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1 Introduction

1.1 Nanoparticles

We have contact with a plethora of different nanoparticles in everyday life. Examples
are emulsions in cosmetics, light reflection titanium dioxide in sunscreens, quantum
dots in flat screen television devices, or even casein micelles in milk.[*?! These nanopar-
ticles (NPs) are unique in that their size is in the range of 1 nm and 100 nm and can
drastically change their properties compared to bulk material. Another promising appli-
cation for these kinds of particles is drug delivery. This term refers to the process of
directing a certain pharmaceutical to the target site thus increasing the local concentra-
tion or minimizing systemic adverse effects. The first approaches of this concept were
employed in 1952.53 Starting in the 1980s, nano-sized materials came into the focus of
this approach and led to the first FDA-approved nano drug in 1995.[4 When used as drug
delivery systems (DDS), they are also referred to as “nanocarriers.” From the application
of this nanotechnology emerged the promising field of “nanomedicine.” The unique
properties of nanoparticles arise from their special size range, which is bigger than that
of smaller drug molecules but small enough to be taken up by cells. Also, this size range
makes it possible to encapsulate smaller molecules and be bigger than the renal clear-
ance cut-off. Still, at the same time they are small enough to circulate in the blood

stream and invade tissues.

The purpose of NPs in nanomedicine is the amplification of a drug’s bioavailability,
either systemic or in specific organs and tissues. The major challenge that needs to be
overcome by nanocarriers are biological barriers. Drugs that do not meet the require-
ments of the Lipinski rule of five usually are too hydrophilic, too lipophilic, just not stable
enough in a biological environment to reach a high enough concentration at the target
site, or they have short circulation time due to a fast clearance.’® To address these weak-
nesses, nanocarrier systems often serve to load, encapsulate, or couple a drug and over-
come the respective weakness.[® The complexity of the carrier system can be increased
with a trigger mechanism for the drug release or a targeting moiety for the selective
transport to a certain tissue or environment. Among these nanocarriers, cationic parti-
cles play a special role as they have unique interactions with cell membranes, negatively
charged biomolecules, and lysosomes. Different types of nanocarrier systems and their
mode of action as well as their drawbacks will be elucidated in the upcoming chapters

of this work.
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A) Lipid-based Nanoparticles
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Figure 1. Overview of commonly used nanoparticles. Picture modified with permission

from 6],

As there is a manifold of applications for nanocarriers, different kinds of materials that
can be utilized. A rough classification of different particles based on the used material is
shown in Fig. 1: lipid-based, inorganic and polymeric nanocarriers. It should be noted
that different material classes can be combined with one another. This is especially true
for the inorganic nanoparticles, as they are often modified by polymers or biomolecules
for biological applications.-8

The defining property of lipid-based particles is the co-existence of a lipophilicand a
hydrophilic compartment. Liposomes consist of a membrane bilayer that encapsulates
an aqueous compartment, whereas micelles form a single membrane that encapsulates
a lipid compartment. Nano emulsions are a biphasic dispersion of water in oil or oil in
water, utilizing an amphiphilic surfactant. Solid-lipid nanoparticles derive their name
from a solid lipid core, which has been stabilized by a surfactant. The basic principle is
always that the desired cargo is transported according to its properties, either in the
lipid or aqueous compartment. Furthermore, a variety of different amphiphilic com-

pounds can be used and modified to fulfill specific application requirements.-11,
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Inorganic nanoparticles, sometimes called “hard nanoparticles”, have their own
unigue properties among nanoparticle systems. Owing to their optical properties, gold
NPs and quantum dots are versatile tools for bioimaging and used for diagnostics as well
as photothermal therapy.['>13] Mesoporous silica particles are one example of drug de-
livery systems purely based on inorganic nanoparticles, as poorly water-soluble drugs
can be transported in their pores.!'# Also carbon nanotubes have been applied for drug
delivery to a certain extent,® while magnetic nanoparticles are used to induce mag-
netic hyperthermia in order to fight cancer.[*®l Some major drawbacks of most inorganic
particles are their inherent poor solubility in water and their stability against degrada-
tion inside of biological systems. Like lipid-based nanoparticles, inorganic ones are often

further decorated by polymers or biomolecules in order to optimize their performance.

Polymeric nanoparticles can be produced from a plethora of different polymers
ranging from polysaccharides like chitosan and alginate to synthetic ones.[!”18 The
abundant list of possible synthetic polymers includes, among many others, polystyrene,
polyacrylates, polyethyleneimine (PEl), polyethylene glycol (PEG), or polyglycerol
(PG).11%-231 Similar to lipid-based nanoparticles, the particulate structure of the polymers
can be micelles. For this purpose, amphiphilic block copolymers are used, which consist
of a core and a shell. A direct coupling of the drug to one polymer yields a polymer-drug
conjugate in which the combined molecule has the beneficial properties of both ends.
The branched polymer structure is called dendrimer because it has a tree-like shape.
Each layer of monomers in these molecules is called a generation and they can be made
into very defined structures by controlling them. Drugs can be transported via host-
guest interactions or by coupling to the end of the branches. More complex systems
consist of a dendritic core that has one or more layers of different shells attached to it,
which further increases the options for modifications.[?*! One last big application for pol-
ymers is the formation of nanogels. These are hydrophilic crosslinked polymer networks
that can load the drug in their pores or encapsulate them during the fabrication. Addi-

tionally, polymers are often used to modify the surface of inorganic nanoparticles.

While the base material for a designed drug carrier system plays an important role,
the surface of a nanoparticle is of particular interest for biological applications as this is
where the initial interaction takes place. These interactions include contact with the in-
nate or acquired immune system, cellular membranes, or the individual extracellular
matrices depending on the application. In this context, the surface charge of a particle
is one of the major characteristics that determine the course of these interactions. Con-
densed, a neutrally charged particle has few interactions with cellular membranes com-
pared to negatively charged particles that can interact to some extent via electrostatic

interactions.?® Positively charged ones showed strong interactions with biological
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membranes due to the interactions with the negative groups on the cell surface.l?® The
upcoming chapter will elucidate the benefits and applications of cationic nanoparticles

as the focus of this work.

1.2 Advantages and Applications of Cationic Nanoparticles

1.2.1 Enhanced Cellular Uptake and Endosomal Escape

In order to highlight the benefits of cationic nanoparticles enhanced cellular uptake,
a brief overview of different cellular uptake mechanisms needs to be introduced first. In
general, the two major ways of endocytosis of nanoparticles are phagocytosis and pino-
cytosis. Phagocytosis is a distinctive ability of immune cells such as macrophages which
ultimately leads to the cargo being transferred to the phagosome which in turn fuses
with lysosomes.!?”! Pinocytosis as the ubiquitous uptake pathway can be further classi-
fied according to the involved subcellular structures.l?®! One important pinocytosis
mechanism is termed after the invagination and vesicle coating structures, clathrin-me-
diated endocytosis (CME). This pathway plays a role in the uptake of big molecules such
as insulin and growth factors but also has been described for the uptake of particles with
a size of up to 200 nm.[2°3% Caveolin-mediated endocytosis (CvME) is another promi-
nent route for nanomaterials. These flask-like invaginations are coated with caveolins
and have a diameter of 60 nm to 80 nm.BY Nanoparticles with sizes of up to 40 nm seem
to be favorably taken up but also 100 nm particles can be transported with this path-
way.3? Particles with sizes of up to 1 um can be internalized by macropinocytosis. This
route is unspecific but has a high capacity, making it an important part of nanocarrier
mediated drug delivery.?8! The three described pinocytosis pathways are dependent on
the scission of vesicles by dynamin.l33 There are, however, a plethora of other pathways
that are not necessarily dynamin dependent under active investigation.?*3°] Notewor-
thy, none of these uptake pathways are exclusive as nanoparticles are usually taken up
by all of the mentioned ones to some degree, even though one of them might be fa-
vored. Also, which pathway is favored has been demonstrated to be cell line specific. 3!
Diaz-Moscoso et al. demonstrated that cationic cyclodextrin nanoparticles were pre-
dominantly taken up by CME, whereas a successful transfection was only possible via

clathrin-independent uptake.37]

Despite these canonical uptake pathways, cationic NPs have certain unique interac-
tions on the cellular level that are often exploited for drug delivery applications. One of

their qualities is the strong direct interaction with biological membranes via electrostatic
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interactions of its positive terminal groups and the negative phosphate groups of the
membrane or protruding groups like sialic acid. Fig. 2 illustrates the local changes of the
membrane upon contact. While detrimental effects like membrane restructuring and
leakage due to pore formation occur, the strong interaction opens up the possibility for
passive membrane translocation (Fig. 2 C) as an additional uptake mechanism. This pro-
cess has been demonstrated by Le Bihan et al. 38 using liposomes to be independent of
supplementary energy. Another study showed that positively charged gold particles
could penetrate a lipid membrane as well as dwell in the hydrophobic phase of the lipid
bilayer, while negatively charged particles did not do that.?®! Having the option to di-
rectly penetrate the membrane and circumvent lysosomal uptake makes cationic parti-
cles a promising contact with membranes and also increases the uptake rate of canoni-
cal endosomal pathways. Harush-Frenkel et al.1*®! demonstrated that positively charged
particles have a higher rate of uptake via the clathrin-mediated endocytosis (CME) com-
pared to negatively charged ones. Also, when CME is blocked, a compensatory alterna-
tive endocytosis pathway is activated. Similar observations were made by Chung et
al.,'* when mesoporous silica particles with a high surface charge were applied on mes-
enchymal stem cells. While CME and micropinocytosis are the most common cellular
uptake pathways for nanoparticles, polycations like PEI have been demonstrated to also

enter the cell via caveolae-mediated endocytosis.!*?!

(A) Nanoparticle adhesion (binding) at membrane/water interface (C) Passive (adhesive) membrane
translocation

. 141
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Figure 2: Interactions of nanoparticles and membranes. The red regions indicate local

membrane changes. Adapted with permission from [43],
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Apart from the membrane penetration, particles that are taken up by endocytic
pathways as CME, micropinocytosis and to some extent caveolae-mediated uptake [*4
will be transferred to the endosome, which in turn is further processed to the lysosome.
In this compartment, the pH value drops to 4.5 — 5.0.[4) At this point, the appeal of
polycationic carrier systems lies in their dual function of both protecting the drug from
degradation and escaping from the lysosome so that a drug can be released into the

cytosol. An explanation for this is given by the “proton sponge” hypothesis in Fig. 3.
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Figure 3. Proton-sponge hypothesis mechanism. Figure adapted with permission from
[46]

During the maturation of the early endosome, the pH value of the lumen is gradually
decreased by membrane-bound ATPase proton pumps.t*’! Simultaneously, chloride ions
are transported into the lysosome, which increases the osmotic pressure. The poly-
cationic particles provide amine groups, lysine, histidine, or other basic groups, which
are protonated so the pH value does not sufficiently drop. As more and more chloride
ions are pumped into the lysosome and water follows, the pressure gets too high and
the membrane will rupture.*®! In recent years, studies have demonstrated that the pH

value does not actually change in the presence of polycations, which indicates that
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another mechanism plays an important role in the lysosomal escape.*® Other groups
have stated that, on the one hand, the increased tension of the swollen membrane
makes it more vulnerable for direct disruption by the polycations. On the other hand,
the disruptive effect of the cations is increased by a stronger degree of protonation com-

pared to physiological pH values.[4-50]

1.2.2 Complexation of Nucleic Acids

Condensed, polycationic nanoparticles excel at cellular uptake via passive and active
mechanisms while, at the same time, facilitating endosomal escape into the cytosol, po-
tentially via the proton sponge effect. The first molecule to be advertised as a proton
sponge was published in 1971 by Gerson et al.PY Although this was a small molecule,
proton sponges in the current state of nanomedicine are usually nanoparticulate struc-
tures that can complex into bigger drug cargo molecules. There are other applications
as the transport of heparin in ulcerative colitis,’>?! the most widely used class of anionic
drugs are nucleic acids (NAs). They are very attractive cargo candidates, because they
possess a lot of negative charges due to their phosphate backbone. Also, they lack the
inherent ability to penetrate membranes or enter cells because of their large size and
their negative charge. One way to use NAs as a therapeutic agent is gene therapy. Here,
a plasmid DNA is transferred into the host cells in a process that is called transfection.
The introduction of plasmid DNA to a cell enables it to express encoded genes that might
be defective in its own genome.53 With this approach it is possible to treat genetic dis-
orders such as hereditary diseases, as was successfully demonstrated in 2000.15* Mean-
while, studies have proven success in vitro and in vivo with polymeric cationic nanocar-
riers using materials like poly-lactic acid or polyethyleneimine.>*”! Nowadays, poly-
meric particles replaced viral vectors as promising approaches due to the intricate safety
issues of the latter. Still they are not without risk as they require strategies to circumvent

the high inherent toxic potential of materials with a high cationic charge like PEI.[>7]

A different approach of NA transfection by cationic nanoparticles is the use of mi-
croRNA (miRNA) or small interfering RNA (siRNA). These variants of NA do not express a
gene but rather inhibit the expression of a gene. Unlike plasmid DNA that needs to enter
the cell nucleus, siRNA and miRNA work while being in the cytosol, thus bypassing the
hurdle of the nuclear membrane. On the other hand, RNA molecules tend to have a
much lower in vitro and in vivo stability due to ubiquitous nucleases.!8 Briefly, in the

case of the siRNA mechanism, a double-stranded RNA is cleaved by an endoribonuclease
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dicer generating siRNA as a template to recognize complementary mRNA. Together with
intracellular proteins, it forms the RNA-induced silencing complex (RISC). The RISC then
uses the template siRNA to bind to the mRNA of the cell and cleave it, which leads to
the mRNA degradation and an inhibition of the gene expression (Fig. 4 A).>®! This type
of NA for therapeutic use has first been successfully applied by Leachman et al. in 2008
on humans using naked siRNA.1% This study used intra-lesional injections into the skin.
Since then, a lot of nanoparticles for systemic application of siRNA have been invented,

inter alia, cationic ones using polymers such as PE|.[20 61]

A) B)

ATP
® Dicer
ADP + P,
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siRNA duplex f/ Hairpin precursor
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Figure 4. Mechanisms of RNA interference. (A) siRNA mechanism and (B) miRNA mech-

anism. Figure adapted with permission from 62,

Another commonly used small NA for a gene-silencing application is microRNA,
which acts in a similar way to siRNA (Fig. 4 B). This has a hairpin structure that, upon
cleavage by the endoribonuclease dicer, generates a single-stranded RNA fragment. This
fragment is incorporated into the RISC (sometimes called miRNA-protein complex) and
can lead to either cleavage of the complementary mRNA or inhibit the translation pro-
cess.[%3] MicroRNA has similar weaknesses as siRNA, which is why a nanoparticle carrier
system seems beneficial. Successful in vivo studies have been performed using poly-

meric particles like poly(lactic-co-glycolic acid), albeit with the help of the cell-
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penetrating peptide penetratin.l® Cationic particles using PEI have also shown good re-

sults in vivo by inhibiting the function of cancer stem cells.[®°!

