothelial cells”. The results presented in this
thesis were achieved in close collaboration with the groups forming the NPBIOMEM network:
Prof. Dr. A. Reller (University of Augsburg; synthesis and characterization of NPs), Prof. Dr. A.
Wixforth (University of Augsburg; microfluidic system and artificial cell membranes), Prof. Dr. M.
F. Schneider (Boston University, USA; microfluidic system), Prof. Dr. S. W. Schneider (University
of Mannheim; cytotoxicity), Prof. Dr. |. Hilger (University of Jena; cytotoxicity), and Prof. Dr. C.

Brauchle (LMU Munich; live-cell imaging). Additionally, particular results were achieved in

1



1 INTRODUCTION

cooperation with the groups of Prof. Dr. T. Bein (LMU Munich; mesoporous silica NPs as drug

delivery systems) and Prof. Dr. J. Michaelis (University of Ulm; super-resolution microscopy).

The main routes by which NPs may access the body are lungs, gastrointestinal tract, and skin. In
all three cases NPs can reach the bloodstream, where they can interact with endothelial cells
covering the inner surface of vessels. These cells play a crucial role in the process of blood flow,
while changes in endothelium are often found in a number of diseases. Therefore, endothelial
cell lines represent an important model system to investigate the bioactivity and cellular uptake

of NPs, and they are extensively used in our studies.

The studies presented here focus on the development and application of advanced live-cell
imaging techniques for visualization and quantification of NP-cell interactions. Additionally, these
results are complemented by cytotoxicity assays, thus providing insights into the biological
effects of NPs on cells. A new method to visualize and rapidly quantify the absolute number of
NPs taken up by single cells was developed. This work describes Particle_in_Cell-3D, a method
based on an innovative approach that integrates high resolution live-cell imaging with
guantitative image analysis. Particle_in_Cell-3D can be applied to investigate the dose-

dependent effects for the risk assessment of NPs.

NPs of different chemical composition (e.g., metals, oxides, and polymers) are synthesized in
numerous distinct forms (e.g., different sizes, shapes, and coatings). Our research in the
NPBIOMEM project has been concentrated on three widely produced and applied oxidic
materials: silica (SiO,), titania (TiO,), and ceria (CeO,) NPs. Silica NPs have found applications in
food and beverages, cleaning products, cosmetics, textiles, and sporting goods. Titania NPs are
largely used in everyday items, like paints, glues, and personal care products, especially
sunscreens. Ceria NPs can be found in many applications, as in ultraviolet absorbers, automotive
catalytic converters, and fuel additives. Thus, inhalation, skin contact, and ingestion are all
possible routes for these NPs to enter the human body. In order to conduct systematic studies on
the biological effects of oxidic NPs at the cellular level, we have synthesized and characterized

reasonable quantities of fluorescently labeled NPs optimized for live-cell imaging.

The biological effects of NPs may be cell-specific, meaning that individual cell types respond
differently to the entry of identical nanoparticles. Moreover, cells of the same type may react
differently to NPs of distinct chemical composition, size, coating, etc. This thesis deals with many
aspects of NP-cell interactions. These include studies covering cell type-dependent nanotoxicity
and uptake kinetics of silica NPs, the cytotoxicity of coated sunscreen titania NPs of different

physicochemical properties, as well as the particle size-dependent uptake of ceria NPs.
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The scope of the most recent project is the interaction between endothelial cells and NPs
emitted by catalytic converters. Although catalyst-derived NPs are recognized as growing burden
added to environmental pollution, very little is known about their health impact. Our studies
with platinum-decorated ceria NPs (as model compounds for the actual emitted NPs) focus on

their fast uptake and accumulation in mitochondria, the cell’s powerhouse.

Additionally, NPs have been designed for nanomedicine and biotechnological applications, such
as biosensors, biomarkers, and drug delivery systems. Some NPs are functionalized to specifically
target molecules overexpressed on the surface of cancer cells, which are significantly less
abundant in normal cells. This therapeutic strategy allows drugs to be delivered into tumor cells
with high efficiency and minimal side effects. Mesoporous silica nanoparticles (MSNs) have been
extensively studied as drug delivery vehicles due to their excellent materials features, such as
good biocompatibility, and large cargo capacity. This work describes newly designed MSNs
coated with PAMAM dendrons (branched poly(amidoamine) molecules). We use live-cell imaging
to show that dendronized MSNs provide a successful mechanism for cell targeting, endosomal

escape, and drug release.

Finally, the last research project focuses on quantitative live-cell imaging applied to measure the
influence of physiological flow conditions on the cellular uptake of NPs. The flow is generated by
a novel microfluidic device based on acoustic streaming induced by surface acoustic waves.
Currently, most in vitro experiments are performed under static flow conditions. Therefore, the
novel results described here provide a significantly improved framework for future experiments

simulating in vivo conditions.

Results of this work will contribute to future development of nanotoxicology and nanomedicine,

thus promoting the safe use of nanomaterials.
This thesis is organized as follows:

After this introduction (Chapter 1), the next two chapters will provide a general overview about
the research fields encompassing this work. Different aspects of the interaction of NPs with
biological components and/or systems are described in Chapter 2, which is based on a book
chapter written in collaboration with other SPP1313 members [4]. Chapter 3 presents principles
of fluorescence microscopy, highlighting the benefits of combining live-cell microscopy with

guantitative digital image analysis.

Following the introductory part, the results, discussions, and conclusions of specific project are
presented in Chapters 4 to 10 in a partly cumulative way. Chapter 4 describes the

Particle_in_Cell-3D method in detail, while further applications of this approach are presented in
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Chapters 5, 7, 9, and 10. The method is published in Nanomedicine [5] and can be downloaded
online [6]. Chapter 5 presents cell type-dependent uptake kinetics and cytotoxicity of silica NPs.
The results of which are published in Small [7]. In Chapter 6, a study on the effects of the
physicochemical properties on the cytotoxicity of sunscreen titania NPs is presented. This work is
published in the Journal of Nanoparticle Research [8]. The particle size-dependent uptake of
ceria NPs interacting with endothelial cells is described in Chapter 7. This study appeared in the
Beilstein Journal of Nanotechnology [9]. Chapter 8 focuses on a recent study on cell membrane
penetration and mitochondrial targeting by platinum-decorated ceria NPs (manuscript in
preparation). The results on endosomal escape and cytosolic drug release of dendronized
mesoporous silica NPs are presented in Chapter 9. This work is submitted for publication [10].
Finally, the novel surface acoustic wave-driven microfluidic system that allows NP uptake
investigation under physiological flow conditions is described in Chapter 10. Obtained results are
published in the Beilstein Journal of Nanotechnology [11]. The experimental methods are

described in Chapter 11.



2 Biological responses to nanoparticles

This chapter is based on the following publication:

R. Zellner, J. Blechinger, C. Brduchle, I. Hilger, A. Janshoff, J. Lademann, V. Mailénder, M.C. Meinke,
G.U. Nienhaus, A. Patzelt, F. Rancan, B. Rothen-Rutishauser, R.H. Stauber, A.A. Torrano, L. Treuel, and
A. Vogt;

Chapter 6 "Biological Responses to Nanomaterials" In "Safety Aspects of Engineered Nanomaterials"

Eds.: W. Luther and A. Zweck. Pan Stanford Publishing (2013), p. 157-218.

2.1 Introduction

With the advent of nanotechnology the interaction of nanoparticles with biological systems
(including living cells) has become one of the most stimulating areas of basic and applied
research. Since nanoparticles (NPs) are of the same size scale as typical cellular components and
proteins, they can surpass the natural defenses of the human organism and lead to permanent
cell damages. Unintentional or purposeful human exposure to NPs is inevitable as they have
been increasingly used. However, despite intensive investigations, our current understanding of
the biological responses to NPs is still fragmentary [12-14]. Besides the wide use of
nanomaterials in industrial products [1], the biomedical use of NPs has also enjoyed increasing
interest over the past decade [15]. The ability to manipulate distinct particle features, such as
their physical and chemical properties, opens up a variety of possibilities in designing NPs for
gene and drug delivery, for diagnostic purposes, or as imaging agents [16-18]. As more data
regarding the potential cytotoxic properties of NPs have become available in recent years, the
interest in nanotoxicology and in the safety of nanomaterials for biomedical applications

continues to increase [12-14, 19].

The biological effects of NPs are not restricted to the nanometer range (1-100 nm), but are also
observed for particles of a few hundreds of nanometers. A strict size definition of nanoparticles is
therefore questionable in this context and should be avoided [20]. Accordingly, all particles of up
to a few hundreds of nanometers described throughout this work are termed nanoparticles

(NPs).

This chapter is organized sequentially according to the different aspects of the interaction of NPs
with biological components and/or systems: entry routes of NPs into the human body,
interaction with blood proteins, interaction with endothelial cells, uptake and intracellular fate,

and cytotoxic potential.
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2.2 Entry of nanoparticles into the human body

The skin, the respiratory system as well as the gastrointestinal tract are considered the main
routes by which NPs may access the body (Figure 2.1) [12]. These biological compartments act as
natural barriers against external threats, such as pathogens and particulate matter [21]. Although
efficient, those are not perfect biological defenses, and NPs have the possibility to overcome

them and enter the human body.

BLOOD SYSTEM
Endothelial Cells

Figure 2.1 lllustration of the main routes by which NPs may access the body. Lungs, gastrointestinal tract,
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and skin are the major NP pathways into the human body. In all three cases, NPs can reach the blood
circulation system and interact with endothelial cells. Image of endothelial cells taken from Carmeliet [22].

2.2.1 Uptake of nanoparticles by the lung

The lung is considered by far the most important portal of entry for NPs into the human body.
The respiratory tract has a large internal surface area (>150 m?) and a very thin alveolar-capillary
barrier (<1 um). Both characteristics are essential for an optimal gas exchange between the air

and blood by diffusion [23].

But not only air is inhaled with every breath we take; millions of particles enter the respiratory
system as well. For that reason, our lungs have a series of structural and functional barriers that

systematically protect the respiratory system against particulate material [24]. Under normal
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2 BIOLOGICAL RESPONSES TO NANOPARTICLES

conditions, ambient air is efficiently modified and cleansed of much of the larger particulate
material by mucociliary activity before being conducted deep into the lungs. Into the deep lungs,
the alveolar-capillary barrier comprises the surfactant film, the epithelial cellular layer,
macrophages (professional phagocytes), and a network of dendritic cells inside and underneath

the epithelium (Figure 2.2) [23, 25-27].
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Figure 2.2 Schematic illustration of an alveolus. The main task of the alveolar region is gas exchange of
oxygen and carbon dioxide with the blood. The alveolar-capillary (or air-blood) barrier can be considered
as one of the key targets of inhaled NPs. Note the very thin cellular barrier from airspace to capillary blood

flow presented by the epithelial cells, the interstitium (connective tissue), as well as the endothelial cells.

Once deposited into the alveoli, NPs can interact with pulmonary surfactant and pulmonary cells
[27]. Depending on the particle properties and the rate of clearance, interaction with lung cells
may cause a degree of inflammation or other potentially adverse cellular effects [28]. Particles
are cleared by macrophages through phagocytosis (see Section 2.5.1), by mucociliary clearance
within the conducting airways, or by translocation through the air-blood barrier [29, 30]. NPs
that are able to cross the air-blood barrier of the lung can thus enter the bloodstream and
interact with endothelial cells [31-35]. In addition, NPs transported by the blood circulation have
been reported to reach secondary organs, including the liver and the heart [32, 36]. Yet most

studies indicate a low degree of NP translocation.
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2.2.2 Interaction of nanoparticles with the skin

With approximately 2 m? the skin is the largest organ of the human body. The complete skin,
especially its upper layer (stratum corneum), represents the main barrier of the body toward the
environment. The stratum corneum consists of cornified dead cells surrounded by lipids. As long
as the skin is healthy, an efficient barrier is normally provided. As a consequence, only small
fractions of drugs, NPs, and other substances applied topically to skin in dermatology and

cosmetics succeed in penetrating through the stratum corneum [37].

At present, distinct skin penetration pathways have been proposed. Among them, the most
relevant ones are the intercellular penetration within the lipid layers around the cornified cells
and the hair follicular penetration. Hair follicles are invaginations of the epidermis that extend
deep into the dermis. They represent interruptions in an otherwise highly tight skin barrier and

may act as traps for topically applied particles [37].

In recent years, the follicular route has gained particular importance for the penetration of NPs
[37, 38]. Investigations using coated titania NPs of ~100 nm (commonly used as UV filter in
sunscreens) revealed an efficient follicular penetration after repeated applications [39]. In this
study, most NPs were found in the upper part of the stratum corneum. However, NPs were also
detected in the lower parts of the skin in the hair follicles. Interestingly, not all hair follicles are
open to interact with NPs, but just those that are active and displaying either sebum excretion or
hair growth [40]. In Figure 2.3, a histological section of a porcine hair follicle is presented. The
corresponding biopsy was removed 30 min after treatment with a formulation containing
fluorescence-labeled polymer NPs with a size of 320 nm. The distribution of the particles in the

stratum corneum and in the hair follicle is marked in red.

Figure 2.3 Interaction of NPs with the skin around a hair follicle. Histological section of a porcine hair
follicle showing the distribution of 320 nm polymer NPs (in red) 30 min after topical application. Most NPs
are either within the upper layer of the skin (stratum corneum) or in the hair follicle.
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Although the intact skin is an efficient biological barrier, a higher degree of NP penetration with
subsequent access to the circulatory system can occur in areas of disturbed skin barriers
(wounds, lesions, and skin disease) [41-43]. In vivo studies in mice demonstrated that the hair
follicles are the major sites of such translocation, and diffusion of topically applied NPs into the

tissues surrounding hair follicle occurred over the time [44].

2.2.3 Uptake of nanoparticles by the gastrointestinal tract

The human gastrointestinal tract is a complex organ system responsible for the digestion of food,
absorption of nutrients, and elimination of waste. It has a large absorptive mucosal surface area
of about 32 m? [45], providing an attractive site for NP uptake [46]. External sources of NPs found
in the gastrointenstinal tract are food (e.g., table salt, dry foods and supplements), personal care
products (e.g., toothpaste and lipstick), and pharmaceuticals [1, 41]. In addition, inhaled NPs that

are cleared by the mucociliary activity in the lungs can also be partially ingested [41].

The gastrointestinal tract is the main route for macromolecules to enter the body, and ingested
material will come in close contact with the epithelium of small and large intestines. The mucosal
barrier that line the luminal surface of the small and large intestines is based on the columnar
layer of epithelial cells (enterocytes) [41, 46]. The enterocytes are covered by the glycocalyx, a
thick network of glycoproteins and polysaccharides, and by the mucus, a lubricant diffusion
barrier that is constantly supplied by goblet cells. Consequently, NPs in the intestinal lumen first
come in contact with these two layers. If the mucus and the glycocalyx are penetrated, the final
NP translocation to the bloodstream is still strictly controlled by the epithelial cells connected to

each other by tight junctions (Figure 2.4) [46].
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Figure 2.4 Schematic overview of the columnar layers and main components lining the intestinal walls.
Atight layer of epithelial cells (enterocytes) lines the undulated construction of the gut walls. The
enterocytes are covered by the glycocalyx and also by the mucus secreted by goblet cells. Ingested NPs in
the intestinal lumen can be translocated to the blood capillaries (or to the lymph vessels) if they succeed in
overcoming this highly regulated physiological barrier. Figure taken from Sinnecker et al. [46].
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Most studies on ingested NPs indicate a rather low NP translocation rate. As much as 98 % of
particles are normally excreted in the feces within the first 48 h, and most of the reminder is
eliminated via urine [41]. In line with these results, the fate of ingested model polystyrene NPs
(20-200 nm) in the gut was investigated by Sinnecker et al. [46]. Using an isolated rat intestine
model, they showed that the small intestinal tract provides an effective barrier against NP
uptake. Upon an intestinal exposure to large doses of NPs, most particles did not reach the
epithelium layer, but were either trapped in the mucus or directly discarded from the gut.
However, other studies have showed that NPs can overcome the mucosal barrier and enter the
circulatory system [41, 47]. There are reports in the literature showing that ingested NPs can
even translocate to other organs, such as liver, spleen, kidney, lungs, brain, and lymph nodes [42,
48]. In general, the degree of NP translocation via the gastrointestinal tract will be influenced by
many factors, including particle size, surface chemistry, dose, exposure time, and constituents of

intestinal fluid [41, 49].

2.3 Interaction of nanoparticles with proteins

If NPs succeed in penetrating across one of the abovementioned barriers, they will reach the
circulatory system and be exposed to components of the body fluids, including proteins. The
interaction of NPs with proteins normally results in a corona of surface-absorbed proteins [50-
52]. This so-called “protein corona” forming around the NP can define the biological identity of
the NP, and the efficiency of this interaction may influence the translocation behavior in
biological systems [42]. Understanding the formation and persistence of the protein corona is
important for the elucidation, interpretation and assessment of the biological effects of NPs. The
formation process is essentially a rapid competition of proteins and other biomolecules for

binding to the NP surface.

In typical body fluids and intracellular environments, the protein concentrations can be up to
0.35gmL™ [50], comprising more than 3,000 different proteins at different individual
concentrations [53]. While highly abundant proteins will likely dominate the protein corona for
short time periods, proteins with lower abundance but higher affinities might prevail on longer
timescales [13, 54]. A key aspect of the adsorption of proteins onto NP surfaces is that it can lead
to structural changes within the protein and hence altered protein conformations. However, the
exact driving forces and mechanistic details of protein unfolding at NP surfaces remain

unidentified and are a focus of current research [13, 55].
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2.4 Interaction of nanoparticles with endothelial cells

Additionally to the interaction with proteins, NPs that reach the bloodstream will be in contact
with endothelial cells — the cells that line the inner surface of the blood vessel system (see inset
in Figure 2.1) [31, 42]. Endothelial cells form the interface between blood and tissue and have
strong anti-thrombotic and anti-inflammatory characteristics, playing a crucial role in the process
of physiological blood flow. By contrast, an altered endothelial cell function can be found in
almost all diseases of the respiratory, neurologic and cardiovascular system [22, 56]. Endothelial
cells are therefore ideally suited as a model system to investigate the cellular uptake and toxicity
of nanoparticles. In the present work, two endothelial cell lines were used; namely HUVEC

(human umbilical vein endothelial cells) and HMEC-1 (human microvascular endothelial cell).

2.5 Cellular uptake mechanisms

The cell plasma membrane forms an effective selective barrier between the cytosol and the
extracellular environment. The most abundant molecules forming the cell membrane are lipids,
such as phospholipids and cholesterol. Lipids are responsible for the structural integrity of the
membrane, which can be regarded as two parallel monolayers with their polar groups on the
outside surface (inner and outer surfaces) and the non-polar tails pointing inward. Within the

lipid bilayer, the cell membrane contains a variety of polysaccharides and proteins [57, 58].

Transfer of molecules or cargo of any kind across the membrane can be either passive, without
consumption of chemical energy, or active, requiring the cell to expend energy. Small molecules
such as saccharides and amino acids enter the cell through mediated transport involving
specialized transporter proteins. Larger objects such as proteins and nanoparticles, however,

require different entry routes [59].

Surface chemistry, particle size and shape are usual factors governing the uptake efficiency of
NPs as well as the route to enter the cell [60-63]. The conventional entry routes belong to the
process of endocytosis; though direct translocation through membrane holes (as described in

Section 2.5.3) can occur for special types of macromolecules and NPs.

During endocytosis the plasma membrane basically wraps the cargo to be internalized. The
membrane deformation pinches off on the inside of the cell by creating an endocytic vesicle
(endosome) that contains membrane components, fluid, and the captured cargo. The vesicular
cargo is shielded from the cytosol inside early and late endosomes. Late endosome deliver the
cargo molecules to lysosomes, where they are degraded [64-66]. Endocytosis regulates the

access into the cells and plays a crucial role in complex physiological process, such as immune
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response, tissue and organ development, intercellular communication, and cellular and

organismal homeostasis [64].

Different endocytic pathways have been described so far. They occur by several diverse
mechanisms that can be divided into two categories: phagocytosis and pinocytosis [64, 65].
Phagocytosis comprises the uptake of large particles and is typically restricted to specialized
mammalian cells. Pinocytosis, on the other hand, comprehends the uptake of small particles,
fluid, and solutes; it occurs in all cell types by different basic mechanisms. The most relevant and
better understood mechanisms of pinocytosis are macropinocytosis, clathrin-mediated
endocytosis, and caveolin-mediated endocytosis [64]. The most important endocytic pathways

are schematically depicted in Figure 2.5 and are further described in the following sections.

Pinocytosis
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Figure 2.5 Endocytic pathways into mammalian cells. Distinct uptake pathways can be separated into two
broad categories: phagocytosis (or cell eating) and pinocytosis (or cell drinking). Pinocytosis can be further
categorized into other mechanisms. Distinct endocytic pathways differ with regard to the mechanism of
vesicle formation, the size of the endosome, and the characteristics of the cargo. Figure adapted from
Conner & Schmid [64].

2.5.1 Phagocytosis

Phagocytosis is characterized by the actin-driven assembly of plasma membrane protrusions that
embrace and engulf large particles (Figure 2.5). It is performed mainly by specialized cells,
including macrophages and monocytes. This endocytic mechanism runs to eliminate large
pathogens, such as bacteria, and large remains, as those from dead cells. Phagocytosis is a highly
regulated and active process that involves specific surface receptors and signaling cascades.
Diverse modes of phagocytosis exist, and they are defined by the type of particle to be ingested

and the given receptor that recognizes it [64].
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2.5.2 Pinocytosis

2.5.2.1 Macropinocytosis

Macropinocytosis describes a form of internalization that frequently involves actin-driven
protrusions from the plasma membrane. These membrane ruffles wrap the cargo and
subsequently fuse, resulting in the uptake of large volumes of extracellular components
(Figure 2.5). Macropinocytosis is induced in a variety of cell types upon stimulation by growth

factors or other signals [59, 64].

2.5.2.2 Clathrin-mediated endocytosis

Clathrin is a protein that forms a three-legged structure called triskelion. Clathrin triskelions can
spontaneously self-assemble into closed polygonal shapes. Clathrin-mediated endocytosis is
characterized by a sequential assembly of cytosolic coat components to form a clathrin-coated
pit (Figure 2.5). The clathrin-coated pit eventually invaginates and pinches off into the cytosol to
form an endocytic vessel, and the coat constituents are recycled for reuse [64, 67]. A large
number of membrane proteins and nanomaterials enter cells by clathrin-mediated endocytosis.
It occurs in all mammalian cells and helps to provide the continuous uptake of essential
nutrients. For example, iron-laden transferrin (that binds to transferrin receptors) and
cholesterol-laden low-density lipoprotein (LDL) particles (that binds to the LDL receptors) are

constantly internalized by this pathway [59, 64].

2.5.2.3 Caveolin-mediated endocytosis

Caveolins are proteins that play a major role in the formation of small flask-shaped plasma
membrane invaginations, or caveolae. They act as scaffolding proteins to generate caveolae
microdomains, which constitute a special kind of membrane rafts. Caveolae are present on many
cell types. They have an important role in the regulation of vasodilation, intracellular cholesterol
trafficking, and transcellular transporting of serum proteins from the bloodstream into

tissues [59, 64].

2.5.3 Direct translocation through the cell plasma membrane

In contrast to conventional endocytic pathways, cationic NPs and cell-penetrating peptides
(CPPs) can enter cells by a direct translocation move across the plasma membrane. This
unconventional pathway is characterized by rapid cellular uptake, without perceptible cell
membrane disruption and cytosolic location of NPs/CPPs [68, 69]. CPPs [70], 8 nm CdSe/ZnS
core/shell quantum dots (coated with D-penicillamine) [71] and ultrasmall noble metal NPs

(typically smaller than ~10 nm), such as gold [68, 69, 72-74] and platinum [75, 76], were
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observed to perform a direct translocation across the plasma membrane. Notably, our recent
results described in Chapter 8 show that ~50 nm ceria NPs decorated with ultrasmall platinum

NPs (2—5 nm) can also enter cells by a direct translocation mechanism.

The mechanisms of direct translocation, however, are not completely understood. Recently,
Lin & Alexander-Katz [68] used molecular dynamics simulations to demonstrate that membrane
holes are induced by 2.2 nm gold NPs (as well as distinct CPPs) due to the alteration of the local
transmembrane potential. The induced holes were proposed to assist the spontaneous
translocation of cationic NPs and CPP into the cytosol. After translocation, the gold NP can move

freely in the cytoplasm region and the membrane rapidly resealed itself (Figure 2.6).

side view

Figure 2.6 Direct translocation through the cell membrane. Molecular dynamics simulations were used to
demonstrate the direct translocation of cationic NPs and cell-penetrating peptides across lipid bilayers.
Membrane holes are induced under a transmembrane potential. The figure shows side view snapshots of a
2.2 nm gold NP and a model membrane at the beginning of the simulation (0.0 ns) and at further time
points throughout the very fast translocation process. The gold NP penetrates through the transient hole

and the membrane reseals itself. Adapted from Lin & Alexander-Katz [68].

2.6 Trafficking and intracellular distribution of nanoparticles

When studying the interactions of NPs with cells, it is of central interest to assess: the amount of
NPs that are internalized; which mechanisms are operative to promote such internalizations; and
how NPs distribute throughout the cell. Fluorescence techniques in live-cell imaging (see

Chapter 3) are a powerful tool to answer such questions.

For example, fluorescence-labeled NPs can be followed during their pathway into the cell. The
positions of the particles are determined for a series of consecutive frames in time, resulting in
detailed trajectories of their movements. As a result, information about the location and velocity
of single NPs on their way into and throughout the cell can be obtained with great precision [77].
This technique was used to elucidate the typical trajectory of a NP that is internalized by
endocytosis. Interestingly, the trajectory can be divided into three different phases [78]. In
phase |, the NP attaches to and moves with the cell membrane while an endocytic vesicle is
formed. This phase is characterized by slow directed motion with an additional diffusion

component. After the first phase, the loaded vesicle pinches off from the cell membrane and is
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released into the cytoplasm. Phase Il is characterized by a mixture of free, anomalous, and also
confined diffusion. Free diffusion is often hindered by the local micro-environment, such as the
cytoskeleton and large cell organelles. Phase Il is distinguished by a long-range active transport
of the particle, located inside the vesicle, throughout the cell. This transport is mediated by
motor proteins that travel along the cellular microtubules with velocities up to 4 ums™. This
three-phase behavior is characteristic for NP uptake and can be found for many particle types,

while the relative duration and the order of appearance of phases Il and Ill can vary [78, 79].

The trajectories of 310 nm silica NPs in a living cell are shown in Figure 2.7. Selected trajectories
of single silica NPs trafficking into and throughout a human cervix carcinoma cell (Hela) are
numbered and displayed as overlays (Figure 2.7A). The detailed movement of particle number 3
is depicted in Figure 2.7B. Its tracking lasted 5 min and started when the particle was about to be
internalized. During phase | (in cyan) the particle moved with slow diffusive drift and was finally
internalized via endocytosis. Thereafter, phasell and phaselll (traces in blue and red,

respectively) occurred in alternate orders.
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Figure 2.7 Trajectory of 310 nm single silica NPs during uptake by a cell. (A) Plasma membrane and
nuclear outlines of a Hela cell. Selected trajectories of silica NPs interacting with the cell were recorded
during 5 min. Particles 13, 16 and 22 are not localized inside the nucleus, as could be suggested by the
two-dimensional image, but rather are located above the nucleus. (B) Detailed tracked movement of
particle 3. The initial point of the NP is indicated by the arrow. During phase | (in cyan), the particle
attaches to the cell membrane and is slowly transported. Once the particle is inside the cell, phase Il and
phase Il can occur in alternate orders. In the present case, just after entering the cell, the NP inside an
endocytic vesicle undergoes a long-range active transport and is rapidly moved with motor proteins along
microtubules, characterizing a phase Ill (in red). Stop and go movements for binding and unbinding of
motor proteins to microtubules is also typical and can be seen between the red traces. Next, the NP enters
in phase Il (in blue) and moves mostly by anomalous and confined diffusion, as intracellular structures
hinder free diffusional movement.
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In addition to the detailed dynamics of internalization, the number of particles taken up by an
individual cell is of substantial toxicological interest. A novel method to quantify the uptake and

visualize the intracellular distribution of NPs, Particle_in_Cell-3D, is fully described in Chapter 4.

2.7 Cytotoxic potential of nanoparticles

NPs that enter the human body (see Section 2.2) may cause several cytotoxic responses,
including the enhanced expression of pro-inflammatory mediators [80], DNA strand breaks [81],
and the generation of reactive oxygen species [82]. The combinations of these cellular responses
following NP exposure are interesting. The association between oxidative stress and
inflammatory responses are widely described in the literature as leading to decreased cellular

function [83, 84], which is strongly connected to the onset of adverse health effects [85-87].

Substantial interferences of NPs with the subcellular metabolic pathways were shown to be
associated with the generation of radicals that induce damage on the protein, lipid or nucleic
acid level. The cellular response is the induction of apoptosis (programmed cell death) or

necrosis (dead of a cell by injury or other pathologic factors) [13, 88].

The fundamental understanding of the biological responses to NPs therefore requires a thorough
knowledge of NP-induced effects on cells. Yet, assessing and interpreting these effects
represents a complex task [14, 19]. Nevertheless, several common features and biological effects
of NPs have been recognized. Overall, the cytotoxic potential of NPs are related to the
physicochemical properties of particles (size, shape, material, surface charge, coating, etc.) and
are dependent on the assay and conditions used (e.g., biological medium, NP dose, exposure

time) as well as the cell type(s) employed [13, 14, 62, 63].

2.8 Conclusions

Taken together, the biological responses to NPs depend strongly on the NP particular
physicochemical properties and are influenced by the biological environment and conditions.
These factors combined determine the NP interactions with the biological barriers, the
mechanisms and the extent of uptake, together with their intracellular fate. In view of the large
variability of possible NP features that can be manufactured today, much work remains to be
done to fully elucidate and understand potential adverse cellular effects, particularly if they are
intended for the use in biomedical applications. Hence, the emerging science of nanotoxicology
and nanomedicine requires a thorough understanding of the physicochemical properties of NPs
combined with a profound knowledge of the molecular mechanisms of cells, which ultimately

trigger the biological responses.
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3 Quantitative live-cell imaging

3.1 Introduction

Fluorescence microscopy of live cells has become an essential method of modern cell and
molecular biology [89]. The strength of live-cell fluorescence imaging lies in the specificity with
which proteins, cellular structures and other objects of interest can be labeled, imaged and
guantitatively analyzed [90, 91]. In this thesis, highly sensitive live-cell imaging techniques
combined with quantitative image analysis provide powerful tools for studying interactions
between fluorescently labeled nanoparticles and single cells in great detail. This chapter provides
an introduction to key aspects of quantitative live-cell imaging. The following section summarizes
fundamentals in fluorescence. Next, fluorescence live-cell imaging is presented, with emphasis to
spinning disk confocal microscopy. Finally, the last section describes crucial aspects of

guantitative image analysis of biological systems like cells.

3.2 Principles of fluorescence

In fluorescence microscopy it is required that the objects of interest fluoresce. Fluorescence is
the emission of light occurring within nanoseconds after light absorption [89]. Molecules
featuring fluorescent properties (fluorophores) typically have some degree of conjugated double
bonds. Fluorophores often have ring structures with pi bonds resulting in outer orbital electrons
distributed over a relatively large area. In general, the energy needed to excite a molecule

decreases with the number of conjugated bonds [89, 92].

When light is absorbed by a fluorophore, the complete energy of an absorbed photon is
transferred to the molecule. The photon’s energy is inversely proportional to its wavelength.
When the absorbed photon has enough energy, it can excite an electron to a higher orbital
(higher energy level), and the atom or molecule is then said to be in an excited state. Excited
states tend to be relatively short-lived and eventually the molecule returns to its electronic
states of lower energy by losing its excess energy. Fluorophores returning to low-energy levels
may involve radiative transitions, such as fluorescence and phosphorescence, as well as
radiationless transitions, for example, internal conversion, vibrational relaxation, and

intersystem crossing (Figure 3.1) [89].

