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Abstract

Inefficiency in today’s cancer treatment is addressed by encapsulating cytotoxic drugs in-
side engineered nanoparticles in drug delivery systems (DDSs). Tumor associated macro-
phages (TAMs) may work as a barrier for delivery of nanoparticles due to their phagocytic
function. A DDS was characterized for two different xenografts in mice, OHS (osteosar-
coma) and PC3 (prostatic adenocarcinoma), with the aim of investigating whether or not
TAMs engulf nanoparticles, thus limiting the delivery of nanoparticles to tumor cells. In
the DDS, nanoparticles encapsulating a fluorescent drug model were used as a stabilizing
shell around microbubbles. Focused ultrasound was applied locally on the tumor, causing
cavitations and collapse of the microbubbles. The intention was to increase the delivery of
nanoparticles in the tumor tissue, in addition to making the distribution of nanoparticles
inside the tissue more even. The uptake of nanoparticles by TAMs in this DDS has not
previously been investigated.

Single cell suspensions were made from tumors, and the macrophages were stained
with fluorescent antibodies. The samples were analyzed by flow cytometry in order to
obtain information regarding the amount of all macrophages, the amount of M1 and M2
macrophages, as well as the uptake of nanoparticles by macrophages. Macrophages in
frozen tumor sections were also stained with fluorescent antibodies and imaged by the use
of confocal laser scanning microscopy. The captured images were mainly used for distance
analysis. Macrophages, nanoparticles, and the uptake of nanoparticles by macrophages at
different distances around blood vessels, were studied. The images were also used to
calculate the area percentage of nanoparticles within tumor tissue.

Focused ultrasound treatment significantly increased the accumulation of nanoparticles
within both OHS tumor tissue and PC3 tumor tissue. From this, an increased percentage of
tumor cells containing nanoparticles were also observed for both tumor models by the use
of ultrasound, but the increase was only significant for tumor cells in OHS tumor tissue.
Large populations of macrophages were found within both OHS tumor tissue and PC3
tumor tissue, where the M2 phenotype was the dominating type of macrophage, absolutely
overshadowing the M1 phenotype. Focused ultrasound did not affect the percentage of
macrophages in any of the tumor models. In both OHS tumor tissue and PC3 tumor
tissue, the macrophages function as barriers for the nanoparticles. The majority of the
nanoparticles were engulfed by macrophages, thus limiting the delivery of nanoparticles
to tumor cells. For the tumors treated with ultrasound, most of the nanoparticles were
also located inside macrophages. The percentage of macrophages and nanoparticles were
highest in close proximity to the blood vessel walls, and decreased with increasing distance
from the blood vessels. A greater amount of the intratumoral nanoparticles were taken up
by macrophages close to the blood vessels in OHS tumor tissue compared to that of PC3
tumor tissue.

This knowledge can prove useful in further studies examining macrophages and how
they function as a barrier for delivery of nanoparticles to tumor cells.
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Sammendrag

Dagens ineffektive kreftbehandlinger tas hånd om ved innkapsling av cellegift i spesialde-
signede nanopartikler som en del av medisinleveringssystemer. Tumorassosierte makrof-
ager (TAMer) kan fungere som en barriere for levering av nanopartikler grunnet deres
fagocyttiske funksjon. Et medisinleveringssystem ble karakterisert for to forskjellige xen-
ografter i mus, OHS (osteosarkom) og PC3 (prostata adenokarsinomer), der hensikten var
å undersøke hvorvidt TAMer tar opp nanopartikler og dermed begrenser leveringen av
nanopartikler til kreftceller. I dette medisinleveringssystemet ble nanopartikler som in-
neholdt fluorescerende modeller av medisin brukt som et stabiliserende skall rundt mikro-
bobler. Fokusert ultralyd ble påført lokalt på kreftsvulsten, noe som forårsaket kavitasjoner
og kollaps av mikroboblene. Hensikten var å øke leveringen av nanopartikler til kreftvevet,
samtidig som man oppnår en jevnere fordeling av nanopartikler inne i vevet. Opptak
av nanopartikler ved TAMer i dette medisinleveringssystemet har ikke tidligere blitt un-
dersøkt.

Enkeltcellesuspensjoner ble laget fra kreftsvulster og makrofagene ble farget med flu-
orescerende antistoffer. Prøvene ble analysert ved flowcytometri for å skaffe informasjon
om andelen av alle makrofager, andelen av M1 og M2 makrofager, samt opptak av nanopar-
tikler i makrofager. Makrofager i frosne snitt fra kreftsvulster ble også farget med fluo-
rescerende antistoffer og avbildet ved bruk av konfokalmikroskopi. Bildene ble hoved-
sakelig brukt til avstandsanalyse. Makrofager, nanopartikler, samt opptaket av nanopartik-
ler i makrofager ved ulike avstander rundt blodårer ble studert nærmere. Bildene ble også
brukt til å beregne arealprosenten av nanopartikler inne i kreftvev.

Fokusert ultralyd behandling økte signifikant akkumuleringen av nanopartikler i både
OHS og PC3 kreftvev. Dette medførte en økt prosentandel kreftceller som inneholdt
nanopartikler. Dette ble observert i begge kreftvevmodellene, men økningen var kun
signifikant for kreftceller i OHS kreftvev. Store populasjoner av makrofager ble fun-
net i både OHS kreftvev og PC3 kreftvev, der M2 makrofager ble observert som den
dominerende typen makrofager. Fokusert ultralyd hadde ingen påvirkning på prosent-
delen av makrofager i noen av kreftvevmodellene. Makrofagene fungerte som en barriere
for nanopartiklene i både OHS kreftvev og PC3 kreftvev. Leveringen av nanopartikler til
kreftceller ble kraftig begrenset av det faktum at størsteparten av nanopartiklene var tatt
opp i makrofager. Dette var også tilfellet for kreftvev behandlet med fokusert ultralyd.
Prosentdelen av makrofager og nanopartikler var høyest i nærheten av blodåreveggene og
andelen minket med økende avstand fra blodårene. En større andel av nanopartiklene inne
i kreftvevet ble tatt opp av makrofager nærme blodåreveggene i OHS kreftvev sammen-
lignet med i PC3 kreftvev.

Denne kunnskapen kan være nyttig ved videre studier der man undersøker makrofager
og hvordan de fungerer som barrierer for levering av nanopartikler til kreftceller.
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Abbreviations

BSA = bovine serum albumnin
CLSM = confocal laser scanning microscopy
DDS = drug delivery system
DMSO = dimethyl sulfoxide
DOF = depth of field
ECM = extra cellular matrix
FBS = fetal bovine serum
IFP = interstitial fluid pressure
MI = mechanical index
MPS = monunuclear phagocytic system
NPMB = nanoparticle-stabilized microbubble complexe
OHS = human osteosarcoma cells
PBS = phosphate buffered saline
PC3 = human prostatic adenocarcinoma cells
PFP = perfluoropropane
PRF = local pulse repetition frequency
SS = solid stress
TAM = tumor associated macrophage
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Chapter 1

Introduction

Cancer has become one of medicine’s most significant challenges. The number of cases
increases every year, and the cancer itself both develops spreads in numerous ways, de-
manding an assortment of different treatments. The inefficiency of today’s treatment meth-
ods is directly linked to the disease’s fatality. More than 9 million people die each year due
to cancer according to the Global Cancer Observatory[1]. The most widely used treatment
method today is chemotherapy, but this method of drug injection results in no more than
0.001% to 0.01% of the drug actually reaching the tumor tissue[2, 3]. The vast majority
of the drug accumulates in healthy tissue, leading to the death of healthy cells and subse-
quently a multitude of side effects, both during treatment and afterwards[4, pp.399-405].

Nanotechnology has over the last few decades been paramount as a platform for can-
cer treatment, working to address the problem of dreadfully inefficient drug delivery to
tumors. Today, nanoparticles are tuned to function as drug carriers with the goal of in-
creased efficiency in drug delivery systems (DDSs), but nanoparticles are often poorly
distributed within the tumor tissue. Y. Mørch et al.[5] presented a DDS designed by SIN-
TEF where nanoparticles and microbubbles are used in combination with focused ultra-
sound. Nanopaticles encapsulating drugs are used as a stabilizing shell around microbub-
bles. These complexes are administrated into the blood stream and ultrasound is applied
locally on the tumor, causing oscillations and ultimately collapsing the microbubbles. The
nanoparticles are shot into the tumor tissue, resulting in an increased deposition and a more
even distribution of nanoparticles inside the tumor compared to no use of ultrasound[6].

There are several barriers for the nanoparticles, starting from administration into the
blood stream all the way until they reach the cancer cells inside the tumor. One of these
barriers may be tumor associated macrophages (TAMs) and their phagocytic function.
Macrophages are immune cells with an essential role in apoptotic cell destruction and
in development of inflammations[7]. There are two main types of TAMs inside tumor
tissue: M1 macrophages and M2 macrophages, where M1 macrophages inhibit tumor
growth and M2 macrophages promote tumor growth[8]. TAMs may engulf nanoparticles
by fagocytosis when the nanoparticles passes through the tumor tissue, thus limiting the
delivery of drugs to tumor cells. At the time of writing, there is no published literature that
describes the uptake of nanoparticles by TAMs in a DDS based on nanoparticle-stabilized
microbubbles in combination with focused ultrasound.
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Chapter 1. Introduction

The aim of this thesis was to investigate whether or not TAMs would hinder the de-
livery of nanoparticles to tumor cells. This was done by studying the uptake of nanopar-
ticles by macrophages and tumor cells in OHS (osteosarcoma) and PC3 (prostate adeno-
carcinoma) xenografts. The total amount of all macrophages, M1 macrophages and M2
macrophages, and nanoparticles, was also examined for the different tumor models. In
addition to this, distance analysis was performed with the aim of gaining information on
how macrophages and nanoparticles were distributed around blood vessels. The distance
analysis also included a study on the amount of nanoparticles engulfed by macrophages
at different distances from the vasculature. All of the analysis were performed for both a
control group and a treated group. The animals in the control group were only injected
with nanoparticle-stabilized microbubbles, while the animals in the treated group were in-
jected with nanoparticle-stabilized microbubbles in combination with focused ultrasound
treatment on the tumor. OHS and PC3 xenografts were chosen based on their different
morphology and properties. E. Sulheim et al.[9] characterized these tumor models and
found that OHS tumors were better perfused and had a much higher density of blood ves-
sels compared to PC3 tumors.

Single cell suspensions were made from tumors, followed by staining of macrophages
with fluorescent antibodies. These samples were analyzed by flow cytometry in order
to obtain information regarding the amount of macrophages and uptake of nanoparticles
by macrophages. Macrophages in frozen tumor sections were stained and imaged by the
use of confocal laser scanning microscopy. The captured images were mainly used for
distance analysis, but the area percentage of nanoparticles within the tumor tissue were
also analyzed from these images.

Information regarding the uptake of nanoparticles by macrophages contribute to new
knowledge on how macrophages limit the delivery of drugs to tumor cells. This is impor-
tant in further improvements of DDS and in designing of more efficient and safer treatment
method for cancer patients.

This master project is a continuation of the specialization project carried out by the
author during the autumn 2018 [10]. Due to this, there is some overlap between the two
thesis, notably in the chapters dedicated to theory and methods.
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Chapter 2

Theory

This master thesis is a continuation of the specialization project carried out by the author
during the autumn 2018 [10]. Since the two works are in the same topic, there will be
overlap between the theory sections in these works. Therefore, some of the following
sections are similar to the theory sections in the specialization project.

2.1 Cancer
Cancer arise from uncontrolled proliferation of cells. This usually occurs due to mutations
and results in tumor growth. It may take several years between the first mutation in a single
cell to a tumor appears.

2.1.1 The biology of cancer
For healthy tissues and organs, the growth is strictly regulated by a balance between stim-
ulating and inhibitory factors. Tissue growth occurs by either hypertrophy or hyperplasia.
Hypertrophy is an increase in the size of individual cells. This is seen for muscle cells as
a result of physical exercise. Hyperplasia is an increase in the number of cells due to cell
proliferation. This occurs during the cell cycle where the DNA in one cell is duplicated
and the product is two daughter cells. In normally healthy tissue, this process stops when
the tissue is healed. If any of the steps through the cell cycle goes wrong, this may results
in mutated cells with unlimited proliferation and tumor growth[4, p.4].

Telomeres are structures at the end of chromosomes and these become shorter for each
cell division. In normal tissue, this causes the cells to divide for a limited number before
the telomere is too short and the cells die. Telomeres are synthesized by the telomerase
enzyme, a highly active enzyme in tumor cells. The length of the telomeres are maintained,
resulting in the cells being able to divide indefinitely and cause tumor growth[4, p.173].

Tumors are divided into three main groups[4, pp.4-16]:

• Benign tumors: These tumors arise in most tissues. They are unable to spread
throughout the body, but they may cause local pressure and damage to surround-
ing tissues and organs.

3



Chapter 2. Theory

• In situ tumors: These are small tumors located in the epithelium. Normally, these
tumors do not spread to surrounding basement membrane and mesenchyme.

• Malignant tumors: Cancer cells from these tumors invade different parts of the body
by following the blood stream to lymph nodes and organs. This process is called
metastasis.

To maintain the high proliferation rate of cells within tumors, a continuous supply
of oxygen and nutrients from the blood is necessary. Due to this, new blood vessels are
rapidly formed from existing vessels. This is called angiogenesis, and the new blood
vessels are formed in the direction of growth factors released from cancer cells[4, pp.309].
This rapid formation results in leaky blood vessels. In healthy vasculature, the endothelial
cells are lined up without any gaps between them. Comparatively, there are gaps between
the endothelial cells in tumor vasculature, making these blood vessels highly permeable.
The fast growing nature inside tumors results in non-functional lymphatics and occurrence
of a high interstitial fluid pressure (IFP) inside the tumor. The leaky blood vessels and
non-functional lymphatics lead to an enhanced permeability and retention effect (EPR), a
phenomenon described by Maeda et al[11]. An illustration of the EPR effect is shown in
Figure 2.1.

Figure 2.1: Illustration of the enhanced permeability and retention effect (EPR) inside tumor tissue.
In healthy vasculature, the endothelial cells are lined up without any gaps between them. In tumor
tissue, the fast growing nature results in leaky blood vessels and non-functional lymphatics. Gaps
between the endothelial cells make the blood vessels highly permeable.

2.1.2 Today’s treatment methods
Today’s most common cancer treatments consists mostly of chemotherapy, radiation, surg-
eries or a combination of the methods. These treatments may cause side effects, sometimes
to such an extent that the treatment must be interrupted.

For chemotherapy, the treatment lasts for several months or even years to make sure
every single cancer cell is dealt with. The action site for the injected drugs is usually the
DNA. However, this treatment method attacks healthy tissue as well as tumor tissue. Tis-
sues that contain cells with rapid turnovers are severely affected. This includes the bone

4



2.2 Macrophages in tumor tissue

marrow, hair follicle, skin and gastrointestinal mucosa[4, pp.399-405]. Only a fraction,
between 0.001% and 0.01%, of the injected drug reaches the tumor cells[2, 3]. The accu-
mulation of drugs in healthy tissue causes a range of side effect for the patients, both during
and after the treatment period. Examples of early side effects are fatigue, nausea, hair loss
and diarrhoea, myelosuppression (decreased activity of the bone marrow), mucositis (in-
flammation of mucous membranes), peripheral neutotoxicity (toxicity in the pheripheral
nerve system) and nephrotoxicity (toxicity in the kidneys). Early side effects are mostly
temporary and heals in the intervals between each treatment period. This is due to healthy
tissue having more efficient mechanisms to repair DNA damage compared to tumor tissue.
Late side effects may occur several years after the end of the treatment. These side effects
includes cardiotoxicity (weakened of muscles and dysfunctions of the electrical signals in
the heart), acute leukemia, premature menopause, infertility and pulmonary fibrosis (lung
disease)[4, pp.399-405].

Radiation therapy ionizes the DNA of cells, slowing their growth and ultimately termi-
nating them. This local treatment is focused on the tumor, but surrounding healthy tissue is
unfortunately also damaged in the process, ultimately causing side effects[4, pp.414-416].

A tumor that is solid and conveniently located can in some cases be surgically removed.
The surgery do however pose a huge risk for the patient, and will lead to pains and a
statistically higher rate of infections following the surgery[4, p.309].

2.2 Macrophages in tumor tissue
Macrophages are immune cells located in tissues throughout the body. These cells are
derived from the bone marrow and a part of the mononuclear phagocytic system (MPS).
Macrophages perform an essential role in development of inflammations and recruitment
of additional macrophages from transmission of inflammatory signals. They also have
a phagocytic function and are important in apoptotic cell destruction of dead cells and
debris, sick cells, bacteria, viruses and foreign substances inside the body. Nanoparti-
cles in drug delivery systems may be recognized as foreign substances and engulfed by
macrophages. Due to this, macrophages works as a barrier for delivering of nanoparticles
to tumor tissue[7].

The macrophages inside tumor tissue are called tumor associated macrophages (TAMs),
and they are divided into two main groups: M1 macrophages and M2 macrophages. Their
functions depend on signals in the local tumor microenvironment. This is illustrated in
Figure 2.2. Small pro-inflammatory proteins called CC chemokines (CCL2, CCL3, CCL5,
CCL7, CCL8) and vascular endothelial growth factor (VEGF) recruit monocytes from the
peripheral blood stream into the tumor tissue[8, 12]. The presence of Th1 cytokines and
the exogenous tumor necrosis factor alpha (TNF-α) inside the tumor microenvironment
convert the monocytes into M1 macrophages[8]. M1 macrophages are polarized into M2
macrophages inside the tumor tissue. This polarization occurs in the presence of certain
exogenous factors in the tumor microenvironment. This includes a high level of lactic
acid, hypoxia (lack of oxygen), cytokines (IL-4, IL-13), the transforming growth factor
beta (TGF-β) and vitamin D3[8, 13, 14].
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Chapter 2. Theory

The two types of macrophages perform different functions inside the tumor tissue. M1
is classical activated macrophages and they inhibit tumor growth by production of pro-
inflammatory cytokines (IL-6, IL-8, IL-12, IL-23) and TNF-α[8, 14]. These macrophages
also produce a high level of both nitric oxide and reactive oxygen species. This makes M1
macrophages efficient at killing tumor cells[15]. Differently from M1 macrophages, the
alternatively activated M2 macrophages promote tumor growth and metastasis, as well as
suppressing the immune response by inactivation of T-cells. This occurs due to produc-
tion of anti-inflammatory cytokines (IL-4, IL-10, IL-13), TGF-β, angiogenesis factors and
matrix-degrading enzymes [8, 14, 16].

Figure 2.2: Illustration of signals and macrophages inside the tumor microenvironment. CC
chemokines (CCL2, CCL3, CCL5, CCL7, CCL8) and VEGF recruit monocytes from the blood
stream into the tumor tissue. Monocytes are converted to M1 macrophages in the presence of Th1
cytokines and TGF-α. Polarization of M1 macrophages into M2 macrophages are promoted by high
levels of lactic acid, hypoxia, cytokines (IL-4, IL-13), TGF-β and vitamin D3. M1 macrophages
inhibit tumor growth by production of cytokines (IL-6, IL-8, IL-12, IL-23), TNF-α, nitric oxide and
reactive oxygen species. M2 macrophages produce cytokies (IL-4, IL-10, IL-13), TGF-β, angiogen-
esis factors and matrix-degrading enzymes, resulting in promotion of tumor growth.

According to Jung KY et.al[17], a high level of M2 macrophages is related to poor
survival rate. They have conducted a study where they looked at the relationship between
the level of M2 macrophages and survival rate in 14 different types of human cancer.
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2.2.1 Specific surface receptors for tumor associated macrophages
The classical activated M1 macrophages have no characteristic surface receptors that make
it possible to label these cells. However, they do have an overexpression of certain re-
ceptors: cluster of differentiation 16 (CD16), CD86. CD80, interleukin-1 receptor (IL-
1R), major histocompatibility complex class II (MHC II), toll-like receptor 2 (TLR2) and
TLR4[15, 18]. Due to the lack of specific surface receptors, M1 macrophages are often
identified based on their expression of certain cytokines[15].

The alternatively activated M2 macrophages express several specific surface recep-
tors that are used to label these cells. Examples of specific M2 receptor are: IL-1R
type II, CD204 macrophage scavenger receptor I, CD206 mannose receptor and CD163
hemoglobin scavenger receptor[15, 18].

2.3 Nanoparticles in drug delivery
A range of different nanoparticles have been developed for use in biomedical applications
such as drug delivery systems (DDS). The aim is to functionalize these nanoparticles to
reach specific targets inside the body[19]. There are strict requirements that must be ful-
filled in order to obtain useful nanoparticles. The particles must be biocompatible and
biodegradable to avoid toxic or immunological responses from the body. After release
of the drugs, the particles must be degraded to avoid accumulation in healthy tissue[19,
20]. Special engineered nanoparticles can be utilized as carriers for drugs in DDS, where
the aim is to achieve a more efficient delivery of drugs to the target site. There are sev-
eral advantages by encapsulation of drugs inside nanocarriers. Some of them are listed
below[19]:

• The EPR effect is utilized in the delivery of nanoparticles. Drugs are small molecules
that accumulate in both healthy tissue and tumor tissue. Nanoparticles are small
enough to penetrate through leaky blood vessel walls inside tumor tissue, but they
are too big to penetrate through healthy vasculature. This leads to less toxic effects
in the body by the use of nanoparticles, due to less accumulation of cytotoxic drugs
in healthy tissue.

• Most types of cytotoxic drugs used to treat cancer are poorly soluble in water. Nano-
carriers can be used to transport hydrophobic drugs inside the blood stream.

• The half-life of the drugs is increased by encapsulation due to protection from the
environment in the blood stream.

• Nanoparticles can be functionalized to reach specific targets where the drug is re-
leased. This increases the efficacy of the treatment and decreases side effects for the
patient, due to less accumulation of drugs in healthy tissue.

• It is possible to obtain time specific controlled release of the encapsulated drug.

• Nanoparticles can be used in combination with diagnostic agents in order to perform
combination therapy.
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Some examples of nanoparticles used as nanocarriers in DDS are micelles, liposomes
and polymeric nanoparticles. Illustrations of these are shown in Figure 2.3. A micelle
is formed by self-assembling of amphiphiles, which are molecules with both hydrophilic
and hydrophobic properties. Hydrophobic agents can be carried inside the core. A lipo-
some is a spherical vesicle that consists of a lipid bilayer. These vesicles can carry both
hydrophobic agents (inside the bilayer) and hydrophilic agents (inside the aqueous core).
The polymeric nanoparticle is a solid particle. Depending on the polymer matrix, these
nanoparticles have the ability to carry different types of agents inside the core[19].

Figure 2.3: Illustration of different types of nanocarriers used in drug delivery systems. From left:
micelle, liposome and polymeric nanoparticle. The red particles illustrate hydrophobic drugs, while
the organge particles illustrate hydrophilic drugs. Micelles can carry hydrophobic drugs inside the
core. Liposomes can carry hydrophobic drugs inside the bilayer and hydrophilic drigs in the aqueous
core. Polymeric nanoparticles can carry different agents, depending on the polymer matrix.

2.3.1 Nanoparticles and tumor targeting strategies
There are three main strategies to deliver nanoparticles to the tumor cells: passive target-
ing, active targeting and triggered drug release.

Passive targeting: This target strategy utilized the EPR effect. Nanoparticles are not able
to pass through healthy endothelial cells in the vasculature. They will circulate in blood
stream until they are removed by the mononuclear phagocyte system. Due to the EPR
effect, the vasculature inside tumors are leaky. This allows nanoparticles to pass through
the gaps between the endothelial cells and enter the tumor tissue. This targeting strategy
is inefficient and requires a long circulation time of the nanoparticles[19, 21, 22].

Active targeting: The nanoparticles are surface functionalized before administration into
the blood stream. Specific ligands, like antibodies and peptides, are attached to the surfaces
of the nanoparticles. These ligands bind to specific receptors that are overexpressed at the
target site[19, 21].
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Triggered drug release: An external stimuli is applied to direct the nanoparticles to the
target site. External stimuli is also used to release the encapsulated drug from the par-
ticles due to changes in the tumor environment. Examples of external stimuli are heat,
magnetism, light, ultrasound and pH value[19, 21].

2.3.2 Barriers to nanoparticles
The nanoparticles must pass through several barriers from the blood stream to the tumor
cells. These barriers are illustrated in Figure 2.4 and explained in the following sections.

Figure 2.4: Illustration of barriers for the nanoparticles from the blood stream to uptake in tumor
cells. The nanoparticles are green. From left: Blood circulation and vasculature, extravasation,
penetration through the extracellular matrix and cellular uptake.

