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Abstract

Chemotherapy could be greatly improved if drug carriers could deliver the chemother-
apeutic agents specifically to the cancer cells. SINTEF Materials and Chem-
istry have developed a novel, multimodal polymeric nanoparticle platform which is
promising for drug delivery and other medical applications. In this thesis, nanopar-
ticles made of biodegradable poly(butyl cyanoacrylate) were used to investigate
intracellular localization of the nanoparticles. In addition, the effect of drug encap-
sulated in the nanoparticles was evaluated. PC3 cells and HeLa cells were used.

Confocal laser scanning microscopy was used to study colocalization between
the nanoparticles and lysosomes. Lysosomes were stained with CellLight@®) Lysosomes-
GFP, while the nanoparticles were loaded with the fluorescent dye NR668. Very few
nanoparticles were taken up by PC3 cells, but most of them was found to colocalize
with lysosomes. The results from these experiments strengthens the hypothesize
of endocytotic uptake of the nanoparticles.

AlamarBlue®) cell viability assay was used to study the impact of encapsulated
drug on cell proliferation, while flow cytometry was used to assess the impact of en-
capsulated drug on the cell cycle distribution. Drug encapsulated in nanoparticles
was found to work very similar to free drug. This indicates that the nanoparticles
or the released drug are able to escape the lysosomes. In addition it proves that
the encapsulation process does not alter this drug in such a way that it becomes

ineffective.
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Sammendrag

Kjemoterapi kan forbedres betydelig hvis nanopartikler kan brukes til a levere cel-
legift direkte til kreftceller. SINTEF Materialer og Kjemi har utviklet en ny type,
multimodale nanopartikler, som er lovende for dette og andre medisinske app-
likasjoner. I denne oppgave er nanopartikler laget av biodegraderbar poly(butyl
cyanoakrylate) brukt til studere den intracelluleere lokalisasjonen av slike nanopar-
tikler. I tillegg er effekten av cellegift innkapslet i nanopartikler forsket pa. PC3
celler og HeLa celler ble brukt i forsgkene.

Konfokalmikroskopi ble brukt til a lete etter kolokalisasjon mellom nanopar-
tiklene og lysosomer. Lysosomene ble farget med CellLight@®) Lysosomes-GFP og
nanopartiklene inneholdt fargestoffet NR668. Veldig lite opptak av nanopartikler
ble observert i cellene, men de fa som ble tatt opp var kolokalisert med lysosomer
i nesten alle tilfellene. Resultatet fra disse eksperimentene styrker teorien, som er
at disse pariklene blir tatt opp ved endocytose.

AlamarBlue®) ble brukt til a studere innvirkningen av cellegift innkapslet i
nanopartikler pa celleoverlevelse. Flow cytometri ble brukt til a etterforske in-
nvirkningen av innkapslet cellegift pa cellesyklusen. Det ble funnet at cellegift
innkapslet i nanopartikler virket veldig likt som fritt cellegift. Det beviser at

innkapslingprosessen ikke gdelegger denne cellegiftens egenskaper.
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Chapter 1

Introduction

Cancer is one of the leading causes of death worldwide, accounting for 8.2 million
deaths in 2012. Despite having more knowledge about health and lifestyle choices
that can reduce the risk of cancer, WHO expects about a 70 % increase in new cases
over the next two decades [102]. Since its discovery there have been remarkable
advances in modern medical sciences, but cancer remains a disease that is difficult
to treat. Today’s treatment is also known to have severe unwanted side effects.
Cancer is a collective term used for cells having an unusual rapid growth, that can

invade nearby tissue or form so called metastases.

Current treatment strategies involves chemotherapy, radiation, surgery, im-
munotherapy or a combination of these. While surgery is effective against solid
tumors that have not spread to other tissues or organs, it is not always possible to
carry out and there will always be a certain risk of complications. Both chemother-
apy and radiation therapy lack specificity towards the cancer tissue and damage
to healthy cells is inevitable. In all instances there is continuous improvement.
The introduction of robot-assisted surgery have improved the precision in surgery
and decreased the invasiveness. Proton therapy, which has become increasingly
popular the last decade is known to give a more precisely localized dose compared
to traditional radiation therapy. Although immunotherapy is the newest arrival in

the fight against cancer, it already show great potential.

A goal in chemotherapy has been to develop personalized and tailored drugs.
The idea is more than a hundred years old and Paul Ehrlich, by many known as the

founder of chemotherapy, postulated the creation of what he called ”magic bullets”
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in the early 20th century [88]. Today the term "magic bullet” has been replaced
by nanoparticle, but the idea of a compound being able to selectively target a
disease-causing organism is still the same.

SINTEF Materials and Chemistry have developed such a novel drug delivery
system based on biodegradable polymeric nanoparticles (PNPs). They are syn-
thesized through a one-step miniemulsion polymerization process where surface
functionalities, drugs, contrast agents and other functionalities are fairly easy to
incorporate [62]. Scientists at the Department of Physics at NTNU have been
studying these PNPs for some years know and in collaboration with SINTEF the
particles are continuously being optimized.

So far much effort have been put into investigating the degradation and stability,
the uptake and the cytoxicity of the particles both in vitro and in vivo [8] [84] [10T]
[89]. These particles have either been empty or loaded with a fluorescent probe to
be able to track the particles. While there is still more knowledge to gather from
studying such particles, the team felt confident to start working on particles loaded

with real drug.

1.0.1 Project motivation

This master thesis had two purposes:

e Continue to study the intracellular fate of PNPs by staining organelles in
the endocytotic machinery and look for colocalization with the particles. If

colocalization was found, the degradation should be assessed.

e Investigate the cytoxicity of the chemotherapeutic agent, cabazitaxel, encap-

sulated in PNPs by looking at cell proliferation.



Chapter 2

Theory

2.1 Drug delivery

One of the most common cancer treatments is chemotherapy. This treatment in-
volves the use of drugs to defeat a tumor or stop its growth. Traditional chemother-
apeutic agents are cytotoxic, which means that they cause cell death to the cells
they infiltrate. The biggest obstacle in using this treatment is that the agents in-
filtrate the healthy cells as well as the cancer cells. The fact that healthy cells are
dying have a lot of unwanted side-effects.

One approach to optimize this treatment is the use of some carrier to deliver
the drugs more efficiently to the cancer cells. The idea is to encapsulate the drug
in some kind of capsule or particle. This capsule or particle must meet certain
criteria to work as a drug delivery carrier: It needs to be biodegradable so it does
not accumulate in the body. It needs to be biocompatible, which means no negative
reactions when placed in the body. It have to be stable enough to reach the desired
target before it is degraded. And it should be selective so it targets only the desired
cells, or at least is seen in much higher concentrations in the desired cells compared

to other cells.

2.1.1 Opsonization - first barrier for drug delivery

Most drug delivery carriers are foreign objects to our body and are attacked by
the mononuclear phagocytic system (MPS) once they are administered into the

bloodstream. The first step of the MPS is the binding of opsonin proteins to the
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carrier surface. After the opsonization, a phagocyte attach to the carrier before it
ingests it [69]. Since the initial opsonization is critical for the phagocyte recognition,
much research have been conducted on avoiding or stop this step of the clearance

process. This have resulted in stealth carriers and are described more in section

224

2.1.2 Tumor tissue

As previously stated, one of the main difficulties with chemotherapy is for drug to
distinguish between healthy cells and cancer cells. However, tumor tissue has some
characteristics that easily separates it from normal tissue. Most of the character-
istics originate from the fact that cancer cells have such a rapid growth. Rapid
growth requires high throughput of oxygen and nutrients. Therefore cancer cells
secrete pro-angiogenic factors to surrounding tissue, resulting in growth of new
blood vessels that connect the tumor to the body’s vascular system[63]. Because
of the rapid growth, blood vessels found in tumor tissue are abnormal. They often
have an irregular diameter and an abnormal branching pattern [54]. As normal
vessels, they consist of endothelial cells and pericytes, but the endothelial cells do
not form a normal monolayer. The gap between endothelial cells in healthy vessels
are typically 5-10nm, while for vessels in cancerous tissue the gap can be as much

as 2 pm [33]. This leads to fluid being able to leak out of the vessels.

A lot of research has been conducted on the lymphatic system in tumors to
figure out how cancer spread to other locations. It has been found that intratumoral
lymphatic vessels are very rare [70]. The cancer cells secrete pro-lymphangiogenic
factors, but high mechanical forces generated by growing cancer cells makes the

lymphatic vessels collapse.

Elevated interstitial fluid pressure (IFP) is a consequence of the architectural
abnormalities described and are common in almost all solid tumors [31]. It forms a
barrier for the transport of therapeutic agents from the blood vessels to the tumor
which results in inefficient treatment. Increased IFP is also linked to lymph node
metastasis [79]. Many types of treatments have shown to decrease this pressure by
fixing the vascular system or altering the extracellular matrix in the tumors [31].
Increased IFP is also believed to be one of the main reasons for nutrient deprivation

and hypoxia, which is common in tumors [79].
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Figure 2.1: Schematic representation of the EPR-effect. Poor monolayer of the
endothelial cells and impaired lymphatic drainage give rise to this phenomenon.