Highlighting the benefits of cationic nanoparticles, they seem to be a very promising
delivery platform for drugs. When made of polymeric material, they are easier to pro-
duce on larger scales. ¢! Furthermore, viral vectors have inherent problems of immu-
nogenicity and thus are arguably more inferior drug delivery systems than polymeric
nanoparticles. Furthermore, the high positive charge enables them to complex different
kinds of nuclei acids, a promising class of drugs that is both prone to degradation and
has very limited abilities to reach the target sites on its own. Not only do cationic nano-
particles complex NAs, they also facilitate their cellular uptake and endosomal escape,

respectively.

However, since the early days of their biological application, particles with a high
positive charge have been subject of debate. The reason for that is that with the positive
charge density comes a high potential for toxicity at various target sites. For this reason,
cationic nanoparticles like PEl have been regarded with caution.l®’-% For that reason,
many different strategies have been used to fine tune the physicochemical properties
of nanoparticles such as size, shape, charge, surface functionalization, and degradability
for better delivery effects and lower toxicity. The upcoming chapter of this work will
explain the various target sites and toxic effects that need to be addressed by these

tuning processes.

1.3 Adverse Effects of Nanoparticles

1.3.1 Systemic Effects

Adverse effects are effects that are not wanted in the course of a treatment,’? in
the case of nanoparticles an adverse effect represents cellular or systemic toxicity. Ad-
verse Effects that nanoparticles have on biological systems such as the mammalian body
can occur at different time frames. The course of effects is dictated by the pharmacoki-
netic ADME principle.’ On a smaller scale, this principle can be utilized to tailor parti-
cles and predict their effect on the cellular level.”?! The central points of that is that any
pharmacological effect is dictated by absorption of a drug by the body. The same point
is important in vitro, as the amount and the way a particle is taken up into a cell does

influence its efficacy and toxicity as the effective dose increases.”>741 The distribution
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inside of the organism or cell is the next important factor. The previous chapter of this
work elaborated the possibility of cationic nanoparticles to enter the cell via different
mechanisms, inter alia, via direct membrane translocation, CME or caveolae mediated
endocytosis. The latter uptake pathways direct the particle to a different compartment
with different environmental conditions: the cytosol, the lysosome or the caveosome,
respectively. The metabolism, in this context the biodegradability of a nanoparticle,
plays an important role as well. Degradable particles are more easily excreted by the
body via renal clearance and have a shorter intracellular retention.”>7% The last point is
the excretion. This one is important as a long retention time inside of a cell is connected
to a higher toxicity.[”778) Summarizing, adverse effects are unwanted effects of a nano-
particle system and there are several starting points to tweak that system to minimize
these effects: absorption, distribution, metabolism and excretion. To this day, a variety
of different adverse effects on the systemic level, in specific tissues, and on the cellular

level have been reported.

One well documented source of small particle mixtures that also contain harmful
nanoparticles is ambient air. These are classified according to their size as particulate
matter with a size below 10 um (PM1o) and 2.5 pm (PMa.s) respectively.[7®! As the first
studies of these airborne particles identified their size in the nanometer range as a key
feature to induce toxicity, they formed the concept of nanotoxicology.!% Although the
primary exposure route is the respiratory tract, effects on the cardiovascular system and
systemic inflammation have also been observed, followed by cellular uptake and
transcytosis across endothelial and epithelial cells into the blood and lymph circulation.
Choi et al. demonstrated that non-cationic nanoparticles can rapidly transfer to the
lymph nodes and the blood stream depending on their size, whereas the smaller ones
(< 6 nm) were also cleared by the kidneys rapidly. Cationic ones however did no pene-

trate the lung epithelia.!8%

Another important site of nanoparticle exposure are cosmetics that are applied on
the skin, being the largest organ of the human body. In general, nanoparticles that have
a high exposure on skin such as titanium dioxide or silver in sunscreens and cosmetics
do not significantly penetrate intact human skin. Uncertainties do arise though when
the barrier function of the skin is impaired by damage, so that particles could be found
in the dermis of pigs.[82 One increasingly rare condition is the grey to purple discolora-
tion of the skin called argyria, which can occur upon uptake of silver nanoparticles and

subsequent silver deposition in the basal lamina of the skin, also after oral absorption.!83!

After the absorption in the respiratory tract through the air, in the gastrointestinal

tract through food, or via the transdermal route on damaged skin, nanoparticles will
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enter the blood stream and pass the liver. Here, they will be subject to drug metabolism
by liver enzymes.[84 Also, nanoparticles often accumulate in the liver, causing local dam-
age and inducing systemic side effects.[>-8¢ The primary mechanism for this damage is
the generation of reactive oxygen species and the activation and autophagy of the liver
resident macrophages, the Kupffer cells.®7-38] These cause acute inflammations and
drive apoptosis. The same mechanism applies in other clearance organs that take part
in the mononuclear phagocyte system (MPS) such as the spleen and the kidney. Conse-
guently, the interaction with these clearance tissues and macrophages is of great inter-
est as 95% of all non-degradable nanoparticles are estimated to accumulate there.[8
Knudsen et al. also observed accumulation and DNA damage caused by cationic lipo-
somes in the lung and spleen of rats at higher doses. This effect could also be observed

for micelles at the highest concentration.?

Subsequently, the most common adverse effects on the cellular level such as mem-
brane disruption, generation of reactive oxygen species and genotoxicity will be dis-

cussed with a focus on cationic nanoparticles.

1.3.2 Cellular and Subcellular Mechanisms

In vitro, an adverse effect implies a decrease in cell viability. Cell viability is the ability
of a cell or cell population to carry out a specific function.®!l As cells are complex bio-
logical systems there are several possible interference points. The outmost one is the
cell membrane, a lipid bilayer that separates the inside of a cell from the outside. This is
a common target site of cationic nanoparticle toxicity. A disruption of the cellular mem-
brane leads to leakage of the cellular compounds. Physiologically, this happens fre-
qguently, especially in tissues with a high mechanical stress such as muscles or blood ves-
sels.’? This is tolerable because cells are able to reseal the cell membrane via several
different mechanisms such as tension reduction by reorganization of actin filaments or
by exocytosis of intracellular vesicular compartments like endosome and lysosomes as
a membrane supply.[®3! Chen et al. demonstrated that even at subtoxic concentrations
cationic nanoparticles were able to induce nanoscale effects of the membrane ranging
from 1 nm? to 350 nm?2. Furthermore, the defect forming events took 1 ms to 100 ms,
which is much faster than the repair in the tested cell lines that took several seconds.!®4
Figure 2 (page 5) displays the interaction between nanoparticles and membranes. When
the particle adheres to the membrane, e.g. by electrostatic interactions, it can induce

lipid restructuring, domain formation and local deformation.[®! Li et al. found out that
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these can then lead to void or pore formation due to an increased membrane surface
tension, likely caused by steric crowding of cationic polystyrene nanoparticles.®%71 The-
oretical models have shown that in order to form pores in a membrane, the surface
tension needs to me high enough indicating that in drug delivery application the buffer
capacity of a particle is an important factor for endosomal escape and effective nucleic
acid delivery.[®®! As it stands, the transfection efficacy of NA’s by cationic nanoparticles
and their toxicity are like related.®>1% This is plausible as the ability to overcome mem-
branes both enables endosomal escape and leads to pore formation in the cell mem-
brane, causing a loss in cell viability. Another important point is that for this kind of in-
teraction, the core material is of little interest as only the surface functionality dictates
the effect on membranes.[1°Y Considering these two opposite requirements for nano-
particle delivery systems, low surface charge for high cell viability but high surface
charge for efficient transfection, a fine charge tuning during the synthesis is necessary

to find the optimal balance.

A second mode of cytotoxicity that is being explored as one of the major mechanisms
is the generation of oxidative stress. In general, this term describes the generation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS). An overview of ROS
and their connections is given in Figure 5. The superoxide radical O, presents the pri-
mary ROS which will subsequently interact with other molecules, either directly or cat-
alyzed by enzymes and metals. As a protective mechanism, three variants of the enzyme
superoxide dismutase (SOD) are employed. Intracellular SOD1 and extracellular SOD3
use copper and zinc as their cofactor whereas mitochondrial SOD2 uses manganese.!1%2l
They facilitate the conversion of the superoxide to oxygen via reduction of the metal

cofactor (Cu?* or Mn3*) or to hydrogen peroxide:

05 + 0, + 2H* - H,0, + 0, or MDD+ 4 0~ - M™ 4+ 0, (1)

Although two radicals are eliminated in this reaction the very reactive hydrogen per-
oxide molecule is formed which can lead to the generation of further radicals. H,O; can
be further decomposed to hydrogen peroxide and oxygen by the enzyme catalase.[1%3
This is a two-step reaction where in the first step the hydrogen peroxide oxidizes the
heme and forms a porphyrin cation radical in the enzyme (E) with an oxoiron(IV) inter-
mediate species, Eq. 2. This intermediate is stabilized by the protein environment.[2% |n
the second step another hydrogen peroxide is oxidized and that regenerates the heme-

containing catalase, Eq. 3:
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H,0, + Fe3*—E - H,0 + OFe**—E* (2)

H202 + 0Fe4+_E'+ d Hzo + F63+_E + 02 (3)

Another physiological protection mechanism against H,0; is reduced glutathione
(GSH) that can be utilized by glutathione reductases. These enzymes used glutathione

as a substrate that is converted to its oxidized form GSSG:

2GSH + H,0, - GSSG + 2H,0 (4)

Afterwards the oxidized GSSG will be regenerated by the glutathione reductase via
oxidation of reduced nicotinamide adenine dinucleotide phosphate (NADPH).[*%] Cata-
lase and peroxidase work in unison on the H,O, degradation, whereas GSH reductase
plays a more important role at low concentrations while catalase is important for higher

H,0, concentrations.[106]

Despite these protective mechanisms, a portion of the generated ROS reacts in dif-
ferent ways that are harmful to cells. This is especially true when the generation of ROS
due to the influence of nanoparticles is increased. That way, superoxide can bind to the
radical nitric oxide to form peroxynitrite, which is a strong oxidant.[*°”l Hydrogen perox-
ide is a reactive molecule as well that can form the very reactive hydroxyl radical OH".
This reaction in Eq. 5 is called the Fenton reaction, in which iron(ll) is oxidized to form
the hydroxyl radical and hydroxide ion.[1% In the Haber Weiss cycle, superoxide reduces
iron(lll) back to iron(ll), so that the Fenton reaction can happen again. This nets the bot-

tom Eq. 6 below, in which superoxide and hydrogen peroxide form the hydroxyl radi-
cal.[10%l

Fenton reaction: H,0, + Fe*t — Fe3* + OH™ + OH (5)

Haber Weiss reaction: 0, + H,0, - OH + OH™ + 0, (6)
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The hydroxyl radical can further react with molecules such as proteins to form alkyl

(R"), alkoxyl (RO’) and alkylperoxyl radicals (ROO’) in living systems.[10]

Nanoparticle induced .- NO®
radical formation . 2 P

ONOO

Superoxide Dismutase 1/2/3

F 2+ 0 .-

OH® |« - H,0 —> | OH'

Fenton reaction 2 2 Haber Weiss reaction
RH
1 2GSH NADPH
. Catalase Glutathione Glutathione