The absorbance and the emission spectra of a fluorophore are related to the magnitude of the

energy gaps needed to bring a molecule from one energy level to another. Since the range of
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3 QUANTITATIVE LIVE-CELL IMAGING

fluorescence emission starts from the lowest energy level of S,, this range is typically smaller
than the range of energies that can excite the same molecule. This means that the energy of
emitted photons is in average lower than the energy of the absorbed ones. The difference
between the exciting and emitting energies (and wavelengths) is known as Stokes shift. Stokes
shift plays a crucial role in fluorescence microscopy as it permits the spectral separation of
excitation and emission light [89]. For example, by means of dichroic mirrors, fluorescence
microscopes are designed to block specific excitation laser wavelengths, while the emission
signal from the specimen can reach the camera to form an image. Therefore, knowledge about
absorbance and emission spectra of fluorophores is an integral part of live-cell imaging, being

constantly used to achieve optimal exposure and detection conditions.
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Figure 3.1 Details of excitation and emission processes displayed in a Jablonski diagram. S, is the
electronic ground state. It represents the energy of a molecule not excited by light. S; and S, are excited
singlet states of the molecule in which an outer electron is promoted into an orbital of higher energy. Note
the typical duration of distinct energy states of a molecule during excitation and emission processes.
(A) The blue arrow on the left exemplifies the energy of a photon that is absorbed by the molecule,
causing a transition from Sy to S, within femtoseconds. (B) Once excited, the molecule can lose the
absorbed energy by a number of different pathways and return to S,. (C) Internal conversion (transition
between electron orbital states, such as S, to S;; red arrow) and vibrational relaxation (transfer of
fluorophore’s vibrational energy to nearby molecules; brown arrows) typically bring the molecule back to
the lowest vibrational energy level of S;. (D) The most likely final path back to the ground state in good
fluorophores is the spontaneous emission of a photon within nanoseconds (green arrow). The energy (and
wavelength) of the emitted photon will be in the range covered by the lowest vibrational state of S; and
one of the vibrational or rotational states of Sy,. The range of possible wavelengths this photon can have
results in the emission spectrum of the fluorophore. (E) Another path of energy loss occurs through a
forbidden transition from S; to overlapping triplet state vibrational energy levels, such as T,, present in
many molecules (intersystem crossing; gray arrow). (F) Further internal conversion can bring the molecule
to the lowest energy of T,. (G) Somay eventually be reached by triplet-state molecules without radiative
emission; however, in many cases photon emission known as phosphorescence occurs (orange arrow).
Since it depends on another unlikely forbidden transition, this process can take microseconds. Adapted
from Lichtman & Conchello [89].
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3.3 Live-cell imaging

Fluorescence microscope techniques provide powerful tools to investigate almost any cellular
process under the microscope [90]. Multicolor imaging is extensively used for the simultaneous
visualization of distinct cellular and subcellular components, as well as other materials of
interest, such as nanoparticles. This approach is possible due to the wide range of available
synthetic fluorophores, live cell imaging dyes, and fluorescent protein tags [89, 90, 93]. The main
experimental challenges in (multicolor) live-cell imaging are maintaining a physiological
environment for cells and minimizing photodamage, while extracting data with the most spatial
and temporal resolution possible [90, 94]. Wide-field, confocal scanning, and spinning disk
confocal microscopes are setups commonly applied in fluorescence microscopy of living

cells [93].

Wide-field microscopes offer excellent temporal resolution and submicrometer spatial resolution
for observation of dynamics in live cells. However, background fluorescence originating from out-
of-focus planes is not discriminated, resulting in a blurry image of 3D objects, such as cells and
tissues [95]. This problem was solved with the advent of confocal microscopy, in which out-of-
focus signal is effectively blocked by a pinhole positioned before the detector. This main feature
of confocal microscopes allows the construction of 3D images of thick specimens by means of
successions of thin optical sections acquired along the Z-direction [92, 95]. Nevertheless, laser
scanning microscopes suffer from very limited acquisition speeds, as the specimen is raster
scanned point by point by a single-beam laser light. The most certain approach to reduce
photodamage is to limit excitation light exposure as much as possible. One of the best solutions
for multicolor 3D live-cell imaging in real time is spinning disk confocal microscopy (SDCM).
SDCM is the most important high-resolution method for imaging intracellular dynamics [90]. It
combines the advantages of scanning confocal microscopy with high-performance real time

imaging and is especially appropriate to imaging for quantitative analysis [96].

In spinning disk confocal microscopy, two fast rotating disks with a large number of either
pinholes or microlenses are used to parallelizing confocal imaging [94]. Thus, as the disks rotate,
thousands of discrete points are simultaneously raster scanned over every location in the
specimen. Microlenses are used to guide and focus light onto perfectly aligned pinholes [92, 97].
The unique pinhole spiral pattern (Nipkow disk) provides homogeneous illumination and
increased light throughput. This results in a dramatic reduction of excitation light exposure when

compared to laser scanning and wide-field microscopes. Taken together, spinning disk
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microscopes are capable of multicolor 3D imaging of living cells with high resolution and minimal

specimen photodamage [97].
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Figure 3.2 Spinning disk confocal microscope setup. The intensity of the laser light of different
wavelengths (405, 488, 561, 639 nm) is controlled by an acousto-optic tunable filter (AOFT) device. Laser
light (purple line) is then guided through the spinning disk head and focused on living cells by the
microscope objective. Cells are kept under controlled physiological conditions. A fraction of the

fluorescence emission is collected by the objective to be measured by two electron multiplying charge-
coupled device (EMCCD) cameras. Before reaching the detectors, the emitted signal travels back the
optical path until being reflected by a dichroic mirror positioned between the disks. Next, the emission
beam is diveded into two image channels (red and green lines) according to the wavelength set by another
dichroic mirror. Fluorescence emission is split into two discrete wavelength bands that are transferred to
the respective cameras. This allows simultaneous two-color imaging. Further colors can be imaged by using
sequential illumination and the filter wheel. Additional filters help to eliminate cross-talk between
channels. Lenses and mirrors are used to regulate the light beams throughout the setup. Adapted from a
figure kindly provided Dr. Veronika WeilR.

Lateral resolution (r) in SDCM is essentially the same as in wide-field or confocal fluorescence
microscopy. It is given by r = 0.61*A/NA, where A is the wavelength of the excitation light and NA
is the numerical aperture of the objective [97]. Calculations of axial resolution in SDCM are
intricate and there is no simple equation to determine it. In addition to physical configurations of
the microscope (e.g., pinhole size and objective numerical aperture), axial resolution is also

influenced by a variety of specimen parameters, such as labeling patterns and sample thickness.
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As a general rule, axial resolution in SDCM approximates that of scanning confocal microscopes

and is typically three to four times larger than the lateral resolution [92, 96].

Recent developments in imaging have enhanced the resolution of light microscopes below the
diffraction limit [93]. The Nobel Prize in Chemistry 2014 was awarded for the development of
super-resolved fluorescence microscopy techniques. Stimulated emission depletion (STED)
microscopy [98], PALM (photo-activated localization microscopy) [99], and STORM (stochastic
optical reconstruction microscopy) [100] can currently achieve resolutions of about 20 nm.
These approaches can be applied to live cells; however, there are still limitations to overcome.
The most important ones are related to severe photodamage caused by high laser powers and

long exposure times commonly used in these techniques [101].

3.4 Quantitative image analysis

Quantitative image analysis is used to investigate many different questions about biological
specimens, including living cells. There has been a huge increase in the use of image analysis to

guantify fluorescence microscopy images [102, 103].

Image analysis is mostly performed on digital images. A digital image is formed when the optical
image of the specimen is recorded by a detector (normally a charge-coupled device camera). The
detector consists of a 2D grid of equally sized pixels. During image acquisition, photons detected
at each pixel are converted into intensity values that correlate with the number of collected
photons. This means that pixel intensity is related to the number of fluorophores in the
corresponding imaged region of the sample [92, 103]. Notably, the intensity values of digital
images do not only contain the signal of interest, but also background and noise. A common
source of background signal is out-of-focus fluorescence, which is significantly blocked in
confocal microscope setups, including SDCM. Poisson noise is intrinsic to photon detection and
cannot be eliminated. Noise originating from the detector (thermal and readout noise) can be
reduced to very low levels, as in modern electron multiplying charge-coupled device (EMCCD)
cameras [97, 103]. Optimizing live-cell imaging is very important to ensure accurate and

meaningful quantification measurements.

Important applications using live-cell imaging combined with quantitative approaches are
colocalization [104], fluorescence resonance energy transfer (FRET) [105], fluorescence recovery
after photobleaching (FRAP) [106], single-particle tracking [77], and quantitative measurements

of intensity information in different cellular compartments [103].
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Image analysis of biological microscopy data typically requires algorithms written as a series of
simple programming commands (e.g., macro or script). The algorithm thus defines a specific
sequence of operations that are consistently applied to a set of images [107]. Imagel is the most
popular multipurpose image-analysis tool [102, 107]. Many digital methods are available within
this software aimed at accomplishing various image-analysis tasks in many different areas of
biological research [102]. Analyses of biological image data normally share similar general goals
that will include one or more of the following procedures: segmentation of objects of interest;
reconstruction of image volumes from many overlapping parts; tracking objects across space and
time; and quantifying the local concentration of objects of interest [103, 107]. The subject of the
next chapter is Particle_in_Cell-3D, an Imagel digital method that executes a series of image
analysis commands for achieving: detection and segmentation of optical slices of single cells;
reconstruction of cell volumes in 3D; measurements of intracellular nanoparticles; and finally,

creation of a 3D color-coded image of nanoparticles and cells.
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4 Image analysis method ‘Particle_in_Cell-3D’

This chapter is based on the following publications:

Adriano A. Torrano, Julia Blechinger, Christian Osseforth, Christian Argyo, Armin Reller, Thomas Bein,
Jens Michaelis, and Christoph Brduchle;

“A fast analysis method to quantify nanoparticle uptake on a single cell level.”

Nanomedicine (Lond) 8, 1815-1828 (2013).

Adriano A. Torrano and Christoph Bréiuchle;

“Precise quantification of silica and ceria nanoparticle uptake revealed by 3D fluorescence
microscopy.”

Beilstein Journal of Nanotechnology 5, 1616-1624 (2014).

4.1 Introduction

Measuring the interaction between nanomaterials and cells is a mandatory step for the
investigation of nanoparticles (NPs) designed for medical treatment, and also for a correct risk
assessment of engineered NPs. In both cases, knowledge regarding the kinetics of particle
internalization reveals the dose as a function of time and allows the investigation of a variety of
parameters on which the uptake behavior might be dependent. Typical examples are NP
characteristics such as size, morphology, chemical composition, surface charge and
functionalization [13, 108, 109]. What all these investigations have in common, though, is the

need for a fast and accurate method to quantify nanoparticle uptake by cells.

In vitro cell culture experiments are well-known models to study the uptake of NPs into human
cells. Basically, a monolayer of cells is grown on the bottom of a chamber slide and NPs are

added to this culture to interact with the cells.

Fluorescence microscopy is commonly the method of choice to visualize this interaction because
it can be performed on live cells with high spatial and temporal resolutions. Finally, outcomes of
the uptake process are normally assessed via qualitative and semiquantitative analyses of

images.

The need for a method to rapidly quantify the absolute number of NPs internalized by cells led us
to the development of a highly innovative method that integrates high resolution confocal
microscopy with automatic image analysis. This method is called Particle_in_Cell-3D and is
described in detail in this chapter. In addition, Section 4.3.2 illustrates how Particle_in_Cell-3D

was successfully applied to measure the uptake of 80 nm mesoporous silica NPs into Hela cells,
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and Section 4.3.3 describes how it was used to precisely quantify the absolute number of 100 nm
polystyrene NPs forming agglomerates of up to five particles. Since its development,
Particle_in_Cell-3D has been extensively applied. Further applications of our method are

presented in Chapters 5, 7, 9 and 10.

This method was developed together with Dr. Julia Blechinger (Group of Prof. Dr. C. Brauchle;
LMU Munich). It is the result of a successful cooperation project involving the synthesis of
mesoporous silica NPs by Dr. Christian Argyo (Group of Prof. Dr. T. Bein; LMU Munich), the
synthesis of amorphous silica NPs by Dr. Rudolf Herrmann (Group of Prof. Dr. A. Reller and Group
of Prof. Dr. A. Wixforth; University of Augsburg), and stimulated emission depletion (STED)

microscopy by Dr. Christian Osseforth (Prof. Dr. J. Michaelis; University of Ulm).

4.2 The Particle_in_Cell-3D ImageJ macro

Particle_in_Cell-3D is a custom-made macro for the widely used ImageJ software [107] and can
be downloaded from the Image) Documentation Portal [6]. It is a semiautomatic image analysis
routine designed to quantify the cellular uptake of NPs by processing image stacks obtained by
two-color confocal fluorescence microscopy. One emission channel is reserved for the plasma
membrane and the other one for the NPs. This means that cell membrane and particles must be
fluorescently labeled with spectrally separable markers. The two image stacks acquired can then

be processed by Particle_in_Cell-3D.

Once the images are loaded, it will execute a series of ImageJ commands to accomplish its goals.
The initial part (files selection, input of analysis parameters and 3D reconstruction of the cell) are
user-assisted. After these preliminary steps, automatic processing takes place (Figure 4.1).
Particle_in_Cell-3D uses the image of the membrane to define two subcellular regions or
interest: intracellular volume and membrane region. Each particle (or agglomerate of particles) is

color-coded according to its location and quantified according to its fluorescence intensity.

A final analysis report delivers information about the position of each object, the number of NPs
forming that object, and its location in x,y,z coordinates. All input parameters, processed images,
and results are saved and can be accessed at any time. Furthermore, as a calibration experiment
is needed for measuring the fluorescent intensity of individual NPs, Particle_in_Cell-3D has a

routine to perform these measurements.
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4.2.1 Main features

The main advantages of this method are its speed, reliability and accuracy. The complete analysis
of one cell is performed in a few minutes. Moreover, the results are consistent, that is to say,
Particle_in_Cell-3D substitutes the subjective character of human-assisted image analysis by its

unbiased outcomes.

Image acquisition Results

Two-color confocal + Position and intensity of all particles

fluorescence microscopy

Cell Nanoparticles

User-assisted steps
» Background subtraction

h 4

+ No. of intracellular particles

+ No. of membrane-associated particles

+ Cell volume
+ Concentration of particles

+ Segmentation of cell Analysis

Input of parameters + Quantification

+ XY-scales + Position of particles
+ Z-scale * Pseudo coloring

« Width of membrane region
» Lower threshold (particles)
+ Mean intensity of a particle

* Analysis Report

Figure 4.1 Particle_in_Cell-3D processing overview. The first step is the acquisition of two confocal image
stacks representing (A) the cell membrane and (B) the respective image of nanoparticles. The 3D location
of an intracellular particle can be seen in the orthogonal views and is marked by the crossing yellow lines.
Next in processing are user-assisted steps and the input of analysis parameters. (C) The image of the cell is
transformed into a white mask in 3D that defines the membrane region and the intracellular volume. (D)
The cellular boundaries are then used to segment the image of the nanoparticles (yellow outline).
Quantitative image analysis takes place. The intensity of each object (particle or agglomerate) is compared
to the intensity of a single particle previously measured in a calibration procedure. (E) Nanoparticles are
color-coded according to the cellular region they belong to. In this example the cell membrane is shown in
cyan, the intracellular nanoparticles appear in red, and the membrane-associated nanoparticles in yellow.
(F) 3D representation of nanoparticle uptake after image analysis with Particle_in_Cell-3D. Intracellular
nanoparticles can be seen through the window intentionally open in the membrane region.
3D scale bars =5 um.

The cell segmentation strategy employed by Particle_in_Cell-3D includes the formation of a
three-dimensional membrane region. The width of this region is set by the user and defines an

enlarged transition region between extra- and intracellular spaces. This region is much wider
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than the real cell membrane. The accuracy of the cell segmentation strategy and the typical
thickness of the enlarged membrane region were studied by comparing the results achieved with
Particle_in_Cell-3D with quenching experiments (see Section 4.3.1). It was shown that the typical
width of the membrane region is about 1.4 pm and that our method is able to create a consistent

3D reconstruction of the cell.

As regards the accuracy, Particle_in_Cell-3D counting strategy is based on the fluorescence
intensity of the NPs. The mean intensity of a single NP, obtained via a calibration experiment, is
compared to the intensity of each object and determines the number of NPs forming it. This
approach was proved to be accurate by independent stimulated emission depletion (STED)

microscopy (see Section 4.3.3), a super-resolution technique [98, 101].

4.2.2 Comparison to other methods

Customary techniques performed for achieving the dosage of NPs taken up by cells include flow
cytometry, mass spectroscopy, electron and light microscopy [110-116]. Flow cytometry provides
sound statistics due to the large number of cells evaluated in a short time. Nevertheless, it does
not deliver spatial information about the position of NPs interacting with a cell, e.g., if they are
membrane-associated or intracellular particles. Mass spectroscopy offers very high sensitivity
but is a sample destructive technique, meaning that spatial information is not obtained.
Moreover, results are normally expressed in arbitrary units, and not in absolute numbers.
Electron microscopy allows achieving detailed information with very high spatial resolution, but
the price to pay is to work on fixed cells, with an elaborated sample preparation and time-

consuming measurements.

Light microscopy can be used on live cells to acquire loads of data relatively fast (see Chapter 3).
On the other hand, standard light microscopes such as confocal and wide-field instruments are
limited by diffraction. The resolution of light microscopes is not sufficient to resolve particles
smaller than approximately 200 nm and a direct quantification of NPs is not possible.
Complications to count NPs are further increased by their tendency to agglomerate in biological
medium [117]. Our digital method was designed to circumvent the abovementioned restrictions
of conventional light microscopy. It enables the absolute quantification of particles not by
overcoming the diffraction barrier, but by inferring particle numbers from the fluorescence
intensity of particles. Interestingly, because NPs are smaller than the resolving power for a
confocal microscope, quantification of NPs in absolute numbers was previously considered “not
achievable” by the scientific community (see, for example, Elsaesser et al. 2011 [114]).

Particle_in_Cell-3D proved that in fact it is achievable.
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4.2.3 Routine selection

Particle_in_Cell-3D is separated into five different routines. At the beginning of the digital
evaluation, the user is guided through easy-to-follow dialog boxes and is required to select one
routine to run and the image files to be analyzed. The first three routines are devoted to the
visualization and quantification of NPs in cell uptake experiments. They permit quantification
with increasing levels of accuracy: qualitative, to visualize the intracellular distribution of
particles; semiquantitative, to measure and compare the amount of particles in different cells or
regions based on particles’ fluorescence intensity; and quantitative, to count the absolute
number of particles internalized by a cell. The last two routines are aimed at the characterization
of nanoparticles, microparticles and agglomerates: calibration, to measure the mean intensity of

particles; and only particles, to count the absolute number of NPs in cell-free regions.

4.2.3.1 Routine 1: qualitative — to visualize the intracellular distribution of particles

In this qualitative routine the cell boundaries are used to define two cellular regions of interest:
the intracellular and the membrane region. Particles are classified and color-coded according to
their location (center of brightness). The cell and all NPs interacting with it can be visualized in an

intuitive 3D reconstructed image (Figure 4.2 & Figure 4.3).
Three-dimensional reconstruction of the cellular region of interest (ROI)

The spatial position of the cell volume is determined by processing the confocal stacks
representing the cellular membrane (Figure 4.2A). Particle_in_Cell-3D is designed for single-cell
and multiple-cell experiments. If more than one cell appears in the image, the user has the
possibility to select the target cell before the segmentation process takes place. Likewise, if a
single cell exists in the image, no preselection by the user has to be performed. The
segmentation starts by smoothing the image with a Gaussian filter and is followed by an
automatic threshold selection (for cases in which the automatic threshold is not satisfactory, the
user can set the threshold). Pixels above the threshold are used to convert the image stack of the
cell into a binary image — the mask of the cell membrane (Figure 4.2B). Next, the user is
requested to verify the image stack and enter the first and the last slices constraining the cell
along the Z-direction. Accordingly, the image stack of the cell is reduced to a substack. In the
following, two independent segmentation strategies — segmentation strategy 1 (S1) and
segmentation strategy 2 (S2) — are applied to allow evaluation of a variety of cell shapes. The
segmentation S1 uses the cell membrane position on the top plane of the stack as a seed. This
seed is used to track down the mask throughout the image stack. Slice after slice, the mask of the

fluorescent membrane is transformed into the mask of the whole cell volume by filling closed
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patterns with white pixels and clearing the outside of the patterns (Figure 4.2C). The
segmentation S2 uses basically the same processes as S1; slice after slice, the mask of the
fluorescent membrane becomes the mask of the whole cell volume. Furthermore, before filling
closed patterns with white pixels, the image of every individual slice is copied and then pasted
over the following slice. S2 is therefore more robust and was devised to be an option when the
delicate and more accurate strategy S1 fails. The user has the possibility to choose the
segmentation strategy that best represents the cellular boundaries in a particular experiment.
The outlines of the chosen strategy form the outer cellular region of interest (outer ROI;

Figure 4.2C).

Figure 4.2 Three-dimensional reconstruction of the cell and assighment of nanoparticles to different
regions. (A) Representative confocal cross-section image of a Hela cell plasma membrane stained with
CellMask. (B) The image of (A) is transformed into a white mask. (C) Further segmentation processes form
the final mask of the cell. (D) Afterwards, its outer border is shrunk to define the enlarged membrane
region (in red) and the region inside the cell (in white). The procedure occurs throughout the image stack,
leading to a 3D reconstruction of the system. (E) Membrane region outlines (in yellow) are used to
segment the image of the fluorescent particles. (F) Merged image with orthogonal views along the yellow
lines displaying the entire stack. The cell plasma membrane appears in magenta, while the membrane
region outlines are shown in yellow. Nanoparticles are assigned to two different regions: intracellular (in
green) and the membrane region (in cyan).
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In a subsequent step, the outer ROI is shrunk by a given distance set by the user (see
Section 4.2.4 ‘Input of analysis parameters’), generating the inner ROI. The distance between the
inner and the outer ROI defines the width (w) of the membrane region. This space can be used as
a threshold between extracellular and intracellular volumes. Hence, particles bound to the apical
membrane should appear in this region if an adequate value for w is set. The position and shape
of the membrane region depends directly on the appearance of the apical plasma membrane. It
means that experimental conditions, such as the choice of the membrane marker, labeling
protocol and cell type might influence the final geometry of the membrane region. An example
on how to estimate the extension of the membrane region is presented in Section 4.3.1. The
formation of a membrane region with an intracellular space by Particle_in_Cell-3D is shown in

Figure 4.2A-D.

The volume of the cell and of the subcellular regions are calculated in volumetric pixels (voxels)

and then converted to pm?® according to the preset XY- and Z-scales.

Figure 4.3 Transversal cut of a 3D image after evaluation of nanoparticle uptake with
Particle_in_Cell-3D. Cellular boundaries were reconstructed by the membrane region and are shown in
magenta. The analyzed nanoparticles are color-coded in green if intracellular and in cyan if membrane
associated; nanoparticles lying outside the cell volume are displayed in gray. The projection was created
with the ImageJ plugin 3D Viewer [118]. 3D scale bars =4 um.

Assignment of nanoparticles to different cellular regions

Particles are classified and color-coded according to their position with respect to the inner and
the outer ROI (Figure 4.2E). In order to do so, the spatial coordinates describing the center of
intensity of every single object are automatically measured and recorded by the Imagel plugin
3D Object Counter [104]. Particle_in_Cell-3D uses this information as input data. If the center of
intensity of an object is located inside the inner ROI, it is assigned as intracellular and color-
coded in green (the user can also set a different color). In addition, if it is positioned between the

inner and the outer ROI, it is classified as belonging to the membrane region and color-coded in
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cyan (Figure 4.2F). It is important to note that only objects above the lower threshold for
particles and within a preselected size range (in number of voxels) are analyzed (see

Section 4.2.4).

Finally, a text file is created containing a report documenting the input parameters and the

results. In addition, the main processed images and results tables are saved.

4.2.3.2 Routine 2: semiquantitative — to measure the fluorescence intensity of particles
All aspects of routine 1 are present in routine 2. Additionally, it is able to quantify the

fluorescence intensity of all intracellular and membrane-associated objects.
Fluorescence intensity-based approach for quantifying nanoparticles

The spatial coordinates of every single object (i.e., a single NP or a cluster of NPs) are specified by
its center of intensity. The total fluorescence of an object is digitally assessed by the sum of all
pixel intensities forming it. This parameter is named integrated density (IntDens; Equation 4.1).
During the image acquisition the photons that are collected at each pixel (e.g., by a charge-
coupled device) are converted into pixel intensities (PI). For example, each 16-bit pixel carries an
intensity value that ranges from 0 to 65,535 correlating to the number of fluorophores present in
the scanned volume [103]. Thus, we assume that the IntDens, which is the sum of all pixel
intensities in a region, is proportional to the amount of particles in that region, and we also
assume that the self-quenching of fluorescence in particle agglomerates is negligible.
Particle_in_Cell-3D thereby does not count individual NPs by simple counting of bright spots, but
accesses the number of NPs indirectly by integrating their fluorescence intensities. It is therefore
able to correctly estimate the quantity of particles, even if they are agglomerated. The
assumptions of negligible self-quenching and linear proportionality between the IntDens and the
number of particles were validated for NPs of 100 nm and agglomerates of up to five particles.
The accuracy of these results was proved by comparative experiments with super-resolution

microscopy (see Section 4.3.3).

The IntDens of an object i formed by V pixels is calculated as follows:

4
IntDens; = Z(Pl)k (Equation 4.1)

k=1

where each pixel is indexed by the letter k.

As mentioned above, the Imagel plugin 3D Object Counter [104] is employed by
Particle_in_Cell-3D to localize fluorescent objects in the image stack of the particles. In addition,

it delivers a results table containing all measured objects with their respective position. Our
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macro automatically and systematically uses this information in order to calculate the IntDens of

all objects.
Lower threshold & volume of nanoparticles

The lower threshold applied to particles is a key parameter for correct quantification. Objects are
selected for analysis based on this value, that is, only pixels with intensity values above the
threshold enter the calculation. In addition, the user is given the possibility to set the minimum
and maximum volume (number of voxels) of pixels to be considered as an object (see

Section 4.2.4).
Total fluorescence intensity of particles in a region

The total IntDens (TIntDens) of a region (R) — intracellular or membrane region —is defined as the

sum of the IntDens over all objects belonging to that region (Equation 4.2):

n

T'IntDens, = Z([ntDenSi)R (Equation 4.2)

i=1
where i indexes all objects from 1 to n.

TIntDens is therefore proportional to the number of particles in the region where it is calculated
and semiquantitative results can be achieved by comparing the TIntDens of different region or

cells.

4.2.3.3 Routine 3: quantitative — to count the absolute number of particles
Routine 3 includes all features presented in routines 1 and 2. It additionally permits the absolute

guantification of NP uptake at the single-cell level.
Particle number distribution in agglomerates

The calculation is straightforward and the number of particles forming an object i is given by:

_ IntDens,
" Mean IntDens

No

(Equation 4.3)

The mean IntDens of a single NP can be measured via routine 4 (see Section 4.2.3.4).
Absolute number of nanoparticles taken up by cells

The total number of intracellular particles is calculated by simple addition over all particles within
the inner ROI. The same consideration holds for the total number of membrane-associated
particles, but this time accounting for all particles located within the inner and the outer ROI. The

general equation can be written as follows:
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No_ P, = Z(NO_B)R (Equation 4.4)

i=1
where i indexes all objects from 1 to n in the cellular region R.
Concentration of nanoparticles

The concentration of particles within each region is obtained by dividing the number of particles

by the respective cellular volume (Equation 4.5):

=R (Equation 4.5)
VR

Concentration-based approaches can be useful for cases in which the volume ratio of the two

regions differs over time or within cells. Since the volume, the concentration and the number of

particles in each region are automatically saved in a report file, it is straightforward to calculate

new parameters based on the particle concentration.

4.2.3.4 Routine 4: calibration — to measure the mean intensity of single particles

Routine 4 is used to obtain the distribution of IntDens of all objects. This parameter is essential
for routines 3 and 5. From this data set one can derive the mean IntDens of a single NP. Objects
of interest are automatically selected in the image of the particles and added to the ImageJ ROI
Manager. One after the other, each selected object is measured. In the end, a report of results
shows the IntDens of all evaluated objects. However, analyzed objects are not only comprised of
single NPs but also of agglomerates. It is necessary to exclude agglomerates from the data set to
yield just the mean IntDens of individual NPs. This can be verified by other means, for example,
super-resolution microscopy. In this project we used STED microscopy to accomplish this task

(see Section 4.3.3).

4.2.3.5 Routine 5: only particles — to quantify particles in cell-free regions

Routine 5 was designed to characterize the concentration and agglomeration of particles in
control experiments without cells. This information is extremely relevant because the exposure
of NPs to cells in a monolayer culture may vary with time owing to sedimentation and diffusion
of particles in the cell medium [119]. The user is requested to define the 3D region of interest to
be analyzed. Next, if the mean IntDens is known, the total number of NPs, their concentration
and the particle number distribution are calculated within the selected region as defined by

Equations 4.3-4.5.
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4.2.4 Input of analysis parameters

The possibility of adapting the analysis parameters according to experimental conditions
increases the flexibility of Particle_in_Cell-3D. The following parameters have to be set by the

user during analysis and are saved in a final report.
XY-scale

This parameter is the image size of each pixel in real space. It corresponds to the magnification
calibration of the microscope system. The XY-scale has to be entered in nm per pixel. This value,
together with the Z-scale, is used to calculate the volume of the cell and the concentration of

particles.
Z-scale or interslice distance

The Z-scale is the depth of each volumetric pixel (voxel) in real space. It defines the distance
between two adjacent images in an image stack. This parameter is directly given by the interslice
distance that is set during acquisition in a confocal microscope. The units to be used are nm per
pixel. To avoid under- and over-sampling, images should be acquired following the Nyquist

criterion [92].
Width of the cell membrane region (w)

This parameter defines the distance w in pixels between the inner and the outer ROIl. It is
thereby equal to the width of the region between the intra- and the extra-cellular environments,
which is the membrane region (Figure 4.2D). The membrane region represents a transition space
every particle has to pass through to be internalized by a cell. One should keep in mind that the
membrane region is typically much wider than the actual membrane. Another point to be
considered is that the amount of membrane-associated NPs depends on how cells are exposed
to the particles and on how cells are treated prior to imaging. For example, NPs that were loosely

bound to the membrane may be removed during staining and washing steps.
Background to be subtracted

This parameter is used to correct for the background present in the image stack of the particles.
The entered value is subtracted from the intensity value of each pixel. If no subtraction is needed

(e.g., background was removed by another method), this parameter should be set to 0.
Lower threshold for nanoparticles

Only pixels with intensity values exceeding this threshold will be considered particles and thus

analyzed. When a correct threshold is set, the bright spots associated with the fluorescent
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objects form clusters of adjacent pixels and only these pixels are evaluated. This choice is
fundamental for the whole analysis process as it has major influence on the results. If the
threshold is set too low, artifacts such as background noise and cellular autofluorescence might
be counted as particles. On the other hand, if it is set too high, dimmer particles will not be
considered and agglomerates will be overestimated. In summary, the threshold must be set as
low as possible, but high enough to allow object segmentation. When absolute quantification is

intended, the lower threshold should be the same as the one used during calibration.
Minimum & maximum number of voxels

The volume of the objects under investigation (in number of voxels, after applying the lower
threshold) can be used to eliminate background noise and to avoid analyzing dimmer or brighter
objects. If absolute quantification is intended, these values should also be the same as the ones

used during calibration.

Threshold for segmenting the cell

This is the lower threshold value applied to segment the cell and define its position.
Mean IntDens of a single nanoparticle

This value characterizes the mean fluorescence intensity of individual NPs. It can be obtained
from the data set provided by running routine 4. The mean IntDens is not necessary in routines 1

and 2, but crucial to calculate the absolute number of NPs in routines 3 and 5.

4.3 Results & Discussion

4.3.1 Cell segmentation strategy

The 3D reconstruction of the cellular region of interest employed by Particle_in_Cell-3D includes
the formation of a membrane region, typically much wider than the actual plasma membrane.
The width of the cell membrane region (w) is a very important parameter (see Section 4.2.4). It
defines the thickness of the transition region between extracellular and intracellular space and is
freely set by the user. With the aim of validating the cell segmentation strategies S1 and S2 (see
Section 4.2.3.1) and identifying the magnitude of w, we analyzed the uptake of 80 nm
mesoporous silica nanoparticles labeled with Cy3 (MSN-Cy3) into Hela cells via the well-
established quenching method [78, 79]. This procedure is commonly applied to characterize the
kinetics of internalization of NPs functionalized with a quenchable dye (e.g., Cy3). Briefly, after
the intended incubation time, a cell membrane-impermeable dye (e.g., trypan blue) is added to

the cell culture while monitoring the NPs’ fluorescence by live-cell imaging. The dye quenches
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the fluorescence of the NPs that are in the extracellular space whereas intracellular NPs remain
fluorescent. By comparing images before and after quenching, the fraction of NPs taken up by
single cells can be calculated [78]. Here, the images before and after quenching of the MSN-Cy3
were processed by Particle_in_Cell-3D using different values for the width of the membrane
region. By comparing the images before and after quenching, we determined w = 1.4 um as the
most suitable value for our experiments. This was the smallest possible w in which intracellular
particles were never quenched and membrane-associated particles were either quenched or
remained fluorescent. Therefore, the 3D reconstruction of the cell performed by our method

succeeded to create an intracellular space and a transition region.