Mlustration adapted from [45]

2.1.3 The EPR effect - extravasation

Every tumor is different, so the properties described in the previous section are
more prominent in some tumors than others. Regardless, the leaky vessels and
poor lymphatic function give rise to the enhanced permeability and retention effect
(EPR-effect). The EPR-effect is the most described and most promising property
for the selective targeting of nanoparticles (NPs) to tumor sites [2].

The targeting effect is achieved as the NPs remain in the bloodstream where
the blood vessels are normal, but would extravasate through the leaky vessels at
the tumor site as shown in figure[2.1] The properties of the NPs that influence the

EPR-effect include size, charge and surface characteristics.

2.1.4 NP characteristics

To overcome the physiological barriers and benefit from the EPR~effect described in

the last sections, some general properties of the NP complex need to be investigated:

Size

Small particles (<10 nm) are efficiently removed from the blood stream by
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the MPS [97] and this is usually also true for particles larger than 200 nm.
Therefore, it is generally accepted that the optimal diameter for nanoparticle
drug carriers is between 10 and 200 nm, but stealth techniques and altering
other properties of the nanoparticles might influence this. Another consid-
eration is the pore size, or the "cutoft” size, of the blood vessels, indicated
in figure As previously stated, the pore size can be as high as 2 um,
but the truth is that it is highly dependent on the different tumors and the

microenvironment they are surrounded by [33].

Charge
Particles with highly charged surfaces are also removed efficiently from the
circulation by MPS and the liver. The glomerular filtration in the kidneys are
negatively charged and absorb positively charged molecules, but the cutoff
size for filterable molecules is about 6-8 nm [6][I8]. On the other hand, the
extravasation across the blood vessels and in the tumors are increased for

positively charged macromolecules [19].

Polarity
Hydrophobic molecules are associated with serum proteins and are recognized
and metabolised by the liver [6]. Therefore, the nanoparticles should have a

hydrophilic surface. This is often accomplished by pegylation as described in
section 2.2.4

2.2 Nanoparticles

2.2.1 Nanoparticles and medicine

The definition of a nanoparticle is a subject of controversy as some scientists em-
phasize on the size of the particles while other focus more on their properties.
Either way, the term is used quite broadly these days and in this thesis all par-
ticles with a diameter in the nano-scale range (1-1000 nm) will be referred to as
nanoparticles.

Particles in this size range are promising for many applications in medicine,
because they can interact with cellular entities at their natural scale. In addition
they have a high surface to mass ratio and it is usually quite easy to introduce

new properties, or alter already existing properties. The research in this field have
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Figure 2.2: Timeline of developed NPs, which have been approved for human use

or are undergoing clinical trials. Adapted from [40]

introduced a lot of different types of nanoparticles, where several distinct ones are
presented in figure

Nanoparticles have many uses in medicine and show promise in both diagnostic
techniques and therapeutic techniques. Examples of therapy application in addition

to drug delivery are:

e Nanotube and gold nanoparticle complexes accumulation in tumors and the
use of infrared light to incinerate the cancer cells [104] [51]

e NPs that reduce bleeding in trauma patients by activating the blood clotting

mechanism [35]

e Buckyballs (spherical nanoparticles containing 60 carbon atoms) being able
to trap free radicals generated during an allergic reaction and block inflam-

mation [7].

Biosensing and imaging are also hot topics for nanoparticle research. Quantum
dots are used for optical imaging, and superparamagnetic iron oxide nanoparticles
are used as contrast agents in MRI [34]. Nanoparticles can be inherently contrast
agents or carriers of different contrast agents. Multimodality is a popular term
regarding the future development of nanoparticles. The intention is to incorpo-

rate several functionalities in a single particle. Research is also done in combining
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nanoparticles, microbubbles and ultrasound for simultaneous diagnostics and en-
hanced therapeutic effect [62].

2.2.2 Poly (alkyl cyanoacrylate) nanoparticles

In the experimental work of this thesis, poly butylcyanoacrylate (PBCA) have
been used. They are a subgroup of poly alkylcyanoacrylate (PACA). The idea of
using PACA NPs as drug carriers emerged in the 1980s due to their size, structure,
degradability, and drug sorptive properties [17]. The field of polymer nanoparticles
(PNP) is quickly expanding and is thought to be useful in many different areas like
electronics, photonics, pollution control, medicine and so on [25]. The number of
publications cited on PNPs in an online database went from around 1500 in 2000
to more than 20000 in 2010, which tells us that this area of research is increasingly

popular [76].

2.2.3 Synthesis of PNPs

Several methods are developed and successfully utilized to prepare PNPs. These
methods can be separated in two main branches: 1) Prepare PNPs by dispers-
ing preformed polymers and 2) Produce PNPs through the polymerization of
monomers. An overview of these methods is given in figure 2.3}

The nanoparticles used in the experimental work of this thesis were made using
the miniemulsion polymerization technique. When making particles with a hy-
drophobic core, a monomer of low water solubility, co-stabilizer, and the substance
being encapsulated are mixed together in the oil-phase. The water-phase contains
a surfactant and is usually acidic to have a surplus of protons. An initiator is
usually also present and can be in both phases depending on its properties. The
two phases are mixed and high shear forces are applied using a sonifier or a me-
chanical homogenizer, as shown in figure 2.4 Table [2:1] lists some advantages and
disadvantages of this technique.

The most important substances in the miniemulsion technique are presented in

the next four sections.
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Figure 2.3: Overview of the different methods for preparing PNPs. Illustration
adapted from [76]
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Figure 2.4: Schematic representation of miniemulsion polymerization process. Fig-
ure from Yrr Mgrch, SINTEF Materials and Chemistry
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Table 2.1:

miniemulsion technique. Adapted from [I0T].

Pros and cons when preparing polymeric nanoparticles using the

Advantages

Disadvantages

e One-step and low cost process

e Easy up-scaling to industrial scale
e Compatible with a wide range of
polymers

e High loading with active sub-
stance, possible to encapsulate sev-
eral substances in one step

e No need for further modification
steps to add surface functionaliza-

tion

e High shear forces necessary
e Residual surfactant, monomer
and/or stabilizer in the final prod-
uct

e Unwanted chemical reactions be-
tween active substance and monomer
may occur before or during polymer-
ization

e Lack of control of molecular weight

and polydispersity of the polymer
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Figure 2.5: The chemical structure of butylcyanoacrylate.

Monomer

BCA (see figure is the monomer in the particles used in the experimental
work of this thesis. It is highly reactive to anions so in order to avoid premature
polymerization, the emulsion has to be prepared in an acidic environment. The
chain growth of BCA is illustrated in figure

Initiator

A nucleophile, a molecule that donates an electron pair, initiates the anionic poly-
merization reaction. Many different nucleophiles can be used (like NaOH) and
compounds with an amine group. Since BCA polymerizes easily, surfactants and
PEG-chains can be used as initiators if they contain a reactive group and they are
then added in the water-phase. A radical initiator in the oil-phase can also be used.
To prevent premature polymerization it has to be non-reactive until it is triggered
by heat.

Surfactant

The surfactant is a critical part in any emulsion polymerization. Its main role
is to stabilize the emulsion by having a hydrophobic part inside the particle and
a hydrophilic part protruding out, lowering the surface tension. One common
surfactant is sodium dodecyl sulfate (SDS), see figure
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Figure 2.6: Polymerization of butyl cyanoacrylate: 1) An initiator with a free
electron reacts with the CHy group. The central carbon atom that lost its double
bond will then have a free electron. 2) The free electron in the central carbon atom
can then react with the CHy group on another BCA monomer. 3) This reaction

happens over and over and the end result is PBCA nanoparticles.
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Figure 2.7: Chemical structure of SDS. It has a 12-carbon tail and a sulfate group,

giving it the amphiphilic properties needed to be a surfactant.

Co-stabilizer

Molecules on the surface of PNPs are more unstable than the ones in the inte-
rior. This can cause the molecules to detach from the surface and stick to other
nanoparticles. This phenomenon is called Ostwald ripening and causes larger par-
ticles to grow further in the expense of the smaller ones. It can also be explained
by the fact that larger nanoparticles have lower surface area to volume ratio, thus
being more energy favourable [91]. To prevent Ostwald ripening, a co-stabilizer is
usually added in the oil-phase. By being very hydrophobic, the energy required for
a molecule to detach from the surface increases to a point where it is very unlikely
[59].

2.2.4 PEGylation

The human body is excellent at removing foreign objects. This is a problem, since a
long circulation time is required for drug delivery processes. NPs without any kind
of stealth strategy is removed from the blood circulation within minutes or at most
a few hours by the mononuclear phagocyte system (MPS) [60]. Some strategies
have been studied to work around this problem such as dextran conjugation [44],
dendrimers [87], poly(ethylene oxide) [74], but PEGylation have shown to be most
promising. PEGylation is the process of attaching polyethylene glycol (PEG) poly-
mer chains to molecules. In addition to lengthen the circulation time, PEGylation
may affect other properties of NPs, like uptake in cells and stability in different
solutions.