R Peroxidase Reductase

1 o, GSSG NADP*
'RO/ROO" | H,0+0,

Figure 5. Pathway of reactive oxygen species in cells. GSH, glutathione; RH, lipid mem-

brane; R, alkyl radical. Figure modified with permission from 111,

The reason why oxidative stress is considered one of the main mechanisms of nano-
particle induced toxicity is that upon generation of ROS, all components of a cell from
lipids to proteins to nucleic acids can be damaged, leading to a plethora of detrimental
effects.[!1?] At biological membranes, reactive oxygen species induce lipid peroxidation.
Herein lipoperoxyl radicals are formed from unsaturated fatty acids (LOO’). These can
then react with a lipid, resulting in a lipid radical and a lipid hydroperoxide (LOOH).[113]
As these are unstable, they produce further radicals and decompose to secondary prod-
ucts. The aldehyde secondary products are such as malonaldehyde and 4-hydroxynon-
enal (4-HNE) are of interest as lipid peroxidation markers for biological examinations.!*14
Van der Paal et al. could show through simulation that the generation of these marker
molecules increases disorientation in the membrane, making it more prone to pore for-
mation.['*> Another important point for toxicology is the ability of these aldehydes to
bind DNA and form adducts, leading to genotoxicity.[*®! 4-HNE has further been found
to bind and alter histones, changing its confirmation and increasing the vulnerability of
the DNA.[117]
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Similar to lipids, protein oxidation is a common effect of ROS generation. There are
several attack points for radicals such as alkylperoxyl (ROO’) and alkoxyl radicals (RO’).
One is the a-C-atom of the protein backbone which will be converted to a carbon-cen-
tered radical. This can react with other backbone radicals to form protein crosslinks or
the peptide bond can be cleaved, both resulting in loss of function of the protein.[118]
Another mode of action is the oxidation of the amino acid residues, whereas amino acids
with aromatic side chain groups and sulfhydryl groups are the most sensitive ones.[*1%
120l The modification of these groups can cause a loss of function and crosslinking via
disulfide bonds. Also, protein carbonyl groups can be formed that will further bind to a-
amino groups of lysine residues. This kind of crosslink can lead to the formation of pro-
tein aggregates which are resistant to degradation mechanisms and thus inhibit prote-

olytic processes and accumulate.!11°]

Nucleic acids such as DNA and RNA can also be altered by ROS due to oxidation of
the DNA/RNA bases. There have been around one hundred different base lesions iden-
tified in model studies.!*?! One ubiquitous base oxidation product is 8-oxoguanine which
is formed from guanine via oxidation by hydroxyl radicals (OH’) and another important
one is 7-methylguanin that is formed by alkylation.['?2l Guanin, purine and pyrimidine
can also form interstrand crosslinks.!*?31 RNA as another nucleic acid is affected to similar
lesions as DNA albeit with higher levels. This can be attributed to the fact that RNA is
mainly single stranded and thus more accessible, has extensive cytoplasmatic distribu-
tion and is in proximity to mitochondria.[*?4! Crosslinking of nucleic acids can also occur
not only intracellularly but also with lipids and proteins in the presence of ROS.[116 125]
As mRNA is a molecule with a limited lifetime, lesions causing RNA damage will hinder
the protein synthesis and impact the cell homeostasis. Damage to the DNA, however,
can lead to genotoxicity when cellular repair mechanisms fail. Genotoxicity, mutagenic-
ity and cancerogenicity and the underlying mechanisms are broad issues that are be-

yond the scope of this work, so the entire subject will only be broached.

Briefly, genotoxicity describes the ability of a substance to damage the DNA. These
damages can be repaired by cellular repair mechanisms, however, they have a small
intrinsic an error rate. If one of these errors occur or if the damage was not repairable,
the genetic material can be altered.['2¢! This alteration is called a mutation so substances
that cause them are considered mutagenic, possibly resulting in apoptosis.l*?’1 A muta-
tion in a germ cell may lead to infertility or diseased offspring or daughter cells if non-
lethal to the cell. Mutations in somatic cells on the other hand may lead to cancer, thus
called cancerogenicity.['28! So, a substance such as a reactive oxygen species or its de-
rived lipid radicals or protein radicals can be all of the above, mutagenic and genotoxic

or just genotoxic. A nanoparticle inducing ROS in a cell that subsequently causes DNA
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damage is considered a secondary genotoxin.[*2°! As previously elaborated, ROS can in-
duce the alteration of DNA in the form of alkylation, oxidation, adducts and crosslinks.
These altered sites can be repaired by several repair mechanisms such as base excision
repair, nucleotide excision repair, mismatch repair, interstrand crosslink repair and re-
pair of single and double strand breaks.['3% However, they can also lead to different
types of DNA mutation in the repairing process. One variant is point mutation, where
effectively one base is replaced by another one. These can be without effect (silent) as
some codons code for the same amino acid during translation of the mRNA or the occur
in in non-coding regions. They can also lead to missense mutation, where a different
amino acid is translated or nonsense mutation, forming a stop codon.!t31-1321 A
frameshift-mutation moves the coding frame and thus leads to a completely different
protein expressed. On a bigger scale, chromosome mutations due to strand breaks can,
inter alia, lead to deletion, insertions and inversions, all of which causing massive inter-

ruptions in the respective genes expression.[33!

Taking all the effects of oxidative stress into account, the generation of ROS truly is
an imposing adverse effect with all these different manifestations. Still as of today, the
exact mechanism of ROS generation by cationic particles remains elusive. Adding diffi-
culty to this issue, Xia et al. demonstrated that cationic polystyrene particles exhibited
different effects depending on the used cell line.3 Macrophages (RAW264.7) and ep-
ithelial cells (BEAS-2B) were sensitive to the generation of oxidative stress while endo-
thelial cells (HMEC), hepatoma cells (HEPA-1) and pheochromocytoma cells (PC-12)
were relatively resistant. The first two favored a lysosomal uptake route of the particles
leading to mitochondrial disruption while the latter ones favored caveolae mediated up-
take. However, studies indicated that the interaction of the positive surface charge with
mitochondrial membranes plays a key role in this process. Hunter et al. presented that
both linear and branched PEI could interact with the outer mitochondrial membrane
and form pores in T-cells (Jurkat). These pores altered the mitochondrial membrane po-
tential that is necessary for the synthesis of ATP and also lead to a release of cytochrome
c and activation of caspase-3./23%1 Symonds et al. observed comparable effects using
poly-L-lysine and furthermore showed that the mechanisms differed between particles

of low and high molecular weight.[13¢]
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Nucleus

Lysosome

Figure 6. Adverse interactions of cationic nanoparticles with cells. Red stars indicate
points at which damage to biological structures is done and where modification of na-

noparticle delivery systems will be beneficial.

Figure 6 compiles an overview of the adverse interactions of cationic nanoparticles
with cells described in this section. In the first instance, the positive surface charge will
interact with the cellular membrane and lead to pore and domain formation. This can
lead to leakage of cellular compounds and facilitates the direct penetration into the cy-
tosol. The same interaction helps these particles to escape from the lysosome after cel-
lular uptake and transfer to the cytosol. There, they can interact with the mitochondrial
membrane and induce the formation of reactive oxygen species. These will subse-
qguently react with lipids, proteins and nucleic acids, altering or disrupting their function
and negatively affect the cell viability. Still, cationic nanoparticles are a promising tool
for the delivery of drugs such as nucleic acids. The following section will describe strat-

egies to modify the ADME of different nanoparticle systems increased biocompatibility.
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1.4 Strategies to overcome adverse effects

1.4.1 Nanoparticle Materials

Polymeric nanoparticles have a great variety of options for modification in order to
change their physicochemical structures. Following basic pharmacokinetic principles,
changes after modification will occur either during absorption, distribution, metabolism
or excretion. Based on the current knowledge about mechanisms of adverse effects of
cationic nanoparticles, it seems obvious that the key parameters are the interactions
with the cell membrane, the endosomal membrane and the mitochondrial membrane.
Since all these interactions are mediated by their dense surface charge, two strategies
have emerged to modify the ratio of delivery efficacy and toxicity: tuning down the sur-
face charge so there is less effects on the membranes and the addition of cleavable moi-

eties to make the particles degradable. Both strategies will be discussed hereafter.

Cationic polymers such as PEl or poly-L-lysine are effective delivery agents because
of their high surface charge caused by a high density of amine groups. While this facili-
tates effective delivery into cells, it is also the primary source of their toxicity. Tuning
down the amine group density on the particle surface to a point where the biocompati-
bility is increased without a loss of delivery efficacy is a promising approach. A polymer
that has been explored for this purpose extensively is polyethylene glycol (PEG). This
polymer has yielded numerous drug delivery systems that received regulatory approval
both in the USA and Europe.[*3”) One often emphasized advantage of so-called PEGyla-
tion is the shielding of surface charge, rendering the particle both less toxic but also less
effective for transfection.['38! Also, PEG is used for stealth approaches, meaning that the
lower rate of interactions with the immune system increases the circulation time in
vivo.[3% In summary, the approach of PEGylation decreases the absorption due to lower
cellular uptake and slows down the excretion in vivo because of a decreased interaction
with the reticuloendothelial system (RES) as two key pharmacokinetic parameters.
While this decreases transfection efficacy, it increases the biocompatibility. Despite
these advantages and approval by the food and drug administration (FDA), several det-
rimental effects of PEG have been observed. PEG6000 showed genotoxic activity as well
as histopathological changes of in livers and kidneys of mice.l*% Also, severe immune
reactions could be observed in single cases.[**Y Another study by Armstrong et al. re-
vealed that pre-existing anti-PEG antibodies in 25 % of healthy blood donors were asso-
ciated with a rapid clearance of PEG-asparaginase.[’#? Richter et al. did not demonstrate

antibodies against PEG but indicated PEG-conjugates’ potential to function as a haptene
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in rabbits.43] Taking these reports into account, efforts have been made to look for dif-

ferent polymers for biocompatible drug delivery systems.

Among others, one polymer of rising interest is polyglycerol (PG), which has similar
possible applications as PEI but so far with no reports for adverse effects. Imran ul-haq
et al. compared linear PG (LPG) and hyperbranched PG (HPG) to PEG with similar molec-
ular weights. At high concentrations, PEG was demonstrated to decrease cell viability
whereas LPG and HPG showed no such adverse effect.[**4 Additionally, both PG’s had a
high circulation time in mice. For food safety, ADME studies showed no accumulation in
the body and the European Food Safety Authority (EFSA) concluded that there was no
safety concern when used in food packaging.[**! Also, an in depths study by Gerecke et
al. showed no in vitro toxicity of PG based nanogels regarding cell viability, oxidative
stress, genotoxicity and irritational potential.[}*®! Since PG has such a high biocompati-
bility, it has been employed in different forms for drug delivery applications. One exem-
plary application is to use HPG that was derived from alkyl chains or methoxy-PEG to
form micelles with a hydrophobic core.l**”! These hydrophobic cores could load the hy-
drophobic drugs paclitaxel and docetaxel and effectively kill KU7 cells while not showing
cytotoxic effects on their own. Another very sophisticated application using PG is the
construction of core-multi-shell structures. The core consists of HPG, the inner shell can
be hydrophobic moieties such as alkyl chains of different lengths that serve to load hy-
drophobic drugs while the outer shell is hydrophilic again, consisting of PEG or PG.[14¢
1491 They have been effective at loading the hydrophobic drug dexamethasone and de-
livering the dye nile red into the skin at higher efficacy than the conventional cream
formulation. Radbruch et al. further demonstrated the biocompatibility of these CMS in
healthy and inflammatory mouse skin additionally to an in vitro biocompatibility ar-

ray.[1°01

For the delivery of nucleic acids, Kainthan et al. have used a PEG-PG composite struc-
ture that was modified with quarternary amine groups.>!I This showed superior in vitro
biocompatibility compared to PEl, whereas the cytotoxic effect increased with the rate
of amine functionalization. Zeng et al. employed dendritic polyglycerols (dPG) and func-
tionalized them with histidine and tryptophan to mimic the structure of histones. These
particles showed good siRNA transfection efficacies with low toxic effects. Furthermore,
by varying the ligand density they worked out that a density of 50 % worked the best for
14 kDa cores while 35 % was the best for 55 kDa cores.[*>?] Further work is required on
that topic as both size and surface group density influence the cellular uptake but it is

unclear how a bigger size requires fewer surface groups for the best effect.
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1.4.2 Biodegradability

