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2 Abbreviations

2AK Secondary antibody

AEMH Aminoethyl methacrylate hydrochloride
AM Acetoxymethyl

BSA Bovine serum albumin

CatD Cathepsin D

Cav Caveolin

CE Caveolin-EGFP conctruct

CHC Clathrin heavy chain

CLSM Confocal laser scanning microscopy
CMC Critical micelle concentration

CTB Cholera toxin subunit B

CTMA-CI Cetyltrimethylammonium chloride

DLS Dynamic light scattering

DMEM Dulbecco’s modified eagle medium (cell medium)
Dyn2 Dynamin 2

EC EGFP-Caveolin construct

EEA1 Early endosome antigen 1

EGFP Enhanced green fluorescent protein

FCS Fetal calf serum

ICS Immuncytochemical staining

Lamp1l Lysosomal associated membrane protein 1
LUT Lookup table




M6PR Mannose-6-phosphate receptor

NP, NPs Nanoparticle, nanoparticles

PCD Particle charge detection

PDM Product of the differences from the mean

PEBBLE Photonic explorer for bioanalysis with biologically localized embedding
ROI Region of interest

SNR Signal-to-noise ratio

SW Single wavelength (fluorescent sensors)
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3 Motivation

Converging scientific disciplines to create novel systems for health benefits has been attempted
over the last decades by top-down approaches by medics, e.g. in miniaturizing existent
analytical devices, techniques and biomedical materials as well as by bottom-up methods, e.g.
in  molecular engineering and supramolecular chemistry. Nanomedicine, in particular
nanoparticles (NPs), have evolved in consequence as one of the newest cancer-specific
treatments and some have already passed worldwide quality, safety, efficacy and risk
management regulations [1]. The first attempts range back into the 1970s, where reactive
drugs, e.g. Caelyx® have been incorporated into liposomes [2]. Nowadays, one example for
novel drug delivery systems is the albumin-bound paclitaxel called Abraxane® that is applied for
breast cancer treatment [3]. Drug delivery is an important field to enhance further
developments. The global market for novel drug delivery systems was more than € 37.9 billion

in 2000 [4].

Mihail Roco has described four generations of purposeful nanotechnology development for the
near future [5]. The first generation, the current era, deals with passive nanostructures such as
aerosols, colloids or products with incorporated nanomaterials. The second phase, which is just
about to begin, features active nanostructures for the targeting and delivery of drugs and
biodevices. The third generation which is expected to begin in the next decade will consist of
active nanostructures interacting with each other, i.e. guided networks and simple self-
evolutionary processes. The last era, due in the 20s, has the competence of building molecular

devices such as “nanorobots” by design, in a way that Richard Feynman theorized 1959 [6].

The main advantages of combining effective pharmaceutics with nanotechnological systems, i.e.
to design 2" generation nanotechnology for biomedical application lie in the possibility for drug
targeting and controlled release. In addition, stealth drug-NP conjugates minimize drug
degradation, may prevent harmful side effects and increase bioavailability. Apart from
delivering active reagents to specific cellular targets, nanoparticles are also introduced for

medical imaging and multipurpose diagnostic sensors as they are easily tagged with
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fluorescence or MRI labels [7]. Systems tested in current drug delivery research include soluble
polymers, microparticles made of insoluble or biodegradable material, natural and synthetic
polymers, microcapsules, cells, cell ghosts, lipoproteins, liposomes, and micelles [8]. Potential
future applications for novel drug delivery systems are not restricted to targeting cancer cells,

but include

e the elimination of bacterial infections in a patient as an alternative for antibiotics,

e the ability to perform surgery at a cellular level, removing individual diseased cells and
even repairing defective portions of individual cells and

e asignificant lengthening of the human life span by repairing conditions that cause aging

at a cellular level.

However, the biodistribution of NPs after intravenous or subcutaneous application remains an
obstacle and is hard to control by means of NP design. Recent studies in mice show that the
biodistribution is a function of NP size and charge and that a main influence is the opsonization

in the liver [9].

The release of a drug from a nanoparticular compound depends inter alia on the
biodegradability of the material and the metabolic activity of the target cells. Drug release may
also be triggered by external stimuli, e.g. a change in pH or temperature. The targeting of NPs,
however, must be understood on two different levels. NPs can address specific tissue types
within a body, i.e. cancer cells, but they can also address specific compartments within a cell,
i.e. vesicles from the endo-lysosomal compartment, the cell nucleus or cytoplasm. Targeting of
NP is dependent on passive and active influences. Passive influences are considered to be NP
properties such as size, charge and material. Active influences are bioreactive components
attached to the particle surface as “address labels”, such as antibodies or other targeting
moieties. The intracellular distribution of NPs is important for the concerted design, as this may
affect drug efficacy. In addition, an acidification of NPs in lysosomal compartments can not only

influence NP degradation but also their pharmaceutical potency.
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Nanomaterials are mainly taken up into the cell by an endocytotic pathway. In this process, the
material is enwrapped by a lipid double layer that origins from the cell membrane. These newly
formed vesicles undergo different ripening processes that can end in the degradation of
material in lysosomes, the transportation back to the cell membrane and subsequent disposal
into the exoplasm (exocytosis), the mere storage of the material or even the release into the
cytoplasm. Each different compartment along these intracellular pathways is determined by a

set of marker proteins, e.g. small GTPases and can in addition involve an acidification process.

For target-driven design of NPs, it is important to be able to specifically control the processes
that involve endocytosis of NPs to cells. The aim of this work is to synthesize comparable sets of
non-toxic, bio-inert polystyrene NPs that vary only in size to define the influence of NP size on
the uptake to cells and to design a novel nanosensor to probe the acidification process of NPs
after endocytosis. The impact of NPs on the uptake kinetic with different sizes with regard to
their concentration, amount and overall surface area shall be investigated. In addition, the
endocytotic mechanism will be determined with three different techniques, i.e. pharmacological
inhibitors, immunecytological staining, and immunefluorescence. The pH-dependent dye
SNARF-4F shall be grafted onto the surface of polystyrene NP to create a nanosensor for the

investigation of the pH changes in the NP environment after endocytosis.

The results presented in this work should add to the determination of NP — cell interactions and
will help in the future to design purpose-driven 2" generation NPs for novel drug delivery
systems. This thesis is addressing several aspects regarding the uptake of nanoparticles into

cells:

- Whatis the influence of size on the amount of NPs uptake into cells?

- Which endocytotic mechanisms are involved?

- Do NPs of different sizes use different endocytotic mechanisms?

- In which specific endo-lysosomal compartment are NP found after the uptake into cells?
- Can particles as a type of nano-sensors detect their environmental pH value while being

present in the endo-lysosomal pathways?
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4 Theoretical Background

A broad variety of polymerization methods to synthesize NPs with a whole set of different
properties enables researchers to gain detailed insights on the interaction of NPs with
mammalian cells. However, combinations of a thorough NP colloidal characterization with an
exact determination of uptake mechanisms as a function of NP properties are rare. This chapter
gives an overview over: i) three polymerization approaches used for NP synthesis, ii) the
processes involved in cellular endocytosis iii) the different down-stream fates of molecules and

NP and iv) the design and medical application of pH-sensitive NPs.

4.1 Synthesis of polymeric nanoparticles through dispersion, seed and
miniemulsion polymerization

Many different approaches have been applied for the radical polymerization of numerous vinyl

monomers leading to a broad variety of synthesizable NPs with tunable distinct properties, like

material, size, incorporated material or surface charge [10-12].

In the dispersion polymerization (see Scheme 1 A) an initially homogeneous system becomes
heterogeneous upon polymerization, because the polymer is insoluble in the solvent. In current
work, the monomer, initiator, hydrophobic fluorescent dye (Lumogen F Red, see Figure 1) and a
polymeric, protective colloid alternatively non-ionic surfactant (Lutensol AT50, see Figure 1) are
solved in an ethanol/water mixture. During polymerization, the growing polystyrene chain
becomes insoluble and precipitates in the form of globules stabilized by the surfactant. Upon
precipitation, the hydrophobic dye is entrapped inside the NPs. The dispersion polymerization is
suitable for the synthesis of monodisperse, non-ionic particles in a size scale between 0.5 and
10 um. However, in some cases it is difficult to apply this method for the copolymerization. The
difference in solubility of monomer and comonomer may lead to the formation of two different

homopolymeric NPs [13, 14].
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Figure 1: Chemical structure of the comonomer AEMH used for the copolymerization in
miniemulsion polymerization and the surfactants: i) CTMA-Cl used in miniemulsion and seed
polymerization and ii) Lutensol AT50 and AT80 used in miniemulsion and dispersion
polymerization. The perylene fluorescent dye Lumogen F Red is incorporated into the particle as a
marker.

The seed polymerization (Scheme 1 C) enlarges pre-formed core particles by swelling and
polymerizing them with drop-wise added monomer. The seed polymerization is suitable for the
synthesis of monodisperse and electrostatically stabilized particles over a large size scale as a
function of the monomer amount and mode / feed rate of the monomer addition. This method
features two main drawbacks: i) the copolymerization reactions are hard to control and ii)
incorporation of the material, e.g. a fluorescent dye (see Figure 1), is not possible during the
seeding. The “payload” must be present in the core particles. It should also be kept in mind that

the swelling process results in the reduction of “payload” concentration per gpolymer [15-22].

The miniemulsion polymerization (see Scheme 1 B) is based on the formation of an oil-in-water
miniemulsion stabilized by ionic or non-ionic surfactants using high shear homogenization, e.g.

ultrasonication, followed by the particle formation via polymerization. This technique comprises
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many possibilities in terms of controlled copolymerization (e.g. amine functionalization with the
comonomer AEMH, see Figure 1) and incorporation of material (e.g. fluorescent dye
Lumogen F Red, see Figure 1). The particle size can be controlled in a range between 50 and 500
nm [23]. Furthermore, the introduction of reactive groups such as amines to the particle

facilitates further reactions at the NP surface, e.g. the immobilization of sensor molecules.

Monomer droplet (Styrene)

Polymer particle (Polystyrene)
Water soluble initiator (V50)
Non-ionic surfactant (Lutensol AT 50)
Cationic surfactant (CTMA-CI)
Ultrahydrophobe (Hexadecane)

Polymerisation

e /\/»®O0O

| Fluorescentdye (Lumogen F Red)

/ .
—@ 4 * Seed particles
from miniemulsion

* Monomer (dropwise)
* Initiator
* (Surfactant)

Particle growth Polymerisation

Polymerisation

A: Disperse Phase
B: Continuous Phase
(Water)

Scheme 1: Polymerization methods used for the synthesis of cationic and non-ionic polystyrene
particles with different sizes. A: Dispersion polymerization, B: miniemulsion polymerization, C: Seed
polymerization.

4.2 Interaction of nanoparticles with the endocytotic machinery

The endocytotic pathway is used by cells for the uptake of nutrients, like amino acids, sugars,
fatty acids, coenzymes, hormones, neurotransmitters, and salts [24], down-regulation of
plasma-membrane growth factor receptors [25] as well as monitoring the signaling pathways
[26, 27]. Endocytotic pathways are also used by viruses to enter cells [28]. It was found years
ago that the uptake of nanoparticles undergoes the same routes as that of aforementioned

molecules. As a classical scheme, endocytosis is classified in a) non-receptor mediated

16
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endocytosis, i.e. macropinocytosis and phagocytosis, where dissolved or liquid material and
larger contaminants or bacteria are taken up respectively without a sorting process and b)
receptor-mediated endocytosis. The latter includes conventionally clathrin-mediated
endocytosis, caveolin-mediated endocytosis and a clathrin- and caveolin-independent
endocytosis. The caveolin-triggered uptake into so called caveosomes was also discussed [29],
but recent studies suggest that caveosomes are merely an artifact from overexpressed caveolin

[30].

In recent years, several additional pathways mainly regulated by small GTPases were found:
among others, RhoA- [31, 32], Cdc42/Arfl [33, 34]- and Arf6 [34]-dependent endocytosis. A
second form of exvaginated uptake is referred to as circular dorsal ruffles [35], which is known

to be actin- and dynamin-dependent.

A major role plays the small GTPase dynamin, which is responsible for the scission of newly
formed vesicles. Dynamin forms a spiral that contracts upon GTP hydrolysis which leads to the
pinching off of the vesicle from the plasma membrane [36]. Endocytotic processes are often
distinguished as dynamin-dependent and —independent. Dynamin participates in clathrin-
mediated endocytosis, caveolin-mediated endocytosis, RhoA-mediated endocytosis and

endocytosis via circular dorsal ruffles [26, 29, 37-41].

It is possible for the different routes to be combined in the further downstream processing,
when vesicles mature to different types of endosomes, multivesicular bodies, or lysosomes [41].
The endosomal vesicles can change their identifying protein attendance, making it hard to track
back the original uptake mechanism. The monomeric Rab (Ras-related in brain) GTPases are one
of the most common downstream endocytosis regulator families. They regulate the vesicle
trafficking, formation and fusion [42]. An overview of possible entries into the cell for NPs and

the resulting intracellular fate is given in Scheme 2.
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Scheme 2: Possible uptake mechanisms for NPs in cells.

F-actin is classically known to participate in exvaginating endocytotic processes, like
macropinocytosis and phagocytosis [38, 41]. Recent studies also reveal the support of F-actin in
different endocytotic processes, e.g. clathrin-mediated endocytosis [43]. The role of actin
includes: i) deformation and vagination of the plasma membrane, ii) formation of vesicle “neck”,
iii) creation of cytoskeletal structures to sort endocytotic participants, and iv) transport of
vesicles through the cytoplasm. It was shown that endosomes, pinosomes, clathrin-coated

vesicles and secretory vesicles are associated to the cytoplasm by a so called actin tail [44-46].

To determine the way NPs enter the cell, i) specific inhibitors e.g. chlorpromazine, ii)
intracellular antibody staining, e.g. with antibodies against clathrin heavy chain and iii) cells

expressing mutated proteins, e.g. a caveolin-GFP conjugate can be used. These systems are well
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established for the above-mentioned well-known pathways. However, with increasing
knowledge of additional uptake routes, the existence of downstream “junctions” and the
possibility of molecules being taken up by several pathways [35], the cellular uptake system
becomes very complex and established methods may affect or detect several mechanisms.
Hence, interpretation of data must be done with care and considering several methods in

combination.

4.2.1 Endo-lysosomal compartmemnts

The endo-lysosmal network is a complex machinery where lipids and proteins are dynamically
transported between the plasma membrane, intracellular vesicles and the trans-Golgi network.
Each structure is defined as an accumulation of specific molecules that function as markers,
sorters or fusion proteins. However, these sets of markers are interchanged constantly, which

makes distinct definitions hard to achieve.