There are three main properties of the PEG that impacts the circulation time
of NPs: 1) the structure of PEG chains attached, 2) the number of PEG chains
attached to the polypeptide and 3) the chemistry used to attach the PEG to the
NPs [78]:
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Figure 2.8: Illustration of a) the mushroom and b) the brush configuration of the
PEG layer. Adapted from [3§]

1. The basic structure of PEG is a linear or branched polyether with hydroxyl

groups attached to each end:
HO - (CH2CH;0),, - CH,CH, - OH,

where n describes the length of the chain and is a crucial property of the
PEG. The length is not easy to measure, so molecular weight (MW) is often
used instead. Longer chains create greater steric hindrance, resulting in less
recognition by macrophages and therefore lengthen the circulation time. The
downside of long PEG chains is inhibition of cellular uptake and reduced
active targeting properties [73]. Research indicates that a minimum MW of

2000 Da is required to achieve stealth characteristics [69].

2. The PEG layer is often described as being in the ”brush” or the "mushroom”
configuration, see figure The mushroom arrangement appears when the
PEG density is low, which results in the chains being closer to the surface.
This increases the range of motion of each chain which increases the steric
repulsion [86], but it may allow opsonin proteins to slip through the gaps
and bind to the NP surface followed by excretion of the NP. With high PEG
density, the chains extend from the surface and this is called the brush con-
figuration. In this configuration there are no gaps in the PEG layer, but the
mobility of the chains is very limited resulting in a decrease in steric repul-
sion. It is believed that the optimal PEG density is somewhere in between

the mushroom and brush configurations [65].

3. Attaching the PEG to the surface of a PNP can be done both covalently and
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Figure 2.9: Chemical structure of Jeffamine M-2070 and BRIJ 35, showing the

polar and non-polar parts.

noncovalently. In the miniemulsion polymerization technique, the PEG can
act as an initiator and simultaneously be grafted to the particle [62]. Jeffamin
M-2070 (see figure is an example of such a PEG. The amin group on the
hydrophobic part of the molecule initializes the polymerization and stays
covalently attached to the PNP. An example of a PEG that is noncovalently
attached to the PNP is BRIJ 35 (see figure . Because of its long aliphatic

tail it attaches to the oil water interphase by hydrophobic interactions.

2.3 Cellular uptake of PNPs

There are different ways molecules and substances are transported through the
plasma membrane of the cell. We can divide the mechanisms into passive movement
across the membrane, which means that it does not consume energy, or active
movement where the cell use energy to transport the substance. Small ions and
molecules can enter through diffusion while some larger ones needs transmembrane
protein channels to get through. Diffusion is always passive movement, while the
use of tranmembrane protein channels can be both active and passive movement
[30].

It is believed that nanoparticles can not pass through the cell membrane through
diffusion or transmembrane protein channels due to their size. The last mecha-
nism is the endocytosis. Endocytosis is the mechanism cells use to absorb larger
molecules by engulfing them. Some of the best understood endocytic pathways are
clathrin-mediated endocytosis (CME), caveolin mediated endocytosis, macropinocy-
tosis and phagocytosis. Phagocytosis is not going to be described, since it mainly
involves particles with a diameter of 2-3 um. Although these are the primary ones,
there are good evidence of other pathways [2I]. Some molecules enter the cells

exclusively through one pathway, but most can enter through several pathways.
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An overview of some pathways can be seen in figure [2.10

2.3.1 Internalization
Clathrin-mediated endocytosis

This is probably the best understood endocytosis. In CME, a ligand binds to a
receptor on the cell surface and trigger a cascade of events[s6]. First, the recep-
tor attracts adaptor proteins (AP-2), before clathrin is recruited by the adapter
protein. This leads to an invagination of the plasma membrane and with the help
of the budding protein dynamin, it pinches off and forms a vesicle inside the cell.
This vesicle now contains the ligand that was bound to its receptor and is coated

with clathrin. The last steps are to uncoat the vesicle and recycle the receptors.

Endocytosis via Caveolae

Caveolae are rounded invaginations in the plasma membrane, typically 50-80 nm in
diameter [72]. The endocytotic process is thought to start with the ligand binding
to its receptor on the plasma membrane. After this initial step, the ligand diffuse
laterally across the membrane until its trapped in caveolae. Then actin monomers
are attracted to the caveolae and an actin patch is formed. As with CME, dynamin
mediate the release of the vesicle from the membrane. Since caveolae is typically
50-80 nm one would think that this would also be the size limit the particle be-
ing internalized by this process. However, studies show that for particles with a
diameter < 200 nm CME was involved, but with increasing particle size caveolae-
mediated internalization became apparent. For particles of wit a diameter > 500

nm , endocytosis via caveolae became dominant [77].

Macropinocytosis

Some areas of the plasma membrane are highly ruffled. In these areas, the mem-
brane can fold over to create vesicles. This uptake mechanism is not selective,
meaning that one has not found any receptors which stimulates this process [90].
However, some proteins are heavily implicated in macropinocytosis like the kinase
PAK1, PI3K, RAS and SRC [21].
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Figure 2.10: Tlustration of clathrin-dependent, caveolin-dependent and clathrin-
and caveolin-independent internalization of cargo. After internalization, the vesicle
can fuse with other vesicles and become early endosomes. The cargo can then be
recycled back to the surface or into other compartments like lysosomes. Throughout

all these steps the cargo can also leak directly into cytosol. Illustration adapted

from [55].
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2.3.2 Intracellular trafficking

When a substance is internalized through endocytosis, the vesicle is thought to
fuse with early endosomes. The early endosomes then mature to late endosomes
(also known as MVB) before fusing with lysosomes, as shown in figure 52].
The different compartments are distinguished by Rab GTPases and by the time it

takes for endocytosed material to reach them [85].

Early endosomes

The primary function of early endosomes is sorting of the cargo. Receptors and
membrane lipids are recycled back to the plasma membrane via recycling endo-
somes, while the internalized content proceeds to late endosomes [57]. Early endo-
somes are slightly acidic (pH 5.9-6.0) [41]. They represent a dynamic network of
vesicles distributed throughout the cytoplasm. Their half-lives are cell and envi-

ronment dependent, but a half-life of 5-10 minutes are normal [53].

Late endosomes

In the early endosomes, molecules are sorted into smaller vesicles that bud from
the membrane and ends up in the lumen of the endosomes. This leads to the
multivescular appearance of the late endosomes [29]. Late endosomes accumulate
and increase the concentration of the internalized material. The pH is further

decreased to around 5 [57] in order to break down its content.

Lysosomes

Late endosomes fuse with lysosomes, which can be described as the digestive system
of the cell. They serve as the final destination for macromolecules before they are
degraded. The lysosomes contain about 50 different acid hydrolase enzymes that

are respounsible for breaking down most substances [16].

2.3.3 Other outcomes for internalized substances

So far the pathway that leads endocytosed material to degradation in the lysosomes
are described, but this pathway is not exclusive. The internalized material can
escape this pathway [96], it can be transported to the trans-Golgi network or it can

be brought back to the plasma membrane [27].
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Figure 2.11: Two degradation mechanisms of nanospheres: A) bulk erosion, B)

surface erosion [20]

2.4 Degradation of nanoparticles

Understanding the mechanisms for degradation are important to be able to control
the rate of release of therapeutic agents. PACA NPs are so-called nanospheres
where the therapeutic agents are dispersed throughout the polymeric matrix in
contrast to nanocapsules where they are encapsulate in the core of the particles [28].
Two approaches to describe degradation are through bioerosion and the chemistry

behind degradation.

2.4.1 Bioerosion

There are two forms of bioerosion of a nanosphere; surface erosion and bulk erosion,
see figure [2.11

These mechanisms are not exclusive and a combination of these is often seen
[05]. The favoured mechanism depends on the size, degradation rate, density of
polymer and the diffusion of water into the particle. Surface erosion happens when
the rate of degradation exceeds the rate of water permeation into the bulk of the
particle[95]. In PACA NPs the water permeation rate is slow and the degradation

occurs mainly by surface erosion [94].

2.4.2 Chemistry behind degradation

PACA particles could be degraded through several chemical processes, as seen in

figure 2.12]
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Figure 2.12: Different degradation possibilities for PACA particles. (a) hydrol-
ysis of ester, resulting in poly(cyanoacrylic acid) and an alkylalcohol, (b) de-
polymerization followed by rapid re-polymerization, (c) inverse Knoevenagel re-
action, (d) formaldehyde produced by hydrolysis of the a-hydroxyl function of the
polymer chains. Illustration adopted from [§].
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Wade and Leonard suggested in 1972 a degradation pathway involving ester-
hydrolysis [98]. The reaction is initiated by a nucleophile (water or hydroxyl ion)
attacking the carbon of the ester-group. This results in the water-soluble poly(2-
cyanoacrylic acid) and a primary alcohol (butanol for PBCA). Esterases, enzymes

that split esters, are found to catalyse the reaction.

Another pathway was suggested by Ryan and McCann in 1996 [81]. It involves
the unzipping de-polymerization, accompanied by rapid polymerization of the poly-
mer chain. The final polymer has lower molecular weight. The actual process is

yet to be identified, probably since it happens so fast.

A third pathway was found back in 1966 by Leonard et al. [46]. They found that
PACA degraded by hydrolytic scission of the polymer chain, also known as inverse
Knoevenagel condensation. The end products in such a reaction are formaldehyde

and alkyl cyanoacetate.

A fourth possibility for PACA degradation is the hydrolysis of the a-hydroxyl

in the polymer chain.