A second auspicious approach to overcome adverse effects in cationic nanoparticle
drug delivery is to make them biodegradable. While this does not necessarily affect the
absorption, it does influence the distribution, metabolism and excretion. Upon degra-
dation the properties of a particle change from that of the whole particle to that of the
fragments or degradation products. Depending on the application, the degradation pro-
cess should start before the uptake, for instance in some anti-cancer drugs that leverage
the decreased pH value in tumor tissue.[*>3l However, if the cargo molecules act intra-
cellularly such as nucleic acids, the degradation should not happen until the particle
reached the insides of a cell. While degradable moieties can be beneficial for the bio-
compatibility aspect of a nanoparticle, they can also be used for passive targeting such
as the decreased pH value of tumor tissue or inflamed tissue.[153-154] An overview of link-
ers that are used in polymeric nanoparticles is given in Fig. 7. Many of these groups are
targeting the lysosome. This is the subcellular compartment most likely for the cleavage
of these linkers as that is where the pH value drops to 4.5 — 5.0.1°! Furthermore, there
are over 50 enzymes located in the lysosome including lipases, nucleases, proteases and
esterases that are all activated at these low pH values.*>! When a drug is connected to
a polymer, encapsulated or loaded the cleavage of this linker will liberate the drug. It
has to be noted that when sensitive cargo such as siRNA is being delivered with this kind
of approach, it is likely to be degraded by lysosome enzymes unless it can escape into
the cytosol, where the pH value of 7.4 deactivates lysosomal enzymes.[*>> Du et al. ap-
plied the principle biodegradability to the afore mentioned CMS nanocarriers using a
polycaprolactone linker. With a core of HPG and an outer shell made of PEG they exhib-
ited a low cytotoxicity in vitro and showed an improved skin penetration of nile red com-
pared to conventional creams.['#8! Successful gene delivery into the brain was observed
after 48 hours using degradable poly(B-amino ester) (PBAE) with a PEG corona by Mas-
tarakos et al.l>%1 Also these particles showed no toxicity in vitro. It must be said though
that the concentration used for the in vitro studies was much smaller than that in the
animal studies and the particles were injected directly into the brain. Fischer et al. com-
bined dPG with an oligoamine shell for positive surface charge and a biodegradable car-
bamate linker. This system yielded comparable results to the used positive control
HiPerFect when transfecting siRNA. Also, the cytotoxicity was low and comparable to

the commercial control.[257]
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Figure 7: Cleavable linkers used for stimuli-responsive nanocarriers. Dashed lines in-
dicate the bond that is broken upon the respective stimulus, given in parentheses. Figure

modified with permission from 18,

In summary, two approaches for the effective use of cationic nanoparticles have
been discussed that will have the highest benefit when used in conjunction. Tuning of
the surface charge while also using the biocompatible PG as the polymer foundation will
decrease the interaction with biological membranes and eliminate the risk of antibody
formation or possibility of genotoxicity induced by PEG. As of today, the most effective
nucleic acid delivery systems are viral and suffer from health concerns. So, the effort to
improve both the transfection efficacy and decrease the adverse effects needs to be
made as cationic nanoparticles are still in debate because of their commonly known ad-

verse effects.
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2 Scientific Goal

The aim of this work was to further develop strategies for efficient nucleic acid de-
livery into cells. Fig. 8 shows an overview of the included projects and the strategy that
was applied. The overall goal was the development of new cationic PG-based nanocar-
rier systems for efficient and biocompatible gene delivery. In order to gather more in-
formation about the interactions of cationic HPG and transfected cells, an array of dif-
ferent particles with an amine shell of varying degrees of surface functionalization and
size was produced. (1) The effect of the different sizes and surface charge densities on
cells was investigated regarding the parameters of transfection efficacy, cell viability,

cytotoxicity and apoptosis induction.

(1) PG-Amines: Charge and Size vs. Toxicity (2) Redox-Responsive Micelles
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Figure 8: Schematic overview of the scientific projects in the context of drug delivery via

cationic nanoparticles.

The second phase consisted of testing three different biodegradable systems with
the intent to improve the transfection to cytotoxicity ratio. The first approach was the
application of redox-responsive micelles. (2) A disulfide linker was incorporated that ex-
ploits the increased intracellular concentration of reducing agents such as glutathione
compared to the extracellular space. Furthermore, an amine shell was applied that fa-

cilitated the transfection process while biodegradability enabled the onsite siRNA
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release in the cytosol. Another carrier system comprised dendritic PG, also functional-
ized with an amine shell. (3) In this case, a pH responsive benzacetal linker was incorpo-
rated into the nanocarrier system. This was then applied for the successful delivery of
GFP plasmid DNA. A third system combined the benefits of PG with that of small 600 Da
PEI units. (4) While the small PEI by itself does not show sufficient transfection efficacy,
the crosslinking with the PG should have led to multivalent presentation of positive

charges that disassembled after exposure to the pH trigger.

Another project aimed to establish a method for the sensitive measurement of ROS
generated by cationic model nanoparticles. (5) Also, a cohesive study of different effects
of the cells caused by these particles was performed to elucidate the adverse effect of

cationic particle applications and lay the groundwork for further improvements.
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ABSTRACT

Nanoparticles hold a great promise in biomedical science. However, due to their unique physical
and chemical property, they can induce an elevated intra-cellular reactive oxygen species (ROS)
production; consequently damaging DNA, proteins and lipids. Thus, there is a need for sensitive
and reliable methods for intracellular ROS detection. We developed a fluorescence lifetime image
microscopy (FLIM) based ROS detection approach (FLIM-ROX), which increases sensitivity and
reliability of ROS detection in comparision with traditional methods. Using this method, we are
able to distinguish autofluorescence from the unique fluorescence lifetime of the ROS reporter dye
in its inactive and activated state in both living and fixed cells at the single cell level. At subtoxic
concentrations of gold nanoparticles in macrophages, the oxidative stress was detected following
nanoparticle uptake by FLIM-ROX, while being undetectable by the conventional method.
Further, a statistical analysis approach was developed in order to process image data analysis in a
high throughput manner. The versatility of FLIM-ROX was demonstrated by the detection of
spatial ROS distribution in both healthy and atopic dermatitis model skin using multiphoton FLIM-
ROX. This method allows cellular visualization and quantification of disease-induced oxidative
stress levels in intact tissue, and thus can be used for monitoring the oxidative stress decline after

treatment.



Adverse effect of nanoparticulate agents is a major concern in the advancing field of
nanomedicine! . Currently, the molecular mechanism underlying cytotoxicity and genotoxicity of
nanoparticles is not really understood. An important reason of nanotoxicity is the generation of
reactive oxygen species (ROS). In ambient environment small quantities of reactive oxygen
species (ROS), such as superoxide O>*", hydrogen peroxide H>O», and hydroxyl radical OH®, are
part of cell signaling and homeostasis regulation®. Low levels of ROS are produced by the
respiratory chain and excess ROS can be reduced by antioxidant cellular defenses like catalase and
superoxide dismutase to hydrogen and oxygen®!. Overproduction of ROS, among others, is
indicative of cellular stress that occurs under various environmental and disease conditions, e.g.
upon nanoparticle uptake, in host defense against pathogens, as well as in cancer, atherosclerosis,
diabetes, inflammatory diseases, and neurodegenerative disorders® >’. Because of their highly
reactive nature, elevated ROS levels can damage DNA, proteins, and lipids, thereby impairing

normal cellular function.

Quantification of cellular ROS generation can be achieved by a variety of methods®®. Reactive
fluorescent dyes have emerged as a frequently used tool in quantifying ROS. As this topic has
attracted a reasonable amount of attention, several dyes and methods have been established, most
commonly using ELISA (plate reader) and flow cytometry approaches® ', Traditional dyes are
dichlorodihydrofluorescein (DCF) and dihydroethidium (DHE) although there is a vast number of
other dyes, each having their specific advantages, properties and applications. More importantly,
there is a lack of coherent data in the literature for detecting different ROS in vivo® 1. Among
others, reliable detection of ROS is hampered by signal artefacts, such as in the case of DCF where
besides oxidation of HoDCEF to the highly fluorescent DCF by ROS also other fluorescent products

can be generated in the presence of high dye concentrations or at high light intensities®. In addition,



detection schemes, such as plate readers may detect fluorescence emission not only from the cells
but also from the medium®, as they do not discriminate single cells. Thus, these and other
instrumental factors limit an accurate quantification of ROS. Moreover, intensity-based probes
measure changes in the emission intensity of a single fluorescence peak and the results may be
affected by variations in probe concentration and probe environment (in particular by pH or

transition metals for the case at hand).

To overcome these and further obstacles, such as unreacted dyes and cellular autofluorescence,
we employ the environmental sensitivity of the fluorescence lifetime in fluorescence lifetime
imaging microscopy (FLIM)'®, a sophisticated technique that allows us to distinguish target
fluorescence, in our case the ROS-activated dye fluorescence, from autofluorescence or unreacted
dyes with single cell resolution. Moreover, fluorescence lifetime is independent of concentration
and inner filter effects, thereby providing a very reliable method to localize and discriminate the

ROS-activated fluorescent dye within the cell.

FLIM is often used to detect the cellular oxidative state through the measurement of NADH in
its free and bound form reflecting the intracellular redox ratio'*'®, but to our best knowledge,
FLIM has never used before to increase sensitivity and reliability of ROS detection using

commercially available dyes.

Here, we demonstrate for the first time the applicability of our FLIM-based ROS detection
method (FLIM-ROX). Using FLIM-ROX, we showed for paraformaldehyde fixed macrophages
as well as in live-cell imaging of HeLa cells (i) a reproducible detection of intracellular free radical
production through identification of the activated CellROX Green fluorescence lifetime signature

in a highly precise manner, and (ii) a reproducible dependence of activated CellROX Green



intensity on H>O» as well as on menadione concentration; the latter, as a naphthoquinone,

undergoes intracellular redox cycling to produce O>*~ '°.

Simulation of the binding of activated CellROX Green to DNA provides calibration curves that
are sensitive in the low concentration range of the oxidative stressor and were used to quantify
oxidative stress induced by gold nanoparticle uptake in macrophages. A high-throughput
quantification of hundreds to thousands of single cells yielded similar results. We demonstrated
the subsequent cellular adverse effect of low ROS levels by measuring morphological and
cytoskeleton (F-actin) changes, elevated senescence, and DNA damage in macrophages after gold
nanoparticle application. We also demonstrated the use of the FLIM-ROX method for detecting
disease-induced enhanced ROS levels in skin biopsies from a murine atopic dermatitis model,
paving the way to study and monitor enhanced ROS tissue levels, a potential trigger for controlled

released of drugs from nanocarriers?*-2!,

RESULTS AND DISCUSSION

Spectroscopic characterization and FLIM-ROX method development

CellROX Green operates in a two-step reaction, where the dye is first oxidized by ROS and after
activation binds to double-stranded deoxyribonucleic acid (dsDNA), becoming highly fluorescent
in the second step. Figure 1 A, B shows the molecular characterization of activated CellROX Green
when bound to dsDNA in solution in terms of excitation and emission spectra, and the fluorescence
decay curves. The fluorescence lifetime of dsDNA-bound CellROX Green as determined from the

fluorescence decay in Figure 1B is bi-exponential with 4 ns (96 % amplitude) and 0.1 ns (4 %



amplitude). The short lifetime component may be attributed to the reporter dye still in the

fluorescence quenched and reduced state.

The fluorescence lifetime curves were measured using time-correlated single photon counting
(TCSPC)?, a technique that requires low excitation intensities. Therefore, we used a TCSPC-based
FLIM approach to study ROS within the cells?>}. FLIM image data analysis was facilitated by our
cluster-based FLIM analysis tool that enhances image contrast due to the retrieval of fluorescence
lifetime information with unprecedented accuracy and without the need to fit the individual
lifetime curves pixelwise!>. A white-light supercontinuum laser system provides multicolor
picosecond excitation'®, allowing multiplexing for detecting different fluorophores such as
CellROX Green (Aex =488nm), DAPI (Aex =405nm), CellMask Deep Red (Aex =640nm), or Cy5.5-

labeled gold particles (Aex =640nm).

To develop the FLIM-based detection scheme of ROS we used the mouse macrophage cell line
J774A.1. External cell stress was induced by high concentrations of H202 (0.15%) before fixation
of the cells. Firstly, we compared the fluorescence localization of treated cells (Figure 1E) with
autofluorescence in control cells (Figure 11,J). The reliable localization of the activated DNA-
bound CellROX Green by its lifetime signature is a prerequisite for further quantitative ROS
studies. As shown by the magenta and red colored fluorescence decay curves of autofluorescence
and activated CellROX Green, respectively, in Figure 1C, the fluorescence lifetimes of
autofluorescence and activated CellROX Green clearly differed and can be discriminated by the

cluster-based analysis algorithm'

. Moreover, the average autofluorescence intensity was
generally low with about 15 counts and autofluorescence primarily occurred in the cytoplasm of

the macrophages (Figure 1 I-K). In contrast, Figure 1E and F shows the fluorescence lifetime based

localization of activated CellROX Green in the nucleus of cells. The nuclear localization of



activated CellROX Green is confirmed using the DNA-stain DAPI (Figure 1F and G). CellMask
Deep Red provides the outline of the macrophage cell morphology (Figure 1 G). The fluorescence
lifetime decay curves of the two dyes DAPI and CellMask are different from activated CellROX
Green bound to DNA and clearly separated from the cellular autofluorescence background

fluorescence lifetime (Figure 1C), thus allowing multiplexing?*.

FLIM-ROX in live-cell experiments

We next tested the application of the FLIM-ROX approach in live cell experiments. As CellROX
Green was shown to be sensitive to H>O> in macrophages (Figure 1) we went now a step further
and compared the sensitivity of CellROX Green to the two different exogeneous stressors H202
and menadione, the latter resulting in intracellular O2*~ generation. Thus, living HeLa cells were
investigated using increasing concentrations of H»>O> and menadione to establish a ROS

concentration dependence of the activated CellROX Green signal.