4.3.2 Fraction of nanoparticles internalized by single cells

In order to confirm the correctness of setting w equal to 1.4 um in the present set of
experiments, the uptake of 80 nm MSN-Cy3 into Hela cells was measured. The outcome was

compared with data obtained from quenching experiments conducted in parallel.

Hela cells were incubated with the mesoporous silica nanoparticles from 1 to 6 h. More than 70
cells were randomly selected, imaged with a confocal spinning disk microscope and then
analyzed via Particle_in_Cell-3D. The fraction of NPs taken up by single cells was assessed
similarly to quenching experiments; that is, the amount of internalized particles was divided by
the sum of intracellular and membrane-associated particles (as described below). The fraction of

internalized particles (FIP) was thus calculated by Equation 4.6:

P — TIntDens i picprrupar (Equation 4.6)

TIntDens rp cer o + TINtDeNs o me

and then plotted against time (Figure 4.4A). The values at specific time points after incubation
are shown as gray circles. We found that after 1:15 (h:min) approximately 25 % of the MSN-Cy3
were taken up by the cell, and 50 % was reached after 2:45. The internalization increased

constantly, reaching 92 % after 5:45 (Figure 4.4B).

In the following we compare the abovementioned results obtained by Particle_in_Cell-3D with
the outcome of independent quenching experiments (see Section 4.3.1). As described by
Equation 4.6, the fraction of internalized particles is given by the number of intracellular particles
(number of non-quenched particles detected after quenching) divided by the sum of intracellular
and membrane-associated particles (number of particles in contact with the cell detected before
guenching). We determined the uptake kinetics of the MSN-Cy3 by analyzing more than 50

individual Hela cells within a period of 6 h. Figure 4.4A (black squares) shows the fraction of
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internalized particles at different time points after incubation. Each data point represents an
individual cell. For a clearer insight into the behavior, the corresponding median values are
shown in Figure 4.4B as black squares. After approximately 3 h, 50 % of the NPs were taken up by

the cells.
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Figure 4.4 Fraction of Cy3-labeled mesoporous silica nanoparticles (MSN-Cy3) internalized by Hela cells
as analyzed by Particle_in_Cell-3D and by quenching experiments. (A) The fraction of nanoparticle (NP)
uptake of individual cells is plotted with respect to their incubation time. The heterogeneity is typical for
single-cell experiments. (B) For a better overview, the median values are presented.

The wide spread within the data of both experiments is typical for single-cell measurements and
represents the heterogeneity from cell to cell. Taking this heterogeneity into account, the data
sets obtained by quenching experiments and by our new analysis method correspond very well
and thereby proved that Particle_in_Cell-3D can be successfully applied to determine the

fraction of particles internalized by cells.

4.3.3 Accuracy of absolute quantification

Fluorescent polystyrene beads with a diameter of 100 nm (Red Fluospheres®, Life Technologies)
were dispersed on a cover slip (see Experimental Section 11.1.1). Image stacks in confocal mode
were recorded as described in Section 11.1.5. Routine 4 was used to measure the IntDens
(Equation 4.1) of the beads (Figure 4.5A & B). One stack with 321 objects was analyzed and the
values for the IntDens were plotted in a histogram (Figure 4.5C). A Gaussian fit was used to
calculate the intensity values of the first and second peaks. Interestingly, the IntDens
corresponding to the second peak (22,562 Pl) was approximately twice the value for the first
peak (11,360 PI). This is an indication that the first peak corresponded to single NPs while the
second peak consisted of dimers. To validate this assumption, the same image area was analyzed

in super-resolution STED mode [120] (see Experimental Section 11.1.5).
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The super-resolved STED image gives direct access to absolute quantification of previously
blurred NP agglomerates. Additionally, the biggest advantage of employing this particular super-
resolution technique is the possibility to readily analyze the same region in confocal and STED
mode. As shown in Figure 4.6, this allows for comparison between the data calculated by
Particle_in_Cell-3D and the actual numbers of NPs present in the imaged area without doing any

modification to the sample in between imaging in the two modes.

C

60
] First peak = 11,360 PI
50 - Second peak = 22,562 Pl

Objects (n)

0 10,000 20,000 30,000 40,000 50,000 60,000
IntDens (PI)

Figure 4.5 Calibration experiment. (A) Subregion of a confocal image stack of fluorescent 100 nm
polystyrene nanoparticles. (B) Z-projection of (A) followed by threshold and automatic segmentation of
objects. (C) IntDens measured for all segmented objects of one stack. The mean IntDens corresponds to
the IntDens of the first peak, 11,360 Pl (Gaussian fit not shown). The second peak has roughly twice the
value of the first one; a good indication that the first peak value characterizes single nanoparticles, while
the second peak characterizes dimers. This indication was confirmed by super-resolution stimulated
emission depletion measurements. IntDens: Integrated density; Pl: Pixel intensity.

The resolution of our setup [120] was sufficient to resolve individual NPs. Bead size in STED mode
was measured to be 98 £+ 5 nm (n =10) in good agreement to the actual diameter of 100 nm
[121]. Even two beads lying side-by-side in direct contact were resolved as individual beads
(Figure 4.7). By comparing the super-resolved image to the results of Particle_in_Cell-3D, the first
peak in the histogram of Figure 4.5 could be identified to be comprised of single NPs. The mean
IntDens of a single NP was therefore 11,360 PI. With this value at hand we analyzed independent
regions and compared the data of our macro with the number of NPs detected via STED
microscopy. In total 615 objects were analyzed and the results were in good agreement up to
agglomerates of five NPs (Figure 4.8). For higher numbers of NPs per object it was difficult to
achieve good statistics because most NPs were monodispersed in our images. In summary, the
intensity-based approach of Particle_in_Cell-3D is able to correctly quantify 100 nm NPs in

absolute numbers, from single NPs up to, at least, agglomerates of five NPs.
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CONFOCAL

Figure 4.6 Quantification of 100 nm fluorescent nanoparticles via the fluorescence intensity-based
method Particle_in_Cell-3D in comparison with super-resolution stimulated emission depletion
microscopy. (A) Representative region in which three objects were analyzed by Particle_in_Cell-3D
(numbers in blue, confocal micrograph). STED microscopy can clearly resolve the two objects formed by
two nanoparticles (NPs) and one formed by three NPs (numbers in yellow, STED micrograph). (B) Another
representative region in which four single NPs, a dimer and one cluster formed by five NPs were quantified
by our fluorescence intensity-based method and STED. The results show that Particle_in_Cell-3D
accurately counted the number of either single or agglomerated NPs.
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Figure 4.7 Individual nanoparticles can be resolved with stimulated emission depletion microscopy.
(A) Stimulated emission depletion image of 100 nm fluorescent NPs. Using the stimulated emission
depletion technique, individual NPs can be resolved even when they are in direct contact. An example is
marked by the yellow line. (B) The cross-section marked in (A) shows that even neighboring NPs can be
resolved. A dual Gaussian fit is applied to fit the intensity profile, yielding a separation of the two NP
centers of 103 nm (red line).
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in_Cell-3D
(9]

NPs per object counted by Particle
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Figure 4.8 Performance of the Particle_in_Cell-3D macro compared with stimulated emission depletion
analysis. The calculated number of 100 nm NPs in an object agrees well with the actual number as
determined with STED analysis. Two 30 x 30-um stacks were analyzed, resulting in 615 objects. A total of
443 objects were composed of one NP, 100 objects of two NPs, 43 objects of three NPs, 25 objects of four
NPs and four objects were made up of five NPs, as determined by super-resolution imaging. Error bars
extend up to 1.5-times the interquartile range; points represent outliers.

4.4 Conclusions

Particle_in_Cell-3D is able to analyze the uptake of NPs by single cells from dual-color confocal
images in a semiautomatic way. The cell is reconstructed in 3D and two distinct spaces are
automatically defined: intracellular and the membrane region. Furthermore, nanoparticles can
be visualized in great detail, as they are color-coded according to their position with respect to
the cell. The processed images, input parameters and results are all saved and can be accessed at

any time.

As shown by comparative investigation of the fraction of internalized 80 nm mesoporous silica
NPs, results obtained by employing Particle_in_Cell-3D were in good agreement with those
assessed by quenching experiments. Advantages over quenching experiments include the
reduced need of material and the throughput of analysis. Furthermore, evaluation by the macro

provides the possibility to measure several cells per experiment.

Particle_in_Cell-3D is fast and accurate. For NPs of approximately 100 nm, single or forming
agglomerates of up to five NPs, it permits a rapid counting of large numbers of nanoparticles that
are correctly quantified even when agglomerated. These results have been proved by

comparison with STED microscopy, a super-resolution technique. The resolution of the STED
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setup used was able to resolve individual 100 nm beads even when in direct contact with

neighboring beads.

Particle_in_Cell-3D overcomes some drawbacks of commonly applied methods such as mass
spectroscopy, flow cytometry, electron microscopy and single-cell quenching experiments,

offering new possibilities to characterize nanoparticle-cell interactions.
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5 Cell type-dependent uptake kinetics and cytotoxicity of

silica nanoparticles

This chapter is based on the following publication:

Julia Blechinger, Alexander T. Bauer, Adriano A. Torrano, Christian Gorzelanny, Christoph Bréuchle,
and Stefan W. Schneider;

“Uptake kinetics and nanotoxicity of silica nanoparticles are cell type dependent.”
Small 9, 3970-3980 (2013).

5.1 Introduction

Synthetic amorphous silicas are used in a variety of products such as cosmetics, pharmaceuticals
and food due to their inert nature. In 2002, the annual estimated production of synthetic
amorphous silicas and silicates in a size range between one and several um was about 5.0 x 10°
tons. The toxicity of these particles has been evaluated in various studies and they are classified
as harmless [122, 123]. However, throughout the last decade the spectrum of synthesized silica
species has been enlarged to even smaller sized particles. Nanoscaled silica particles have found
application in food and beverages (table salt, seasonings, dry foods and supplements), cleaning
products, cosmetics, water repellent nano-coating for textiles, and sporting goods [1, 124]. They
have also been applied in nanomedicine and biotechnological fields, such as biosensors,
biomarkers and drug delivery systems (see Chapter 9) [125, 126]. Inhalation, skin contact or
ingestion of silica NPs are possible entry routes into the human body (see Section 2.2). Silica NPs
that succeed in penetrating across the natural barriers of the lungs, skin or gastrointestinal tract
will reach the circulatory system, where they can interact with endothelial cells and disturb their
normal activity (see Section 2.4). A considerable number of in vitro studies concerning the
cytotoxicity of silica NPs have been published throughout the last years. Several studies show
that an increased toxicity can be found for increasing doses, exposure times, or decreasing
particle sizes [124, 127-129]. For example, a decreasing cytotoxic response with increasing silica
nanoparticle sizes (14—335 nm) was found for EA.hy926 cells [128]. Another study reported a
size-independent cytotoxic effect on human cells derived from bronchoalveolar carcinoma cells
for 15 nm and 46 nm silica NPs [127]. In addition, 10 nm and 30 nm silica NPs inhibited stem cell
differentiation of mouse embryonic cells whereas 80 nm and 400 nm particles had no such effect
[130]. Nevertheless, most of the studies are not comparable as they have been carried out
applying a variety of different NPs and cell types, and it is therefore not possible to draw general

conclusions about the underlying mechanisms of nanotoxicity.
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The aim of this study was to investigate the impact of silica NPs on human umbilical vein
endothelial cells (HUVEC) in comparison to a standard cancer cell line derived from the cervix
carcinoma (Hela). We quantified and characterized the uptake of 310 nm silica NPs into HUVEC
and Hela cells. The localization of the NPs was imaged by atomic force microscopy (AFM) and by
spinning disk confocal fluorescence microscopy. In order to assess the absolute number of NPs in
contact with the cells, fluorescence images were evaluated with Particle_in_Cell-3D (see
Chapter 4). Normally, in this type of in vitro experiments, a monolayer of cells grows adhered to
the bottom of a culture well, and nanoparticles are added to the cell medium. NPs diffuse and
sediment in the media in a very dynamic way. For this reason, the number of NPs in contact with
the cells can significantly deviate from the amount of NPs added to the cell culture [119, 131]. So
as to investigate if uptake results were influenced by strong agglomeration followed by
deposition of particles, we measured the hydrodynamic diameter of the particles under the very
same particle preparation conditions applied for live-cell imaging experiments. Additionally, we
measured the metabolic activity (MTT assay) and the membrane integrity (LDH assay) of the cells
to compare the cell type-dependent cytotoxicity of the silica NPs. Finally, flow cytometry was

used to quantify nanoparticle-induced cell death.

Silica NPs were synthesized by Dr. Rudolf Herrmann (Group of Prof. Dr. A. Reller and Group of
Prof. Dr. A. Wixforth; University of Augsburg). The atomic force microscopy measurements and
the cytotoxicity assays of silica NPs were performed by Dr. Alexander T. Bauer and by Dr.
Christian Gorzelanny (Group of Prof. Dr. S. W. Schneider; University of Heidelberg). The cellular
uptake of silica NPs was investigated together with Dr. Julia Blechinger (Group of Prof. Dr. C.

Brduchle; LMU Munich).

5.2 Results & Discussion

5.2.1 Characterization of silica nanoparticles

For the purpose of this study, perylene-labeled (Si0,-310-P) and unlabeled (SiO,-304) silica NP
species were synthesized [132, 133]. From preceding experiments investigating the labeling
efficiency, we estimated that the perylene covers only about 0.16 % of the particles surface. Due
to this very low surface coverage, the perylene should not influence the interactions between
cells and particles. By comparing cytotoxicity measurements of labeled silica NPs to experiments
with unlabeled particles, we were able to unravel the mechanism of NP uptake applying
fluorescence-based techniques, while additionally ensuring that the label did not influence the

NP-cell interactions.
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Particle sizes were determined by transmission electron microscopy (TEM) showing NP diameters
of 310 nm = 37 nm (Si0,-310-P) and 304 nm £ 16 nm (Si0,-304), thus the particles are within the
same size range (Table 5.1). The hydrodynamic diameter and the agglomeration behavior of the
particles over time were assessed by measuring the sizes in water and in cell medium by dynamic
light scattering (DLS) measurements. For measurements of small particles in cell medium, the
same incubation times used for NP uptake analyses were selected. Table 5.1 shows that the
mean size of the particles in water was 450 nm. The mean particle diameter increased up to
values within 550 nm and 650 nm for all analyzed time points. The zeta potential of both NP
types was determined in cell medium, showing values of —-14.1 mV + 1.5 mV (SiO,-310-P) and

-17.1 mV £ 1.3 mV (SiO,-304).

Table 5.1 Physical characterization of silica nanoparticles used in this study.

Particle Zeta Primary Size in cell medium® after specific time points [nm]°
potential  particle size oRd 1h oh 3h ah 10h >4 h
[mV] [nm]”
Si0,-310-P -14.1 310 450 551 558 633 650 605 614
Si0,-304 -17.1 304 n.d.?

a) Particle diameter measured by transmission electron microscopy; b) Supplemented with 10 % fetal
bovine serum; c) Hydrodynamic diameter determined by dynamic light scattering measurements;
d) Size in H,0; e) Not determined.

For the quantitative evaluation carried out in this study, it was necessary to assess the mean
fluorescence intensity of a single NP. The latter was determined by spinning disk microscopy in
combination with the Particle_in_Cell-3D calibration routine (see Section 4.2.3.4). The intensities
of Si0,-310-P showed a Gaussian distribution with a mean value of 48,090 counts per NP for
Hela cells and 49,430 counts per NP for HUVEC (Figure 5.1). Minor differences in intensity

probably arise from the different cell media used for HUVEC and Hela cells.

5.2.2 Quantification of silica nanoparticle uptake by cells

First of all, the deposition of NPs on the cell membrane was analyzed by fluorescence microscopy
combined with atomic force microscopy (AFM) at different time points upon stimulation with
NPs [134]. AFM images, as shown in Figure 5.2, display the cellular destination of silica particles
after exposure to the different cell types. The results show that labeled NPs adhered to the
HUVEC cell membrane after 2 h (Figure 5.2A, red dots). In the following, small humps on the cell
surface indicate that the silica particles entered the cells within 24 h of incubation (Figure 5.2B,

red dots). After NP incubation of Hela cells for 2 h, all analyzed particles were located on the cell
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membrane (Figure 5.2C, red dots). In contrast to endothelial cells, NPs were still found in strong

association to the cell membrane after an exposure of 24 h, indicative for a distinct cellular

destination and transport compared to the primary endothelial cells (Figure 5.2D, red dots).
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Figure 5.1 Fluorescence intensity distribution of individual silica nanoparticles. Gaussian distribution of
the integrated density (IntDens) with mean values for (A) HUVEC: 49,430 Pl and (B) Hela: 48,090 PI per

nanoparticle. Pl: Pixel intensity.

Figure 5.2 Distinct cellular uptake of nanoparticles in HUVEC and Hela cells. Three-dimensional atomic
force microscopy (AFM) was combined with fluorescence microscopy. (A) Nanoparticles (NPs) were visible
on the cell membrane outside HUVEC cells after exposure of 2 h. (B) 24 h after incubation with NPs, the
surface of the cells is characterized by homogeneous distribution of only small humps, indicating
intracellular localization of NPs. By contrast, NPs were found on the cell membrane of Hela cells after
(C) 2 h and (D) 24 h of incubation, demonstrating a distinct cellular destination and transport compared to
HUVEC. Scale bars =5 um.
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In order to elucidate if the observed effects are reflected by different uptake kinetics of
Si0,-310-P, living cells were incubated with the NPs for varying time periods from 1 up to 24 h.
The cell membrane was stained and stacks of confocal cross-sections of individual living cells
were acquired by highly sensitive spinning disk confocal microscopy. Figure 5.3 shows
representative images for both cell types with incubation times of 1, 4, 10, and 24 h. The images
depict three-dimensional reconstructions of confocal images after evaluation with
Particle_in_Cell-3D. With this method, we were able to localize and quantify NPs in contact with
single cells. The image reveals that NPs (green) are localized within the cellular boundaries
showing their uptake into the cell. Additional NPs (yellow) are present in the cell membrane
region. The NPs were distributed more or less regularly throughout the cell for both cell types
during the first 3 h. For longer incubation times, a distinct subcellular particle localization in the
perinuclear region was observed, indicating that intracellular transport of these NPs takes place

on longer time scales.

HUVEC-1h

HUVEC-4 h

HUVEC-10h

HUVEC-24 h

Figure 5.3 Representative three-dimensional reconstruction of nanoparticle uptake by single cells. Live-
cell imaging was used to acquire dual-color fluorescent confocal images (one of the stained plasma
membrane and the other of the labeled silica nanoparticles) with high temporal and spatial resolutions.
Each pair of images was analyzed by Particle_in_Cell-3D (see Chapter 4). The magenta region corresponds
to the cell membrane region, i.e., the space between the intra- and the extracellular environments.
Intracellular nanoparticles are color-coded in green and particles associated to the plasma membrane
appear in yellow. The increasing number of incorporated nanoparticles with increasing time is clearly
visible for both cell types, being more pronounced for Hela cells, as described by the quantitative results
of more than 360 single cells illustrated in Figure 5.4.
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The amount of NPs present in the cytoplasm varies considerably from cell to cell. Around 30 cells
of each cell type were analyzed per time point for incubation times of 1, 2, 3, 4, 10, and 24 h
applying the same controlled conditions. This means that more than 180 cells were investigated
per cell type, in total. The mean numbers of NPs inside individual HUVEC and Hela cells for each
time point are shown as a histogram in Figure 5.4. Both cell types show a time-dependent
increase for the number of intracellular NPs. It is remarkable that HUVEC cells internalized much
more of the provided NPs than Hela cells within the first 4 h. After 4 h, only 20 NPs on average
were taken up into the cellular boundaries of Hela cells, whereas HUVEC incorporated an
average number of 113 NPs in the same period. It is even more interesting how the situation was
completely changed after an incubation time of 10 h, when the mean number of intracellular
particles for Hela cells significantly exceeded the amount of NPs inside HUVEC cells. These
differences are most likely caused by cellular characteristics, as each cell type has an individual
surface property and cellular morphology [58, 135]. Furthermore, each cell type shows a distinct
metabolic activity [136]. These parameters strongly influence NP-cell interactions and, therefore,
the NPs uptake behavior. Interestingly, the cell cycle can also influence the cellular uptake
behavior, as was shown recently [137]. Since during our experiments cells were not synchronized
and randomly selected to be measured, we presented a mean value of particle uptake

representing cells in all mitotic states.
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Figure 5.4 Uptake kinetics of SiO,-310-P nanoparticles in HUVEC and Hela cells. Within the first 4 h the
mean number of internalized nanoparticles increases almost linearly for both cell types, reaching an
average number of 113 nanoparticles for HUVEC (gray columns) and only 20 particles for Hela cells (black
columns). Interestingly, after 10 h, the situation is reversed and a larger number of nanoparticles are
internalized by Hela than by HUVEC cells. Finally, after 24 h, the mean value of intracellular particles for
Hela cells is 570, whereas for HUVEC cells it is 256. Results are statistically different (* p < 0.05) for time
points 1 and 24 h and highly statistically different (** p <0.01) for all other incubation times. The
histograms depict the mean * standard error of at least three independent experiments (n = 28-32).
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5.2.3 Cytotoxicity of silica nanoparticles

We analyzed the cytotoxic response of both HUVEC and Hela cells to silica NPs by investigating
the mitochondrial activity (MTT assay), the membrane leakage (LDH assay) and cell death. To
ensure that the perylene molecules labeling Si0,-310-P do not influence the results, we

additionally investigated the cytotoxic response to similar unlabeled particles (SiO,-304).
Dose-dependent cytotoxicity of silica nanoparticles

HUVEC and Hela cells were exposed for 24 h to the following SiO,-310-P and SiO,-304 particle
concentrations: 1.0 x 10% 1.5 x 10% 3.0 x 10% and 6.0 x 10* NPs per cell.

As shown in Figure 5.5, mitochondrial activity decreased significantly as a function of dosage
levels in HUVEC (Figure 5.5A). When compared to control (dashed line), the metabolic activity
was not significantly changed after exposure to 1.0 x 10° NPs per cell for 24 h. In contrast,
mitochondrial activity was reduced by more than 35 % upon incubation with nanoparticles at
concentrations of 1.5 x 10* NPs per cell and further decreased gradually at doses of 3.0 x 10* NPs
per cell and 6.0 x 10* NPs per cell after exposure for 24 h. Interestingly, this effect strongly
correlated with an elevated LDH release due to membrane leakage, and is therefore indicative

for a reduced cell viability (Figure 5.5B).

Based on the dose-effect studies, a concentration of 1.0 x 10° NPs per cell showed a slight
reduction of 10 % for the MTT value in Hela cells (Figure 5.5C). A dosage of 1.5 x 10* NPs per cell
resulted in a reduced mitochondrial activity by more than 30 %, comparable to the results in
HUVEC, whereas a higher concentration of silica particles induced no enhanced effects on
metabolic activity. Moreover, the cells showed no signs of membrane damage in all particle
concentrations if compared to the control group (Figure 5.5D). Therefore, MTT and LDH assays

revealed a different extent of NP-induced cytotoxicity in HUVEC versus Hela cells.

The differences in cytotoxicity caused by the nanoparticles may arise from deviations in
metabolism and cell proliferation in both cell types [136]. In this context, it has been shown that
ultrafine silica particles influence cell viability of human endothelial cells [128]. Others reported
that fibroblasts are more susceptible for cytotoxic effects due to silica NPs compared to tumor
cells [136]. It is interesting to see that initially (up to at least 4 h) HUVEC cells take up the
Si0,-310-P particles more efficiently than Hela cells (Figure 5.3 & Figure 5.4) and that this
situation is completely reversed after an exposure of 10 h. A correlation between silica NP
uptake behavior and cytotoxic effects has been observed comparing macrophages and cancer
epithelial cells. Here macrophages showed 10-15 times more particles interacting with the cells,

and this was reflected in the level of cell membrane damage [138].
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Figure 5.5 Nanoparticle-induced cytotoxicity in HUVEC and Hela cells. Cytotoxic effects of unlabeled silica
nanoparticles (Si0,-304) and perylene-labeled silica nanoparticles (SiO,-310-P) on HUVEC and Hela cells
were analyzed by MTT and LDH measurements. Quantitative analysis revealed a strong correlation
between (A) reduced metabolic activity and (B) membrane damage followed by LDH release in HUVEC.
(C) Mitochondrial activity in Hela cells decreased within the first 24 h of exposure (D) without showing
altered membrane leakage compared to the control (dashed line). Particles with modified surface
(Si0,-310-P) showed no different toxicity compared to the unlabeled controls (SiO,-304). Data represent
mean + standard deviation from three independent experiments (n =6-9) or with pooled triplicates
(* p<0.05).

Influence of the perylene-surface functionalization on the toxicity of silica nanoparticles

To analyze cellular uptake and subcellular localization in different cell types, perylene-labeled
silica NPs were used. As the toxicity of nanomaterials may depend on factors such as chemical
composition and surface (see Section 2.7), we compared cytotoxic effects of unlabeled (SiO,-304)
and fluorescence-labeled (SiO,-310-P) nanoparticles. In our case, the MTT (Figure 5.5A & C) and
LDH data (Figure 5.5B & D) were not significantly different. Therefore, we concluded that the
surface functionalized with perylene does not affect cytotoxicity of the used NPs neither in
HUVEC nor in Hela cells. These results are in line with a previous publication showing no

difference of NPs labeled with perylene compared with blank NPs in regard to cytotoxicity [134].
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Silica nanoparticle-induced cell death

To gain further insights into cytotoxicity caused by silica NPs, cell death was quantified by flow
cytometric analysis after DNA staining with propidium iodide (Figure 5.6). Quantification of
fluorescence allows distinguishing between living and dead cells, as cell death correlates with the
exclusion of parts of the labeled DNA. As the labeling of the silica NPs with perylene may
interfere with the propidium iodide used in this assay, nanoparticle-induced cell death was
quantified after exposure to the unlabeled SiO,-304. In line with our MTT and LDH results, the
rate of viable cells in HUVEC after exposure to 3.0 x 10* NPs per cell for 24 h was significantly
reduced to 25.9 % compared to the untreated control group. The amount of living endothelial
cells treated with 6.0 x 10* NPs per cell further decreased to 18.3 % (Figure 5.6A & B). In contrast
to HUVEC, Si0,-304 showed no effect on the viability of Hela cells neither after incubation with a
concentration of 3.0 x 10* NPs per cell nor with 6.0x 10* NPs per cell (Figure 5.6C & D).
Quantitative analysis revealed a relative viability of 1.01 for exposure to 3.0 x 10* NPs per cell
and 0.95 after incubation with 6.0 x 10* NPs per cell (Figure 5.6D). These findings are in
accordance with LDH assays showing no differences in membrane leakage compared to control
(Figure 5.5D). Thus, treatment with silica NPs with a diameter of 304 nm is associated with cell
death of HUVEC, whereas an effect on the viability of Hela cells can be excluded. These results
are in agreement with those obtained from an earlier report, where a reduction of viability was
observed in different cell types after incubation with amorphous silica [136]. By contrast,
nanoparticles caused less cytotoxicity in different tumor cell lines in the same study. Silica
nanoparticles-induced cell death has been also reported for different cell types [139]. In this
context, it has been shown that the cytotoxicity of silica NPs induces necrotic processes in HUVEC

and not apoptosis [134].
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Figure 5.6 Silica nanoparticles-induced cell death in HUVEC and Hela cells. HUVEC and Hela cells were
exposed to silica nanoparticles (NPs) with a diameter of 304 nm at concentrations of 3.0 x 10* NPs per cell
and 6.0x10* NPs per cell for 24h. Cell viability was assessed by propidium iodide staining.
(A) Fluorescence-activated cell sorting (FACS) analysis and (B) quantitative analysis showed a significantly
reduced cell viability of HUVEC after exposure to nanoparticles. (C-D) In contrast, HelLa cells showed no
signs of cell death neither after exposure to 3.0 x 10* NPs per cell or after 6.0 x 10* NPs per cell. Results
represent the means of two independent experiments (n = 2-5) and error bars represent the standard
deviation (* p < 0.05). PE-A: fluorescence intensity in the PE (phycoerythrin) channel.

5.3 Conclusions

In summary, the current study clearly indicates that the cytotoxic impact as well as the uptake
kinetics of 310 nm silica NPs are cell type dependent. We showed that, within 4 h of interaction
NP-cell, the intracellular accumulation of silica NPs was up to 10 times higher for HUVEC than for
Hela cells. At this point, the uptake behavior followed another trend: between 4 and 10 h, the
mean number of intracellular particles increased more than 20 times for Hela cells, whereas the
same parameter was kept almost constant for HUVEC cells. Interestingly, the differences in
numbers of NPs taken up by the cells are not directly reflected in the cytotoxic response of
HUVEC and Hela cells to the NPs. While mitochondrial activity and membrane leakage were
affected for the endothelial cells, silica particles induced no alterations in the membrane

permeability of the tumor cells. As the number of intracellular particles after 24 h is twice as
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large for Hela cells, it can be concluded that the absolute doses of intracellular particles is not
responsible for the different level of nanotoxicity observed between HUVEC and Hela cells. With
these experiments, we were also able to show that the surface functionalization of the silica NPs
with perylene did not introduce an artificial effect altering the NP-cell interactions. Flow
cytometric analyses demonstrated nanoparticle-induced cell death in HUVEC, whereas the
viability of Hela cells was unaffected. Our results clearly show that cytotoxic effects of NPs
cannot be generalized and transferred from one cell type to another. This was also shown for a
variety of other nanoparticle and cell types. In the current state of knowledge about
nanotoxicity, it is inevitable to assess the data for each cell type of interest experimentally.
Therefore, in order to predict the potential toxicity effects of NPs on humans, it is important to
analyze cells with physiological relevance, such as endothelial cells, and to compare the

interactions of defined NPs with different human cell types.

51



6 Effects of the physicochemical properties on the

cytotoxicity of sunscreen titania nanoparticles

This chapter is based on the following publication:

Claudia Strobel, Adriano A. Torrano, Rudolf Herrmann, Marcelina Malissek, Christoph Bréuchle, Armin
Reller, Lennart Treuel, and Ingrid Hilger;

“Effects of the physicochemical properties of titanium dioxide nanoparticles, commonly used as sun
protection agents, on microvascular endothelial cells.”

Journal of Nanoparticle Research 16, 2130 (2014).

6.1 Introduction

Titania (TiO,) nanoparticles are widely used in everyday items, like paints, glues, cosmetics, and
personal care products [1]. A major application is found in sunscreens, where the enhanced
properties of nanoscaled titania particles are used to protect the skin against the harmful effects
of UV solar light. With regard to the application of personal care products, the human skin works
as an effective biological barrier against external threat, and sunscreen nanoparticles (NPs)
cannot penetrate deeper than a few microns, or layers of skin cells [140]. It follows that NPs
deposited on the skin are normally washed away or removed by friction forces (air, water,
clothes, etc.). Nevertheless, there are two possible ways by which sunscreen titania NPs might

harm our health: photodamage to skin cells, and NP access to the blood system.

In the first case, so as to mitigate the photodamage to skin cells, an alumina, silica, or organic
coating is applied to titania NPs. The coating is able to suppress the photocatalytic activity of
titania NPs that otherwise would generate undesired free radicals in skin [140]. Titania absorbs
about 70 % of incident UV light, and the single electrons produced in this process are
translocated to the particle surface [141]. If there is no coating, single electrons can react with
oxygen, hydroxyl ions, or water to generate superoxide and hydroxyl radicals and thus initiate
oxidative stress in skin cells. However, the photocatalytic activity of coated titania NPs is reduced
to safe levels because the coating captures this radical formation. For that reason, basically only

coated titania NPs are applied as raw materials for sunscreens [141, 142].

In the second case, penetration of NPs through the skin with subsequent access to the blood
vessel system could occur in areas of injured skin (wounds, lesions, and skin disease), especially
via hair follicles penetration (see Section 2.2.2). Once in the circulatory system, NPs can interact

with endothelial cells and disturb their normal activity (see Section 2.4).
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Nowadays, a large number of different titania NPs are commercially available. They may differ in
size, shape, crystalline structure (anatase or rutile), but also in their surface properties (e.g.,
coating), agglomeration, and sedimentation behavior [143, 144]. With respect to the crystalline
structures, anatase and rutile polymorphic forms of titania differ in the lattice constants, mobility
of charge carriers, width of the optical band gap, and photoactivity [145, 146]. To date, there
have been hardly any studies that systematically evaluated the impact of titania NPs on cells in
dependence on particles’ physicochemical properties. Moreover, the majority of studies
addressing the effects of titania NPs on cells deal with uncoated NPs (irrelevant for use in
sunscreens), or with NPs that were insufficiently characterized (e.g., no coating mentioned or no
indication of titania crystalline form) [147-151]. On the whole, the potential effects of coated

titania NPs on endothelial cells are not well understood [152].