Clathrin heavy chain is a protein that participates in the wrapping of clathrin-coated vesicles.
Three heavy chains and three light chains form a triskelion that provides the structural
backbone of a clathrin basket [47]. Once budded from the membrane, the clathrin-coated
vesicle is uncoated and clathrin heavy chains travels back to the plasma membrane. Appearance
of clathrin heavy chain in endo-lysosomal compartments does not occur. Dynamin, as was
mentioned before, is a GTPase that participates in the scission of vesicles from the membrane
and takes part in several endocytotic mechanisms. The subform Dyn2 is expressed in most cell
types, whereas Dynl and Dyn3 are localized in neurons and testis, respectively [36, 48, 49].
Caveolinl (Cavl) is the main component of the lipid raft caveolae, a plasma membrane
microdomain enriched in proteins like caveolin and lipids like cholesterol and sphingolipids. The
subform Cav2 is expressed similarly ubiquitious like Cavl, whereas Cav3 is restricted to striated
and smooth muscle [29, 30]. Early endosome associated protein 1 (EEA1) is present only in early
endosomes where it binds the membrane-intrinsic phosphatidylinositol-3-phosphate. It plays a
role in endocytotic docking and fusion [50]. Lysosomal associated membrane protein 1 (Lamp1)
also called cluster of differentiation 107a (CD107a) belongs to the family of membrane

glycoproteins and is one of over 50 known integrated membrane proteins present only in
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lysosomes where it participates in the sorting of endocytosed material [51]. The mannose-6-
phosphate receptor (M6PR) transports mannose-6-tagged lysosomal hydrolases from the trans-
Golgi network to late endosomes and lysosomes [51]. One of the hydrolases resident in
lysosomes is cathepsin D (CatD). Cathepsin D is an aspartic protease that gets activated at a pH

< 5.0 and cleaves, among others, fibronectin and laminin [52].

An overview of the above mentioned most common proteins and their participation in

endocytotic trafficking, sorting and digesting is given in Scheme 3.

0O\ as
Clathrin Caveolin P4 |Dyn2
\ |cav1

\ E " EEAL

/ # |Lampl

Recycling 7 |M6PR

Early g endosome . |catD

endosome /

'L\t , éj—_% Trans-Golgi
@—————— network

Lysosome Late endosome === J

Scheme 3: Compartimentalization of selected proteins in the trafficking sorting and digestion of
endocytosed material. CHC: clathrin heavy chain, DynZ2: dynamin-2, Cavl: caveolin-1, FFA1: early
endosome associated protein 1, Lampl: lysosomal associated membrane protein 1, M6PR:
mannose-6-phosphate receptor, CatD: cathepsin D.

4.2.2 Size effect on the NP uptake
As the endocytotic process distinguishes in a most complex manner between different proteins,

lipids and sugars dependent on their chemical and biological properties, the uptake of NPs
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depends on their characteristics. Main factors like material [53, 54], surface charge [55-61],
coating material and thickness [62], size and shape [37, 40, 60, 63, 64], control the kinetic and
the cell uptake route. Other parameters arise from additional functionality of the particles with
bioactive molecules such as receptor-ligands or antibodies [65], the cell line [66] and so on. For
novel approaches in designing nanoscale drug delivery systems, a deep understanding of the

tracking of the process inside the cell is of high importance.

Several recent publications report the size-dependent uptake to cells. From the obtained data it
can be summarized that carcinoma cells have a higher endocytosis rate than confluent ones
[67]. This implies that the uptake is cell-type dependent. Mouse carcinoma cells, as an example,
only endocytose particles smaller than 20 nm, which is very uncommon for many other cell
lines, like human adenocarcinoma cells [54] or cervix carcinoma cells [55]. It is also reported
that non-tumorous cell lines internalize bigger particles easier than tumorous ones [68].
Especially macrophages have a size optimum of 1 um and literally ignore smaller (200 nm) and
bigger (10 um) particles [61], mainly due to their specific role as scavenger cells in the human
immune system. Furthermore, particles can not only be endocytosed but also transported

across the cell and transcytosed [69].

The reasons for the variances in the uptake of particles with different size are still to be
explored thoroughly. There are indications that the interaction of the particles with the cellular
membrane is independent from their size [69]. At the same time the way of endocytosis, e.g.
clathrin-dependent or caveolin-dependent endocytosis, or macropinocytosis, is strongly size

dependent [40].

Although many papers have been published on the cell uptake studies, the obtained results
cannot be directly compared, due to the different experimental conditions and often not
completely characterized particles. Particle properties, such as surface charge, amount of
fluorescent dye, particle size and size distribution, morphology and so on should be well defined

to be able to compare the cell uptake results.
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4.3 Therole of pH in nanomedicine: Nanoparticles as sensors

For the last decade, polymeric nano-sensors have been synthesized as probes for real-time
imaging and dynamic monitoring of various ions that are important for the cellular metabolism,
such as HY, Ca*, Mg®, K', Na*, and CI" [70-73]. NP sensor-based systems have several
advantages in comparison to the use of unconjugated single fluorescent analytes [74] and to
high invasive methods like e.g. microelectrode probing [75]. The main advantages are i) that
they are physically and chemically non-invasive due to their small size and inert material, ii) that
the accessibility of the analyte can easily be tuned because of a high surface-to-volume ratio
and the material, and iii) that the uptake and trapping of sensors to cells as well as local analyte
concentration can be easily adjusted [76]. Surface properties of NPs [77] as well as multiple
functionalization, like additional incorporation of drugs [78], MRI-detectable anorganic labels
[79], or antibodies [80], e.g. as delivery targets, can be easily tuned. The most common PEBBLE
(photonic explorer for bioanalysis with biologically localized embedding) method is used to
embed an analyte sensitive dye into a porous biologically inert matrix [81] and can include
advanced fluorescent methods such as fluorescent resonance energy transfer (FRET) based
probes [82], ion correlation [83], surface-enhanced Raman scattering (SERS) [84] and modulated
optical nanoprobe (MOON) [85] sensors. This sensor matrix is then positioned inside the cell by
liposomal delivery [86], membrane-penetration peptides like TAT [87] or gene gun [88] for

cytoplasmatic analysis.

In recent years, NPs have also emerged as promising tools to study the cell mechanisms as well
as to function as novel drug delivery systems for the transportation of drugs to the specified cell
or tissue types. Most NPs are taken up by the cells via various endocytotic mechanisms
following the endo-lysosomal pathway [38]. To trigger the release of receptor-bound ligands,
such as the well described LDL receptor recycling [89], and to digest assimilated nutrients, the
pH of these compartments is acidified during the maturation of the vesicles from early to late
endosomes and lysosomes. This acidification can be used to trigger the degradation of
biocompatible polymeric nanocapsules and to release incorporated markers or drugs [90]. For
example, an acid-sensitive (6-maleimidocaproyl)hydrazone derivate of doxorubicin (DOXO-

EMCH) can address tumor cells after binding to albumin by passive targeting and releases the
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drug after acidification [91]. Since changes in the local ion concentration, such as H* play an
important role in metabolic processes, ion transport, cell signaling and cell growth [92], it is
important to determine different pH values with a high spatial resolution. Intracellular pH
changes also take part in the development of tumor cells, e.g. the pH; of some tumors rises due
to an increased P-glycoprotein activity [93]. Hence, ionic analytes are measured routinely in

cancer diagnostics [94].

Up to now, not many studies are published that combine the novel properties of sensor NPs
with their ability to work as pH-sensitive drug delivery systems and the quantitative monitoring
of NPs in endocytotic vesicles. Little is known on the accurate interactions and the time scales of
NP endocytosis to cells. However, to tailor nanoscale systems for the delivery of drugs by pH-
triggered release of incorporated material, it is important to specify the acidification kinetics of
NP in the endo-lysosomal system. To address this question, a pH-sensitive dye Snarf-4F was
grafted onto the surface of NPs to create a pH-sensitive nanosensor for monitoring the

acidification of NPs after the uptake into cells.

4.3.1 The pH-sensitive fluorescent dye SNARF-4F

A variety of pH-dependent sensors has been developed in recent years. In general, they can be
classified into mono- and dual-wavelength fluorescence. The former exhibits a shift in
fluorescence intensity, the latter in emission wavelength upon excitation in different pH
environments. Common mono-wavelength pH sensors are fluorescein and BCEF. Dual-
wavelength dyes like the SNARF and Snafl indicators, HPTS and Oregon Green cover a large
region of pK, values from 8.0 (HPTS) — 3.5 (LysoSensor) [74]. 2-(10-(Dimethylamino)-4-fluoro-3-
oxo-3H-benzo[c]xanthen-7-yl) (SNARF-4F) is a pH-dependent fluorescent dual-wavelength dye
with a rather acidic pK, of ~ 6.4 [95]. The protonated form (Figure 2 AH) emits light upon
excitation at a lower wavelength than the deprotonated form (Figure 2 A). The pH value can be
calculated from the intensity ratio of the two emission wavelengths so that problems arising
from concentration changes such as with mono-wavelength pH-dependent dyes (e.g.
fluorescein) can be overcame. SNARF-4F undergoes a conformation change to the non-

fluorescent lactone form (Figure 2L) in the presence of organic solvents, e.g. methanol or
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DMSO. The lactone conformation also appears in the cell-penetrable acetoxymethyl (AM) ester
form (Figure 2 L ester) of the dye, but is not reversible upon redispersion in water. After
penetrating the cell membrane, the ester is hydrolysed by unspecific cytosolic esterases and

transferred into the fluorescent form.

L L Ester
Ability to cross the cell membrane

Figure 2: Deprotonated (A), protonated (AH), lactone (L) and lactone ester (L ester) form of SNARF-
4F.

4.3.2 Sensor conjugation

To immobilize SNARF-4F on to the NP surface, a reaction must be performed between the Snarf-
4F molecule carboxylic group and the amino groups of the particle. EDC is ranked a so called
zero-length crosslinker as it forms a direct bond between the substance and the conjugate
without additional atoms in between. Thus the side-reactions are eliminated. In addition, the
coupling reaction is performed in aqueous media, which is important because NPs are not
stable in the organic solvents. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride

(EDC) is the most common crosslinking agent used and numbers of coupling protocols has been
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described in the literature. Other zero-crosslinking conjugation mediators between carboxylic
and amino groups include Woodward’s Reagent K (N-ethyl-3-phenylisoaxazolium-3’-sulfonate),
N,N-carbonyldiimidazoles as well as other carbodiimides such as 1-cyclohexyl-3-(2-

morpholinoethyl)carbodiimide (CMC) and dicyclohexyl carbodiimide (DCC).

After activation of the dye with EDC, the obtained o-acylisourea is prone to the hydrolysis. To
stabilize the intermediate and prevent side reactions, such as formation of N-acyl urea [96],
HOBt is used as a catalyst to form a corresponding HOBt ester, which is more insensitive to
hydrolysis and can rapidly form an acrylate with the particle. This nucleophilic reaction is
furthermore favored by increasing the pH to 8.6. The reaction scheme is shown in Figure 3. The
isourea that is formed as a by-product as well as all other reaction partners are water-soluble

and can therefore be easily removed by centrifugation.
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Figure 3: EDC coupling between the pH-sensitive dye SNARF-4F and amino functionalized NPs.
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5 Experimental part

In the interdisciplinary research, a large number of different methods needs to be employed for
the characterization of NPs and for studies of NP cell interaction. In the following, a description
of methods used for colloidal characterization and for cellular studies is presented. A list of
chemicals and devices used is listed and experimental specifications for NP synthesis, NP

characterization, cell culture and cell uptake are provided.

5.1 Analytical procedures for the characterization of nanoparticles

To draw adequate conclusions on the interaction of NPs with the cells, the physicochemical
properties of NPs should be exactly defined. The colloidal attributes presented in this work are:
particle size and size distribution, surface charge density, amount of incorporated dye, amount

of non-ionic surfactant and particle morphology.

5.1.1 Dynamic light scattering

The light, which hits NPs dispersed in solution is scattered either equally in all directions
(Rayleigh scattering) or, is angle-dependent (Mie scattering), if the particle is larger than approx.
250 nm. Due to the particles’ Brownian motion, they move forwards and backwards in the
illuminated field, thus causing constructive and destructive Doppler interference. This
fluctuation is measured by dynamic light scattering (DLS) and can be fitted to an autocorrelation
function that yields the diffusion constant of the dispersion. The hydrodynamic radius Ry of a
particle in solution is given after the Stokes-Einstein equation as indirectly proportional to the
diffusion constant:

kg T
6-m-D

RH = (Z)

where kg is the Boltzmann constant, T is the temperature and D is the diffusion constant. The
error of the fit function in correspondence to measured data correlates with the polydispersity

of the sample [97].

A measurement comparison between large and small particles is depicted in Scheme 4.
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Scheme 4: Schematic configuration of a dynamic light scattering setup. Small particles bear a faster
Brownian motion and therefore fluctuate stronger over time than larger particles.

Hence, DLS is a non-invasive method for measuring the size of particles in a submicron. The
results of DLS measurements provide an intensity, number and volume weighted diameters of
particles as well as a mean average of these three (D, Dy, Dy and Dy respectively) and a
standard deviation which is given as the half-width at half height of a Gauss fitted size
distribution. However, DLS is only accurate for round particles with a mono- or at least bimodal
distribution. Additional sources of scattering, such as simple dust or proteins present in the

solution (e.g. in DMEM with FCS) must be eliminated before measuring.

5.1.2 Zetapotential

There are two main forces that influence the stability of NPs in the aqueous solution: i) sterical
hindrance, provided by the non-ionic surfactant such as Lutensol AT50, and ii) electrostatic
repulsion, originated from the ionic groups of surfactants, e.g. CTMA-CI. The layer around the

particle, the so called electrical double layer, is composed of an inner region where ions are
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strongly bound, called the Stern layer and an outer region, more diffuse layer. The potential that

exists between those two regions is called the zeta potential, as is shown in Scheme 5.

i<—>x Electricdouble layer

Slipping plane

@\\@

Particle with negative
Surface charge

®)

Stern layer
-100

Diffuse layer

e e b b el

Surface polentia
p———— St0rn potential

mV

Zeta potential

0 v v L L
Distance from particle surface

Scheme 5: Schematic charge distribution in a typical electric double layer around a negative charged
particle in solution and the corresponding potentials.

When an electric field is applied on a NP dispersion, the charged particles move with a constant
velocity towards the oppositely charged electrode. The zeta potential can be calculated from
measuring this velocity, also called electrophoretic mobility Ur as it is dependent on the
dielectric constant € of the medium, the zeta potential ¢, a form function f(Ka) called Henry’s

function and the viscosity of the medium n as given using the Henry equation:

UE _ 2-¢(f(Ka)

— @)
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The approximation of the Henry function is influenced by the concentration of electrolyte in the
medium (Smulochowski approximation), hence measurements are performed in 10° M KCl

solution [98].

The zeta potential gives a degree for the stability of the NPs and, if measured at the same pH

value, a semi quantitative comparison for the amount of surface charged groups.