Blood circulation: The first barrier after administration of the nanoparticles into the body
is the blood circulation. A long circulation time of the nanoparticles in the blood stream is
desirable in order to obtain a therapeutic effect. The nanoparticles must stay in the circula-
tion for a long enough time period to achieve an accumulation of nanoparticles at the target
site. The circulation time is limited by opsonization, which is one of the most important
biological barriers[23]. Opsonins are specific proteins present in the blood serum. These
proteins bind easily to foreign substances, including nanoparticles, if they are brought
in contact. Contact between opsonins and nanoparticles occur due to brownian motions.
This results in the nanoparticles’ surfaces being covered by opsonins, which make the
nanoparticles visible for the monunuclear phagocytic system (MPS). Macrophages from
the MPS recognise the opsonins on the nanoparticle surfaces, and registers them as foreign
substances. The nanoparticles are then taken up by phagocytosis and degrades inside the
macrophages by enzymes and oxidative-reactive chemical factors[23, 24].

Several methods are developed to hide the nanoparticles from the MPS and overcome
the opsonization problem. The most preferred method is PEGylation of the nanoparticles
before they are administrated into the blood stream[23]. PEG (poly ethylene glycol) is a
hydrophilic molecule, which is adsorbed at the surfaces of the nanoparticles. The PEG
chains create a steric corona around the nanoparticles, which works as a barrier and pre-
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vents binding of opsonins to the particle surfaces. PEGylation results in longer circulation
time for the nanoparticles in the blood stream, since the macrophages do not recognize the
particles without opsonins on their surfaces[25].

Vasculature: An irregular morphology of the vasculature within the tumor tissue makes
it difficult for the nanoparticles to be distributed throughout the tumor. In healthy vascula-
ture, the endothelial cells double over a period of approximately 1000 days, while in tumor
tissue this process occurs within 10 days[26]. This is an evidence for the need of rapid for-
mation of new blood vessels in tumors. To maintain tumor growth, the cancer cells need a
continuous supply of nutrients and oxygen from the blood vessels. The result of this fast
growing vasculature is irregular structures and uneven leakiness of the new blood vessels.
Some areas along the blood vessels will be highly permeable, while other areas are not
leaky at all. The irregular vasculature also reduces the blood flow within the tumor due to
high blood flow resistance. This uneven leakiness of the blood vessels and reduced blood
flow limit the transport of nanoparticles to cancer cells throughout the tumor[22].

Extravasation: The high interstitial fluid (IFP) pressure[27] and the solid stress (SS)
inside a tumor work as barriers to distribution of nanoparticles. In healthy tissue, the
drainage of excess fluid from the tissue is maintained by the lymphatic network. This
results in a fluid balance and a stable interstitial fluid pressure inside the tissue. In tumors,
the proliferation of the cancer cells results in collapse of lymphatic vessels, especially in
the center of the tumor. Due to the non-functional lymphatics, there is no drainage of
excess fluid. This causes a high IFP, which decreases towards the periphery of the tumor.
SS on the blood vessel walls occurs due to the continuous proliferation of cancer cells
within the tumor. The combination of a high IFP and SS leads to collapse of blood vessels
and thus limit the transport of nanoparticles throughout the tumor[22]. On the other hand,
the collapse of blood vessels also causes cell death due to necrosis.

The transport of nanoparticles across the blood vessel wall is called extravasation and
it is driven by convection and diffusion, as described in the following Equation 2.1[22]:

J = PA(Cv − Ci) + LpA(1− σ)(Pv − Pi)− Cvσ(πv − πi) (2.1)

where J is the flow of nanoparticles across the blood vessel wall,A is the blood vessel sur-
face area, Cv − Ci is the difference in concentration between the vascular and interstitial
solute, Lp is the hydraulic conductivity (the ease of fluid movement through a pore), σ is
the osmotic reflection coefficient due to fluid flow, Pv − Pi is the difference between vas-
cular hydrostatic pressure and interstitial hydrostatic pressure and πv−πi is the difference
in osmotic pressure across the blood vessel wall.

Convection is limited due to the high IFP in the center of a tumor, and this causes
diffusion to be the main mechanism for transport of nanoparticles from the vasculature to
the tumor tissue[22].

Penetration through extra cellular matrix: The extravasation of the nanoparticles from
the blood vessels are followed by penetration through the extra cellular matrix (ECM).
The ECM is a dense network of non-cellular component, like collagen fibers, elastin, fi-
bronectin, proteoglycans and glycosaminoglycans. This network is presented in all tis-
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sues, including tumor tissue[22, 28]. The penetration of nanoparticles through the ECM
is limited by a high IFP in the center of the tumor and is driven by diffusion[22]. This is
described by Fick’s first law in Equation 2.2[29, pp.79-82]:

J = −D∇c (2.2)

where J is the number of nanoparticles that flows through a unit area during a certain time
interval, ∇c is the concentration gradient of the nanoparticles in three dimensions, and
D is the diffusion coefficient. D is valid for small spherical particles in solutions, and is
given by Equation 2.3:

D =
kBT

6πηRs
(2.3)

where kB is the Boltzmann constant, T is the temperature, η is the viscosity of the fluid
(ECM) and Rs is the radius of the particles.

The diffusion of particles through the ECM is dependent on size, charge and confor-
mation of the particles, in addition to their ability to interact with the matrix. The main
barrier for the nanoparticles inside the ECM is the collagen content. Collagen fibers work
as a steric hindrance and limit the penetration of nanoparticles inside the interstitial ma-
trix. Due to this, there is less movement of the nanoparticles inside tumors with a high
content of collagen compared to tumors with low collagen content[30]. Nanoparticles for
use in DDS usually have a diameter up to a few hundred nanometers. The penetration of
nanoparticles and the dependency of particle size has been studied for several tumors. It
has been shown that nanoparticles with a diameter larger than 60 nm, not penetrates with
a sufficient rate within the ECM to achieve a desirable drug delivery throughout the tu-
mor.[22].

Cellular uptake: Most of the cytotoxic drugs works intracellularly, which means that
the nanoparticles must be taken up by the cells before the drug is released[31]. Once
a nanoparticle has reached its target cell, it is taken up by the cell through endocytosis.
There are four main pathways[19] and these are shown in Figure 2.5.

• Phagocytosis: This is mainly performed by professional phagocytic cells: macrop-
hages, monocytes, neutrophils and dendritic cells. Phagocytes engulf substances of
sizes up to tens of micrometers like e.g. cellular debris, damaged cells and microor-
ganisms. Phagocytosis occurs after opzonization of the substance[32]. The uptake
mechanism includes folding of the cell membrane around the substance before in-
gestion into the intracellular space[33, pp.371-372].

• Clathrin-mediated endocytosis: A receptor mediated endocytosis mechanism for
internalization of substances by eukaryotic cells, including cancer cells. This is the
main internalization mechanism used by eukaryotic cell. When a substance binds
to surface receptors on the cell, an inward budding of the cell membrane occurs.
Adapter proteins and clathrin from inside the cytosol cover the substance on the
cytosolic side of the membrane. A vesicle is formed inside the cell and cut of from
the cell membrane by a complex of dyanamin proteins[33, pp.371-372].
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• Caveolae-mediated endocytosis: This is the main internalization mechanism by eu-
karyotic cells after clathrin-mediated endocytosis, and it is used by cancer cells. The
mechanism involves small bulb-shaped vesicles in the plasma membrane formed by
caveolins (integral membrane proteins) and cavins (adapter proteins). These vesi-
cles are called caveolae and they are used to trap extracellular substances. This leads
to recruitment of dynamin proteins that cut the vesicle from the membrane and into
the cytosol[19, 34, 35].

• Pinocytosis: Substances and fluid from the extracellular space are transported into
the cytosol by invagination of the cell membrane. The method is non-specific since
no receptors are used to determine which substances that are brought into the cell.
This is called fluid endocytosis or cell drinking, and it is performed by eukaryotic
cells like cancer cells[19].

Figure 2.5: Illustration of the four main endocytic pathways for internalization of nanoparticles.
From left: pinocytosis, caveolae-mediated endocytosis, clathrin-mediated endocytosis and phagocy-
tosis.

The working site for the drugs encapsulated inside the nanoparticles are normally the
cytosol. After internalization of the nanoparticles into the cytosol, the nanoparticles have
to escape from the endolysosomal network in order to avoid degradation by lysosomes.
Lysosomes have a low pH environment and contain a high level of enzymes, which is used
to degrade foreign substances that enter the cell[19].
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2.4 Ultrasound

Ultrasound is sound waves with frequencies higher than 20kHz. These frequencies are
above the upper limit of the audibility range for the human ear. Sound waves are transmis-
sion of energy through a medium by collisions of adjacent particles. The particles oscillate
around their equilibrium and there is no net displacement of the particles. Sound waves
occur as two types, transverse and longitudinal waves. The type of wave is dependent on
the direction of particle oscillations, relative to the direction of the transmitted energy. The
wave is defined as transverse if the individual particles inside the medium oscillate in a di-
rection perpendicular to the direction of the propagating energy. If the particles oscillate
in the same direction as the propagating energy, the sound wave is defined as longitudi-
nal[36]. These two types of sound waves are illustrated in Figure 2.6. Transverse waves
require solid material to be able to transfer energy through the material, where as longi-
tudinal waves can propagate through all kinds of materials, including soft tissues. Due
to this, ultrasound is usually transmitted through the body by longitudinal waves. One
exception is transmission of sound waves through bones. Solid bones inside the body can
also experience transverse waves[36, 37].

Figure 2.6: Illustration of longitudinal and transverse waves. In longitudinal waves the particles
inside the medium oscillate in the same direction as the energy transfer. In transverse waves the
particles oscillate perpendicular to the direction of the energy transfer.

Ultrasound is generated by piezoelectric transducers, where an applied voltage wave-
form is converted into mechanical pressure waves or sound waves[38]. These waves are
described by wave parameters, like amplitude, wavelength, frequency and period. The am-
plitude is the difference between maximum compression and rarefaction of the wave. The
wavelength is the distance between two point where the shape of the wave repeats. The
frequency is the number of wave cycles per second, while the period is the time needed to
complete one wave cycle. The relationship between the velocity, wavelength, frequency
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and period of the wave is given in Equation 2.4[39]:

c = λf =
λ

T
(2.4)

where c is the velocity of the propagating wave through the medium, λ is the wavelength,
f is the frequency and T is the period. The velocity is dependent on the elasticity and
density of the medium, according to Equation 2.5[39, 40]:

c =

√
E

ρ
(2.5)

where c is the velocity, E is the elasticity and ρ is the density of the medium. Elasticity is
the material’s ability to regain its original form after deformation, like compression due to
a sound wave. The density is mass per unit volume. The average velocity for propagating
sound waves through body tissue is found be 1540 m/s[39].

Generation mode of an ultrasonic wave is a temporal characteristic of the waveform.
There are two main generation modes for use in medical ultrasound, namely continuous
wave mode and pulsed wave mode. In continuous generation mode, the transducer is
continuously excited with an electric sine wave. This results in an ultrasonic wave with
constant amplitude. For the pulsed wave, the transducer is excited by a very short electric
signal, followed by a break. This is repeated and the ultrasonic wave is produced as pulses.
The pulse duration (τ ) is given is given by Equation 2.6[39]:

τ = NT =
N

f
(2.6)

where N is the number of cycles per pulse, T is the period and f is the frequency. The
pulse is activated a fractional amount of time, given by the duty factor (DF) presented in
Equation 2.7[39]:

DF =
τ

PRP
= τPRF (2.7)

where τ is the duration of the pulse, PRP is the pulse repetition period (the time from the
start of one pulse to the start of the next) and PRF is the pulse repetition frequency (the
number of pulses during a time unit)[39].

The mechanical index (MI) is an important value in therapeutic ultrasound, which is
discussed in section 2.4.1. MI is a measure of mechanical effects on biological tissue due
to ultrasound and is described by Equation 2.8[39]:

MI =
pneg√
f

(2.8)

where pneg is the peak negative pressure in MPa, and f is the frequency of the sound wave
in MHz.

Both diagnostic and therapeutic ultrasound are used within medicine. Diagnostic ul-
trasound is used regularly in clinical imaging. The method is safe for the patients and
does not lead to biological effects inside the body due to the low deposition of energy[41].
Therapeutic ultrasound is used to achieve a certain biological effect inside the body by
deposition of energy[42, p.1].

14



2.4 Ultrasound

2.4.1 Therapautic ultrasound in nanoparticle drug delivery
Ultrasound has great potential in therapeutic drug delivery systems (DDS). It can be fo-
cused and used as local treatment on a target without effecting the surrounding tissue. The
deposition of energy in tissues is used to produce both a thermal and a mechanical effect,
depending on the aim of the treatment[43].

When the tissue absorbs energy from ultrasound waves, a local heating of the tissue
occurs. If the intensity of the sound waves is high enough, this may lead to local hy-
perthermia. This results in an increased permeability of the blood vessels and increased
blood flow to the heated area. This is utilized in drug delivery since an increased blood
flow increases the flux and uptake of therapeutic agents[42–44]. Thermal effects from
US can also be used in DDS as external stimuli for release of drugs from heat sensitive
nanocarriers[42, 44].

Mechanical effects from ultrasound treatment are utilized in the DDS which is charac-
terized in this thesis. The DDS is described by Y. Mørch et al[5]. PEGylated polymeric
nanoparticles are used as a stabilizing shell around microbubbles. These complexes were
administrated intravenously into the blood stream and focused ultrasound was applied lo-
cally on the tumor.

Several reviews [38, 42–44] describe the mechanical effects of ultrasound in combi-
nation with microbubbles. Microbubbles have a smaller size than the wavelenght of the
ultrasound. This leads to volume oscillations of the microbubbles when they are located
in a pressure field from sound waves. The bubbles expand at low pressure and contract
at higher pressure. Volume oscillations around an equilibrium radius are called stable
cavitation and occur at low values of the MI, described in Equation 2.8. Microstreaming
(circulating fluid flow) occurs as a result of the volume oscillations. Also, an increased
permeability of the vasculature is observed due to the formation of pores from expansion
of microbubbles close to blood vessel walls. If sound waves with a high MI are applied,
this may lead to inertial cavitation. Due to a high pressure, the radius of the microbubbles
increase during the oscillations until a point where they collapse. The results from the
collapse of microbubbles are shock waves and jet streams which increase the permeability
of the vasculature even more[38, 42–44]. Both stable cavitation and inertial cavitation are
illustrated in Figure 2.7.

If the microbubbles consist of a stabilizing shell of nanoparticles (encapsulating drugs),
the nanoparticles are shot into the surrounding tissue during inertial cavitation. This in-
crease the delivery of drugs to the tumor compared to tumors not treated with local fo-
cused ultrasound. The ultrasound treatment is usually applied as pulsed waves instead of
a continuous waveform. This avoids heating of surrounding tissues, in addition to mak-
ing it possible for new microbubbles to enter the pressure field in the break between the
pulses[43].
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Figure 2.7: a) An ultrasound pressure wave. b) Stable cavitation where the microbubble oscillate in
volume around an equilibrium radius. c) Inertial cavitation where the microbubble collapse due to a
high acoustic pressure.

2.5 Experimental techniques

In this thesis, flow cytometry is used to analyse the tumors from trial 3 and 4, while con-
focal laser scanning microscopy (CLSM) is used to image the tumor sections from trial 1
and 2, Table 3.1, section 3.3. Both of these experimental techniques utilize fluorescence
from fluorescent dyes.

2.5.1 The principle of fluorescence

Fluorescence techniques are based on fluorescent dyes, which are specific molecules or
parts of molecules. These fluorescent dyes absorb and emit light. The absorbed light has
specific wavelengths and energies. The light emitted from the fluorescent dyes has less
energy and longer wavelengths compared to the absorbed light. The emitted light is there-
fore red shifted in the electromagnetic spectrum[45, pp.86-87]. Figure 2.8 illustrates the
different energy states of a fluorescent dye. Photons with energies hνex from an external
source are supplied to the sample. These incoming photons excite the fluorescent dye from
the ground state to an electronic singlet state S1. The fluorescent dye stays in this excited
state for a very short time period, normally between 1 to 10 ns. During this period, the
fluorescent dye loses energy through conformational changes and non-radiative transitions
between vibrational states, until it reaches a relaxed singlet state S2. From this state, the
fluorescence occurs when a photon with energy hνem is emitted and the fluorescent dye
returns back to its original ground state S0. From this ground state, the process could be
repeated[46, p.3].
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Figure 2.8: A Jablonski diagram showing the different energy states of a fluorescent dye. Incoming
light excites the fluorescent dye from the ground state S0 to a higher energy level S1. The fluores-
cent dye stays in this excited state for a very short time period. During this period, the fluorescent
dye loses energy through conformational changes and non-radiative transitions between vibrational
states, until it reaches S2. From S2 and back to the ground state S0, fluorescence occurs. The emitted
light has lower energies and longer wavelengths than the exciting light.

2.5.2 Staining of biological components with fluorescent antibodies
Antibodies with fluorescent dyes are widely used in staining of biological components.
In this thesis, the macrophages are stained with fluorescent antibodies. Both primary and
secondary antibodies are used for staining, and they are produced in host animals. Primary
antibodies are produced with the aim of binding to specific surface receptors on the cells.
Secondary antibodies binds to primary antibodies from specific host animals[47, p.148].

There are two staining methods, direct or indirect immunostaining. Fluorescent dyes
are labelled directly to the primary antibodies in direct immunostaining. In indirect im-
munostaining, both primary and secondary antibodies are used. Fluorescent dyes are la-
belled to the secondary antibodies. This method consists of two steps. First, the primary
antibody binds to specific surface receptors. This is followed by binding of secondary anti-
bodies to the primary antibodies. Indirect immunostaining has higher sensitivity compared
to direct immunostaining. This is due to possibilities for signal amplifications, where sev-
eral secondary antibodies bind to one primary antibody[47, pp.31-34]. An illustration of
this is shown in Figure 2.9.
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Figure 2.9: Illustration of indirect immunostaining. A primary antibody binds to a specific receptor
on the surface of a macrophage. Several secondary antibodies with fluorescent dyes bind to the
primary antibody to visualize the macrophage.

2.5.3 Flow cytometry
Flow cytometry is a quantitative method used to measure optical and fluorescence char-
acteristics of single cells[48]. Based on this, flow cytometry can be used to distinguish
between different types of cells in a single cell suspension. The general setup of a flow
cytometer is illustrated in Figure 2.10.

The analysis requires a suspension of single cells. The cells in the suspension are
stained with different fluorescent dyes that label the cell populations of interest. The fluo-
rescent dyes are selected based on the available wavelengths of the lasers presented in the
flow cytometer. The stained cell suspension is introduced into the flow cytometer together
with a sheath fluid solution[49]. The sheath fluid solution is a cell-free buffer solution used
for hydrodynamic focusing of the single cell suspension. A laminar flow occurs when two
solutions with different flow rates are running side by side inside a small channel. In a
flow cytometer, the single cell suspension is focused by the surrounding sheath fluid. The
single cell suspension have a higher flow rate compared to the sheath fluid. This results in
a focused stream of the cell sample where there is only room for one cell at the time[49,
50]. This is called hydrodynamic focusing, and the principle is illustrated as a part of
Figure 2.10.

The streams of single cells are directed orthogonal through a laser beam, where the
cells are illuminated. The fluorescent dyes are excited and release light with a specific
wavelength. The optical system is designed to allow detection of multiple surface markers
at the same time. This is done through the use of dichroic mirrors and several fluorescent
detectors. The emission spectra of the fluorescent dyes are often wide and the signal from
one dye is detected by several detectors. Thus, a single detector will detect emission from
various fluorescent markers in varying degrees. The spillover fluorescence is removed by
the use of a mathematical algorithm. The aim is that one detector only reports signals from
one fluorescent dye. This is called compensation[49].
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Flow cytometry presents relative data. A control sample, a sample not stained with the
specific fluorescent dyes, has to be included in each analysis. These control samples are
used to measure autofluorescence, and they are compared to the samples stained with the
desired fluorescent dyes[49].

Optical information, like the forward scatter signal and side scatter signal, is also ob-
tained when a cell sample is run through the flow cytometer. The scattered light from a
cell is detected in the front of the cell with a forward scatter detector. Light that scatters at
an angel orthogonal to the incoming laser beam is detected by a side scatter detector. The
forward scatter signal provides information about the size of the cell, while the side scatter
signal gives information about the granularity[49].

Figure 2.10: Illustration of the general setup of a flow cytometer. The cells are illuminated by a
laser and the emitted fluorescent light is detected by several detectors. Light scattered from a cell
is detected in the front of the cell by a forward scatter detector, while light that scatters at an angel
orthogonal to the incoming light is detected by a side scatter detector. The principle of hydrodynamic
focusing is also presented in the figure.

2.5.4 Confocal laser scanning microscopy
Confocal laser scanning microscopy (CLSM) is based on fluorescence, and the technique
is popular within biological imaging[51, p.265-267]. The use of CLSM makes it possi-
ble to obtain images with high resolution, contrast, sensitivity, specificity and selectivity,
all necessary in characterization of biological samples[45, p.86]. In CLSM, light with
a certain wavelength is focused onto a sample where different components are stained
with fluorescent dyes. The fluorescent dyes are excited and the emitted light is detected,
resulting in an image of the stained components in the sample[51, p.267-272].

In traditional wide field microscopy, the entire sample is illuminated at once and an
image of the whole illuminated region is created. The created image is based on light from
both the focus-region inside the sample and light emitted from out-of-focus regions. This
causes a blurry result. If the magnification and numerical aperture of the lens are low,
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there will be a large dept of field (DOF). This is the distance between the lower and upper
planes that define the focus-region. The light from the out-of-focus regions will not be a
noticeable problem in the image if the DOF is large. On the other hand, if an objective
with high magnification and numerical aperture is used, this produce a small DOF and the
out-of-focus light becomes problematic[52, pp.221-223].

This problem is solved in confocal fluorescence microscopy by the use of a pinhole
aperture. The pinhole is placed in the image plane in the front of the detector and it works
as filter. The emitted light from the out-of-focus regions in the sample is stopped and do
not contribute to the created image. The light emitted from the focal plane will converge
on the pinhole and reach the detector. This is illustrated in Figure 2.11, where the light
path through a confocal laser scanning microscopy is shown. When the out-of-focus light
is filtered out, an optical section of the focus plane is created. The thickness of the optical
section is dependent on several factors, including the wavelength of the laser and the size
of the pinhole[52, pp.221-223].

The size of the pinhole depends on airy units. A small value of the airy unit gives a
small diameter of the pinhole, resulting in a thin optical section. A decrease in the size
of the pinhole improves the horizontal resolution in the image and gives a higher contrast.
On the other hand, a small size of the pinhole limits the number of photons that reaches
the detector. To obtain good images by the use of small pinhole sizes, the power of the
excitation lasers have to be higher and the exposure time longer compared to the use of
larger pinhole sizes. This increases the risk of photobleaching and light-induced damage
to the sample[51, p.277].

The laser beam is scanned over the sample surface to obtain an image of the entire
sample, hence the name confocal laser scanning microscopy. Two methods are used to
scan the surface. The laser beam is either scanned systematically over the surface, or the
laser beam is stationary and the sample stage is moved horizontally. The stationary laser
beam is located at the optical axis to reduce aberration from the lenses[52, pp.221-223].
Aberration occurs when light that passes through a lens is not focused in the same point.
For an ideal lens, the light is focused at the same point, but no lens is ideal in the reality.
This may cause a blurred and distorted image[53]. Aberration is reduced by the use of a
stationary laser beam, but movement of biological samples may cause distortions of the
tissue. Due to this, the laser beam is usually scanned over the surface while the sample
stage is stationary[52, pp.221-223].

By the use of CLSM, it is possible to obtain images of a sample in both 2D and 3D. If
the optical section within the sample is moved in the z-direction, the data obtained from
each point along the z-axis can be reconstructed as a 3D model of the sample[52, pp.221-
223].
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Figure 2.11: Illustration showing the light path through a confocal laser scanning microscopy. The
confocal pinhole aperture works as a filter, and the emitted light from out-of-focus regions in the
sample is stopped and do not contribute to the created image. The emitted light from the focal plane
will converge on the pinhole aperture and reaches the detector.

Challenges of confocal laser scanning microscopy imaging

There are some important factors to be aware of during imaging of fluorescent dyes, and
the most relevant ones are listed below:

• Photobleaching: This refers to photochemical destruction of fluorescent dyes, re-
sulting in gradual loss of the emitted fluorescence intensity. When fluorescent dyes
are exposed to light, photobleaching may occur due to oxidation or thermal de-
composition of the chemical structure. This process is irreversible and a common
problem during imaging of organic fluorescent dyes. The problem can be reduced
by the use of reactive oxygen scavengers, reduced intensity of the excitation light
and shorter exposure time of the sample[45, pp.124-125].