The degradation pathway will vary depending on the conditions and surround-
ings. In a study it was found that PBCA particles had degraded 10 % after 30
days in pH 4, 70% after 30 days in pH 5.5 and 37 % after just 3.5 hours in pH 7.4
[8]. In cell medium the particles degraded slightly slower than in the pH 7.4 buffer.

2.5 Chemotherapeutic agents

At the beginning of the 20th century, scientists were able to transplant tumor mod-
els into animals which was a breakthrough in the development of chemotherapeutic
agents (CA). Since then, a wide range of CAs have been developed. To understand
how they work and why some can benefit from a PNP drug delivery system it is

useful to know their properties and how they interact with our bodies and the cells.

2.5.1 Life cycle of a cell

Both normal cells and cancerous cells have to divide in order to replenish dead cells
in the tissue they are part of. The cell division happens trough a series of events,

called the cell cycle. It consists of four phases, as shown in figure [2.13
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Figure 2.13: The four main phases of the cell cycle. Tllustration adopted from [3].

G

G is the first phase in the cell cycle. During Gy, the cells grow in size, form new
organelles and synthesise more proteins. The time cells spend in G; varies a lot,
from a few hours to years. If the extracellular conditions are unfavourable, cells
may also enter a specialized resting state known as Gy. Some cells might stay in
Gy for the rest of their lifetime if they are fully differentiated or they have damaged
DNA. When the extracellular conditions are favourable and signals to grow and
divide are present, cells progress through a commitment point near the end of Gy
and starts to replicate the DNA [3].

S

In S-phase, cells duplicate their DNA. During synthesis, complex interactions be-
tween signalling and repair proteins act to prevent the process from going awry
[5]. If something is wrong the cell is arrested until the problem is fixed. S-phase
usually lasts for 8 hours, but it depends on the amount of DNA[I6].

G

The gap between DNA synthesis and mitosis are called Go. During this phase, the
cell continue to grow and ensures that it is ready to enter mitosis and divide. The

phase usually lasts about 4 hours[I6].
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M

The itosis (M) phase is when the cell divides and form two identical daughter cells.
The cell stops its growth and focus the energy on the orderly division. M-phase

lasts about an hour [16].

2.5.2 Taxanes

In 1971, the first taxane, Paclitaxel, was identified. Because of limited supply,
the development was considerable delayed and it was first approved by the FDA
for the treatment of ovarian cancer in 1992. Other well-known taxanes includes
nab-paclitaxel and docetaxel. Docetaxel was approved as treatment for metastatic

castration-resistant prostate cancer by the FDA in 2004[24].

Taxanes disrupt the microtubule function in the cells they infiltrate. Micro-
tubules are tubular polymers of tubulin and are important in a number of cellular
processes during the cell cycle. They play a particularly important role in mitosis
and cell division where they build and then disassembles a specialized microtubule
structure whose function is to separate the chromosome, figure [2.14] [50]. Taxanes
interfere with the normal functions of microtubules by stabilizing them and thereby
causes mitotic arrest [80]. In time this leads to cell death, but the actual apoptosis
pathway are not fully understood and probably involves many different caspases
and tumor proteins like p53 and p21 [37] [100].

2.5.3 Cabazitaxel

The taxane used in the experimental work of this thesis was Cabazitaxel. It was
developed to treat castration-resistant prostate cancer in pasients that had devel-
oped resistance to docetaxel-based chemotherapy and was approved by the FDA
in 2010 [I]. The mechanism of action is similar to that of its taxane predecessors,
but some changes in the molecular structure (see figure reduces its affinity
for the P-glycoprotein efflux pump compared to docetaxel [66]. P-glycoprotein is
an ATP-dependent efflux pump that pumps foreign substances out of cells. It is
one of the main mechanism of docetaxel and other drug resistance in cells [99].

Cabazitaxel is lipophilic and insoluble in water [IJ.
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Figure 2.14: Several types of microtubules are active during mitosis. Illustration

adopted from [67].

Paclitaxel Docetaxel (201,5p,7B,10B,131x)-4-acetoxy-13-{{(2R,35)-3
R'=Ph R'=Bu'0 [(tertbutoxycarbonyl) aminol-2-hydroxy-3-

Rz =Ac Rj =H phenylpropanoyljoxy)-1-hydroxy-7,10-dimethoxy-
R=H R=H 9-0x0-5,20-epoxytax-11-en-2-yl benzoate-

propan-2-one(1:1); C;sHs;NO,,+C;H:0; M, = 894.01

Figure 2.15: A comparison of the molecular structure of Paclitaxel, Docetaxel and
Cabazitaxel. At the side chain, Cabazitaxel have replaced the hydroxyl groups of
Docetaxel with methyl groups. Illustration adopted from [G6].
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2.5.4 Taxane formulations

Taxanes are inherently poorly soluble in water, therefore they can not be injected
to patients in their pure form. Cremophor EL and polysorbate 80 have been the
standard solvent system for taxanes, but negative side-effects including acute hy-
persensitivity reactions and peripheral neuropathy have been associated with these
drugs [64]. This, in addition to the demand for targeted drug delivery in general,

have lead the way to new formulations like Nab-paclitaxel, DJ-927, Larotaxel and

PNPs [32] [03).

2.6 Experimental techniques

To interpret the results of the experimental work in this thesis it is crucial to
have an understanding of the experimental techniques. These are explained in the

following sections.

2.6.1 Fluorescence

Most experimental techniques used in this work make use of a property of some
molecules called fluorescence. Fluorescence occurs when a substance emits light
after having absorbed light or other electromagnetic radiation. The light emitted
have longer wavelength, which means less energy due to loss of energy inside the
substance. This is called stokes shift and is illustrated in figure Fluorescence
is a popular tool in biological research since you can image living organisms. In
addition, fluorescent probes can be made to measure or image all sorts of biological

events.

Excited State —‘

\. Lowest Singlet Excited State
Absorption /\/\/\/\_’
Fluorescence
Ground State _‘ .

Figure 2.16: Energy level diagram of a molecule. The arrow between the orange
and red dot indicates the stokes shift.
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2.6.2 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is a very popular technique for imag-
ing and analysing biological samples due to its high resolution, limited invasion of
the sample and relatively easy sample preparation. The advantage of the CLSM
compared to the traditional fluorescent microscope is the ability to block photons
that are out of focus by the pinhole seen in figure The pinhole is located in
front of the detector and blocks photons originated from above or below the focal
plane of the objective. Since it only detects photons from a limited area each time,
the laser has to be scanned across the area you want an image from. The resolution
depends on multiple parameters like the wavelength of the incident light, the char-
acteristics of the objective, the settings of the scanning unit and the specimen. It is
also limited by diffraction of light, which means that the best resolution is usually
around 200 nm in the axial plane and around 500 nm in the lateral plane. There
are also confocal variants of super-resolution like stimulate emission depletion mi-
croscopy (STED)[4]. Another feature of some CLSM microscopes are fluorescence
lifetime imaging (FLIM). FLIM measures the lifetime of the excited state of the
molecule; how long it takes from absorption of a photon until it is being emitted.

This property varies with the local environment of the fluorophore [14].

I' || Detector

Confocal
pinholes

~ Focal plane

Figure 2.17: Light path in a confocal laser scanning microscope. Fluorescence not
originated in the focal plane is blocked by the pinhole, thus achieving lower depth
of field and higher depth resolution. Ilustration adopted from [I1].
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2.6.3 Cell proliferation

Cell proliferation is the increase in cell number as a result of cell growth, cell
division and cell death. It is increased in tumors and the purpose of chemotherapy
is to decrease the proliferation. Cell proliferation is therefore often investigated in
cytotoxicity studies. The three most used principles to study the proliferation in
cell populations are: 1) Counting number of cells, 2) determine the total amount
of DNA and 3) evaluate the metabolic activity. In each of these categories there
are many different assays to use and deciding which method to use depends on
many factors like equipment available, the experimental design and the expected

outcome [T03].

Metabolic activity

In the experimental work of this thesis, alamarBlue® (AB) was used to study
proliferation of cell population. AB is a colorimetric assay that gives an indirect
measure of metabolic activity in a cell population through oxidation-reduction.
The active substance in AB is resazurin. Resazurin is a blue and nonfluorescent
dye with an oxidation-reduction potential of +380 mV at pH 7 and 25°C [75].
It acts as an electron acceptor and is reduced to the pink and highly fluorescent
resorulfin. As Table shows, AB is an intermediate in the final reduction of Oq

and cytochromes in the electron transport chain [50].

Table 2.2: Oxidation reduction potentials in the electron-transport system.

Reaction Products Elo(mV), pH7.0, 25°C
Oy + 4HT + de™ 2H,0 +820
alamarBlue®ox + 2H + 2~  alamarBlue® pinx 4380

cytochromespx + e~ cytochromesggp +290 to +80

FMN + 2H™ + 2e™ FMNH, -210

FAD + 2H" + 2e~ FADH, -220

NAD + 2H"+ + 2e~ NADH 4 HT -320

NADP + 2H" + 2e~ NADPH + H* -320

The fluorescent intensities of the AB are often measured in a plate reader. A
plate reader can usually excite fluorophores at different wavelengths and detect the

fluorescence at different wavelengths. Sample reactions can be assayed in 6-1536
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well plates.