5.1.3 Polyelectrolyte titration

The exact amount of accessible charged groups per nm? or per particle is determined by
titration with polyelectrolytes. The addition of polyelectrolytes in the NP dispersion causes the
interaction of the polyelectrolyte with the charged groups on the NP surface till a net zero
charge [99]. A typical polyelectrolyte for the determination of positive groups is sodium
polyethylene sulfonate. The titration is quantified with a particle charge detector (PCD). A piston
moves with a constant frequency within a cylinder that contains the sample, as can be seen in
Scheme 6. The thus built up stream within an approx. 1 mm broad gap between piston and
cylinder dismantles the light small counter ions from the polyions. The partial charge separation

is measured by two electrodes. The titration is complete when the electric tension equals zero.

Oscillating piston

Dispersion

Gold electrodes

Scheme 6: Schematic setup of a particle charge detection measurement: a piston oscillates in a
cylinder containing the sample. The electric tension is measured between two gold electrodes.
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The amount of charged groups per particle and per nm? is calculated from the amount of

consumed polyelectrolyte (as an average of three measurements) as follows:

Groups _ V-M:N4 p-Dim 3)
Particle sc 6

Groups _ V-M-N, p-D}-10"18 4)
nm? sc 6 ’

The first term defines the amount of groups per gpolymer, Where V is the volume of consumed
polyelectrolyte, M is the molar concentration of polyelectrolyte, N, is Avogadro’s constant
(6.022 - 102 mol - I'), SC is the solid content of the sample, D; is the average diameter of the

particle and p is the density of polystyrene (1.045 - 10° g - ") [100].

5.1.4 UV/Vis and fluorescence spectroscopy
After the synthesis of NPs, the fluorescence intensity varies between NP samples, and therefore

need to be normalized in order to interpret the results of flow cytometry in a quantitative way.

The absolute amount of fluorescent dye is determined by UV/Vis spectroscopy. After dissolving
the particles (with the incorporated dye) in THF, the absorption of the dye is measured in the
UV/Vis range. The concentration of an absorbing species c¢ is linear dependent on the

absorbance E, as given by the Lambert-Beer law:

E=¢€¢-c-d, (5)

where € is the absorption coefficient and d is the thickness of the cuvette under the condition of
a non-turbid, homogeneous distributed sample in which absorbers act independently from each
other and the incident light beam is preferably monochromatic [101]. A linear fitted calibration
curve obtained in an experimental relevant concentration range, gives the total amount of
fluorescent dye per gpoymer- However, as the sample is dissolved in an organic solvent, the
amount of dye per gpolymer does not necessarily equal to the fluorescence intensities as these can
be influenced by intra-particle effects such as dye quenching or interaction of the dye with the

polymer.
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Fluorescence spectrometry of the NPs measured directly in dispersion yields the fluorescence
signals with all of the above mentioned intra-particle effects. However, the absolute values
regarding the incorporation yield of the dye cannot be given because no appropriate calibration
exists. NP fluorescence intensities that are compared between the samples, which are adequate
for normalizing flow cytometry data. The fluorescence intensity of three different NP dilutions is
displayed over the solid content of NP dispersions. As fluorescence intensity, like absorption, is
linear dependent on the concentration [102], the three values can be fitted linear. Fluorescence

properties between NP samples could be compared from the obtained slope.

A comparison of the different schematic setups for absorption and fluorescence spectrometry is

shown in Scheme 7.

Sample Absorption
A cuvette
3ok  —
Q>
DVQ )
Light source Monochromator Photomultiplier
Detector

Fluorescence

Emission Monochromator

Photomultiplier
Detector

Scheme 7: Schematic setup of absorption and fluorescence spectrometry measurement. Absorption
is measured at an 180 ° angle and fluorescence at an 90° angle.

5.1.5 Gel permeation chromatography
Gel permeation chromatography (GPC) separates analytes on the basis of their size and not on

physical or chemical interaction with the column material. Hence it is often used to characterize
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the molecular weight and the polydispersity index (PDI) of polymers. Smaller analytes travel

slower across the column because they are held back by porous packing material [103].

Polymer with low
/ molecular weight

/
Mobile phase / / “ L
- ' Polymer with high
// f" ‘ molecular weight
AT
\o~
Small molecules are retained by the

Direction  pores of the stationary phase and
of flow travel more slowly across the
column.

Stationary phase

GPC column

Scheme 8: Schematic setup of a GPC column: small molecules are retained by the pores of the
stationary phase and travel more slowly across the column.

GPC can also be used for quantification [104] if the same amount of NP sample is applied to the
column and an adequate calibration is performed. After dissolving polystyrene NPs stabilized
with non-ionic surfactant Lutensol AT50 in THF, the signals from polystyrene and Lutensol AT50
are distinguishable in the GPC elugram. The calibration is performed with polystyrene and
different amounts of Lutensol AT50. The percentage of the Lutensol AT50 peak integrals with
respect to the polystyrene is displayed over the weighted percentage of Lutensol AT50. The thus
obtained fit equation determines the percentage of Lutensol AT50 in relation to polystyrene in a

NP sample. The amount of Lutensol AT50 per particle and nm? is calculated as follows:

Lutensol AT50 per particle = Weightpgrticie - YoLu =

=§-p-n-r3-%Lu, (6)

Lutensol AT50 per particle

Lutensol AT50 2=
utenso pernm surface of particle
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Lutensol AT50 per particle

, ()

4-m-r?
where %Lu is the percentage of Lutensol AT50 as obtained by the calibration fit, r is the average
half diameter of the NP sample as obtained from the DLS measurements and p is the density of

polystyrene (1.045 - 10°g - I').

5.2 Analytical procedures for the interaction of NPs with cells

From the complexity of biological systems arises the need for a combination of advanced
technologies as one method often addresses just one aspect of a given question, such as the
interaction of NPs with cells. Hence, a combination of methods is necessary. For example, the
uptake can be measured quantitatively with flow cytometry, but this method does not
distinguish between particles taken up by the cell and those attached to the membrane. A
supporting, qualitative method such as fluorescence microscopy needs to be performed
additionally to address the experimental question. Mostly these methods include the use of
fluorescence markers for the tagging of NPs and cellular compartments. Fluorescent labeling
has several advantages, inter alia the detection of several markers at once even at low
concentrations of dye-conjugates with a good signal to noise ratio (SNR). Flow cytometry,
confocal laser scanning microscopy, immunecytochemical staining, immunofluorescence as well
ion imaging use fluorescence as a means for detecting particles and cellular compartments and

will be addressed in the following chapter.

In addition, electron microscopy was used to further increase the resolution to determine the

subcellular localization of particles taken up by cells.

5.2.1 Flow cytometry

Flow cytometry allows the quantification of NPs associated to cells, which are defined by their
size and granularity. Cells incubated with NPs and optionally labeled with a fluorescent antibody
are separated by a constant sheath flow. Each object is detected individually in the cuvette with
regard to their light scattering and fluorescent properties. Light scattered at a forward-bias, so
called forward scatter (FSC), roughly correlates with the size of the object; sideward scattered

light (SSC) is a unit for the granularity. In addition, the object’s fluorescence with varying
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excitation and emission wavelengths is collected. A schematic configuration of a typical flow
cytometer is given in Scheme 9. In a typical fluorescent setup, three to six fluorescent channels

(FI1 — FI6) are common.

By dot plotting the FCS, SSC or fluorescent channel of the cell antibody label it is possible to
distinguish cells from cell fragments, dirt and single particles within the sample, as shown Figure
4 A and B. The cell signals are gated to the fluorescent channel histogram of the NPs (pink gate
in Figure 4 A and B, gated signal histogram in Figure 4 D), which can then be quantified. Data are

obtained as an average of three and a minimum of 20,000 cells per sample.

Sheath fluid
* o
> OOQO.
Sample @
Detection &® FSC
Cuvette .

Excitation - ,
laser e

SSC . \BP 575 nm
‘ ~
BP 527 nm .

FI2

DM

FI1

Scheme 9: Typical flow cytometer setup: a sample with NPs (red) incubated and antibody (yellow)
labeled cells is diluted and enwrapped in a sheath fluid. Upon excitation in the detection cuvette,
scattered and emission light is detected. FSC: forward scatter, SSC sideward scatter, Fl: fluorescent
channel, DM: dichroic mirror, BP: band pass filter.
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Figure 4: Flow cytometry data evaluation example of Hela cells incubated with fluorescent NPs SL-
S27 for 1 h at a concentration of 75 ug - mi-1. A: Dot plot of forward and sideward scatter with gated
cells, free particles and dirt. B: Histogram of fluorescent channel 5 (FI5) with gated particles. C:
Histogram of fluorescent channel 5 (FI5) with gated cells. D: Histogram of fluorescent channel 5
(FI5) with gated dirt. E: fluorescent channel 5 (FI5) with no gate (all events).

5.2.2 Confocal laser scanning microscopy

Flow cytometry gives quantified values of a fluorescent intensity correlated to cells. However,
for a distinction between NPs taken up by cells or merely attached to the plasma membrane as
well as intracellular localization of NPs microscopy techniques must be applied. In a typical
confocal microscopy setup, the specimen is excited with a laser beam. The fluorescence signal
travels through a pinhole that collects only light from a set confocal plane, as can be seen in

Scheme 10A. In traditional widefield microscopy, excitation and emission of fluorescent

molecules occurs and is collected throughout the sample, as shown in Scheme 10B. A limitation
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of the illuminated (blue) and detected (red) emission maintains better resolution, SNR and
limitation of photo damage. In confocal microscopy, only fluorophores within the XY-range, but
throughout the optical z axis of the laser are excited. The detected emission is restricted by an

additional pinhole in the emission beam path to the diffraction-limited volume of the focal spot

[105].
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Scheme 10: A: Schematic optical path in confocal laser scanning microscopy. B: Comparison
between the illumination upon excitation and emission detection of widefield and confocal
microscopy for cellular imaging (adapted from and with permission of M. Cebecauer et al. [105]).

5.2.3 Electron microscopy and cryo-fixation

Imaging particles in the nanometer scale reaches the resolution limit of conventional
microscopy. To determine the sub-cellular localization of particles taken up by cells, electron
microscopy techniques are used. They lower the resolution in a way that cellular compartments
can be distinguished and a more detailed localization of particles is possible. The maximum
resolution of non-confocal microscopes is approx. 200 nm. By Abbe’s law [106], the minimum

resolution d,,;, is defined by the initial wavelength A:
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A
dmin = 0.61 —, (8)

where NA is the numerical aperture of the lens. The wavelength of electrons is about 100,000

times shorter than that of visible light, which gives a maximum resolution of 50 pm [107].

Scanning electron microscopy (SEM) screens the surface of a sample. Upon interaction with the
sample, electrons are scattered and loose energy. The so called secondary electrons are
displayed in the SEM image. Transmission electron microscopy (TEM) images the transmission
of an electron beam through a sample. Electrons are scattered at molecules or atoms with high

atomic numbers or dense structures while they pass through areas with low atomic numbers.

The main drawback of electron microscopy is the need for a high vacuum in the electron path.
Samples must be dry, tentatively stained and the images are only representative for a snap-
shot. As polystyrene NPs consist of little amount of water, drying artifacts are minimized.
However, when imaging cells a complex preparation procedure is required to prevent artifacts

and to sustain cellular compartments and cell membranes.

To conserve the cellular structures, fixed cells are frozen under high pressure with liquid
nitrogen to prevent the formation of ice crystals that destroy fragile membrane structures. To
enhance contrast and sample stability, cells are stained with osmium tetroxide. The amorphous
ice is replaced by a resin and the sample is cut ultrathin (70 — 100 nm). Cryo-fixation of cells and

sample preparation for TEM imaging have been performed by Dr. Martin Dass.

5.2.4 Blocking of endocytotic pathways with pharmacological inhibitors

The direct probing of endocytotic pathways by pharmacological inhibitors is well established
and has several advantages: the protocol is much simpler than that of more sophisticated
molecular biological tools, all cells of a population are equally affected but side effects must be
minimized due to a short incubation time. However, the main problem that undermines the use
of pharmacological inhibitors is their questionable specificity for one endocytotic pathway, esp.

pathways that have not been described to a full extent yet.
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A variety of inhibitors is used to probe endocytotic mechanisms. Chlorpromazine is a cationic
amphiphatic inhibitor for clathrin-mediated endocytosis [48, 108]. In addition, several
publications indicate that chlorpromazine also affects the formation of phagosomes and
macropinosomes due to incorporation into the cell membrane [49, 108, 109] and may not be
efficient in all cell types [110]. Cytochalasin D blocks actin formation by occupying a faster-
growing “barbed” end of actin filaments [111, 112] thus inhibiting macropinocytosis and
phagocytosis. However, actin has been reported to participate in several other uptake
mechanisms, like clathrin-mediated endocytosis and caveolin-mediated endocytosis [43-46,
113, 114]. Cytochalasin must be considered as a global, nonselective inhibitor of all
internalization pathways. The amiloride derivate EIPA was shown to effectively block
macropinocytosis and phagocytosis in mammalian cells [115]. EIPA reportedly also disturbs
clathrin-mediated endocytosis [116] and CDC42-mediated endocytosis [117] and alters the
morphology and intracellular distribution of early and late endosomes [118]. Dynasore
effectively inhibits dynamin-dependent endocytosis [39, 119], however that includes several
endocytotic pathways (see Scheme 2). Table 1 gives an overview over the inhibitors and their

pitfalls.
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Table 1: Overview of pharmacological inhibitors and their main drawbacks.

Endocytotic

pathway Drawback

Agent Inhibitor of

May also affect formation of
Clathrin-mediated | phagosomes and
endocytosis macropinosomes; dependent
on cell type.

Chlorpromazine | Rho GTPase

Global inhibitor for
endocytotic processes; no
specificity

Macropinocytosis

Cytochalasin D [ Actin formation
and others

May effect clathrin-mediated

ST il endocytosis, CDC42-mediated

exchange, thus

EIPA lowerin Macropinocytosis endocytosis and disturbs
8 endosomal morphology and
submembraneous pH TR
distribution
Global inhibitor for dynamin-
. Several .
Dynasore Dynamin . dependent endocytosis; no
mechanisms

specificity

5.2.5 Quantitative immunecytochemical staining and immunofluorescence

To distinguish between intracellular structures or compartments in cLSM, proteins and antigens
of interest are labeled with antibodies by immunocytochemical staining (ICS). A colocalization
between the fluorescent tagged antigen and the NPs, detects the intracellular localization and
interaction of NPs with cellular processes. It is possible to distinguish endo-lysosomal structures
within the cell and to assign them to the NPs. A huge variety of useful antibodies is available.
However, there are several problems that inflict this technique: cells must be fixed before
staining, which can affect intracellular structures; nonspecific clusters of NPs or antibodies can
lead to false positive results; colocalization can also be due to structures being in close proximity

instead of real interaction and a sample only reveals the data of a few cells at one certain time.
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In ICS, fixed cells are treated with a surfactant to perforate the
y plasma membrane for the antibodies. Vesicles and other lipid

structures are prone to disrupt if perforation procedure is
Fluorescent2° AB

performed negligent. In direct ICS, cells are stained with a single

fluorescent antibody. To increase the SNR, in indirect ICS a non-

fluorescent primary antibody is labeled with several fluorescent

| AN | secondary antibodies (Scheme 11).