• Bleed-through: During subsequent imaging of fluorescent dyes in different color
channels, bleed-through may be a challenge. If there is an overlap in the emission
spectra from different fluorescent dyes, the same channel detects fluorescence from
more than one dye. This makes it hard to distinguish between the different dyes.
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It is possible to overcome this problem by the use of fluorescent dyes with proper
distances between their emission spectra. In addition to this, suitable emission filters
have to be chosen to separate the different signals[45, p.123].

• Light-induced damage in tissues: When tissues are exposed to light, several tissue-
light reactions can arise and damage the sample. This includes photodisruption
(mechanical forces disrupt tissue due to the occurrence of shock waves) and thermal
interactions (the absorbed light is converted into heat that damage structures in the
tissue)[52, p.173].

• Autofluorescence: Cellular components and the extracellular matrix have photo-
physical properties that leads to emission of fluorescence when they are exposed to
light with certain wavelengths. This is called autofluorescence, and it may occur
even though the components are not stained with fluorescent dyes. Sometimes, this
makes it difficult to separate the background in the sample from the components
stained with fluorescent dyes. The problem can be addressed by the use of suitable
emission filters[52, p.163].
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Materials and methods

This master’s thesis is a continuation of the specialization project carried out by the au-
thor in the autumn 2018[10]. Therefore, there will be some overlap between the method
sections in these two works.

3.1 Cell cultivation
In this master thesis, human prostatic adenocarcinoma cells (PC3, American Type Cul-
ture Collection) and human osteosarcoma cells (OHS, Department of tumor biology at
the Radium Hospital Oslo) were cultured with the aim of further implantation into mice.
RAW cell line macrophages (St.Olavs, Trondheim University Hospital) were cultured for
use in optimization of the protocol for flow cytometry analysis. PC3 and RAW cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum
(FBS) and 1% penicillin streptomycin. OHS cells were cultured in Roswell Park Memo-
rial Institute (RPMI) 1640 Medium with 10% FBS, 0.5% L-glutamine and 1% penicillin
streptomycin.

OHS and PC3 cells were first cultured in 75 cm2 cell culturing flasks (VWR) contain-
ing 15ml growth medium and then transferred to 300 cm2 flasks containing 60ml growth
medium. This was done in order to grow the necessary amount of cells for implantation.
RAW cells were only cultured in 75 cm2 flasks. All cells were incubated at 37 ◦C with
5% CO2 and kept at exponential growth. The growth medium was changed twice a week
and cell splitting was done once a week.

The cells were split by removing the growth medium before they were washed in either
5ml (75 cm2 flasks) or 20ml (300 cm2 flasks) phosphate buffered saline (PBS). PBS was
then removed and replaced by 3ml (75 cm2) or 12ml (300 cm2) 0.25% trypsin and 0.2%
EDTA in order to detach the cells from the culturing flask. This solution was allowed to
work for 3 minutes at 37 ◦C before adding of 8ml (75 cm2) or 20ml (300 cm2) growth
medium to stop the trypsination. A light microscope (Leica DMIL) was used to confirm
the detachment of the cells. One droplet of the solution was transferred to a Bürker cham-
ber and the cells were counted under the light microscope. The remaining solution was
transferred to a 14ml (75 cm2) or 50 ml (300 cm2) centrifuge tube (Corning Centristar)
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and centrifuged at 1500 rpm for 5 minutes (Heraeus Megafuge 1.0). The supernatant was
removed and the cells were resuspended in growth medium to obtain an concentration
of either 1x106 cells/ml. 1.5 million cells (75 cm2) or 6 million cells (300 cm2) were
transferred to a new flask.

The remaining non-discarded cells were used for implantation or experiments. Har-
vesting cells for implantation was done during a cell splitting process. After the cen-
trifugation step, the supernatant was removed and cell medium was added to make a cell
concentration of 3x106 cells/µl. The cell suspension was kept on ice in 2 ml tubes (VWR)
until implantation.

3.2 Nanoparticle - stabilized microbubble complexes
The nanoparticles used in this master thesis were PEBCA (poly ethyl-butyl cyanoacrylate)
polymeric nanoparticles loaded with nile red 688 fluorescent dye. The nanoparticles were
coated with two different types of PEG (Brij and Kolliphor) and their diameter were be-
tween 100-200 nm. The nanoparticle-stabilized microbubble complexes were fabricated
by self-assembly including 2 minutes mixing of 0.1 wt% nanoparticles and 0.5% casein in
phosphate buffered saline (PBS) saturated with perfluoropropane (PFP). The diameter of
the nanoparticle-stabilized microbubble complexes were approximately 2-4 µm. Both the
nanoparticles and the microbubbles were synthesized at SINTEF Trondheim[5], by Anne
Rein Hatletveit. Figure 3.1 shows a scanning electron microscopy image of a microbubble
stabilized with nanoparticles.

Figure 3.1: Scanning electron microscopy image of a nanoparticle-stabilized microbubble. The
image is taken by Einar Sulheim, SINTEF/NTNU. Scale bar is 1 µm.

3.3 Animal trials
The tumor sections characterized in this master thesis are from two animal trials (trial 1
and trial 2) carried out during the spring of 2018. The tumors used for flow cytometry
analysis are from two animal trials (trial 3 and trial 4) executed during the spring of 2019.
All trials were performed by Einar Sulheim in accordance with strict regulations set by
Norwegian Animal Research Authorities. The author assisted in the third and forth trial,
but did not handle the animals.
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Athymic Balb/c nude mice were used as an animal model. All of the animals were
kept in ventilated cages with pathogen free conditions at 22-23◦C and 50-60% relative
humidity. There was free access to sterile water and food during the whole experiment
period.

3.3.1 Tumor implantation
In all trials, the animals were anesthetized by a subcutaneous injection of fentanyl, medeto-
midine, midazolam and water in a concentration of 2:1:2:5. The given dose was 0.1 mL
per 10 g. The animals were under anaesthesia during the implantation of cells, treatment
and euthanasia, which was done by cervical dislocation. During this time period, their
body temperature was kept stable by the use of a heat blanket.

Both human osteosarcoma cells (OHS) and human prostatic adenocarcinoma cells
(PC3) were implanted under the skin on the left hind leg of the animals. In trial 1 and
trial 2 the animals were randomly divided into groups of four, while in trial 3 and trial 4
the animals were divided into groups of five. One group in each trial was used as a con-
trol group while animals from the other groups were treated with ultrasound on the tumor.
Table 3.1 gives a overview over the number of animals in the different trials and groups.

Table 3.1: The number of animals in the different animal trials. Tumors from trial 1 and trial 2 were
analyzed by using CLSM, while tumors from trial 3 and trial 4 were analyzed by flow cytometry.
The control groups were injected with nanoparticle-stabilized bubbles, while the treated groups were
injected with nanoparticle-stabilized micobubbles in combination with ultrasound treatment.

Group Trial 1 (OHS) Trial 2 (PC3) Trial 3 (OHS) Trial 4 (PC3)
Control 4 4 5 5
Treated with US 4 4 5 5

3.3.2 Tumor treatment
The tumors were treated when they had reached a size of about 10 mm along the longest
axis, a growing process taking typically 3-5 weeks after implantation of the cancer cells.
An injection of nanoparticle-stabilized microbubble complexes (NPMBs) was given to all
the animals in both the control group and the treated group. For the animals in the treated
group the injection of NPMBs was combined with local ultrasound treatment on the tumor.
Ultrasound treatment was not used on the animals in the control group.

The ultrasound setup is shown in Figure 3.2. A single-element focused transducer
with a center frequency of 1MHz was used. The signal was generated by using a wave-
form generator combined with a 50-dB power amplifier. The transducer was placed at the
bottom of a water bath. The animal was placed on top of an absorber coated lid over the
water bath. The left hind leg with the tumor was placed into the water bath in focus of the
transducer by the use of a 10 mm hole in the cover. The distance between the tumor and
the transducer was 190 mm throughout the whole ultrasound exposure period. The water
bath had a temperature of 34◦C to maintain a stable body temperature in the animals and
to avoid hypothermia. An external heat lamp was also used for this purpose.

25



Chapter 3. Materials and methods

Figure 3.2: Images of the ultrasound setup used to treat the animals included in the treated groups in
all trials. The image to the left is an overview of the entire setup which includes a signal generator,
amplifier, ultrasound transducer, water bath, animal and heat lamp. To the right is a close up image
of the US transducer, water bath and the animal placed on the top of the lid with its left hind leg
inside the water bath.

100 µL NPMBs with a concentration of 10 mg/mL were injected into the animals dur-
ing a period of 10-15 sec. For the treated group inn all trials, US treatment was started
at the same time as the beginning of the injections. The US treatment was the same as
previously used by Snipstad et al.[6]. For all treated animals, the US exposure lasted for
2 minutes. The treatment expected a total destruction of all microbubbles and consists of
bursts of 10 000 cycles every 100 ms for 0.5 sec. This was followed by a break of 1.5 sec.
The local pulse repetition frequency (PRF) was 10 Hz, while the global PRF was 0.5 Hz
and the total duty cycle was 2.5%. The mechanical index (MI) of the US treatment was
0.5. The animals in the control groups were also placed with their left hind legs inside
the water bath in 2 minutes from the beginning of the injection of NPMBs, although they
where not treated with US. This was done to make sure that the US treatment was the only
different factor between the control groups and the treated groups.

In trial 1 and trial 2, an injection dose of 100 µL fluorescent labeled lectin-FITC was
given to the animals 5 minutes before euthanasia. This was done to stain vascular en-
dothelial cells inside the tumor, making it possible for further imaging of the blood vessels
inside the tumors. The animals in all trials were euthanized 30 minutes after the US treat-
ment, followed by immediate removal of the tumors from the hind legs of the animals.
The tumors from trial 1 and trial 2 were then flash frozen in liquid nitrogen before each
tumor was sectioned into evenly distributed 25 µm sections. The sectioning was performed
by Ingunn Nervik at CMIC NTNU. The sections were then mounted on glass slides and
stored in a freezer at -80◦C before further staining and imaging. The tumors from trial 2
and trial 3 were stored in growth medium at 4◦C over the night before they were used for
flow cytometry analysis the following day.
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3.4 Flow cytometry analysis
Tumors from animal trial 3 and trial 4 were used for flow cytometry analysis. To make
it possible to analyse a tumor by the use of flow cytometry, a single cell suspension was
made and the macrophages in the cell suspension was stained with fluorescent antibodies.

The following sections describe the method from a tumor to digital results. This
method is a result of an optimization process where the starting point was a project work
by Unni Cecilie Nygaard written in the spring 1996[54]. Each of the sections below con-
tain a subsection which describes the optimization process and the tested parameters. The
tumors used in this optimization process and the development of the method were left over
from other ongoing trials in Catharina de Lange Davies’ research group.

3.4.1 Single cell suspension
There are two methods used to make single cell suspension from a tumor, mechanical
disintegration or enzymatic disintegration. Both methods were tested in this thesis and
mechanical disintegration was chosen to be used for the tumors in trial 3 and trial 4.

Mechanical disintegration

During disintegration a Stomacher Lab-Blender 80 (Seward Medical, London. Model No.
BA 6020, 50Hz) was used. The centrifuge used, was a Heraeus Megafuge 1.0.

1. The tumor was weighed and placed in a special Stomacher plastic bag. A mortar
and a pestle was used to crush the tumor into small pieces inside the plastic bag.

2. The crushed tumor was transferred to a new Stomacher plastic bag and 25 ml growth
medium was added. The growth medium was dependent on the type of tumor, PC3
or OHS. Growth medium for the different tumors are described in section 3.1.

3. For OHS tumors the plastic bag was placed in the Stomacher for 3 minutes, while
for PC3 tumors the time in the Stomacher was 7 minutes.

4. The cell suspension was filtered through a cell strainer (Falcon) with pore size
70 µm, followed by filtration though a cell strainer (Falcon) with pore size 40 µm.
The strainers were moisturized with PBS before the filtration of the cell suspension.

5. The cell suspension was transferred to a centrifuge tube (Corning Centristar) and
centifuged at 1500 rpm for 5 minutes.

6. The supernatant was removed and the cells were resuspended in 50 ml PBS.

Enzymatic disintegration

A Heraeus Megafuge 1.0 was used for centrifugation of the samples. The enzymatic so-
lution consist of 0.14% (0.014g/10ml) Collagenase type I (SIGMA), collagenase activity
246 unit/mg solid. The second substance was 0.1% (0.01g/10ml) DNase (SIGMA) with
activity 2840 unit/mg solid. These chemicals were solved in PBS with 1% bovine serum
albumin (BSA).
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1. The tumor was weighed and placed in a special Stomacher plastic bag. A mortar
and a pestle was used to crush the tumor into small pieces inside the plastic bag.

2. The crushed tumor was transferred to a centrifuge tube (Corning Centristar) and
incubated with the enzymatic solution at 37◦C for 40-60 minutes. The suspension
was mixed with a vortex mixer every 5 minutes.

3. To stop the enzymatic disintegration, 10 ml PBS was added to the suspension.

4. The cell suspension was filtered through a cell strainer (Falcon) with pore size
70 µm, followed by filtration though a cell strainer (Falcon) with pore size 40 µm.
The strainers were moisturized with PBS before the filtration of the cell suspension.

5. The cell suspension was transferred to a new centrifuge tube and centifuged at 1500
rpm for 5 minutes.

6. The supernatant was removed and the cells were resuspended in 50 ml PBS.

Optimization of the method to make single cell suspension

To find the best way to make a single cell suspension from a tumor, both mechanical
and enzymatic disintegration were tested. Both methods were tested with different time
parameters to find the best parameters to obtain a high number of viable cells per gram
tumor. One million viable cells were used for one sample (this means that the number of
viable cells from one tumor had to be higher than one million). The two methods were
tested for both OHS and PC3 tumors. Several experimental series, consisting of 2 tumors)
were performed where tumors with approximately the same weight were compared. Me-
chanical disintegration was used to make a single cell suspension of one tumor, whereas
enzymatic disintegration was used on the other tumor. Mechanical and enzymatic disin-
tegration were performed as described in previous sections, but the time in the Stomacher
and the enzymatic incubation time varied in the different series.

For OHS tumors, two series were performed and the results are shown in Table 4.1,
section 4.1.1. For mechanical disintegration the Stomacher time was 3 minutes and for
enzymatic disintegration the incubation time was 40 minutes. The OHS tumors have a soft
consistency and they were easy to crush. These times parameters gave a large number of
viable cells per gram tumor for both mechanical and enzymatic disintegration and were
therefore used again in series 2.

Three PC3 series were performed and the results are shown in Table 4.2, section 4.1.1.
In series 1, the Stomacher time was 3 minutes for mechanical disintegration and the en-
zymatic incubation time was 40 minutes. This was the same parameters as used for OHS
tumors, but the PC3 tumors have a hard consistency and were difficult to crush. These
times gave a very small number of viable cells per gram for both of the disintegration
methods. Two more series where therefore performed. For mechanical disintegration, the
Stomacher time was increased by two minutes for each series and for enzymatic disin-
tegration the incubation time was increased by ten minutes. The Stomacher time was 5
minutes for series 2 and 7 minutes for series 3. The enzymatic incubation time was 50
minutes for series 2 and 60 minutes for series 3.
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Mechanical disintegration gave the highest number of viable cells per gram tumor and
was therefore chosen to be the best option to make single cell suspensions from both OHS
and PC3 tumors. The Stomacher times was chosen to be 3 minutes for OHS tumors and 7
minutes for PC3 tumors.

3.4.2 Counting of viable cells
The cells in the single cell suspension were counted to find the number of viable cells in
the sample. A Countess automated cell counter (Invitrogen) was used. Cell suspension
and trypan blue were added to a counting chamber slide (Invitrogen) in ratio 1:1 (10 µL
cell suspension and 10 µL trypan blue). Trypan blue gives the dead cells a blue color. The
counting chamber slide was placed inside the cell counter, and the instrument gave the
number of viable and dead cells in the cell suspension.

3.4.3 Staining of macrophages
Indirect immunostaining with primary and secondary antibodies was used to stain the M1
and M2 macrophages in the cell suspensions. Two primary antibodies were used. One
binds to F4/80 receptors on the surface of all macrophages (M1 + M2), while the other pri-
mary antibody binds to CD206 mannose receptors on the surface of only M2 macrophages.
M1 macrophages have no characteristic surface receptors which make it possible to label
them with specific antibodies. M2 macrophages, on the other hand, are possible to stain
with antibodies due to characteristic surface receptors[15]. This is the reason why one pri-
mary antibody was selected to bind to all macrophages (M1 + M2) and the other primary
antibody was chosen to only bind M2 macrophages.

The F4/80 antibody was purchased from Bio-Rad[55] and was raised in rats as host
animals. The antibody was delivered as a liquid in a concentration of 1.0 mg/mL. CD206
was purchased from Thermo Fisher Scientific[56] with goats as host animals. This anti-
body came as powder and was reconstituted in sterile PBS to obtain a concentration of 0.2
mg/mL, as given in the datasheet.

An anti-goat antibody with AlexaFluor488 as fluorescent marker was selected as sec-
ondary antibody to stain M2 macrophages. The secondary antibody used to stain all
macrophages (M1 + M2) was an anti-rat antibody with DyLight405 as fluorescent dye.
Both these secondary antibodies were purchased from Dianova[57] and delivered as pow-
der. The powder was reconstituted in 1:1 dH2O and glycerol to obtain a concentration of
1.5 mg/mL for the AlexaFluor488 antibody and a concentration of 1.0 mg/mL for the Dy-
Light405 antibody. The information about the reconstitution was given in their datasheets.
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Preparation of antibodies before staining

A volume of 100 µL primary and secondary antibodies in correct concentration (diluted in
PBS with 1% BSA) were used to stain 106 cells. The antibody concentrations are given in
Table 3.2.

Table 3.2: The concentrations of the primary and secondary antibodies used to stain macrophages
in the single cell suspension.

Antibody Concentration per million cells
F4/80 4 µg
CD206 5 µg
AlexaFluor488 0.5 µg
DyLight405 0.5 µg

The staining procedure

The staining procedure was performed at 4◦C to prevent capping of the antibodies.

1. The cells in the single cell suspension were counted and 106 viable cells were placed
within a centrifuge tube (Corning Centristar). The sample was centrifuged at 1500
rpm for 5 minutes followed by removal of the supernatant.

2. Incubation with primary antibodies: 100 µL F4/80 antibody in correct concentration
(diluted in PBS with 1% BSA) was added to the sample. This was immediately
followed by adding of 100 µL CD206 antibody in correct concentration (diluted in
PBS with 1% BSA). The sample was resuspended and incubated with the antibodies
at 4◦C for 45 minutes.

3. Washing step to remove unbounded primary antibodies: 3 ml PBS with 1% BSA
was added to the sample. The sample was resuspended and centrifuged at 1500 rpm
for 5 minutes. The supernatant was removed and the same washing procedure was
repeated.

4. Incubation with secondary antibodies: 100 µL DyLight405 antibody in correct con-
centration (diluted in PBS with 1% BSA) was added to the sample. This was imme-
diately followed by adding 100 µL AlexaFLuor488 antibody in correct concentration
(diluted in PBS with 1% BSA). The sample was resuspended and incubated with the
antibodies in the dark at 4◦C for 30 minutes.

5. Washing step to remove unbounded secondary antibodies: 3 ml PBS with 1% BSA
was added to the sample. The sample was resuspended and centrifuged at 1500 rpm
for 5 minutes. The supernatant was removed and the same washing procedure was
repeated.
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Optimization of the antibody concentration for staining of macrophages

The recommended concentrations for the primary and secondary antibodies for use in flow
cytometry were given in their respective datasheets. These concentrations were tested for
both OHS and PC3 single cell suspensions, but no staining was seen during the flow cy-
tometry. A concentration study was therefore performed to find the most suitable concen-
trations of antibodies.

The concentration of secondary antibodies was constantly kept at 0.5 µg/106 cells. This
was the highest recommended concentration of the secondary antibodies according to their
datasheets. For the primary antibodies, different concentrations were tested. The starting
point was the concentrations from the datasheets. These concentrations were increased 5,
10 and 20 times, as shown in Table 3.3.

Table 3.3: Concentrations of primary antibodies tested to find the most suitable concentration for
use in this flow cytometry analysis.

Concentration F4/80 antibody CD206 antibody
Concentration from datasheet 0.2 µg/106 cells 0.25 µg/106 cells
5 X 1 µg/106 cells 1.25 µg/106 cells
10 X 2 µg/106 cells 2.5 µg/106 cells
20 X 4 µg/106 cells 5 µg/106 cells

OHS samples were stained by either DyLight405 and varying concentrations of the
F4/80 antibody, or AlexaFluor488 and varying concentrations of the CD206 antibody.
The concentration of the antibodies were either 5, 10 or 20 times higher than the datasheet
concentration. One control sample not stained with antibodies was also included. Overlay
plots of the histograms from these samples are shown in Figure 4.1, section 4.1.2. These
staining procedures were repeated for the PC3 samples. Overlay plots of the histograms
from these samples are shown in Figure 4.2, section 4.1.2.

All samples in these four series were also stained with a live/dead dye to separate the
dead cells from the live cells, as explained in section 3.4.4. From the results in Figure
4.1 and 4.2, section 4.1.2, it was decided to use a concentration of 20 times the datasheet
concentration for both the F4/80 and CD206 primary antibodies. The concentration of
secondary antbodies was kept as the highest recommended concentrations from their re-
spective datasheets. These concentrations of antibodies were used for both OHS and PC3
samples in trial 3 and 4.

3.4.4 Live/dead staining
Dead cells will have a lot of unspecific binding of secondary antibodies which will give
false positive results. These dead cells have to be separated from the live cells before the
results can be analyzed. A live/dead staining kit purchased from Thermo Fisher Scientific
[58] was used for this purpose.
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The live/dead kit consist of five separate vials, where each of them contain 0.3 mg
powder of a near-IR reactive dye with 633 nm as excitation length. The dye had to be
reconstituted before use. 50 µL dimethyl sulfoxide (DMSO) was added to one viral with
0.3 mg powder and the solution was mixed well. The reconstituted DMSO solution with
reactive dye was somewhat unstable and had to be used within a few hour.

The incubation with this live/dead dye was done immediately after incubation with
secondary antibodies. After the centrifugation in the last washing step used to remove
unbounded secondary antibodies, the supernatant was removed and the sample was resus-
pended in 1 ml PBS. 1 µL of the DMSO solution with dye was added and the sample was
mixed properly. This was followed by incubation in the dark on ice for 30 minutes.

The fluorescent dye will react with the live cells and bind to their surface, resulting in
a weak fluorescent signal. Dead cells with permeable membranes will react with this dye
throughout their whole volume, resulting in a high fluorescent signal. This will appear as
two peaks in the live/dead histogram from the flow cytometry analysis. An example of a
histogram is shown in Figure 3.3, section 3.4.6.

3.4.5 Flow cytometry
The cell samples were analyzed by the use of a Gallios Beckman Coulter Flow Cytometer.
This flow cytometer had four lasers and ten detectors. Before running the flow cytometry,
the cells from each sample were transferred to flow cytometry tubes. The cell samples con-
tained four dyes, which all were excited by the use of different lasers. The used excitation
lasers and detectors are listed below:

• The AlexaFluor488 dye, which stained M2 macrophages, was excited by a blue laser
at wavelength λ = 488nm. The dye was detected at λ = 525nm using detector FL1
with a 40nm band-pass filter.

• The dye in the nanoparticles was nile red (NR688). This dye was excited at λ =
561nm by a green laser. The particles were detected at λ = 620nm using detector
FL3 with 30nm band-pass filter.

• The near-IR dye from the live/dead kit was exited by a red laser at wavelength λ =
633nm. The dye was detected at wavelength λ = 755nm using FL8 with a low-pass
filter.

• The DyLight405 dye which stained all macrophages (M1 + M2) was excited by a
violet laser at wavelength λ = 405nm. The dye was detected at λ = 450nm using
detector FL9 with a 50nm band-pass filter.

The voltage was set to place the unlabeled cell population in the interval from 0-1 on
a log scale that shows the fluorescence intensity. 100 000 cells from each sample were
counted, but if this was not achievable the flow cytometer stopped counting the cells after
3 minutes.