2.6.4 Flow cytometry

Flow cytometry (FCM) was used in this work to study the impact of cabazitaxel
encapsulated in PNPs on individual cells. In an FCM, cells in suspension are pass-
ing through an interrogation point one-by-one. The flow of particles is created
by a jet stream of sheat fluid surrounding cells in suspension, a technique called
hydrodynamic focusing [26]. At the interrogation point, monochromatic light in-
tersects the cells and is scattered in all directions. The forward scatter light, light
scattered along the same axis as the incident light, are detected. The intensity
depends on the size of the cells. The side scatter, light detected orthogonal to the
incident light, depends on the internal complexity of the cells [22]. In addition to
the scattered light, different fluorescent dyes can be detected. Multiple fluorescent
dyes can be detected using dichroic mirrors and multiple detectors, figure 218
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Figure 2.18: Schematic overview of a flow cytometer, showing the laminar flow of
cells, forward scatter detector, side scatter detector (1) and multiple fluorescence
emission detectors (2-4). Adopted from [I0].

Flow cytometry is a quantitative method and one of its most important appli-
cations is DNA measurment. For DNA measurement and cell cycle analysis, it is

necessary to stain or label the DNA with a fluorescent probe.
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Materials and methods

3.1 Cell cultivation

3.1.1 PC3

In the experimental work of this thesis, prostatic adenocarcinoma cells (PC3, Amer-
ican Type Culture Collection) were used for most of the experiments. These cells
grow in a monolayer, attached to a surface. The growth is exponential and the
number of cells doubles every 30 hours or so. The cells were cultivated in 75 cm?
cell culturing flasks and were placed in an incubator with a temperature of 37°C
and 5% CO,. To keep the cells dividing, they require available space to grow on.
To accomplish this, the cells were split every 3rd to 5th day after the last split.

The medium used for cell cultivation was Dulbecco’s modified eagle medium
(DMEM, Gibco Life Technologies) supplemented with 10% fetal bovine serum
(PBS, Sigma Aldrich). Pencilin was used in the experiments involving 96-well
plates and 6-well plates. Other solutions used in cultivation were sterile phosphate
buffered saline (PBS, Sigma Aldrich) and 0,25% trypsin/0,02% EDTA (Sigma
Aldrich).

For cell splitting a sterile bench was used and solutions were preheated to 37°C.
First the old medium was removed. Then 5 mL PBS was added to wash away
proteins that could inhibit trypsin to brake down anchor proteins of the cells. 3
mL trypsin was added and the flask was put in a room that held 37°C in 2-3 minutes.
It is important not to let the trypsin work for too long, because it will attack vital

compartments of the cells and lead to their deaths. When the cells had released

29
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from the flask, 8 mL. DMEM was added to inhibit trypsin. The solution was then
added to a Falcon tube and centrifuged (Heraeus Megafuge 1.0) for 5 minutes at
1500 rpm. While this happened, the cell concentration was determined with the
help of a cell counter (Countess, Invitrogen).

After centrifugation the supernatant was removed. The cells were then re-
suspended to a concentration of 1 million/mL in DMEM. 1,5 million cells were
transferred to a new cultivation flask and an extra 13,5 mL of DMEM was added
to get a total volume of 15 mL. The rest of the cells were either used for experiments

or thrown away.

3.1.2 Hela

HeLa cells were cultured at 37°C and 5% COs. Since they have a shorter lag phase
than PC3 and have a more rapid growth, they were split more often. Otherwise
they were treated the same way as PC3 cells. DMEM, supplemented with 10%
FBS, 1% MEM Non-Essesntial Amino Acids (NEAA, Life technologies) and 0,5%

L-Glutamin (Sigma Aldrich) was used as growth medium.

3.2 Nanoparticles

In this project poly butylcyanoacrylate (PBCA) particles were delivered by SIN-
TEF materials and chemicals. Properties of these particles are listed in table

3.2.1 Nile red

Encapsulated in the NPs was a modified Nile red dye (NR688)[42]. NR68S8 is
highly lipophilic and therefore it does not leak out of the NP. It has excitation and

emission maxima at 561 nm and 630 nm.

3.2.2 Cabazitaxel

SINTEF encapsulated Cabazitaxel (LC Laboratories) in the nanoparticles. The
amount listed for BBB-30 in table are theoretical value, but it was found that

the encapsulation efficiency was close to 100%
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3.3 Confocal laser scanning microscopy

3.3.1 Sample preparation

For CLSM, cells were placed in 8-well imaging plates (Ibidi). 10000 cells/ 300
uL were placed in each well three days before imaging. The plates were placed
in the incubator to let the cells attach to the surface and grow. One day before
imaging, CellLight@®) Lysosomes-GFP (CLL) (Lifetechnologies) was added at a
concentration of 40 pieces per cell (ppc). The day of imaging, PBCA NPs were

added at a concentration of 20 pug/mL and the samples were imaged.

3.3.2 Microscope

SP8 (Leica microsystems) was used for imaging. It was used with an incubation
chamber that providing 37°C and 5% CO- to give the cells the best possible condi-
tions. A 63x1.4 oil based objective was used. CLL was excited with a white light
laser at 488 nm and detected using a HyD-detector acquiring photons from 514 nm
to 556 nm. NR668 was excited with a white light laser at 561 nm and detected
with a photomultiplier tube (PMT) set up with a bandpass filter between 604 nm
and 657 nm. In addition, a PMT detected the transmitted light.

3.4 Cell proliferation

3.4.1 Sample preparation

The cytotoxicity of cabazitaxel encapsulated in NPs was measured using alamar-
Blue®) cell viability assay (Life technologies) and compared to cytotoxicity of
cabazitaxel bound to DMSO (free drug). Three days prior to adding drug, 2500
PC3 cells/200uL medium were seeded in each well of a black 96 well plate with
flat and clear bottom (Corning Incorporated). Since HeLa cells have a shorter
lag phase, they were seeded one day before drug treatment at a density of 5000
cells/200uL in each well.

Both encapsulated drug and free drug was diluted in medium and added to the
wells. Drug concentration in the experiments ranged from 0.025 ng/mL to 5000
ng/ml. Each concentration of free drug was matched with the same concentration
of drug encapsulated in NP to compare the same concentrations. 4 replicas were

used for each sample, including the control samples with only medium. Triton
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X-100 was also used as a control in some experiments. After the addition of drug,
the plates were put back into the incubator for the preferred duration. 72 hours
incubation was usually preferred, but 16, 24, 48 and 96 hours were also tried.

On the day of measurement, the wells were rinsed three times with 200 pL
medium. Then 110 uL. AB diluted 10 times in medium was added to each well and
the plates were put back into the incubator for 3 hours. Blank samples contain-
ing only medium and AB were also prepared in order to correct for background

fluorescence from the medium.

3.4.2 Plate reader and data analysis

The fluorescence of AB was measured using a microplate reader (Tecan Group
Ltd.). The measurements was done from the top with excitation and emission
wavelengths of 55049 nm and 590+20 respectively. An estimation of the percentage
of viable cells was done with the equation below:

Cell Viability (%) — % % 100, (3.1)
where Flg, FIg and FIyc are the fluorescence intensities from the treated wells,
the background and the untreated controls respectively. The background fluores-
cence was not measured in the experiments done with HeLa cells and the following
equation was therefore used to estimate cell viability for those:

Is

F
Cell Viability (%) = -~ x 100. (3.2)
ucC

A dose response curve was fitted to these data using a 4 parameter logistic

curve fit. The equation for this fitting is:

_ ) Ymaz — Ymin
Y = Ymin + 1+ (x/ECsy)—HillStope” (3:3)

where Ypin and Ymaee are the minimum and maximum of the curve and were con-
strained to be equal or greater than 0 and smaller or equal to 100. EC5qg denotes
the half maximal effective concentration and HillSlope is the largest absolute value
of the slope of the curve. The coefficient of determination (R?) and th P-values
of each coefficient was used to discuss the goodness of the fitting. From the dose

response curves, two measures of the samples cytotoxicity were obtained:
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1. The median lethal dose (LDsg) refers to the dose required to kill half the
members of a population after a specified time period. Low LDsg is indicative
of increased toxicity. The value was determined by reading out at which

concentration the cell viability was 50% in the graphs.

2. The half maximal effective concentration (FCjg)) is the concentration of a
drug which induces a response halfway between the baseline and the maxi-
mum after a specified duration and is commonly used as a measure of drug’s

potency.

3.5 Flow cytometry

FCM (Gallios, Beckman Coulter) was used to analyse DNA content and uptake of
NPs in this thesis. DNA was stained with Hoechst 34580 (Sigma Aldrich), which
has emission and excitation peaks at A = 392 nm and A = 440 nm respectively
when bound to DNA.

3.5.1 Sample preparation

Three to five days prior to treatment, 200000 PC3 cells per 2 mL medium containing
penicillin, were seeded in each well of a 6 well plate (Corning Incorporated). The
cells were left in the incubator to attach and start growing. On the day of treatment,
the growth medium was discarded and the test solutions were added in accordance

with table B.11

Table 3.1: Schematic representation of the test solutions for DNA and uptake
investigation with FCM.