Scheme 11: In indirect immunocytochemical staining (ICS), the antigen is labeled with a non-
fluorescent primary antibody which is then stained with a fluorescent secondary antibody.
AB: Antibody.

Cells can express green fluorescent protein (GFP) tagged endocytotic proteins via the
transfection of constructs to detect colocalization with NPs. The disturbance to the general
cellular system is much less than the use of histological staining. However, the function of
proteins may be altered by the GFP-tagging and expression of the protein may increase upon
transfection, which leads to unwanted lower-affinity side effects. For example, the construct
cavl-EGFP results in a fully functional fluorescent cavl, whereas EGFP-cavl transcripts for a
cavl knock-down mutant [120]. For immunofluorescence, Hela cells are transfected with a
plasmid that contains a DNA construct that codes for EGFP-tagged caveolin. As both the plasmid
DNA and the cell membrane bear a negative net charge, a transfection agent is used to
overcome the cell membrane barrier. Transfected cells express the fluorescent protein and can

easily be detected in fluorescence microscopy.

ICS and immunofluorescence must allow for a statement if two objects, i.e. a protein and a NP,
reside at the same spatial localization or volume of interest. The main limitation for this
statement is the resolution of the confocal microscope, which is defined by Abbé’s law (see
chapter 5.2.3). In a best case scenario, one can only say if two objects occupy approx. the same
130 x 130 x 300 nm volume, or voxel, when images are in confocal mode measured at an
excitation wavelength of 500 nm. A qualitative analysis draws upon a color overlap of two

channels, e.g. green and red with a yellow overlap. However, the amount of yellow is extremely
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susceptible and depends on external factors, esp. those that modify the intensity histogram of

the image.

Before detecting colocalization, typical sources for errors must be eliminated. Background
correction to purge false-positive signals from background noise by setting the threshold must
be done with care, as this step is prone to bias. Cross-talk must be minimized by accurately
setting the hardware with the use of negative controls. Also, the imbalance between lateral and
axial resolution will distort a round-shaped object along the z-axis. Therefore, any colocalization

must be carried out in three dimensions.

Several approaches are known to quantify the colocalization. Most commonly, the Pearson’s

correlation factor Ryis calculated:

Ri-R -(G;i—G)

Rp = Ri—R 2(G,—G)?’ ©)

for i pixel in the image; R and G are intensities of the red and green channel, respectively. The
Pearson coefficient gives values between 1 and -1, where 1 is perfect correlation. However,
perfect exclusion does not necessarily give values of -1. Pearson coefficients with low or
negative values are hard to interpret. As it is expected that NPs colocalize at best partially with

endocytotic proteins (if at all), the Pearson correlation factor should not be applied.

The overlap coefficient R is easier to understand than the Pearson coefficient. It ranges between
1 and 0 or between 100 and 0%, with 1 and 100% being perfect colocalization:

= %, (10)

for i pixel in the image; R and G are intensities of the red and green channel, respectively. The
overlap coefficient can only be applied when the numbers of green and red pixels are approx.
the same. With ICS, a lot more green pixels representing the endosomal marker proteins are

present in the images and it is concluded that the overlap coefficient cannot be used either.

A rather new approach called the intensity correlation quotient (ICQ) is given by Li [121]: If the

intensities in two images vary in synchrony (i.e. they are dependent), they will vary around their
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respective mean image intensities together. In an image where the intensities vary together, the

product of the differences from the mean (PDM) will be positive and vice versa:

Q= e _o5, (12)
Ntotal

for i pixel in the image, R and G are the respective intensities in the red and green channel, PDM
is the product of differences from the mean for each channel, N,,. is the number of positive
values for PDM and Ny the total number of pixels that do not have a value of zero in each
channel. The ICQ values lie between -0.5 (segregated) and 0.5 (dependent staining). It is not
prone to the numbers of red and green pixels and has not been reported a stable method for

complete exclusion [122].

Biological images are impaired with noise, aggregates of NPs or antibodies and so on. Therefore,
to ensure accurate statements, the ICQ value is given as a mean of min. 3 regions of interest
that include only and exclusively a part of the cell, for the same lower threshold settings and for
a three-dimensional z-stack. The ICQs are calculated with adjustable threshold by the Imagel

plugin JACoP (jet another colocalization plugin).

However, the ICQ value only gives an overview of the ROI selected. As a more differentiated
way of data interpretation, the PDM plot is also taken into consideration. For PDM plots, the
products of the differences from the mean for both channels are plotted against the intensity of
each channel, thus giving a green and red PDM plot. If the PDM values are centered at zero and
bear an hourglass shape plot, i.e. given an ICQ of 0, random staining is present in the sample. A
true colocalization results not only in positive PDM values but also in a typical exponential plot
shape. Figure 5 shows constructed examples of three different colocalization possibilities. As
can be seen, the ICQ value does not necessarily reflect the true relations. For example, 100%
colocalization with only little green staining leads to an ICQ value of -0.085. However, the

colocalisation is clearly detectable from the shape of the PDM plots.
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No colocalization

A B
ICQ=-0.138
ICQ=-0.085
Random colocalization
ICQ=-0.155

Figure 5: Constructed examples of exclusion, complete and random colocalization with the
corresponding 1CQ values. A: Original image; B: PDM plot for the red and green channel (adapted
from and with permission of T. Collins [123].

5.2.6 Live cell pH imaging

Most commonly, ion detection in cells is performed with the use of ion sensitive fluorophores.
These molecules change their excitation and/or emission properties in the presence of the
analyte. These sensors fall into two operational classes: single wavelength (SW) and ratiometric

fluorophores. For SW indicators, the fluorescence intensity is dependent on the concentration

of the analyte, where the spectral maxima remain unchanged. Ratiometric indicators not only
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exhibit intensity changes in the presence of different concentrations of analyte, but they also
undergo a shift of the spectral maxima from unbound to bound indicator. SW sensors need to
be elaborately calibrated according to their local concentration. Ratiometric indicators are
independent of their concentration as the concentration of the analyte is a function of the ratio

of the bound to the unbound spectral maxima.

As the ratio is altered in the presence of cellular constituents [124], an intracellular calibration
needs to be performed. The most common ion analytes are water-soluble and cannot cross the
cell membrane [125]. However, ester forms of the dye are hydrophobic enough to pass the
membrane. They are cleaved to the free dye form by intracellular esterases and thus trapped in
the cytoplasm. Several factors influence the efficiency and quality of acetoxymethyl (AM) ester
loading. AM esters are large, unipolar molecules and hence poorly soluble in water or in the
cellular medium. An addition of the ester at the solubility limit might lead to precipitation of the
dye, which is then unavailable for the uptake to cells. A convenient method to increase the
solubility of the indicator is the pre-incubation with FCS. The proteins are presumed to
sequester the AM ester, thus preventing precipitation and the aggregates formed are presumed
to serve as a steady source for the uptake. The net result is a significantly increased loading of
indicator into cells. AM esters can also be taken up by endocytosis or enter subcompartments
like endo-lysosomal vesicles, the ER etc. by diffusion, where they are cleaved and trapped. As
endocytosis is an energy-dependent process, loading of cells with the ester at RT decreases the
amount of take taken up into the endo-lysosomal compartment. This procedure also lowers the
cleavage activity of the cytoplasmatic esterases. On that account, the loading process is
followed by an additional incubation at 37 °C. For our purpose, the AM ester is loaded into cells
only for calibration reasons and the ionophores used to equilibrate the extracellular and
intracellular pH also affect vesicles and intracellular compartments [126]. A quantification of dye
present in the cytoplasm or cellular compartments is not necessary. A value of 10% for
compartimented dye is typical [125]. However, as the AM ester is only used for calibration in the
presence of ionophores, this does not affect the experiment as it would e.g. intracellular pH
measurements. The dye is not completely trapped within the cells but leaks out at a certain

speed. In addition, the toxic effect of the ionophores perforates the plasma membrane which
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leads to a fast disposition of the dye into the medium. Cells are imaged as fast as possible after

loading with dye and addition of ionophores.

5.2.7 Image batch processing

Image processing is an important part when dealing with quantitative ion sensing. As with ICS,
appropriate threshold settings must be applied and is prone to bias. In this work, the threshold
is applied only to the ratio image to avoid disturbance of the original data. In addition, cell
imaging over a long time period produces a large number of images which cannot be processed
by hand. To display a movie which shows in a pseudo-colored image the pH changes over a long
time period (i.e. one hour), a batch program has been written that executes an ImageJ macro

for each set of images per time. The macro conducts the following processing steps:

- Open images for protonated and deprotonated form at one time point;

- Subtraction of background for both channels;

- Ratio image of channels;

- Create threshold image for a duplicate of channel 1 and divide with 255 to create a mask
image with only 1 and 0 values;

- Multiply ratio image with mask to reduce background noise;

- Apply binominal fit function as determined by intracellular calibration;

- Set min / max values and appropriate LUT;

- Save and open new image set.

5.3 Materials, devices, chemicals and consumables

Styrene was distilled under reduced pressure and stored at -20 °C before use. All other
chemicals were used without further purification. Demineralized (demin.) water was employed
throughout the experiments. A list of all chemicals with the according manufacturers and purity

grade, as far as they are known, is given in Table 2 for NP synthesis and for cellular applications.
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Table 2: Chemicals and materials used for NP synthesis and characterization.

Notation A.b b_r N Application Manufacturer
viation

(1-Hexadecyl)-

trimethylammonium- CTMA-CI | Cationic surfactant Alfa Aesar, USA

chloride

1-Ethyl-3-(3- Coupling reagent for

dimethylaminopropyl)- EDC the synthesis of Alfa Aesar, USA

carbodiimid carboxamides

1-Hydroxybenzotriazole EDC coupling co- . .

HOB -Aldrich, USA
hydrate, > 98% OBt reagent Sigma-Aldrich, US
2,72 _AZObIS(Z_. . V59 Oil soluble initiator Wako chemicals, Japan
methylbutyronitrile)
2-Aminoethyl methacrylate Amino funct. . .
hydrochloride, 90% AEMH comonomer SAFmEHAEE, LS
2,2’-Azobis(2-

’ w lubl
methylpropionamidinbe)dihy | V50 . .a'ter soluble Wako chemicals, Japan

. initiator

drochloride
Ethanol, p.a. EtOH Solvent Merck, Germany
Hexadecane HD Ultrahydrophobe Sigma-Aldrich, USA
Lutensol AT50 and AT80 Non-ionic surfactants | BASF, Germany
N,N-Bis(2,6-

i Iphenyl-)1,6,7,12- | L
diisopropylphenyl-)1,6,7, Umogen Perylene dye BASF, Germany
tetraphenoxyperylene- F Red

3,4,9,10-tetracarboxdiimide

Polystyrene, M = 14,300

Standard in
quantitative GPC
analysis

Synthesized by Thomas
Wagner (MPI-P, Germany)

Styrene, 99%

Monomer

Merck, Germany




Table 3: Chemicals and materials used for cell culture and application.
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Abbre-

Notation . . Application Manufacturer
viation
(3-(4,5-Dimethylthiazol-2-yl)-
5-(3-
carboxymethoxyphenyl)-2- MTS Toxicity measurement | Promega, USA
(4-sulfophenyl)-2H-
tetrazolium)
1,4-Piperazinediethane- . .
sulfonic acid, 99% Pipes Buffer Sigma, Germany
2-(N-morphol.|no)'- MES Buffer Sigma, Germany
ethanesulfonic acid
4-(2-Hydroxyethyl-)piper-
azine-1-ethanesulfonic acid, | HEPES Buffer Merck, Germany
99%
;5—(N—EthyI—N—. . EIPA Endocytosis inhibitor | Sigma, Germany
isopropyl)amilorid
. Alexi
7-Aminoactinomycin 7-AAD Toxicity measurement Sl'gma, G'ermany ?nd exis
Biochemicals, Switzerland
Albumine from bovine serum
cohn fraction V, lyphilised BSA Buffer Sigma, Germany
powder, 96%
Anti CatD Ant|bod}/ for BD Bioscience, USA
cathepsin D
Anti Cav-1 altcsricieareeliny Santa Cruz, USA

1

Anti CD55/FITC

FITC-labeled antibody
for CD55

Ancell, USA

Anti clat

Antibody for clathrin
heavy chain

BD Bioscience, USA
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Table 3: Chemicals and materials used for cell culture and application (continued).

Notation A.b b_r e Application Manufacturer
viation
Anti DNM2 Antibody for Antibodies-online, Germany
dynamin-2
Anti EEAL Antibody for early BD Bioscience, USA
endosome antigen-1
Antibody for
Anti Lamp1 lysosomal associated | BD Bioscience, USA
protein 1
Antibody for
Anti M6P mannose-6 phosphate | Merck, Germany
receptor
Bicin, 99% Buffer AppliChem, Germany
CellMask™ Membrane dyes Invitrogen, Germany
Chlorpromazine Endocytosis inhibitor | Sigma, German
hydrochloride ¥ gma, Y
Cytochalasine D Endocytosis inhibitor | Sigma, Germany
DiD Membrane dye Invitrogen, Germany
DNA constructs CE, EC Transfection construct GIH?S S(P@elE, LIRS
Mainz, Germany
Donkey anti-rabbit/Alexa488 Alexa488-labeled 2AK | Invitrogen, Germany
Bi Limi .
DRAQ5 Cell nucleus stain !ostatus gzl Tl
Kingdom
Dulbecco’s modified eagle
di ith2 mM L-
redium wi m DMEM Cell medium Invitrogen, Germany

glutamine and 10% FCS (if
not otherwise stated)
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Table 3: Chemicals and materials used for cell culture and application (continued).

Notation A.b b_r e Application Manufacturer
viation
Dulbecco’s phosphate
ff li ith
bu _e'red > lne. wit PBS" Buffer Invitrogen, Germany
additional calcium and
magnesia
Dulbecco’s phosphate
ff li ith
bu .e_red > lne', without PBS Buffer Invitrogen, Germany
additional calcium and
magnesia
Dynasore Endocytosis inhibitor | Sigma, Germany
EPON’ Fixation resin Sigma-Aldrich, USA
Ethylene glycol-bis(2-amino-
ethylether)-NN,N’,N’- EGTA Buffer Sigma, Germany
tetraacetic acid
Fetal calf serum FCS Cell culture Invitrogen, Germany
Fluoromount G Mounting medium Southern Biotech, USA
Fugene HD Transfection agent Promega, USA
Goat anti-mouse/Alexa488 Alexa488-labeled 2AK | Invitrogen, Germany
BI le Mai
Human serum HS Coagulation study utspendezentrale Mainz,
Germany
Nigericin, free acid lonophore Invitrogen, Germany
Osmiuumtetroxide 0Os0y Staining reagent Carl Roth, Germany
Paraformaldehyde, 95% PFA Fixation agent Sigma-Aldrich, USA
Penicillin Cell culture Invitrogen, Germany
FELANCHLNG Bifeel, = PEG Buffer Sigma, Germany

8,000
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Table 3: Chemicals and materials used for cell culture and application (continued).