Accordingly, in this project we investigate the potential cytotoxicity of coated titania NPs on
human microvascular endothelial cells (HMEC-1). First, we selected titania NPs that are
commonly present in sunscreens. Three samples are commercialized as additives for personal
care products, and another three samples were extracted from different sunscreens available in
the market. Next, we systematically characterized all six titania NP samples. The following
physicochemical properties were studied: size, shape, crystalline structure, surface coating, zeta
potential, surface area, agglomeration, and sedimentation. Finally, the impact on the cellular
metabolic activity and the pro-inflammatory response of titania NPs were studied. To assess the
impact on the metabolism of cells, the cellular dehydrogenase activity and the adenosine
triphosphate (ATP) content were determined. The release of monocyte chemoattractant

protein-1 (MCP-1) was used as marker for evaluating the pro-inflammatory response.

Dr. Rudolf Herrmann (Group of Prof. Dr. A. Reller and Group of Prof. Dr. A. Wixforth; University
of Augsburg) was responsible for the extraction of titania NPs from sunscreens, for Fourier
transform infrared (FT-IR) measurements, transmission electron microscopy (TEM), and for
measuring the specific surface area (SSA) of NPs. The cytotoxic effects of titania NPs were
evaluated by Claudia Strobel (Group of Prof. Dr. I. Hilger; University of Jena). In our laboratories
(Group of Prof. Dr. C. Brauchle; LMU Munich) we performed particle size distribution
determinations via dynamic light scattering (DLS), zeta potential measurements, and studies on

the agglomeration and sedimentation behavior of titania NPs.
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6.2 Results & Discussion

6.2.1 Characterization of titania nanoparticles

6.2.1.1 Sunscreen nanoparticles used in this study

Three types of titania NPs applied as raw materials for sunscreens were obtained from Merck
KGaA (Germany) EusoLEx® portfolio [153]: samples Eusolex T (anatase, simethicone-coated),
Eusolex T-2000 (rutile, alumina- and simethicone-coated) and Eusolex T-Eco (rutile, alumina- and
simethicone-coated). Eusolex T-Eco is a modified version of Eusolex T-2000 (undisclosed physical
treatment) with a positive impact on dusting and processing [154]. In addition, three titania NP
samples were directly isolated from sunscreens with a protection factor of 50+: the sample
Babysmile was obtained by extracting titania NPs from BABYSMILE® SONNENMILCH (Win Cosmetic,
Germany); Ladival NPs were isolated from LADIVAL® SONNENSCHUTZMILCH (Stada, Germany); and
the sample Babylove is composed of titania NPs extracted from BABYLOVE® SONNENCREME (dm-
drogerie markt, Germany). Remarkably, we found that the sample Babysmile is in fact composed
of Eusolex T titania NPs included in the formulation of BABYSMILE® SONNENMILCH. This information
was confirmed by the manufacturer. Further details about the extraction of titania NPs from

sunscreens are given in Experimental Section 11.3.1.

6.2.1.2 Primary size, shape, and crystalline structure

Transmission electron microscopy (TEM) was performed to determine the primary size, shape,
and crystalline structure of the titania NPs. The shape of the anatase NPs Eusolex T and
Babysmile (Figure 6.1A & B, respectively) can be approximated as prolate ellipsoid (egg-shaped),
having a mean aspect ratio of 1.12 (core diameters: 19 x 17 nm). In contrast, rutile NPs Ladival,
Eusolex T-2000, Eusolex T-Eco, and Babylove (Figure 6.1C—F, respectively) are rod-like structures
with an aspect ratio ranging from 2.91 (Ladival, core diameters: 64 x 22 nm), passing by 4.36
(Babylove, core diameters: 48 x 11 nm) and going up to 6.69 (Eusolex T-2000 and Eusolex-Eco,
core diameters: 87 x 13 nm). The physicochemical properties of the titania NPs used in this study

are summarized in Table 6.1.

6.2.1.3 Hydrodynamic particle size distribution

Dynamic light scattering (DLS) measurements were employed to determine the hydrodynamic
diameter of the particles. Measurements were performed on colloidal NP suspensions
(100 pg mL™) in either ultrapure water or cell culture medium supplemented with 10 % fetal
bovine serum (FBS). By comparison of the particle sizes obtained by TEM and DLS measurements,

diverse larger sizes were observed via DLS (see Table 6.1).
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Figure 6.1 TEM images of titania NPs used in this study. Scale bars =20 nm.

The adsorption of proteins from the cell culture medium can have distinct effects on the
agglomeration behavior of the NPs. It may result in a reduced agglomeration behavior by steric
stabilization, or it may lead to a cross-linking of the NPs [155]. The particle size distributions in
ultrapure water ranged from 68 nm (Babysmile) to 3628 nm (Babylove), and from 56 nm
(Eusolex T-Eco) to 2623 nm (Ladival) in 10 % FBS cell medium. In fact, only Eusolex T-Eco showed
comparable size distribution between TEM and DLS measurements in cell medium, and
consequently little clustering. With regard to the distinct agglomeration behavior of titania NPs
in water or in cell medium, Babysmile, Ladival, and Eusolex T-2000 presented larger
hydrodynamic diameters in cell medium. On the other hand, Eusolex T, Eusolex T-Eco, and
Babylove showed an increased hydrodynamic diameter in water. These results therefore show
that titania NP samples have a tendency to agglomerate in water and in cell media containing

serum proteins.

6.2.1.4 Coating and secondary shell compositions

The composition analysis of the NPs by Fourier transform infrared (FT-IR) spectroscopy
confirmed the presence of dimethicone/simethicone coating in the three titania NP samples
commercialized as raw materials: Eusolex T, Eusolex T-2000, and Eusolex T-Eco (1,256 cm™,
symmetric bending of Si—-CH; groups, and slightly overlapping peaks at 1,016 and 1,096 cm™ due
to Si-O stretch and Si—O-Si bending) [156]. Simethicone was also present in the analyses of
samples Babysmile and Ladival. The rutile samples Eusolex T-2000 and Eusolex T-Eco are

commercialized with an additional alumina coating.
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Table 6.1 Physicochemical characteristics of titania NPs

Tio, . Eusolex T Babysmile Ladival Eusolex T-2000 Eusolex T-Eco Babylove
nanoparticles

Crystalline

polymorphlc anatase anatase rutile rutile rutile rutile
form of TiO,

(modification)

Size by TEM [nm] 19+5 19+5 64 + 25 87 + 31 87 + 31 48 + 25
length x width X X X X X X
(lengt ) 17+4 1714 22+5 1313 13+3 115
Aspect Ratio 1.12 1.12 2.91 6.69 6.69 4.36
Size in H;0 by 1179+300 6824 166 + 49 113 £ 31 360+65 3628+ 746
DLS [nm]

Size in 10% FBS

medium by DLS 97 £+ 18 123+ 71 2623 + 1129 190 £ 47 56 + 21 194 £ 50
[hm]

S8A accesible to

N, molecules 50.0 2.8 22.0 832 83.8 42.0
(m?lg)

Zeta potential [mV]

in 10% FBS -15.0 -16.6 -14.9 -14.2 -13.7 -15.7
medium

Schematic - @ — oo Lt —
representation

with coating/ == TiO, anatase modification simethicone = alUMINA === hydrophilic compounds

secondary shell TiO, rutile modification mm AlUMINA & SIMENICONE  m £5tETS |(i|(;eg F;C:;\écé‘lz)

Our results revealed that titania NPs extracted from sunscreens usually have a secondary shell
composed of residual materials from the sunscreen formulations. Secondary shells were
detected in all three samples. In Babysmile and Ladival NPs, it consisted of esters of aromatic
acids. Ladival NPs additionally contained the surfactant stearalkonium hectorite (strong band at
1,060 cm™ due to Si—O-Si units present in this surfactant). Polyols were detected in the sample
Babylove. Since the functional groups contained in such polymers (mainly esters) are the same as
in many other ingredients of the formulations, FT-IR spectroscopy does not allow determining

their presence at the particle surface with certainty.

The presence of a secondary shells around titania NPs extracted from sunscreens can be
detected as small regions of low contrast around the particles in the TEM images of samples
Babysmile, Ladival, and Babylove (Figure 6.1B—-C & F, respectively). A schematic representation of

NPs and respective coatings and secondary shells is given in Table 6.1.
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6.2.1.5 Zeta potential

Investigations on the electrophoretic mobility of the titania NPs were carried out to determine
the zeta potential. Measurements were performed on colloidal NP suspensions (100 ug mL™) in
10 % FBS cell culture medium. Similar zeta potential values, in the range between -13.7 and
-16.6 mV, were determined for all titania NPs (see Table 6.1). Thus, the different NP
morphologies or surface coatings did not result in distinct surface charge profiles of these

particles in cell medium.

6.2.1.6 Specific surface area

The specific surface area (SSA) accessible to N, molecules was obtained by Brunauer-Emmett—
Teller (BET) measurements [157]. The SSA for the investigated titania NPs ranged between 2.8
and 83.8m’g"' (see Table 6.1). The reason for the relatively low surface area of Ladival
(22.0m?g") might be due to the presence of the sticky organic/inorganic surfactant
stearalkonium hectorite in the formulation of this sunscreen. The sample Babysmile showed a
very low SSA (2.8 m’g"), especially when compared with the starting material (Eusolex T,
50.0 m* g'). This is very probably due to polymeric ingredients with low solubility present only in
BABYSMILE® sunscreen (e.g., VP/eicosene copolymer, acrylate/C10-30 alkyl acrylate crosspolymer,

and xanthan gum).

6.2.1.7 Agglomeration and sedimentation behavior

The agglomeration and the sedimentation behavior of titania NPs in cell medium were
investigated via light microscopy especially prepared to mimic the exposure of cells to NPs. The
time points selected for this assessment correspond to those applied in our cytotoxicity assays
(3, 24, 48, and 72 h), and therefore revealed the agglomeration and local concentration of NPs as

they approached the cells (Figure 6.2).

This important information for in vitro experiments has been poorly considered in
nanotoxicology studies up to now. Samples with distinct particle sedimentation rates will result
in different amounts of NPs in contact with cells, despite the fact that the cells were treated with
the same NP concentration. Therefore, the obtained cytotoxicity results could be influenced by
differences in agglomeration and sedimentation behavior of the NPs, rather than by the

biological effects.
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24 h

Figure 6.2 Agglomeration and sedimentation behavior. Titania NPs differ enormously in their
agglomeration state and sedimentation behavior. Colloidal suspensions were added to cell culture
chambers deprived of cells in order to mimic the exposure of NPs to cells. Along the same time points,
there were distinct differences in the agglomeration and amount of deposited titania NPs for different
samples.
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Bright field images were acquired with a spinning disk confocal microscope. In brief, titania NPs
(100 ug mL") were added to cell culture chambers (deprived of cells) and imaged at the
abovementioned specific time points. Figure 6.2 presents representative images of the bottom of
cell culture chambers to reveal the agglomeration state and sedimentation behavior of the
investigated titania NPs. Interestingly, whereas the amount and size distribution of deposited
Eusolex T, Eusolex T-2000, and Eusolex T-Eco NPs did not change considerable between 3 and
72 h of incubation, the alterations for the three NP formulations isolated from sunscreens
(Babysmile, Ladival, and Babylove) were evident, with a time-dependent increase in the local
amount of deposited NPs. When comparing the hydrodynamic particle size distributions with the
image of sedimented particles, it is important to remember that the first gives instant
information about the whole sample, while the second shows the accumulation of sedimented
particles close to the bottom of a cell culture chamber. Notably, neither the morphology nor the
zeta potential were found to be associated with the agglomeration and sedimentation behavior

of titania NPs.

6.2.2 Cytotoxicity of titania nanoparticles
6.2.2.1 Assessment of the metabolic activity and pro-inflammatory response of
endothelial cells exposed to titania nanoparticles

To investigate the impact of titania NPs on the metabolism of HMEC-1 cells, the cellular
dehydrogenase activity and the adenosine triphosphate (ATP) content were determined. First of
all, we established the lowest concentration that caused an adverse effect on cells (i.e., the
lowest-observable-adverse-effect level). For that, we measured the cellular dehydrogenase
activity of cells treated with titania NPs at different concentrations (ranging from 10 fg mL™ to
100 pg mL"), and at defined incubation times (3, 24, 48, and 72 h). Measurement data were
evaluated and presented as relative cellular dehydrogenase (rcDH) activity normalized to
untreated controls. Transient effects on the rcDH activity were especially detected at a
concentration of 100 ug mL™. At this concentration, rcDH values lower than the cytotoxicity
threshold (according to DIN EN ISO 10993-5:2009-10) were observed. Representative results for
anatase titania NPs are presented in Figure 6.3A-D, and for rutile NPs in Figure 6.4A. On the basis
of these results, we determined 100 pg mL™" as the lowest-observable-adverse-effect level. This
concentration was then applied for all further cytotoxicity assays, namely the relative cellular
adenosine triphosphate (rATP) content and the release of monocyte chemoattractant protein-1

(MCP-1).
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To assess the ATP content, cells were treated with cell medium containing 100 pg mL™ of titania
NPs during 3, 24, 48 and 72 h. The ATP content of the cells was measured and expressed as
relative values (rATP) compared to untreated control cells. To interpret the impact of the NPs on
endothelial cells, we also considered here the threshold for cytotoxicity according to DIN EN ISO

10993-5:2009-10.

In order to determine the pro-inflammatory impact of the NPs, HMEC-1 cells were incubated
with cell medium containing 100 pg mL™ of NPs. The cell culture supernatants were collected
after 24, 48, and 72 h of incubation, and the content of monocyte chemoattractant protein-1
(MCP-1) was determined. MCP-1 is known to be an important chemoattractant for the
recruitment and activation of monocytes in areas of inflammation, and it plays an important role,
among others, in the development of chronic inflammation [158]. To control the ability of
HMEC-1 cells to produce MCP-1 after a corresponding stimulus, the cells were incubated with

2,000 pg mL™ of interleukin-1b (IL-1B) as positive control.

6.2.2.2 Cytotoxicity of anatase titania nanoparticles

The metabolic activity of HMEC-1 cells exposed to anatase titania NPs (Eusolex T and Babysmile)
was assessed by measuring the relative cellular dehydrogenase (rcDH) activity (Figure 6.3A-D),
and the relative adenosine triphosphate (rATP) content of cells (Figure 6.3E). Our results
revealed a slight impact on the rcDH activity and also a decrease in the rATP content. Babysmile
NPs (simethicone coating with an ester-based secondary shell) were significantly more cytotoxic
that Eusolex NPs (simethicone coating) in most of the evaluated time points. An exception is
found after 48 h of incubation at a concentration of 100 pg mL™. Here, the cytotoxic threshold
(75 %) is only surpassed by Eusolex T NPs. Moreover, Babysmile NPs caused a reduction in the
rATP content to values below the cytotoxic threshold within 24 and 72 h, while Eusolex T NPs
such an effect was observed only for 24 h. The pro-inflammatory response of cells within 48 and
72 h to both anatase titania NPs was significantly larger than the untreated control (Figure 6.3F).
In addition, consistent with the findings regarding the metabolic impact, Babysmile NPs induced

more pro-inflammatory response on endothelial cells than Eusolex T.
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Figure 6.3 Metabolic activity and pro-inflammatory response of anatase titania NPs on endothelial cells.
Cytotoxicity of HMEC-1 cells treated with Eusolex T (black bars) and Babysmile (striped bars) at different
concentrations ranging from 10 fg mL™ to 100 pg mL™. Cells were incubated with the NPs for 3, 24, 48, and
72 h. (A-D) Relative cellular dehydrogenase (rcDH) activity of cells after exposure to distinct NP
concentrations. In most of the cases, Babysmile was significantly more cytotoxic than Eusolex T. Significant
differences between the rcDH activity at the highest investigate concentration and all other concentrations
were verified for both anatase titania NPs within 24 and 72 h. (E) Relative ATP (rATP) content after
incubation with 100 pg mL" of NPs for 3-72 h. Babysmile NPs were significantly more cytotoxic that
Eusolex NPs in all time points. (F) Release of the monocyte chemoattractant protein-1 (MCP-1) after
incubation with 100 pg mL" of NPs for 24-72 h. Cells treated with interleukin-1b (IL-1B) served as positive
control (gray bar, MCP-1 release scale on the right side). The pro-inflammatory response of cells within 48
and 72 h to both anatase titania NPs was significantly larger than the untreated control (white bars).
Consistent with the findings regarding the metabolic impact (panels A-E), ester-coated Babysmile NPs
induced significantly more MCP-1 release than the counterpart particles Eusolex T. Histograms represent
mean * standard deviation of six (A—E, n = 6) or three (F, n = 3) independent experiments (* p < 0.05).
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6.2.2.3 Cytotoxicity of rutile titania nanoparticles

In line with the results for anatase titania NPs, secondary shell-related cytotoxic effects were also
detected for rutile titania NPs. Figure 6.4 presents the cytotoxic impact of rutile titania NPs on
HMEC-1 cells. Assessment of the metabolic activity (Figure 6.4A) revealed that titania NPs
isolated from sunscreens (Ladival: simethicone coating with an ester-based secondary shell; and
Babylove: pure alumina (Al,0;) coating with a polyol-based secondary shell) induced a rapid
decrease in the rcDH activity, with values below the cytotoxic threshold within 24 and 72 h of
incubation. The highest impact on the rcDH activity of endothelial cells was detected for
Babylove NPs. In contrast, commercially available NPs (Eusolex T-2000 and Eusolex T-Eco:
alumina-simethicone coating) caused a gradual decrease in the relative dehydrogenase activity
of cells over time, with values below the cytotoxic threshold only after 72 h of incubation. All
rutile titania samples affected the relative ATP content of endothelial cells (Figure 6.4B).
Interestingly, the lowest value for all samples was observed after 24 h of incubation. Overall,
while Ladival and Babylove consistently induced cytotoxic responses below the threshold (75 %)
within 24 and 72 h, a similar effect was less often caused by Eusolex T-2000 and Eusolex T-Eco
(Figure 6.4A & B). In terms of the pro-inflammatory impact (Figure 6.4C), all rutile titania NP
samples presented significantly larger MCP-1 release values than the untreated control after
72 h. Remarkably, Babylove NPs triggered the strongest increase of MCP-1 release in comparison

to all other investigated titania NPs.

6.2.2.4 Comparison between the cytotoxicity of anatase and rutile titania NPs

With the purpose of comparing the cytotoxicity of anatase and rutile titania NPs, we selected
two NP samples of comparable coating and secondary shell compositions: Babysmile (anatase)
and Ladival (rutile) NPs. Both particle types are coated by simethicone and have a ester-based
secondary shell. We observed a higher impact of rutile NPs on the rcDH activity over time
(Figure 6.5A). ATP levels were significantly different between rutile and anatase NPs
(Figure 6.5B). Within 3 and 48 h, rutile Ladival NPs caused a larger reduction of the rATP than
anatase Babysmile NPs. However, after 72 h the situation was reversed, with anatase NPs
significantly more cytotoxic than rutile ones. On the whole, rutile Ladival NPs had a significantly
larger impact on the metabolic activity than anatase Babysmile NPs. While Ladival NPs
consistently surpassed the cytotoxicity threshold of 75 % within 24 and 72 h, a similar effect was
less often observed for Babysmile NPs (Figure 6.5A & B). In agreement with these findings, rutile
titania NPs induced a higher pro-inflammatory response when compared to their anatase

counterparts (Figure 6.5C).
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Figure 6.4 Metabolic activity and pro-inflammatory response of rutile titania NPs on endothelial cells.
Cytotoxicity of HMEC-1 cells treated with 100 pg mL" of Ladival (white punctuate bars), Eusolex T-2000
(thick striped bars), Eusolex T-Eco (thin striped bars), and Babylove (black punctuate bars) for 3, 24, 48,
and 72 h. (A) Relative cellular dehydrogenase (rcDH) activity of cells. A time-dependent decrease of the
rcDH activity was observed after exposure to rutile titania NPs. Particularly, Babylove NPs (alumina coating
with a polyol-based secondary shell) led to the strongest decrease in the rcDH activity within 24 and 72 h.
(B) Relative ATP (rATP) content. In general, rutile titania NPs extracted from sunscreens (Ladival and
Babylove) had a significantly larger impact on the metabolic activity than commercialized NPs
(Eusolex T-2000 and Eusolex T-Eco). (C) Release of the monocyte chemoattractant protein-1 (MCP-1) after
incubation with rutile titania NPs for 24—72 h. Cells treated with interleukin-1b (IL-1B) served as positive
control (gray bar, MCP-1 release scale on the right side). The pro-inflammatory response of cells after 72 h
was significantly larger than the untreated control (white bars) for all rutile titania NP samples, and the
highest MCP-1 release was observed for cells treated with Babylove NPs. Interestingly, the largest pro-
inflammatory response of cells after 48 h was measured for Ladival NPs. Histograms represent
mean * standard deviation of six (A—B, n = 6) or three (C, n = 3) independent experiments (* p < 0.05).
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Figure 6.5 Comparison between the cytotoxic impact of anatase and rutile titania NPs on endothelial
cells. Cytotoxicity of HMEC-1 cells treated with 100 pg mL" of either anatase titania Babysmile NPs (striped
bars) or with rutile titania Ladival NPs (punctuate bars) for 3, 24, 48, and 72 h. (A) Relative cellular
dehydrogenase (rcDH) activity of cells. After 48 and 72 h of NP exposure, rutile titania NPs (Ladival)
revealed a significantly larger decrease of rcDH than their anatase counterparts (Babysmile). (B) Relative
ATP (rATP) content. The lowest relative ATP content was measured after 24 h of exposure to both samples.
Overall, rutile Ladival NPs had a significantly larger impact on the metabolic activity than anatase
Babysmile NPs. (C) Release of the monocyte chemoattractant protein-1 (MCP-1) after incubation with
anatase and rutile titania NPs for 24-72 h. Cells treated with interleukin-1b (IL-1B) served as positive
control (gray bar, MCP-1 release scale axis on the right). After 48 and 72 h of NP exposure, a significant
increase of MCP-1 release with respect to untreated control (white bars) was observed for both Babysmile
and Ladival NPs. After 72 h of incubation, the rutile NPs led to a stronger release of MCP-1. Histograms
represent mean * standard deviation of six (A—B, n=6) or three (C, n=3) independent experiments
(* p<0.05).

6.3 Conclusions

Taken together, our results shed light on the mostly neglected potential cytotoxicity related to
titania particles’ crystalline structure and coating composition. Altogether, titania NPs with a
rutile core had a stronger effect on cell metabolism than anatase titania NPs. Remarkably, the
presence of an organic secondary shell on titania NPs extracted from sunscreens (regardless the
crystalline structure) correlated with an enhanced impact of NPs on the metabolic activity and

pro-inflammatory response of endothelial cells. Further distinct correlations between
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cytotoxicity of titania NPs and other physicochemical properties (particle size, zeta potential,

surface area, agglomeration, and sedimentation behavior) were not observed.

The present work indicates that the lowest-observable-adverse-effect level of titania NPs to
endothelial cells in vitro is fairly high (100 pg mL"). In real-life situations, however, endothelial
cells would come in contact with considerably lower titania NP doses. Such high concentrations
typically applied in in vitro studies may overestimate the effects that can be found in vivo.
Nevertheless, in vitro investigations are very important as they collaborate to elucidate the

cellular mechanisms of nanotoxicity.
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7 Particle size-dependent uptake of ceria nanoparticles

This chapter is based on the following publication:
Adriano A. Torrano and Christoph Bréuchle;

“Precise quantification of silica and ceria nanoparticle uptake revealed by 3D fluorescence
microscopy.”

Beilstein Journal of Nanotechnology 5, 1616-1624 (2014).

7.1 Introduction

Ceria NPs can be found in many applications, as in ultraviolet absorbers, automotive catalytic
converters, fuel additives, and oxygen sensing [159-162]. Nanoparticles, such as ceria and
platinum-decorated ceria NPs (see Chapter 8) released from catalytic converters, may be taken
up via the respiratory tract and then be transferred into the bloodstream. Next, the NPs will be in
contact with endothelial cells lining the inner surface of our blood vessel system. As described in
Section 2.4, endothelial cells play a crucial role in many physiological processes and an altered
endothelial cell function can be found in innumerous diseases of the cardiovascular, pulmonary,
and neurologic systems [22, 56]. Due to the extensive range of applications and to the potential
risks of nanomaterials, a growing number of studies regarding the cytotoxicity of NPs can be
found in the literature. In the case of ceria NPs, very contradictory findings have been reported.
On the one hand, the anti-inflammatory, antioxidant and radio-protective properties have been
described as beneficial for applications in nanomedicine [163-166]. On the other hand, oxidative
stress and impaired cell viability were shown to be a function of the particle dose and the
exposure time [108, 167]. However, most of the studies concerning the interaction of ceria NPs
with cells cannot be directly compared as they were performed by applying different cell types

and a variety of different particles.

This chapter is dedicated to present quantitative results on the particle size-dependent uptake
kinetics of ceria (CeO,) NPs of 8 nm and 30 nm. Nanoparticles at a concentration of 10 ug mL™
were incubated with human microvascular endothelial cells (HMEC-1) for 3, 24, 48 and 72 h and
imaged through live-cell confocal microscopy. In order to measure the absolute number of
intracellular particles, fluorescence images were evaluated with Particle_in_Cell-3D (see

Chapter 4).
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Cytotoxicity assays performed on similar NPs have shown that, in general, the impact of ceria
NPs on endothelial cells (HUVEC and HMEC-1) is not significant, and that adverse effects can only
be observed at concentrations as high as 100 pg mL™ [168]. Such doses exceed the maximum

possible in vivo concentrations.

Ceria NPs were synthesized by Dr. Rudolf Herrmann (Group of Prof. Dr. A. Reller and Group of
Prof. Dr. A. Wixforth; University of Augsburg). Dr. Herrmann was also responsible for

transmission electron micrographs.

7.2 Results & Discussion

7.2.1 Characterization of ceria nanoparticles

In order to be investigated with fluorescence microscopy, the particles were marked with
Atto 647N. The synthesis of the ceria NPs investigated in this study is described in the literature
[133]. The labeling of these particles with Atto 647N did not alter the biological response of the
cells, as assessed by cytotoxicity assays. HMEC-1 cells were incubated over 48 h with 100 pg mL™
of either non-labeled or Atto 647N-labeled ceria NPs. After this period, the relative adenosine
triphosphate (rATP) content was analyzed to determine the metabolic impact of NPs on cells.
One hundred percent rATP content would mean that the cellular viability of the cells treated
with NPs matches the viability of untreated cells. As shown by Strobel et al. [168], incubation
with non-labeled 8 nm and 30 nm ceria NPs resulted in rATP values (mean # standard deviation)
of 82.0£5.6 % and 76.3 + 10.8 %, respectively. The rATP contents measured after the exposure
to Atto 647N-labeled NPs of 8 nm and 30 nm were 80.1+ 6.2 % and 79.5 £ 14.9 %, respectively.
Therefore, the fluorescent labeling of the ceria NPs presented in this work did not significantly
alter the cytotoxicity of these particles on HMEC-1 cells. The primary size of the two NPs was
determined through transmission electron microscopy (TEM). One particle type has a diameter
of 8 nm and is spherical (Ce0O,-8 nm), while the other particle type has a diameter of roughly
30 nm (Ce0,-30 nm) (ellipsoid of 27 nm x 30 nm). It has been shown that the smaller the NPs,
the stronger the agglomeration [117]. This has been confirmed by determination of the
hydrodynamic diameter of these particles. DLS measurements were carried out and the size of
Ce0,-8 nm increased up to 417 nm in cell medium. In the case of the Ce0,-30 nm particles, the
diameter in cell medium was determined to be 316 nm. The aggregation of ceria NPs is also
evident in the representative TEM images depicted in Figure 7.1. The zeta potential was
determined with NPs dispersed in cell medium. The following values were measured: -11.3 mV

for sample Ce0,-8 nm and -12.3 mV for sample Ce0,-30 nm.
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The Particle_in_Cell-3D calibration routine procedure described in Section 4.2.3.4 was used to
measure the mean fluorescence of single ceria particles. The results were intensities of 131,201
pixels (Ce0,-8 nm) and 742,814 pixels (Ce0,-30 nm), respectively. There is an important
particularity to be mentioned here. The mean intensity of the single particles is in fact the mean
intensity of single agglomerates, as it was not possible to obtain single NPs of primary sizes for
the calibration experiments. Those agglomerates, however, are in fact the particles that interact

with the cells.
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Figure 7.1 TEM images of ceria NPs samples with a primary size of 8 nm (Ce0O,-8 nm) and 30 nm
(Ce0,-30 nm). Large aggregates of synthesized NPs are visible in both samples. A massive agglomeration
was also observed when NPs where dispersed in cell medium. DLS measurements revealed that Ce0,-8 nm
and Ce0,-30 nm NPs clustered into 417 nm and 316 nm agglomerates, respectively.

7.2.2 Quantification of ceria nanoparticle uptake by cells

With the purpose of investigating the size-dependent uptake kinetics of ceria NPs for a longer
time than traditionally, HMEC-1 cells were incubated with 8 nm (417 nm) and 30 nm (316 nm)
NPs for 3, 24, 48 and 72 h. Figure 7.2 presents illustrative images of the interaction of ceria NPs
with endothelial cells. Approximately 15 single cells were measured per time point and per
particle type, resulting in a total of 115 cells analyzed in great detail by Particle_in_Cell-3D. These
guantitative results are presented in Figure 7.3 and show that the number of incorporated
particles increases steeply between 3 and 24 h, with no significant difference between the two
particle sizes. The number of internalized agglomerates of Ce0,-8 nm NPs increased from
337 £ 66 to 2,069 *+ 248, whereas it increased from 363 +37 to 2,567 + 297 for Ce0,-30 nm
agglomerates. After this point in time, however, the number of intracellular particles decreases
until reaching approximately the initial levels, 185+ 61 agglomerates for CeO,-8 nm and
836 + 155 for Ce0,-30 nm particles. The dilution of intracellular NPs is probably caused by cell
division, as reported in a recent publication [137]. As cells undergo mitosis, intracellular particles

of the mother cells are shared with the daughter ones. Cell division may therefore have direct
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influence by decreasing the number of taken up particles with time. Since the doubling time of
HMEC-1 cells is 28.6 h [169], and the dilution of intracellular ceria NPs occurs after 24 h, cell

division probably plays an important role in our findings.

CeO,-8nm CeO,-30nm

3h

24 h

48 h

72 h

Figure 7.2 Particle size-dependent uptake kinetics of ceria NPs by HMEC-1 cells. Representative three-
dimensional images of 8 nm and 30 nm ceria NPs interacting with endothelial cells for 3, 24, 48 and 72 h
are shown. Due to the strong agglomeration of particles, the individual particles quantified by
Particle_in_Cell-3D are actually individual agglomerates of 417 nm (Ce0,-8 nm) and 316 nm (Ce0,-30 nm).
The membrane region outlining the cells appears in gray. The intracellular NPs are visualized in magenta
and particles interacting with the membrane appear in yellow. The agglomerates are taken up by cells
inside endosomes and accumulate in the perinuclear region. The amount of internalized particles is
increasing over 24 h, but after this incubation time, however, the number of particles inside the cells starts
to decrease. This effect is more remarkable for the 8 nm NPs than for the 30 nm NPs. 3D scale bars =5 um.

Cell division is probably among the dominant causes for the observed dilution of NPs. Yet, other
time-dependent parameters may also influence the uptake dynamics. For example, exocytosis, as
recently reported by Strobel et al. [170], or degradation of intracellular particles, cell uptake
behavior (e.g., cell-cycle phase dependency, and load capacity), and the number of NPs available

for uptake.
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Figure 7.3 Uptake kinetics of 8 nm (white) and 30 nm (dark gray) ceria NPs in HMEC-1 cells. The number
of internalized NPs after 3 h is practically the same for both particle sizes. These numbers then escalate to
reach a maximum at around 24 h. After 48 and 72 h, however, the number of particles incorporated by the
cells is reduced back to amounts similar to that measured after 3 h. The histograms show the
mean + standard error of at least two independent experiments (n = 12—16). Results were statistically
different (* p < 0.05) for an incubation time of 48 h and highly statistically different (** p < 0.01) for 72 h.

7.3 Conclusions

The possibility to quantify NPs at the single-cell level is an important step to better understand
the mechanisms of NPs-cell interactions. In this work it was demonstrated that results achieved
with Particle_in_Cell-3D were decisive to show that there is a significant difference in the uptake
kinetics of 8 nm (agglomerate size 417 nm) and 30 nm (agglomerate size 316 nm) NPs. After 48 h,
the particles that form smaller agglomerates, i.e., 30 nm NPs, are internalized more efficiently by
endothelial cells. In addition, our findings offered a new insight into the remarkable dilution of

intracellular NPs, possibly influenced by cell division.
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8 Cell membrane penetration and mitochondrial targeting

by platinum-decorated ceria nanoparticles

This chapter is based on the manuscript:

Adriano A. Torrano, Rudolf Herrmann, Claudia Strobel, Armin Reller, Ingrid Hilger, Achim Wixforth,
and Christoph Bréuchle;

“Cell membrane penetration and mitochondrial targeting by platinum-decorated ceria nanoparticles.”