(Loaded with NR668)

itaxel

Medium 0,4 pg/mL BBB-20 | 2 pug/mL  BBB-20
(Loaded with NR668 | (Loaded with NRG668
and 5% Cabazitaxel) and 5% Cabazitaxel)

2  pg/mL  BBB-23 | 0,02 pg/mL free cabaz- | 0,1 pg/mL free cabazi-

taxel

On the day of measurement, each solution was moved to separate centrifuge

tubes using pasteur pipettes.

This step was performed to also measure non-
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adherent cells (dead cells). Each well were then washed with 1 mL PBS, before
trypsinization with 0,6 mL trypsin for 2-3 minutes at 37°C was performed. Then,
3 mL medium was added to stop the trypsinization, before the solutions were put
in their respective centrifuge tubes. The tubes were centrifuged at 1500 rpm for
5 minutes. The supernatant was removed using pasteur pipettes and the cells
were re-suspended in 0,6 mL growth medium containing 40 pL Hoechst 34580 /mL
medium. The tubes were then left for 20-30 minutes for the dye to bind to the
DNA. Before running flow cytometry, the cells were transferred to FCM tubes.

3.5.2 Measurements and data analysis

Hoechst 34580 was excited using a laser at A = 405 nm and detected at A = 450
nm using a 50 nm bandpass filter. A laser at A = 561 nm was used to excite NR668
which was detected at A = 620 nm with a 30 nm bandpass filter. For every sample,
approximately 30000 cells were measured.

Kaluza Analysis Software (Beckman Coulter) was used to analyse the measured

data. The procedure for this was as follows:

1. A forward scatter (FS) versus side scatter (SS) diagram was used to gate out

debris and aggregates as shown in figure

2. The cells gated from 1. were plotted with fluorescence intensity from DNA
on the y-axis and F'S on the x-axis. The relative fluorescent intensity for cells
in Gy was found and a gate including cells with DNA levels a little bit below
the average for G; and some above twice this level was created. This is shown

in figure [3.1b

3. Cells gated by their size (1.) and by their DNA content (2.) were plotted
with the number of cells on the y-axis and fluorescent intensity from DNA
on the x-axis, as shown in figure From this plot, the percentage of cells
in the Gy, S, and Go+M was found. This step proved to be quite challenging

and is discussed in detail in section (5.3

4. The uptake of NPs was evaluated using the cells gated from (1.) and 2.) and
plotted with number of cells along the y-axis and the fluorescent intensity

from NR668 on a logarithmic x-axis.
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Figure 3.1: Some examples of the data analysing done in Kaluza. The sample in
the examples are untreated cells that have been incubated for 12 hours. Figure (a)
and (b) shows gating based on size and DNA respectively. Figure (c) is a plot with
number of cells on the y-axis and fluorescent intensity from DNA om the x-axis.
The cell cycle is indicated with G1, S and Go+M.
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Table 3.2: List of NPs used.

Particle Monomer PEGylation Size (nm) Zeta potential (mV) Encapsulated substance(% w/w)
Targ 120 BCA Jeffamine M-2070 and Brij35 152 -4 NR668

BBB-20 BCA Kolliphor HS15 and Pluronic F68 162 -6 4.4 cabazitaxel and 0.4 NR668
BBB-23 BCA Kolliphor HS15 and Pluronic F68 150 -6 0.4 NR668

BBB-30 BCA Kolliphor HS15 and Pluronic F68 165 -5 5 cabazitaxel

BBB-33B  BCA Kolliphor HS15 and Pluronic F68 158 -4 -




Chapter 4

Results

The results are presented in three separate sections. The first is about intracellular
localization of the NPs. The second section deals with the cytotoxicity of the
chemotherapeutic agent cabazitaxel encapsulated in NPs and the comparison of
free cabazitaxel and encapsulated cabazitaxel. Lastly, the results regarding the
mechanism of encapsulated and free cabazitaxel and how it affects the cell cycle

are presented.

4.1 Colocalization and intracellular route

By having knowledge of the intracellular route of the NPs, they can be further
optimized to deliver drug at the target location. The intracellular localization
can also say something about the uptake mechanisms as mentioned in the theory,
section To study the uptake mechanism and intracellular route of PBCA NPs,
PC3 cells were stained with CellLight@®) Lysosomes-GFP and NPs (Targ-120) was
added. CLSM was used to image the cells and look for colocalization of lysosomes
and NPs. Some images and possible colocalization are presented in figure The
original plans was to also stain early endosomes and late endosomes to try to track
the NPs in their internalization by the cells, but the uptake of PBCA NPs by PC3
cells was too low. The low uptake was confirmed by flow cytometry measurements

done by colleagues (Unpublished results).
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Figure 4.1: Cells that have been stained with CLL and incubated with NPs for
approximately 3 hours. (c) and (d) also contains a line profile which is analysed in
figure Only some cells were transfected with CLL.

To verify the colocalization and examine the staining, line profile analysis was
done and can be seen in figure [f.2] The peak in fluorescence intensity at the same
positions indicates that the NPs actually was inside the lysosomes. In addition the

data was assessed using a 3D modelling software as shown in figure
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Figure 4.2: Line profile to verify the colocalization and study the staining quality.
In both (a) and (b), the two channels have a peak at the same position.
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Figure 4.3: 3D models of the PC3 cells, acquired using Z-stack. The problem of

low uptake can be clearly seen. In (a) most lysosome staining are concentrated in

one area. Red spots are NPs while the green are the lysosome staining.

4.2 Cytotoxicity of encapsualted and free cabazi-

taxel

One of the main application on PNPs is drug delivery. Here, the use of PBCA
NPs as drug carrier for cabazitaxel was studied in PC3 cells and HeLa cells using
the cell viability assay alamarBlue@®) (AB). Figure shows the resulting dose
response curves for PC3 cells treated with encapsulated NPs and free drug for 72
hours. HeLa cells were chosen since they were readily available and have a faster cell

growth than the PC3 cells. Cabazitaxel is known to inhibit cell division and it was
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expected a higher cytotoxicity in the HeLa cells compared to the PC3 cells. Figure
[4-45] shows the dose response curve for HeLa cells exposed to encapsulated drug

and free drug for 72 hours and figure shows the same for 48 hours exposure.

Cell viability(%)

001 01 1 0
Drug cancentration (ng/mL)

(a) PC3, 72 hours.

120

an

Cell viability(%)

3

0o a0l 1 10 00 01 1 10
Drug concentration (ngfmL) Drug concentration (ngimL)

(b) HeLa, 72 hours (c) HeLa, 48 hours

Figure 4.4: Dose response curves of PC3 and HeLa cells treated with cabazitaxel
encapsulated in PBCA NPs and free cabazitaxel. The data points are an average of
4 identical samples of each dose with the standard deviation plotted as error bars.
The x-axis displays increasing drug concentration on a logarithmic scale. More
statistics and fitting are discussed in section

In all three instances, the encapsulated drug requires a higher dose before mak-
ing an impact on the cell viability compared to the free drug.

Table summarises the LD5g and EC5g values. Lower values indicates higher
cytotoxicity. The values are lower for HeLa cells compared to PC3 cells for the same
exposure duration, as expected. And for the HeLa cells, the values are higher for

shorter exposure time which is intuitive.
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Table 4.1: LDsy and EC5y values summarized after testing the cytotoxicity of

encapsulated and free cabazitaxel in PC3 cells and HeLa cells.

PC3, 72 hours HelLa, 72 hours HeLa, 48 hours
NP Free NP Free NP Free

LDsy (ng/mL) 0,462 0,368 0,203 0,158 1,588 0,903
ECs (ng/mL) 0,314 0227 0,188 0,147 1,540 0,931

4.3 Impact of cabazitaxel on the cell cycle

To further investigate cytotoxicity, the DNA content of PC3 cells treated with
encapsulated cabazitaxel and free cabazitaxel was measured using flow cytometry.
Figure shows the difference in DNA content in untreated cells, cells treated
with empty NPs,; cells treated with drug-loaded NPs and cells treated with free
drug, for 70 hours. It clearly shows that drug-loaded NPs and free drug have an
impact on the DNA content and the corresponding cell cycle.

The six different treatments solutions (see table were studied with 12, 22,
36, 46 and 70 hours incubation periods. Based on the cell distribution as a function
of fluorescent intensity of DNA (as shown in figure , cell cycle analysis was
done and the resulting histograms are presented in figure [4.6] The drug seems to
be making an impact already after 12 hours and the impact seems to be increasing
with time.