Notation A.b b_r e Application Manufacturer
viation
pH-sensitive .
SNARF-4F Invitrogen, Germany
fluorescent dye
pH-sensitive cell .
SNARF-4F AM ester Invitrogen, Germany
permeable dye
Streptomycin Cell culture Invitrogen, Germany
t-Octylphenoxy- Triton X- | Permeabilisation Sierna. German
polyethylethanol 100 agent S, ¥
Trypsin Cell culture Invitrogen, Germany
Uranylacetate Staining agent Riedel-de Haén, Germany
Valinomycin lonophore Invitrogen, Germany




Table 4 displays the devices used in this work.

Table 4: Devices.
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Abbre-

Notification viation Application Type and Manufacturer

-80° Freezer Cell culture Thermo Scientific, Germany
L 25, Perkin El

Absorption spectroscope UvVv/Vis ambda 25, Perkin Elmer,
USA

Cell counter TC10, Bio-Rad, USA

Centrifuge 5810R and 5430,

8 Eppendorf, Germany
anfocal laser scanning cLSM Cell imaging Leica SP5 Il, Leica, Germany
microscopy

Nicomp 380 Submicron
Dynamic light scattering DLS Particle size Particle Sizer, Nicomp
Particle Sizing Systems, USA
f for fl
FCSExpress Software for flow De Novo, USA
cytometry
S@fermate 1.2, Bioair, Italy
Flow Cell culture and c-(Max Pro)*-130,
Berner, Germany
Quantification of NP CyFlow ML with FloMax
Flow cytometer
uptake Software, Partec, Germany
TIDAS FL3095 SL, J&M,
Fluorescence spectroscope .
Spectralytics, Germany
Amount of surface SDV column, detectors ERC
Gel permeation GPC Lutensol ATS0 and M RI-101 and UV S-3702 with
chromatographe " | PSS-WinGPC Unity software,
measurement
PSS, Germany
Heraeus Instruments,
Incubator Cell culture

Germany
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Table 4: Devices (continued).

Notification A.b b_r N Application Type and Manufacturer
viation
Inverse sonifier Redispersion Branson, USA
Inverted microscope Cell culture CKX41, Olympus, Germany
Non-confocal fluorescence .
. NP flocculation test IX-70, Olympus, Germany
microscope
PCD 02, Mitek GmbH,
A f ch ith a Titri
Particle charge detection PCD mount of charged GermanY wVF a Titrino
surface groups Automatic Titrator,
Metrohm AG, Switzerland
A .
| EZ:;SE;On”CZ”d Infinite M1000 with
Platereader . software i-control 1.6.19.0,
measurements in well
Tecan, Germany
plates
. . Leo Gemini, Zeiss, Jena,
Raster electron microscopy REM Particle morphology
Germany
Bandelin Electroni
Sonic bath Redispersion CIMEIE ISISE IS
Germany
- Miniemulsion Branson sonifier W450
Sonifier o . .
polymerization digital 4" tip, Branson, USA
Transmission electron TEM el meTehelem Zeiss 902, Zeiss, Jena,

microscopy

Germany

Zetapotential measurement

Zetasizer, Malvern, United
Kingdom

GPC detector

Detection of
molecules eluting
from the GPC column

ERCRI-101 and UV S-3702,
Soma, Japan

GPC software

PSS-WinGPC Unity, PSS,
Germany




A list of consumables is given in Table 5.

Table 5: Consumables.
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Notification

Application

Manufacturer

24well plate, black, clear
bottom

Cell culture, platereader
fluorescence measurements

Porvair Science, United
Kingdom

4" silicon wafer

SEM imaging

Ted-Pella, USA

6well plate

Cell culture

Nunc, Germany and Greiner
Bio-one, Germany

96well plate, black, clear
bottom

Cell culture, platereader
fluorescence and absorption
measurements

Corning, USA

Cellulose dialysis tube
Visking, Cut-off 14,000

Dialysis of ionic stabilized NPs

Carl Roth, Germany

Labtek Il 8well, cell culture
treated or untreated

Cell culture, cLSM imaging

Nunc, Germany

Labtek Il chamber slide,
8well

Cell culture, cLSM imaging

Nunc, Germany

Tissue culture cell star

Bottles for cell culture

Greiner Bio-one, Germany
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5.4 Experimental specifications

5.4.1 Non-ionic particles with different sizes

Fluorescent polystyrene particles stabilized with the non-ionic surfactant Lutensol AT50 and
having diameters in the range between 130 and 890 nm were synthesized via dispersion
polymerization. Briefly, 6 g styrene, 0.1 g oil-soluble initiator V59, 0.004 g fluorescent dye
(Lumogen F Red), 15 g demin. water, 9 g EtOH and different amounts of Lutensol AT50 were
mixed together and stirred at 500 rpm for 20 min under argon atmosphere. After that the
temperature was increased till 72 °C and the polymerization proceeds for 20 h under magnetic

stirring.

5.4.2 Synthesis of cationic polystyrene particles with different sizes

Positively charged fluorescent particles with the diameter of 120 nm were synthesized using the
miniemulsion polymerization in the presence of cationic surfactant CTMA-CI. The disperse phase
consisting of 6 g styrene, 0.25 g HD and 0.004 mg Lumogen F Red was mixed with the aqueous
phase containing 24 g demin. water, 0.1 g water-soluble initiator V50 and 100 mg CTMA-CI. The
mixture was stirred for 1 h at 1,000 rpm and then sonicated under ice cooling for 120 s at 90%.
The polymerization proceeds for 20 h at 72 °C under magnetic stirring.

Positively charged fluorescent particles with a diameter bigger than 120 nm were synthesized by
seed polymerization. Polystyrene seed particles with the diameter of 120 nm were synthesized
by miniemulsion process as described above with only the difference that 40 mg instead of 4 mg
Lumogen F Red was used. For seed polymerization, 48 ml of 0.1% seed particles were mixed
with different amounts of CTMA-CI. The mixture was purged with argon and stirred for 15 min
at 72 °C. After that, the water-soluble initiator V50 dissolved in 2 ml water was added to the
mixture and after 5 min of stirring a 30 — 200 times excess of styrene with respect to the
amount of seed particles was introduced at a rate of 1 ml - h™* using a syringe pump. Upon the
monomer addition and during the whole reaction time the mixture was magnetically stirred at

700 rpm for 20 h at 72 °C.
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5.4.3 Amino-functionalized particles for the immobilization of SNARF-4F

Fluorescent amino-functionalized polystyrene particles were synthesized using the
miniemulsion polymerization in the presence of the amino functionalized comonomer AEMH
and the non-ionic surfactant Lutensol AT80. The disperse phase consisting of 5.7 styrene, 0.1 g
oil-soluble initiator V59 and 0.25 g HD was mixed with the aqueous phase containing 0.3 g
AEMH, 24 g demin. water and 0.2 g Lutensol AT80. The mixture was stirred for 1 h and then
sonicated under ice cooling for 120 s at 90%. The polymerization proceeds for 20 h at 72 °C

under magnetic stirring.

5.4.4 Nanoparticle characterization

After synthesis, prior any characterization all latexes synthesized in the presence of non-ionic
surfactant were purified with demin. water via repetitive centrifugation/redispersion at 20,800
x g for 25 min. Particles synthesized in the presence of CTMA-C| were dialyzed using a cellulose

dialysis membrane until the conductivity of the water reaches a constant value of 8 pS - m™.

After purification, the particles were characterized with respect to their average size, size
distribution, zeta potential, concentration of surface functional groups, molecular weight,
amount of incorporated dye, morphology, fluorescence intensity and stability in physiological

media.

The particle size was measured with dynamic light scattering at 20 °C and a scattering angle of
90°. The zeta potential was measured in 10> M KCl at 20 °C. The amount of positive charges on
the particle surface was determined by titration against the opposite charged polyelectrolyte
sodium polyethylene sulfonate (PES-Na). For the measurement, 10 mL of the latex sample with
a solid content of 1 g - I were used. The amounts of groups were calculated from the amount

of consumed polyelectrolyte [100].

The polymer molecular weight and the amount of the surfactant Lutensol AT50 presented on
the particle’s surface was measured using gel permeation chromatography (GPC) with a SDV

(PSS) column in THF at a flow rate of 1 ml - min’. The amount of Lutensol AT50 was determined
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using the calibration curve, which was obtained by mixing different Lutensol AT50 amounts with

polystyrene (M, = 14,300 g - mol™) dissolved in THF.

The amount of incorporated fluorescent dye was determined by dissolving of 7.8 mg dried latex
particles in 2.5 ml THF and measuring the absorbance of the solution at the peak maxima
(568 nm for Lumogen F Red) using UV/Vis spectrometry. A calibration curve was used to

determine the amount of dye per 1 g polymer.

The particle morphology was studied with scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). For SEM images, 1 ul of the diluted particle dispersion was dried on
a silicon wafer. For TEM images, 3 ul of the diluted dispersion was dried on a carbon covered

cupper grid.

The difference in fluorescence intensity between the particles was determined by fluorescence
spectroscopy. The measurements were performed with particle dispersions (solid content 20
wt%) diluted with water at different ratios, i.e. to an estimated solid content of 0.5, 0.25 and
0.05%. The fluorescence intensity was read out at an excitation wavelength of A, = 500 nm and
an emission wavelength of A.,, = 600 nm. The slope of the line that was obtained by plotting the
fluorescence intensity values against the solid content was used as a correction factor for flow

cytometry experiments.

The critical micelle concentration of Lutensol AT50 and AT80 is determined by measuring the

surface tension of Lutensol solutions in water using the DuNuoy ring method.

The stability of the particles in different media was determined by incubating NPs in demin.
water, different buffers and cell media at a concentration of 75 mg - ml™ on hydrophobic Ibidi
8well slides. Transmission and fluorescence images are taken after 1 and 24 h using a non-

confocal fluorescence microscope and a 63x oil objective.
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5.4.5 Grafting of SNARF-4F onto amino functionalized nanoparticles
The pH-sensitive dye SNARF-4F was grafted onto amino functionalized nanoparticles by a non-
spacer EDC-coupling reaction that results in the amide formation between the carboxylic group

of the dye and the amino group on the surface of the nanoparticle.

The reaction was performed at the conditions similar to those described in [127]. 0.15 mg of
SNARF-4F (Invitrogen, Karlsruhe, Germany) dissolved in 300 pl DMSO (c = 0.5 g - I'!) is added
under stirring on ice to a solution of 0.32 mg HOBt and 200 ul H,0. After addition of 425 ul EDC,
the pH is adjusted to 5.0 with 2.5 ml 1 M HCI. The reaction is stirred at 4 °C for 30 min. After
addition of 6 mg amino or non-functionalized nanoparticles in 120 pl H,0, which leads to a 100x
excess of SNARF-4F to the amount of surface amino groups, the pH is adjusted to 8.6 with 0.6 —
1.3 ml 0.1 M NaOH. The total volume of all samples is kept constant. The coupling reaction is

performed at 4 °C under stirring for 42 h.

After the coupling reaction, prior any characterization all latexes were purified with PBS buffer
(pH 7.2) via repetitive centrifugation/redispersion at 20,800 x g for 25 min until no fluorescence

signal can be detected in the supernatant.

Fluorescence intensity is measured after 1:10 dilution of samples with phosphate buffer at
different pH values to avoid self-quenching effects using a platereader. For fluorescence
intensities at two distinct emission wavelengths, the following settings were used: Ag = 542
nm, Agc = 5 nm and Agp, = 575 nm (protonated form) alternatively 675 nm (deprotonated form),
Ae = 20 nm, where A represents the wavelength and A represents the gap width of the
monochromator. The gain is fixed to 100 a.u. For 2D and 3D fluorescence spectra, Ag, = 10 nm
with a fixed gain of 150 a.u. and a step width of 5 nm is used. Measurements are performed in a
black clear-bottom polystyrene 96-well plate. The plate is shaken for 5 s before measurements

and data are obtained as mean values of 9 spots within one sample.

To determine the amount of physically adsorbed dye in comparison to covalently bonded dye, a
pellet of 1 mg SNARF-4F-NPs is flocculated in 1 ml methanol, stirred at RT for 15 h and sonicated

for 10 min in a sonication bath. After centrifugation, the methanol-containing supernatant is
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freeze-dried and resuspended in buffer. The fluorescence intensity of the redispersed solution is

measured and compared between approaches with amino and non-functionalized particles.

5.4.6 General cell culture

Hela cells [128] were incubated in DMEM with 10% fetal calf serum, 100 units - ml™ penicillin
and 100 pg - ml™* streptomycin in a humidified incubator at 37 °C and 5% CO,. Cells were
harvested after washing with 7 ml 0.5% trypsin/PBS for 7 min at 37 °C and ingested in 10 ml
DMEM before counting. Thawed cells were kept in culture for max. 3 months due to the high

mutation rate particular for Hela cells.

5.4.7 Flow cytometry analysis

For flow cytometry analysis, cells were seeded at a density of 0.02 - 10° cells per cm?in cell
medium and 6well plates on day 1, incubated with polymer solution for different times on day 2
and, after a defined incubation time (typical 1 — 24 h) washed once with PBS and harvested with
0.5 ml 0.5% trypsin solution after an incubation time of 7 min at 37 °C. Trypsin reactivity is
stopped by adding 0.5 ml of DMEM and washed 2 times with PBS. For antibody labeling with
CD55/FITC, cells are redispersed after centrifugation with 20 pl of the 1:50 diluted antibody and
incubated on ice for 45 min in darkness. The cells were washed again with PBS and filtered

before measurement.

Flow cytometer data is obtained as a single intensity diagram (histogram) or as logarithmical
two-dimensional dot plot. To gate the cells according to their size and internal complexity
(granularity), a forward and sideward scatter (FSC/SSC) dot plot is generated. For CD55/FITC-
labeling, cells are gated via a FCS/FI1 plot. FI1 specifications are Ag, = 488 nm, Ag, = 527/30 nm.
Nanoparticle fluorescence intensities are obtained by applying the cell gate to the fluorescence
channel histogram (FI5, Az = 561 nm, Ag,, = 610/30 nm). Data is taken as the median intensity of
the selected events. Threefold determination is performed. Fluorescence intensities are
normalized for comparison reasons with the amount of fluorescent dye of the particles as

measured by fluorescence spectroscopy.
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5.4.8 Cell toxicity
Cell toxicity is determined by staining apoptotic and necrotic cells with the fluorescent dye 7-
AAD in flow cytometry or by measuring cell vitality as the conversion rate of a triphenyl

tetrazolium chloride to a red triphenylformazan dye by metabolic active cells.

7-AAD is a fluorescent dye that labels the cytoplasm in apoptotic and, in addition, the nucleus in
necrotic cells. Hence, three cell populations can be distinguished and quantified in flow
cytometry. For 7-AAD labeling, cells are incubated after harvesting according to the flow
cytometry standard procedure and incubated with 20 pl 7-AAD solution (c = 0.2 g - I in PBSY)
for 15 min on ice. If antibody staining is performed, both 7-AAD and the antibody are

coincubated.