32



3.4 Flow cytometry analysis

Development of a protocol in the flow cytometer software

A protocol in the flow cytometer software was made before trial 3 and 4 were executed,
and the samples from these trials were run through the flow cytometer. Calibration of
this protocol relied primarily on two factors of errors, namely non-specific binding of
secondary antibodies and spillover of fluorescence between the different detectors. These
factors were determined through test runs of several stained samples.

Both OHS and PC3 samples, stained only with either the DyLight405 secondary an-
tibody or the AlexaFluor488 antibody, were made. These samples were stained with sec-
ondary antibodies in a concentration of 0.5 µg/106 cells which was the concentration used
in trial 3 and 4. Live/dead staining was also included in these samples. OHS and PC3 con-
trol samples stained only with live/dead were also run though the flow cytometer. Overlay
histograms with fluorescence intensity versus number of cells, for both the samples stained
with secondary antibodies and the samples only stained with live/dead, are shown in Ap-
pendix A. These histograms were used to determine if there were any non-specific bindings
of secondary antibodies.

To check for spillover of fluorescence between the different detectors, several samples
of both OHS and PC3 cells were made and run through the flow cytometer. This includes
the samples listed below. All of these samples were also stained with the near-IR live/dead
dye to gate out the dead cells.

• Control samples with only cells.

• Samples stained with the primary F4/80 antibody (4 µg/106 cells) followed by the
secondary DyLight405 antibody (0.5 µg/106 cells).

• Samples stained with the primary CD206 antibody (5 µg/106 cells) followed by the
secondary AlexaFluor488 antibody (0.5 µg/106 cells).

• Samples stained with the F4/80 antibody (4 µg/106 cells) followed by the DyLight405
antibody (0.5 µg/106 cells), in addition to the CD206 antibody (5 µg/106 cells) fol-
lowed by the AlexaFluor488 antibody (0.5 µg/106 cells).

• Samples containing nanoparticles with Nile Red 688 fluorescent dye.

• Samples stained with the primary F4/80 antibody (4 µg/106 cells) followed by the
secondary DyLight405 antibody (0.5 µg/106 cells). These samples also contained
nanoparticles with Nile Red 688 fluorescent dye.

• Samples stained with the primary CD206 antibody (5 µg/106 cells) followed by the
secondary AlexaFluor488 antibody (0.5 µg/106 cells). These samples also contained
nanoparticles with Nile Red 688 fluorescent dye.

• Samples stained with the F4/80 antibody (4 µg/106 cells) followed by the DyLight405
antibody (0.5 µg/106 cells), in addition to the CD206 antibody (5 µg/106 cells) fol-
lowed by the AlexaFluor488 antibody (0.5 µg/106 cells). These samples also con-
tained nanoparticles with Nile Red 688 fluorescent dye.
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The information from these test runs and from the samples only stained with secondary
antibodies, was used to make a compensation for the spillover of fluorescence between
the different detectors. The compensation was saved as a protocol in the flow cytometer
software and used for all samples in trial 3 and 4. The compensation file is shown in
Appendix B.

Testing of the flow cytometry protocol with RAW cells cultivated in the cell lab

When the compensation was completed, the flow cytometer protocol was run with cells
cultivated in the cell lab. Two samples was made. One sample consisted of OHS cells
mixed with 10% RAW macrophages, while the other sample consisted of PC3 cells mixed
with 10% RAW macrophages. These samples were used to test the protocol, in addition
to control if all macrophages were stained by the use of the current antibodies, since the
percentage of macrophages in the samples was know. All antibodies were used in the
concentrations listed in Table 3.2, section 3.4.3. This is the same concentration as used
for the tumors in trial 3 and 4. The results are shown in Figure 4.3 and 4.4, section 4.1.3.
They are gated and analyzed like explained in section 3.4.6.

3.4.6 Data analysis in Kaluza
The flow cytometry data was analyzed using the Kaluza Analysis 1.3 software[59]. A
detailed description of the analysis is given in Figure 3.3 - 3.6.

Histogram A in Figure 3.3 shows the near-IR live/dead dye fluorescence intensity (log)
on the x-axis versus number of cells on the y-axis. The viable cells have a weak fluores-
cent signal and are placed to the left in the histogram, while the dead cells have a strong
fluorescent signal and are placed to the right. These two peaks are possible to distinguish
as two populations as shown in B, Figure 3.3. The forward scatter signal (linear) versus
the live/dead fluorescence intensity (log) are shown as a density plot. This plot was used
to create a gate containing the viable cells and the dead cells were separated out from fur-
ther analysis. Histogram C, D and E in Figure 3.3 show the fluorescence intensity (log) of
DyLight405 (M1 + M2 macrophages), AlexaFluor488 (M2 macrophages) and Nile Red
688 (nanoparticles) versus the number of cells. The histograms were gated for viable cells
and their positive fluorescent peak indicates successful staining.
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Figure 3.3: A shows a histogram with live/dead dye fluorescence intensity (log) on the x-axis versus
number of cells on the y-axis. The two peaks in the histogram indicate the viable and dead cell
populations. The density plot in B shows the forward scatter signal (linear) versus the live/dead
fluorescence intensity (log). This plot was used to gate for the viable cells. Histogram C, D and
E show the fluorescence intensity (log) of DyLight405 (M1 + M2 macrophages), AlexaFluor488
(M2 macrophages) and Nile Red 688 (nanoparticles) versus the number of cells. The histograms are
gated for viable cells and their positive fluorescent peak indicates successful staining.

The further gating strategy used in Figure 3.4 and 3.5 is previously described by Qin
Dai et.al [60] in the supporting information.

Plot F in Figure 3.4 is a density plot and shows the DyLight405 fluorescence intensity
(log) versus the side scatter signal (log). The plot is gated for viable cells and shows
two cell populations. The population to the right is positive for DyLight405 and gated as
M1+M2 macrophages. The population to the left is negative for DyLight405 and gated
as tumor cells. The gate was put in the middle of the two populations. This provided
information about the percentage of macrophages in the sample.

The density plot G in Figure 3.4 shows the DyLight405 fluorescence intensity (log)
versus the Nile Red fluorescence intensity (log). This plot is gated for M1+M2 macrophages,
and it was used to decide the percentage of macrophages containing nanoparticles in the
sample. The population placed towards the upper right corner of this plot is M1 + M2
macrophages positive for Nile Red, and it is gated as M1 + M2 macrophages containing
nanoparticles. A drift of cells is seen from this populations towards the bottom line of the
plot. These cells are negative for Nile Red and defined as M1 + M2 macrophages without
nanoparticles.
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H in Figure 3.4 also shows a density plot with the DyLight405 fluorescence intensity
(log) versus the Nile Red fluorescence intensity (log), but this plot is gated for tumor
cells. The information from this plot was used to decide the percentage of tumor cells
containing nanoparticles in the sample. The population placed towards the bottom left
corner of the plot is tumor cells negative for Nile Red, and it is defined as tumor cells
without nanoparticles. A small drift of cells is seen towards the upper line of the diagram
and these cells are gated as tumor cells with nanoparticles.

Figure 3.4: Density plot F shows the DyLight405 fluorescence intensity (log) versus the side scatter
signal (log). The plot is gated for viable cells and shows two cell populations. The population to
the right is positive for DyLight405 and gated as M1+M2 macrophages. The population to the left
is negative for DyLight405 and gated as tumor cells. This provides information about the percent-
age of macrophages in the sample. The density plots G and H show the DyLight405 fluorescence
intensity (log) versus the Nile Red fluorescence intensity (log). Plot G and H is gated for M1+M2
macrophages and tumor cells respectively, and gives information about the percentage of cells con-
taining nanoparticles.
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The density plot I in Figure 3.5 shows the AlexaFluor488 fluorescence intensity (log)
versus the side scatter signal (log). The plot is gated for viable cells and shows two cell
populations. The population to the right is positive for AlexaFluor488 and gated as M2
macrophages. The population to the left is negative for AlexaFluor488 and gated as tumor
cells + M1 macrophages. The gate was put in the middle of the two populations. This
provided information about the percentage of M2 macrophages in the sample.

Plot J in Figure 3.4 is a density plot and shows the AlexaFluor488 fluorescence in-
tensity (log) versus the Nile Red fluorescence intensity (log). This plot is gated for M2
macrophages, and it was used to decide the percentage of M2 macrophages containing
nanoparticles in the sample. The population placed towards the upper right corner of this
plot is M2 macrophages positive for Nile Red, and it is gated as M2 macrophages contain-
ing nanoparticles. A drift of cells is seen from this populations towards the bottom line of
the plot. These cells are negative for Nile Red and defined as M2 macrophages without
nanoparticles.

Figure 3.5: Density plot I shows the AlexaFluor488 fluorescence intensity (log) versus the side
scatter signal (log). The plot is gated for viable cells and shows two cell populations. The population
to the right is positive for AlexaFluor488 and gated as M2 macrophages. The population to the left is
negative for AlexaFluor488 and gated as tumor cells + M1 macrophages. This provides information
about the percentage of M2 macrophages in the sample. The density plot J shows the AlexaFluor488
fluorescence intensity (log) versus the Nile Red fluorescence intensity (log). Plot J is gated for M2
macrophages and it is used to decide the percentage of M2 macrophages containing nanoparticles in
the sample.

Figure 3.6 show two histograms where the Nile Red fluorescence intensity (log) is
plotted against the number of cells. Histogram K is gated for M1+M2 macrophages con-
taining nanoparticles, while histogram L is gated for tumor cells with nanoparticles. The
fluorescence values from the cells in the histograms were used to calculate the percentage
of nanoparticles that accumulated in both macrophages and in tumor cells.
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Figure 3.6: Two histograms where the Nile Red fluorescence intensity (log) is plotted against the
number of cells. Histogram K is gated for M1+M2 macrophages containing nanoparticles, while
histogram L is gated for tumor cells with nanoparticles. The information from these histograms
were used to calculate the accumulation of nanoparticles in macrophages and tumor cells.

3.4.7 Statistical analysis
The data achieved from the analysis in Kaluza were exported to Microsoft Excel and all
statistical analysis for this part of the project was executed using this program. Student
t-test were used to determine significance of the results. P-values ≤ 0.05 were considered
as significant.

3.5 Confocal laser scanning microscopy analysis
The tumor sections from animal trial 1 and 2 were analyzed using confocal laser scanning
microscopy. The following sections describe the method from tumor sections to digital
results.

3.5.1 Staining of macrophages and mounting of tumor sections
This procedure for staining of macrophages was made in the specialization project carried
out by the author in the autumn 2018[10]. All macrophages (M1 + M2) were stained by
the use of indirect immunostaining. One primary and one secondary antibody were used.
The primary antibody binds to F4/80 receptors on the surface of all macrophages and was
the same as one of the primary antibodies used for flow cytometry analysis. The F4/80
antibody has rat as host animal and it was purchased from Bio-Rad [55]. The antibody
was delivered as liquid in a concentration of 1.0 mg/mL. An anti-rat antibody with Cy3
as fluorescent marker was used as secondary antibody, and this was purchased from Di-
anova[57] as powder. The powder was reconstituted in 1:1 dH2O and glycerol to obtain
a concentration of 1.0 mg/mL. The information about the reconstitution was given in the
datasheet.
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The staining procedure

1. Fixation: The sections were washed in room tempered PBS for 2 minutes. This
was followed by fixation in room tempered 80% methanol for 5 minutes and 100%
acetone at temperature -20◦C for 2 minutes.

2. Pap pen barrier: A pap pen was used to draw a hydrophobic barrier around the
tumor sections. This was done to make sure that the following chemicals and anti-
bodies stayed on the tumor sections throughout their incubation times.

3. Permeabilization: The tumor sections were incubated with the nonionic surfactant
Triton X-100 0.1% for 10 minutes.

4. Washing step to remove Triton X-100: The sections were washed in room tempered
PBS for 5 minutes.

5. Incubation with primary antibodies: The F4/80 primary antibody was diluted in
dH2O with 12% BSA and used in a final concentration of 20 µg/mL. The sections
were incubated with the antibody for 60 minutes.

6. Washing step to remove unbounded primary antibodies: The sections were washed
in room tempered PBS for 3x5 minutes.

7. Incubation with secondary antibodies: After reconstitution of the secondary anti-
body with Cy3 as fluorescent dye, the antibody was diluted in dH2O with 12% BSA
to a final concentration of 2 µg/mL. The tumor sections were incubated with the
antibody in the dark for 45 minutes.

8. Washing step to remove unbounded secondary antibodies: The sections were washed
in room tempered PBS for 3x5 minutes.

Mounting of tumor sections

The tumor sections were mounted by the use of VECTASHIELD mounting medium for
fluorescence H-1000 (Vector Laboratories). One drop of the mounting medium was added
to the tumor section before it was covered with a cover glass (VWR). After mounting, the
sections were stored at 4◦C before further imaging.

3.5.2 Imaging with confocal laser scanning microscopy
A CLSM Zeiss LM800 was used to image the tumor sections from trial 1 and 2, shown
in Table 3.1. As the tumor sections were washed during the staining process, which is a
necessary step to highlight macrophages, the nanoparticles were removed from the sec-
tions. To obtain information regarding the amount of nanoparticles inside and outside of
the macrophages, the sections were imaged before and after staining. Before staining, the
sections were imaged without mounting medium and cover glass. Imaging by the use of
this would have provided better images, but it was not possible to remove the cover glass
without changing the structures in the tumor sections. For one tumor section, 8 images
were captured at the periphery, while 4 images were captured in the center. Each tumor
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section was imaged on the exact same areas before and after staining. The staining pro-
cedure was performed immediately after the first imaging of the tumor section in order to
prevent damage to the section caused by drying.

For both OHS and PC3 tumors, one section from each tumor in the control group
and one section from each tumor in the treated group was imaged. Some of the tumor
sections were difficult to image without mounting medium and cover glass due to a lot of
autofluorescence and weak signals from the blood vessels. As a result of this problem, not
all sections were possible to image. The number of imaged sections and the number of
images captured before and after staining of macrophages are shown in Table 3.4.

Table 3.4: A table showing the number of imaged sections and the number of captured images
from each section before and after staining of macrophages. The control group is injected with
nanoparticle-stabilized bubbles. The treated group is injected with nanoparticle-stabilized micobub-
bles in combination with ultrasound treatment.

Groups Nr. of sections Nr. of images before and after staining
OHS control group 3 36 (before) + 36 (after)
OHS treated 4 48 (before) + 48 (after)
PC3 control group 4 48 (before) + 48 (after)
PC3 treated 3 36 (before) + 36 (after)

A 20X plan apochromat objective with numerical aperture NA 0.8 was used. All im-
ages were obtained with a frame size of 319.5 µm x 319.5 µm which consist of 1024x1024
pixels, using bidirectional scanning with a scan speed of 52 429 pixels/s and a line average
of 4. Each image was captured in two channels. During the imaging before staining of
macrophages, channel 1 imaged vascular endothelial cells stained with lectin-FITC, and
channel 2 imaged nanoparticles with Nile Red 688 fluorescent dye. The image settings
used to capture these images are shown in Table 3.5. After staining of macrophages the
images were also achieved in two channels, where channel 1 imaged vascular endothe-
lial cells stained with lectin-FITC and channel 2 imaged macrophages (M1 + M2) stained
with Cy3 fluorescent dye. The image settings used to capture the images after staining are
shown in Table 3.6.

Table 3.5: The CLSM image settings used for imaging of nanoparticles before staining of
macrophages in PC3 and OHS xenograft models. Channel 1 imaged vascular endothelial cells
stained with lectin-FITC, and channel 2 imaged nanoparticles with Nile Red 688 fluorescent dye.
The pinhole size was determined to obtain an optical section of 3 µm.

Channel 1 2
Fluorophore FITC Nile Red
Laser wavelength 488nm 561nm
Laser intensity 5% 5%
Detector range 490nm-540nm 570nm-700nm
Detector gain 750V 750V
Pinhole size 1,70AU 1,60AU
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Table 3.6: The image settings used for imaging of macrophages in PC3 and OHS xenograft models
with CLSM. Channel 1 imaged vascular endothelial cells stained with lectin-FITC, and channel 2
imaged both types of macrophages (M1 + M2) stained with Cy3. The pinhole size was determined
to obtain an optical section of 3 µm.

Channel 1 2
Fluorophore FITC Cy3
Laser wavelength 488nm 561nm
Laser intensity 0,4% 2,5%
Detector range 490nm-540nm 565nm-615nm
Detector gain 640V 560V
Pinhole size 1,65AU 1,45AU

The image settings were determined after testing on a selection of images using the
range indicator available in the microscope software. The pinhole size was adjusted to
obtain an optical section with a thickness of 3 µm. The images of the different channels
were captured in sequence to prevent bleed-through between the channels.

To be able to image the exact same area on the tumor sections before and after stain-
ing of macrophages, a list of coordinates in the microscopy software was created for each
section. During the first imaging of the tumor sections, the ocular was used to find a char-
acteristic and recognizable blood vessel. This blood vessel was given (0, 0) as coordinate
and defined to be a zero point. The ocular was further used to find areas with blood vessels
located throughout the section. Each of these areas were given new coordinates relative to
the zero point. All coordinates were saved as a list and used for the second imaging of the
tumor sections. During the second imaging the ocular was used to find the characteristic
blood vessel and the fixed zero point. This area was set to (0, 0) and the list of coordinates
was used to find the same areas as previously imaged. The result of this process gave one
pair of images for each area on the tumor sections. This pair consists of one image taken
before staining of macrophages and one image taken after staining.

For the PC3 sections, the blood vessels were placed in the center of the images. This
was done to make it easier to study the distribution of nanoparticles and macrophages
around the blood vessels in further image analysis. For OHS tumor sections, the high
density of blood vessels made it impossible to capture images with the blood vessels placed
in the center.

3.5.3 Image analysis with FIJI
Image analysis was used to study the amount and distribution of nanoparticles and macrop-
hages around blood vessels. In addition to this, the percentage of nanoparticles inside
macrophages at different distances around the blood vessels was evaluated. The total
amount of macrophages, nanoparticles and nanoparticles inside macrophages were also
determined for the different experimental groups. The image analysis was performed using
the ImageJ software, delivered as a part of the software package FIJI [61].
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The distribution of macrophages around blood vessels

One of the uses for the images captured after staining of macrophages, was to decide the
distribution of all macrophages (M1 + M2) at different distances from the nearest blood
vessel. Both the blood vessel channel and the macrophage channel were used in this
analysis. A detailed description of this image analysis is given in Figure 3.7, where G1
and M1 are the original fluorescent images of the blood vessel channel and macrophage
channel. The blood vessel image was converted to a binary image by using a threshold
value from the Otsu algorithm, while the image with macrophages was converted to a
binary image by the use of the Triangle algorithm. These algorithms are included in FIJI
and gave all pixels with an intensity above a certain limit a new value of 255, while all
pixels below this value were set to 0. This means that the backgrounds in the images
were set to 0 and the fluorescent objects (blood vessel and macrophages) were given a
value of 255. The two algorithms were selected after testing of several algorithms on a
range of images, from both OHS and PC3 tumors. These algorithms gave binary images
that included the blood vessels and macrophages without including too much noise. A
Despeckle filter was used to reduce the amount of noise even further before analysis. G2
and M2 in Figure 3.7 show the resulting binary imaging of the blood vessel channel and
the macrophage channel.

The binary image of the blood vessel channel was used to create a distance map around
the blood vessel. The distance map is a feature included in FIJI. The binary image was
inverted to make this possible. This means that the blood vessel was defined to be the
background in the image and its pixel value were set to 0. The distance map was created
based on the inverted binary image. Each pixel in this image were given a new gray value
to represent the distance in pixels from the nearest background pixel (blood vessel). Image
G3 in Figure 3.7 shows a distance map created from an inverted version of the binary image
G2 in the same Figure.

The binary image of the macrophage channel consists of regions of interests, which
are the macrophages. A mask around the macrophages was formed using a function in
FIJI called Analyze Particles. The mask was defined to only include particles with an area
larger than 40 µm2. This value was chosen after testing of different values between 10 µm2

and 100 µm2 on a range of images. A value of 40 µm2 seems to include the macrophages
without including unwanted noise. The mask created around the macrophages are shown
in image M3, Figure 3.7. This mask was put on top of the distance map, illustrated in
image G4, Figure 3.7. The pixel values inside the mask were counted and the result
was a histogram, shown in H, Figure 3.7. This represent the number of pixels defined
as macrophages at different distances around the blood vessel. The number of bins was
chosen to be 32 for all histograms and the number of pixels counted at bin 0 was defined
to be macrophages inside the blood vessels.

To make the analysis efficient, a macro/script which contains all steps in FIJI was
created. The program was applied to each image and the result was one text file per
image. The text files contained the information from the histograms. Each file was checked
for errors during the process. These files were used in further statistical analysis. This
macro/script is shown in Appendix C.
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Figure 3.7: A description of the image analysis used to decide the distribution of macrophages at
different distances from the nearest blood vessel. G1 and M1: Original fluorescent images of the
blood vessel channel and the macrophages channel. G2 and M2: Binary images of the blood vessel
channel and macrophage channel resulting from applying a pixel threshold. G3: A distance map
around the blood vessel in G2. M3: A mask defined as macrophages. G4: The mask from M3
placed on the top of the distance map from G3. H: Histogram which represents the number of pixels
defined as macrophages at different distances from the nearest blood vessel. The scale bars in the
images are 50 µm.
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The uptake of nanoparticles in macrophages around blood vessels

The images were analyzed with the aim of deciding the amount of nanoparticles inside and
outside of macrophages at different distances from the nearest blood vessel. A detailed
description of this image analysis is shown in Figure 3.8. The starting point was the
nanoparticle channel captured before staining of macrophages, in addition to the blood
vessel channel and the macrophage channel from the imaging after staining. Image G1,
N1 and M2 in Figure 3.8 are the original fluorescent images. Image G2, N2 and M2 are
binary images resulting from applying a pixel threshold. The Otsu algorithm was used
for the blood vessel channel, the Moments algorithm for the nanoparticle channel and
the Triangle algorithm was applied on the macrophage channel. These algorithms are all
included in FIJI, and they were chosen after testing of several algorithms on a selection
of images from both OHS and PC3 xenografts. The algorithms worked as explained for
image 3.7. The backgrounds in the images were set to 0 and the fluorescent objects (blood
vessels, nanoparticles and macrophages) were given a new value of 255. Although the
algorithms removed a lot of noise, a Despeckle filter was used to further reduce the noise.

The binary image of the blood vessel was used to create a distance map around the
blood vessel. This was done in the same way as explained for Figure 3.7. Each pixel in
the distance map got a gray value which represented a distance in pixels from the nearest
background pixel (blood vessel). Image G3 in Figure 3.8 show the distance map created
from an inverted version of the binary image G2 in the same Figure.

The binary image of the macrophage channel was used to create a mask around the
macrophages, shown in image M3, Figure 3.8. This was performed in the same way as
explained previously for Figure 3.7. The mask was put on the top of the binary image
of the nanoparticle channel, illustrated in image N3, Figure 3.8. The nanoparticles inside
and outside the macrophage mask were separated and a new masks was created around
the nanoparticles by using the FIJI function Analyze Particles. No area limit was set
on these masks to make sure all nanoparticles were included. The mask including the
nanoparticles inside the macrophages was put on the top of the distance map, illustrated
in image G4, Figure 3.8. Also the mask around the nanoparticles outside the macrophages
was placed over the distance map, shown in image G5, Figure 3.8. The pixel values inside
the nanoparticle mask were counted and presented as histograms. Histogram H1 in Figure
3.8 show the pixel values for nanoparticles inside macrophages, while histogram H2 in the
same figure show the pixel values of nanoparticles outside macrophages. The number of
bins was chosen to be 32 for all histograms and the number of pixels counted at bin 0 was
defined to be inside the blood vessels.

In order to make the analysis efficient two macros/scripts which included all steps
in FIJI were written. One script contained the analysis of nanoparticle pixels inside
macrophages, and the other included the analysis of the nanoparticle pixels outside macro-
phages. The programs were applied to each set of images. One set of images consist of
images taken before and after staining of macrophages. In Figure 3.8, image G1, N1 and
M1 represent one of these sets. The result for each set of images was two text files. One of
the files contains the information from the histogram created by counting of nanoparticle
pixels inside macrophages. The other file contains information about the histogram includ-
ing nanoparticle pixels outside macrophages. Each file was checked for errors before they
were used in further statistical analysis. The two macros/scrips are shown in Appendix C.
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Figure 3.8: A description of the image analysis used to study the uptake of nanoparticles in
macrophages at different distances from the nearest blood vessel. G1, N1 and M1: Original flu-
orescent images of the blood vessel channel, nanoparticle channel and macrophages channel. G1,
N2 and M2: Binary images of the blood vessel channel, nanoparticle channel and macrophage chan-
nel. G3: A distance map around the blood vessel in G2. M3: A mask defined as macrophages. N3:
The mask from M3 placed on the top of the binary image of nanoparticles. G4 and G5: A mask
defined as nanoparticles inside and outside macrophages are put on top of the distance map from
G3. H1 and H2: Histograms which represent the number of pixels defined as nanoparticles inside
and outside macrophages at different distances from the nearest blood vessel. The scale bars in the
images are 50 µm.
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3.5.4 Statistical analysis

Python and Microsoft Excel were used for the statistical analysis of the data resulting from
the image analysis in ImageJ, FIJI. Python was used to sort the text files from the image
analysis and to calculate the desired information from these text files. Microsoft Excel was
used to perform student t-test and to make plots of the data achieved from python.