In preparation.

8.1 Introduction

Air pollution is a complex mixture of natural and man-made substances. The six most common
air pollutants are particle pollution, ground-level ozone, carbon monoxide, sulfur dioxide,
nitrogen oxides, and lead [171]. Particle pollution, specifically, is made up of extremely small
liquid droplets and solid particles from a variety of components, including acids, organic
compounds, soot (carbon particles generated during the incomplete combustion of
hydrocarbons), dust and metals. With regard to the size distribution in the ambient atmospheric
environment, particles <300 nm represent more than 99 % of the total number concentration
[172]. Exposure to particle pollution has been associated with a number of respiratory,
cardiovascular and neurologic diseases [41, 86, 173, 174]. Notably, particle pollution has recently
been classified as carcinogenic to humans [175], and outdoor air pollution has been pointed as a
leading cause of cancer deaths [176]. Alarming concentrations of these particles are found in the
air of urban areas, where they are therefore inhaled on a regular basis. On a recent release, the
World Health Association reported that in 2012 around 7 million people died as result of
exposure to air pollution [177]. Globally, the main source of nano-sized particles in urban air is

motor traffic [41, 178].

In order to mitigate the emission of particles and other dangerous substances from the engine,
modern vehicles are equipped with catalytic converters. Automobile catalytic converters are able
to transform more than 90 % of total unburned hydrocarbons, carbon monoxide, and nitrogen
oxides into rather harmless compounds, such as carbon dioxide, nitrogen and water [179, 180].
On the whole, they consist of a porous carrier material (e.g., CeO,, or ceria) that is decorated
with active noble metals (normally platinum, but also palladium and rhodium). Although playing
a fundamental role in reducing the emission of pollutants from vehicles, catalytic converters

decompose with time and generate new particle emissions in the nano- and micrometer ranges.
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Catalyst-derived particles consisting of carrier material and decorated with noble metals are thus
formed and released into the environment [179-186]. As a result of the escalating traffic
worldwide, the concentration of noble metals (free or bound to the carrier material) has been
increasing in urban areas. Wichmann et al. [180] reported that the concentration of catalyst-
derived platinum in the air of Braunschweig City (Germany) jumped from 6.0 pg m™ in 1999 to
159 pg m? in 2005. Nanoparticles (NPs) generated by catalytic converters are therefore a

growing burden added to particle pollution.

Since very little is known about the health impact of catalyst-derived NPs, our goal in this project
is to investigate the biological effect of these NPs at the cellular level. To study the interaction of
catalyst-derived NPs with biological systems directly is hardly possible due to the low
concentrations in samples like road dust. For this purpose, reasonable quantities of model
compounds that resemble the actual catalyst-derived NPs were synthesized. Our mimetic
compounds consist of a ceria NP core (defined sizes between 8 and 285 nm) decorated with
ultrasmall platinum NPs (2-5nm). The interaction between platinum-decorated ceria
nanoparticles (Pt-ceria NPs) and human microvascular endothelial cells (HMEC-1) was studied in
detail by live-cell imaging. Surprisingly, Pt-ceria NPs of specific characteristics were rapidly found
inside living cells and selectively accumulated in mitochondria. These exciting findings focused
our investigations on the biological effects related to the unusual fast NP uptake mechanism as

well as the mitochondrial-targeting properties of the model compounds.

Mitochondria are the cell's powerhouse, producing energy (ATP) through oxidative
phosphorylation [187]. Hence, they are indispensable for the survival of eukaryotic cells.
Additionally, mitochondria play a central role as regulators of apoptosis [188]. In the case of
cancer cells, the activation of the cell death machinery by the delivery of specific mitochondria-
targeted compounds represents a promising therapeutic approach [189]. The safe drug delivery
to mitochondria, however, is a challenging task. In most cases, clinical trials show that the
toxicity associated with high doses of the therapeutics aimed to treat mitochondrial disorders is
a limiting factor [190]. Delivery of payloads by NPs that are able to rapidly enter cells and

accumulate in mitochondria has a great potential to advance the treatment of such disorders.

The interaction of Pt-ceria NPs with cells is therefore highly interesting for the two
complementary fields of nanotoxicology and nanomedicine, and was investigated by us
accordingly. Pt-ceria NPs were synthesized by Dr. Rudolf Herrmann (Group of Prof. Dr. A. Reller
and Group of Prof. Dr. A. Wixforth; University of Augsburg). Dr. Herrmann was also responsible

for characterizing the particles as regards transmission electron microscopy (TEM) and energy-
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dispersive X-ray (EDX) spectroscopy. The metabolic impact of Pt-ceria NPs on cells was evaluated

by Claudia Strobel (Group of Prof. Dr. I. Hilger; University of Jena).

8.2 Results & Discussion

8.2.1 Characterization of platinum-decorated ceria nanoparticles

A reproducible method for the synthesis of Pt-decorated ceria NPs that resemble those emitted
from catalytic converters was developed and published in the literature by Herrmann et al. [133].
Basically, the model compounds are made up of a ceria NP core of defined size (between 8 and
285 nm) decorated with ultrasmall platinum NPs (2—5 nm). Particles are labeled with covalently-
bound fluorophores (Atto 647N or perylenediimide) to allow the detection by fluorescence
microscopy techniques. Labeling was performed with modified dyes containing triethoxysilyl
groups. These groups react and form covalent bonds with the hydroxyl groups commonly

present at the surface of ceria and other oxidic nanoparticles [133].

The size and shape of the model compounds synthesized for our investigations were
characterized by transmission electron microscopy (TEM) measurements. Figure 8.1 shows TEM
images of 8 nm ceria NPs decorated with platinum and labeled with Atto 647N (Pt-Ceria-8-atto).
The primary particle size was determined by image analysis of TEM micrographs. In addition,
energy-dispersive X-ray (EDX) spectroscopy (Figure 8.1C) was used to prove the elemental
composition of the model particles, with platinum (in blue) deposited on ceria NP cores (cerium

in red).

Figure 8.1 TEM and EDX images of 8 nm ceria NPs decorated with platinum (Pt-Ceria-8-atto). (A) Electron
micrograph of Pt-Ceria-8-atto NPs. Strong aggregation of model compounds resemble the actual catalyst-
derived NPs found in the environment. (B) Representative aggregate of Pt-Ceria-8-atto NPs. (C) EDX
mapping of the same region in B. This technique was used to confirm the deposition of platinum (blue) on
ceria NP cores (red).
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Airborne NPs, like those released by automobile catalytic converters, tend to form aggregates in
the nano- and micrometer ranges. A comparable tendency towards aggregation was observed
during the synthesis of our model compounds. Large and irregular aggregates of Pt-Ceria-8-atto

NPs of different sizes and shapes can be easily identified in Figure 8.1.

The aggregation of particles was further characterized by dynamic light scattering (DLS)
measurements. In DLS measurements, the particle size distribution of a sample can be described
by the mean hydrodynamic size followed by the polydispersivity index (PDI), a width parameter.
PDI values <0.1 are an indication of spherical, reasonably narrow monodisperse particles; PDI
values between 0.1 and 0.5 are normally found in samples with relatively broad size
distributions; and PDI values >0.5 are typically measured in polydisperse particles with broad size
distributions. In the case of PDI >0.5, the mean hydrodynamic size is inaccurate and should not
be used. Instead, it is recommended using a distribution analysis to determine the peak position.
Thus, any improvement towards the narrowing of the particle size distribution can be followed

by comparing the PDI of different samples.

The DLS measurements of Pt-Ceria-8-atto NPs revealed a mean hydrodynamic diameter of
129 nm with a relatively broad size distribution (PDI=0.121). Analogous model compounds of
8 nm Pt-ceria NPs were prepared and labeled with a perylenediimide-derived dye with a
triethoxysilyl anchor group [133] (sample Pt-Ceria-8-pery). The mean hydrodynamic size of Pt-
Ceria-8-pery NPs was determined to be 154 nm (PDI =0.116). These results are summarized in

Table 8.1 and discussed in Figure 8.2.

Table 8.1 Characterization of ceria and Pt-ceria NPs used in this study.

Pri . .
. r!marY Aggregate | Hydrodynamic od) |Zeta Potential
Particle Fluorescent dye | particle size | a) . b) c) PDI c)
a) size [nm] size [nm] [mV]
[nm]
Pt-Ceria-8-atto Atto 647N 8 n.d. ° 129 0.121 35.1
Pt-Ceria-8-pery | Perylenediimide 8 n.d. © 154 0.116 27.1
Ceria-47-atto Atto 647N 8 a7 110 0.096 36.4
Pt-Ceria-46-atto Atto 647N 8 46 103 0.157 45.9
Pt-Ceria-143-atto Atto 647N 8 143 167 0.020 35.3
Pt-Ceria-285-atto Atto 647N 8 285 292 0.060 49.2

a) Particle diameter measured by transmission electron microscopy (TEM); b) Mean hydrodynamic
diameter determined by dynamic light scattering (DLS) measurements; c) NP solution in ethanol;
d) Polydispersivity index (PDI) is a width parameter describing the hydrodynamic particle size distribution.
Shortly, PDI <0.1 indicates monodisperse samples with narrow size distributions, PDI between 0.1 and 0.5
characterizes a relatively broad size distribution, and PDI >0.5 point to polydisperse samples with broad
size distributions; e) Not determined.
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Figure 8.2 Hydrodynamic particle size distributions of ceria and Pt-ceria NPs measured by dynamic light
scattering (DLS). Three distinct comparisons among the six samples presented in this plot are important.
First, the similarity between two equivalent 8 nm Pt-ceria NPs labeled with either Atto 647N (Pt-Ceria-8-
atto, red dashed line) or perylenediimide (Pt-Ceria-8-pery, black dashed line). As presented in Table 8.1,
both samples are characterized by the same relative broad size distribution. There was no aggregation
control during the synthesis of these particles, and the ~25 nm shift towards larger sizes observed for Pt-
Ceria-8-pery NPs with respect to Pt-Ceria-8-atto NPs is attributed to differences between batches. Second,
the comparison between 47 nm ceria NPs (Ceria-47-atto, gray line) and the counterpart NPs decorated
with platinum (Pt-Ceria-46-atto, magenta line). Aggregation control of ceria NPs during the synthesis
resulted in a reasonable narrow size distribution of NPs (Figure 8.3). However, the spherical Ceria-47-atto
NPs produced by this method clustered to form super-aggregates. Decoration of similar ceria NP cores
with platinum to obtain sample Pt-Ceria-46-atto caused further super-aggregation of NPs. Importantly, in
both samples the super-aggregates are formed by ~50 nm NPs, and the mean size of these samples are
smaller than those measured for NPs without aggregation control (Pt-Ceria-8-atto, Pt-Ceria-8-pery; dashed
lines). Third, the size distribution of three distinct samples of Pt-ceria NPs obtained by aggregation control
is to be noticed. Particles of 46 nm (Pt-Ceria-46-atto, magenta line), 143 nm (Pt-Ceria-143-atto, green line),
and 285 nm (Pt-Ceria-285-atto, blue line) were prepared. In contrast to the super-aggregation observed for
46 nm Pt-ceria NPs, a very narrow size distribution was found for the two other samples composed of 143
and 285 nm particles.

On the one hand, it is desirable to investigate the interaction of model compounds that closely
resemble not only the composition but also the aggregation behavior of actual catalyst-derived
NPs. On the other hand, it is of paramount interest to found out whether model compounds of
different sizes would have distinct biological effects. |deal samples to investigate particle-size
dependent cellular responses should thus have very narrow size distributions. To accomplish this
task we developed a strategy to synthesize Pt-ceria NPs samples with reasonable monodisperse
size distributions (i.e., PDI <0.1). The method is based on using polyvinylpyrrolidone (PVP), a
surface-active reagent, to obtain the aggregation control of 8 nm ceria NPs during the synthesis
[133]. This means that NP aggregation is not avoided, but rather controlled. Figure 8.3 shows
representative TEM images of stable, uniform and almost spherical aggregates achieved by using

this strategy. Ceria NPs of 8 nm are the building blocks to form new NPs of 47 nm (Ceria-47-atto,
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Figure 8.3A). Nearly spherical ceria NP aggregates are the ideal starting material for mimetic
catalyst-derived NPs of defined core sizes and decorated with platinum. By using this procedure,
Pt-decorated ceria NPs of three different core sizes were produced: 46 nm (Pt-Ceria-46-atto),
143 nm (Pt-Ceria-143-atto), and 285 nm (Pt-Ceria-285-atto). TEM images of these particles are

shown in Figure 8.3 B-D, respectively.

Figure 8.3 TEM images of ceria and Pt-ceria NPs of different sizes. Electron micrographs of (A) non-
decorated ceria NPs with a mean size of 47 nm, (B) Pt-decorated ceria NPs of 46 nm, (C) 143 nm, and
(D) 285 nm.

DLS measurements revealed the hydrodynamic diameter and the PDI values of the new samples.
The results presented in Table 8.1 and Figure 8.2 show that reasonable narrow size distributions
were achieved. Ceria-47-atto and Pt-Ceria-46-atto, the smaller model compounds, still presented
a tendency to increase their sizes by clustering with neighboring aggregates in a process that can
be termed as super-aggregation (Figure 8.3A & B). This is directly reflected by the mean
hydrodynamic sizes/PDI of these samples: 110 nm/0.096 for Ceria-47-atto NPs and 103 nm/0.157
for Pt-Ceria-46-atto NPs. Even more satisfactory results were obtained with the larger model
compounds Pt-Ceria-143-atto and Pt-Ceria-285-atto. Very small PDI values were achieved and
the mean hydrodynamic sizes were just slightly larger than those measured by TEM (as expected,
due to hydration and solvation effects). The mean hydrodynamic sizes/PDI were determined to

be 167 nm/0.020 for Pt-Ceria-143-atto NPs and 292 nm/0.060 for Pt-Ceria-285-atto NPs.
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The surface charge, or zeta potential, of all samples was determined based on electrophoretic
mobility measurements (Table 8.1 and Figure 8.4). Positive surface charges with comparable
magnitudes were measured in all samples, with values ranging from +27.1 mV for Pt-Ceria-8-pery

NPs to +49.2 mV for Pt-Ceria-285-atto NPs.
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Figure 8.4 Zeta potential of ceria and Pt-ceria NPs determined by electrophoretic mobility
measurements. The surface charge profiles of all samples were found to be similar. They are characterized
by very broad distributions with mean positive values ranging from +27.1 mV (Pt-Ceria-8-pery) to +49.2 mV
(Pt-Ceria-285-atto). These results indicate that the zeta potential values were not considerably altered by
labeling, platinum decoration, or differences in the particle size. Therefore, all samples used in this study
have a comparable surface charge. Determination of the zeta potential was performed with NPs dispersed
in ethanol, the solvent in which the NPs are synthesized.

Characterization of NPs, such as zeta potential and hydrodynamic size measurements, intended
to probe how the cells “see” the NPs should preferably be performed under the same
experimental conditions applied in cell-based assays, that is, with NPs dispersed in a biologically
relevant fluid (e.g., cell culture medium). Performing the characterization of NPs in cell medium,
however, is usually complicated and occasionally not possible. Both zeta potential and
hydrodynamic size measurements may be influenced by common cell medium components, like
electrolytes and proteins [191]. In the case of size measurements, small cell medium
components of typically ~10 nm can influence the result if the concentration of NPs is low.
Conversely, if the concentration of NPs is increased, aggregation may occur and hence the
introduction of new inconsistencies. In the present study, the best possible procedure found to
characterize the size and the surface charge of Pt-ceria NPs in solution was to measure them in

the environment that they are stored and stable, i.e., in ethanol.

Characterization of NPs in cell medium was reasonably circumvented for DLS measurements, but

could certainly not be avoided for live-cell imaging experiments, because it would imply the
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addition of NPs in ethanol solution for cells. The transfer of ceria and Pt-ceria NPs from ethanol
into cell medium, while keeping the NPs with the same size distribution, was a considerable
challenge. The traditional method to redisperse NPs (centrifugation followed by washing steps
and a final redispersion in water) failed completely. Using this procedure, aggregates in the
micrometer range were formed and could not be broken down again to the original particle
sizes. After innumerous trials with different conditions and methods, an efficient and yet simple
procedure was designed. Shortly, a small aliquot of well-dispersed NPs in ethanol is added to a
microreaction tube; ethanol is left to evaporate; dried NPs are then redispersed directly in cell
medium. The final NP solution in cell medium, prepared as just described, maintained most of
the particles closer to the original sizes. Importantly, NPs smaller than ~100 nm were still present
after redispersion, as evidenced by the remarkable and consistent particle-size dependent

uptake behavior of Pt-ceria NPs described in Section 8.2.2.4.

As mentioned above, studying the dynamics of aggregation of NPs in cell medium is a demanding
task. To precisely describe the size of NPs interacting with cells would need sophisticate
approaches such as live-cell super-resolved fluorescence microscopy [101]. Employing these
elaborated techniques is out of the scope here and left as a potential future work. In this project,
the diameter of the particles determined by TEM is used when referring to different samples.
Nevertheless, it should be kept in mind that the mean sizes of the particles, aggregates or super-
aggregates interacting with cells are most likely those described by the particle hydrodynamic

size distributions presented in Table 8.1 and Figure 8.2.

8.2.2 Cellular uptake behavior of platinum-decorated ceria nanoparticles

8.2.2.1 Uptake kinetics and intracellular fate
The cellular uptake of catalyst-derived model NPs was investigated by live-cell imaging. Basically,
endothelial cells (HMEC-1) were incubated with cell culture medium containing 20-100 ug mL™

of ceria or Pt-ceria NPs under controlled conditions and imaged live afterwards.

The very first uptake experiments in which HMEC-1 cells were incubated with Pt-Ceria-8-atto NPs
revealed remarkable results: NPs were rapidly internalized by cells and were found selectively
accumulated in mitochondria. As depicted in Figure 8.5A, a substantial amount of Pt-Ceria-8-atto
NPs is found associated with the mitochondria after just 10 min of incubation time.
Determination of Manders’ overlap coefficient [104] revealed that as much as 91 % of NPs are
overlapping the mitochondria. Time-lapse confocal live-cell studies confirmed the association of

NPs with mitochondria. In Figure 8.5B, the typical dynamics of mitochondria inside the cells can
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be appreciated. The translational motion and the bending of mitochondria are exactly followed

by the associated NPs, resulting in a perfect colocalization in space and time.

- Bright Field Mitochondria Merge
10 min

B Merge

Mitochondria 10 min

Figure 8.5 Live-cell imaging studies on the cellular uptake behavior of Pt-Ceria-8-atto NPs during a short
interaction time. (A) Bright-field (left panel) and confocal images of a representative HMEC-1 cell (dashed
line) incubated with Pt-Ceria-8-atto NPs (100 ug mL'l) for 10 min. After this short period, a considerable
number of NPs (middle left panel, magenta) were internalized and accumulated in mitochondria (middle
right panel, green: MitoTracker). Note the high degree of colocalization in the merge image (right panel,
white). Inset: boxed regions of confocal images in detail. Remarkably, the mitochondrial network and the
distribution of Pt-Ceria-8-atto NPs are characterized by overlapping filament-like structures.
Scale bar = 10 um. (B) Confocal image of another representative HMEC-1 cell with Pt-Ceria-8-atto NPs
(magenta) accumulated in mitochondria (green; colocalizing pixels in white). Inset: time-lapse images of
the boxed region. Note that the typical mitochondrial dynamics (e.g., translational motion, bending,
stretching) is perfectly followed by associated NPs. Scale bar =5 um. Altogether, these results point to a
very fast cellular uptake mechanism of Pt-Ceria-8-atto NPs, followed by a selective NP accumulation in
mitochondria.

Interestingly, traditional endocytosis does not seem to be the uptake pathway taken by Pt-Ceria-
8-atto NPs after short incubation times. In the live-cell imaging study illustrated in Figure 8.6A,
the cell plasma membrane was stained just before the addition of NPs, and thus every new
endosomes formed from the cell surface (and possibly enclosing a NP) was fluorescently marked.
Our results consistently showed no endosomal localization of Pt-Ceria-8-atto NPs (here, only 1 %
of the NPs signal is overlapping the endosomes). The particles were instead distributed along
with the filament-like structures of the mitochondrial network, as elucidated in Figure 8.5. After
relatively long incubation times, however, the results were different. The peculiar uptake
behavior of Pt-Ceria-8-atto NPs after 18 h of incubation time with HMEC-1 cells is depicted in

Figure 8.6B. Pt-ceria NPs do not only accumulate in mitochondria but also in lysosomes, the
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terminal vesicles that receive the cargo from endosomes [66]. On the whole, a mixed uptake
pathway was observed. Our findings points to the presence of two populations of particles in the
sample: one population that escapes the endocytic pathway, is rapidly internalized, and
accumulates in mitochondria; and another population that follows traditional endocytosis, is less
efficiently internalized, and is delivered to the lysosomes. Further research has demonstrated
that particle size is a crucial factor determining the uptake mechanism of Pt-ceria NPs (see

Section 8.2.2.4).

Endosomes

Figure 8.6 Intracellular fate of Pt-Ceria-8-atto NPs after short and long interaction times. (A) Live-cell
confocal images of a HMEC-1 cell (dashed line) incubated with Pt-Ceria-8-atto NPs (left panel, magenta) for
20 min. Endosomes formed from the cell surface during the interaction with NPs were fluorescently
labeled (middle panel, yellow: WGA 488). Large amounts of Pt-ceria NPs were promptly internalized, and
colocalization between NPs and endosomes would mean an endocytic entry route. However, this does not
seem to be the case for short incubation times, as illustrated in the merge image (right panel). Inset: boxed
regions in detail. Endosomes form a punctuate pattern, while Pt-Ceria-8-atto NPs are distributed in the
characteristic filament-like structures of the mitochondrial network. Note the lack of endosomal
localization of NPs. Scale bar =5 um. (B) Parallel experiments in which HMEC-1 cells (dashed line) were
incubated with Pt-Ceria-8-atto NPs (left panel, red) for 18 h. Cellular lysosomes (middle left panel, cyan:
LysoTracker) and mitochondria (middle right panel, green: MitoTracker) were stained before imaging.
Interestingly, some Pt-Ceria-8-atto NPs were accumulated in lysosomes (right panel, colocalizing pixels in
white), while others in mitochondria (right panel, colocalizing pixels in yellow). Inset: boxed regions in
detail. The filament-like structures of NPs associated with mitochondria can be distinguished from the
punctuate pattern of those NPs with lysosomal localization (arrow). Scale bar =5 um.

8.2.2.2 Mitochondrial targeting
As emphasized in the previous section, not only the fast NP uptake was remarkable, but also the
efficient and selective mitochondrial targeting by Pt-Ceria-8-atto NPs. Targeting mitochondria

with lipophilic cations, such as triphenylphosphonium, has been shown to be a successful

strategy [189, 192]. Due to the large mitochondrial membrane potential, lipophilic cationic
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moieties are attracted by and accumulate within mitochondria. Interestingly, Atto 647N is also a

lipophilic cationic dye with affinity to mitochondria [193].

In order to investigate if the mitochondrial-targeting property observed for Pt-Ceria-8-atto NPs is
an intrinsic ability of Pt-ceria NPs, regardless the attached fluorophores, we prepared 8 nm Pt-
ceria NPs labeled with perylenediimide (Pt-Ceria-8-pery), a neutral and chemically quite inert
fluorescent dye [133]. Missing the mitochondrial-targeting moieties, perylenediimide-labeled
NPs would still be able to perform a rapid cell-membrane penetration, but would not accumulate
selectively in mitochondria. Our hypothesis was confirmed by live-cell confocal studies. HMEC-1
cells were incubated with cell culture medium containing 50 pg mL™ of either Pt-Ceria-8-atto or
Pt-Ceria-8-pery NPs for 2 h. Cell exposed to 50 pg mL™ of Pt-Ceria-8-pery NPs presented a blurry
cytosolic distribution of NPs. In order to enhance the effect and optimize the visualization, the
concentration of Pt-Ceria-8-pery NPs was increased to 500 pg mL™. As depicted in Figure 8.7,
both Pt-Ceria-8-atto and Pt-Ceria-8-pery NPs were internalized by cells, but while Atto 647N
particles are mostly accumulated in mitochondria, perylenediimide-labeled particles are clearly
distributed throughout the cytosol. The fraction of Pt-Ceria-8-atto NPs overlapping mitochondria
for the upper cell in Figure 8.7A is 86 %. In contrast, the fraction of Pt-Ceria-8-pery NPs
overlapping mitochondria for the cell on the left in Figure 8.7B is 46 %. Nevertheless, since
perylenediimide-labeled NPs are covering the entire cytosolic region, 46 % may be an
overestimation caused by the diffraction-limited signal of NPs that are not physically associated
with mitochondria, but rather diffusely surrounding them. Atto 647N dye has therefore two

functions in our model NPs: labeling and mitochondrial targeting.

This comparison study indicates that only under the assistance of a mitochondrial-targeting
moiety (here, Atto 647N) the selective mitochondrial localization of cytosolic NPs is promoted.
Further experiments with cryo-TEM imaging, a technique that allows for an even better spatial
resolution, are under evaluation. These results are expected to elucidate the degree of

accumulation and the precise location of NPs within the mitochondrial structure.

Since fluorescence microscopy relies on the use of fluorophores to label the objects of interest,
eventual dye leakage or dye transfer to other objects may lead to misleading interpretations. It is
therefore worth emphasizing why the findings presented in this work cannot be attributed to dye
leakage from NPs. First of all, perylenediimide and Atto 647N are covalently bonded to the
particle surface [133]. Second, we simulated the leakage of Atto 647N dye from NPs in the cell
medium under comparable live-cell imaging conditions. The outcomes were that free Atto 647N
molecules are not able to efficiently cross the plasma membrane of cells, and no accumulation of

Atto 647N dye in mitochondria was observed (data not shown). Finally, equivalent NPs lacking
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the decoration with platinum or larger than ~150 nm do not display any mitochondrial

localization, although labeled with Atto 647N (see Sections 8.2.2.3 & 8.2.2.4).

Mitochondria
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Figure 8.7 Intracellular fate of 8 nm Pt-ceria NPs labeled with either Atto 647N or perylenediimide dyes.
(A) HMEC-1 cells (dashed lines) were incubated with Atto 647N-labeled NPs (Pt-Ceria-8-atto) for 2 h. The
expected selective accumulation of NPs (left panel, magenta) in mitochondria (middle panel, green:
MitoTracker) is evidenced in the merge image (right panel, white). Inset: boxed regions in detail. Note the
typical filament-like structures of colocalizing mitochondria and NPs. Scale bar =5 um. (B) Parallel
experiments in which HMEC-1 cells (dashed line) were incubated with perylenediimide-labeled NPs (Pt-
Ceria-8-pery). A considerable amount of Pt-Ceria-8-pery NPs (left panel, magenta) can be seen inside the
cells. However, in contrast to the selective mitochondrial localization of Atto 647N-labeled NPs,
perylenediimide-labeled NPs are mostly diffusely distributed in the cytoplasm region. Inset: boxed regions
in detail. Note the massive presence of NPs in the cytosol and the absence of a selective accumulation in
mitochondria. Scale bar =5 um.

8.2.2.3 Influence of platinum decoration

Previously, we studied the cellular uptake behavior and cytotoxicity of 8 and 30 nm ceria NPs
without platinum decoration (see Chapter 7). Among other interesting results, we described the
massive aggregation of ceria NPs. In the present work we found a similar uncontrolled
aggregation of 8 nm Pt-ceria NPs. Obviously, an effective investigation on the influence of only
platinum decoration requires NPs of similar properties, except for the presence of platinum. For
this reason, the samples Ceria-47-atto and Pt-Ceria-46-atto, synthesized under aggregation

control conditions and holding similar properties (Table 8.1), were used in this study.

HMEC-1 cells were incubated with cell media containing 20 ug mL" of either Ceria-47-atto or Pt-

Ceria-46-atto NPs, washed and imaged afterwards. The results presented in Figure 8.8 show the
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effect of ultrasmall platinum NPs (2-5 nm) on the surface of ceria NPs. While Pt-Ceria-46-atto
NPs are mostly found distributed as filament-like structures that coincide with the mitochondrial
network (Figure 8.8A), internalized Ceria-47-atto NPs appear as punctate fluorescence patterns
that characterizes the endocytosis uptake route (Figure 8.8B). The same peculiar uptake behavior
of Pt-Ceria-8-atto NPs after long incubation times (Figure 8.6B) was observed for Pt-Ceria-46-atto
NPs. Importantly, after very short incubation periods such as 20 min, Pt-Ceria-46-atto NPs were
already detected in mitochondria, but Ceria-47-atto NPs were not even detected inside the cell
(data not shown). It was necessary to perform longer incubation time experiments, such as 8 h,
to detect a reasonable amount of intracellular Ceria-47-atto NPs. In the present case, 83 % of
mitochondria are overlapped by Pt-Ceria-46-atto NPs Figure 8.8A. In contrast, only 4 % of
mitochondria are overlapped by Ceria-47-atto NPs (Figure 8.8B). In fact, a similar result (3 %) was
measured for the signal of lysosomes overlapping mitochondria in Figure 8.6B. Such small values
for the degree of colocalization (Manders’ overlapping coefficient) can therefore be attributed to

the proximity between vesicles and mitochondria in the cytoplasm.

Mitochondria

Figure 8.8 Influence of platinum decoration on the cellular uptake behavior of ceria NPs. (A) Live-cell
confocal images of a representative HMEC-1 cell (dashed line) incubated with Pt-Ceria-46-atto NPs (left
panel, magenta) for 8 h. Cellular mitochondria (middle panel, green: MitoTracker) was stained prior to
imaging. Note that NPs displaying a filament-like structure colocalize with mitochondria (right panel, white
pixels), while punctuate NPs do not. (B) Parallel experiments in which HMEC-1 cells (dashed lines) were
incubated with Ceria-47-atto NPs (left panel, magenta). Remarkably, only the punctuate pattern of NPs,
characteristic of endocytic pathway and vesicle localization, can be observed. Moreover, no evidence of
colocalization between mitochondria (middle panel, green: MitoTracker) and NPs was detected in the
merge image (right panel). Inset: boxed regions in detail. Scale bars =5 um.
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Hence, platinum decoration has an enormous influence on the cellular uptake behavior of our
model compounds for catalyst-derived NPs. The presence of ultrasmall platinum NPs on the
surface of ceria NPs is a necessary condition for the unusual uptake mechanism under

investigation.

8.2.2.4 Influence of particle size

The influence of the particle core size on the uptake behavior of catalyst-derived model NPs was
investigated by comparison studies with samples synthesized under aggregation control
conditions (see Section 8.2.1). Pt-ceria NPs of three distinct sizes were prepared: 46 nm (Pt-
Ceria-46-atto), 143 nm (Pt-Ceria-143-atto), and 285 nm (Pt-Ceria-285-atto). Except for the
determined differences in the particle sizes, no other remarkable difference in the

physicochemical properties of the samples has been noticed (Table 8.1).

Cellular uptake experiments parallel to those presented in Section 8.2.2.3 were prepared. The
peculiar uptake behavior of the 46 nm Pt-ceria NPs was depicted in Figure 8.8A. Crucially, the
same trend in the uptake mechanism was not observed for larger Pt-ceria NPs. The results in
Figure 8.9 show that, although decorated with platinum and labeled with Atto 647N, both Pt-
Ceria-143-atto and Pt-Ceria-285-atto NPs fail to accumulate in mitochondria. Moreover, after
short incubation times, such as 20 min, no evidence of NP internalization was found (data not
shown). Intracellular NPs were only detected after longer incubation times. After 8 h, a
punctuate pattern of internalized Pt-Ceria-143-atto NPs and Pt-Ceria-285-atto NPs can be
visualized (Figure 8.9A & B). As described previously, such a NP pattern distribution is
characteristic of particle endocytosis. The fraction of mitochondria overlapped by Pt-Ceria-143-
atto and Pt-Ceria-285-atto NPs was negligible (2 % and 6 %, respectively), and it can be attributed

to the signal overlapping of NPs inside endocytic vesicles and neighboring mitochondria.

Altogether, the unusual uptake behavior observed for 46 nm Pt-ceria NPs (hydrodynamic size
103 nm) after short or long incubation times was not observed for 143 and 285 nm Pt-ceria NPs
(hydrodynamic sizes 167 and 292 nm, respectively). These results point to a remarkable particle
size effect: Pt-ceria NPs smaller than ~50-100 nm escape the usual endocytic pathway and are
transported directly to the cytosol by a fast uptake process; Pt-ceria NPs larger than ~150 nm, in

contrast, are taken up via the conventional endocytosis route.
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Figure 8.9 Influence of particle size on the cellular uptake behavior of Pt-ceria NPs. Live-cell confocal
images of a HMEC-1 cells (dashed lines) incubated with either (A) Pt-Ceria-143-atto NPs or (B) Pt-Ceria-
285-atto NPs for 8 h. Similar results were achieved with both samples, and a punctuate pattern typical of
particle endocytosis can be observed (left panels, magenta). In addition, the absence of NP accumulation
in mitochondria (middle panels, green: MitoTracker) can be noticed in the merge images (right panels).
Insets: boxed regions in detail. Note the punctuate pattern of NPs distributed in the vicinity, but not at the
mitochondria. Scale bars =5 um.

