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Abstract  
Zebrafish embryos are gaining interest as a tool to study the behavior of xenotransplanted 

human and mouse cancer cells in vivo. Important advantages of using this vertebrate model 

include the lack of adaptive immunity, its transparency and the availability of fluorescent strains 

that allow simultaneous, non-invasive intra-vital imaging of the xenograft cells and specific 

host tissues. The project described in this master thesis consists of two parts. First, we 

established a new niche for microinjection and observation of rapidly growing cell tumors in 

the neural tube of zebrafish embryos. Then, this model was used for testing of biodegradable 

nanoparticles as an anti-cancer drug delivery platform, which were prepared and provided by 

our collaborators in the de Geest group in Belgium. 

In our model, we used the B16 mice melanoma cell line, a highly aggressive cancer cell type 

that is known to stimulate strong angiogenesis around the tumor. The study of the vessel 

formation was facilitated by using the fish line tg(fli1a:EGFP) that is characterized by 

endothelial cells labeled with green fluorescent protein (GFP), whose expression can be easily 

observed in vivo by imaging. The cancer cells were injected into the neural tube of the zebrafish 

embryos, where they remained confined and exhibited high growth rates. The xenotransplant 

tumors were studied in detail by analyzing their development and surrounding tissues, trough 

measuring total fluorescence intensity of the cells using stereo- and confocal microscopy. 

Angiogenesis resulted in a chaotic mesh of vessels around the tumor and we monitored the 

detected significantly higher presence of macrophages, compared to neutrophils in the tumor 

mass. The same observations are known to be associated with human cancer and to be involved 

in tumor progression and regression.  

Having established the cancer model, we showed that the nanoparticles accumulated in the 

tumor area and were selectively taken up by the blood vessel endothelium adjacent to the tumor. 

Furthermore, nanoparticles containing the drug chemotherapy drug doxorubicin were 

considerably less toxic in zebrafish embryos than the free drug and at the same time resulted in 

improved treatment of tumors in our zebrafish cancer model.  

.  
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Selected abbreviations  
dpf  Days post fertilization 

dpi  Days post injection 

EPR Enhanced permeability and retention effect  

FACS Fluorescence-activated cell sorting  

GFP Green fluorescent protein 

HIF Hypoxia-inducible factor 

M1  Tumor-antagonizing macrophage phenotype  

M2 Tumor-promoting macrophage phenotype  

NP Nanoparticle/s 

PBS Phosphate bovine serum 

PCV Posterior caudal vein 

PVP Polyvinyl pyrrolidine 

RFP Red fluorescent protein 

TAMs Tumor-associated macrophages 

TANs Tumor associated neutrophils 

VEGF Vascular endothelial growth factor 

VEGFR Vascular endothelial growth factor receptor 
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1 Introduction 

 Cancer 

Cancer is a group of diseases where the cells in a healthy tissue begin to proliferate 

uncontrollably, as a consequence of the cells escaping the normal regulatory mechanisms. The 

resulting abnormal growth leads to specialized cell aggregates, called tumors. These can be 

benign or become malignant by invading surrounding tissue and egressing via the vasculature 

to seed new tumors in other areas of the body. This process is called metastasis and can severely 

impair the normal function of other organs, thereby causing premature death. In fact, cancer is 

the second leading cause of death globally and accounted for 8.8 million deaths in 2015 1. 

1.1.1 Hallmarks of cancer and tumor microenvironment  

The ability of the tumor to grow and develop uncontrolled in the host tissue is underlined by 

changes in cell physiology, providing the cancer cells with new biological capabilities. There 

are two main enabling characteristics, which make these changes possible. First, impaired DNA 

repair mechanisms in cells make them genetically unstable, which in turn increases the rate of 

random mutations resulting in biochemical changes that will drive tumor progression. 

Additionally, solid tumors are usually infiltrated by immune cells that promote tumor 

progression. For instance, by producing free radicals that induce further DNA damage and thus 

accelerate the mutation rate and/or releasing mediator molecules that promote angiogenesis and 

tissue remodeling 2. 

This Genetic instability and inflammation facilitate acquisition, and sustain, the hallmark 

capabilities of cancer (Figure 1 3). Although supposedly chaotic, the tumor development, or 

tumorigenesis is not an autonomous process. The cancer cells depend on external signaling 

from the surrounding microenvironment.  

Figure 1: The six hallmark-capabilities of cancer, as originally proposed in a review by Douglas Hanahan and 
Robert Weinberg  3. 
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The microenvironment of a solid tumor is shown schematically in Figure 2 (modified from 4). 