Macrophages around blood vessels

For each image, the image analysis created a text file containing information about the
number of pixels defined as macrophages and their distances to the nearest blood ves-
sel. The total distance was divided into 32 bins, where a number of pixels was registered
for each bin. A self-made python script was written to sort the text files from the im-
age analysis into the four experimental groups: OHS control, OHS treated, PC3 control
and PC3 treated. The script was further modified to merge the 32 bins into 9 distance
groups (5-15 µm, 15-25 µm, 25-35 µm, 35-45 µm, 45-55 µm, 55-65 µm, 65-75 µm, 75-
85 µm and >85 µm) and to separate bin 0 from the rest of the bins. The pixels counted
at bin 0 were defined to be inside the blood vessels. This corresponds to the interval
between 0-5 µm, where the pixels at distance 0 are included. The script calculated the
fraction of macrophage pixels at the different distances for each image. The total number
of macrophage pixels at each distance was divided by the total number of macrophage
pixels for all distances. An average fraction of macrophage pixels at different distances
around the nearest blood vessel was calculated for each experimental group. The result
was presented in a new text file. The standard deviations were also given in this file.

The same script was also used to calculate the total fraction of macrophages in the im-
ages. This was done by summing up the pixels defined as macrophages over all distances.
This number was divided by the total number of pixels in the image. An average fraction
of macrophages in the images was calculated for each experimental group. The results
were presented in a text file which also included the standard deviations.

Nanoparticles around blood vessels

The image analysis of the nanoparticles created two text files for each image. These files
contained information about the number of pixels defined as nanoparticles around blood
vessels. One of the files contained the number of pixels defined as nanoparticles inside
macrophages at different distances from the nearest blood vessel. The other file contained
the number of nanoparticle pixels outside the macrophages at different distances from the
nearest blood vessel. For both files, the total distance was divided into 32 bins and a
number of pixels was registered for each bin. A self-made python script was written to
sort the text files from the image analysis into the four experimental groups (OHS control,
OHS treated, PC3 control and PC3 treated) and to add the two text files from each image
into one new file. This text file contained information about the total number of pixels
defined as nanoparticles at different distances from the nearest blood vessel. The script
was further modified to merge the 32 bins into 9 distance groups (5-15 µm, 15-25 µm, 25-
35 µm, 35-45 µm, 45-55 µm, 55-65 µm, 65-75 µm, 75-85 µm and >85 µm) and to separate
bin 0 from the rest of the bins. The pixels counted at bin 0 were defined to be nanoparticles

46



3.5 Confocal laser scanning microscopy analysis

inside the blood vessels. This corresponds to the interval between 0-5 µm, where the pixels
at distance 0 are included. The script calculated the fraction of nanoparticle pixels at
the different distances for each image. The total number of nanoparticle pixels at each
distance were divided by the total number of nanoparticle pixels for all distances. An
average fraction of nanoparticle pixels at different distances from the nearest blood vessel
was calculated for each experimental group. The result was presented in a new text file,
where the standard deviations also were included.

The total fraction of nanoparticles in the images was calculated by the same script.
This was done by summing up the pixels defined as nanoparticles over all distances. This
number was divided by the total number of pixels in the image. An average fraction of
nanoparticles in the images was calculated for each experimental group. The results were
presented in a text file which also included the standard deviations.

The uptake of nanoparticles in macrophages around blood vessels

Two text files were used to calculate the fractions of nanoparticle pixels inside macrophages.
One text file contained the total number of pixels defined as nanoparticles at different dis-
tances. This text file was created as described in the previous section and it presented the
number of pixels in the 9 distance groups. The other file consisted of the number of pixels
defined as nanoparticles inside macrophages at different distances from the nearest blood
vessel. In this file the total distance was divided into 32 bins and a number of pixels was
counted for each bin. A self-made python script was written to sort the text files into four
experimental groups (OHS control, OHS treated, PC3 control, PC3 treated). The script
was also used to merge the 32 bins into 9 distance groups (5-15 µm, 15-25 µm, 25-35 µm,
35-45 µm, 45-55 µm, 55-65 µm, 65-75 µm, 75-85 µm and >85 µm) and to separate bin 0
from the rest of the bins. The pixels counted at bin 0 were defined to be nanoparticles
inside the blood vessels. This corresponds to the interval between 0-5 µm, where the pix-
els at distance 0 are included. The script calculated the fraction of nanoparticles inside
macrophages at different distances for each image. The number of nanoparticle pixels
defined to be inside macrophages at each was divided by the the total number of nanopar-
ticle pixel at the same distance. An average fraction of nanoparticles inside macrophages
at different distances from the nearest blood vessel was calculated for each experimental
groups. The results was presented in a new text file. The standard deviations were also
included in this file.

The same script was used to calculate the total fraction of nanoparticles inside macro-
phages in the images. The text files which contained the number of pixels defined as
nanoparticles inside macrophages at different distances from the blood vessels were used.
The pixels defined as nanoparticles inside macrophages were summed over all distances.
This number was divided by the total number of pixels in the image. An average fraction
of nanoparticles inside macrophages in the images was calculated for each experimental
group. The results were presented in a text file which also included the standard deviations.

47



Chapter 3. Materials and methods

48



Chapter 4

Results

4.1 Optimization - flow cytometry analysis
The method described in section 3.4 is a product of an optimization process. The following
sections describe the results after testing of different parameters during this process.

4.1.1 Single cell suspension
Mechanical disintegration and enzymatic disintegration were tested to find the best method
to make a single cell suspension from a tumor. The methods were tested for both OHS and
PC3 tumors, and the results are shown in Table 4.1 and 4.2.

Table 4.1 shows the number of viable cell per gram tumor for two series of OHS tu-
mors. The same parameters were used for both series. For mechanical disintegration, the
Stomacher time was 3 minutes and for enzymatic disintegration the incubation time was
40 minutes. The OHS tumors had a soft consistency and they were easy to crush. This
resulted in a high number of viable cells per gram tumor by the use of either methods.
Nevertheless, mechanical disintegration was timesaving compared to enzymatic disinte-
gration, and it also gave the largest number of viable cells. Mechanical disintegration was
therefore chosen to be the best method to make single cell suspensions from OHS tumors.

Table 4.1: Overview over the number of viable cells per gram of tumor after mechanical or enzy-
matic disintegration. These results are from OHS tumors. For mechanical disintegration, the Stom-
acher was used for 3 minutes and for enzymatic disintegration the incubation time was 40 minutes.
These parameters were used for both series 1 and 2.

Series Weight tumors Mechanical disintegration Enzymatic disintegration
1 1.17g and 1.23g 51.3x106 viable cells/g 33.4x106 viable cells/g
2 0.79g and 0.85g 28.7x106 viable cells/g 20.9x106 viable cells/g
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Table 4.2 gives the number of viable cells per gram of tumor for three series of PC3
tumors. The PC3 tumors had very different consistency compared to the OHS tumors.
They were hard and difficult to crush. For series 1, the Stomacher time was 3 minutes for
mechanical disintegration, and the incubation time was 40 minutes for enzymatic disinte-
gration. This was the same parameters as used for OHS tumors, but the results for PC3
tumors were not good. The number of viable cells per gram tumor was very low for both
of the methods. For the two tumors in this series, the total number of viable cells was
less than one million, which is the amount of cells needed for one sample. For series 2,
the Stomacher time was 5 minutes, while the enzymatic incubation lasted for 50 minutes.
The number of viable cells per gram of tumor was higher than obtained in series 1, but
still low compared to the OHS tumors. This was the result for both of the disintegration
methods. For series 3, the Stomacher time was 7 minutes, while the incubation time was
60 minutes. For mechanical disintegration the number of viable cells per gram tumor was
high and similar to the results for the OHS tumors. For enzymatic disintegration the num-
ber of viable cells per gram of tumor was higher than the previous series, but still quite
low. Based on these result, mechanical disintegration with stomacher time 7 minutes was
chosen to be the best method to make single cell suspensions from PC3 tumors.

Table 4.2: Overview over the number of viable cells per gram of tumor after mechanical or enzy-
matic disintegration. These results are from PC3 tumors. For series 1, the time in the Stomacher was
3 minutes and the enzymatic incubation lasted for 40 minutes. For series 2, the Stomacher time was
5 minutes and the enzymatic incubation time was 50 minutes. For series 3, the Stomacher was used
for 7 minutes and the enzymatic incubation lasted for 60 minutes.

Series Weight tumors Mechanical disintegration Enzymatic disintegration
1 0.50g and 0.56g 1.9x106 viable cells/g 1.2x106 viable cells/g
2 0.94g and 1.04g 10.3x106 viable cells/g 7.7x106 viable cells/g
3 0.83g and 0.87g 36.1x106 viable cells/g 12.7x106 viable cells/g

4.1.2 Staining of macrophages - concentration study
A concentration study was performed to find the most suitable concentrations of the F4/80
and the CD206 primary antibodies for staining of macrophages in the single cell suspen-
sions. This was done for both OHS and PC3 samples, and the results are shown in Figure
4.1 and 4.2. Table 3.3 in section 3.4.3 presents the tested concentrations of primary an-
tibodies. The concentrations of the secondary DyLight405 antibody (binds to the F4/80
antibody) and the secondary AlexaFluor488 antibody (binds to the CD206 antibody) were
kept constant at 0.5 µg/106 cells.

To the left in Figure 4.1 is an overlay plot of histograms from staining of macrophages
(M1 + M2) in OHS samples. The macrophages were stained with DyLight405, with dif-
ferent concentrations of the primary antibody F4/80 being used. This overlay plot shows
the fluorescence intensity (log) of DyLight405 versus the number of cells. One sample
was not stained with antibodies and the histogram for this sample is located to the left in
the plot. This indicate that the sample was negative for DyLight405 and the sample had
an x-median of 0.3. The x-medians were 0.57, 0.64 and 0.93 for the samples stained with
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Dylight405 by the use of 5, 10 and 20 times the datasheet concentrations of the F4/80 an-
tibody. This was a slight increase in x-median and fluorescence intensity signal compared
to the sample which was not stained with antibodies.

The M2 macrophages were stained with AlexaFluor488 by the use of different con-
centration of the CD206 primary antibody. The achieved histograms from staining of M2
macrophages in OHS samples are shown to the right in Figure 4.1. This plot shows the
fluorescence intensity (log) of AlexaFluor488 versus the number of cells. The histogram
from the unstained sample was negative for AlexaFluor488 and located to the left in the
plot with an x-median of 0.82. The samples stained with AlexaFluor488 and primary anti-
bodies in concentrations of 5, 10 and 20 times the datasheet concentrations had x-medians
of 1.16, 1.27 and 1.37. This indicated a weak increase in the fluorescence intensity signal
compared to the signal from the sample not stained with antibodies.

Figure 4.1: Two overlay plots showing histograms from staining of macrophages in OHS single cell
suspensions. The overlay plot to the left shows the fluorescence intensity (log) of DyLight405 versus
the number of cells. The macrophages (M1 + M2) were stained with DyLight405 in a concentration
of 0.5 µg/106 cells by the use of different concentration of the primary antibody F4/80. The concen-
trations of F4/80 primary antibody were 5, 10 and 20 timed the original datasheet concentration. The
overlay plot to the right shows the fluorescence intensity (log) of AlexaFluor488 versus the number
of cells. The M2 macrophages were stained with AlexaFluor488 in a concentration of 0.5 µg/106

cells. 5, 10 or 20 times the original datasheet concentrations of the CD206 primary antibody were
used. The x-medians for the fluorescence intensity signal from the different samples are presented
for both of the overlay plots.
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The overlay plot to the left in the Figure 4.2 shows fluorescence intensity (log) of
DyLight405 versus the number of cells for PC3 samples. The histograms in this plot are
obtained from samples where all macrophages (M1 + M2) are stained with DyLight405,
using different concentration of the F4/80 primary antibody. One sample was not stained
with antibodies. The resulting histogram from this sample are located to the left in the
plot and have an x-median of 1.49. This sample was negative for DyLight405. The other
three histograms were achieved from samples where 5, 10 and 20 times the datasheet
concentration of the primary F4/80 antibody were used. These samples had x-medians
of 1.76, 2.15 and 2.51. This was a slight increase in the fluorescence intensity signal
compared to the sample not stained with antibodies.

Figure 4.2: Two overlay plots showing histograms from staining of macrophages in PC3 single cell
suspensions. The overlay plot to the left shows the fluorescence intensity (log) of DyLight405 versus
the number of cells. The macrophages (M1 + M2) were stained with DyLight405 in a concentration
of 0.5 µg/106 cells by the use of different concentration of the primary antibody F4/80. The concen-
trations of F4/80 primary antibody were 5, 10 and 20 timed the original datasheet concentration. The
overlay plot to the right shows the fluorescence intensity (log) of AlexaFluor488 versus the number
of cells. The M2 macrophages were stained with AlexaFluor488 in a concentration of 0.5 µg/106

cells. 5, 10 or 20 times the original datasheet concentrations of the CD206 primary antibody were
used. The x-medians for the fluorescence intensity signal from the different samples are presented
for both of the overlay plots.

To the right in Figure 4.2, there is an overlay plot of histograms which present the
fluorescence intensity (log) of AlexaFluor488 versus the number of cells. In these samples,
the M2 macrophages were stained with AlexaFluor488 and different concentration of the
CD206 antibody. One sample was not stained with antibodies. This sample was negative
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for AlexaFluor488 and located to the left in the plot with an x-median of 2.62. The samples
stained with AlexaFluor488 and primary antibodies in concentrations of 5, 10 and 20 times
the datasheet concentrations had x-medians of 5.27, 6.23 and 7.16. This indicated a small
increase in the fluorescence intensity signal compared to the signal from the sample not
stained with antibodies.

For PC3 and OHS samples, an increase in the x-median values was observed when
a larger amount of both primary antibodies was used for staining of the macrophages.
This occurred for an increase in the amount of both the F4/80 antibody and the CD206
antibody. An increase in the x-median value indicate a higher fluorescence intensity signal
and some positive results for staining of the macrophages. However, the increase in x-
median was very small for all four concentration studies when the amount of primary
antibodies was increased. No apparent positive fluorescence peaks of macrophages were
observed in any of the studies. To be able to separate the macrophages from the rest of the
cells, a concentration of 20 times the datasheet concentration was used for both the F4/80
and CD206 primary antibodies. This is a high concentration of antibodies, but this was
the best option due to the weak increase in x-medians when a larger amount of antibodies
was added. These concentrations of primary antibodies were used for both OHS and PC3
samples.

4.1.3 Flow cytometry of RAW cells cultivated in the cell lab
Two samples that consisted of tumor cells mixed with RAW macrophages were run through
the flow cytometer to test the flow cytometer protocol. Figure 4.3 and 4.4 show the
achieved results. The fluorescence of DyLight405 was studied because this dye stained all
macrophages (M1 + M2). Since the amount of macrophages in the samples was known, it
was desirable to study whether all the macrophages were stained or not.

One sample consisted of OHS cells mixed with 10% RAW macrophages. The result
for this sample is shown in Figure 4.3. The obtained histogram, which presents the fluo-
rescence intensity (log) of DyLight405 versus the number of cells, is shown to the left in
the figure. Two peaks are shown in this histogram. The peak to the left was cells negative
for DyLight405, while the small peak placed to the right was cells positive for Dylight405.
Macrophages were defined as the cells positive for DyLight405. To the right in the same
figure is a density plot where the DyLight405 fluorescence intensity (log) is plotted against
the side scatter signal (log). This plot shows two population of cells. The small population
to the right was more positive for DyLight405 compared to the large population. Ac-
cording to the plot, there were also cells in the large population which was positive for
DyLight405. This was indicated by the fact that cells in both populations had the same
fluorescence intensity. However, it was possible to distinguish the macrophages from the
tumor cells by looking at the fluorescence intensity in combination with the granularity
(side scatter signal). In this sample 8.4% of the cells were defined as macrophages. This
is a bit lower than 10% which is the added percentage of macrophages in the sample.
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Figure 4.3: Two plots showing flow cytometry results from a sample which consisted of OHS cells
mixed with 10% RAW macrophages. All of the cells were cultivated in the cell lab. The macrophages
(M1 + M2) were stained with the DyLight405 secondary antibody in a concentration of 0.5 µg/106

cells by the use of the F4/80 primary antibody in a concentration of 4 µg/106 cells. To the left is the
obtained histogram with the fluorescence intensity of DyLight405 versus the number of cells. The
plot to the right is a density plot which shows the DyLight405 fluorescence intensity (log) versus the
side scatter signal (log).

Figure 4.4 shows the result for the sample, which consisted of PC3 cells mixed with
10% RAW macrophages. The histogram to the left in the figure shows the fluorescence
intensity (log) of DyLight405 versus the number of cells. No distinct positive fluorescence
peak was observed in this histogram. To the right in the same figure is a density plot with
the DyLight405 fluorescence intensity (log) versus the side scatter signal. Two popula-
tions of cells are shown in this plot. These populations are placed above each other, which
means that they have the same fluorescence intensity. This made it difficult to distinguish
between the macrophages and tumor cells based on the fluorescence intensity. Never-
theless, it was possible to separate the macrophages from the tumor cells by the use of
fluorescence intensity in combination with granularity (side scatter signal). In this sample
10.1% of the cells were defined as macrophages. This was similar to the actual percentage
of macrophages in the sample.

These results show that there were difficulties in distinguishing between the macrophages
and the tumor cells by the use of only the fluorescence intensity. However, it was possi-
ble to observe two populations of cells when the fluorescence intensity signal was plotted
against the granularity (side scatter signal). These two populations were tumor cells and
macrophages. The flow cytometry results gave an amount of macrophages in the samples
which was very similar to known percentage of macrophages. This method was able to
separated the macrophages from the tumor cells and was used in trial 3 and 4.
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Figure 4.4: Two plots showing flow cytometry results from a sample which consisted of PC3 cells
mixed with 10% RAW macrophages. All of the cells were cultivated in the cell lab. The macrophages
(M1 + M2) were stained with the DyLight405 secondary antibody in a concentration of 0.5 µg/106

cells by the use of the F4/80 primary antibody in a concentration of 4 µg/106 cells. To the left is the
obtained histogram with the fluorescence intensity of DyLight405 versus the number of cells. The
plot to the right is a density plot which shows the DyLight405 fluorescence intensity (log) versus the
side scatter signal (log).

4.2 Flow cytometry analysis
Flow cytometry was used to study macrophages and nanoparticles in OHS and PC3 tumor
tissue. The amount of all macrophages, M1 macrophages and M2 macrophages was ana-
lyzed. This was done in addition to evaluating the uptake of nanoparticles by macrophages
and tumor cells. Also, the percentage of nanoparticles taken up by macrophages and tumor
cells was determined.

Tumors from animal trials 3 and 4 were used for the flow cytometry analysis. Origi-
nally, there were ten animals in each of these trials, where five were in the control group
(only treated with nanoparticle-stabilized micobubbles), and five in the treated group (treated
with nanoparticle-stabilized micobubbles in combination with ultrasound). This is shown
in Table 3.1, section 3.3. Although cancer cells were implanted inn all of the animals, not
all of them developed a tumor. This resulted in a lower number of tumors in each of the
groups. The number of tumors used from each trial are listed in Table 4.3.
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Table 4.3: The number of tumors from trial 3 and 4 used in this project. The tumors were analyzed
by flow cytometry. The control groups are injected with nanoparticle-stabilized bubbles, while the
treated groups are injected with nanoparticle-stabilized micobubbles in combination with ultrasound
treatment.

Group Trial 3 (OHS) Trial 4 (PC3)
Control 3 2
Treated with US 4 3

4.2.1 Number of viable cells in OHS and PC3 tumors
Each tumor was weighed before a single cell suspension was made from the tumor. The
cells in the single cell suspension were then counted to find the number of viable cells
in the sample. Table 4.4 show the weight of each of the used tumors, in addition to the
number of viable cells per gram tumor.

Table 4.4: The number of viable cells per gram for the tumors in trial 3 and 4. Mechanical dis-
integration was used to make single cell suspensions from the tumors. The Stomacher time was 3
minutes for OHS tumors and 7 minutes for PC3 tumors.

Experimental group Weight of the tumor Number of viable cells
OHS control 0.24g 24.8x106 viable cells/g
OHS control 0.08g 19.1x106 viable cells/g
OHS control 0.56g 44.6x106 viable cells/g
OHS treated 0.21g 27.4x106 viable cells/g
OHS treated 0.23g 22.6x106 viable cells/g
OHS treated 0.20g 28.8x106 viable cells/g
OHS treated 0.09g 17.2x106 viable cells/g
PC3 control 0.06g 17.7x106 viable cells/g
PC3 control 0.11g 20.1x106 viable cells/g
PC3 treated 0.05g 21.4x106 viable cells/g
PC3 treated 0.19g 25.3x106 viable cells/g
PC3 treated 0.20g 23.1x106 viable cells/g

4.2.2 Flow cytometry histograms
Histograms with the fluorescence intensity signal (log) versus the number of cells, were
created for all the different fluorescent dyes during flow cytometry. All macrophages (M1
+ M2) were stained with DyLight405. In addition to this, M2 macrophages were stained
with AlexaFluor488. The nanoparticles contained Nile Red 688 fluorescent dye. The
histograms indicate cell populations which are positive for the different fluorescent dyes.
Figure 4.5 - Figure 4.8 show representative histograms obtained during flow cytometry of

56



4.2 Flow cytometry analysis

samples from the different experimental groups: OHS control, OHS treated, PC3 control
and PC3 treated. According to the histograms, there was a larger amount of cells positive
for all the different fluorescent dyes in OHS tumors compared to PC3 tumors. This indicate
a larger amount of macrophages in OHS tumor tissue than in PC3 tumor tissue. In the
histograms showing the fluorescent intensity of AlexaFluor488, there were two distinct
peaks. This was the case for all experimental groups. For the DyLight405 fluorescent dye,
the histograms do not have this distinct peaks, especially not the histograms obtained from
PC3 tumors.

Figure 4.5: Histograms for the OHS control group (injected with nanoparticle-stabilized bubbles),
showing the fluorescence intensity signal (log) versus the number of cells. All histograms are gated
to only show viable cells. DyLight405 stained all macrophages (M1 + M2), AlexaFluor488 stained
only M2 macrophages and Nile Red represent the nanoparticles.

Figure 4.6: Histograms for the OHS treated group (injected with nanoparticle-stabilized bubbles
in combination with ultrasound treatment), showing the fluorescence intensity signal (log) versus
the number of cells. All histograms are gated to only show viable cells. DyLight405 stained all
macrophages (M1 + M2), AlexaFluor488 stained only M2 macrophages and Nile Red represent the
nanoparticles.

57



Chapter 4. Results

Figure 4.7: Histograms for the PC3 control group (injected with nanoparticle-stabilized bubbles),
showing the fluorescence intensity signal (log) versus the number of cells. All histograms are gated
to only show viable cells. DyLight405 stained all macrophages (M1 + M2), AlexaFluor488 stained
only M2 macrophages and Nile Red represent the nanoparticles.

Figure 4.8: Histograms for the PC3 treated group (injected with nanoparticle-stabilized bubbles
in combination with ultrasound treatment), showing the fluorescence intensity signal (log) versus
the number of cells. All histograms are gated to only show viable cells. DyLight405 stained all
macrophages (M1 + M2), AlexaFluor488 stained only M2 macrophages and Nile Red represent the
nanoparticles.
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4.2.3 Percentage of all macrophages
The mean percentage of all macrophages (M1 + M2) in the four different experimental
groups, OHS control, OHS treated, PC3 control and PC3 treated, is presented in Figure
4.9. P-values were calculated from student t-test, but no significant differences in the mean
percentage of macrophages between the four different groups were observed.