8.2.2.5 Inhibitor studies

After examining the influence of platinum decoration and particle size in the uptake behavior of
Pt-ceria NPs, we investigated whether clathrin-mediated endocytosis was involved in the fast
uptake mechanism observed. (The influence of the caveolin-mediated uptake process is also
planned to be tested.) Several pathways have been discussed for the cellular uptake via
endocytosis (see Section 2.5). Generally, the functionality of distinct pathways is verified by live-
cell imaging studies using specific dye-labeled substrates along with endocytic inhibitors [7, 194,
195]. Transferrin glycoproteins, for example, are specifically and rapidly internalized by the
clathrin-mediated pathway. Such a fast uptake, followed by a sudden endosomal escape, would

be a possible mechanism to deliver NPs directly in the cytosol.

To visualize the uptake, the cellular membrane was stained prior to confocal imaging. As can be
seen in Figure 8.10A, transferrin is clearly detectable within the outlines of HMEC-1 cells.
Transferrin is present in the cell culture medium as well, leading to a staining of the extracellular
space. Figure 8.10B shows a parallel experiment in which the clathrin-mediated pathway of cells

was completely inhibited with 15 ug mL™ chlorpromazine (CP) during 30 min and, after that, co-
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incubated transferrin was no longer internalized. Finally, HMEC-1 cells with the clathrin-
mediated pathway completely blocked by CP were co-incubated with Pt-Ceria-46-atto NPs
(100 pug mL?). The panels of Figure 8.10C demonstrate that a considerably amount of NPs was
already detected inside the cell after a short incubation time of 20 min. Once inside the cells, Pt-
ceria NPs accumulated in mitochondria. The colocalization between NPs and mitochondria is
evident. These results indicate that the clathrin-mediated endocytosis is not involved in this

uptake process.

Mitochondria +CP

Merge
20 min

Figure 8.10 Live-cell confocal study on the role of clathrin-mediated endocytosis during the uptake of
small Pt-Ceria NPs by HMEC-1 cells. (A) Transferrin (red) is taken up into the cellular outlines (blue:
CellMask) in the absence of chlorpromazine (CP-). (B) The clathrin-mediated pathway is inhibited by
chlorpromazine (CP+), and transferrin (red) is no longer internalized by cells. (C) Inhibition with (CP+)
under the same experimental conditions of B, however, does not hinder the entry of Pt-Ceria-46-atto NPs
(left panel, magenta) into cells. After 20 min, a large number of NPs is already accumulated in
mitochondria (middle panel, green: MitoTracker). Note the clear colocalization between NPs and
mitochondria in the merge image (right panel, colocalization pixels in white; blue: CellMask).

8.2.2.6 Protein corona

As described in Section 2.3, NPs are normally covered by a protein corona as they interact with
proteins present in biological media. The protein corona can largely define the biological identity
of a given NP, and can therefore influence the effect of this NP on a cellular level. The results
described so far were all obtained with cell media supplemented with 10 % fetal bovine serum
(FBS). With the purpose of verifying if the presence of serum proteins in cell culture medium

plays a decisive role in the interaction between Pt-ceria NPs and cells, we incubated HMEC-1 cells
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with Pt-ceria-46-atto NPs (100 pgmL™") in a cell medium formulation deprived of FBS.
Interestingly, the outcomes were not distinct from those measured in the presence of serum
protein, and NPs were found inside the cells and accumulated in mitochondria (Figure 8.11).
Thus, the presence of serum proteins (in solution or forming a protein corona adsorbed to the
NP surface) does not influence the unusual uptake behavior observed for small Pt-Ceria NPs.
These results indicate an uptake mechanism driven by the physicochemical properties of the
bare surface of NPs, and they point to a partial or a complete lack of the protein corona [51]. In
addition, these results are in line with the cell membrane-penetration by ultrasmall gold NPs in

both serum-free and serum-containing cell medium [69].

Mitochondria

Figure 8.11 Influence of the protein corona on the cellular uptake behavior of small Pt-Ceria NPs. The
protein corona is believed to have a strong influence in the interactions between NPs and cells. In all
uptake experiments of this work, except this one, cells were incubated in serum-containing cell medium.
Here, however, HMEC-1 cells were incubated with Pt-Ceria-46-atto NPs for 2 h in serum-free medium.
Under this special experimental condition, NPs are not covered by adsorbed proteins. Interestingly, the
absence of serum proteins did not altered the uptake route. Pt-Ceria-46-atto NPs (left panel, magenta)
were rapidly internalized by HMEC-1 cells (dashed line) and accumulated in mitochondria (middle panel,
green: MitoTracker). Colocalization between NPs and mitochondria can be clearly visualized in the merge
image (right panel, white). Inset: boxed regions in detail. The typical filament-like structures of
mitochondria and associated Pt-Ceria-46-atto NPs are evident. Scale bar =5 um.

8.2.2.7 Cell membrane integrity

So far, all results point toward a cell membrane penetration by small Pt-ceria NPs. Cell
membrane penetration by NPs can cause the disruption of the plasma membrane and induce
cytotoxic effects [196]. In addition, the leakage of ions or molecules into or out of the cell
through permanent holes on the membrane can lead to cell death [69]. To verify whether Pt-
ceria NPs cause permanent holes or any other damage to the plasma membrane integrity, we

performed calcein leakage in and out assays.

First, we tested if the direct translocation of Pt-ceria NPs through the membrane was
accompanied by the leakage in (or penetration) of co-incubated calcein. The fluorescent dye

calcein cannot penetrate an intact cell membrane directly, but is normally internalized by
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endocytosis and remains enclosed by intracellular vesicles. However, if the membrane is
disrupted, calcein can penetrate the cell and a diffuse pattern is observed throughout the
cytosol. Scoring the percentage of cells without cytosolic calcein distribution is a convenient and
conventional way to access the viability of cells after exposure to external agents. Cell membrane
damage by external agents is typically characterized by the majority of cells exhibiting cytosolic
calcein. For example, cationic gold nanoparticles (coated with 11-mercaptoundecane-
tetramethylammonium chloride) which are able to disrupt cell membranes, led to cytosolic
calcein distribution in ~50 % of the dendritic cells, while in the control samples not treat with

gold NPs, 95 % of the cells were found without calcein cytosolic distribution [69].

HMEC-1 cells were co-incubated with cell medium containing 0.1 mgmL™ calcein and
100 pg mL* Pt-Ceria-46-atto NPs for 3 h. After this time, cells were washed and imaged live.
Representative cells of untreated controls and co-incubation experiments with Pt-Ceria-46-atto
NPs are given in Figure 8.12A & B, respectively. The percentage of cells without calcein
distribution was above 97 % in both cases, as shown in Figure 8.12C. Besides, no significant

difference in the viability of untreated and NP treated cells was found.

Next, we performed complementary studies on the particle-induced leakage out (or release) of
previously internalized cytosolic calcein. The cell-permeant and nonfluorescent calcein-AM dye
can access the cytosolic compartment of living cells and, once there, it is converted to the
fluorescent calcein by intracellular esterases and stays trapped in the cytosol. In our experimens,
HMEC-1 cells were preincubated with 5 pM calcein-AM for 45 min. Calcein-loaded cells were
washed with cell medium and incubated with 100 pg mL™ Pt-Ceria-46-atto NPs for 0.5 and 3 h.
After the respective incubation periods, cells were washed again and imaged live. The mean
fluorescence intensity of cytosolic calcein was measured in untreated cells and in cells treated
with Pt-ceria NPs (Figure 8.13A & B, respectively). The data presented in Figure 8.13C show that
no leakage out of pre-loaded cytosolic calcein was induced by the uptake of NPs. Moreover, no
significant difference between untreated and NP treated cells was detected. These results are in
line with the previous findings on the leakage in of calcein (Figure 8.12). Altogether, calcein
leakage in and out assays offer supporting evidence that small Pt-ceria NPs can access the cytosol

without causing noticeable membrane disruption.
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Figure 8.12 Impact of small Pt-Ceria NPs on the membrane integrity: calcein leakage in assay. Z-
projection of live-cell confocal images depicting HMEC-1 cells (left panels, CellMask) co-incubated with
calcein (middle left panels, green) and (A) untreated or (B) treated with 100 pg mL" Pt-Ceria-46-atto NPs
for 3 h (middle right panels, red). Calcein is a cell-impermeant fluorescent dye that is internalized via
endocytosis by healthy cells and displays a punctuate pattern (gray arrow in A). However, when the cell
membrane integrity is compromised, calcein dye molecules leak into the cell and a diffuse pattern of
cytosolic calcein distribution is observed (white arrow in A). NP and calcein internalization by cells can be
appreciated in the merge images (right panels). Scoring the percentage of cells without cytosolic calcein
distribution is a conventional method to assess the impact of NPs on the membrane integrity and the
cellular viability. (C) Percentage of cells without cytosolic calcein distribution for untreated and NP treated
experiments (gray and white bars, respectively). In total, the plasma membrane integrity of more than 340
cells was evaluated. For both untreated and NP treated cells, the percentage of viable cells was above
97 %. Hence, these results point to a cellular uptake process of small Pt-Ceria NPs that does not impair the
plasma membrane integrity. Data represent mean + standard error of two independent experiments.
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Figure 8.13 Impact of small Pt-Ceria NPs on the membrane integrity: calcein leakage out assay. Bright
field (left panels) and Z-projection of live-cell confocal images. HMEC-1 cells were pre-loaded with cytosolic
calcein (middle left panels, green) and subsequently (A) untreated or (B) treated with 100 pg mL™ Pt-Ceria-
46-atto NPs for 0.5 and 3 h (middle right panels, red). In this assay, if the plasma membrane is disrupted,
pre-loaded calcein dye molecules can leak out the cell, and an overall reduction in the cytosolic
fluorescence intensity occurs. Thus, a reduction in the mean fluorescence intensity can be correlated with
particle-induced cell membrane damage. Intracellular NPs and cytosolic calcein can be clearly visualized in
the merge images (right panels). (C) Mean fluorescence intensity of calcein measured in the cytosolic
region of individual HMEC-1 cells. In total, more than 70 single cells were analyzed per time point.
Remarkably, no significant difference (p < 0.01) between untreated and Pt-Ceria-46-atto NPs treated cells
was detected (white and gray bars, respectively). Data represent mean % standard error of two
independent experiments (n = 35-40).

8.2.2.8 Impact of ceria and Pt-ceria NPs on the cellular ATP level
In order to further investigate if small Pt-ceria NPs can have an impact on the cellular viability,
we measured and compared the particle-induced cytotoxicity of Ceria-47-atto, Pt-Ceria-46-atto,

and Pt-Ceria-143-atto NPs. HMEC-1 cells were incubated at two distinct concentrations:
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10 pg mL* and 100 pg mL™. After specific incubation periods of 3, 24, 48 and 72 h, the relative
adenosine triphosphate (rATP) content was analyzed to assess the metabolic impact of NPs on
cells. One hundred percent rATP content represents the cellular viability of untreated cells. As
presented in Figure 8.14, the rATP contents of cells treated with Pt-ceria-46-atto NPs do not
significantly differ from the rATP content values of cells incubated with either ceria-47-atto or Pt-
ceria-143-atto NPs. This means that platinum decoration and the unconventional uptake
mechanism of Pt-Ceria-46-atto NPs do not induce a different nanotoxicity under the investigated
conditions. Moreover, rATP values were found to be above the cytotoxic threshold of 75 %
(dashed line) in all investigated conditions. This is a clear indication that ceria and Pt-ceria NPs

are well tolerated by HMEC-1 cells in short-term exposure experiments (3—72 h).
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Figure 8.14 Cellular viability of cells treated with ceria and Pt-ceria NPs. HMEC-1 cells were exposed to
either (A) 10 g mL" or (B) 100 ug mL" of three distinct NP samples: Ceria-47-atto NPs (white bars), Pt-
Ceria-46-atto NPs (light gray bars), and Pt-Ceria-143-atto NPs (dark gray NPs). The incubation time
extended from 3 to 72 h. Within this time, no significant difference (p < 0.01) was detected in the relative
adenosine triphosphate (rATP) content of cells exposed to any NP type (in comparison to the other two NP
types). In addition, the rATP content measured was always above the cytotoxicity threshold of 75 %
(dashed line, cytotoxicity according to DIN EN ISO 10993-5:2009-10). This means that the metabolic impact
induced by all three NP types on HMEC-1 cells was quite low. Histograms represent mean + standard error
from three independent experiments.

8.2.2.9 Cell membrane penetration

Cell-penetrating peptides [70], 8 nm CdSe/ZnS core/shell quantum dots (coated with D-
penicillamine) [71] and ultrasmall noble metal NPs (typically smaller than ~10 nm), such as gold
[68, 69, 72-74] and platinum [75, 76], can escape the traditional endocytosis pathway and
perform a fast direct translocation across the cell membrane into the cytosol. This
unconventional uptake mechanism is characterized by fast and efficient cellular uptake, without

perceptible cell membrane disruption and no cytotoxic effects at low concentrations. This
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definition almost perfectly matches our findings on the unusual fast uptake mechanism and
cytosolic delivery of small Pt-ceria NPs. The exception is the presence of a relatively large ceria

NP core.

Nevertheless, the mechanism of cell membrane penetration is not fully understood. Using
coarse-grained molecular dynamics simulations, Lin & Alexander-Katz [68] proposed that cell
membranes generate nanoscale transient holes to assist the fast and spontaneous translocation
of cell-penetrating peptides as well as ultrasmall cationic NPs into the cytoplasm. According to
this model, when ultrasmall 2.2 nm cationic gold NPs approach the membrane, they are
attracted to negatively charged membrane proteins. Once a certain number of NPs is located in
the membrane region, nanoscale holes are formed due to the alteration of the local electric field
across the plasma membrane. NPs that are already in the region will then use these holes to
direct translocate into the cytosol. After translocation, the transmembrane potential is strongly

reduced and the membrane rapidly reseals itself.

On the basis of our findings and the literature, we propose the following uptake mechanism for
small Pt-ceria NPs: as one NP diffuses and approaches a cell, the ultrasmall platinum NPs on its
surface generate multiple transient nanoscale holes. These holes combine and allow the
membrane penetration of the NP up to a core size of ~50-100 nm. After the passage of the
particle, the membrane rapidly reseals itself. Once inside the cells, the diffusing NP will come
into contact with cell organelles and, in the case of Pt-ceria NPs labeled with Atto 647N, will
accumulate in mitochondria owing to the lipophilic cationic moieties of this dye. Figure 8.15
illustrates graphically the cell membrane penetration and mitochondrial targeting by a 50 nm Pt-

ceria NP.

So as to test the generality of our results, we prepared 8 nm ceria NPs decorated with other
noble metals; namely, rhodium and palladium. In addition, we synthesized platinum-decorated
50-80 nm mesoporous silica NPs. Preliminary results indicate that in all cases the same trend,
with cell-membrane penetration and mitochondrial targeting by Atto 647N NPs was achieved.
Moreover, we investigated if the uptake trend observed for small Pt-ceria NPs is cell-type
dependent. Human cervical cancer cells (Hela) cells were incubated with Pt-ceria-8-atto NPs, and
the same unusual uptake behavior observed before was observed for Hela cells (data not

shown). Finally, the intracellular targeting with other moieties is under investigation.
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Figure 8.15 Cell membrane penetration and mitochondrial targeting by Pt-ceria NPs. Within a few

minutes of incubation time, three mitochondria-targeted NPs approach a cell: a) 50 nm Pt-ceria NP, b)
50 nm ceria NP, c) 150 nm Pt-ceria NP. In the case of particle a), ultrasmall platinum NPs decorating its
surface induce nanoscale holes on the cell membrane, and the NP directly translocates from the
extracellular environment into the cytosol. Particle b) is not able to translocate the membrane because it is
deprived of ultrasmall platinum NPs on its surface. Particle c) is too large to pass through the eventually
induced holes. After translocation, particle a) diffuses freely in the cytosol and the membrane reseals.
Next, the diffusing NP reaches a mitochondrion. After a few hours, the particles b) and c) are internalized
by the conventional endocytic pathway and stay trapped in vesicles.

8.3 Conclusions

In summary, platinum-decorated ceria NPs that resemble catalyst-derived NPs can escape the
traditional endocytosis uptake pathway and perform a rapid and direct translocation through the
cell membrane. If properly targeted, these NPs are able to selectively accumulate in cellular
organelles like the mitochondria. Interestingly, similar ceria NPs deprived of platinum do not
translocate through the membrane, but are internalized by endocytosis. In addition, the particle
size is a crucial parameter — only Pt-ceria NPs smaller than ~50—-100 nm are able to perform cell-
membrane penetration. Mitochondrial targeting was achieved with Atto 647N, a fluorescence
dye with high affinity to this cell organelle. Remarkably, although the uptake mechanism
proposed involves the direct translocation of Pt-ceria NPs into the cytosol through transient
membrane holes, we consistently observed no plasma membrane disruption or any other

significant adverse effects on cells.

As regards the biological impact of the model NPs emitted from automobile catalytic converters,
our findings suggest that the short-term nanotoxicology of high doses of Pt-ceria NPs (within
72 h, 100 pg mL™) is rather low. However, the long-term effects of continuous exposure to much

lower doses, as in human exposure to air pollution, remain to be investigated.

Pt-ceria NPs (and conceivably other noble-metal decorated NPs) are fascinating materials that
perform a fast direct translocation into the cytosol along with a good short-term
biocompatibility. These properties combined grant them a high potential to become important

platforms for intracellular-targeted drug and gene delivery.
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9 Endosomal escape and successful cytosolic drug release of

dendronized mesoporous silica nanoparticles

This chapter is based on the following publication:

Veronika Weiss, Christian Argyo, Adriano A. Torrano, Claudia Strobel, Stephan A. Mackowiak, Tim
Gatzenmaier, Ingrid Hilger, Christoph Brduchle, and Thomas Bein;

“Dendronized mesoporous silica nanoparticles provide an internal endosomal escape mechanism for a
successful cytosolic drug release.”

Submitted.

9.1 Introduction

In recent years, mesoporous silica nanoparticles (MSNs) have been intensively studied as drug
delivery vehicles due to their excellent materials features, such as good biocompatibility, large

cargo capacity and versatile organic surface functionalization [16].

In general, an ideal drug delivery platform has to meet several requirements to achieve specific
drug delivery, including biocompatibility, specific targeting, and stimuli-responsive drug release
behavior [197-199]. Nanoscaled drug delivery systems, such as multifunctional MSNs, encounter
many challenges on their way towards reaching their desired target and efficiently releasing their
cargo. In particular, endosomal entrapment is faced by nanoparticles that are internalized by
cells via endocytosis (see Section 2.5), and it represents a major obstacle for drug delivery [200].
Especially for membrane impermeable or immobilized cargo molecules, the nanocarriers need to
access the cytosol in order to achieve efficient delivery to the targeted cell compartments.
Several strategies have already been described to address or bypass the demanding task of
endosomal escape, including pore formation, membrane fusion, photoactivated membrane

rupture, and the proton sponge effect [125, 201-203].

Particularly, the proton sponge effect is a promising automatic strategy for endosomal release of
the nanocarriers. The mechanism of the proton sponge effect follows an intrinsic osmotic
swelling during endosomal acidification caused by the buffering capacity of modified
nanocarriers, such as cationic polymers [204, 205]. Furthermore, a destabilization of the
membrane caused by such positively charged vehicles might occur. Ultimately, this results in

rupture of the endosomal membrane [206].

Poly(amidoamine) (PAMAM) dendrons or dendrimers provide high buffering capacity and have

been found to be suitable for gene delivery, exhibiting extraordinary stability in forming
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complexes with DNA [207, 208]. The resulting transfection efficiency was explicitly attributed to
an activated proton sponge mechanism. Compared with simple amines, PAMAM dendrons
(depicted in Figure 9.2A) have an increased tendency towards protonation which is caused by a
fixed arrangement of two amino groups in close vicinity such that they can easily be connected

by a hydrogen bond [209].

Here we have established a newly designed multifunctional core-shell MSNs coated with PAMAM
dendron structures on the outer surface. These systems combined provide a successful
mechanism for endosomal escape and subsequent cytosolic drug release from the silica
nanocarriers. Dendronized MSNs feature a high buffering capacity acting as a potential trigger for
a pH-responsive endosomal escape mechanism conceivably via the proton sponge effect, as

illustrated in Figure 9.1.

cell membrane

D\ _ _ PAMAM
MSN ~ Dendron

¥ =cargo o = Proton

Figure 9.1 Schematic illustration of the proposed intrinsic endosomal escape mechanism. PAMAM
dendron-coated MSNs are internalized into a cell via endocytosis. Endosomal acidification leads to intrinsic
osmotic swelling caused by the high buffering capacity of the dendron-coated MSNs. Subsequently,
endosomal membrane rupture occurs which provides access to the cytosol. In this reductive environment
the immobilized (disulfide bridges) cargo molecules can be released.

This is a collaborative project with the Group of Prof. Dr. T. Bein, at the University of Munich
(LMU), and the Group of Prof. Dr. I. Hilger, at the University of Jena. Synthesis and
characterization of MSNs were performed by Dr. Christian Argyo and Tim Gatzenmeier (Prof. Dr.
T. Bein; LMU Munich). The cytotoxicity experiments were carried out by Claudia Strobel (Prof. Dr.
I. Hilger; University of Jena). In our laboratories (Group of Prof. Dr. C. Brauchle; LMU Munich) we
carried out a series of cell-based microscopy assays, including cell targeting, endosomal escape,
and drug release experiments (performed by Dr. Veronika Weiss and Dr. Stephan A. Mackowiak),
as well as cellular uptake kinetics. In particular, quantitative live-cell imaging based on

Particle_in_Cell-3D, as described in Chapter 4, was employed to determine the absolute number
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of PAMAM dendron-coated MSNs internalized by single cells. These outcomes were recorded
under the same experimental conditions applied for the cytotoxicity experiments and

contributed to establish the low cytotoxicity of these nanocarriers.

9.2 Results and Discussion

9.2.1 Synthesis and characterization of dendronized MSNs

MSNs coated with different generations of PAMAM dendrons (D1, D2 and D3) were synthesized
via a delayed co-condensation approach to create core-shell functionalized MSNs [210, 211].
Specifically, bifunctional MSNs consist of a thiol-functionalized particle core and additionally an
external PAMAM dendron shell. The amino-terminated PAMAM dendrons (Figure 9.2A) are
covalently bound to the particle surface via silane linkers attached to the propargyl groups [211].
The PAMAM moieties are exclusively located at the external particle surface resulting in an
organic polymer coating of MSNs featuring high buffering capacity. MSNs coated with third
generation PAMAM dendrons (MSN-D3) showed optimal properties and are expected to have
great potential for generating the proton sponge effect. Hence, we focused our attention on the
investigation of the MSN-D3 particles for cargo release, cell uptake, cytotoxicity and cell

targeting experiments.

Transmission electron microscopy (TEM) revealed spherically shaped MSN-D3 with sizes of about
70 nm in diameter and a worm-like porous structure consisting of radially grown mesoporous

channels (Figure 9.2B).
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Figure 9.2 Dendronized mesoporous silica nanoparticles. (A) Amino-terminated propargyl-PAMAM
dendron D3. (B) Representative TEM image of MSN-D3. (C) Dynamic light scattering (DLS) measurements
were performed to determine the hydrodynamic size distribution of MSN-DO (black), MSN-D1 (red), MSN-
D2 (green), and MSN-D3 (blue). All samples featured narrow size distributions with an average particle size
of about 122 nm.
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Hydrodynamic size and structural parameters of MSNs were measured by dynamic light
scattering (DLS) and nitrogen sorption measurements, respectively, and are summarized in Table
9.1. DLS measurements confirmed that both the reference sample MSN-DO (MSNs without
PAMAM dendron functionality) and MSN-D3 featured narrow size distributions with an average
particle size of about 122 nm (Table 9.1 and Figure 9.2C). The size difference between TEM
(~70 nm) and DLS (~122 nm) data is attributed to a tendency for weak agglomeration in solution.
For the reference sample MSN-DO, relatively high BET surface area and pore volume were
observed. In the case of MSN-D3, these porosity parameters were decreased. This effect was
partially due to the increasing sample mass by addition of the non-porous organic polymer.
Furthermore, large PAMAM dendron generations might have caused clogging of some pore
entrances towards to access of nitrogen molecules at the low measurement temperatures
(-196 °C). A slight average pore constriction could also be observed in the presence of the
attached PAMAM structures. This decrease could be due to the reduction of the pore mouth
diameters partially covered by frozen organic PAMAM moieties. Nevertheless, PAMAM dendron-
coated MSNs still exhibited a large accessible mesoporous structure offering enough space for

the incorporation of cargo molecules.

Table 9.1 Structural parameters of functionalized MSNs.

sample Particle size™ BET surface area Pore volume®  DFT pore size!”
[nm] [m?/g] [cm®/g] [nm]

MSN-DO 122 1190 0.74 29-44

MSN-D3 122 497 0.24 2.2-3.8

a) Particle size is given by the hydrodynamic diameter and refers to the peak value of the size distribution
derived from DLS measurements; b) Pore volume is calculated up to a pore size of 8 nm to remove the
contribution of the interparticle porosity; c) DFT pore size refers to the full width at half maximum of the
corresponding pore size distribution using the density functional theory (DFT) approach.

Zeta potential measurements showed drastic changes in the surface charge of MSN-D3
compared to MSNs without PAMAM dendron functionality (MSN-DO). As presented in
Figure 9.3A, highly positive surface charges were observed at acidic pH values for MSN-D3
(+60 mV at pH 2). In contrast, the reference sample MSN-DO exhibited an isoelectric point close
to pH 2, which results in a negatively charged particle surface over the full pH range. Additional
titration measurements of MSN-D3 against an aqueous solution of NaOH (0.01 M) gave evidence
for a high proton acceptance of the polymer shell resulting in a high buffering capacity. As
depicted in Figure 9.3B, MSN-D3 featured a significant increase in required volume of NaOH

solution to be neutralized (+ 1.4 mL). MSN-D3 provided great potential to act like a proton
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sponge showing optimal buffering behavior in the pH range 5.5 to 6.5, which perfectly fits the

endosomal acidification range [212].
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Figure 9.3 Characterization of PAMAM dendron-coated MSNs. (A) Zeta potential measurements,
(B) titration data and (C) solid-state NMR measurements (for clarity the graphs have been shifted along the
y-axis) of MSN-D3 and MSN-DO. (D) Redox-responsive release kinetics of MTS-ROX before (filled squares)
and after (empty squares) addition of dithiothreitol (DTT) to simulate the reductive milieu of the cytosol.
Before medium change, MSN-D3 shows no premature release of the fluorescent cargo molecules which
are attached to the mesopores via disulfide bridges. Only in reductive milieu a significant increase in
fluorescent intensity can be observed, demonstrating a redox-responsive release behavior of the MTS-ROX
due to cleavage of the disulfide bridges.

Further characterization of the attached functional groups was performed by *C solid state NMR
analysis (Figure 9.3C). MSN-D3 featured characteristic peaks for the amide groups of the PAMAM
dendrons at 173 ppm (C=0). Furthermore, weak signals at 144 and 125 ppm derived from the
triazole click connection. Various strong signals in the range between 60 to 10 ppm correspond
to different types of methylene groups which belong to the PAMAM moieties (52 and 40 ppm (N-
CH,-R), 21 and 10 ppm (R-CH,-R)).

To prove a stimuli-responsive cargo release behavior of MSN-D3, time-based release
experiments of a fluorescent and thiol-reactive model drug (MTS-ROX; methanethiosulfonate

5(6)-carboxy-X-rhodamine) were performed. MSN-D3 with immobilized MTS-ROX in the
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mesopores showed no cargo release in aqueous solution under non-reductive conditions within
the first hour (Figure 9.3D). The cargo molecules were covalently attached via disulfide bridges
preventing premature leakage of the dye. Only upon addition of a reducing agent (simulation of
the cytosol) an increase in fluorescence intensity was shown. This indicated a redox-responsive
cleavage of the disulfide bridges and subsequently a specific stimuli-responsive release of the

fluorescent model drug occurred.

From all these results we conclude a successful synthesis of core-shell functionalized MSNs with
third generation PAMAM dendrons via the delayed co-condensation approach. The PAMAM
moieties are exclusively located at the external particle surface, resulting in an organic polymer
coating of MSNs featuring a high buffering capacity. In addition, the redox-responsive behavior
provide great potential for a specific cargo release once the mesoporous silica nanocarriers have

escaped from the endosomes and entered the cytosol of the targeted cell.

9.2.2 Cellular uptake kinetics and cytotoxicity studies

In order to study the cytotoxicity of PAMAM dendron-coated MSNs, the uptake kinetics and the
relative cellular dehydrogenase activity of endothelial cells (HMEC-1) were analyzed. First, the NP
uptake kinetics was investigated to gain detailed information about the dose of MSNs effectively
internalized by cells at defined incubation times (Figure 9.4A-D). HMEC-1 cells were exposed to a
concentration of 100 ug mL™* MSN-D3 from 3 to 48 h and subsequently imaged by live-cell
fluorescence microscopy. Confocal stack images of single cells interacting with fluorescence-
labeled MSNs were acquired and evaluated with Particle_in_Cell-3D (see Chapter 4).
Quantitative image analysis revealed that 2,752 + 887 MSNs were taken up by each cell after just
3 h. The number of intracellular particles reached 13,480 + 1,824 NPs per cell after 24 h, and it
then decreased until reaching approximately 10,047 + 1,192 MSNs after 48 h. Interestingly, the
amount of intracellular particles can diminish with time by cell division process and by
exocytosis, as recently reported in the literature [137, 170]. The cell division possibility would be
in accordance with the reported doubling time of HMEC-1 cells, namely 29 h [169]. The relative
cellular dehydrogenase activity (rcDH) of HMEC-1 cells after exposure to MSN-D3 is presented in
Figure 9.4E. Although the cells were shown to become packed with thousands of particles, MSN-
D3 revealed no adverse effects over all investigated concentrations (10 fg mL™ to 100 ug mL™)
and exposure times (3 to 72 h). All rcDH values assessed were well above 75 %, the cytotoxicity
threshold according to according to DIN EN ISO 10993-5:2009-10. PAMAM dendron-coated MSNs
therefore have a tendency to have low cytotoxicity, comparable to other PAMAM-coated

materials, as previously described [213].
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Figure 9.4 Cellular uptake kinetics and cytotoxicity studies of dendronized MSNs. (A-C) Representative
3D images of single cells (gray) and intracellular MSN-D3 (red) after 3 h, 24 h and 48 h, respectively.
(D) The absolute number of NPs internalized by single cells increases steeply within the first 24 h.
Remarkably, the number slightly decreases after 48 h. The histogram depicts the mean * standard error of
two independent experiments (n =15). (E) Relative cellular dehydrogenase activity (rcDH) of human
microvascular endothelial cells (HMEC-1) after exposure to particles. MSN-D3 revealed no cytotoxic impact
(n =3 independent experiments).

9.2.3 Specific receptor-mediated cell uptake

Another key feature for a capable drug delivery vehicle is specific targeting of the desired tissue,
mainly cancer cells, which can be achieved by exploiting a receptor-mediated cellular uptake of
the nanocarriers. Targeting ligands, such as folic acid (FA), can be attached to the periphery of
the MSN-D3 via a bifunctional PEG linker [211]. Application of the PEG-linkers is considered to
reduce unspecific cellular uptake of the particles [214]. Atto 633-labeled MSN-D3 functionalized
with PEG-FA (MSN-D3-PEG-FA) were incubated for 5h with KB cells (cervix carcinoma cells
derived from Hela) to investigate a possible receptor-mediated endocytosis. Two cellular uptake

experiments were performed simultaneously (Figure 9.5). On the one hand, KB cells were
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pretreated with free FA to gain full saturation and blockage of the cell receptors before
incubation with particles. Here, only unspecific cell uptake was observed to a minor degree
(Figure 9.5A). On the other hand, a much higher efficiency of particle internalization by cells
occurred for KB cells without pretreatment with FA. This efficient cellular uptake can be

attributed to the receptor-mediated endocytosis of MSN-D3-PEG-FA (Figure 9.5B).

WITH FA-PREINCUBATION WITHOUT FA-PREINCUBATION

Figure 9.5 Specific receptor-mediated cell uptake of MSN-D3-PEG-FA. (A) Unspecific and (B) receptor-
mediated endocytosis of MSN-D3 with targeting ligand folate (MSN-D3-PEG-FA, red) by KB cells
(membrane staining WGA 488, green). Indication of the particle location (inside or outside the cell) can be
noticed by in the cross-section and orthogonal views. In panel B, a specific receptor-mediated cell uptake
can be observed for MSN-D3-PEG-FA with KB cells after 5 h incubation at 37 °C. In contrast, as shown in
panel A, the incubation of MSN-D3-PEG-FA with FA-preincubated KB cells for 5 h at 37 °C showed only
minor unspecific cellular uptake. Scale bar = 10 um.