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS) is a white compound that is enzymatically reduced to red formazan dye by the activity of
various dehydrogenases. Reduction does not occur in necrotic cells due to degradation or
denaturation of enzymes. For the MTS test, cells are grown and stimulated with the NPs in
96well plates. The cell medium is replaced by MTS-containing medium (dilution 1:10) and
incubated for 60 min. The absorbance of the supernatant is measured at 492 nm in a black

96well plate with a platereader. Vitality is given in percentage of untreated cells.

5.4.9 Cryo-substitution preparation for TEM imaging

Cryo-subsitution experiments were performed by Dr. Martin Dass. Hela cells were cultivated on
carbon coated sapphire discs for 24 h at 37 °C, 5% CO, and 96% humidity, treated with polymer
suspension during 24 h and fixed with a high pressure freezer. The concentration in the medium
was 300 pg - ml™ for each particle suspension. Afterwards, all samples were cryo-substituted in
a substitution medium of acetone, 0.2% osmium tetroxide, 0.1% uranylacetate and 5% of water
for 18 h [129]. During this process the temperature was increased from -90 °C to 0 °C. The
staining effect of osmiumtetroxide was increased when the substituted samples were left in the
substitution medium for 30 min to 1 h at room temperature. The samples were embedded in

EPON and ultrathin sectioned with a microtome.
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5.4.10 Blocking of endocytotic mechanisms with specific inhibitors

To determine the uptake pathway of nanoparticles, endocytotic processes are blocked by
specific inhibitors. Hela cells are pre-incubated with different concentrations of various
inhibitors (chlorpromazine, cytochalasin D, dynasore and EIPA) in 1 ml PBS* for 30 min at 37 °C
and 5% CO,. Particles are added at a concentration of 150 pg - ml™ and incubated for 60 min in
the presence of the drugs. Cells are harvested for flow cytometry as described above. To
distinguish between the particle and cell signal in the flow cytometer, cells are stained with an
antiCD55/FITC antibody. The toxicity of the inhibitors is determined by staining cells with 7-AAD.
For analysis, the values with the highest concentration of inhibitor with no effect to cell toxicity

are used. This is in good agreement with previous studies [130].

5.4.11 Immunocytological staining

To study the uptake mechanism of nanoparticles, the participation of proteins involved in
endocytotic processes can be determined by a colocalisation with nanoparticles. The proteins
are labeled with their primary antibodies, which are stained with a fluorescent secondary

antibody.

Hela cells grown on Labtek chamber slides are incubation with nanoparticles at a concentration
of 75 ug - ml™ for different times. Cells are fixed with 300 ul of 3.7% PFA/CS-buffer for 20 min at
RT and washed 3x. CS buffer chemicals from Table 6 are solved in 2 | demin. H,0. After pH
adjustment to 7.2 with 0.1 M NaOH (approx. 8 g), buffers are sterile filtered and stored at —
20 °C.

Table 6: CS buffer for fixation of cells with PFA (specifications for 2 | demin. Hz0).

Chemical | Concentration | Amount, g

Pipes 0.1 M 60,6

EGTA 0.001 M 0.76

PEG 8000 4 wt% 80
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Permeabilisation is performed using 0.2% Triton X100/PBS buffer for 20 min at RT and washed
3x 200 pl of primary antibodies diluted in 1% BSA/PBS buffer are incubated with the cells for 1 h
at RT in darkness and washed 3x. For antibody dilutions, see Table 7. 250 pl of diluted 2AK in 1%
BSA/PBS buffer is incubated with the cells for 1 h at RT in darkness and washed 3x. Cell nucleus
stain is performed with 250 pl of 1:1000 dilution of DraQ5/PBS buffer for 10 min at RT in
darkness and washed 3x. The chamber slide is replaced by a cover slip and cells are covered
with mounting medium Fluoromount G. To ensure long time stability, the cover slip edges are

sealed with nail polish.

Table 7: Antibody dilutions.

Antibody Dilution
EEA1 mouse 1:250
Lampl mouse 1:100
M6P mouse 1:100
Cav-1 rabbit 1:300
Cathepsin D mouse 1:100

Clathrin heavy chain mouse | 1:100

Dynamin mouse 1:100

Anti-mouse/Alexa488 goat | 1:1000

Anti-rabbit/Alexa488

Sy 1:1000

LSM images are obtained using a 100x oil objective. Excitation wavelengths were used as
follows: Agc = 476 nm for 2AK, Agc = 594 nm for NPs and Ag = 633 nm for cell core staining. To
gain the 1ICQ values and PDM plots of the obtained samples, the Imagel
(http://rsbweb.nih.gov/ij/index.html) plugin Jacop [122] and Intensity Correlation Analysis

(http://www.uhnresearch.ca/facilities/wcif/software/
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Plugins/Intensity Correlation_Analysis.java) are applied to a 100x100 pixel ROl of a sample

stack.

5.4.12 Live cell labeling

Live cell labeling experiments have been performed by Dr. Sandra Ritz.Hela cells are transfected
with GFP constructs of endocytotic proteins, a gift from Gilles Spoden, Uniklinik Mainz. A list of

the constructs is given in Table 8.

Table 8: Constructs for live cell labeling of endocytosis proteins [131].

Construct Concentration, g - 11 [ Application
Cav1-EGFP (CE) | 1 Caveolin mediated endocytosis
EGFP-cavl (EC) |1 Negative mutant for caveolin mediated endocytosis

1 pg of DNA is mixed with 100 pl serum-free DMEM and 3 pl Fugene HD and incubation for
approx. 30 min. The DNA/lipid mixture is applied to Hela cells in Ibidi-treat 8well plates and 200
pul DMEM. After 24 h incubation, cells are stimulated with NPs at different times or with

AlexaFluor 594-labeled cholera toxin B (c = 5 pg - ul™) for 1 h and imaged by cLSM.

5.4.13 Intracellular calibration of pH-sensitive SNARF-4F for cLSM and fluorescence
spectroscopy

For quantitative evaluation of the environmental pH of SNARF-4F-NPs an intracellular

calibration using SNARF-4F AM ester (and at representative pH values SNARF-4F-NPs) is

performed by equilibration the extracellular and intracellular pH with ionophores.

For loading of Hela cells with SNARF-4F AM ester, cells are washed with HEPES buffer. 0.5 pg
SNARF-4F AM ester in 10 pl DMSO is incubated with 10 ul of FCS for 5 min to improve water
solubility and loading efficiency [125] and then added to the cells with 500 ul buffer. The loading
procedure is performed during 15 min at RT. After the loading procedure, the cleavage of the
dye is performed in a humidified incubator for 15 min at 37 °C and 5% CO,. Alternatively for

calibration measurements with dye-nanoparticle constructs, cells are loaded with 0.15 g - I"* of
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SNARF-4F-NPs for 24 h, washed and measured in 500 ul buffer. The ionophores nigericin (5 pg)
and valinomycin (2.5 pg) are solved in 15 pl DMSO and added to cells immediately before

measurements to minimize toxic effects to the cells.

All buffers used are potassium rich and carbonate-free to ensure good pH equilibration by K*
ionophores and a long time pH stability in the presence of air, respectively. Table 9 shows the
buffers used for intracellular calibration. Buffer chemicals are solved in 500 ml demin. H,O.

After pH adjustment with 0.1 M HCl or NaOH, buffers are sterile filtered and stored at 4 °C.

Table 9: Bufters used for intracellular calibration (specifications for 500 ml demin. H>0).

pH 46 |50 |55 |5.75]|]60 |64 (66 (68 (7.2 (8.0
KCl, g 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8
FCSYD, g 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
MgClz- 6 H20, g 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
HEPES?), g 3.6

MES3), g 30 (30 (3.0 |30 |30 |30

Bicine, g 2.4
Citricacid -1 H20,g | 5.6 5,1

Na:HPO4-2 H:0,g |82 |91

) Fetal calf serum (FCS), 2 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), ¥ 2-(N-
morpholino)ethanesulfonic acid (MES).

For platereader measurements, Agc = 514 nm, Agc =5 nm and Ag, = 575 nm (protonated form)
alternatively 675 nm (deprotonated form), Agm = 20 nm. The plate is shaken for 5 sec before
measurements and data is obtained as a mean value of 9 spots within one sample. CLSM
measurements are performed using a 100x oil objective and a tunable Argon laser with
Aexe=514 nm and 20% power. Ag, = 550 - 610 nm, gain 761.4 a.u. and offset -
0.3 a.u.(protonated form) alternatively 640 - 750, gain 813.9 a.u. and offset -0.3 a.u. nm

(deprotonated form). Confocal setup is kept constant throughout the experiments.
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For platereader measurements, the obtained intensities at the two emission wavelengths were
used as processed. For cLSM images, the mean value of 50 quantified regions of interest per
sample is used. To generate a calibration fit, the ratios of protonated and deprotonated
fluorescence intensities are displayed in dependence to the associated pH value and fitted
binomially. The thus obtained fit can be applied as calibration formula for platereader

measurements and cLSM image processing.

5.4.14 cLSM image batch processing
For image batch processing, a self-written batch program executes an Imagel
(http://rsbweb.nih.gov/ij/index.html) macro created with Imagel) macro recorder for all cLSM

files within a specific folder.

To obtain an image, z-stack or movie that directly displays the pH values of the nanoparticles in
a LUT table, the following steps are performed: multiply ratio image (Channell / Channel2) with
a mask image to reduce background noise, perform mathematic operation according to

binomial fit function as obtained by calibration and set LUT.

3D images of pH pseudocolored z-stacks were obtained using the ImagelJ plugin Volume Viewer

from K. Barthel, Berlin, Germany.

For quantification, a histogram displaying the distribution of pH values per image can be

exported from Imagel.
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6 Results and Discussion

The potential of nanoparticles as novel drug delivery systems is still a very active area of
research. To design nanoparticles in a way, that they will specifically target incorporated active
ingredients is still a big challenge. One main factor that may influence the uptake kinetic and
route is thought to be the NP size. To define the size dependent uptake kinetic and the
endocytotic pathway of NPs, two sets of polystyrene NPs with different sizes, stabilized either
with non-ionic or with cationic surfactant have been synthesized with different polymerization
techniques: miniemulsion, dispersion and seed polymerization. Non-ionic NPs with different
sizes were synthesized with dispersion polymerization. Seed particles for seeding
polymerization that incorporated a high amount of fluorescent dye were synthesized with
miniemulsion polymerization and cationic NPs of bigger size (> 120 nm) were synthesized with

seeding polymerization.

The uptake kinetics of these particles was determined with regards to their number, solid
content and the total surface area. The uptake mechanism of cationic NPs with different sizes
was investigated using three different techniques: blocking of uptake processes with
pharmacological inhibitors, immunocytological staining, and immunofluorescence. The obtained

results were compared, where possible.

Incorporated nutrients or proteins that need to be down-regulated are enwrapped in vesicles
which are acidified during their maturation process and subsequently digested. Upon
endocytosis, NPs end up in the same endo-lysosomal compartments. To probe the
environmental pH of NPs within these vesicles over time, the pH-sensitive dye SNARF-4F was
grafted onto amino-functionalized NPs through EDC-coupling reaction. The amino functionalized
polystyrene NPs were synthesized by miniemulsion polymerization. In the intracellular
calibration a cell-penetrable SNARF-4F AM ester is used to define accurate pH values of the NP

environment. The acidification process of NPs is quantified over time.
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6.1 Formation and cell interaction of cationic and non-ionic particles with
different sizes

Two sets of non-ionic and cationic NPs were synthesized with miniemulsion, dispersion and

seed polymerization. The colloidal characterization of the NPs after purification includes their

size, morphology, zeta potential, fluorescent intensities, amount of non-ionic surfactant

Lutensol AT50 as well as amount of positive surface charges.

The endocytotic process is defined for cationic NPs with different sizes by blocking of specific
mechanisms with pharmacological inhibitors, staining of endocytotic proteins with antibodies as

well as expressing two fluorescent variants of caveolin.

6.1.1 Routes of synthesis

For the preparation of non-ionic and ionic polystyrene particles with different sizes and well-
defined properties such as a total net charge and surface chemistry, three different approaches
were applied: dispersion polymerization, miniemulsion polymerization, and seed dispersion
polymerization. Dispersion polymerization was used to synthesize the particles stabilized with
the non-ionic surfactant Lutensol AT50. This method allows production of large and small size
particles as a function of the surfactant amount. The miniemulsion polymerization was applied
to obtain positively and negatively charged particles of 120 nm. Polystyrene particles
synthesized by miniemulsion were further used in free radical polymerization of styrene as seed
particles. The addition of styrene to the aqueous dispersion of polystyrene seed particles leads
to the swelling of seeds and in the presence of initiator to their growth in size upon
polymerization. Thus, monodisperse, positively and negatively charged particles of bigger size

could be produced.

The amount of surfactant used in miniemulsion is typically below the critical micelle
concentration (CMC) when the surface of the droplets is taking into account, so that secondary
nucleation is eliminated. The CMC of the cationic surfactant CTMA-Cl is 1.25 - 10™ mol - I'* [132].
The CMC of Lutensol AT50 and AT80 was determined as 1.7 - 10° mol-I* and 1.1 - 10° mol-I?,

respectively by measuring the surface tension of Lutensol AT50 and AT80 solutions using the
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DuNuoy ring method (see Figure 6). The CMC of both Lutensol types is in the same
concentration range and lower than the CMC of CTMA-CI, which is due to the lower solubility of

the nonionic surfactant in water.
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Figure 6: Surface tension of Lutensol AT50 and Lutensol AT80 aqueous solutions as measured using

the DuNuoy ring method to determine the CMC; CMCiutensorarso = 1.7 - 10¢ mol-H and
CMCLu[ensg]ATBO = .Z..Z ‘ ]0_6 m01'1_1.

For the detection in cells by cLSM and flow cytometry, particles are labeled with the fluorescent
perlyene dye Lumogen F Red. Absorption and fluorescence spectra of Lumogen F Red are given
in Figure 7. The absorption spectrum is very broad with a maximum at 568 nm. The fluorescence
maximum with Ag = 561 nm is located at 601 nm. Ergo Lumogen F Red possesses a Stoke’s shift
of approx. 40 nm. Absorption at 488 nm, which is a typical excitation for an Argon laser and is
used for many biomolecule labels, e.g. with the dye Alexa488, is rather low. The co-excitation of
e.g. Alexad488-labeled molecules and Lumogen F Red incorporating NPs is possible if a
fluorescence setup is used that eliminates bleed-through between the two channels, as it was

done here by using two different excitation wavelengths.
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Figure 7: Absorption and fluorescence spectrum (g« = 561 nm) of Lumogen F Red in THF.