The recorded fluorescence intensity images and the corresponding FLIM images of three
different H>O> concentrations (0%, 0.01%, and 0.1% H20,) applied externally are presented in
Figure 2. The intensity based images in Figure 2A, C and E indicate an intensity increase as
function of increasing H>O» concentrations. Moreover, using the additional fluorescence lifetime
information obtained from FLIM, different populations of CellROX Green can be separated inside
of the cell after discrimination from the background fluorescence (Figure 2B, D, F). The green and
red colored areas correspond to different fluorescence decays of CellROX Green as obtained from
the cluster-based FLIM analysis, with red being the fluorescence lifetime curve of CellROX Green
bound to DNA in the nucleus and green the fluorescence lifetime curve of CellROX Green in the

cytoplasm (Figure 2G). The basal value of cellular ROS species at 0% H>O> is shown by the weak



activation of CellROX Green (Figure 2B), indicated by the red colored areas corresponding to

activated CellROX Green bound to DNA in the nucleus.

The weak intensities of CellROX Green that we found in the cytoplasm (Figure 2D and F, green
colored area) probably represent non-activated or only partially activated dyes as indicated by the
appearance of an additional fast fluorescence decay component (Figure 2G, green curve) compared
to the fully activated CellROX Green in the nucleus (Figure 2G, red curve). The fluorescence
intensity of the CellROX Green lifetime cluster in the nucleus (red colored) is far higher than the
green colored fluorescence lifetime cluster in the cytoplasm (Figure 2C-F). Moreover, a
continuous intensity increase of the activated CellROX Green FLIM cluster in the nucleus in
correlation to the different amounts of the extracellular stressor H>O> was observed (Figure 2H),

indicating a concentration dependent sensitivity of CellROX Green to H20-.

A mathematical description of the CellROX Green FLIM intensity as a function of the activator
concentration (i.e., the stressor H>O2) was established using a Michaelis-Menten-like equation (eq.
2)%. Due to the fact that the ROS-activated CellROX Green to become highly fluorescent must
bind to DNA, a saturation curve with increasing stressor concentration is expected and indeed seen
in Figure 21. The half-maximum stressor concentration is 0.016 £+ 0.006 % externally applied H>O-.
The highest sensitivity is in the low stressor concentration range, where the Michaelis-Menten-
like curve appears to be linear. Using this linear relation in the lower H2O> concentration range we
obtain an upper estimate for the basal H>Oz level in the HeLa cancer cell line between 50 and 270
uM H>0O3, although the real value might be much lower. Nevertheless, the clear-cut discrimination
and detection of the lifetime signature from the activated DNA-bound CellROX Green serves as a

highly sensitive read-out for ROS present in HeLa cells. Elevated values of internal H20:



concentrations are known for cancer cells in contrast to healthy cells. In Jurkat cells, another cancer

cell line, internal H,Ox concentrations of about 7 pM were reported?®.

Bearing the contradictory reported selectivities of CellROX Green for different ROS in mind?”
28 we further tested the sensitivity of CellROX Green towards menadione. In our live-cell FLIM
studies with HeLa cells we observed similar concentration dependent effects for H.O> and
menadione. Figure 2J shows the respective calibration curve with a half-maximum stressor
concentration of 9 + 2 uM menadione. Thus, our FLIM-ROX results show that in human cells
such as macrophages and HeLa cells the ROS reporter dye CellROX Green is sensitive to both

H>0; and superoxide in a quantitative fashion.

FLIM-ROX measurements of cellular stress induced by gold nanoparticles

As an application of FLIM-ROX in nanotoxicity we explored the possibility of detection on the
nanoparticle induced cellular stress response in macrophages. We used cationic gold nanoparticles
(AuNP) as a model system as there is very limited information for this type of metal-based

nanoparticles on cellular stress®.

First, we established a calibration curve with H>O,. Cells of the macrophage cell line J774A.1
were incubated with five different concentrations of hydrogen peroxide (0.01%, 0.025%, 0.15%,
0.3% and 0.6%) acting as an externally applied cellular stressor. The obtained FLIM images with
their corresponding bright field images are shown in Figure 3A. The time-resolved fluorescence
decays of CellROX Green in the cells show a homogeneous distribution with similar fluorescence
lifetimes inside the nucleus. Therefore, the intensity profiles of cells are recorded and the mean
intensities are calculated using 6 cells for each H2O2 concentration. The background-corrected

maximum intensity in the saturation limit of /max= 1230 £+ 50 counts can be deduced from the



calibration curve and the Michaelis-Menten-like fit (eq. 2) in Figure 3F. Maximum CellROX
Green intensity is thus far above the avarage autofluorescence with about 15 counts as determined
from control cells (Figure 1K). The concentration of H>O» to reach half saturation is c¢;,=0.17
0.07 %. Here, in fixed macrophages the half saturation value for H>O; is slightly higher than for

live HeLa cells (Figure 2I) indicating a cell type dependence.

Next, we used this calibration to investigate the level of oxidative stress in macrophages after
application of AuNP in a subtoxic dosage according to previous studies'. Cell viability
measurements indicated that the 25 nm AuNP are non-toxic to macrophages at 10 pg/ml (Figure
4E), having a relative cell viability of 96 % and not showing a significant difference compared to

the untreated control cells.

Figure 3 B and C shows the distribution of the AuNPs inside and outside of the cells after one
hour of incubation as bright field and FLIM image using the fluorescence of the Cy5 dye attached
to the nanoparticle surface. In the bright field image (Figure 3B) AuNPs outside of the cells appear
as black small clusters and are barely visible in the FLIM image probably due to clustering-induced
quenching. In the cytoplasm, the nanoparticles are almost homogeneously distributed (Figure 3C).
Flow cytometry experiments (Figure 3D) demonstrated similar uptake behavior. As these
measurements indicate, the entire cell population shows a higher mean fluorescence intensity
compared to the untreated cells after one hour exposure, with a fairly even distribution of the gold

nanoparticles in the complete cell population.

From the intensity-based FLIM-ROX image in Figure 3E an average value of the activated
DNA-bound CellROX Green signal was obtained from 6 individual cells. The calibration curve in

Figure 3F was then used to obtain the oxidative stress level induced by the gold nanoparticles. A
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value comparable to 0.06 +£ 0.01 % H20O> was determined, which is below the half-maximal

concentration of the calibration curve, i.e. in the lower linear range.

Comparison of AuNP induced cellular stress and biological adverse effects

Although the AuNP did not show cytotoxicity in the cell viability test, we observed a cellular
stress response upon uptake. To be sure that cytotoxicity was negligible, further tests were
performed (Figure 4E). All tested concentrations were not toxic to these cells as even the highest

concentration was about 80 % of cell viability.

Next, we studied biological adverse effects such as actin stress fiber formation, senescence
induction and DNA damage that may result from the subtoxic cellular oxidative stress response.
The gold nanoparticles had a visual effect on the actin stress fiber F-actin formation indicating a
change in cell movement proteins after 24 hours (Figure 4A-D). The particles themselves are
accumulated in the perinuclear area. Confocal laser scanning microscopy pictures have been taken
using J774A.1 and primary human macrophages for imaging. Note the formation of spikey and
compact actin structures upon AuNP internalization compared to the untreated control cells

(Figure 4 A and C vs B and D).

Similar to the F-actin results, cellular senescence as demonstrated by the increased B-galactase
activity (Figure 4F) as well as DNA damage detected by the Comet assay (Figure 4G) were

increased in macrophages upon AuNP treatment.

These finding together indicate slight irritations of cellular homeostasis both in mouse and in
human donor cells suggesting a higher impact for the evaluation of nanoparticles at low

concentrations when applied in nanomedicine.
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A statistical FLIM-ROX assay for high-throughput applications

For high-throughput applications, it is desirable to establish a quantitative assay for investigating
the cell stress of 100s to 1000s of cell at the same time. Here, we also extended the single cell
FLIM-ROX assay to these type of applications without sacrificing the single cell information. This
was realized using FLIM-ROX with a 4x objective. The measured field of view had a side length
of 1.5 mm, allowing to record about 500 cells per single measurement in the given setup. The

recorded fluorescence intensity and cluster-based FLIM-ROX images are presented in Figure 5.

In order to analyze the fluorescence intensity of an individual cell, it must first be localized. The
cells were identified by the center of the fluorescence intensity from the point spread function
(Figure 5A and B). To obtain the activated CellROX-Green intensities of the individual cells
(Figure 5C), a proper gaussian preprocessing threshold was applied. Then, a particle detection was
performed using a generalized likelihood ratio test. After obtaining the coordinates for each
intensity maximum of the cells, the intensity in a circle with the maximum in its center was
integrated. A doughnut shaped area around this circle (yellow) was used to exclude background
noise (Figure 5 C). The size of the first circle was chosen with a diameter of 3 pm to include all
the fluorescence intensity from the nuclei. The doughnut had an outer diameter of Sum. The
method is schematically shown for two H>2O> concentrations using a single fluorescence intensity
images of a selected cells as 3D image (Figure 5C). The integrated intensities for a given stressor
concentration were evaluated from the respective histograms using Gauss fitting as shown in
Figure 5D with three different H,O> concentrations. The corresponding calibration curve is
presented in Figure SE. A maximum intensity /nw= 2200 + 200 counts and half saturation c;.=
0.12 £ 0.04 % H202 was obtained from the fit with the Michaelis-Menten-like equation (eq.2).

This curve is almost similar to the calibration curve obtained from the single cell measurements
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shown in Figure 3F. The integrated FLIM-ROX intensity of the AuNP exposed cells is marked
(Figure 5E) and yields a similar result compared to the single cell measurements (0.06 £ 0.01 %
H>0, (Figure 3F)) with a value of 0.07 = 0.02 % H:0: , thus also validating the statistical single

cell based approach for high-throughput analysis.

Application of multiphoton FLIM-ROX to living tissue

The application of FLIM-ROX is not limited to cellular studies. As a further application of
FLIM-ROX, we quantified the ROS production in whole skin tissue, in particular in the stratum
corneum of diseased skin. The stratum corneum, the outermost layer of skin, may be altered in
several skin disease conditions like atopic dermatitis (AD). The stratum corneum consist of
corneocytes, terminally differentiated keratinocytes that are metabolically inactive. Corneocytes
are embedded in a lipid matrix consisting mainly of ceramides, free fatty acids and cholesterol.

Typical corneocyte structures can be seen in the confocal image in Figure 6A.

It is known that oxidative stress promotes inflammatory diseases of the skin as in the case of
AD’. Moreover, inflammatory cells release free radicals when activated, increasing the effect of
oxidative stress’. For testing oxidative stress in diseased skin we chose a murine animal model of
AD and quantified the ROS level in the stratum corneum. Figure 6 shows representative FLIM-
ROX images of CellROX Green treated skin biopsies of healthy murine skin (Figure 6C), UVB
irradiated murine skin (Figure 6B) serving as negative and positive control for the AD model
(Figure 6D), respectively. Red colored pixels are indicative for regions of high ROS levels. Pixel
of other colors are inactivated CellROX Green or autofluorescence as determined from the cluster-
based FLIM analysis and the respective fluorescence lifetime signature. Within the negative

control, red areas are limited to a few small cell compartments, the positive control is characterized
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predominantly by red areas, indicating increased oxidative stress due to extensive UVB irradiation
30 We further quantified ROS by cluster-based FLIM analysis using the corrected mean
fluorescence intensity of CellROX Green in the FLIM-ROX assay (Figure 6E). In healthy murine
skin, the addition of CellROX Green (“+CellROX”, without activation) increases the fluorescence
intensity by 36% with respect to the autofluorescence background (“-CellROX”). Activation with
UVB radiation (50 mJ/cm?) induces oxidative stress and yields a fluorescence increase of 263%.
While in AD murine skin autofluorescence background is reduced to a fraction (15%) of healthy
murine skin, the intensity immediately increases after addition of CellROX Green to 3560% over
baseline level, indicating significant ROS levels in the AD model skin compared to healthy murine
skin. Our multiphoton FLIM-ROX approach outperformed previously reported methods which are
solely intensity based*® by means of spatial resolution, selectivity and signal artefact reduction.
This allows for the precise assesment and monitoring of enhanced ROS levels in tissue. Enhanced
ROS levels can be utilized as triggers for controlled release of drugs from nanocarriers, thus the

FLIM-ROX data might prove useful in drug delivery.