9.2.4 Endosomal escape and drug release

The potential of MSN-D3 to achieve an intrinsic endosomal escape was investigated by in vitro
release experiments of the nuclei staining DAPI on Hela cancer cells [215, 216]. A thiol-reactive
derivative of DAPI (MTS-DAPI) was covalently attached to the mercapto-functionalized walls of
the mesopores. The established covalent disulfide bridges should be cleaved only when
endosomal escape was achieved and the nanocarriers have reached the reductive milieu of the
cytosol [217, 218]. Hela cells were incubated with MSN-D3 loaded with MTS-DAPI for 5, 10 and
22 h. Figure 9.6 shows an efficient cellular uptake behavior of the NPs labeled with Atto 633 (red)
already after 5 h. Moreover, only weak staining of the nuclei (DAPI, blue) was observed at this
time point. In contrast, free DAPI molecules were able to efficiently stain nuclei already within a
few minutes (5 min), as described by standard nucleus staining protocols [219]. Over the entire
time range, a successive increase in fluorescence intensity of the DAPI-stained nuclei was

observed (Figure 9.6D). Sample MSN-D3 showed a prominent increase in fluorescence intensity
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monitored for a total time period of 61 h. The results indicate that endosomal escape for the
cytosolic delivery of the cargo molecules was achieved. The gradual release behavior of DAPI is
attributed to the relatively slow proton sponge effect caused by the PAMAM dendron content of
these nanocarriers. The increasing level of nuclei fluorescence staining proved an effective DAPI
delivery to the cells. Reference samples (MSN-DO and supernatant of MSN-D3 after particle
separation by centrifugation ‘Supernatant MSN-D3_MTS-DAPI’) displayed no temporal increase
of fluorescence intensity, proving that only marginal amounts of free dye were present in the
solution. Most important, this demonstrates that the PAMAM dendron content of these drug
delivery vehicles is essential to achieve successful cargo delivery to cancer cells. Of note, the
MSNs remained stationary after the endosomal escape as already observed in previous

reports [125, 220].
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Figure 9.6 Endosomal escape and DAPI release. Fluorescence microscopy studies of Hela cells incubated
with MSN-D3 loaded with immobilized DAPI (MTS-DAPI, blue) inside the mesopores, and labeled with
Atto 633 (red) after (A) 5 h, (B) 10 h and (C) 22 h. The nuclei are indicated with dashed ellipses. (D) Nuclei
staining kinetics of DAPI delivery to Hela cells from MSN-D3_MTS-DAPI (squares), MSN-DO_MTS-DAPI
(triangles) and the supernatant (circles) of MSN-D3_MTS-DAPI solution (after particle separation). The
fluorescence intensity of distinct regions of interest (stained nuclei) was evaluated after different time
points of sample incubation. Data represent average fluorescence intensity + standard deviation. A time-
dependent increase of fluorescence intensity is observed only for MSN-D3_MTS-DAPI, suggesting a gradual
DAPI release from the nanocarriers. In contrast, the fluorescence intensity remains constant at a marginal
level for the reference samples. Scale bar = 10 um.
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The anticancer drug colchicine (Col) is known to cause inhibition of the microtubuli
polymerization due to irreversible binding to tubulins, ultimately leading to cell death [221, 222].
A thiol-reactive derivative of Col (MTS-Col) was immobilized at the inner mesoporous surface of
MSN-D3 and, subsequently, these loaded-drug-delivery vehicles were incubated with tubulin-
GFP-transfected KB cells. In Figure 9.7A/E, the fluorescence-labeled microtubule network (green)
of untreated KB cells is depicted for comparison. After 2 h of particle incubation (Atto 633-
labeled MSN-D3, red), endocytosis occurred to a high degree, but the microtubule network was
still intact, suggesting that no release of Col had occurred at this time point (Figure 9.7B/F). A
partial destruction of the microtubule network could only be observed after 7 h (Figure 9.7C/G).
After 22 h, cell death finally occurred, as indicated by vanishing of the tubulin structure (blurred
green fluorescence signal) and by the spherical shape of the cells (Figure 9.7D/H). The present
cell experiments therefore suggest a time-dependent intracellular release of immobilized MTS-
Col from the mesoporous drug delivery vehicles. The acidification of the endosomal
compartment during trafficking possibly triggered the endosomal escape. By means of the high
buffering capacity of MSN-D3, a high internal osmotic pressure led to the rupture of the
endosomal membrane with subsequent access of MSNs to the cytosol. Reducing agents present

in the cytosol were able to cleave the disulfide bridges and Col was efficiently released.

Control 2h 22h

Figure 9.7 Endosomal escape and drug release. Fluorescence microscopy studies of (A/E) control
(untreated) KB cells with GFP-tagged tubulin (green). The cells were incubated with MSN-D3 loaded with
immobilized colchicine (MTS-Col) inside the mesopores and labelled with Atto 633 (red) for (B/F) 2 h, (C/G)
7 h, and (D/H) 22 h. Panels E-H show zoom-in representative microtubule structures (without MSN-D3). A
time-dependent destruction of the tubulin network by colchicine was observed, finally causing cell death.
Scale bars =10 um.
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9.3 Conclusions

In conclusion, these in vitro release experiments with different cell lines and different cargo
molecules incorporated into the mesoporous system of PAMAM dendron-coated MSNs suggest
an intrinsic endosomal escape pathway followed by an intracellular redox-driven release of
immobilized cargo molecules. Furthermore, they feature optional attachment of various cargos
inside the mesopores via disulfide bridges and binding of different targeting ligands to the outer
periphery of the particles, which can be precisely tuned to target specific cancer cell lines. MSNs
uptake kinetics and cytotoxicity studies suggest a good bio-tolerability, since no adverse effects
of the PAMAM dendron-coated MSNs on the metabolism of endothelial cells were observed. The
combination of all these essential features into one multifunctional nanocarrier is anticipated to

result in a powerful drug delivery system.
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10 A surface acoustic wave-driven microfluidic system for
nanoparticle uptake investigation under physiological flow

conditions

This chapter is based on the following publication:

Florian G. Strobl, Dominik Breyer, Phillip Link, Adriano A. Torrano, Christoph Bréiuchle, Matthias F.
Schneider, and Achim Wixforth;

“A surface acoustic wave-driven micropump for particle uptake investigation under physiological flow
conditions in very small volumes.”

Beilstein Journal of Nanotechnology 6, 414-419 (2015).

10.1 Introduction

Most in vitro experiments performed to investigate nanoparticle-cell interactions are done under
static flow conditions, with adherent cells residing at the bottom of a culture slide. This can be an
important flaw when it comes to the quantitative interpretation of experimental data [119].
Providing that the cellular uptake mechanisms are fast enough, the nanoparticle (NP) uptake rate
at a given NP concentration in the medium, C,, will be limited by the NP motion and the re-
supply in the medium. For small particles, diffusion will dominate the delivery rate dN/dt. For the
sake of simplicity, it is assumed that the observed cell is a half-sphere with radius R as depicted in

Figure 10.1.
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Figure 10.1 Nanoparticle uptake under flow. The uptake of NPs by a cell is influenced by different factors:
diffusion and sedimentation will limit the maximum NP delivery for static conditions. Under flow, these
factors become less important, but shear forces acting on the cell and the NPs will influence the uptake
mechanisms.
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If the influence of gravity can be neglected, the NP delivery rate at equilibrium can then be

derived from Fick’s law [223]:

dN

T =27D,,RC, (Equation 10.1)

Here D¢ denotes an effective diffusion constant.

In an in vitro experiment without fluid motion, however, also sedimentation will contribute to
the delivery rate. For very large NPs or, probably more relevant, for NP agglomerates, the
delivery rate will be determined by the rate of descent, which can be calculated by the Stokes

equation:

dN

_:ﬂZCmvsed:ﬂZCm g(pp_pm)

272 (Equation 10.2)
dt 9n

where v,y is the sedimentation velocity, r the radius of the particle, and p, and p,, are the

densities of particle and medium, respectively.

Under realistic conditions, there will be, after some time, an equilibrium between sedimentation
and back-diffusion and, hence, the cell will be exposed to an elevated local NP concentration
Cioc > Cp. Ignoring these effects can in fact lead to misinterpretation of experimental data,

especially to an overestimation of the impact of large NPs or agglomerates [119].

Furthermore, particles on a cell surface under shear are subject to drag and torsion forces [224].
For spherical particles in the nano-regime it can be easily derived from the Stokes equation that
these drag forces are typically of the order of a few piconewtons or below, i.e, one or more
orders of magnitude weaker than typical receptor-ligand binding strengths [225]. Nevertheless,
in the case of weak unspecific NP adhesion, these forces can be strong enough to induce a rolling
motion over the cell, which in turn significantly reduces the mean contact time between NP and
cell and, hence, the uptake probability. Assuming a rolling particle with radius r =50 nm and
following its center streamline at a shear rate of 2000 s™, its rolling velocity will be of the order
of 100 pum s™. Relevant disruption forces for specific bindings can be achieved for large NP
agglomerates, since the drag force scales with r’. An agglomerate with a hydrodynamic radius of
r=500 nm at a shear rate of 2000 s, for instance, experiences a force of approximately

77 pN [226].

Finally, endothelial cells are of special interest due to their outstanding role regarding the
distribution of NPs by the vascular system. Hence, another important issue is that a static

medium is certainly not a physiological environment for these cells, which are exposed in vivo to
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shear rates of up to 3000 s™* [227]. It was recently shown that the glycocalyx of endothelial cells
is substantially reorganized under shear [228], and several effects of shear stress on cellular

uptake mechanisms have been reported [229-231].

One solution to the aforementioned problems is to perform experiments under realistic flow
conditions. In the following, a novel device for inducing high shear rates at the bottom of an
arbitrary cell culture chamber is introduced. The device is based on SAW-driven acoustic
streaming. Many different applications of this effect in the area of microfluidics and life science
have been developed so far [232, 233]. In the past, the Research Group of Prof. Dr. A. Wixforth,
at University of Augsburg already introduced SAW devices for quantifying cell association of
targeted NPs [234] and cell adhesion on implant materials [235]. One of the advantages of SAW-
driven systems is their applicability to very small samples without having to deal with any dead
volume. Thus, the demand for sample material is extremely low and the small surfaces in general
reduce the risk of sample contamination. Moreover, the devices are typically very robust and
inexpensive to produce. However, the shear rates that were reported so far for “conventional”
SAW-driven microfluidic devices are usually one or two orders of magnitude below the typical
shear rates of the capillary system and therefore not suitable for mimicking capillary blood flow.
High input power to the SAW generator is no solution to that problem since dissipation would
heat the sample. However, as shown below, the application of focusing interdigital transducers
(FIDTs) in an L-shape configuration allows for shear rates of up to 4000 s™ without significant

sample heating.

Here, a versatile microfluidic device based on acoustic streaming induced by surface acoustic
waves (SAWs) is presented. The device offers a convenient method for introducing fluid motion
in standard cell culture chambers and for mimicking capillary blood flow. It is demonstrated that
shear rates over the whole physiological range in sample volumes as small as 200 pL can be
achieved. A precise characterization method for the induced flow profile is presented and the
influence of flow on the uptake of platinum-decorated ceria NPs by endothelial cells (HMEC-1) is
demonstrated. The microfluidic system was designed, fabricated and characterized by Florian G.
Strobl, Dominik Breyer, and Phillip Link (Group of Prof. Dr. A. Wixforth; University of Augsburg,
Germany, in collaboration with Dr. M. F. Schneider; Boston University, USA). The nanoparticle
uptake experiments (cell culture, live-cell imaging and quantitative image analysis) were

performed in our laboratories (Group of Prof. Dr. C. Brduchle; LMU Munich, Germany).
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10.2 Results & Discussion

10.2.1 Microfluidic setup

The device is illustrated in Figure 10.2. In short, applying a high-frequency voltage to an
interdigital transducer (IDT) on a piezoelectric substrate induces Rayleigh-mode SAWs. The latter
couple into the fluid medium and excite longitudinal pressure waves. As such high-frequency
pressure waves are attenuated on short distances, acoustic radiation pressure is generated

which eventually induces fluid motion [236].

A B

Culture chamber

Figure 10.2 Microfluidic setup. (A) Photograph of the sample system on a live-cell microscope stage. The
chip is mounted onto a culture chamber by a metal frame. (B) Sketch of the chip. A focusing interdigital
transducer induces acoustic streaming with the main flow component pointing downwards, incident at the
bottom in an angle of approximately 23° and inducing shear stress on the surface. (C) Micrograph of the
FIDT.

The device can in principle be attached to an arbitrary culture chamber. Its design offers a
possibility to perform experiments under flow without changing the culture procedures or
environments as compared to the static case. In the sample setup shown in Figure 10.2B the
SAW-micropump is mounted on top of a Lab-Tek™ Il 8-well chamber slide through an aluminum
frame. Instead of a standard, straight IDT, a circular arc focusing IDT (FIDT) is employed. (For
technical details see Experimental Section 11.7.1.) The steady body force and hence the
streaming velocity scales quadratically with the amplitude of the sound waves [237]. As a
consequence, focusing the acoustic energy results in a non-linear increase of the energy stored in
the fluid motion. Singh et al. [238] analyze the effect of focusing on the streaming efficiency
numerically and report significant advantages of focusing over standard, linear IDTs. Several
groups used the advantages of focusing transducer devices for microfluidic applications before
[239-242]. Unpublished data from experiments in the Group of Prof. Dr. A. Wixforth indicate that

the integrated kinetic energy of the streaming profile can be several orders of magnitude larger
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for optimized FIDTs than for standard IDTs at similar experimental conditions. This aspect is

subject to ongoing work.

SAW-driven microfluidic pumps are usually designed as (horizontal) planar structures that
require either a sample observation through the piezoelectric substrate or a coupling of the
acoustic power into the sample chamber. This means a loss of either optical quality or energetic
efficiency. The L-shape structure of this setup allows for the application of standard cell imaging
slides while directly coupling the sound waves into the fluid medium. Additionally, the angle of
incidence of the generated fluid jet in this design is equal to the Rayleigh angle of about 23° and
thus favors the desired generation of shear force in the x-y plane without the need for a
confinement of the flow profile. Moreover, the piezoelectric substrate has no direct connection
to the bottom of the cell chamber and can transfer heat to the outer metal frame. This reduces
the heat input into the sample chamber. Measuring the bulk temperature during experiments
with living cells (systems at 37 °C) over 1 h showed no significant heating due to dissipation at

the applied input power of Psay, = 19 dBm.

10.2.2 Characterization of the flow pattern

The characterization of the SAW-induced velocity field was done by particle image velocimetry
(PIV). For improving the resolution while being able to capture the whole chamber the method is
performed using a scanning approach (SPIV) that is described in the Experimental Section 11.7.2.
This characterization procedure is necessary for each combination of IDT-parameters and
chamber geometry, since both will change the flow profile. For the present purposes, the near
bottom shear rate

_abvl, vl

S (Equation 10.3)

dz  10um
is the most interesting value. Figure 10.3 illustrates the bottom flow conditions at an effective

input power of Pssy, = 19 dBm.

Within the jet region, the whole range of physiological relevant shear rates, i.e., from 100 s™ up
to 3000 s' is covered. By observing cells within different areas of interest, several shear rates
can be monitored in the same experiment. The peripheral regions exhibit only very little motion
and can serve as reference for near-zero shear, although they still experience some medium
exchange. It should be mentioned that even though the main streamline of the FIDT points
towards the chamber bottom, some streaming in upper direction is generated, too. This

represents an advantageous side effect, since both streams meet in the central region of the
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chamber and generate streamline folding (see also Figure 10.2B), leading to an efficient mixing of

the medium, as reported earlier [243].
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Figure 10.3 Characterization of the flow pattern. (A) The velocity profile at a distance of z=10 um from
the chamber bottom. The vector length scales with the normalized logarithmic velocity. (B) The color code
indicates the respective bottom shear rate in s

10.2.3 Nanoparticle uptake under flow

In order to show the relevance of physiological shear conditions for the uptake of NPs in cells and
to prove the applicability of this system, the uptake of platinum-decorated ceria NPs (Pt-Ceria-
46-atto; Chapter 8) by HMEC-1 cells was studied. The cells were incubated with cell medium
containing the NPs (100 pg mL™") and imaged live under flow conditions characterized as
described above. The amount of NPs taken up by the cells was then analyzed by
Particle_in_Cell-3D (see Chapter 4) at different incubation times. Figure 10.4 compares the

results for two different regions of interest (ROIs) with shear rates of 100 s™ and 2000 s ™.

For both ROIs the uptake develops approximately linearly in time, but a clear difference in the
uptake efficiency at different shear rates can be seen. At a moderate shear rate (100 s™), after
75 min the uptake is about seven times higher than at a high (physiological) shear rate of
2000 s*. Sedimentation and long range diffusion should not be relevant here, since under both
shear conditions the flow provides continuous medium exchange. Hence, the observed effects
are mainly related to the uptake process itself and its dependence on flow strength and NP-cell

contact time.
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Figure 10.4 Nanoparticle uptake under flow. (A) Total fluorescence of internalized NPs (d =50 nm) at
different shear rates. (B) Two representative cells, analyzed with Particle_in_Cell-3D. Internalized NPs
appear in magenta, membrane-associated NPs in yellow. The histograms show the mean + standard error
of five individual cells per time point and shear rate condition (n = 5).

10.3 Conclusions

In summary, it was shown that fluidic conditions can be of vital importance for cellular uptake
processes. This aspect is especially important when examining endothelial cells and/or the
uptake of NPs where sedimentation could be an issue. In addition, a setup for SAW-induced
pumping that can be used for mimicking physiological flow conditions in cell experiments was
introduced. This microfluidic system has several advantages over state-of-the-art solutions, for
instance, shear rates over the whole physiological range and applicability with arbitrary standard
culture slides. Scanning particle imaging velocimetry was shown to be suitable for generating

near bottom shear rate maps that can easily be correlated to biological results.

The experimental data on the uptake behavior of HMEC-1 cells reveal the NP uptake under
physiological high shear conditions is much lower than at low shear rates. This underlines the
high importance of fluidic conditions for cellular NP uptake and demonstrates that disregarding

these aspects can lead to misinterpretation of experimental data.
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11.1 Methods used in Chapter 4

‘Image analysis method ‘Particle_in_Cell-3D”

11.1.1 Synthesis and preparation of nanoparticles

Synthesis of fluorescent mesoporous silica nanoparticles (MSNs): PEGylated MSNs of 50-80 nm in
size were synthesized as described elsewhere [244]. MSNs were functionalized at their periphery
with aminopropyl- and PEG-groups through co-condensation, followed by grafting the cyanine
dye Cy3 N-hydroxysuccinimide (NHS) ester. The dye labeling was carried out with an ethanolic
suspension of the particles having a concentration of 1 mg mL™ by adding 14.2 pL of dye Cy3 NHS
ester solution (2 mg mL™ in dimethylformamide). The reaction solution was stirred for 1 h at
room temperature in the dark, then the Cy3-labeled MSNs (MSN-Cy3) were collected by
centrifugation (14,000 x g for 5 min), washed three-times with ethanol and finally redispersed in

water to a final concentration of 0.5 mg mL™.

Preparation of fluorescent polystyrene nanoparticles for STED & confocal microscopy: Precision
cover slips (LH24.1; Carl Roth GmbH, Germany) were cleaned with ethanol. 50 pL of poly-L-lysine
0.1 % solution (Sigma-Aldrich, Germany) was applied onto each cover slip. After 5 min the
solution was removed with a pipette and the cover slip left to dry in air. Commercially available
fluorescent polystyrene beads with a diameter of 100 nm (Red Fluospheres® 100 nm; Life
Technologies, Germany) were diluted 1:1,000 in ethanol and sonicated for 10 min. 5 uL of this
solution was then applied to the lysine-treated cover slips. After evaporation samples where
mounted with 7 uL of 2,2 -thiodiethanol (Sigma-Aldrich, Germany) diluted to 97 % in phosphate
buffered saline (PBS), put on an objective slide and sealed with clear nail varnish. Samples were

imaged as described in Section 11.1.5.

11.1.2 Cell culture

Hela cells were grown in Gibco® Dulbecco's modified Eagle's medium (DMEM; Life Technologies,
Germany) supplemented with 10 % fetal bovine serum (FBS; Life Technologies, Germany) at

37 °Cin a humidified atmosphere containing 5 % CO.,.
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11.1.3 Incubation of cells with nanoparticles

For live-cell imaging experiments, cells were seeded 24 or 48 h before imaging on collagen A
(Biochrom GmbH, Germany) in Lab-Tek™ Il 8-well chamber slides (Thermo Fisher Scientific Inc.,
Germany) in a density of 2.0 x 10* or 1.0 x 10* cells cm?, respectively. Hela cells were incubated
with the MSN-Cy3 at a final concentration of 120-180 pg mL™. The particle solution was
prepared in CO,-independent medium (Life Technologies, Germany) supplemented with 10 %
FBS. Before addition to cells, the solution was vortexed for 10 s, treated in an ultrasonic bath for
10 min, and vortexed again for 10 s. Prior to live-cell imaging the membrane of the cells was
stained with CellMask™ Deep Red (Life Technologies, Germany) by replacing the particle-
containing cell medium by the staining solution. The latter was prepared by adding 0.2 pL of
CellMask™ into 400 pL of cell medium. After 1-2 min of incubation, the staining solution was

replaced by fresh and warm CO,-independent medium with 10 % FBS.

11.1.4 Live-cell imaging

Quenching experiments: The quenching experiments were carried out on a custom-built wide-
field microscope based on the Nikon Eclipse Ti microscope, as described before [79]. Samples
were maintained at 37°C during imaging and were illuminated through a Nikon Plan APO TIRF
60%/1.45 oil immersion objective with 532 nm laser light with an exposure time of 300 ms,
exciting Cy3. The fluorescence was separated from the excitation light and image sequences
were captured with an electron multiplier charge-coupled device camera (iXon+; Andor
Technology, UK). Cy3 fluorescence was quenched by adding 10 uL of a 0.4 % trypan blue solution
into 400 uL medium in the observed chamber during image acquisition and gently mixed. As
trypan blue is a cell membrane-impermeable dye, it is not able to quench particles that have
been taken up by the cells. By comparing images prior to and after quenching, the percentage of
internalized particles is accessible. Quenching experiments were performed to validate
Particle_in_Cell-3D performance in segmenting the cell and in measuring the fraction of

internalized particles (see Sections 4.3.1 and 4.3.2, respectively).

Spinning disk imaging for uptake experiments: Uptake experiments with MSN-Cy3 were
performed on a spinning disk confocal fluorescence microscope based on Nikon Eclipse TE 2000-
E equipped with a Nikon Apo TIRF 100x/1.49 oil immersion objective. Samples were maintained
at 37°C during imaging and were illuminated with laser light alternating between 488 and
633 nm, exciting Cy3 and CellMask™ Deep Red, respectively. Image sequences were captured
with an electron multiplier charge-coupled device camera (iXon DV887ECCS-BV; Andor

Technology, UK). Before being captured by the camera, the emission signal was split by a dichroic
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mirror at 592 nm. The bandpass detection filters used were 525/50 nm (Cy3 channel) and
730/140 nm (CellMask™ Deep Red channel). Exposure times were set to 300 ms. Z-stacks of
single cells were imaged with an interslice distance of 166 nm, following the Nyquist

criterion [92].

11.1.5 Super-resolution imaging of 100 nm nanoparticles

To evaluate the absolute quantification algorithm of Particle_in_Cell-3D, samples were imaged
with a custom-built STED microscope (as published by Osseforth et al. [120]) in confocal and
super-resolution mode. The microscope can be operated in two modes, namely standard
confocal and STED mode. In the confocal mode, only the excitation beam is active, while the
depletion beam is inactivated by means of a mechanical shutter. Imaging in this mode yields
diffraction-limited optical resolution. In STED mode, the excitation and STED beams are both
focused onto the sample, rendering a resolution well below its confocal counterpart (~¥40 nm in
imaging plane XY as opposed to 250 nm in confocal mode). In confocal mode, stacks were
recorded with an area of 30 x 30 um, a pixel-size of 100 nm and an interslice distance of 220 nm
using an excitation intensity <1 uW. After recording the confocal stack, the focus was set to the
position of the confocal image yielding the maximum signal. Next, the STED beam was turned on
(STED beam intensity ~1 mW) and another image of the exact same area was recorded with a
pixel size of 20 nm. Pixel dwell time was typically 280 us in both modes. The time to switch from
confocal to STED imaging mode was a couple of seconds (limited mainly by refocusing to the

plane of interest).

11.2 Methods used in Chapter 5

‘Cell type-dependent uptake kinetics and cytotoxicity of silica

nanoparticles’

11.2.1 Synthesis and characterization of silica nanoparticles

Synthesis: Silica (SiO,) nanoparticles were synthesized as described in the literature by Blechinger

et al. [132] and by Herrmann et al. [133].

Transmission electron microscopy (TEM): TEM micrographs were obtained with a JEM 2100 F
(JEOL, Japan) instrument. Silica NP dispersions were diluted with ethanol or methanol and

applied onto carbon-coated copper grids (Plano, Formvar coal-film on a 200 mesh net). Particle
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sizes were determined from TEM images by digital image analysis using the Imagel) software

[107].

Particle size distribution and zeta potential determinations: Dynamic light scattering (DLS)
measurements were employed to determine the hydrodynamic diameter of the nanoparticles.
Investigations on the electrophoretic mobility of the silica NPs were carried out to determine the
zeta potential. Both studies were conducted with a Zetasizer Nano equipment (Malvern
Instruments, UK). Zeta potential measurements were performed on colloidal NP suspensions in
CO,-independent medium supplemented with 10% FBS (see Section11.2.2). For DLS
measurements, NPs were dispersed in either cell medium or ultrapure water. In order to break
down agglomerates, the resulting solutions were vortexed for 10 s, treated with ultrasound for
10 min, and vortexed again for 10 s. To study the agglomeration dynamics of the particles under
the same experimental condition applied for uptake experiments, NP dispersions in cell medium
were incubated for specific time points at 37 °C in a 5 % CO, humidified atmosphere in culture

slides without cells.

Quantitative image analysis: The fluorescence intensity distribution of single NPs was
determined by confocal imaging with subsequent image analysis. For this purpose, we measured
stacks of confocal images of NPs mounted on a cover slip and analyzed them applying the
subroutine ‘Calibration’ of Particle_in_Cell-3D, described in Section 4.2.3.4. To mount the silica
NPs on a cover slip we used SecureSeal Imaging Spacers (Grace Bio-Labs, USA). Thin chambers of
120 um were assembled and poly-L-lysine 0.1 % solution (50 uL) (Sigma-Aldrich, Germany) was
applied to each of them. After 5 min, the solution was removed with a pipette and the cover slip
was left to dry. A silica NP solution in ethanol (80 pg mL") was prepared and sonicated for
10 min. This solution (5 pL) was applied onto the chambered and treated cover slips. After
solvent evaporation, samples were mounted with cell culture medium and sealed on a

microscope slide by using the adhesive surface of the spacers.

11.2.2 Cell culture

Hela cells were grown as described in Section11.1.2. HUVEC cells were isolated using
collagenase and were grown in Endothelial Cell Growth Medium (PromoCell, Germany)
supplemented with 10 % fetal bovine serum (FBS), 5 U mL™ heparin (Biochrom, Germany), 1%
penicillin and streptomycin, and 1 % growth supplement derived from bovine retina. Cells were

maintained with 5 % CO, at 37 °C and cultivated maximally up to the third passage.
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11.2.3 Incubation of cells with silica nanoparticles

Uptake kinetics: For the live-cell imaging experiments, 1.0 x 10* or 2.0 x 10* (HeLa) and 0.5 x 10*
or 1.0 x 10* (HUVEC) cells were seeded 48 h or 24 h before imaging on ibiTreat 8-well p-Slide
chamber systems (lbidi, Germany), reaching 70-85 % confluency at the time of experiment.
Before imaging, Hela cells were transferred to CO,-independent medium (Life Technologies,
Germany) supplemented with 10 % FBS. The cells were incubated with the NPs at 37 °C at a
concentration corresponding to the second highest concentration used for the assessment of
cytotoxicity, namely 3.0 x 10* NPs per cell. Before addition to cells, the solution was vortexed for
10 s, treated in an ultrasonic bath for 10 min, and vortexed again for 10 s. After the incubation,
and just before measurements, the cell membrane was stained with CellMask™ Deep Red (Life
Technologies, Germany). The staining solution was prepared by adding 0.2 uL of CellMask™ into
400 pL of the respective cell medium for HelLa or HUVEC cells. After 1-2 min of incubation, the
staining solution was replaced by fresh and warm medium. Restaining was performed during the

experiment when necessary.

Cytotoxicity studies: For assessment of their viability, HUVEC and Hela cells were grown in
gelatin-coated 96-well plates (Becton Dickinson, France) for 24 h. For nanoparticle treatment,
1.5 x 10" cells were seeded into every well of the 96-well plates in triplicate. Cells were
stimulated with the described particle suspensions in a dose of 1.0 x 10°, 1.5x10%, 3.0 x 10*,
and 6.0 x 10* NPs per cell in 100 pL of the corresponding medium without additives for 24 h.

Cells incubated with ultrapure water and untreated cells served as controls.

11.2.4 Atomic force microscopy

For atomic force microscopy (AFM), cells were fixed with 2 % formaldehyde in phosphate
buffered saline (PBS) after incubation with NPs. Experiments were performed without any
preparation or manipulation of the sample, as described before [134]. AFM (The NanoWizard,
JPK Instruments, Germany) analysis was performed by contact mode in PBS. The applied force in
contact mode was 0.5 nN with a scan rate of 1 Hz. The spring constant of the cantilever (MLCT-

AUHW cantilevers; Veeco Metrology Group, USA) was 0.01 N m™.

11.2.5 Live-cell imaging

Spinning disk confocal microscopy was performed on a setup based on the Zeiss Cell Observer SD
equipped with a Zeiss Plan Apochromat 63x/1.40 Qil/DIC objective. Samples were maintained in

a 5% CO, atmosphere at 37°C during imaging and were illuminated with laser light alternating
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between 488 nm and 639 nm, exciting perylenediimide and CellMask™ Deep Red, respectively.
The emission signal was split by a dichroic mirror at 560 nm. The bandpass detection filters used
were 525/50 nm (perylenediimide channel) and 690/50 nm (CellMask™ Deep Red channel).
Exposure times were set to 100 ms. Z-stacks of single cells were imaged with an interslice
distance of 190 nm, following the Nyquist criterion [92]. Separate images for each fluorescence
channel were acquired using two separate electron multiplier charge-coupled device cameras
(Evolve 512; Photometrics, USA). To reduce the bright autofluorescence in HUVEC and Hela cells,
each cell was treated with intense 488 nm laser light prior to imaging. However, it was insured

that the bleaching did not affect cellular viability for the time of the experiment.

11.2.6 Cytotoxicity studies

Determination of mitochondrial activity (MTT assay): After exposure to the silica NPs, 100 pL of
the medium was removed and mitochondrial activity of the cells was measured by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay [245]. Cytotoxicity
was calculated from the absorbances at 570 nm and expressed as relative values compared with
untreated negative controls. For measurements of the intracellular ATP concentrations, cells

were examined according to the manufacturer's instructions (Promega, Germany).

Determination of cell membrane damage (LDH assay): Membrane damage was quantified by the
cellular level of lactate dehydrogenase (LDH) in the removed supernatant using LDH assay kit
(Roche, Germany) [246]. The absorbance of the supernatants was measured at 490 nm by using
Synergy 2 multi-mode microplate Reader (BioTek, USA) and results are presented as relative

values compared to control.

Flow cytometric analysis of cell damage: Flow cytometric analysis of DNA content was performed
using propidium iodide staining. After exposure to 3.0 x 10* and 6.0 x 10* NPs per cell for 24 h,
HUVEC and Hela cells were harvested with accutase (PAA, Austria), washed with PBS and
permeabilized with 70 % ethanol for 1 h at 4 °C. The cells were then centrifuged, washed with
PBS and resuspended in propidium iodide (50 ug mL™) for 5 min. Cells were analyzed using FACS

SLRII and Diva Software. The percentage of dead cells was quantified with WinMDI software.