Polystyrene particles with different sizes and non-ionic surfactant

The synthesis of non-ionic polystyrene particles was performed via the dispersion
polymerization in water/ethanol medium. Dispersion polymerization in ethanol is an effective
approach to obtain monodisperse polystyrene particles using a non-ionic surfactant in a broad
size range [13, 14]. Using different amounts of the non-ionic surfactant Lutensol AT50,
polymeric particles with an average size between 132 and 846 nm were obtained. For the cell
uptake experiments it is very important that the studied particles differ only in their sizes,
whereby holding other parameters, such as the total net charge and surface chemistry identical.
Therefore, all samples were purified under the same conditions and afterwards the amount of
Lutensol AT50 in the particle dispersion was determined by GPC. The results reveal that all
particle samples contain approximately the same amount of Lutensol molecules per nm?% The
values of zeta potential for non-ionic particles were between -1 and - 3 mV. The characteristics

of the particles are summarized in Table 10 and SEM images are presented in Figure 10.
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Table 10: Characteristics of fluorescence polystyrene particles obtained with non-ionic surfactant
Lutensol AT50 by dispersion polymerization.

d

Luten- Lutensol Lumogen F Red Fluorescence

Sample j\(')l!so Di, nm AT?O | normalization ©)
’ molecu’es mg per  Factor
mg per nm?2a) a.u.)  Factor®)
gPolymer

SL-DP5 1,000 132+19 |0.12 0.66 1.00 564.2 2.76
SL-DP6 500 180+ 10 | 0.08 0.71 1.07 230.0 6.76
SL-DP7 200 242 +27 0.05 0.49 0.74 495.6 3.14
SL-DPS 100 635¢70 | -? -0 o) o)
SL-DP8-420C) 816 +44 | 0.05 0.95 1.44 379.5 4.10
SL-DP8-110C) 846 +51 0.06 0.80 1.21 1237.5 1.26

a) Determined from the GPC measurements after dialysis; b) The measurements were not
performed as these particles were used for further processing; c) Particles obtained after separation
through centrifugation of sample SL-DP8; d) Calculated from the UV/Vis spectroscopy data, e)
Measured by fluorescence spectroscopy at three different particle concentrations: f) The three
fluorescence intensities obtanied from different particle concentrations are linearised and the slope
is given as a mean to normalize the differences in fluorescence between the particles; g)
Fluorescence intensity slope from particle SL-V502 is set to 1 (see Table 11) and all other values are
adjusted accordingly.

In general, with 200 mg (3.3% with respect to styrene) and above of Lutensol AT50, small and
monodisperse particles were produced. With 100 mg (1.7% with respect to styrene) of
surfactant, the obtained particles were big in size and have polymodal size distribution
(¥70 nm). Different modes were separated by centrifugation the sample at 110 x g and 420 x g.
After each centrifugation step, the obtained pellet was redispersed in water and characterized.
The DLS and SEM data reveal the narrow size distribution of particles (Table 10, Figure 10,
samples SL-DP8-420 and SL-DP8-110). The incorporation yield of fluorescent dye, which was
calculated from particles dissolved in THF and measured by UV/Vis, is high enough

(0.5-1mg- gpo|ymer'1) to provide a detectable signal in the flow cytometry analysis.

As UV/Vis measurements reveal the exact amount of fluorescent dye per gpoymer, but ignore

interactions within the polymer, the fluorescence of particle dispersion was measured directly
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at three different dilutions (estimated solid content of 0.5, 0.25 and 0.05%). Measuring
dispersion in fluorescence spectroscopy induces a broadening of the excitation peak as the NPs
scatter the incoming light. The fluorescence spectra in Figure 8A are measured at Ag = 500 nm
for the exemplary sample SL-DP6. It can clearly be seen that the excitation peak spreads almost
from 450 — 550 nm and intrudes on the fluorescence signal of the dye as can be seen in Figure
8B. In addition, the spectra exhibit a larger noise. The slopes obtained by linear fitting of
fluorescence peak maxima over the solid content are used as normalization factors (see Table

10). A typical fit is displayed in Figure 8C from the sample SL-V502.

A - — Estim. SC 0.5% B | o, — Estim. SC 0.5; Height 623,93
— Estim. SC 0.25% 800 — Estim. SC 0.25; Height 365,25
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Figure 8: Fluorescence spectroscopy of NP dispersions at three different dilutions is used to
normalize the fluorescence intensities between the NPs. A: Fluorescence spectra exhibit a broad
excitation peak, B: Fluorescence signals from Lumogen F Red, C: Linear fit of the peak maxima in
correlation to the sample’s solid content.

71



Results and Discussion [

The particle size in dispersion polymerization could be adjusted to the amount of surfactant
used. Figure 9 shows that this dependency is not linear and that the standard deviation

increases with a decrease of surfactant.

— SL-DP8 (100 mg L AT 50)

9- —— SL-DP7 (200 mg L AT 50)
- — SL-DP6 (500 mg L AT 50)
81 —— SL-DP5 (1000 mg L AT 50)

Distribution intensity
D
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Figure 9: Size distribution histograms for NPs obtained with different amounts of non-ionic (L. AT
50 = Lutensol AT 50; sample SL-DP8 before separation).

Figure 10 represents SEM images of the polystyrene particles formed with different amounts of
Lutensol AT50. It is clearly seen that the particles are spherical in shape, monomodal in the size,

and the mean size of the particles decreases with higher concentrations of surfactant.

The amount of Lutensol AT50 that is present in the dispersion of particles synthesized with non-
ionic surfactant is obtained by quantitative GPC. The elution diagram is displayed in Figure 11A.
The percentage of Lutensol AT 50 with respect to polystyrene as obtained by integrating the
elution peaks was compared and fitted with a Boltzmann fit with the weighted percentage of
Lutensol AT50 (Figure 11B). Using this calibration, the percentage of Lutensol AT50 in a NP
sample is determined. Figure 11C shows an elution diagram of an exemplary NP sample in THF.
The polystyrene from the NPs features a broader molecular distribution and the Lutensol AT50
peak possesses the same elution volume value. The non-linear sigmoidal course of the fit is due

to the lower and upper detection limits of the GPC detector.
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Recapitulatory, it was possible to synthesize non-ionic fluorescent polystyrene particles with
different sizes that feature a monomodal size distribution and a comparable amount of
surfactant per nm” The particles are characterized reasonably to draw conclusion from

comparing the cellular uptake of these NP.
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Figure 10: SEM images of polystyrene particles obtained via dispersion polymerization with
different amounts of surfactant Lutensol AT50. SL-DP5: 1,000 mg Lutensol AT50, 132 nm; SL-DPé6:
500 mg Lutensol AT50, 180 nm; SL-DP7: 200 mg Lutensol AT50, 242 nm; SL-DP8-420: 100 mg
Lutensol AT50 and additional fractionation, 816 nm; SL-DP8-110: 100 mg Lutensol AT50 and
additional fractionation, 846 nm.
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Figure 11: Determination of Lutensol AT50 amount per nm? using gel permeation chromatography.
A: Elugram of polystyrene with different amounts of Lutensol AT50, B: Calibration fit, C: Elugram of
an exemplary NP sample (SL-DP5).

Polystyrene particles with different sizes and cationic surfactant

Positively charged polystyrene particles with a diameter of 120 nm (sample SL-V502) were
obtained by the miniemulsion polymerization using the cationic surfactant CTMA-C| and the
water-soluble cationic initiator V50. Seed dispersion polymerization was used to increase the
particles size. The seed particles (120 nm, sample SL-SP) were obtained by miniemulsion
polymerization. The difference between SL-V502 and SL-SP is the amount of used fluorescent
dye Lumogen F Red: 4 mg in SL-V502 and 40 mg in SL-SP. The incorporation of a higher dye
content in the seed particles was necessary to have enough fluorescence signal after particle
“growth” via seed polymerization. Due to its pure diffusion in the water phase and absence of
polymerizable moiety, the hydrophobic dye cannot be inserted in the “growing” polymeric layer

upon seeding polymerization.
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After polymerization, the particles were washed from the excess of surfactant and possible
water-soluble oligomers and characterized by DLS, TEM, UV/Vis, fluorescence spectroscopy,
PCD and zeta potential measurements. The obtained data are summarized in Table 11 and TEM
images are given in Figure 12.

Table 11: Characteristics of fluorescent positively charged polystyrene particles obtained with
cationic surfactant and water-soluble cationic initiator V50.

Lumogen F Fluorescence | Amount of positive | Z€ta
CTMA Red) normalization | charges po‘;. 8,
" p. d) m
Sample | Cl, 211;1 mg  Factor Per Per
wt% per a.u. Factorf| particle nm?2
8proly
e) 103
mer
+73
+
SL-v502 (1.7 1(2)0 ~ 10.80 1.00 2555' 1.00 32 0.71
+77
sLsp | 1.7 1208 1w | o] b b
' 12
+56
2 164.
sL-s27% | 0.7 08 2.16 0.37 316 0.49 25 0.19
129 4
+56
26712 4077.
sL-s30 | 0.17 86 1.23 0.65 20 0.38 76 0.34
+60
603+1 1122.
sL-s26® |0 5 0.28 2.85 4 1.39 1,307 1.14

a) Obtained by seed dispersion polymerization, using SL-SP as seed; b) The measurements were not
performed, because these particles were used only as seed particles and not studied in the cell
uptake experiments. c) Calculated from the UV/Vis spectroscopy data; d) Measured by fluorescence
spectroscopy at three different particle concentrations: e) The three fluorescence intensities
obtanied from different particle concentrations are linearised and the slope is given as a mean to
normalize the differences in fluorescence between the particles; f) Fluorescence intensity slope
from particle SL-V502 is set to 1 (see Table 11) and all other values are adjusted accordingly; g)
Zeta potential.

From DLS and TEM studies it can be seen that particles possess a narrow size distribution. The
PCD measurements reveal that with the increase in particle size, the density of positive charges

increases. We did not expect to observe this effect, because to obtain bigger particles less
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amount of surfactant was used (see Table 11). We hypothesize that the charges originated from
the cationic initiator. After polymerization, the positively charged groups from the initiator are
covalently bonded to the particle surface and their concentration does not change after dialysis
of the particles, whereas surfactant molecules are partially washed out. All particles possess a

positive zeta potential value around +60 mV £ 10 mV.

The particle fluorescence was directly obtained by measuring the fluorescence intensity of the
diluted particle dispersions. As shown in Table 2, the correction factor between the amount of
fluorescent dye (measured by UV/Vis spectroscopy) and the fluorescence intensity is not the
same. This is probably due to interactions between the dye molecules themselves as well as
between the dye molecules and the polymer that lead to a disturbance of the fluorescence
intensity, e.g. by quenching. For the analysis of flow cytometry data, the correction factors

obtained from fluorescence spectroscopy measurements were used.

0.50 um

Figure 12: TEM images of positively charged polystyrene particles synthesized by miniemulsion
(SL-V502) and seed (SL-527, SL-S30 and SL-526) polymerization.
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The particle size is correlated to the amount of monomer added to the system. An excess of 30,
60 and 100 times the amount of styrene with respect to the solid content is used for SL-S27, SL-

S30 and SL-S26, respectively.

The theoretical maximum size that is obtainable in seed polymerization can be calculated as

follows:

1
Aiheor = 2 - ((EDI)3 : X)1/3 y (13)

where D, is the diameter of the seed particle and X the excess of styrene with respect to the
amount of seed particle. As can be seen in Figure 13, the calculated size is not exactly the same
as the obtained one. A smaller particle size as with SL-S27 and SL-S30 results from a loss of
styrene due to the secondary nucleation and polymerization in the continuous phase rather
than in the seed particles [19]. The thus formed oligomers and low-weight polymers are
removed during the purification process. For SL-S26, the obtained value is slightly higher than

the calculated size. The reason for this remains unclear.
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Figure 13: Comparison between theoretical and obtained diameters as measured by DLS in seed
polymerization for a styrene excess of 30, 60 and 100 with respect to the amount of seed particle.
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The chemical composition of the continuous phase plays an important role on the stability of
NPs that are synthesized with ionic or non-ionic surfactant. The behavior of NPs in cellular
medium influences the uptake to cells, as proteins form a layer around the particles. NPs were
incubated in different media and observed with light and fluorescence microscopy to gain a
semi-quantitative conclusion on the stability of NPs. Figure 14 shows fluorescence and
transmission images of the sample SL-S26 in different media after 24 h incubation as an
example to determine the behavior of the particles in different aqueous solutions. The different
media influence the distribution and flocculation behavior of the NPs. In water and human
serum (HS), particles are clearly separated from each other. In other types of media, esp.
phosphate buffer with additional calcium and magnesia (PBS’) and Dulbecco’s modified eagle
medium (DMEM) some flocculation is visible, but the majority of NPs appear single particles.
However, particles can still be present in small aggregates. This cannot be distinguished from

free NP due to the insufficient resolution of transmission and fluorescence microscopy.

An overview of the flocculation behavior of NPs is given in Table 12. Although all particles are
stabilized with the cationic surfactant CTMA-CI and bear same zeta potential, the flocculation
behavior varies. The most sensitive are the smallest particles (sample SL-V502) in almost all
tested media. Larger particles prove to be more stable suggesting that the stability may also
depend on the particles’ curvature or surface area. The higher the surface, the more
“stabilizing” proteins can be attached to it. The medium that causes the lowest degree of
flocculation is DMEM with 10% serum, and therefore it was used for the incubation of NPs with

cells in the following experiments.
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H,O

PBS PBS*

DMEM DMEM plus FCS

Figure 14: Wide field fluorescence (A) and transmission (B) images of sample SL-S26 in different
media: H-0, PBS buffer without (PBS") and with (PBS*) magnesia and calcium, cell medium without
(DMEM) and with (DMEM plus FCS) 10% serum and human serum (HS). Scale bar at 20 um.



Table 12: Flocculation behavior of NPs in different media after 1 and 24 h incubation as determined

by transmission and fluorescence microscopy.
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SL-V502 SL-S27 SL-S30 SL-S26
1h 24 h 1h 24 h 1h 24 h 1h 24 h
H,O + 0 = + = = = =
PBS +0 + - 0 0+ 0+ 0 0
PBS* +0 + 0 - 0+ 0+ 0 0+
DMEM | + + 0 0 + 0+ + 0+
D/Fa 0- + - + - - 0- 0
HS b + 0 - + - - 0- 0

a) DMEM with 10% FCS; b) human serum; +: majority of particles is flocculated; 0: some
flocculation occurs, but most particles seem to be single; -: particles appear to be completely
separated.

6.1.2 Size-dependent uptake kinetic of cationic and non-ionic particles to HeLa cells:
Influence of particle concentration, number and total surface area

The cellular uptake of nanoparticles with different sizes and net surface charge was studied by

confocal light scanning microscopy (cLSM) and flow cytometry. Detailed particles characteristics

are given in Table 10 and Table 11. In the first set of studies, the weight of the nanoparticles

added was kept constant at 75 pg - ml™.