The time dependency of encapsulated and free drug on the accumulation of
cells in G2 and mitosis is presented in figure It is a simple plot with few data
points, but it looks like there is an increase of cells in G2 and mitosis with increased
incubation durations which is expected. Depending on the drug release rate of the
PBCA NPs, the less effect from encapsulated drug may be explained by it lagging
behind the free drug.
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Figure 4.5: Number of cells as a function of fluorescence intensity (DNA content)
after 70 hours treatment. The DNA is stained with Hoecst 34580. (a) shows the
distribution of untreated cells. (b) shows the distribution of cells treated with 2
ug/mL PBCA NPs, loaded with NR668 (BBB-23). (c¢) shows the distibution of
cells treated with 0,4 ug/mL PBCA NPs, loaded with 5% cabazitaxel and NR668
(BBB-20). The effective concentration of encapsulate cabazitaxel is 20 ng/mL.
(d) shows the distribution of cells treated with 20 ng/mL free cabazitaxel. In all

instances, the corresponding phases of the cell cycle is marked.
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Figure 4.6: Cell cycle distributions for the treatment duration stated. BBB-23 is
particles loaded with NR668 and the concentration used was 2 pg/mL. BBB-20 is
particles loaded with cabazitaxel and NR668. The concentrations used for these
particles were (1) 0,4 pg/mL and (2) 2 pg/mL, which corresponds to 20 ng/mL
and 100 ng/mL of cabazitaxel. Drug-20 and Drug-100 is cells treated with free

cabazitaxel with a concentration of 20 ng/mL and 100 ng/mL respectively.
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Discussion

This project is divided in two separate parts. First the intracellular localization of
PBCA NPs was assessed. The experiment set-up and the result of this is discussed
in section[5.1] The second part was to investigate the effect of cabazitaxel encapsu-
lated in PBCA NPs. Two different approaches were used to investigate the effect
and they are discussed in section and section In section [5.4] some genereal
considerations and the impact of these results will be discussed and some further

work will be suggested.

5.1 Intracellular localization

For drug delivery purposes it is essential to know the intracellular pathway of the
NPs to be able to control the release rate and the destination of the drug. Previous
work done by Einar Sulheim showed that PBCA NPs were endocytosed primarily
through clathrin-mediated endocytosis and that the uptake was low in PC3 cells
[89]. The normal route of substances going through this uptake mechanism is early
endosomes and late endosomes before entering lysosomes. This can be a problem
in drug delivery since lysosomes are known to degrade many therapeutic agents.
In addition, lysosomes have a pH around 4,5 and 5,0 [58], a pH which the PBCA
NPs show little to no degredation [9]. Sulheims work indicated that PBCA NPs
were able to escape the lysosomes and this is also reported by other groups [49]
[15].
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5.1.1 Lysosome staining

The experiments done in the first part were a continuation of my project thesis
where I stained lysosomes with Lysotracker@®) blue and looked for colocalization
between lysosomes and NPs [47]. In that work, very little colocalization was found
between NPs and lysosomes, but it was suggested that it was due to the experi-
mental set-up. Lysotracker@®) blue had to be excited by a multiphoton laser which
could cause a poor alignment with the laser that excited the NR668. In addition,
this dye is attracted to acidic organelles in the cells since it is a weak base linked
to a fluorophore, which might not stain the lysosomes if the acidic environment is
changed by the NPs.

In this work, CLL was used to stain lysosomes. CLL uses a transfection tech-
nique where the cells expresses a fusion construct of Lampl and green fluorescent
protein (GFP) after transfection. Lampl is a transmembrane protein that resides
primarily across lysosomal membranes [I2]. Therefore it does not depend on the
acidic property of lysosomes. GFP have excitation maxima at 488 nm and could
be excited with the same white light laser as excites NR668, which should remove

most of the alignment problems seen when using Lysotracker.

5.1.2 Colocalization of NPs and the endocytic organelles

The initial objective was to study the NPs way through early endosomes, late endo-
somes and lysosomes. It was decided to start with the colocalization between lyso-
somes and PBCA NPs, since the early and late endosomes have shorter half-lives
and lysosomes are the end point of the endocytic pathway. The first experiments
was done by transfecting the cells with CLL as normal and adding the NPs just
before imaging. But in these experiments, no uptake of NPs was seen. The uptake
of NPs are energy dependent and also known to be dependent on the culturing
conditions of the cells. Therefore the ability of the incubation chamber on the mi-
croscope to hold 37°Cand 5% COs is of great importance and might be the reason
why no uptake was seen.

Figure shows colocalization between PBCA NPs and lysosomes. In these
experiments, the cells were incubated with PBCA NPs for 3 hours in the incubation
chamber before the imaging was started. Most of the PBCA NPs found inside cells
were associated with lysosomes which is in accordance with the literature [82].

Due to the low uptake of these PBCA NPs in PC3 cells and the short half-lives of
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late and early endosomes, as described in section it was decided not to pursue
colocalization between NPs and these organelles. Despite that, these colocalization
results support the theory of PNPs taken up by the endocytic pathway, leading to

lysosomes.

5.1.3 Uptake of PBCA NPs encapsulated with cabazitaxel
and NR668

While doing cytotoxic measurement in the flow cytometer, the uptake of the NPs
were simultaneously measured by exciting and detecting the NR668. It was found
that the low concentration of NPs used when doing cytotoxic studies was too low to
actually get some good uptake results, but the measurement showed that unhealthy
cells may produce autofluorescence at this excitation and emission wavelength. In
Appendix [A] the increase in fluorescence signal from cells treated with free drug
compared to untreated cells can be seen. The fluorescence signal is further in-
creased for cells treated with BBB-20 and BBB-23, which is expected since they
are loaded with NR668. For all the treated samples, the signal is increasing with
time compared to the untreated sample. This indicate that the cells produce aut-
ofluorescence at this wavelength when they are in a toxic environment. While this
increase in fluorescence is quite low compared to the increase seen when doing up-
take studies of NPs at a concentration of 20 pg/mL [89], it should be considered

when doing uptake studies for longer incubation periods.

5.2 Cytotoxicity effect of drug using proliferation

assay

One of the main reasons for studying intracellular localization is to predict the
destiny of drug encapsulated in the NPs. The knowledge of the uptake, the degra-
dation and the cytotoxicity of the PBCA NPs was sufficient to move on to study
the effect of an encapsulated drug. The drug chosen was cabazitaxel, which are de-
scribed in section [2.5.3] It is a novel drug used to treat men with advanced prostate
cancer that has progressed after treatment with other anti-cancer medicines. It is
very hydrophobic which makes it easy to encapsulate in the NPs. In addition, tax-
anes are quite stable at pH 4-5, so even though the particles might end up in the

lysosomes for degradation, the drug can work if it can escape the lysosomes [92].
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AlamarBlue®) (AB) was used to investigate the cytotoxcicity of the encapsulated
drug.

5.2.1 AlamarBlue®) assay

The protocol made for measuring cytotoxicity with AB was based on the manufac-
turer recommendations and a protocol found in a previous master thesis [48] [T01].
In the initial experiments, the cells seemed to be growing mostly towards the edges
of each well in the 96 well plates. In an online discussion forum it was recommended
to move the plates backward and forward, then right to left a couple of times to
get an even spread of cells after seeding. This technique improved the spread of
cells in the experiments done in this thesis. In addition, the edge effect, known to
altering the rate of cell growth at the edges of microplates due to evaporation, was

taken into account by not using the outer wells in the final experiments [36].

5.2.2 Initial experiments

In the initial experiments, drug concentrations ranging from 5 ng/mL to 5000
ng/mL (corresponding NPs concentrations are 100 ng/mL to 100 pg/mL) were
tested. These were based on ICs5y values reported in literature ranging from 2,5
ng/mL to 500 ng/mL [43] [71] and the previous studies of cytotoxicity of empty
NPs showing that they were non-toxic at a concentration up to 20 ug/mL for 3
hours treatment and 24 hours treatment [I01].

Results from one of the initial experiments are included in Appendix It
was found that the impact of drug did not vary much at concentrations from 25
ng/mL to 1000 ng/mL and lower concentrations had to be measured to produce
dose response curves. In addition, it was found that the concentration of 20 pg/mL

with empty PBCA NPs was toxic to the cells for longer incubation periods.

5.2.3 Statistical analysis

The dose response curves in figure was fitted using Sigmaplot. The R? and P-
values are listed in table The R? values are all above 0,98 which indicates that
the data fits the curves quite well. On the other hand, some P-values are above
the common alpha level of 0.05 (marked red in table , which indicates that the
coefficients are not statistically significant. This may be due to poor experimental

design, wrong model for the data or too few data. In this case, particularly figure
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[4:4b| and figure the statistics of the curve fitting would be better if there
was included some higher doses. The curves would be the very similar since the
minimum value are close to zero anyway. Due to the not optimal statistics, I will

emphasise more on the trends and comparisons from these results, than the actual

numbers.
Table 5.1
PC3, 72 hours  HeLa, 72 hours HeLa, 48 hours
NP Free NP Free NP Free
R? 0,9809 0,9992 0,9858 0,9895 0,9858 0,9996
Pin 0,0284 0,0027 0,2260 0,2273 0,9554  1,0000
Pinaz 0,0030 0,0020 0,0049 0,0044 0,0028 0,0001

Proso 0,0322 0,0036 0,0691 0,0550 02765 0,0123
Prinsiope 01631 0,0076  0,2890 0,0695 0,1533  0,0063

5.2.4 PC3 versus HelLa

As described in the theory, taxanes inhibit cell division by stabilizing the micro-
tubules. Since the HeLa cells have a more rapid cell cycle than PC3 cells, the drug
was expected to have a greater cytotoxicity in the HeLa cells. The lower LDs5q
and EC5q for HeLa cells shown in table indicates that this is true. Taxanes
are also known to induce adoptosis though two different pathways [61]. HeLa cells
are reported to die within 48-72 hours after taxane treatment, while PC3 cells go
though a slow cell death pathway [39] [I3]. This can explain why the cell viability

stabilizes around 35% for PC3 cells and around 10% for HeLa cells as can be seen

in figure [£:4]

5.2.5 Encapsulated drug and free drug

From the dose response curves it seems like the encapsulated drug requires a higher
concentration than the free drug to get an effect. The observation can be linked
to the drug being less potent when encapsulated in the nanoparticles compared to
being bound to DMSO, or it can be related to the release rate of the drug in the
nanoparticles. By comparing HeLa cells after 48 hours incubation and 72 hours

incubation it looks like the encapsulated and free drug response curves are getting
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closer as time passes. The LDsq and EC5q values are also more similar for the 72
hours incubation as presented in table which indicates that the degradation of
PBCA NPs may take at least some hours. Studies on non-drug loaded PBCA NPs
found that they were considerably degraded after 24 hours [89]. Cabazitaxel is very
hydrophobic and may stabilize the NPs and decrease the degradation rate. From
these experiments it is difficult to say something about the potency of encapsulated
versus free drug, but the results indicates that the cytotoxicity of cabazitaxel is not
inhibited by being encapsulated in PBCA NPs.