Figure 4.9: Bar plot showing the mean percentage of all macrophages (M1 + M2) in the control
group and the group treated with ultrasound, for both OHS and PC3 tumors. The results are based
on flow cytometry analysis. The number of tumors varied in the different groups: 3 tumors in OHS
control, 4 tumors in OHS treated, 2 tumors in PC3 control and 3 tumors in PC3 treated. The error
bars are equal to the standard deviations for each group.

The mean percentage of macrophages in the tumors from the OHS control group was
24.1±15.0%. This was 10.2 percentage point lower compared to the OHS treated group,
where the mean percentage of macrophages was 34.3±11.1%. The difference was not
significant with a p-value of 0.4. For the PC3 control group, the mean percentage of
macrophages was 21.1±1.0%. This value was 7.1 percentage point higher than for the
PC3 treated group, where the mean percentage of macrophages was 14.0±2.6%. The p-
value was calculated to be 0.06 and the difference was not significant. According to these
results, the percentage of macrophages in the different tumor models was not affected by
the ultrasound treatment.

The OHS control group had a mean percentage of macrophages that was 3.0 percent-
age point higher compared to the PC3 control group. From these results, no significant
difference in the mean percentage of macrophages was sees between OHS and PC3 tu-
mors. The p-value was 0.8.
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4.2.4 Percentage of M1 and M2 macrophages

The mean percentage of M1 and M2 macrophages in the four experimental groups, OHS
control, OHS treated, PC3 control and PC3 treated, is presented in Figure 4.10. No sig-
nificant differences in the mean percentage of M1 macrophages were found between the
different groups. Also, the mean percentage of M2 macrophages between the different
groups was not defined to be significant. On the other hand, significant differences were
found between the mean percentage of M1 and M2 within each of the four groups. P-
values calculated from student t-test were used to decide if a difference was significant or
not.

Figure 4.10: Bar plot showing the mean percentage of M1 and M2 macrophages in the control group
and the group treated with ultrasound, for both OHS and PC3 tumors. The results are based on flow
cytometry analysis. The number of tumors varied in the different groups: 3 tumors in OHS control,
4 tumors in OHS treated, 2 tumors in PC3 control and 3 tumors in PC3 treated. The error bars are
equal to the standard deviations for each group. * P-value ≤ 0.05, ** P-value ≤ 0.005.

The mean percentage of M1 macrophages in the tumors from the OHS control groups
was 0.9±0.2%. This was 22.3 percentage point lower than the mean percentage of M2
macrophages in the same group. The mean percentage of M2 macrophages in the OHS
control group was calculated to be 23.2±15.0%. The difference between the mean per-
centage of M1 and M2 macrophages for the OHS control group was significant with a
p-value of 0.04. For the OHS treated group, the mean percentage of M1 macrophages
was 0.8±0.5% and the mean percentage of M2 macrophages was 33.5±10.8%. The mean
percentage of M1 macrophages was 32.7 percentage point lower than the mean percentage
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of M2 macrophages. The difference was significant with a p-value <0.005. For the PC3
control group, the mean percentage of M1 macrophages was 0.6±0.2%. This was 20.0
percentage point lower than the mean percentage of M2 macrophages in the same group,
which was 20.6±0.8%. The p-value was <0.005, and the difference was significant. The
mean percentage of M1 macrophages in the PC3 treated group was 0.5±0.2%, while the
mean percentage of M2 macrophages was 13.4±2.7%. This corresponded to a difference
of 12.9 percentage point, which was defined to be significant with a p-value <0.005.

According to these result, there was a much higher amount of M2 macrophages com-
pared to M1 macrophages within each of the four experimental groups.

4.2.5 Uptake of nanoparticles by macrophages
The mean percentage of macrophages (M1 + M2) that contain nanoparticles in the four
different experimental groups, OHS control, OHS treated, PC3 control and PC3 treated,
is presented in Figure 4.11. P-values from student t-test were used to evaluate for signif-
icant differences between the groups. One significant difference was found in the mean
percentage of macrophages containing nanoparticles between the OHS control group and
the PC3 control group.

Figure 4.11: Bar plot showing the mean percentage of macrophages (M1 + M2) that contain
nanoparticles in the control group and the group treated with ultrasound, for both OHS and PC3
tumors. The results are based on flow cytometry analysis. The number of tumors varied in the dif-
ferent groups: 3 tumors in OHS control, 4 tumors in OHS treated, 2 tumors in PC3 control and 3
tumors in PC3 treated. The error bars are equal to the standard deviations for each of the groups.
* P-value ≤ 0.05.
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In the OHS control group, 64.8±8.8% of the macrophages contained nanoparticles.
This was 2.9 percentage point higher than the mean percentage of macrophages contain-
ing nanoparticles in the OHS treated group, which was 61.9±18.5%. No significant dif-
ference in mean percentage of macrophages containing nanoparticles between the OHS
control group and the OHS treated group was found. The p-value was calculated to be
0.4. For the PC3 control group, the mean percentage of macrophages containing nanopar-
ticles was 24.1±11.5%. This was 27.8 percentage point lower than the mean percentage
of macrophages that had taken up nanoparticles in the PC3 treated group. The difference
in the mean percentage of macrophages containing nanoparticles between the PC3 control
group and the PC3 treated group was not significant with a p-value of 0.1. These results
indicated that ultrasound treatment did not have any effect on the mean percentage of
macrophages that engulfed nanoparticles in OHS tumors. For PC3 tumors, the mean per-
centage of macrophages containing nanoparticles was increased by ultrasound treatment,
but this increase was not significant.

The OHS control group had a mean percentage of macrophages containing nanoparti-
cles that was 40.7 percent point higher compared to the PC3 control group. The difference
was statistically significant with a p-value of 0.04. According to this, a larger amount of
the macrophages in the OHS tumors engulfed nanoparticles compared to the macrophages
in the PC3 tumors.

The uptake of nanoparticles by the different types of macrophages, M1 or M2, is pre-
sented in Appendix D. Since the mean percentage of M1 macrophages in all of the exper-
imental groups was below 1%, the results based on these data will have several uncertain
factors.

4.2.6 Uptake of nanoparticles by OHS and PC3 tumor cells

The mean percentage of tumor cells that contain nanoparticles in the four different exper-
imental groups, OHS control, OHS treated, PC3 control and PC3 treated, is presented in
Figure 4.12. P-values were calculated from student t-tests. One significant difference in
the mean percentage of tumor cells containing nanoparticles was found between the OHS
control group and OHS treated group.

The mean percentage of tumors cells containing nanoparticles in the OHS control
group was 1.2±0.5%. This value was 2.1 percentage point lower compared to the OHS
control group, where the mean percentage of tumor cells that contained nanoparticles was
3.3±0.8%. This difference was defined as significant with a p-value of 0.02. For the PC3
control group, the mean percentage of tumor cells containing nanoparticles was 1.8±0.2%,
while the mean percentage of tumor cells with nanoparticles for the PC3 treated group was
2.4±0.6%. This corresponded to a difference of 0.6 percentage point, which was not sig-
nificant with a p-value of 0.4. These results indicated that ultrasound treatment increase the
mean percentage of tumor cells containing nanoparticles for both OHS and PC3 tumors,
but the increase was only significant for OHS tumors.

The mean percentage of tumor cells containing nanoparticles was 0.6 percentage point
lower for the OHS control group compared to the PC3 control group. The p-value was 0.3,
and the difference was not significant. From these results, there was no difference in the
mean percentage of tumor cells containing nanoparticles between OHS and PC3 tumors.

62



4.2 Flow cytometry analysis

Figure 4.12: Bar plot showing the mean percentage of tumor cells that contain nanoparticles in the
control group and the group treated with ultrasound, for both OHS and PC3 tumors. The results are
based on flow cytometry analysis. The number of tumors varied in the different groups: 3 tumors in
OHS control, 4 tumors in OHS treated, 2 tumors in PC3 control and 3 tumors in PC3 treated. The
error bars are equal to the standard deviations for each of the groups. * P-value ≤ 0.05.

4.2.7 The percentage of nanoparticles taken up by macrophages and
tumor cells

Nanoparticles taken up by cells will either be inside macrophages or tumor cells. Each sin-
gle cell can absorb different numbers of nanoparticles. The amount of engulfed nanopar-
ticles located inside macrophages and tumor cells was determined for the four different
experimental groups: OHS control, OHS treated, PC3 control and PC3 treated. Figure
4.13 shows the percentage of nanoparticles taken up by macrophages and tumor cells.
These results are mean values and based on the fluorescence intensity of Nile Red regis-
tered in macrophages and tumor cells. No significant differences in the mean percentage
of nanoparticles located inside macrophages and tumor cells were found between the dif-
ferent groups. On the other hand, significant differences were found between the mean
percentage of nanoparticles located inside macrophages and tumor cells, within each of
the experimental groups.
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Figure 4.13: Bar plot showing how the amount of nanoparticles taken up by cells are distributed
between macrophages and tumor cells. This is shown for the control group and the group treated
with ultrasound, in both OHS and PC3 tumors. The results are based on flow cytometry analysis.
The number of tumors varied in the different groups: 3 tumors in OHS control, 4 tumors in OHS
treated, 2 tumors in PC3 control and 3 tumors in PC3 treated. The error bars are equal to the standard
deviations for each of the groups. ** P-value ≤ 0.005.

The mean percentage of nanoparticles located inside macrophages in the tumors from
the OHS control group was 92.8±4.4%. This was 85.6 percentage point higher than the
mean percentage of nanoparticles located inside tumor cells, which was 7.2±4.4% for the
same group. This difference was significant with a p-value < 0.005. For the OHS control
group, the mean percentage of nanoparticles taken up by macrophages was 88.1±10.5%
and the mean percentage of nanoparticles inside tumor cells was 11.9±10.5%. This corre-
sponded to a significant difference of 76.2 percentage point with a p-value < 0.005. The
mean percentage of nanoparticles engulfed by macrophages in the PC3 control tumors was
91.0±3.4%. For the tumor cells in the same group, the mean percentage of nanoparticles
was 9.0±3.4%. This difference was 82.0 percentage point and significant with a p-value
< 0.005. The mean percentage of nanoparticles located inside macrophages in the tumors
from the PC3 treated group was 86.0±5.7%. This was 72.0 percentage point higher com-
pared to the mean percentage of nanoparticles inside tumor cells for the same group, which
was 14.0±5.7%. The difference was significant with a p-value < 0.005.

According to these results, most of the nanoparticles were taken up by macrophages
instead of tumor cells. This was the case for all of the four experimental groups. For
the groups treated with ultrasound, a slight increase was seen in the mean percentage
of nanoparticles located inside tumor cells. However, these increases were tiny, which
indicate that ultrasound treatment had low effect on the percentage of nanoparticles taken
up by macrophages and tumor cells.
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4.3 Confocal laser scanning microscopy analysis
Tumor sections from trial 1 and 2 were stained and imaged by the use of a confocal laser
scanning microscope (CLSM). The image analysis was performed to evaluate how all
macrophages (M1+M2) and nanoparticles were distributed around blood vessels in OHS
and PC3 tumor tissue. In addition to this, the uptake of nanoparticles by macrophages at
different distances from the blood vessels was studied. Also the total amount of macropha-
ges, nanoparticles and uptake of nanoparticles by macrophages in the images was deter-
mined. The results are based on the functional blood vessels since only these were stained
with lectin-FITC.

4.3.1 Confocal laser scanning microscope images
The nanoparticles in the tumor sections were imaged before staining of macrophages,
while the macrophages were imaged after staining. Some representative CLSM images of
the nanoparticles, macrophages and blood vessels for both OHS and PC3 tumor tissue are
shown in Figure 4.14 - Figure 4.17. This includes images from the control groups and the
groups treated with ultrasound.

Figure 4.14: Images from the OHS control group. To the left is an image of the nanoparticles (red)
and blood vessels (green). The image to the right show the macrophages (red) and blood vessels
(green). Both images are captured at the same location on the tumor section. Scale bars are 50 µm.
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Figure 4.15: Images from the OHS treated group. To the left is an image of the nanoparticles (red)
and blood vessels (green). The image to the right show the macrophages (red) and blood vessels
(green). Both images are captured at the same location on the tumor section. Scale bars are 50 µm.

Figure 4.16: Images from the PC3 control group. To the left is an image of the nanoparticles (red)
and blood vessels (green). The image to the right show the macrophages (red) and blood vessels
(green). Both images are captured at the same location on the tumor section. Scale bars are 50 µm.
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Figure 4.17: Images from the PC3 treated group. To the left is an image of the nanoparticles (red)
and blood vessels (green). The image to the right show the macrophages (red) and blood vessels
(green). Both images are captured at the same location on the tumor section. Scale bars are 50 µm.

4.3.2 Area percentage of all macrophages
The mean area percentage of all macrophages (M1 + M2) in the images from the four
different experimental groups, OHS control, OHS treated, PC3 control and PC3 treated,
is presented in Figure 4.18. P-values from student t-test were used to determine if there
were some significant differences. No significant differences in the mean area percentage
of macrophages in the images between the four different groups were observed.

In the images from the OHS control group, the mean area percentage of macrophages
was 7.5±4.1%. This was 1.8 percentage point higher compared to the OHS treated group,
where the mean area percentage of macrophages was 5.7±3.9%. This difference was not
significant with a p-value of 0.06. For the PC3 control group, the mean area percentage
of macrophages in the images was 5.8±3.0%. This was 1.1 percentage point higher than
for the PC3 treated group, where the mean area percentage of macrophages in the images
was 6.9±5.0%. This difference was not significant with a p-value of 0.3. These results
indicated that ultrasound did not affect the mean area percentage of macrophages in OHS
and PC3 tumor tissue.

The OHS control group had a mean area percentage of macrophages in the images that
was 1.7 percentage point higher than for the PC3 control group. The p-value was 0.06 and
the difference was not defined to be significant. According to this, there was no difference
in the mean area percentage of macrophages between OHS and PC3 tumor tissue.
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Figure 4.18: Bar plot showing mean area percentage of all macrophages (M1 + M2) in the control
group and the group treated with ultrasound, for both OHS and PC3 tumor tissue. The results are
based on images of tumor sections captured by the use of a confocal laser scanning microscope. The
area percentage of macrophages was measured in all images from each group, and the mean values
are presented in this plot. The number of images varied in the different groups: 36 images in OHS
control, 48 images in OHS treated, 48 images in PC3 control and 36 images in PC3 treated. The
error bars are equal to the standard deviations for each of the groups.

4.3.3 Macrophages around blood vessels in OHS tumor tissue
The distribution of all macrophages (M1 + M2) around blood vessels in OHS tumor tissue,
for both the control group and the group treated with ultrasound, is shown in Figure 4.19.
The histogram shows the mean percentage of macrophages at different distances from the
nearest blood vessel wall. According to the plot, there was a higher mean percentage of
macrophages close to the blood vessel walls compared to distances further away. This
was seen for macrophages in both the control group and the treated group. There were no
significant differences in the mean percentage of macrophages at the different distances
between the control group and the group treated with ultrasound.

The macrophages within the distance 0-5 µm was defined to be inside the vasculature.
For the OHS control group, the mean percentage of macrophages inside the blood vessels
was 21.6±14.1%, and the mean percentage of macrophages extravasated from the blood
vessels and into the tumor tissue was 78.4±14.1%. For the OHS treated group, the mean
percentage of macrophages inside the vasculature was 17.2±11.2%. The mean percentage
of macrophages extravasated from the blood vessels was 82.8±11.2% for the same group.
This was 4.4 percentage point higher compared to the control group, but the difference
was not statistically significant with a p-value of 0.1.
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Figure 4.19: Histogram of the mean percentage of all macrophages (M1+M2) at different distances
from the nearest blood vessel wall in OHS tumor tissue. The histogram is normalized according to
the number of images in the OHS control group (36 images) and OHS treated group (48 images).
The error bars are equal to the standard deviations for each of the distance groups. The macrophages
within a distance 0-5 µm were defined to be inside the vasculature and they are not included in this
plot.

4.3.4 Macrophages around blood vessels in PC3 tumor tissue
The distribution of all macrophages (M1 + M2) around blood vessels was studied for PC3
tumor tissue, for both the control group and the group treated with ultrasound. The results
are presented in Figure 4.19. The histogram shows the mean percentage of macrophages
at different distances from the nearest blood vessel wall. As shown in the plot, a higher
percentage of macrophages were located close to the blood vessel walls compared to dis-
tances further away from the blood vessels. This was seen for macrophages in both the
control group and the group treated with ultrasound. No significant differences in the
mean percentage of macrophages at the different distances between the control group and
the treated group were observed.
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The macrophages within the distance 0-5 µm was defined to be inside the blood ves-
sels. For the PC3 control group, the mean percentage of macrophages inside the vascula-
ture was 10.4±6.7%, and the mean percentage of macrophages extravasated into the tumor
tissue was 89.6±6.7%. The mean percentage of macrophages inside blood vessels for the
PC3 treated group was calculated to be 9.2±7.5%, while 90.8±7.5% of the macrophages
were extravasated from the blood vessels. There was no statistical difference in the mean
percentage of extravasated macrophages between the control group and the group treated
with ultrasound. The difference corresponded to 1.2 percentage point and the calculated
p-value was 0.6.

Figure 4.20: Histogram of the mean percentage of all macrophages (M1+M2) at different distances
from the nearest blood vessel wall in PC3 tumor tissue. The histogram is normalized according to
the number of images in the PC3 control group (48 images) and PC3 treated group (36 images). The
error bars are equal to the standard deviations for each of the distance groups. The macrophages
within a distance 0-5 µm were defined to be inside the vasculature and they are not included in this
plot.

4.3.5 Area percentage of nanoparticles

The mean area percentage of nanoparticles in the images from the four experimental
groups, OHS control, OHS treated, PC3 control and PC3 treated, is presented in Figure
4.21. P-values were calculated from student t-tests. Significant differences in the mean
area percentage of nanoparticles were found between the control group and the treated
group, for both OHS and PC3 tumor tissue.
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Figure 4.21: Bar plot showing the mean area percentage of nanoparticles in the control group and
the group treated with ultrasound, for both OHS and PC3 tumor tissue. The results are based on
images of tumor sections captured by the use of a confocal laser scanning microscope. The area
percentage of nanoparticles was measured in all images from each group and the mean values are
presented in this plot. The number of images varied in the different groups: 36 images in OHS
control, 48 images in OHS treated, 48 images in PC3 control and 36 images in PC3 treated. The
error bars are equal to the standard deviations for each of the groups. * P-value ≤ 0.05, ** P-value
≤ 0.005.

The mean area percentage of nanoparticles in the images from the OHS control group
was 0.5±0.3%. This was 0.3 percentage point lower than the mean area percentage of
nanoparticles in the images from the OHS treated group, which was 0.8±0.5%. The dif-
ference was significant with a p-value <0.005. For the PC3 control group, the mean area
percentage of nanoparticles was 0.5±0.4%. The mean area percentage of nanoparticles for
the PC3 treated group was 0.8±0.7%. For the PC3 control group, the mean area percent-
age of macrophages was 0.3 percentage point lower compared to the group treated with
ultrasound. This difference was significant with a p-value of 0.03. According to these
results, the mean area percentage of nanoparticles in the images increases with ultrasound
treatment for both OHS and PC3 tumor tissue.

The OHS control group had a mean area percentage of nanoparticles in the images
that was the same as calculated for the PC3 control group. From this result, there is no
difference in the mean area percentage of nanoparticles between OHS and PC3 tumor
tissue.
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4.3.6 Nanoparticles around blood vessels in OHS tumor tissue

The distribution of nanoparticles around blood vessels in OHS tumor tissue was evaluated
for both the control group and the group treated with ultrasound. The results are shown in
Figure 4.22, where the histogram shows the mean percentage of nanoparticles at different
distances from the nearest blood vessel wall. The mean area percentage of nanoparticles
was largest close to the blood vessels and decreased with increasing distance. This was
observed for both the control group and the group treated with ultrasound. No significant
differences in the mean percentage of nanoparticles at the different distances was seen
between the two experimental groups.

The nanoparticles within a distance 0-5 µm was defined to be inside the vasculature.
For the OHS control group, the mean percentage of nanoparticles inside the blood ves-
sels was 42.4±23.2%, while 57.6±23.2 of the nanoparticles were extravasated into the
tumor tissue. The mean percentage of nanoparticles inside blood vessels in the OHS
treated group was 35.3±21.2%, and the mean percentage of extravasated nanoparticles
was 64.7±21.2%. For the group treated with ultrasound, the mean percentage of ex-
travasated nanoparticles was 7.1 percentage point higher compared to the control group.
This difference was not significant with a p-value of 0.2.

Figure 4.22: Histogram of the mean percentage of nanoparticles at different distances from the
nearest blood vessel wall in OHS tumor tissue. The histogram is normalized according to the number
of images in the OHS control group (36 images) and OHS treated group (48 images). The error bars
are equal to the standard deviations for each of the distance groups. The nanoparticles within a
distance 0-5 µm were defined to be inside the vasculature and they are not included in this plot.
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4.3.7 Nanoparticles around blood vessels in PC3 tumor tissue

The distribution of nanoparticles around blood vessels in PC3 tumor tissue is presented
in Figure 4.23. The histogram shows the mean percentage of nanoparticles at different
distances from the nearest blood vessel wall, for both the control group and the group
treated with ultrasound. The highest percentage of nanoparticles is located close to the
blood vessels. The percentage of nanoparticles decreases further away from the blood
vessel walls. This was seen for the nanoparticles in both the control group and the treated
group. The difference in mean percentage of nanoparticles at the different distances was
not significant between the two experimental groups.

The nanoparticles within a distance 0-5 µm was defined to be inside the blood vessels.
For the PC3 control group the mean percentage of nanoparticles localised inside the vas-
culature was 50.8±27.6%. The mean percentage of nanoparticles extravasated from the
blood vessels was 49.2±27.6%. For the group treated with ultrasound, the mean percent-
age of nanoparticles inside the blood vessels was 42.6±25.1%. On the other hand, the
mean percentage of extravasated nanoparticles was 57.4±25.1% for the same group. The
mean percentage of nanoparticles extravasated from the blood vessels was 8.2 percentage
point higher for the group treated with ultrasound compared to the control group. This
difference was not significant with a p-value of 0.2.

Figure 4.23: Histogram of the mean percentage of nanoparticles at different distances from the
nearest blood vessel wall in PC3 tumor tissue. The histogram is normalized according to the number
of images in the PC3 control group (48 images) and PC3 treated group (36 images). The error bars
are equal to the standard deviations for each of the distance groups. The macrophages within a
distance 0-5 µm were defined to be inside the vasculature and they are not included in this plot.
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4.3.8 Area percentage of nanoparticles inside macrophages
The mean area percentage of nanoparticles inside macrophages for the four different ex-
perimental groups, OHS control, OHS treated, PC3 control and PC3 treated, is presented
in Figure 4.24. P-values were calculated from student t-test. One significant difference
was found in the mean area percentage of nanoparticles inside macrophages between the
OHS control group and PC3 control group.

Figure 4.24: Bar plot showing the mean area percentage of nanoparticles inside macrophages in the
control group and the group treated with ultrasound, for both OHS and PC3 tumor tissue. The results
are based on images of tumor sections captured by the use of a confocal laser scanning microscope.
The area percentage of nanoparticles inside macrophages was measured in all images from each
group and the mean values are presented in this plot. The number of images varied in the different
groups: 36 images in OHS control, 48 images in OHS treated, 48 images in PC3 control and 36
images in PC3 treated. The error bars are equal to the standard deviations for each of the groups.
* P-value ≤ 0.05.

The mean area percentage of nanoparticles located inside macrophages in the OHS
control group was 17.4±14.3%. For the OHS treated group, the mean area percentage of
nanoparticles inside macrophages was 17.9±15.8%. This corresponded to a difference of
0.5 percentage point and it was not significant with a p-value of 0.9. For the PC3 tumor
tissue, the mean area percentage of nanoparticles inside macrophages was 26.5±21.2%
for the control group and 26.1±21.1% for the treated group. This was a difference of
0.4 percentage point. The p-value was 0.9 and the difference was not significant. From
these results, ultrasound treatment did not affect the mean area percentage of nanoparticles
located inside macrophages in OHS and PC3 tumor tissue.
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The OHS control group had a mean area percentage of nanoparticles inside macrophages
that was 9.1 percentage point lower than for the PC3 control group. This difference was
defined to be significant with a p-value of 0.04. According to these results, a larger mean
area percentage of nanoparticles was found to be inside macrophages in PC3 tumor tissue
compared to OHS tumor tissue.