11.2.7 Statistical analysis

For statistical analysis, the unpaired Student’s t-test was used. Values were expressed as the
mean + standard error or standard deviation. Results were considered as statistically different at

p < 0.05 and highly statistically different at p < 0.01.
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11.3 Methods used in Chapter 6

‘Effects of the physicochemical properties on the cytotoxicity of sunscreen

titania nanoparticles’

11.3.1 Extraction of titania nanoparticles from sunscreens

To extract the titania (TiO,) nanoparticles, the corresponding sun protection agent (10.0 g) was
stirred vigorously with isopropanol (100 mL; Merck KGaA, Germany) during 2 h, sonicated for
10 min, and stirred again for 6 h. After filtering (G4 glass filter), the solid was dispersed again in
isopropanol (100 mL), stirred, sonicated, and filtered. The treatment was repeated once again
using 50 mL of isopropanol. In order to remove water-soluble ingredients and zinc oxide, 5 mL of
6 % HCl (v/v; Merck KGaA, Germany) was added to the residue (200 mg), the mixture was
dispersed by sonication and left standing for 16 h. After centrifugation (4,300 x g, 10 min), the
pellet was washed with water (5 mL) and dried at 110 °C for 3 h. The total yield of nanoparticles

was 210 mg (LADIVAL®), 590 mg (BABYSMILE®), and 1,550 mg (BABYLOVE®).

11.3.2 Characterization of titania nanoparticles

Fourier transform infrared (FT-IR) measurements: To elucidate the coating composition and the
presence and composition of the secondary shell on the titania NPs, FT-IR measurements were
done with a Bruker Equinox 55 spectrometer in the range 400-4,000 cm™, using the attenuated

total reflectance technique which does not require sample preparation (32 scans).

Transmission electron microscopy (TEM): TEM micrographs were obtained with a JEM 2100 F
(JEOL, Japan) instrument. To determine the nanoparticle size and shape, dispersions of the
titania NPs in ethanol were applied onto carbon-coated copper grids (Plano, Formvar coal-film on

a 200 mesh net).

Particle size distribution and zeta potential determinations: Dynamic light scattering (DLS)
measurements were employed to determine the hydrodynamic diameter of the titania NPs.
Investigations on the electrophoretic mobility of the nanoparticles were carried out to determine
the zeta potential. Both studies were conducted with a Zetasizer Nano equipment (Malvern
Instruments, UK). Measurements were performed on colloidal NP suspensions in either Millipore
water or cell culture medium (see Section 11.3.3). The concentration of titania NPs in all samples

was 100 ug mL™.
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Determination of the specific surface area (SSA): The SSA accessible to N, molecules was
obtained by Brunauer—-Emmett-Teller (BET) measurements according to Brunauer et al. [157].
The measurements were conducted with a Quantachrome Nova 2000 system (Quantachrome

GmbH & Co., Germany).

Agglomeration and sedimentation studies: The agglomeration state and sedimentation behavior
of the titania NPs were investigated by light microscopy especially prepared to mimic the
exposure of cells to nanoparticles. The selected time points (3, 24, 48, and 72 h) for these studies
correspond to those applied for metabolic activity determination, and therefore they show the
local concentration and agglomeration state of NPs which approached the cells. Imaging was
performed on a spinning disk confocal microscope based on Nikon Eclipse TE2000-E equipped
with a Nikon Apo TIRF 100x/1.49 oil immersion objective. The differential interference contrast
(DIC) mode was employed. In brief, 400 pL of titania colloidal suspensions (100 ug mL™) were
added to Lab-tek™ Il 8-well chamber slides (Thermo Fisher Scientific Inc., Germany), and the

bottom of the well was imaged at 3, 24, 48, and 72 h thereafter.

11.3.3 Cell culture

HMEC-1 cells (Centers for Disease Control and Prevention, USA) were grown in Gibco® MCDB 131
medium supplemented with 10 % fetal bovine serum (FBS), 1 % GlutaMAX™-I (100X), 10 ng mL™
human epidermal growth factor (all purchased from Life Technologies, Germany), and 1 ug mL™
hydrocortisone (Sigma-Aldrich, Germany). Cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO,. For experimentation, cells were seeded at a density of
1.2 x 10* cells cm™, allowed to attach for 24 h, and incubated with the titania NPs as described

below.

11.3.4 Cytotoxicity studies

Determination of relative cellular dehydrogenase activity: To determine the relative cellular
dehydrogenase activity, HMEC-1 cells were treated with titania NPs at different concentrations
(10 fgmL™, 100 fg mL™, 100 pg mL™, 100 ng mL™, and 100 pg mL™"). After defined incubation
times (3, 24, 48, and 72 h), the cells were washed with Hank’s balanced salt solution (Hank’s
BSS), and incubated with 20 pL per well of CellTiter 96® Aqueous One Solution Reagent (Promega
GmbH, Germany) in culture medium. Then, the absorbance of the supernatants containing the
bioreduced formazan was measured at 492 nm using a microplate reader (Sunrise™; Tecan
Group Ltd., Switzerland). Data were presented as relative values normalized to untreated control

cell populations. On the basis of these results, we determined the lowest-observable-adverse-
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effect level (100 ug mL™) and used this concentration for the further in vitro experiments. For

data interpretation the cytotoxic threshold given by DIN EN I1SO 10993-5:2009-10 was used.

Determination of relative cellular ATP level: To assess the relative cellular ATP content, HMEC-1
cells were exposed to culture medium containing 100 ug mL™ of titania NPs. After an incubation
time of 3, 24, 48, or 72 h, the cells were washed with Hank’s BSS and the CellTiter-Glo®
Luminescent Cell Viability Assay (Promega GmbH, Germany) was performed according to
manufacturer’s instructions. The relative ATP content of the cells was calculated from the
measured luminescence (LUMIStar Galaxy; BMG LABTECH GmbH, Germany) and expressed as
relative values compared to untreated control cells. To interpret the impact of the nanoparticles
on endothelial cells, the threshold for cytotoxicity according to DIN EN 1SO 10993-5:2009-10 was

considered.

Assessment of MICP-1 release as marker for pro-inflammatory response: To determine the pro-
inflammatory impact of the nanoparticles, HMEC-1 cells were exposed to cell medium containing
the titania NPs (100 pg mL™). To control the ability of HMEC-1 to produce MCP-1 after a known
stimulus, the cells were incubated with interleukin-1b (IL-1b, 2,000 pg mL™ Sigma-Aldrich,
Germany) as positive control. The nanoparticles and the IL-1b were diluted in Gibco® MCDB 131
medium supplemented with 0.2 % FBS. After 24, 48, and 72 h of incubation, the cell culture
supernatants were collected. The MCP-1 content in the supernatant was determined using a
commercial Human MCP-1 ELISA Kit (RayBiotech, USA) according to manufacturer’s instructions.
In brief, 2.5 h after adding various MCP-1 standard dilutions and samples into appropriate wells
of an anti-human MCP-1 coated microplate, the wells were washed and biotinylated antibody
was added. After 1 h of incubation and washing steps, incubation of 45 min with horseradish
peroxidase-conjugated streptavidin followed. After another washing step and an incubation of
30 min with 3,3’,5,5’'-tetramethylbenzidine (TMB), sulfuric acid was added as stop solution and
the absorbance was measured at 450 nm using a microplate reader (Sunrise™; Tecan Group Ltd.,

Switzerland).

11.3.5 Statistical analysis

The statistical analysis was carried out using IBM SPSS Statistics, version 19.0 (©2010 SPSS
Statistics 19 Inc, an IBM Company, USA). Results are given as means + standard deviation and
considered as statistically different at p < 0.05. Data were analyzed using ANOVA. The post hoc

Bonferroni test was employed to determine differences between different treatment groups.
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11.4 Methods used in Chapter 7

‘Particle size-dependent uptake of ceria nanoparticles’

11.4.1 Synthesis and characterization of ceria nanoparticles
Synthesis: Ceria (CeO,) nanoparticles were synthesized as described by Herrmann et al. [133].

Transmission electron microscopy (TEM): TEM micrographs were obtained with a JEM 2100 F
(JEOL, Japan) instrument. Ceria NP dispersions were diluted with ethanol or methanol and
applied onto carbon-coated copper grids (Plano, Formvar coal-film on a 200 mesh net). Particle
sizes were determined from TEM images by digital image analysis using the Imagel software

[107].

Particle size distribution and zeta potential determinations: Dynamic light scattering (DLS)
measurements were employed to determine the hydrodynamic diameter of the ceria NPs.
Investigations on the electrophoretic mobility of the NPs were carried out to determine the zeta
potential. Both studies were conducted with a Zetasizer Nano equipment (Malvern Instruments,
UK). Zeta potential profiles and hydrodynamic diameter were measured in ultrapure water and
in cell medium (see Section 11.4.2). In order to break down agglomerates, the resulting solution
was vortexed for 10 s, treated in an ultrasonic bath for 10 min, and vortexed again for 10 s

before measurements.

11.4.2 Cell culture

HMEC-1 cells (Centers for Disease Control and Prevention, USA) were grown in Gibco® MCDB 131
medium supplemented with 10 % fetal bovine serum (FBS), 1 % GlutaMAX™-I (100X), 10 ng mL™
human epidermal growth factor (all purchased from Life Technologies, Germany), and 1 pg mL™"
hydrocortisone (Sigma-Aldrich, Germany). Cells were maintained at 37 °C in a humidified

atmosphere containing 5 % CO,.

11.4.3 Incubation of cells with ceria nanoparticles

For live-cell imaging experiments, cells were seeded 24 h before imaging in Lab-Tek™ Il 8-well
chamber slides (Thermo Fisher Scientific Inc., Germany) in a density of 1.1 x 10" cells cm™.
HMEC-1 cells were incubated with ceria NPs at 37 °C in a humidified atmosphere containing 5 %
CO,. The 10 ug mL™ solution of ceria NPs was prepared in the same cell medium used for cell

growth. Before addition to cells, the solution was vortexed for 10 s, treated in an ultrasonic bath
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for 10 min, and vortexed again for 10 s. After the incubation time, and just before
measurements, the cell membrane was stained with a solution of 10 ug mL* wheat germ
agglutinin Alexa Fluor® 488 conjugate (WGA 488; Life Technologies, Germany) in cell medium.
After 1 min of incubation, the staining solution was removed and cells were washed twice with

warm cell medium. Fresh and warm cell medium was then replaced.

11.4.4 Live-cell imaging

Spinning disk confocal microscopy was performed on a setup based on the Zeiss Cell Observer SD
equipped with a Zeiss Plan Apochromat 63x/1.40 Qil/DIC objective. Samples were maintained in
a 5% CO, atmosphere at 37°C during imaging and were illuminated with laser light alternating
between 488 nm and 639 nm, exciting WGA 488 and Atto 647N (labeling the ceria NPs),
respectively. The emission signal was split by a dichroic mirror at 560 nm. The bandpass
detection filters used were 525/50 nm (WGA 488 channel) and 690/50 nm (Atto 647N channel).
Exposure times were set to 100 ms. Z-stacks of single cells were imaged with an interslice
distance of 250 nm, following the Nyquist criterion [92]. Separate images for each fluorescence
channel were acquired using two separate electron multiplier charge-coupled device cameras

(Evolve 512; Photometrics, USA).

11.4.5 Statistical analysis

For statistical analysis, the unpaired Student’s t-test was used. Values were expressed as the
mean + standard error. Results were considered as statistically different at p <0.05 and highly

statistically different at p < 0.01.

11.5 Methods used in Chapter 8

‘Cell membrane penetration and mitochondrial targeting by platinum-

decorated ceria nanoparticles’

11.5.1 Synthesis and characterization of platinum-decorated ceria nanoparticles

Synthesis: Platinum-decorated ceria nanoparticles (Pt-ceria NPs) were synthesized as described

by Herrmann et al. [133].

Transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) spectroscopy: TEM

and EDX images were obtained with a JEM 2100 F (JEOL, Japan) instrument. Pt-ceria particle
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dispersions were diluted with ethanol and applied onto carbon-coated copper grids (Plano,
Formvar coal-film on a 200 mesh net). Particle sizes were determined from TEM images by digital

image analysis using the Image)J software [107].

Particle size distribution and zeta potential determinations: Dynamic light scattering (DLS)
measurements were employed to determine the hydrodynamic diameter of the ceria and Pt-
ceria NPs. Investigations on the electrophoretic mobility of the nanoparticles were carried out to
determine the zeta potential. Both studies were conducted with a Zetasizer Nano equipment

(Malvern Instruments, UK) on colloidal NP suspensions in ethanol.

11.5.2 Cell culture

HMEC-1 cells were grown as described in Section 11.4.2.

11.5.3 Incubation of cells with platinum-decorated ceria nanoparticles

Uptake experiments: For live-cell imaging experiments, cells were seeded 24 h before imaging in
Lab-Tek™ Il 8-well chamber slides (Thermo Fisher Scientific Inc., Germany) in a density of
1.1 x 10* cells cm2. HMEC-1 cells were incubated with NPs at 37 °C in a humidified atmosphere

containing 5 % CO,.

Redispersion of nanoparticles in cell medium: Solutions of ceria NPs and Pt-ceria NPs were
prepared in the same cell medium used for cell growth according to the following procedure:
first, the stock solution of NPs (in ethanol) was vortexed for 10 s, treated in an ultrasonic bath for
10 min, and vortexed again for 10 s; next, a small aliquot (up to a few uL) of the ethanolic
suspension of NPs was added to a microcentrifuge tube (1.5-2 mL; Eppendorf, Germany);
ethanol was then left to evaporate completely under a laminar flow or under a gentle stream of
N,; after complete evaporation of ethanol, the tube with the dried NPs was closed and reserved
for up to 6 hours; shortly before addition to cells, a given volume of cell medium (so as to reach
the desired NP concentration) was added to the dried NPs in the tube; finally, particles were

immediately dispersed in the medium by sonication, warmed up to 37 °C, and added to cells.

Uptake kinetics, intracellular fate, and mitochondrial targeting: The cell membrane was stained
with wheat germ agglutinin Alexa Fluor® 488 conjugate (WGA 488, 10 pg mL™ in cell medium for
1 min) or with CellMask™ Orange (0.05 % (v/v) in cell medium for 1-2 min). The mitochondria
were stained with MitoTracker Green® FM (100 nM in cell medium for 15-30 min) or with
Mitotracker Red® CMXRos (60 nM in cell medium for 10 min). Cellular lysosomes were stained

with LysoTracker® Red (150 nM in cell medium for 30 min; all organelle-specific stains were
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purchased from Life Technologies, Germany). In all cases, after the indicated incubation times,
the respective staining solution was removed and cells were washed twice with warm cell
medium. Cell medium containing the NPs was then added to cells. Cells were imaged live as

described in Section 11.5.4.

Inhibitor studies: To investigate if clathrin-mediated endocytosis was involved in the fast uptake
behavior of Pt-ceria NPs, inhibition studies with chlorpromazine (Sigma-Aldrich, Germany) were
conducted. To ensure a complete inhibition of the clathrin-dependent uptake pathway, HMEC-1
cells were incubated with 15 pg mL™" chlorpromazine for 30 min prior to addition of further
substrates. To probe the clathrin-mediated endocytosis, inhibited cells were co-incubated with
transferrin (20 pg mL") or Pt-ceria NPs (100 pug mL™) for 20 min. To visualize the uptake, the cell
membrane was stained with CellMask™ Orange (as described above, but in cell medium
containing 15 pg mL™ chlorpromazine). Live-cell imaging was performed in the presence of the
inhibitor, except for the uptake of transferrin in the absence of chlorpromazine, as shown in

Figure 8.10A.

Cell membrane integrity: For calcein leakage in (or penetration) assay, HMEC-1 cells were co-
incubated with cell medium containing 0.1 mg mL™ calcein (Life Technologies, Germany) and
100 pg mL™" of Pt-ceria NPs for 3 h. After the incubation time, the cell membrane was stained
with CellMask™ Orange (see above) and cells were washed and imaged as described in
Section 11.5.4. For calcein leakage out (or release) assay, HMEC-1 cells were preincubated with
5 UM calcein-AM (Life Technologies, Germany) for 45 min. Calcein-loaded cells were then
washed with cell medium and incubated with 100 pg mL™" of Pt-ceria NPs for 0.5 and 3 h. After

the respective incubation periods, cells were washed again and imaged live.

Colocalization studies: Manders’ overlap coefficient were determined by using the ImagelJ plugin

JACoP developed by Bolte & Cordelieres [104].

Cytotoxicity studies: For cytotoxicity evaluation (Section 11.5.5), 1.2 x 10* HMEC-1 cells cm™ were
seeded in 96-well cell culture plates. 24 h after seeding, cells were exposed to either ceria NPs or
Pt-ceria NPs dispersed in cell medium (as described above) at 37 °C in a humidified atmosphere

containing 5 % CO,.

11.5.4 Live-cell imaging

Spinning disk confocal microscopy was performed on a setup based on the Zeiss Cell Observer SD
equipped with a Zeiss Plan Apochromat 63x/1.40 Qil/DIC objective. Samples were maintained at

37°Cin a 5% CO, atmosphere during imaging and were illuminated with laser light alternating
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between 488 nm (exciting WGA 488, MitoTracker Green®, perylenediimide, or calcein), 561 nm
(exciting CellMask™ Orange, MitoTracker Red®, or LysoTracker® Red), and 639 nm (exciting
Atto 647N). The emission signal was split by a dichroic mirror at 560 nm (for dual-color detection
upon excitation with 488 or 639 nm light) or at 660 nm (for three-color detection upon excitation
with 488, 561 or 639 nm light). Separate images for each fluorescence channel were acquired
using two separate electron multiplier charge-coupled device cameras (Evolve 512;
Photometrics, USA). The bandpass detection filters of the first camera, installed in an automatic
revolving filter wheel, were 525/50 nm (WGA 488/ MitoTracker Green®/ perylenediimide/
calcein channel) and 629/62 (CellMask™ Orange/ MitoTracker Red®/ LysoTracker® Red channel).
The bandpass filter used for the second camera was 690/50 nm (Atto 647N channel). Exposure
times were set to 100-500 ms. Z-stacks of single cells were imaged with an interslice distance of

250 nm, following the Nyquist criterion [92].

11.5.5 Cytotoxicity studies

To assess the relative cellular ATP content, cells were seeded (see Section 11.3.3) and the culture
medium was replaced with a fresh one containing either 10 pg mL™ or 100 pg mL™" of NPs. After
defined incubation times (3, 24, 48, and 72 h), the cells were washed with Hank’s balanced salt
solution (Hank’s BSS), and incubated with 20 pL per well of CellTiter 96® Aqueous One Solution
Reagent (Promega GmbH, Germany) in culture medium. The relative ATP content of the cells was
calculated from the measured luminescence (LUMIStar Galaxy; BMG LABTECH GmbH, Germany)
and expressed as relative values compared to untreated control cells. To interpret the impact of
the ceria NPs as well as Pt-ceria NPs on endothelial cells, the threshold for cytotoxicity according

to DIN EN ISO 10993-5:2009-10 was considered.

11.5.6 Statistical analysis

For statistical analysis, the unpaired Student’s t-test was used. Values were expressed as the
mean * standard error. Results were considered as statistically different at p <0.05 and highly

statistically different at p < 0.01.
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11.6 Methods used in Chapter 9

‘Endosomal escape and successful cytosolic drug release of dendronized

mesoporous silica nanoparticles’

11.6.1 Synthesis and characterization of dendronized MSNs

Synthesis: Dendronized mesoporous silica nanoparticles (MSN-Dn, n=0-3) were prepared as

described before by Cauda et al. [210] and by Argyo [211].

Transmission electron microscopy (TEM): TEM micrographs were obtained with a Titan 80—
300 kV microscope. Samples were prepared by dispersing MSNs (1 mg) in 4 mL absolute ethanol

and drying a drop of the resulting diluted suspension on a carbon-coated copper grid.

Particle size distribution and zeta potential determinations: Dynamic light scattering (DLS)
measurements were employed to determine the hydrodynamic diameter of the MSNs.
Investigations on the electrophoretic mobility of the nanoparticles were carried out to determine
the zeta potential. Both studies were conducted with a Zetasizer Nano equipment (Malvern
Instruments, UK). DLS measurements were directly recorded on aqueous colloidal suspension at
a concentration of 1 mg mL™ for all sample solutions. For determination of the zeta potential
profiles, one to three drop of the ethanolic suspension (~3 %) was mixed with 1 mL of

commercial Hydrion Buffer solution of the appropriate pH prior to measurement.

Nitrogen sorption: The SSA accessible to N, molecules was obtained by Brunauer—-Emmett—Teller
(BET) measurements according to Brunauer et al. [157]. The measurements were conducted with
a Quantachrome Nova 4000e system (Quantachrome GmbH & Co., Germany) at -196 °C. Pore
size and pore volume were calculated using a non-local density functional theory (NLDFT)

equilibrium model of N, on silica, based on the desorption branch of the isotherm.

Titration: Acid-base titrations were performed on a Metrohm 905 Titrando potentiometric
titrator combined with the software tiamo. The samples were prepared as follows: a volume
containing 13.7 mg particles from the suspensions was added to 30.0 mL H,0. The starting pH
was set to 3.000 using HCI (0.1 M) and NaOH (0.01 M) from the dosing unit. The samples were
titrated against NaOH (0.01 M).

Solid state NMR: Nuclear magnetic resonance (NMR) spectra were recorded on a Jeol Eclipse 270
(*H: 270 MHz, 3C: 67.9 MHz), a Jeol Eclipse 400 (*H: 400 MHz, **C: 101 MHz) NMR, or a Jeol
Eclipse 500 spectrometer (*H: 500.16 MHz, *C: 125.77 MHz; JEOL, Japan). *C solid-state NMR
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measurements were performed on a Bruker DSX Avance500 FT spectrometer (Bruker, USA) in a

4 mm ZrO, rotor.

Redox-driven cargo release: Fluorescence spectra were recorded on a PTI spectrofluorometer
(PTI, USA) equipped with a xenon short arc lamp (UXL-75XE USHIO) and a photomultiplier
detection system (model 810/814). The measurements were performed in aqueous solution at
37 °C to simulate human body temperature. For time-based release experiments of MTS-ROX, a
custom made container consisting of a Teflon tube, a dialysis membrane (Visking type 8/32 with
a molecular weight cut-off of 14,000 g mol™; Carl Roth GmbH, Germany) and a fluorescence
cuvette were used. The excitation wavelength was set to A = 575 nm for MTS-ROX-loaded MSNs.
Emission scans (585-650 nm) were performed every 2 min. All slits were adjusted to 1.0 mm

(bandwidth 8 nm).

Quantitative image analysis: In order to reach an absolute quantification of nanoparticle uptake,
calibration experiments were carried out with MSN-D3 deposited on a cover slip and covered
with cell medium. Particles were imaged immediately by spinning disk confocal microscopy (63x
objective; as described in Section 11.6.4) with an interslice distance of 250 nm, following the
Nyquist criterion [92]. The acquired images were evaluated with the subroutine ‘Calibration’ of
Particle_in_Cell-3D (see Section 4.2.3.4), and the mean intensity value showed a Gaussian

distribution with the mean at 64,632 pixel intensities per MSN-D3.

11.6.2 Cell culture

Hela and HMEC-1 cells were grown as described in Sections 11.1.2 and 11.4.2, respectively.
KB cells were cultured in folic acid deficient Gibco® RPMI 1640 medium (Life Technologies,
Germany) supplemented with 10 % fetal bovine serum (FBS; Life Technologies, Germany) at

37 °Cin a humidified atmosphere containing 5 % CO,.

11.6.3 Incubation of cells with MSNs
Uptake kinetics and cytotoxicity studies

Uptake kinetics: For evaluation of nanoparticle uptake kinetics, 1.2 x 10* HMEC-1 cells cm™ were
seeded in Lab-Tek™ Il 8-well chamber slide (Thermo Fisher Scientific Inc., Germany). 24 h after
seeding, cells were exposed to cell medium containing 100 pg mL™ of MSN-D3 for 3, 24 and 48 h.
Subsequently, cells were washed twice with PBS and the cell membrane was stained with a
solution of 10 pgmL" wheat germ agglutinin Alexa Fluor® 488 conjugate (WGA 488; Life

Technologies, Germany) in cell medium. After 1 min of incubation, the staining solution was
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removed and cells were washed twice with warm cell medium. Fresh and warm cell medium was
then replaced, and cells were imaged immediately by spinning disk confocal microscopy (63x
objective; as described in Section 11.6.4) with an interslice distance of 250 nm, following the

Nyquist criterion [92].

Cytotoxicity studies: For cytotoxicity evaluation (Section 11.6.5), 1.2 x 10* HMEC-1 cells cm™ were
seeded in 96-well cell culture plates. 24 h after seeding, cells were exposed to cell medium

containing MSN-D3 in different concentrations (10 fg mL™ to 100 ug mL™) for 3 to 72 h.
Cargo release, nuclei staining kinetics with DAPI, and cell targeting experiments

For live-cell imaging experiments on cargo release, nuclei staining kinetics with DAPI, and cell
targeting experiments, KB and Hela cells were seeded 24 or 48 h before imaging in a density of
2.0 x 10* or 1.0 x 10* cells cm™, respectively. Hela cells were seeded on collagen A (Biochrom
GmbH, Germany) in Lab-Tek™ Il 8-well chamber slides (Thermo Fisher Scientific Inc., Germany),

while KB cells were seeded on ibiTreat 8-well p-Slide chamber systems (lbidi, Germany).

Cargo release: For the in vitro cargo release experiments, cells were incubated with MSNs for 5—
48 h prior to the measurements at 37 °C in a humidified atmosphere containing 5 % CO,. Shortly
before imaging, the medium was replaced by CO,-independent medium (Life Technologies,
Germany). During the measurements all cells were kept on a heated microscope stage at 37 °C.

The subsequent imaging was performed as described in Section 11.6.4.

Nuclei staining kinetics with DAPI: Hela cells were measured 5, 11, 24, 33, 49, and 61 h after
incubation with the samples MSN-D3_MTS-DAPI, MSN-DO_MTS-DAPI and the supernatant of
MSN-D3_MTS-DAPI (after particle separation). Each time point was measured with an
independently incubated monolayer of cells. In order to evaluate the fluorescence of nuclei
staining with DAPI, the Z-stack position was set in the region of the cell nuclei. The mean pixel
intensity of distinct regions of interest (ROI) corresponding to the nuclei was determined (44-104
nuclei for each data point). The averaged mean intensity per nuclei area + standard deviation

was then plotted with respect to the incubation time.

Cell targeting: To evaluate the functionality of the folic acid (FA) ligand, KB cells were incubated
with MSNs for 5 h at 37 °C in a humidified atmosphere containing 5 % CO,. The cell membrane
was stained shortly before the measurement with a solution of 10 ug mL™ wheat germ agglutinin
Alexa Fluor® 488 conjugate (WGA 488; Life Technologies, Germany) in cell medium. After 1 min,
the cell medium was removed and cells were washed twice with warm cell medium. Fresh and
warm cell medium was added and cells were imaged immediately by spinning disk confocal

microscopy (as described in Section 11.6.4). In control experiments, before particles addition, the
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FA receptors on the KB cells surface were blocked by preincubation with 3 mM folic acid (Sigma-

Aldrich, Germany) for 2 h at 37 °C in a humidified atmosphere containing 5 % CO,.

11.6.4 Live-cell imaging

Spinning disk confocal microscopy was performed on a setup based on the Zeiss Cell Observer SD
equipped with a Zeiss Plan Apochromat objective (63x/1.40 Qil/DIC or 100x/1.40 Qil/DIC). For all
experiments the exposure time was 100 ms and Z-stacks were recorded. Samples were
maintained at 37°C during imaging and were illuminated with laser light alternating either
between 405 nm and 639 nm (exciting DAPI and Atto 633, respectively) or between 488 nm and
639 nm (exciting WGA 488 and Atto 633, respectively). In both cases the emission signal was split
by a dichroic mirror at 560 nm, and the bandpass detection filters used were 525/50 nm
(DAPI/WGA 488 channel) and 690/50 nm (Atto 633 channel). Separate images for each
fluorescence channel were acquired using two separate electron multiplier charge-coupled

device cameras (Evolve 512; Photometrics, USA).

11.6.5 Cytotoxicity studies

The cytotoxic impact of the MSN-D3 was determined by measuring the relative cellular
dehydrogenase activity of HMEC-1 cells upon particle exposure. After the defined incubation
times, the cells were washed with Hank's BSS and incubated with 20 pL per well of CellTiter 96®
Agueous One Solution Reagent (Promega GmbH, Germany) in culture medium. The absorbance
of the supernatants was measured at 492 nm via a microplate reader (Sunrise™; Tecan Group
Ltd., Switzerland) and the relative cellular dehydrogenase activity of endothelial cells was
calculated by normalizing the values to untreated control cells. For data interpretation the

cytotoxic threshold given by DIN EN ISO 10993-5:2009-10 was used.

11.7 Methods used in Chapter 10

‘A surface acoustic wave-driven microfluidic system for nanoparticle

uptake investigation under physiological flow conditions’

11.7.1 Microfluidic chip

The general design of the setup is described in Section 10.2.1. The FIDT structure is circular
focused with a focus distance of 750 um from the electrode and an opening angle of 40°. The

chip consists of 20 fingers with an interdigital distance of 15 um. The structure is fabricated by
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thermal evaporation of 50 nm gold on a LiNbO; substrate (128°-Y—cut). For the sake of chemical
and electrical isolation, the whole chip was covered with a 200 nm thick silicon oxide layer by
thermal evaporation of SiO. The micropump was driven by an input power of Pssy, = 19 dBm at its

resonance frequency of 126 MHz.

11.7.2 Flow characterization

The SAW-induced flow pattern was characterized by scanning particle imaging velocimetry
(SPIV). The flow was made visible by 3 um polystyrene beads and the chamber was scanned in
several x-y layers with position distances according to the field of view of the optical setup. With
this approach, the whole chamber volume could be imaged with sufficiently high magnification
(and respective numerical aperture) to achieve a z-resolution that was adequate for a reliable
analysis of the near bottom shear rates. The layer-to-layer distance for recording the shear rate
map presented in Figure 10.3 is Az =25 um, with the first layer at a height z =10 um above the
bottom. At each position, 50 frames at a rate of 3,000 fps were captured. A MATIlab script based
on the open source PlIVIab toolkit [247-249] was applied to extract the three-dimensional
velocity profile in following steps: single videos were analyzed in a batch process by using PIVlab
to determine the local velocity profiles; next, the results at single positions were stitched and
missing data points were recovered by linear interpolation, ending up with layered x-y velocity
profiles for the whole region of interest. If desired, z-velocities v, can be extracted from the

divergence V(v,, v,) of the local field with appropriate boundary conditions.

11.7.3 Uptake experiments

HMEC-1 cells were cultured and seeded as described in Sections 11.4.2 and 11.5.3, respectively.
Before starting the measurement, the cell membrane was stained with WGA 488 (see
Section 11.5.3) and the culture medium was exchanged by medium containing Pt-Ceria-46-atto
(see Chapter 8) with a concentration of 100 pg mL™. Cells and NPs were then imaged with a
spinning disk fluorescence microscope (see Section 11.5.4). Five randomly chosen cells were
analyzed at every region of interest (ROI). Finally, the amount of internalized Pt-ceria NPs was
determined for different incubation times employing the Particle_in_Cell-3D method, as detailed

in Chapter 4.
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List of abbreviations

AFM atomic force microscopy

ATP adenosine triphosphate

CCD charge-coupled device

Col colchicine

CpP chlorpromazine

DAPI 4',6-diamidino-2-phenylindole, dihydrochloride
DIC differential interference contrast

DLS dynamic light scattering

DNA deoxyribonucleic acid

DTT dithiothreitol

EA.hy926 endothelial cell line derived from HUVEC

EDX energy-dispersive X-ray

EMCCD electron-multiplying charge-coupled device

FA folic acid

FACS fluorescence-activated cell sorting

FBS fetal bovine serum

FIDT focusing interdigital transducer

FT-IR Fourier transform infrared

GFP green fluorescent protein

Hela cancer cell line derived from the cervix carcinoma
HMEC-1 human microvascular endothelial cells

HUVEC human umbilical vein endothelial cells

IDT interdigital transducer

IL-1B interleukin-1b

IntDens integrated density, i.e., sum of all pixel intensities
KB cervix carcinoma cells derived from Hela

LDH lactate dehydrogenase

MCP-1 monocyte chemoattractant protein-1
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rcDH
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TEM
TIRF
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mesoporous silica nanoparticle
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
methanethiosulfonate 5(6)-carboxy-X-rhodamine

DAPI derivatives with thiol-reactive methanethiosulfonate groups
nuclear magnetic resonance

nanoparticle

photoactivated localization microscopy

poly(amidoamine)

phosphate buffered saline

polydispersivity index

standard channel detection in flow cytometry. Phycoerythrin (PE) is a water-

soluble protein commonly used as a fluorescent marker in flow cytometry. It has

a peak emission at 578 nm [250]
polyethylene glycol

pixel intensity

relative cellular ATP

relative cellular dehydrogenase

region of interest

segmentation strategy 1

segmentation strategy 2

surface acoustic wave

spinning disk confocal microscopy

specific surface area

stimulated emission depletion (microscopy)
stochastic optical reconstruction microscopy
transmission electron microscopy

total internal reflection fluorescence (microscopy)

wheat germ agglutinin Alexa Fluor® 488 conjugate
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