CONCLUSION

Our studies demonstrate that a FLIM-based analysis of the CellROX Green signal to detect ROS
provides reliable and reproducible quantification of ROS generation in human cells upon
nanoparticle treatment and disease-induced ROS levels in inflamed murine skin using FLIM-ROX.
The combination of TCSPC-FLIM and our cluster-based analysis algorithm provides accurate
fluorescence lifetime signatures of the activated DNA-bound CellROX Green dye both in living
cells and tissue. These accurate assignments of the intracellular fluorescence to the activated ROS
reporter is a prerequisite for quantitative ROS level analysis. Using this single cell based approach

and CellROX Green as an examplary ROS reporter dye we showed that even lower levels of ROS
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generation by nanoparticles in the subcytotoxic range can affect cellular homeostasis. We further
demonstrate that CellROX Green selectivity for certain ROS may vary between different cell
types. In our experiments, CellROX green was sensitive towards externally applied H>O, and
menadione generating superoxide. Our single cell based FLIM-ROX approach was extended to
the analysis of many single cells in a statistical analysis making our FLIM-ROX technique also
useful for high-throughput measurements. The half saturation value of the calibrations curves
obtained from the single cell and from the statistical approach is the same within statistical
uncertainty, thus validating the high-throughput assay. Consequently, it is possible to scan samples
at a high rate with the benefit of high numbers of investigated cells using FLIM-ROX. Moreover,
we demonstrated that the FLIM-ROX method is applicable to tissue measurements when
combined with multiphoton excitation providing unprecedented imaging contrast through
autofluorescence separation from CellROX Green fluorescence localization combined with ROS

quantification.

Taken together our results underline the potential of fluorescence lifetime-based imaging for
cellular and tissue studies of oxidative stress using our FLIM-ROX approach that in addition
allows spectral multiplexing and molecular imaging. Applications are not limited to nanomaterial
induced oxidative stressed as shown by the monitoring of disease-induced stress levels in whole

tissue samples.
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METHODS

Materials

CellROX® Green, dsDNA, L-glutamin, CellMask™ Deep Red, SYBR® Green I, Alexa Fluor™
488 Phalloidin, RPMI, Glutamine, Calf-Serum, MCSF, SYBR Green, penicillin and streptomycin
were purchased by ThermoFisher Scientific (USA). AuNP labeled with Cy5.5 NHS-Ester are from
Nanopartz (US/Canada). PBS, H>O>, Menadione, NaOH, EDTA and DAPI were obtained by
Sigma Aldrich (Germany). CellView-dishes are from Greiner bio-one (Germany) and Willco-
dishes (GWSt-3522) from Willcowells (Netherlands). Fetal bovine serum (FBS) was purchased
by Biochrom (Germany) and low-glucose Dulbecco’s modified Eagle’s medium (DMEM) by

Lonza (Swiss). All other chemicals were of the highest purity available.

Steady state fluorescence spectroscopy

We measured fluorescence excitation and emission spectra with a Fluoromax-3 (Horiba Jobin
Yvon, Japan) using 3%X3 mm quartz cuvettes. The temperature was set to 20 °C. The excitation
spectrum is recorded at Aem=525 nm by changing the excition wavelength from A= 435 to 525
nm in 1 nm steps. For the emission spectrum the sample was excited at Aex=480 nm and the
fluorescence emission was recorded between Aem=500 and 750 nm with a spectral resolution of 1
nm. We activated CellROX Green by adding 15% H202 and 50 ng/ml dsDNA (salmon testiculis)

for 30 minutes.

Time-resolved fluorescence spectroscopy

We performed time-resolved fluorescence spectroscopy in a home-built time correlated single

photon counting (TCSPC) based cuvette apparatus as described previously!~*2. CellROX Green
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fluorescence was excited by a picosecond frequency-doubled diode-pumped Nd:YVOs mode-
locked titan:sapphire-laser (Millenia Vs, Tsunami, Frequency Doubler #3985, Spectra Physics,
USA) at 488 nm. A pulse selector (Pulse Selector #3980, Spectra Physics, USA) reduced the laser
repetition rate from 82 MHz to 4.05 MHz. The excitation power was adjusted to approximately
100-150 uW by neutral density filters. After passing a 515 nm long pass filter (OG 515, Schott,
Germany), fluorescence photons were detected by a micro channel plate photomultiplier tube
(MCP-PMT, model #R3809U, Hamamatsu, Japan). A TCSPC module (SPC-830, Becker & Hickl,
Germany) sorted the detected fluorescence photons into histograms of 1024 time bins with a width
of 19.7 ps. An instrument response function (IRF) was recorded using the scattering light of a
colloidal silica solution “LUDOX” (Grace, USA) without long pass filter. The recorded IRFs were
smaller than 40 ps full-width half-maximum (FWHM). We analyzed the recorded fluorescence
decay curves by using the program Global Unlimited V2.2 (Laboratory for Fluorescence
Dynamics, University of Illinois, USA). After the deconvolution of the fluorescence signal and the
IRF, the time-dependent decay profile was fitted to a sum of exponentials /(¢) by an iterative non-

linear least-squares analysis:

I =Xl ae™ % (eq. 1)

with n the total number of decay components; a; the amplitude and 7; the fluorescence lifetime

of the ith component.

Fluorescence lifetime image microscopy (FLIM)

Time-resolved fluorescence imaging was conducted in a home-built fluorescence lifetime

imaging microscopy (FLIM) setup which combines TCSPC and confocal laser scanning
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microscopy (CLSM)!* 33 A ps-pulsed super continuum laser source (NKT SuperK Extreme EXU-
3, NKT Photonics, Denmark) generated a white light spectrum with a pulse repetition rate of 19.5
MHz. To excite CellROX Green exclusively, a narrow (3.6 nm) spectral band at 488 nm was cut
out of the white light spectrum by an acousto-optical tunable filter (AOTF, UV-VIS Select, NKT
Photonics, Denmark). The excitation laser beam was focused by an objective (4x air or 60x water,
RMS4X or UPSLAPO60XW, Olympus, Japan) and scanned over the sample located on an
inverted microscope (IX71, Olympus) by a DCS-120 scanning unit (Becker&Hickl, Germany).
For live-cell applications, a temperature controlled specimen holder was installed and adjusted to
37°C. Fluorescence emission is selected by a band pass filter 525/50 nm (BrightLine HC, Semrock,
USA) and detected by a hybrid PMT detector (HPM-100-40, Becker & Hickl, Germany). For co-
localization of CellROX Green and Cy5.5-labelled gold nanoparticle (AuNP), we selected a
spectral band at 640 nm (7 nm width) for C5.5 excitation, in addition to the 488 nm band and used
a second detector. The fluorescence emission was spectrally separated using a dichroid mirror at
570 nm (Becker & Hickl, Germnay) and filtered by a 525/50 nm bandpass (BrightLine HC,
Semrock, USA) and a second bandpass 708/80 nm (BrightLine HC, Semrock, USA) located in
front of the second hybrid detector (HPM-100-40, Becker & Hickl, Germany). The instrument
response function (IRF) of the setup has a FWHM of 120 ps. The collected photons are sorted into
1024 time channels with a bin width of 19.5 ps by a TCSPC module (SPC-160, Becker & Hickl,
Germany). For co-localization of the fluorescence of CellROX Green, the cells additional stained
with DAPI and CellMask Deep Red are excited at 640 nm and 405 nm respectively. To collect the
fluorescence of DAPI a long pass filter 435 nm (BrightLine HC, Semrock, USA) and for CellMask

Deep Red a long pass filter 665 nm (Chroma, USA) are used.
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Raw FLIM data were analyzed using self-written routines in C++. Fluorescence decay traces of
the individual pixels are partitioned into classes (i.e. clusters) using a multivariate pattern
recognition method. False-color images are generated by assigning a distinct color to all pixels
containing a fluorescence decay curve that belonged to a certain cluster (e.g. different fluorescence

decay species of CellROX Green, indicating activation and autofluorescence of cells).

Multiphoton FLIM

Multiphoton FLIM was conducted in a home-built setup. For multiphoton excitation we used a
mode-locked pulsed femtosecond titan:sapphire-laser (Mira 900, Coherent, USA). The
titan:sapphire-laser was pumped by a continuous wave semiconductor laser (Verdi V5, Coherent,
USA) at 532 nm. The titan:sapphire-laser system produces laser pulses shorter than 200 fs at 800
nm with a repetition rate of 76 MHz. An objective (60x water, UPSLAPO60XW, Olympus, Japan)
focuses and a scanning unit (DCS-120, Becker & Hickl, Germany) scans the excitation laser beam
over the sample placed on an inverted microscope (IX-73, Olympus, Japan). Fluorescence
emission was separated from excitation light by a dichroic mirror (H 643 LPXR superflat, AHF,
Germany) and a short pass filter (SP745 BrightLine HC, Semrock, USA). CellROX Green
fluorescence was distinguished from the fluorescence of other fluorophores by a band pass filter
(525/50 BrightLine HC, Semrock, USA). Fluorescence photons were collected in non-descanned
detection (NDD) mode by a hybrid detector (HPM-100-40, B&H, Germany). The instrument
response function (IRF) of the setup is 120 ps (FWHM). The collected photons are sorted into
1024 time channels with a bin width of 19.5 ps by a TCSPC module (SPC-150, Becker & Hickl,
Germany). The same cluster-based FLIM analysis as for one photon FLIM was applied for
multiphoton FLIM. FLIM images of UVB irradiated and non-irradiated murine skin samples after

CellROX Green application were measured for 10 min. The mean FLIM-ROX intensities in Figure
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6D are based on the intensities of pixels belonging to the red colored FLIM signature assigned to

areas of activated CellROX Green.

FLIM-ROX method

CellROX® Green (ThermoFischer, USA) is a cell membrane permeable reagent. After oxidation
CellROX Green shows a high binding affinity towards dsDNA, which leads to an enrichment of
the reagent in the cell nucleus upon activation. The fluorescence excitation maximum of activated
CellROX Green is located at Aex = 485 nm and the fluorescence emission maximum at Aem = 520
nm. The stock solution of 2.5 mM CellROX Green was stabilized in dimethyl sulfoxide (DMSO)
and diluted in phosphate buffer saline (PBS) at pH 7.4 to concentration of 5 uM. The diluted

sample was stored in the dark at 4°C prior to all measurements.

Before fixated and living cells were investigated by FLIM, they were incubated with 5 uM
CellROX Green at 37°C for 30 min in CellView dishes (Greiner bio-one). After incubation, we
washed the cells three times with PBS and subsequently started FLIM measurements. A single
FLIM image was recorded for 10 minutes. Raw FLIM data were analyzed by our cluster-based
FLIM analysis (see above) and thereby activated CellROX Green was separated from inactive
CellROX Green and autofluorescence. For the data analysis of our single cell assay we used the
averaged peak intensities of up to 6 cells to determine calibration curves of cellular stress by H202
and menadione. For the calibration the concentration of H>O: in the CellView dish was varied from
0.000003 % to 0.6 % and the concentration of menadione from 0 to 100 uM and measured the
incubated cells by FLIM. After the FLIM analysis, we fitted the resulting concentration dependent

CellROX Green intensities by a Michaelis-Menten-like equation®
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_ Cactivator
I=lpoxy——————— (eq.2)
C1/2tCactivator

with Imax being the maximal intensity, cacrivaror the concentration of H>O» or menadione and ¢,z
the half-maximum activator concentration. The calibration curves are used for the comparison of
the cellular stress level of an investigated oxidative stress inducer with the reference oxidative

stress-inducing agents H>O> or menadione.

For the high throughput, i.e. the measurement of a large number of cells, the FLIM-ROX assay,
the FLIM setup was used with a 4x objective (Olympus), thereby increasing the cell number in the
field of view (FOV) to up to 500 cells per single FLIM measurement. All experimental conditions
were the same as above except the measurement time, which was reduced to 180 s. Each cell in
the FOV was localized and the intensity in the nucleus was integrated. To identify single cells in
the ensemble, we used a general likelihood approach. This approach is part of the particle finding
algorithm localizer (IgorPro, Wavemetrics, USA). After obtaining the coordinates for each
intensity maximum of the cell nucleus, the intensity in a circle with the maximum in its center is
integrated by a self-written Python program. The radius of 3 pm is chosen in accordance to the
cellular intensity distribution. A doughnut shaped area (diameter 5 pm) around this circle excludes
the background noise and ensure only the intensity of the nucleus is evaluated. The calculated
integrated intensity of each cell is sorted in a histogram. The obtained statistical intensity
distribution from about 500 cells per image shows a normal distribution for each concentration.
The expectation values were obtained by Gaussian fitting of the distributions and used for
quantification of the cellular stress. Again, calibration curves of H>O> and menadione were

recorded and subsequently fitted with equation 2.
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FLIM-ROX with live-cell FLIM of HelLa cells

HeLa cells were obtained (#ACCS57, Leibnitz Institute DSMZ - German Collection of
Microorganisms and Cell Cultures) and were cultivated in RPMI 1640 medium with L-glutamin
(supplemented with 10% (v/v) fetal bovine serum (FBS) Superior, Biochrom), 1% non-essential
amino acids and 1% penicillin/streptomycin at 37 °C and 5% CO.. Prior to experiments, HelLa
cells were seeded in CellView-dishes (Greiner bio-one) at a concentration of 10° per sample. On
the same day the samples were incubated in PBS with different H>O> concentrations for one hour
at 37° C and 5% Coz. The medium was exchanged with PBS and 5 pM CellROX Green and
incubated for 30 minutes. After incubation the cells were washed with PBS and measured using

the described FLIM-ROX method.

Cell culture of mouse macrophages and human macrophages

Macrophage mouse cell line J774A.1 cells (Sigma Aldrich, Germany) were grown in low-
glucose Dulbecco’s modified Eagle’s medium (DMEM, Lonza) supplemented with 10 % fetal
bovine serum (FBS), 1% glutamine and 1 % streptomycin. For cultivation the cells were kept at

37° C and an atmosphere with 5 % COa.