Confocal laser scanning microscopy images of the particles endocytosed by Hela cells are
presented in Figure 15. In Figure 16, the quantitative uptake values as measured by flow
cytometry are shown. The uptake of particles with non-ionic surfactant is low and the uptake (in
wt%) of smaller size particles was consistently higher than that of large particles. In addition,
particles with 816 nm and 846 nm in diameter tend to stick to the cell membrane and they are

not endocytosed into the cell, as can be seen in Figure 15.
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Figure 15: cLSM images of Hela cells after incubation for 24 h with 75 ug-ml! of polystyrene
particles stabilized with non-ionic surfactant. The Hela cells are stained with DiO (green) and
particles are red in color. NC corresponds to the negative control. (Hela cells after incubation for 24
h without addition of particles).

The toxicity of Lutensol AT50 stabilized particles is known to be very low [55]. In contrast,
CTMA-CI functionalized particles may be toxic due to the quarternary ammonium groups of the
surfactant. The toxicity is mainly dependent on the amount of surfactant present in the particle
dispersion. The cell vitality was measured by the metabolic rate of the enzymatic reduction of
the formazan dye MTS. Figure 17 displays the cell vitality with respect to a positive control for
the cationic NPs of different sizes after 1 and 24 h at different concentrations. All particles
synthesized with seed polymerization (SL-S27, SL-S30 and SL-S26) are not toxic to Hela cells in
any of the tested concentrations. Only SL-V502 shows toxic effects after 24 h incubation and at
higher concentrations. The concentration of 75 pg - mI™, which is the standard concentration for

cellular uptake experiments, is not toxic to cells even after 24 h. The concentration of
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150 pg- mlI™, which is used for experiments with pharmacological inhibitors, is toxic, but only
after 24 h. For the afore mentioned experiments, an incubation time of 1 h is used, so that no
toxic effects are present. All particles show a comparable zeta potential including SL-V502.
However, a larger amount of initiator and a lesser amount of CTMA-Cl is used for seed
polymerization and particles are purified again after seeding. The difference in toxicity may
refer to different surface groups of the particles: SL-V502 features more positively charged
CTMA-CI whereas seed particles feature more positively charged amidine groups that origin
from the initiator and are known to be not toxic to cells [133]. For some particles, the vitality
reaches significantly values higher than the control. It may be that in some cases the presence
of particles gives rise to an increase of metabolic activity as cells are occupied taking up

particles.
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Figure 16: Time-dependent Hela cells uptake of polystyrene particles (c = 75 ug - ml1) stabilized
with cationic CTMA-CI surfactant and non-ionic Lutensol AT50. Averages and standard deviation
from triplicate measurements are given.
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Figure 17: Vitality of the Hela cells after incubation with cationic NPs at different concentrations.
The vitality was determined by MTS test.

In contrast to the Lutensol AT50 stabilized particles, the uptake of positively charged particles is
significantly higher up to a factor of 100, as can be seen from the cLSM images (Figure 19) and
uptake kinetics results (Figure 16). It has been previously reported [55, 61, 134] that high rate
and extent of positively charged particles uptake is mainly due to the strong attraction between
the particles and a negatively charged outer cell membrane surface. This effect seems to be size
independent because even particles large than 500 nm (sample SL-S26, 603 nm) are taken up by
the cell, although Hela cells are non-phagocytic. It is questionable if the whole particle or a
section of the particle’s surface is recognized by the cell. Thus, additional cell uptake
experiments were performed with positively charged particles of different sizes, keeping either
the number of particles or the total interaction surface area constant (before the weight or

volume was kept constant). The number of particles and surface area were calculated from the
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mean diameter values are given in Tables 1 and 2. The amount of internalized particles was
measured by flow cytometry after 1 and 24 h incubation (Figure 18). For all samples, except SL-
$26, the amount of particles was set to 7.9 10" particles per ml and the total interaction
surface area at 2060 m” per ml. Both values correspond to the number of particles or total
surface area, respectively, of 208 nm particles (sample SL-S27) with a solid content of 75 pg - ml’
! In the case of large particles (sample SL-S26, 603 nm) it was not possible to perform the cell
experiments with 7.9 - 10 particles per ml, therefore the amount was set 10 times lower, i.e.
0.79 - 10% particles per ml. For a comparison, the uptake of particles with 267 nm (sample SL-

S30) was measured at both numbers of particles.

The flow cytometry data reveal that when the particles with the same solid content (equal total
amount of polymer) are incubated with the cells, the same abundance of polymeric material is
taken up; however the amount of particles inside the cells is much higher for the smaller
particles. When the experiments were performed with the equal number of particles, the
uptake of larger particles was much higher. This suggests that the uptake rather depends on the
total amount of polymeric material present in the media than on the number of particles. The
total particle’s surface area does not correlate linearly with the uptake, thus indicating that
there is no direct dependency between the total surface area and the cellular endocytotic

process.
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Figure 18: Uptake of positively charged polystyrene nanoparticles in Hela cells as measured by flow
cytometry keeping constant: A: polymer concentration at 75 ug - ml,; B: number of particles at
7.9 - 1016 particles per ml for samples SL-V502, SL-S27, SL-S30 and at 0.79-1016 particles per ml for
samples SL-S30(2) and SL-526; C: total interaction surface area at 2060 m? per mi.
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SL-V502
120 nm
=10 ym

Figure 19: cLSM images of Hela cells after incubation for 24 h with 75 ug-mi of positively charged
polystyrene particles stabilized with cationic surfactant CTMA-CL The Hela cell membrane is
stained with DiD (blue) and particles are red in color.

For the uptake of positively charged polystyrene particles an excavator shovel like mechanism is
suggested that has a given maximum volume for each vesicle and a limited number of formed
vesicles per time unit to take particles into the cells. The endocytotic processes and suggested

mechanism is schematically shown Scheme 12.
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Scheme 12: Suggested scheme for the uptake of cationic polystyrene particles of different sizes into
Hela cells by an excavator shovel like mechanism.

To gain further insides in the endocytotic mechanism, the Hela cells incubated with particles
were studied with cryo-TEM by Dr. Martin Dass. As an example, Hela cells with internalized
particles of 603 nm (sample SL-S26) are presented in Figure 20. The crowded vesicles (compare
Scheme 12) are clearly deformed and have a rather cloverleaf than round shape. Also,
macropinocytotic cell ruffles which shape around a particle can be seen. This indicates that
particles are taken up by an exvaginated, macropinocytosis-like mechanism that supports the

previously explained excavator shovel theory concluded from the flow cytometry data.

[ 88 [




_ Results and Discussion

Figure 20: Cryo-TEM images of Hela cells after incubation for 24 h with 603 nm positively charged
polystyrene particles (SL-526).

6.1.3 Blocking of endocytotic processes with specific inhibitors

The participation of certain proteins which are specific to endocytotic pathways can be blocked
by using inhibitors. Four different inhibitors were studied and the results compared with each
other. Cytochalasin D blocks the actin polymerization. Actin filaments participate in a whole
variety of endocytotic processes. Most common, it is referred to as macropinocytosis.
Chlorpromazine inhibits a Rho GTPase which is essential for the formation of clathrin-coated
vesicles in clathrin-mediated endocytosis. EIPA lowers the submembraneos pH thus preventing
a membrane ruffling which is necessary for macropinocytosis. Dynasore blocks the GTPase
dynamin, which participates in the pinching off of the vesicle from the cell membrane. Magnesia
and calcium are known to participate in the endocytotic process [135-137], ergo a buffer
containing these ions is used. Different concentrations of inhibitors were tested. Figure 21
shows the particle uptake to Hela cells with respect to an untreated control as measured by
flow cytometry. For most inhibitors and particles, the uptake is dependent on the inhibitor
concentration. However, a typical dose-response curve which features a sigmoidal shape cannot
be observed although concentrations were chosen at a broad range. The sigmoidal shape comes

about when the drug concentration reaches a critical minimum value when the concentration of

B T
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the drug is just high enough to initialize the inhibition and when it reaches a critical maximum
value, i.e. when all possible pathways are blocked. All inhibitors show a general decrease in the
uptake with an increase of the inhibitor concentration. An exception is chlorpromazine. The
blocking of clathrin-mediated endocytosis leads to an increase of particle uptake until a
concentration of 50 uM, for higher concentrations the uptake decreases. A possible explanation
could be that the cell activates other endocytotic processes to compensate for the loss of
clathrin-mediated endocytosis. These additional mechanisms affect also the uptake of NPs. For
higher concentrations, the uptake decreases because of toxic effects. As can be seen in Figure

22, toxic effects of chlorpromazine are consistent with the decrease of NP uptake (> 75 pum).

The inhibitor values for final analysis were used at their highest concentration that still does not
show any toxic effects. These values coincide very well with the previous experiments [130]. The
percentage of alive, apoptotic and dead cells as determined by 7-AAD staining is shown in
Figure 22. 7-AAD is a fluorescent dye that does not penetrate healthy cells. Upon apoptosis, the
cell membrane becomes permeable and the dye stains the cytoplasm. Dead cells are stained in
cytoplasm and the nucleus. Therefore, three distinct populations can be distinguished in flow
cytometry, which refer to the above mentioned overall health states of the cells. The severest

toxicity can be seen for the inhibitor chlorpromazine.
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Figure 21: Influence of different pharmacological inhibitors on the uptake of cationic NPs with
different sizes as measured by flow cytometry. A detailed particle characteristic is given in Table 11.
Cytochalasin D: Inhibition of actin filament formation; Chlorpromazine: Inhibition of clathrin-
mediated endocytosis; Dynasore: Inhibition of dynamin-dependent endocytosis, EIPA: Inhibition of
macropinocytosis.
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Figure 22: Toxic effects of the pharmacological inhibitors cytochalasin D, chlorpromazine, dynasore
and EIPA at different concentrations as determined with 7-AAD staining in flow cytometry.

In Figure 23, the values for the highest concentration of each inhibitor that does not show any
cell toxicity are shown. As can be seen, dynamin, and a form of macropinocytosis are essentially
involved in the uptake of the nanoparticles in Hela cells. Only the clathrin-dependent pathway
can be excluded. This is expected for several reasons: on the one hand clathrin baskets, due to
their geometry, can adopt only a maximum size of 100 nm. On the other hand clathrin-
dependent uptake is a form of receptor-mediated endocytosis. Since the nanoparticles used
here possess non-specific ammonium and amide chloride groups contributed by the surfactant

and initiator, respectively, and no specific ligand is immobilized on the particle surface, a

receptor-mediated pathway is unlikely.

92



_ Results and Discussion

93

I F-actin (10 pM cytochalasin)
I Dynamin (80 uM dynasore)

[ Clathrin (50 pM chlorpromazine)
- 1 Macropinocytosis (100 uM EIPA)

N
a1
o

=

\

150
125
100

N a1 ~
o ol o (3]
[ T T T

120 nm 208 nm 267 nm 603 nm
Particle diameter

Particle uptake w/ respect to untreated cells, %

Figure 23: Relative uptake of nanoparticles under the influence of different inhibitors for F-actin,
dynamin and clathrin mediated endocytosis as well as macropinocytosis referred to untreated cells.
Untreated cells are set to 100%.

F-actin is known to participate in all endocytic pathways to contribute in several stages to the
formation of the vesicles. Different points of attack for such participation are described [43]. It
has been shown that endosomes, pinosomes, clathrin coated and secretory vesicles are

associated in the cytoplasm with a so-called actin tail [44-46].

As has been shown here, the participation of dynamin on F-actin-dependent endocytosis is
probable. The vesicles formed and transported by actin need to be pinched off by the GTPase
dynamin. An involvement of actin is also important for macropinocytosis as described by Conner
and Schmid [41]. Actin creates a membrane ruffle and protrusion of macropinocytotic arms into
the exoplasma. Actin can participate both in the formation of invaginated vesicles into the
cytoplasma as well as of membrane ruffles for macropinocytosis. Involvement of dynamin into
macropinocytosis as well as inhibition of dynamin-dependent endocytosis by EIPA up to now

was not described in the literature.

A significant difference in the uptake with regard to the NP size cannot be detected. All particles
feature a similar blocking behavior which may suggest that all particles are taken up by a

comparable endocytotic route.
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The uptake mechanism is a kind of macropinocytosis, dependent on the formation of actin
filaments as well as the small GTPase dynamin, responsible for the pinching off of vesicles from
the membrane. While actin filaments are said to be responsible for the formation and transport
of vesicles that are formed by invagination as well as by membrane ruffles on the outer side of
the membrane [43], dynamin is reported to be participating only in the pinching off of

invaginated endosomes, not in the formation of macropinocytotic vesicles [39, 48, 49].

Either, the particles are taken up by a dynamin-dependent macropinocytosis or two different
endocytotic mechanisms, macropinocytosis and a form of unspecific invagination, such as e.g.

caveolae-dependent endocytosis. This needed to be studied in further experiments.

6.1.4 Colocalization of particles with endocytotic proteins: Cytological staining

By staining specific proteins within a cell that participate in special endocytotic processes, a
colocalization of these proteins with NPs can be detected. Cells were incubated for 24 h with
the set of cationic NPs with different sizes as characterized in Table 11. After fixation and
permeabilisation of the membrane, a set of different primary antibodies for caveolin-1, clathrin
heavy chain, cathepsin D, Lamp1, M6PR and EEA1 is applied. A secondary antibody/Alexa488
conjugate labels the primary antibodies. The cell core is stained with a far-red DNA dye and
imaging is performed with cLSM. In all following images, the antibody is colored green, the NPs
red and the cell core blue. An overlay of green and red is shown as yellow. No bleed-through
between the antibody and the nanoparticle occurs and the nonspecific staining of the 2AK is
marginal, as can be seen in the control images in Figure 24. An accurate tuning of the cLSM
hardware and software settings is essential for further data evaluation, because a bleed-

through of the channels induces a false-positive colocalization signal.



_ Results and Discussion

Figure 24: A: Negative control of Hela cells stained with a DNA dye. B: Hel.a cells incubated with the
NP SL-530 (red) and the 2AK (green). The nonspecific staining of the 2 AK is marginal and a bleed-
through of the channels cannot be observed.

Each primary antibody features a unique staining profile due to the individual disposition of the
proteins within the cell, as is shown in Figure 25. Most proteins are distributed in the
cytoplasmatic vesicles. They are not present in the cell core (except for cathepsin D) and the
Golgi apparatus (except for M6PR). M6PR is especially present in the Golgi and only lower
concentrations are found in the cytoplasm. The NPs, regardless of their size, are spread
throughout the cytoplasmatic vesicles, sparing the cell core and the Golgi, which is expected as
the NPs enter the cell via endocytotic processes. For some stainings, a colocalization can be

detected, especially with cav-1.

To quantify the colocalization, the ICQ values of the images are calculated. This coefficient
expresses the co-increase or decrease of both channels. If a colocalization is present, both the
intensity of the NPs and the antibody increase in comparison to the mean value in a set voxel.
The opposite occurs for complete exclusion. An ICQ value of 0.5 is complete colocalization; -0.5
complete exclusion and values around 0 are considered random staining. However, for
thorough data interpretation, the ICQ value needs to be supported by a graphic analysis. The
PDM value, i.e. the ratio of the difference of both channels from the mean intensity, is
correlated with the channel intensity. Constructed examples for 100% colocalization, ra