4.3.9 Nanoparticles inside macrophages around blood vessels in OHS
tumor tissue

The uptake of nanoparticles by macrophages around blood vessels was studied for OHS
tumor tissue and the results is presented in Figure 4.25. The histogram shows the per-
centage of nanoparticles inside macrophages at different distances from the nearest blood
vessel wall. The number of pixels defined as nanoparticles inside macrophages at a certain
distance, was divided by the total number of nanoparticle pixels at the same distance. This
fraction was multiplied by one hundred to get the percentage of nanoparticle pixels inside
macrophages at different distances.

The plot shows that a higher mean percentage of nanoparticles was taken up by macro-
phages close to the blood vessels compared to distances further away. For the inter-
val between 5-15 µm, 20.6±17.0% of the nanoparticles were taken up by macrophages
in the control group. This was similar to the mean percentage of nanoparticles inside
macrophages for the treated group at the same distance, which was 21.0±19.1%. For dis-
tances >85 µm the mean percentage of nanoparticles inside macrophages was 8.1±18.5%
for the control group and 6.5±18.9% for the group treated with ultrasound. The difference
in mean percentage of nanoparticles taken up by macrophages between distance 5-15 µm
and distances>85 µm was 12.5 percentage point for the control group and 14.5 percentage
point for the treated group. Both differences were significant with p-values <0.005.

The mean percentage of nanoparticles engulfed by macrophages at the different dis-
tance intervals decreases at distances further away from the blood vessels. This was ob-
served for both the control group and the group treated with ultrasound. No significant
differences in the mean percentage of nanoparticles inside macrophages at the different
distances were observed between the two experimental groups.
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Figure 4.25: Histogram of the mean percentage of nanoparticles inside macrophages at different
distances from the nearest blood vessel wall in OHS tumor tissue. The histogram is normalized
according to the number of images in the OHS control group (36 images) and OHS treated group
(48 images). The error bars are equal to the positive standard deviations for each of the distance
groups. The macrophages within a distance 0-5 µm were defined to be inside the vasculature and
they are not included in this plot. ** P-value ≤ 0.005.

4.3.10 Nanoparticles inside macrophages around blood vessels in PC3
tumor tissue

The uptake of nanoparticles by macrophages around blood vessels in PC3 tumor tissue,
for both the control group and the group treated with ultrasound, is shown in Figure 4.26.
The percentage of nanoparticles inside macrophages at different distances from the nearest
blood vessel wall, is presented in the histogram. For each distance, the number of pixels
defined as nanoparticles inside macrophages was divided by the total number of nanopar-
ticle pixels at the same distance. This fraction was multiplied by one hundred to get the
percentage of nanoparticle pixels inside macrophages at different distances.

For the interval between 5-15 µm, the mean percentage of nanoparticles inside macro-
phages was 28.3±24.4% for the control group and 31.7±26.9% for the group treated with
ultrasound. Distances>85 µm had a mean percentage of nanoparticles inside macrophages
calculated to be 20.1±33.4% for the control group and 22.2±27.8% for the treated group.
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The difference in mean percentage of nanoparticles taken up by macrophages between dis-
tance 5-15 µm and distances >85 µm was 7.2 percentage point for the control group. This
difference was not significant with a p-value of 0.2. For the group treated with ultrasound,
the difference in mean percentage of nanoparticles inside macrophages between 5-15 µm
and distances >85 µm was 9.5 percentage point. The p-value was 0.1 and the difference
was not significant.

This indicated a slight decrease in the mean percentage of nanoparticles engulfed by
macrophages close to the blood vessels compared to increased distances, but the decrease
was not significant. The mean percentage of nanoparticles inside macrophages varied a
lot, going up and down between different distance intervals, for both the control group
and the group treated with ultrasound. No significant differences in the mean percentage
of nanoparticles inside macrophages at the different distances were observed between the
two experimental groups.

Figure 4.26: Histogram of the mean percentage of nanoparticles inside macrophages at different
distances from the nearest blood vessel wall in PC3 tumor tissue. The histogram is normalized
according to the number of images in the PC3 control group (48 images) and PC3 treated group (36
images). The error bars are equal to the positive standard deviations for each of the distance groups.
The macrophages within a distance 0-5 µm were defined to be inside the vasculature and they are
not included in this plot.
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4.3.11 Comparison of macrophages and nanoparticles extravasated
in OHS and PC3 tumor tissue

Macrophages

A student t-test was used to study wheter or not there was a statistically significant dif-
ference in the mean percentage of macrophages extravasated, between the OHS control
group and the PC3 control group. The mean percentage of macrophages extravasated
from the blood vessels was 78.4±14.1% for the OHS control group and 89.6±6.7% for
the PC3 control group. This corresponded to a difference of 11.2 percentage point which
was statistically significant with a p-value of <0.005. According to this, a larger amount
of macrophages extravasated from the blood vessel in PC3 tumor tissue compared to OHS
tumor tissue.

Nanoparticles

No statistically significant difference was found between the mean percentage of nanopar-
ticles extravasated, between the OHS control group and the PC3 control group. The mean
percentage of nanoparticles extravasated from the blood vessels was 57.6±23.2% for the
OHS control group and 49.2±27.6% for the PC3 control group. The difference was 8.4
percentage point and not significant with a p-value of 0.2.
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Discussion

5.1 Methods

Tumors were analyzed by flow cytometry in order to obtain information regarding the
amount of macrophages and their uptake of nanoparticles. Tumor sections were imaged
by confocal laser scanning microscopy and were mainly used for distance analysis. These
methods and their uncertainties are discussed in the following sections.

5.1.1 Flow cytometry analysis

In the flow cytometry study, fewer tumors than originally intended were used due to poor
tumor growth in many of the animals. The low amount of tumors in each of the four
experimental groups is an uncertainty factor in the obtained results.

Several of the tumors used to make single cell suspensions had particularly low mass.
Even though a tumor had a high number of viable cells per gram, the total amount of viable
cells obtained from the tumor was low due to the low mass. For some of the tumors, it was
challenging to achieve one million viable cells from the tumor, which was the required
number of cells to make one sample. 100 000 cells from each sample were counted, but
if this was not achievable for all samples, the flow cytometer would stop counting after
3 minutes. This indicated that the different samples contained a varying number of cells.
The tumors with the least mass gave the fewest number of viable cells according to the flow
cytometer. A sample that containes a large number of cells provides a more representative
result compared to samples with few cells. The varying amount of cells in the samples
may affect the results and be a source of uncertainty.

For all samples, it was desirable to separate out the dead cells since they gave a lot
of false positive fluorescence. A near IR-dye was used for this purpose. The near-IR dye
binds to the surfaces of viable cells, resulting in a weak fluorescent signal from these cells.
Dead cells with permeable membranes react with this dye throughout their whole volume,
resulting in a high fluorescent signal. Optimally, this should appear as two distinct peaks in
the live/dead histogram, but this did not work as intended. For several of the samples, only
one distinct peak was observed in the associated histogram. This indicated a weak staining
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of all cells. To be able to separate the viable and dead cells, a forward scatter density plot
was used. A gate was placed between the two populations, but the placement of the gate
was difficult due to the populations’ close proximity to each other. A small displacement
of the gate results in noticeable changes in the number of cells within each population. If
only a few dead cells were included in the population defined as viable cells, false positive
fluorescence will be observed, and the obtained results will be affected.

During the flow cytometry, it was observed that AlexaFluor488 stained almost the
same, or even a higher, number of cells compared to DyLight405. In the histograms
showing the fluorescent intensity of AlexaFluor488 there were two distinct peaks. The
peak placed to the right indicated cells positive for AlexaFluor488. For DyLight405,
two distinct peaks were not observed in the histograms. This was not as expected since
AlexaFluor488 should only stain M2 macrophages, while DyLight405 should stain all
macrophages (M1+M2). Hence, a larger amount of cells positive for DyLight405 com-
pared to AlexaFluor488 should be observed. One explanation for this result may be that
the primary antibody CD206 also binds to dendritic cells in addition to monocytes and
M2 macrophages. On the other hand, the F4/80 antibody mainly binds to macrophages
including M1 and M2 macrophages inside tumor tissue. Also monocytes in the blood
stream express F4/80 receptors at their surfaces, but to a lesser degree than macrophages
inside tissues[62, 63]. Another reason that may have affected the results is that a higher
concentration of the CD206 antibody was used compared to the F4/80 antibody. The rea-
son for choosing different concentrations was based on the suggested concentrations from
their respective datasheets. Although there were various factors that may have affected
the staining of the macrophages, the results indicated that there is a predominance of M2
macrophages in both OHS and PC3 tumor tissue.

In the concentration study of primary antibodies, no positive populations for either
AlexaFluor488 or DyLight405 were observed. This was the reason why the primary an-
tibodies were used in concentrations of 20 times the suggested datasheet concentrations.
On the other hand, when samples from trial 3 and 4 were run through the flow cytometer,
large populations of cells positive for both fluorescent antibodies were seen. This was not
as expected. Samples from trial 3 and 4 were stained by the use of the same method, with
the same time parameters and steps as used in the concentration study. There is no good
explanation for this result, but one thing worth mentioning is that two different batches
of antibodies were used in the concentration study and in the main study. New batches
of both primary antibodies were used to stain the samples from trial 3 and 4, but they
were purchased from the same producer as the batches used in the concentration study. If
the concentration study had given the same result as the main study, it might have been
more appropriate to choose a lower concentration of primary antibodies to avoid the risk
of unspecific bindings.
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5.1.2 Confocal laser scanning microscopy analysis

All calculated values from the image analysis had large standard deviations. This was ex-
pected since there were large variations in the mean area percentage of both macrophages
and nanoparticles in the different images. : In other words, some images contained many
macrophages and nanoparticles, whereas others contained very few. The large standard
deviations indicate a high degree of uncertainty in these results. This is important to keep
in mind during interpretation of the results.

Imaging with CLSM

Imaging of the nanoparticles in the tumor sections were done before staining of the macro-
phages. As described previously, the use of a mounting medium and cover glass would
alter the structure of the tumor section after removal. Therefore, this equipment was not
used even though it made it more challenging to capture images of decent quality. The lack
of this equipment lead to two major problems. The autofluorescence of the tissue would
drown out the fluorescence of the blood vessels and nanoparticles, or the fluorescence
signal became difficult to observe due to the signal it self being too weak. This may
have caused a calculated result with a lower amount of nanoparticles than it originally
contained. The varying fluorescence from the nanoparticles and blood vessels made it
difficult to find optimal image setting for all images. However, the same image settings
were used on all images to make it possible to compare the images in further analysis. The
images captured after staining of the macrophages had a much higher quality due to use
of both mounting medium and cover glass.

During imaging, the optical section may affect the visualization of the fluorescent sub-
stances in the images. The pinhole size was adjusted to obtain an optical section with a
thickness of 3 µm. A thin optical section is required to achieve a high horizontal resolution
and contrast in the image. Small sizes of the pinhole limit the number of photons that reach
the detector. Due to this, it was not possible to detect the fluorescent substances by the use
of a smaller optical section than 3 µm. If it is desirable to use a small pinhole size, the
power of the excitation laser have to be high, in addition to the need of a longer exposure
time compared to use of larger pinhole sizes. For an optical section of 3 µm, the power of
the excitation lasers were already relatively high, and even higher power levels were not
desirable to avoid the risk of photobleaching. Other measures were also taken to prevent
loss of fluorescence intensity from the sections. The exposure time during imaging was
attempted to be as short as possible. In addition to this, the tumor sections were stored in
the dark between staining and imaging.

Bleed-through between the different image channels were tested and not observed to
be a problem. This was due to large distances between the emission wavelengths for the
fluorescent dyes.

The blood vessel channel was used to determine the different locations to be imaged.
This will strengthen the results since the images are taken independently from the amount
of macrophages and nanoparticles in different areas on the section. For PC3 tumor tissue,
the blood vessels were placed in the center of the images. This was done to increase the
probability that the imaged macrophages and nanoparticles were extravasated from the
imaged blood vessel. This was not possible for OHS tumor tissue, due to the high density
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of blood vessels. Macrophages and nanoparticles in these images may be extravasated
from blood vessels outside the image. In reality, the macrophages, nanoparticles and blood
vessels are distributed in 3D inside the tissue, while the captured images are in 2D. From
this, it is possible that the imaged macrophages and nanoparticles may be extravasated
from a blood vessel in a plane over or under the image plane.

Each area on the tumor sections was imaged both before and after staining of the
macrophages. This was due to the removal of nanoparticles during the staining of macrop-
hages. All areas were given coordinates to be able to image the same area twice. If the
images before and after staining were offset by even a few pixels, the amount of nanoparti-
cles defined to be inside macrophages would be affected. For some areas, it was observed
small changes in the structures of the tumor sections after staining of the macrophages.
This may have affected the results.

Image analysis

There are several factors in the image analysis that may have affected the calculated results.
However, since the same method is used to analyze all images, it is possible to compare
images from the different experimental groups.

During image analysis, the Moments algorithm was applied on the nanoparticle chan-
nel, followed by the Despeckle filter. This was done to remove a lot of noise, but due to the
small size of the nanoparticles, it was difficult to distinguish between noise and particles.
A mask including the nanoparticles was used in the image analysis. To make sure that all
nanoparticles were included, no area limit was set on these masks. Due to the the lack of
an area limit, this mask also included noise that had not been filtered out by the Moments
algorithm and the Despeckle filter. This may have affected the calculated area percentage
of nanoparticles in the images.

The Triangle algorithm and the Despeckle filter were applied on the macrophage chan-
nel to reduce the noise in the images. A mask was used to decide the areas in the image
defined as macrophages. The mask was adjusted to only include particles larger than
40 µm2. This removed the noise, but kept the macrophages within the optical section. Due
to the area limit on the mask, the amount of macrophages in the images was not affected
in a significant way by the noise.

To assess the distribution of macrophages and nanoparticles around blood vessels, re-
moval of noise from the blood vessel channel was essential. The Otsu algorithm and the
Despeckle filter were used for this purpose. This removed the major amount of noise in the
images, but some noise was still present. A distance map was created based on the binary
image of the blood vessel channel. If there were only a few pixels of noise in this image,
this noise was defined as blood vessels. This definitely affected the distance analysis.
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5.2 Macrophages and nanoparticles in OHS and PC3 tu-
mor tissue

The percentage of all macrophages, M1 and M2 macrophages, nanoparticles and uptake
of nanoparticles by macrophages, were found for OHS and PC3 tumor tissue. The re-
sults were obtained by the use of flow cytometry and confocal laser scanning microscopy
(CLSM), and they are discussed in the following sections. The control groups were in-
jected with nanoparticle-stabilized bubbles, while the treated groups were injected with
nanoparticle-stabilized micobubbles in combination with focused ultrasound treatment lo-
cally on the tumor.

5.2.1 All macrophages

No significant difference were found in the mean percentage of macrophages between
the OHS control group and PC3 control group when calculating from the flow cytometry
analysis. Although no significant differences were seen, the results indicate that there was
a slightly higher mean percentage of macrophages in OHS tumors than PC3 tumor tumors.
This result is as expected. E. Sulheim et al.[9] presents a study were they characterized
the vascular fraction in both OHS and PC3 tumor tissue. They found a higher density
and fraction of blood vessels in OHS tumor tissue compared to PC3 tumor tissue. Since
macrophages arise from circulating monocytes in the blood stream, it is expected to find a
higher percentage of macrophages in OHS tumors compared to PC3 tumors.

The percentage of macrophages in tumors have also been quantified as a part of other
studies. Q. Dai et al[60] and R. Franklin et al.[64] have studied the percentage of macroph-
ages by the use of flow cytometry, respectively in SKOV-3 ovary cancer xenografts and
PyMT breast cancer xenografts. Both studies observed dominant populations of macroph-
ages within the tumors, which is consistent with the flow cytometry analysis of OHS and
PC3 tumor in this thesis.

Recently, M. Fusser et al.[65] presented a study where they looked at the use of poly-
meric nanoparticles in treatment of breast cancer xenografts. The polymeric nanoparticles
were the same as used in this thesis. They have characterized the fraction of macrophages
in tumors by the use of IVIS spectrum in vivo imaging system. Compared to tumors only
treated with saline, the fraction of macrophages inside the tumors was increased for tu-
mors treated with nanoparticles (without drug). This indicates an elevated inflammations
in the tumors when they are treated with nanoparticles. Recruitment of more monocytes
to the tumors occurs, resulting in a larger fraction of macrophages within the tumor tissue.
The tumors characterized in this thesis were all treated with nanoparticles, including the
control group. Perhaps the calculated mean percentage of macrophages in OHS and PC3
tumors would have been lower if the tumors were not treated with nanoparticles. However,
the characterization method used in M. Fusser et al.[65] and this thesis are different, and
the measurement were executed at different times after injection.

From the flow cytometry analysis, no significant differences in the mean percentage
of macrophages were found between the control group and the group treated with fo-
cused ultrasound. For OHS tumor tissue, there was an increase in the mean percentage
of macrophages for the treated group compared to the control group. The opposite was
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observed for PC3 tumors, where the group treated with ultrasound contained the lowest
mean percentage of macrophages, which is an inexplicable result. A low number of tu-
mors in each of the experimental group is used, and this result may be because of local
variations from tumor to tumor. There is no published literature where the effect of focused
ultrasound on tumor associated macrophages in a nanoparticle-stabilized DDS is studied.
On the other hand, studies have been conducted to investigate the delivery of cells by the
use of focused ultrasound. A. Burgess et al.[66] and R. Alkins et al.[67] have presented
studies where focused ultrasound and microbubbles are used to disrupt the blood brain
barrier. The aim was to obtain an increased delivery, respectively of stem cells and natural
killer cells to brain tumors. This was successful according to the results from these stud-
ies. H. Liu et al.[68] have presented another study where they investigated the infiltration
of macrophages during disruption of the blood brain barrier by focused ultrasound and
microbubbles. They found that there is an increased infiltration of macrophages during
disruption of the blood brain barrier due to an inflammatory response. The infiltration of
macrophages were reduced by the use of certain ultrasound parameters. The ultrasound
settings used in this thesis does not ensure inertial cavitations, but collapse of the mi-
crobubbles was expected. During expansion of the microbubbles, they push on the vessel
walls and make them more permeable. Due to this, a larger percentage of macrophages
was expected by the use of ultrasound due to an inflammatory response. This was seen for
OHS tumors, but not for PC3 tumors.

From the CLSM analysis, the mean area percentage of macrophages in the images
were calculated for both OHS and PC3 tumor tissue. The difference between the mean
area percentage of macrophages in the OHS control group and the PC3 control group
was not significant. In addition to this, no significant differences were found between the
control group and the group treated with focused ultrasound. There was a large difference
between the amount of macrophages found by flow analysis and by CLSM analysis. A
much higher percentage of macrophages were found in both OHS and PC3 tumor models
by the use of flow cytometry compared to CLSM. The main reason for this may be that
flow cytometry analysis is based on cells from the entire tumor, while CLSM analysis is
only based on 2D images from some selected locations inside the tumors.

Although the two analysis methods did not give the same percentage of macrophages,
they both indicated that there were no significant differences in the percentage of macroph–
ages by the use of ultrasound. This also corresponds to the results from the specialization
project carried out by the author during the autumn 2018[10]. Based on this, it was con-
cluded that focused ultrasound does not affect the mean percentage of macrophages in
OHS and PC3 tumor tissue.

5.2.2 M1 and M2 macrophages
According to the flow cytometry analysis, no significant differences were found in the
mean percentage of M1 and M2 macrophages between OHS and PC3 tumors. On the
other hand, significant differences were found between the mean percentage of M1 and
M2 macrophages within one experimental group. M2 macrophages were the major type
of macrophages in both OHS and PC3 tumors.
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Q. Xiao et al.[69] study the polarization of macrophages from M1 to M2 in OHS mice
xenografts. They observed that the polarization of the macrophages occurs within the
tumor tissue. 1 week after implantation of cancer cells, M1 macrophages were the main
type of macrophages within the tumor tissue. 3 weeks after implantation this was altered
and M2 macrophages were the major type of macrophages within the tumor tissue. The
fraction of M1 and M2 macrophages were also analyzed after 10 weeks and the obtained
result was similar to week 3. They concluded that polarization of macrophages from M1 to
M2 mainly occurs during the first 3 weeks after implantation. These results are consistent
with results obtained in this thesis, where M2 macrophages were found to be the major
type of macrophages within OHS tumors.

M. Lundhold et al.[70] presented a study where they examined M1 and M2 macrophag-
es in prostate cancer. They found that the majority of macrophages were M2 macrophages
in PC3 tumor tissue, which is consistent with the results obtain in this thesis.

Several studies [70], [71] and [72] present how M1 and M2 macrophages correlate to
good or poor prognosis in prostate cancer. All studies concluded that a large amount of
M2 macrophages are related to poor prognosis and survival rate. According to Q. Zhou
et al.[73], a large fraction of M2 macrophages promotes metastasis from OHS tumors
and this is correlated to poor survival rate for the patients. The main reason for the poor
prognosis is that M2 macrophages promote angiogenesis and tumor growth by production
of different cytokines and vascular growth factors[16].

Due to the high fraction of M2 macrophages within OHS and PC3 tumors, in addition
to the poor prognosis related to this type of macrophages, M2 macrophages can poten-
tially be used in cancer therapy. A way to inhibit tumor growth is polarization of M2
macrophages to M1 macrophages. S. Zanganeh et al.[74] presented a study where they
used iron oxide nanoparticles to inhibit tumor growth in early breast and lung cancer. This
was done by inducing polarization of M2 macrophages into M1 macrophages within the
tumor tissue.

5.2.3 Nanoparticles
The mean area percentage of nanoparticles in OHS and PC3 tumor tissue were calculated
from the CLSM images. No difference in the percentage of nanoparticles were observed
between the two tumor models. This result is not as expected. E. Sulheim et al.[9] found
that OHS tumor tissue were better perfused and contained a higher density of blood vessels
compared to PC3 tumor tissue. Due to this, a higher accumulation of nanoparticles within
OHS tumor tissue was expected. A larger fraction of blood vessels will be able to carry
more nanoparticles that may extravasate from the blood vessels and be distributed within
the tissue.

A higher inflow time of microbubbles in OHS tumor tissue compared to PC3 tumor
tissue was also reported by E. Sulheim et al.[9]. They argued that this was related to the
fact that the microbubbles were relatively large in size, which caused an retention of the
microbubbles inside the vasculature. This occurs due to a chaotic vasculature with several
dead ends inside OHS tumor tissue. The result was a limited flow through the blood
vessels. The higher inflow time of blood vessels normally results in a larger accumulation
of nanoparticles within OHS tumor tissue compared to PC3 tumor tissue. As mention
earlier, this was not consistent with the result in this thesis.
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From the image analysis, significant differences were found in the mean area percent-
age of nanoparticles between the control group and the group treated with ultrasound.
This was observed for both OHS and PC3 tumor tissue. Catharina de Lange Davies’
research group has previously reported studies [6, 75] where an increased accumula-
tion of nanoparticles inside tumor tissues was observed after treatment with nanoparticle-
stabilized microbubbles and focused ultrasound. S. Snipstad et al.[6] study the effect of
nanoparticle-stabilized microbubbles and focused ultrasound in breast cancer xenografts,
while S. Eggen et al.[75] looked at this in prostate cancer xenografts. Both found an
increased accumulation of nanoparticles within the tumor tissue by the use of focused ul-
trasound, which is consistent with the obtained results in this master thesis. Several other
studies [76–80] have also published results where the use of nanoparticles and microbub-
bles in combination with focused ultrasound enhanced the delivery of nanoparticles to the
tumor tissue.

Optimal ultrasound settings are essential to achieve a desired accumulation of nanopar-
ticles within tumor tissue. H. Han et al.[76] reported that high intensity focused ultrasound
was more efficient at accumulating nanoparticles within the tumor tissue compared to the
use of lower intensities. S. Snipstad et al.[6] and S. Eggen et al.[75] documented that a
high MI results in higher accumulation of nanoparticles within the tumors. A high value
of the MI increases the probability of inertial cavitations and collapse of the microbubbles.
According to the their results, destruction of the microbubbles are favorable compared to
stable cavitations at lower MI. Stable cavitations cause microstreaming and an increased
permeability of the vasculature when microbubbles expand and push on the walls of the
vessel. During collapse of the microbubbles, shock waves and jet streams increase the
permeability of the blood vessels even more. The nanoparticles are shot into the tumor tis-
sue at this point[6, 43]. The ultrasound settings used in this thesis does not ensure inertial
cavitations, but collapse of the microbubbles was expected.

5.2.4 Uptake of nanoparticles by macrophages
The mean percentage of macrophages containing nanoparticles were examined for both
OHS and PC3 tumors by flow cytometry. At the time of writing, there were no published
literature that describe the uptake of nanoparticles by macrophages in a drug delivery
system based on nanoparticle-stabilized microbubbles and focused ultrasound.