5.3 Cytotoxicity of encapsulated drug using cell

cycle distribution

Since the cell cycle is the main target of taxanes it was decided to investigate the
impact of encapsulated and free drug through cell cycle analysis. This was done
by measuring the DNA content in PC3 cells treated with encapsulated and free

cabazitaxel in a flow cytometer.

5.3.1 Experimental set-up

Hoechst 34580 was chosen to stain the DNA, since the excitation and emission
wavelengths does not interfere with the excitation and emission wavelengths of
NR668 and it was readily available. In the first experiment, the recommended
concentration of 5 pg/mL gave very little fluorescence. A range of concentrations
were then tested and it was found that 40 pug/mL provided decent fluorescent signal.
This concentration is 8 times higher than the manufacturer recommends. The
reason such high concentration had to be used was most likely due to the excitation
maximum of Hoechst 34580 being around A = 380 nm, while the excitation laser
used in the flow cytometer was at A = 405 nm. At this wavelength, the absorption

is only 15% of maximum [83].

5.3.2 Prediction of cell cycle distribution

From the measurement of DNA content, the number of cells in each phase of the
cell cycle were estimated. To accomplish this, assumptions of the duration of
G1, S and Go+M were made. S-phase and Go+M was set to be 8 hours and 5

hours respectively, which is common for rapidly proliferating human cells [I6]. The
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doubling time for PC3 cells was found to be 30,5 hours by a colleague, which yield
17,5 hours for the G; phase. In other words it was assumed that for untreated cells,
the amount of cells in Gy, S and Go+M were 57,4%, 26,2% and 16,4% respectively.
For each incubation period, gates for the cell cycle phases was made with this
in mind, as can be seen in figure 3.1 The gates were then copied to the data
containing cells treated with drugs and the amount of cells in the different phases
of the cell cycle was determined. The assumptions made of the cell cycle phases
are doubtful and caution should be exercised when using the amount of cells in the

different phases given in this thesis.

5.3.3 Impact of encapsulated drug on the cell cycle

In an ideal cell cycle experiment based on DNA content, there would be two peaks:
one for cells in G; and one for cells in Go+M with twice the DNA and twice the
fluorescent intensity. In between the two peaks, the cells synthesizing DNA would
be. Figure [4.5]shows the cell cycle distribution for untreated cells and cells treated
with encapsulated and free drug. Despite not having two peaks, it is obvious that
both encapsulated drug and free drug make an impact on the cell cycle distribution.
An increase in the DNA content is clearly seen.

To investigate if there was a delayed response for the encapsulated drug com-
pared to the free drug, five different incubation durations were tested ranging from
12 hours to 70 hours. Depending on the release rate of the encapsulated drug,
the accumulation of cells in Go+M would be delayed compared to the free drug.
The result, presented in figure and figure indicate that the response for
encapsulated drug are lagging behind, but the measurements and analysis are not

accurate enough to say anything about the actual release rate.

5.4 General considerations and further work

The experimental work and analyses done in this thesis shows some of the potential
of polymeric nanoparticles as drug delivery carriers. SINTEF found it easy to
encapsulate cabazitaxel in the NPs and the effect of encapsulated drug was similar
to the free drug in these in vitro studies.

Going from here to in vivo studies and finally being used as medicine is still

quite fare ahead. One of the main challenges for the PNPs is to obtain sufficient
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circulation times in vivo due to the MPS [68]. Another challenge is the poor intra-
tumoral distribution of the particles due to the elevated interstitial fluid pressure
and the size of the macromolecules [69]. The shielding of the PNPs are still be-
ing optimized and ultrasound have been found to facilitate the extravasation and
tumor uptake of the NPs [23]

5.4.1 Further work

Based on the work in this thesis I have following suggestions for future directions:

e The result from colocalization investigations supports the hypothesis that
PNPs are taken up by endocytosis and going through the endocytic machin-
ery, but the underlying mechanism are not fully described yet. Gathering this
knowledge is beneficial for further optimization. I recommend finding a cell
line with higher uptake of the NPs or using NPs that have a higher uptake
in the PC3 cells. Since the uptake is dependent on the culturing conditions
of the cells, the incubation chamber on the microscope should be checked by
using external thermometer and COs sensor. If the uptake is sufficient one

might be able to track particles as they are being internalized.

e In the experimental work of this thesis it was found that cabazitaxel encap-
sulated in PBCA NPs had an effect similar to cabazitaxel bound to DMSO,
but the release mechanisms and the rate of release was only partially stud-
ied. It would be interesting to study cabazitaxel in more stable particles like
PIHCA or POCA. PIHCA NPs have a slower degradation rate than PBCA
and a delayed response would be expected. POCA particles show very lit-
tle degradation even after a week [89]. By investigating the cytotoxicity of
cabazitaxel encapsulated in POCA NPs one could argument if the drug are

leaking out of the NPs or not.

e One the path to clinical use of PNPs as drug delivery carriers it is necessary
with in vivo studies. When accumulation of non-drug loaded PNPs in tumors
of mice is believed to be sufficient for treatment, one should start investigating
the effect of drug-loaded PNPs in animals.
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Conclusion

Intracellular localization of PBCA NPs in PC3 cells have been evaluated using
CLSM. Lysosomes were stained with CellLight@®) Lysosomes-GFP and the PBCA
NPs were loaded with NR668. Colocalization between the lysosomes and the PBCA

NPs was studied and the following conclusion was made:

e The PBCA NPs were colocalized with lysosomes, which strengthens the belief

that endocytosis is the uptake mechanism of these cells.

The cytotoxicity of the novel taxane, cabazitaxel encapsulated in PBCA NPs
was investigated in PC3 cells and HeLa cells through cell proliferation and cell
cycle distribution. AlamarBlue®) cell viability assay was used to study the cell
proliferation, while Hoechst DNA staining and flow cytometry was used to evaluate

the cell cycle. The following conclusions were made:

e Cabazitaxel encapsulated in PBCA NPs had a cytotoxic effect on both PC3
cells and HeLa cells, which suggests that the NPs or the released drug is able

to escape the lysosomes.

e The cytotoxic effect of encapsulated cabazitaxel was similar to cabazitaxel
bound to DMSO. It was indicated that the response from encapsulated cabaz-

itaxel was lagging behind in time compared to cabazitaxel bound to DMSO.
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CHAPTER 6. CONCLUSION
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Appendix A

Uptake

While doing DNA measurements in the flow cytometer, the uptake of NR668 was
simultaneously investigated with excitation at A = 561 nm and emission at A =
620 + 30 nm. The concentration of nanoparticles was too low to detect uptake,
but the cells starts to produce autofluorescence at this wavelength when they are
unhealthy, as seen in figure
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Figure A.1: Histograms of the fluorescence detected at A = 6204+30 nm when
exciting with a laser at A = 561 nm, which is a standard way of measuring uptake
of NPs. BBB-20 is loaded with both NR668 and cabazitaxel, while BBB-23 is
loaded with NR668. The concentration of BBB-20 and BBB-23 is 2 ug/mL, while
the concentration of free drug matches the concentration of drug in 2 pg/mL of
BBB-20.



Appendix B

Initial alamarBlue results

Before optimizing the AB assay and finding the appropriate doses, there was some
experiments conducted with various free and encapsulated drug concentrations and
different controls. Figure shows the result from one of these. The empty PBCA
NPs at 20 pg/mL (treatment B) are toxic to the cells, which was a bit unexpected.
Since there is no evident increase in cytoxicity of drug concentrations from 25
ng/mL to 1000 ng/mL, the cells may be saturated with the drug.
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Figure B.1: Initial results from cytotoxic studies of cabazitaxel with the AB assay
and 72 hours incubation. Treatments were A) Untreated, B) 20 ug/mL BBB-23,
C) 100 pg/mL BBB-23, D) 0.5 ug/mL BBB-20, E) 1 pg/mL BBB-20, F) 4 pug/mL
BBB-20, G) 20 ug/mL BBB-20, H) 100 pg/mL BBB-20, I) 0,025 pug/mL free drug,
J) 0,05 pg/mL free drug, K) 0,2 ug/mL free drug, L) 1 pg/mL free drug, M) 5
png/mL free drug, N) Triton and O) AB4+Medium. The amount of encapsulated
drug correlate with the amount of free drug, meaning that D) and I), E) and J),

etc. have the same drug concentrations.
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