Primary human macrophages were generated from peripheral blood mononuclear cells
(PBMCs), isolated from the buffy-coats (NycoPrep 1.077) of anonymous healthy volunteers with
permission (Deutsches Rotes Kreuz, Berlin, Germany). After three washing steps using Ca®*/Mg**
free phosphate buffered saline (2 mM EDTA), monocytes were separated from the PBMCs using
CD14" MicroBeads (clone HI149; Miltenyi Biotech) and magnetic cell separation according to the
manufacturer’s instructions. Subsequently, monocytes were cultured in complete growth media

(RPMI-1640 supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin
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10% heat-inactivated fetal calf serum and 20 ng/ml MCSF). After six days, mature macrophages
were obtained as confirmed by the expression of the cell surface markers CD11b, CD14, CD206
and absence of CD1a (flow cytometric analysis, FACSCalibur, (Becton Dickinson, Heidelberg,
Germany). For the Cytoskeleton studies, the cells were also stained with Atto-Phalloidin 594 (160
mM) and DAPI (25 ng/ml) for 30 minutes. Imaging for this study was performed on a CLSM

(Leica SP8, Germany) and analyzed by Leica Application Suite X software.

Preparation of fixed Macrophage cells with CellROX Green and AuNP for FLIM-ROX

774A.1 cells were seeded in 35 mm glass bottom CellView-dishes (Greiner Bio One) with a
density of 1-10° cells per compartment. After 24 hours the cells were exposed to the desired H>O;
concentration for 30 minutes. 10 uM CellRox® Green in PBS was used to replace the cell medium
for 30 minutes. Cells were then washed with PBS and fixed in 4% paraformaldehyde for 20
minutes. Cells were mounted with Pro Taqs® Mount Fluor (Biocyc, Luckenwalde, Germany) and
kept at 4°C in the dark until the measurements were conducted. For further localization of the
fluorescence collected, the cells are stained with 2.5 pg/ml DAPI and 2.5 pg/ml CellMask Deep

Red and cells were peameabilised with 0.1% Triton(TM) X-100 for 5 minutes.

For gold nanoparticles (AuNP) induced ROS quantification J774A.1 cells were treated with 10
pg/ml of gold nanoparticles for 1 hour in DMEM prior to washing with PBS. Spherical gold
nanoparticles (diameter 25 nm) enveloped by an amine coating and covalently bound Cy5.5 NHS-
Ester (Lumiprobe, USA) with an absorption maximum at Aex = 673 nm an emission at Aem = 707
nm have been purchased by Nanopartz (Loveland, US/Canada). A concentration of 10 uM
CellRox Green in PBS was used to replace the cell medium for another 30 minutes. Cells were

then washed and fixed in 4% paraformaldehyde for 20 minutes. Cells were mounted with Pro
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Taqs® Mount Fluor and kept at 4°C in the dark until the measurements were conducted. The FLIM
images based on the distribution of fluorescence lifetimes of CellROX Green in macrophages (cell
line J77AA.1, fixated) stressed by different extracellular concentrations of H2O2 (0.015%, 0.025%,

0.15%, 0.3% and 0.6%) and spherical AuNP were analyzed using the FLIM-ROX method.

Gold particle uptake experiments and cellular effects

25.000J774A.1 cells per well in a 24 well plate were treated with 10 ug/ml of gold nanoparticles
for 1 hour in DMEM prior to washing with PBS. Washed cells were scraped off and centrifuged 4
minutes at 140 g. The pellet was resuspended in 100 pl PBS and kept on ice until measurement in
a BD Accuri™ C6 flow cytometer (Becton Dickinson, Heidelberg, Germany). The mean
fluorescence intensity of three independent experiments was then averaged. The data was analyzed

using the FlowJo® 10 software (LLC).

For the cell viability measurements using the CCK-8 test the macrophages were incubated for
24 hours with three different nanoparticle concentrations ranging from 1, 10 and 50 pg/ml in three
independent experiments. As a cutoff value, the ISO 10993-5-2009 standard value of 70 % relative
cell viability was used to differentiate toxic and non-toxic concentrations. 1 % of SDS as a positive

control was used to validate the assay.

For the cytoskeleton studies, the cells were stained with Alexa Fluor™ 594 Phalloidin and DAPI
for 30 minutes. Imaging for this study was performed on a cLSM (Leica SP8, Germany) and

analyzed by Leica Application Suite X software.

For SA-B-galactosidase activity assay the J774A.1 cells were seeded in a 96-well plate at a

density 0of 2.000 cells per well and allowed to attach overnight. Gold nanoparticles and doxorubicin
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as a positive control were applied to fresh cell culture medium at concentrations of 10 pg/ml and
500 nM, respectively. The assay was performed according to the manual of the assay kit CBA-231
(Cell Biolabs, USA). In short, cells were washed, lysed and the lysate was treated with x-gal.
Fluorescence was measured at 360 nm/465 nm. The incubation times for this test were 24 hours

and 48 hours.

The alkaline comet assay was performed according to the Trevigen Single Cell Gel
Electrophoresis Assay protocol (Trevigen®, Gaithersburg, USA), by seeding 5x10* cells/well in
a 24 well plate. After attachment overnight, the cells were exposed to gold nanoparticles. After 24
hours, the cells were harvested, washed with PBS and resuspended with preheated (37 °C) 1%
low-melting agarose. The solution was spread over a glass slide and allowed to solidify for 15
minutes. Afterwards, cells were lysed for one hour at 4 °C using the kits lysis buffer. The slides
were then immersed in a gel electrophoresis tank containing cold electrophoresis buffer (200 mM
NaOH, 1 mM Na;EDTA, pH = 13) for one hour at 4 °C in the dark. Electrophoresis was conducted
for 60 min at 4 °C, 300 mA and 0.96 V/cm. The slides were washed twice with deionized water,
once with 70 % ethanol and air-dried at 37 °C for 15 min. The DNA was stained using SYBR®
Green I Nucleic Acid Stain at a 1:10.000 dilution. At least 100 cells per slide and 3 slides per
treatment were examined using an AxioVertl fluorescence microscope (Zeiss, Jena, Germany)

and Zen software (Zeiss). DNA damage was expressed as the tail moment.

Sample preparation and measurement condition for multiphoton FLIM-ROX

Ex vivo murine skin was originated from an experiment approved by the State Office of Health
and Social Affairs, Berlin, Germany (LaGeSo; G 0038/15). The AD model was induced via

repeated topical hapten applications with oxazolone (OX, Sigma-Aldrich, USA) in six- to eight-
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weeks-old, male, hairless SKH-1 mice (Charles River, Germany) as described before** with minor
modifications. Briefly, mice were sensitized (day 0) with 5% oxazolone on a 3 cm x 1.5 cm area
only of the right flank, followed by five repeated challenges every other day starting one week
after sensitization (days 7, 9, 11, 13 and 15 ) with 0.1% OX. The healthy contralateral flank

remained untreated.

Immediately after sacrification of the mice on day 17 tissues of the inflamed (AD model) right
and the contralateral healthy flanks were collected as punch biopsies with a diameter of § mm. The
skin was then placed on cell culture insets for 12 well plates (0.4 pm pore size, Corning, USA),
humidified and left at room temperature for approximately two hours. Subsequently, the tissue
samples were suspended in 500 ml DMEM-F12/DMEM-Glutamaxx (containing: 50 ml fetal
bovine serum, 5 ml penicillin/streptomycin and phenolred) and placed in an incubator at 37°C

(CO2=5%).

For multiphoton FLIM-ROX (mpFLIM-ROX) assay, skin samples were cut with the cell culture
inset laid top down onto a Willco-dish (GWSt-3522, Willcowells) and humidified by filter paper
soaked with PBS. For incubation with CellROX Green, the sample was incubated in 500 pl PBS
(100 uM CellROX Green) for 15 minutes. Before measuring by mpFLIM, the sample was rinsed
with PBS. Positive control samples were UVB-irradiated in a UVB chamber (BIO-LINK
crosslinker, Vilber Lourmat) with a dose of 50 mJ/cm?at 312 nm using five 8W lamps (BLX-312,

Vilber Lourmat).
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Figure 1. Characterization and cellular localization of activated (i.e., oxidated) CellROX Green
bound to dsDNA. (A) Normalized excitation and emission spectra. (B) Fluorescence decay curve
of oxidated CellROX Green bound to dsDNA in solution. (C) Fluorescence decay curves with
color coding according to the FLIM images of J77AA.1 cells shown (E-G) and (J). (D-G) Bright
field image and FLIM images of (E) CellROX Green, (F) DAPI, and merged FLIM image of DAPI
and CellROX Green with additional CellMask Deep Red staining (G). (H-J) Autofluorescence
characterization of fixed J77AA.1 cells as shown as (H) bright field image, (I) intensity image,

and (J) FLIM image. (K) Average maximal autofluorescence intensities in J77AA.1 cells.
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Figure 2. Live-cell FLIM-ROX measurements using HeLa cells show a difference in CellROX

Green lifetime between nucleus and cytoplasm. (A-F) Intensity and FLIM-ROX images at

different H>O; concentrations. False color coding of FLIM-clusters in (B, D and F) according to

the different fluorescence lifetime signatures of CellROX Green in the cytoplasm and the nucleus

as shown in (G). (H) CellROX Green intensity inside the cell nucleus at varying H>O»

concentrations. (I) H>O; calibration curve and (J) menadione calibration curve of the FLIM-ROX

signal with a Michaelis-Menten-like fit curve (eq. 2).
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Figure 3. Single cell FLIM-ROX measurements of gold nanoparticle (AuNP) stress response in
macrophages. AuNP diameter: 25 nm. (A) Bright field and CellROX Green FLIM intensity images
of fixated J77AA.1 cells. Images of J77AA.1 cells with Cy5.5 labeled-AuNP as (B) bright field,
(C) Cy5.5 FLIM image. (D) Results from flow cytometry measurements. (E) FLIM-ROX intensity
image. (F) H2O; calibration curve of the CellROX Green FLIM-ROX signal with a Michaelis-
Menten-like fit curve (eq. 2). The FLIM-ROX signal intensity of AuNP induced ROS is marked

with an arrow.
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Figure 4. Adverse effects of gold nanoparticles (AuNP) at subcytotoxic concentrations. (A) and
(C) F-Actin staining in untreated J774A.1 cells and primary human macrophages, respectively.
(B) and (D) cells treated with AuNP, the arrows point towards F-actin condensation. (E) Cell
viability measurement using CCK-8. (F) Senescence-associated B-Gal activity measurement. (G)

Comet assay for the detection of DNA damage. All tests were performed after 24 hours.
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Figure 5. Statistical FLIM-ROX approach for high-through put and fast evaluation of a high
number of cells. (A) Using a lower magnification with a field of view diameter of 1.5 mm. (B)
Single cells are identified. (C) 3D schematic of the red and yellow circle used to discriminate the
activated CellROX Green signal against background. Yellow circle for background exclusion. Red
circle for inclusion of fluorescence intensity from CellROX Green in the nucleus. (D) The obtained
and binned integrated single cell CellROX Green intensities are shown together with a Gaussian
fit for three H>O> concentrations. (E) The expectation values from the Gauss fit in (D) are plotted
as a function of the stressor concentration yielding the calibration curve with a Michaelis-Menten-
like fit curve (eq. 2). The FLIM-ROX signal intensity of AuNP induced ROS is marked with an

arrow.
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Figure 6. Quantification of ROS levels by multiphoton FLIM-ROX in healthy and atopic
dermatitis (AD) model skin. (A-D) Stratum corneum (skin depth: 5 um) of healthy murine skin
after 15 min incubation with CellROX Green and UVB irradiation (as positive control) with (A)
intensity based image and (B) FLIM-ROX image, color-coded according to the cluster-based
FLIM analysis. Red colored areas indicate the fluorescence lifetime signature of activated
CellROX Green, and thus high ROS levels. (C) FLIM-ROX image of healthy murine skin with
CellROX Green and without irradiation (as negative control). (D) FLIM-ROX image of AD model

skin with CellROX Green. (E) Mean FLIM-ROX intensities in healthy and AD-like murine skin.
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4 Conclusions and Outlook

The goals of this work were the development of new cationic carrier systems that
are able to transport sensitive nucleic acid cargo into cells while at the same time de-
creasing their adverse effects. This was realized with the use of PG as the polymeric
backbone of the carrier systems and a cleavable linker that enables the particles biodeg-

radability in the cytosol and also a release of the cargo material.

The first project was a systematic approach to find a best candidate in the frame of
hyperbranched polyglycerol nanocarriers by tweaking both the size and the hydroxyl-
to-amino ratio on the particle surface. The particles were tested for their performance
to transfect plasmid DNA in vitro. Among several candidates, PG with a size of 14 kDa
and 90 % of amine surface groups and PG 200 kDa with 30 % amine groups were the
most promising candidates. These findings are in accord with those of Zeng et al., where
14 kDa particles worked best with 50 % amines and 55 kDa particles worked best with
35 % amines for siRNA delivery. The best candidate with similar transfection efficacies
as PEl, 200 kDa HPG and 30 % amines, were further studied to elaborate their exact
mechanism of toxicity. Compared to 25 kDa branched PEI (bPEl), the cell viability was
less affected. Additional tests revealed no evidence for apoptosis but a slight membrane

disruption which was more prominent in PEl than in the HPG.