A larger mean percentage of macrophages that engulfed nanoparticles was observed
in OHS control tumors than in PC3 control tumors. This difference was significant and
the results are hard to explain. As mention previously, E. Sulheim et al.[9] reported a
higher density of blood vessels in OHS tumor tissue compared to PC3 tumor tissue. This
may lead to an increased accumulation of nanoparticles within the tumor due to a larger
fraction of blood vessels that carry nanoparticles. When a large amount of nanoparticles
are presented inside the tumor tissue, it may be reasonable that a high percentage of the
macrophages engulf the available nanoparticles. However, it is important to keep in mind
that the high vascular fraction in OHS tumor tissue also may lead to a large amount of
macrophages within the tumor. For PC3 tumors, the opposite is expected. This refers to
a lower percentage of macrophages within the tumor tissue, in addition to a lesser amount
of nanoparticles. Deduced from this, it is challenging to explain why a larger percent-
age of the macrophages within OHS tumor tissue contain nanoparticles compared to the
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macrophages in PC3 tumor tissue. Nonetheless, this may indicate that the macrophages
inside the two tumor microenvironments behave differently.

No significant differences were found in the mean percentage of macrophages con-
taining nanoparticles between the control group and the group treated with ultrasound, but
some tendencies were observed. For OHS tumors, there was a slight decrease in the mean
percentage of macrophages in the treated group compared to the control group. For PC3
tumors, an increase was observed for the group treated with ultrasound compared to the
control group. When the tumors were treated with ultrasound, an increase in the amount
of macrophages containing nanoparticles was expected. According to S. Snipstad et al.[6]
and S. Eggen et al.[75], there will be an increased accumulation of nanoparticles within tu-
mor tissue by the use of nanoparticle-stabilized microbubbles in combination with focused
ultrasound on the tumor. It makes sense that a higher percentage of the macrophages engulf
nanoparticles when there are more nanoparticles available in the tumor tissue. For PC3 tu-
mors, the result was as expected. A higher mean percentage of the macrophages contained
nanoparticles in the group treated with ultrasound compared to the control group. For
OHS tumors the outcome was opposite, where a slight decrease was seen for the treated
group compared to the control group. One reason for this may be that the amount of
macrophages containing nanoparticles are already high for the OHS control group. Due
to this, ultrasound treatment will not increase the percentage of macrophages that have
taken up nanoparticles even further. For the PC3 tumors, the proportion of macrophages
containing nanoparticles was low in the control group. The uptake of nanoparticles by
macrophages is further discussed in section 5.2.6.

5.2.5 Uptake of nanoparticles by tumor cells
From flow cytometry analysis, a slight increase in the mean percentage of tumor cells con-
taining nanoparticles was seen for PC3 control tumors compared to OHS control tumors.
However, this difference was not significant. As previously described, E. Sulheim et al.[9]
stated a higher density of blood vessels in OHS tumor tissue than in PC3 tumor tissue.
This may lead to a higher accumulation of nanoparticles within OHS tumor tissue due to a
high inflow of blood throughout the tumor. Based on this argument, it would be expected
to find a higher percentage of tumor cells that contain nanoparticles within OHS tumors
compared to PC3 tumors. This is not consistent with the obtained result in this thesis.

The focused ultrasound treatment increase the the mean percentage of tumor cells con-
taining nanoparticles for both OHS and PC3 tumors, but the increase was only significant
for OHS tumors. An increase in the percentage of tumor cells with nanoparticles is pre-
dicted when the tumors are treated with ultrasound. S. Snipstad et al.[6] and S. Eggen et
al.[75] reported an increased accumulation of nanoparticles within tumor tissue by the use
of nanoparticle-stabilized microbubbles in combination with focused ultrasound on the tu-
mor. When there is a large amount of nanoparticles available within the tumor tissue, it
is reasonable to expect that a higher percentage of the tumor cells will take up nanoparti-
cles. Comparatively, tumor tissue containing fewer nanoparticles will likely have a lower
percentage of tumor cells taking up nanoparticles. This support the theory that ultrasound
treatment increase the uptake of nanoparticles by tumor cells. Others [81, 82] have previ-
ously reported an enhanced intracellular drug uptake by tumor cells when micelles were
used in combination with ultrasound. J. Hauser et al.[83] presented a study where they an-
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alyzed the effect of therapautic ultrasound on the endocytotic activity of human fibroblast.
They concluded that ultrasound treatment enhanced the endocytotic activity. These studies
may indicate that ultrasound does not only increases the amount of nanoparticles within
the tissue, but the treatment also stimulates cellular uptake. The uptake of nanoparticles
by tumor cells is further discussed in section 5.2.6.

5.2.6 The percentage of nanoparticles taken up by macrophages and
tumor cells

The mean percentage of nanoparticles taken up by macrophages and tumor cells were ana-
lyzed by flow cytometry. For both OHS and PC3 tumors, the majority of the nanoparticles
inside the tumors was taken up by macrophages instead of tumor cells. This indicates that
tumor associated macrophages work as a large barrier that prevents nanoparticles from
being taken up by cancer cells.

Macrophages are phagocytic cells [7], and due to this it is reasonable that these cells
engulf a large amount of nanoparticles. However, the observed amount of engulfed nanopar-
ticles was higher than expected. Q. Dai et al.[60] presented a study where they quantified
the delivery of ligand-coated nanoparticles to solid tumors. They found a larger amount
of nanoparticles inside macrophages than inside tumor cells, which is the same was ob-
served in this thesis. From the study, they concluded that the majority of the intratumoral
nanoparticles were either trapped in the ECM or engulfed by macrophages.

J. Hoppstädter et al.[84] study the uptake of silica nanoparticles in M1 and M2 macro-
phages. They found an increased uptake of nanoparticles by M2 polarized macrophages
compared to by M1 macrophages. In this thesis, M2 macrophages were the majority
type of macrophages inside both OHS and PC3 tumor tissue. One reason for the large
uptake of nanoparticles by macrophages observed in this thesis may be because most of
the macrophages were of the M2 type. Since the M2 macrophages are related to both poor
prognosis and engulf large amount of nanoparticles, they have a great potential in future
cancer therapies.

Most of today’s cancer therapy focus on killing malignant tumor cells, but these cells
can become resistant to chemotherapeutic agent. The high phacocytic activity of M2
macrophages can be utilized to target and kill these cells with the aim of inhibit tu-
mor growth. M. Cieslewicz et al[85] published a study where they delivered proapop-
totic peptides to M2 macrophages in colon cancer by targeting the macrophages. The
proapoptotic peptide selectively reduced the M2 macrophages and this led to inhibition
of the tumor growth. M. Fusser et al.[86] presented a study which includes investiga-
tion of macrophages within breast cancer xenografts. They found that the amount of
M2 macrophages within the tumor tissue was significantly reduced in tumors treated with
nanoparticles containing cytotoxic drugs, compared to tumors only treated with nanoparti-
cles. They suggested that this result was due to uptake of nanoparticles by M2 macrophages.
This led to the macrophages being killed by the cytotoxic drug encapsulated inside the
nanoparticles.

No significant differences in the mean percentage of nanoparticles inside macrophages
and tumor cells were found between the control group and treated group. The majority of
nanoparticles inside the tumors was still taken up by macrophages even though the tumors
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were treated with focused ultrasound. However, the mean percentage of nanoparticles in-
side macrophages was slightly decreased for the groups treated with ultrasound, and the
mean percentage of nanoparticles within tumor cells was slightly increased. This was ob-
served for both OHS and PC3 tumors. This may indicate that a higher percentage of the
nanoparticles accumulate in tumor cells by the use of focused ultrasound compared to no
ultrasound, but these differences were not significant. As previously discussed in section
5.2.5, differences were found in the mean percentage of tumor cells containing nanoparti-
cles between the control group and the treated group. This difference were significant for
OHS tumors.

The images capture through the use of CLSM were also analyzed to find the mean area
percentage of nanoparticles located inside macrophages. These results show a smaller
percentage of nanoparticles inside macrophages compared to the results obtained by flow
cytometry. The reason for this is that nanoparticles located outside the macrophages in
the images, may be in the ECM in addition to being inside tumor cells. Nanoparticles
located in the ECM are not included in the flow cytometry analysis since this analysis is
based on counting of single cells. However, the image analysis showed that a substantial
percentage of the nanoparticles were located inside the macrophages. Nevertheless, there
was a higher percentage of nanoparticles located outside the macrophages. Based on the
results from the flow cytometry analysis, there will be a lower percentage of nanoparticles
within tumor cells compared to macrophages. This indicates that a large amount of the
nanoparticles are trapped in the extracellular matrix. This is consistent with Q. Dai et
al.[60] which concluded that most of the intratumolar nanoparticles were either trapped in
the ECM or taken up by macrophages.

5.3 Distance analysis of macrophages and nanoparticles
in OHS and PC3 tumor tissue

The distribution of macrophages and nanoparticles, in addition to the uptake of nanopar-
ticles by macrophages at different distances around blood vessels, were studied for OHS
and PC3 tumor tissue. The results are discussed in the following sections.

5.3.1 Distribution of macrophages around blood vessels

For both OHS and PC3 tumor tissue, there was a higher mean percentage of macrophages
close to the blood vessel walls compared to distances further away. There were no signifi-
cant differences between the two group that indicate any effect of the ultrasound treatment.
A higher concentration of macrophages close to the blood vessels is as expected since the
macrophages arise from monocytes in the blood stream[8, 12]. Q. Dai et al.[60] have stud-
ied how macrophages were distributed around blood vessels inside SKOV-3 xenografts.
They also found the highest density of macrophages close to the blood vessels, which is
consistent with the results in this thesis and the theory.

For OHS tumor tissue, the mean percentage of macrophages decreased faster with in-
creased distance away from the blood vessels than for PC3 tumor tissue. This indicated
that a larger amount of the macrophages was located close to the blood vessels in OHS
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tumor tissue. For PC3 tumor tissue, the macrophages penetrated further into the tumor
tissue. The limited penetration of macrophages in OHS tumor tissue compared to PC3
tumor tissue may be explained by the tumor microenvironment. E. Sulheim et al.[9] char-
acterized the microenvironment in both of these tumor models. They found a higher cell
density and a higher density of blood vessels inside OHS tumor tissue than in PC3 tumor
tissue. Both of these factors may limit the penetration. When there is a dense network
of blood vessels, the available distance a macrophage can penetrate from a blood vessel
is limited by half of the distance to the nearest blood vessel. From this, a high density of
blood vessels limits the penetration length for the macrophages. The observed distribution
of macrophages around blood vessels is the same as the result in the specialization project
by the author[10].

A larger amount of macrophages extravasated from the blood vessel was observed in
PC3 tumor tissue compared to OHS tumor tissue. This difference was significant, but
the result was not as predicted. Due to the high density of blood vessels in OHS tumor
tissue [9], it would be expected to observe a larger amount of macrophages extravasated
in this tumor model compared to in PC3 tumor tissue. From the image analysis, a larger
mean area percentage of macrophages were seen in OHS tumor tissue compared to PC3
tumor tissue. This does not correspond to the fact that fewer macrophages extravasate in
OHS tissues than PC3 tissues. The reason why these results are contradictory is that the
macrophages located inside the vasculature are included in calculation of the mean area
percentage of macrophages. However, the percentage of macrophages was higher inside
OHS tumors compared to PC3 tumors from the flow cytometry analysis.

For both OHS tumor tissue and PC3 tumor tissue, a slightly increased mean percentage
of macrophages were extravasated in the group treated with ultrasound compared to the
control group. This difference was not significant. Based on previously discussion in sec-
tion 5.2.1, it was concluded that the percentage of macrophages within the tissue were not
affected by the ultrasound treatment. Hence, no more macrophages should be extravasated
in the group treated with ultrasound.

5.3.2 Distribution of nanoparticles around blood vessels
The percentage of nanoparticles was highest close to the blood vessel walls compared to
distances further away from the blood vessels, for both OHS and PC3 tumor tissue. This
is as expected since the nanoparticles extravasate from the blood stream into the tumor
tissue.

For OHS tumor tissue, the mean percentage of nanoparticles was higher when close
to the blood vessels compared to that in PC3 tumor tissue. In addition to this, the mean
percentage of nanoparticles decreased faster with increased distance for OHS tumor tissue
compared to PC3 tumor tissue. This means that the nanoparticles within PC3 tumor tissue
penetrated longer distances than the nanoparticles within OHS tumor tissue. As for the
macrophages, the penetration length is limited by half the distance to the nearest blood
vessel. Due to the high density of blood vessels in OHS tumor tissue [9], it is reasonable
that nanoparticles within these tumors are located closer to the blood vessels than in PC3
tumors. The penetration of nanoparticles in OHS tumors may also be limited by the high
cellular density within the tissue [9]. As discussed in section 5.2.6, a high amount of the
nanoparticles were trapped in the extracellular matrix. Q. Dai et al.[60] stated the ECM
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was a barrier for penetration of nanoparticles through tumor tissue. P. Netti et al.[30]
presented a study where they found that a high collagen content inside the extra cellular
matrix was related to high penetration resistance for therapeutic agents. E. Sulheim et
al.[9] also study the collagen content in several tumor models. They found no correlation
between the uptake of nanoparticles and collagen density in any of the models. Based on
these studies, the extra cellular matrix limits the penetration of nanoparticles through the
tumor tissue. However, it is not certain that collagen is the main barrier for penetration
inside the extracellular matrix.

A higher percentage of nanoparticles was located close to the blood vessels for the
control groups compared to the groups treated with ultrasound. This indicated that a larger
amount of the nanoparticles penetrated longer distances into the tumor tissue for the group
treated with ultrasound compared to the control group. The results were not significant,
but was seen in both OHS and PC3 tumor tissue. One of the main goals by the use of
focused ultrasound of the tumor is to improve the penetration of nanoparticles through the
extra cellular matrix, resulting in improved accumulation and distribution of nanoparticles
within the tumor tissue.

No significant difference was seen in the mean percentage of extravasated nanoparti-
cles between OHS tumor tissue and PC3 tumor tissue. However, a tendency indicate that a
larger percentage of nanoparticles extravasated in OHS tumors. This result is as expected.
The high density of blood vessels in OHS tumor tissue [9] have potential to carry more
nanoparticles than the blood vessels in PC3 tumor tissue. Due to this, a higher amount
of extravasated nanoparticles is expected in OHS tumors. From the image analysis, there
were no difference in the mean area percentage of nanoparticles between the two tumor
models. It should be mentioned that these results were unexpected and do not distinguish
between nanoparticles inside and outside the blood vessels.

The ultrasound treatment showed an increased extravasation of nanoparticles in both
OHS and PC3 tumor tissue. The differences between the control group and the treated
group were not significant. These results are expected and consistent with the calculated
mean area percentage of nanoparticles from the images. The mean area percentage of
nanoparticles in the images were significantly increased by the use of focused ultrasound.
When a larger amount of nanoparticles extarvasate from the blood vessels, it is reasonable
that a larger area percentage of the images is defined as nanoparticles. These results are
consistent with the studies presented by S. Snipstad et al.[6] and S. Eggen et al.[75]. As
mentioned previously, both these studies found an increased accumulation of nanoparticles
within the tumor tissue, by the use of nanoparticle-stabilized microbubbles in combination
with focused ultrasound on the tumor.

5.3.3 Uptake of nanoparticles by macrophages around blood vessels
For OHS tumor tissue, there was a significant decrease in the mean percentage of nanopar-
ticles inside macrophages between distance 5-15 µm and distances >85 µm. A higher
mean percentage of nanoparticles was taken up by macrophages close to the blood vessel
walls compared to distances further away from the blood vessels. Significant differences in
the mean percentage of nanoparticles inside macrophages between distance 5-15 µm and
distances>85 µm were not found in PC3 tumor tissue. There was a slightly decrease in the
mean percentage of nanoparticles taken up by macrophages close to the blood vessels com-
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pared to increased distances, but the decrease was not significant. The mean percentage of
nanoparticles inside macrophages varied up and down between the different distance in-
tervals. For both OHS and PC3 tumor tissue, a large mean percentage of macrophages and
nanoparticles was observed close to the blood vessel walls. The mean percentage of both
macrophages and nanoparticles decreased by increased distance from the blood vessels.
This decrease was more rapid in OHS tumor tissue compared to PC3 tumor tissue, espe-
cially for the nanoparticles. This may be a reason why a significant decrease in the mean
percentage of nanoparticles inside macrophages, between distance 5-15 µm and distances
>85 µm, was observed for OHS tumor tissue and not for PC3 tumor tissue.

Q. Dai et al.[60] studied macrophages around blood vessels to see how they limit the
penetration of nanoparticles through the tumor tissue. They observed that a high percent-
age of macrophages close to the blood vessels leads to a large uptake of nanoparticles in
this area. In this thesis, there was a high percentage of both macrophages and nanoparticles
located close to the blood vessels. In addition to this, a high percentage of the nanoparti-
cles was located inside macrophages at these distances. Based on this, a large amount of
the intratumoral nanoparticles were taken up by macrophages close to the blood vessels.

For both OHS and PC3 tumor tissue, the results indicate that not all nanoparticles are
taken up by macrophages. Some of them escape the macrophages and penetrates through
the extracellular matrix. The results are based on nanoparticles located inside macrophages
at different distances. The nanoparticles may have been taken up by macrophages at a
certain distance. Another option is that they are taken up at an earlier distance and carried
through the ECM inside a penetrating macrophage.

5.4 Further research
The results from this thesis are of great interest and need to be investigated further. A
larger quantity of tumors should be used to achieve more representative results for the
different tumor models. Uptake of nanoparticles by macrophages of other DDSs would
also be interesting to study.

Additionally, studying whether or not there are any differences in uptake of nanopar-
ticles by M1 and M2 macrophages in different DDSs may be useful. This was attempted
in this thesis, but the small amount of tumors and cells defined as M1 macrophages made
the results highly uncertain. Results from the study presented by M. Fusset et al.[65]
indicated that there may be a difference in the uptake of nanoparticles between the two
different types of macrophages inside tumor tissue.

Further optimization of the method used in this thesis is necessary before supplemen-
tary analysis can be done. The near-IR dye that was used to separate the dead cells from
the viable ones, functioned poorly. Due to this, a greater concentration of this dye, or
simply the use of a better performing fluorescent dye, is necessary. Large variations in
fluorescence signals were observed from the concentration study to the main experiments.
Therefore, a new concentration study is recommended in order to find better performing
concentrations for the primary antibodies.
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Conclusion

From flow cytometry analysis, large populations of macrophages were found within both
OHS tumor tissue and PC3 tumor tissue. The amount of M2 macrophages was completely
dominating compared to the amount of M1 macrophages in both tumor models.

Focused ultrasound used in combination with nanoparticle-stabilized microbubbles
does not affect the percentage of macrophages within neither OHS tumor tissue nor PC3
tumor tissue. On the other hand, the ultrasound treatment results in a significantly in-
creased accumulation of nanoparticles within both OHS tumor tissue and PC3 tumor tis-
sue. From this, an increased percentage of tumor cells containing nanoparticles were also
observed by the use of ultrasound, but the increase was only significant for tumor cells in
OHS tumor tissue.

A significantly higher percentage of the macrophages within OHS tumor tissue con-
tained nanoparticles compared to in PC3 tumor tissue. Ultrasound treatment increased the
percentage of macrophages containing nanoparticles for PC3 tumor tissue, but the increase
was not significant.

For both OHS tumor tissue and PC3 tumor tissue, the majority of the nanoparticles
were engulfed by macrophages. The macrophages function as barriers for the nanopar-
ticles, and thus limit the delivery of nanoparticles to tumor cells. The majority of the
nanoparticles were taken up by macrophages even though the tumors were treated with
focused ultrasound. A large amount of the nanoparticles were also trapped in the extracel-
lular matrix.

Distance analysis of tumor sections showed that the percentage of macrophages and
nanoparticles were at its highest close to the blood vessel walls, and decreased with in-
creasing distance from the blood vessels. In OHS tumor tissue, the decrease was more
rapid than in PC3 tumor tissue. A greater amount of the intratumoral nanoparticles were
taken up by macrophages close to the blood vessels in OHS tumor tissue compared to that
of PC3 tumor tissue.
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Appendix A - Non-specific binding of secondary antibodies

OHS and PC3 samples were stained with only secondary antibodies and live/dead dyes
to determine if there was any non-specific binding of these antibodies. Both DyLight405
and AlexaFluor488 were used in a concentration of 0.5 µg/106 cells. These samples were
compared to samples only stained with live/dead dyes. Overlay histograms with fluores-
cence intensity versus the number of cells, for samples stained with secondary antibodies
and samples only stained with live/dead dyes, are shown in Figure 6.1 and Figure 6.2.

Figure 6.1: Two overlay plot showing histograms from staining of OHS single cell suspension
with only secondary antibodies. The overlay plot to the left shows the fluorescence intensity of
DyLight405 versus the number of cells. DyLight405 was used in a concentration of 0.5 µg/106

cells. The overlay plot to the right shows the fluorescence intensity of AlexaFluor488 versus the
number of cells. AlexaFluor488 was used in a concentration of 0.5 µg/106 cells. Samples that were
not stained with antibodies are also included. The x-medians for the fluorescence intensity signals
from the different samples are presented for both of the overlay plots.
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Figure 6.2: Two overlay plot showing histograms from staining of PC3 single cell suspension with
only secondary antibodies. The overlay plot to the left shows the fluorescence intensity of Dy-
Light405 versus the number of cells. DyLight405 was used in a concentration of 0.5 µg/106 cells.
The overlay plot to the right shows the fluorescence intensity of AlexaFluor488 versus the number
of cells. AlexaFluor488 was used in a concentration of 0.5 µg/106 cells. Samples that were not
stained with antibodies are also included. The x-medians for the fluorescence intensity signals from
the different samples are presented for both of the overlay plots.

There was a small difference in x-medians between the samples stained with antibodies
and the samples only stained with live/dead dyes. This show tendencies to slightly non-
specific binding of secondary antibodies for both OHS and PC3 cells.
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Appendix B - Compensation flow cytometer

A protocol in the flow cytometer software was made to compensate for non-specific bind-
ing of antibodies and for spillover of fluorescence between the different detectors. This
compensation file is shown in Figure 6.3. The detectors listed horizontally in the table
leaked fluorescence into the detectors listed vertically. The compensation for this spillover
of fluorescence is shown as numbers in the table.

Figure 6.3: Compensation file used to compensate for non-specific binding of antibodies and for
spillover of fluorescence between the different detectors. This compensation was used for the sam-
ples in trial 3 and 4.
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Appendix C - Macros/scripts used for image analysis

To make the image analysis efficient different macros/scripts were written. These pro-
grams were applied to all images and the results were one text file for each image. Fig-
ure 6.4 show the script used to analyse the amount of macrophages at different distances
around blood vessels. Figure 6.5 show the script used to analyse the amount of nanopar-
ticles inside macrophages at different distances around blood vessels. Figure 6.6 show
the script used to analyse the amount of nanoparticles outside macrophages at different
distances around the blood vessels.

Macrophages at different distances around blood vessels

Figure 6.4: The script used to analyse the amount of macrophages at different distances around the
nearest blood vessel. All steps in FIJI are included.
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Nanoparticles inside macrophages at different distances around blood vessels

Figure 6.5: The script used to analyse the amount of nanoparticles inside macrophages at different
distances around the nearest blood vessel. All steps in FIJI are included.
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Nanoparticles outside macrophages at different distances around blood vessels

Figure 6.6: The script used to analyse the amount of nanoparticles outside macrophages at different
distances around the nearest blood vessel. All steps in FIJI are included.
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Appendix D - Uptake of nanoparticles by M1 and M2
macrophages

The uptake of nanoparticles by M1 and M2 macrophages is presented in Figure 6.7.
One significant difference was found in the uptake of nanoparticles between M1 and
M2 macrophages for the OHS control group. For this group, 33.1±10.0% of the M1
macrophages contained nanoparticles and 66.5±9.8% of the M2 macrophages contained
nanoparticles. This corresponded to a difference of 33.4 percentage point, which was sig-
nificant with a p-value of 0.03. Since the mean percentage of M1 macrophages in all
experimental groups was below 1%, the results based on these data will have several un-
certain factors.

Figure 6.7: Bar plot showing the mean percentage of M1 and M2 macrophages that contain nanopar-
ticles in the control group and the group treated with ultrasound, for both OHS and PC3 tumors. The
results are based on flow cytometry analysis. The number of tumors varies in the different groups:
3 tumors in OHS control, 4 tumors in OHS treated, 2 tumors in PC3 control and 3 tumors in PC3
treated. The error bars are equal the standard deviations for each of the groups.
* P-value ≤ 0.05.
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