In the second project, micelles based on lipoic acid and PG were combined with a
redox sensitive disulfide crosslinker for the delivery of siRNA. All biocompatible building
blocks were selected so that there will be no toxicity upon particle degradation and four
different structure were generated. Acceptable cell viabilities (> 70 %) were observed
for all but one construct up to an N/P ratio of 120. One of the three candidates showed
comparable transfection efficacy to the commercial control Lipofectamine® but was still
lower. Two other approaches featured the efficacy of different PG polymer structures
for transfection: hyperbranched PG with an amine shell and a PG nanogel with small 600
Da PEI units. Both these systems incorporated a pH sensitive cleavable linker. The HPG
carriers contained a cleavable linker (50 % cleaved after 12 hours) and a fast-cleavable
variety of that (50 % cleaved after 4 hours). The cell viability of the non-degradable car-
rier and the two degradable ones was comparable and the cleavable one also showed
similar transfection efficacy. However, the fast-cleavable carriers showed a decreased
performance, indicating that the degradation process needs to be delayed for efficient

transfection. The other benzacetal-linker system was a crosslinked nanogel comprising
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linear PG and small linear PElI molecules. This system was able to physically encapsulate
siRNA during the synthesis process and showed a transfection efficacy similar to that of
25 kDa bPEI. Also, the cell viability was higher, especially at higher concentrations and a
subsequent test using red blood cells showed high biocompatibility with biological mem-
branes, whereas PEl showed a visible disruptive effect. The nanogel approach also elim-
inated the need for complexation of nucleic acids and the carrier system prior to appli-
cation, making them more feasible in practical use. This feature and the increased bio-

compatibility makes these system promising candidates for further in vivo tests.

Another project focused on the sensitive detection of reactive oxygen species upon
nanoparticle exposure. For this, fluorescence lifetime imaging microscopy (FLIM) was
utilized because it increased the sensitivity of the commercial CellROX Green® dye. Cal-
ibration curves proved the high functionality of the method in fixed and live cells. Fur-
ther studies on ex vivo skin tissue demonstrated the methods applicability for more com-
plex systems. Also, to consolidate the picture that the ROS generation by model particles
made of bioinert gold with an amine shell, other biological studies were performed.
These studies revealed induction of cellular senescence and genotoxic effect at subtoxic
concentrations as determined by cell viability studies. The results confirm the overall
picture of cationic nanoparticle induced adverse effects on cells and legitimate this FLIM

method for further routine application for toxicological tests.

For the future, these polycationic nanoparticle delivery system will be further ex-
plored for their in vitro and in vivo application of nucleic acid delivery, or gene delivery,
and the delivery of other drugs. The challenge of outperforming viral carrier systems or
decreasing the adverse effects completely have not yet been entirely accomplished. Fur-
ther work will be done on the nanogels due to their flexible size range and the ability to
encapsulate a great variety of different cargoes. Also, the interactions of nanoparticles
and cells regarding adverse effects needs to be further elucidated. As a sensitive method
for the detection of ROS was established in the last project using FLIM, further effort can
be taken to eliminate subtoxic oxidative stress and possibly outperform current drug

delivery systems.
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5 Kurzzusammenfassung

Das Ziel dieser Arbeit bestand aus der Entwicklung kationischer Nanopartikel-Tra-
gersysteme, die in der Lage sind, sensible Gast-Molekiile wie Nukleinsduren in Zellen zu
transportieren und gleichzeitig ihre adversen Effekte zu reduzieren. Realisiert wurde das
durch die Verwendung von Polyglycerin als Polymergrundlage des Tragersystems und
spaltbarer, Stimuli-responsiver Querverbindungen. Diese ermoglichten die Bioabbau-
barkeit der Partikel im Zytosol und den Lysosomen und die Freisetzung der Gastmole-

kile.

Das erste Projekt bestand aus einer systematischen Herangehensweise, um das
beste Konstrukt eines hochverzweigten, Polyglycerin-basierten Nanotragers zu finden.
Hierzu wurden sowohl die GroRe als auch das Verhaltnis von Hydroxyl- zu Aminogrup-
pen auf der Partikeloberflache moduliert. Anschliefen wurden die Partikel auf ihr Fahig-
keit getestet, in vitro Plasmid DNA in Zellen zu transfizieren. Unter mehreren Kandidaten
stellten sich PG mit einer Gro8e von 14 kDa mit 90 % Aminogruppen und 200 kDa mit 30
% Aminogruppen als die besten heraus. Damit konnten die Ergebnisse von Zeng et al
bestatigt werden, wonach 14 kDa Partikel mit 50 % Aminogruppen und 55 kDa partikel
mit 35 % Aminogruppen am besten fiir die Transfektion von siRNA geeignet waren.[*>2
Der beste Kandidat mit einer vergleichbaren Transfektionseffizienz wie PEI, 200 kDa HPG
mit 30 % Aminogruppen, wurde des Weiteren auf die Mechanismen der Toxizitat ge-
prift. Im Vergleich zu 25 kDa bPEI (bPEIl) war die Zellviabilitat allgemein weniger beein-
trachtigt. Zusatzliche Tests zeigten keine Anzeichen von Apoptose-Induktion, aber eine
leichte Stérung der Membranintegritdt, wobei der Effekt durch PEI deutlicher ausge-

pragt war.

Im zweiten Projekt wurden Liponsdure und PG mit einer redox-sensitiven Verkniip-
fung kombiniert, um siRNA zu transfizieren. Alle Grundbausteine wurden so gewahlt,
dass bei einer Spaltung keine toxischen Abbauprodukte freigesetzt werden und vier ver-
schiedene Konstrukte untersucht. Fiir drei von vier Konstrukte wurde eine akzeptable
Zellviabilitat festgestellt, bis zu einem N/P-Verhaltnis von 120. Einer der drei Kandidaten
zeigte eine Transfektioneffizienz, die mit der kommerziell erhiltlichen Kontrolle Lipo-
fectamine ® vergleichbar war, wenn auch etwas niedriger. Zwei andere Herangehens-
weisen befassten sich mit der Effizienz anderer PG Polymerkonstrukte fiir Transfektio-
nen: hochverzweigtes PG mit einer Amin-Schale und ein PG-Nanogel mit kleinen 600 Da
PEI Einheiten. Beide Systeme beinhalten eine pH-sensitiven Querverbindung. Die HPG
Trager wurden mit einer spaltbaren Queverbindung und einer schnell-spaltbaren Vari-

ante davon ausgestattet, wobei 50 % der Trager nach 12 Stunden bzw. 4 Stunden
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gespalten wurden. Die Zellviabilitat des Tragers ohne spaltbare Querverbindung und
dieser beiden Konstrukte waren sehr dhnlich, aber nur das spaltbare zeigte eine ver-
gleichbare Transfektionseffizienz zu dem nicht-spaltbaren. Die schnell-spaltbare Vari-
ante allerdings zeigte eine schlechtere Performance, was darauf hindeutet, dass der
Spaltungsvorgang fir eine effiziente Transfektion langsamer von statten gehen muss.
Das andere pH-sensitive, Benzazetal-verknlipfte System bestand aus Nanogelen beste-
hend aus PG und kleinen, linearen PEI Einheiten. In diesem System konnte siRNA wah-
rend der Synthese physikalisch eingekapselt werden. Die Transfektioneffizienz dieses
Konstrukts war vergleichbar, wenn auch niedriger, mit der von 25 kDa bPEI. Andererseits
war die Zellviabilitdt hoher, vor allem bei hohen Konzentrationen. Ein zusatzlicher Test
an roten Blutzellen demonstrierte eine hohe Biokompatibilitat gegeniber biologischen
Membranen, wahrend PEI einen deutlichen schadlichen Effekt zeigte. Der Nanogel-An-
satz als Trager-System eliminiert auBerdem die Notwendigkeit flr eine Komplexierung
von Nukleinsauren vor der Anwendung, da diese bereits verkapselt sind. Das macht sie
in der Anwendung vergleichsweise praktikabel. Insgesamt machen die Vorteile der er-
hohten Biokompatibilitdt und der Einfachheit der Anwendung dieses System zu einem

vielversprechenden Kandidaten fiir spatere in vivo Versuche.

Ein anderes Projekt war auf die sensitive Detektion von reaktiven Sauerstoffspezies-
fokussiert, welche bei Kontakt mit Nanopartikeln freigesetzt werden kdnnen. Dafir
wurde der Farbstoff CellROX Green ® in Kombination mit Fluorescence Lifetime Imaging
Microscopy (FLIM) verwendet, um dessen Sensitivitdt zu erhéhen. Durch Kalibrations-
kurven konnte die Funktionalitdt der Methode sowohl in fixierten als auch in lebenden
Zellen gezeigt werden. Des Weiteren konnte die Anwendbarkeit der Methode fiir kom-
plexere biologische Systeme anhand von ex vivo Versuchen demonstriert werden. Um
das Gesamtbild um den gemessen oxidativen Stress zu vervollstandigen, wurden Mo-
dell-Partikel aus Gold mit einer Amin-Schale verwendet und weitere biologische Unter-
suchungen durchgefiihrt. Dazu wurden Zellviabilitatsstudien durchgefiihrt und subtoxi-
sche Konzentrationen verwendet. Diese demonstrierten neben den der Generierung
von ROS auch die Induktion von zelluldrer Seneszenz und einen genotoxischen Effekt.
Die Ergebnisse bestatigten das allgemeine Gesamtbild der adversen Effekte von kationi-
schen Nanopartikeln auf Zellen und legitimierten damit diese neue FLIM-Methode und
deren moglichen Einsatz in Routine-Kontrollen im Zusammenhang mit medizinischen

Anwendungen.

Fiir die Zukunft werden diese vielversprechenden kationischen Nanopartikel-Trager-
systeme weiter erforscht, sowohl fir die Anwendung mit Nukleinsauren als auch ande-
ren Arzneistoffen und das sowohl in vitro als auch in vivo. Die Herausforderung, virale

Vektorsysteme zu Ubertreffen oder die adversen Effekte komplett zu eliminieren, ist
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noch nicht gemeistert. Weitere Arbeit sollte in die Nanogel-Systeme gesteckt werden,
da diese durch ihre flexible GroRe und der Moglichkeit zur Einkapselung verschiedenster
Arzneimittel ein besonders groRen Potential haben. Zusatzlich sollten die Interaktionen
zwischen kationischen Nanopartikeln und Zellen sowie die adversen Effekte weiter auf-
geklart werden. Da mit dieser Arbeit eine sensitive Methode fiir die Messung von ROS
mittels FLIM-Technologie etabliert wurde, sollte diese genutzt werden, um die adversen
Effekte bei toxischen und subtoxischen Konzentrationen weiter zu eliminieren. Auf
lange Sicht kdnnte das eine aussagekraftige Methode sein, aktuelle Tragersysteme wei-

ter zu untersuchen und zu verbessern.
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7.2 Abbreviations

B-HNE ...ttt et e e e e e e e sebabaeeeeeeessesesbsbaeeeeeeessenanes 4-hydroxynonenal
ADME ..o Absorption, Distribution, Metabolism, Excretion
o] o4 =1 ISR SOPURTT branched polythyleneimine
CIMIE .ttt e e st e e e e s e e aareaes Clathrin mediated endocytosis
CVUME s Caveolin-mediated endocytosis
DS .. ittt e e e e s e e e e e e et e e e e e e e e enarrrareeas Drug Delivery System
(o 12 TR UPUPRRRPN dendritic polyglycerol
EFSA e European Food Safety Authority
FLIM Lottt Fluorescence Lifetime Imaging Microscopy
G H e s e e e e s rr e e Glutathione
HPG et e e e e s hyperbranched polyglycerol
[ 2 OO PP UPPPPPP linear polyglycerol
MIRNA L e s e s e e e s s s nee s micro RNA
IVIPS ettt e e e mononuclear phagocyte system
N A e e e e s e e s e s e e e s Nucleic Acid
NADPH. ...coiiiititieiee et Nicotinamide adenine dinucleotide phosphate
N P ettt e e e st e e e e e e s et ee e e e e e e e et bbaaeeeeeeee s nbaraas Nanoparticle
PBAE ...ttt e e s e s st e e e e nanaeeee s poly(B-amino ester)
o] = C PP OTRPPPPP Polyethleneglycol
o = PP PP RRTPPPPPP Polyethyleneimine
o I PO PTPP RPN Polyglycerol

PIVIL0 cettrreeeee ettt eecirnreee e e e e particulate matter with a size below 10 um
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P25ttt particulate matter with a size below 2.5 um
RES ettt e e e s et e e e e e e e s aaes Reticuloendothelial system
RISC ettt RNA-Induced Silencing Complex
RN S et e e e Reactive nitrogen species
RO ettt e e e e e e Reactive oxygen species
SIRIN A et e e e e e e s e e e e e e ean small interfering RNA

SOD ittt e e st e e e e e e e ataaaeaeeeas Superoxide dismutase