The tumor usually consists of cancer cells as well as cancer stem cells, has a necrotic core 

surrounded by layers of quiescent cells and an outer layer of proliferating cells 5. In addition, 

there are other types of cells, referred to collectively as stromal cells, which are crucial for 

tumor development. These include fibroblasts and inflammatory cells in the extracellular 

matrix. The tumor is also surrounded by blood and lymph vessels, both made of endothelial 

cells. The vessels are covered by pericytes that support the endothelium, as well as muscle cells 

and the extracellular matrix. Communication between stromal and cancer cells, mostly by 

means of paracrine signaling i.e. cell-to-cell signaling, shapes the tumor growth as well as 

development of the tumor microenvironment. The intricate signaling networks between the 

tumor and its microenvironment allow the cancer cells to recruit and use the stromal cells to 

enhance cancer cell proliferation and survival, resulting in development of the cancer. Parts of 

the signaling pathways and types of stromal cells highly relevant for this project are described 

in the following text. 

Figure 2: A brief overview of the dynamic niche of cancer cells and their microenvironment including 
endothelial, stromal and immune cells. The various components can differ widely. However, there generally is 
a vascular network of blood and lymphatic vessels, structural support of pericytes and an immune infiltrate. 
The latter consisting of multiple cell types such as macrophages and neutrophils, having both pro- and anti-tumor 
functions (figure modified from 4).  
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1.1.2 Hypoxia-induced pathological angiogenesis 

Cells in healthy, developed adult tissues are closely surrounded by the vasculature, a tightly 

ordered net of vessels that supplies tissues with nutrients and oxygen while also removing waste 

products and carbon dioxide. The vasculature is often described as quiescent, and development 

of new vessels, a process termed angiogenesis or neovascularization, rarely takes place. Various 

countervailing factors either induce or down-regulate angiogenesis, called inducers and 

inhibitors, respectively. In the case of quiescent vasculature, the inhibitors tip the scale in favor 

of no development, usually leaving the “angiogenic switch” in the ‘off’ position 6. 

Tumors develop fast while the host tissue vasculature remains quiescent, leading to an 

insufficient nutrient and oxygen supply for the cancer cells. This low oxygen condition, termed 

hypoxia, often leads to cell death 7 in the central core of the tumor. In turn, the hypoxic 

environment eventually activates the hypoxia-inducible factor (HIF) signaling pathway because 

the lack of molecular oxygen prevents hydroxylation of HIF by prolyl-4-hydroxylase. 

Consequently, HIF can serve as a key transcriptional regulator of many different genes, 

including some angiogenic factors such as vascular endothelial growth factor (VEGF) protein 

family 8 - 9, shown in Figure 3 (modified from 10). 

 

  

Figure 3: Hypoxia related vascular endothelial growth factor (VEGF) transcription. In low oxygen
environment, hypoxia-inducible factor (HIF) regulates transcription of different genes. This affects expression of 
VEGF which is then secreted by the cells and binds to VEGF receptors (VEGFR) on the same cell (autocrine 
signaling) or on neighboring cells (paracrine signaling). This sets in motion signaling pathways that eventually 
lead to angiogenesis facilitating tumorigenesis, growth, survival and invasion (figure modified from 10). 
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The development of new vessels in the tumor microenvironment varies between different tumor 

types. Nonetheless, it usually involves the VEGF proteins, which bind to VEGF tyrosine kinase 

trans-membrane receptors (VEGFR) on the same cell (autocrine signaling) or on neighboring 

cells (paracrine signaling). Depending on the receptor type, these are located on several 

different cell types, including endothelial cells. VEGFR-1 can for instance be found on the cell 

surface of vascular endothelial cells, and some non-endothelial cells including macrophages 

and monocytes 11. The VEGF binding to its receptors leads to trans-membrane signaling, 

resulting in further gene expression regulation. It is generally understood that VEGF-A, through 

the sub-type receptor VEGFR-1 and VEGFR-2 signaling, promotes angiogenesis while 

VEGF-C and VEGF-D promote lympho-angiogenesis by VEGFR-3, 12 as shown in Figure 4 

(modified from 13).  

When VEGF-A signaling and other pathways responsible for angiogenesis are upregulated, 

e.g. due to the hypoxic environment, the result is expression of genes that promote endothelial 

cell proliferation and migration. As a consequence, the “angiogenic switch” is set to ‘’on’’ 14 

and most tumors become densely vascularized. Since the vessels in the tumor environment are 

exposed to excessive levels of this pro-angiogenic signaling, the vascular development lacks 

proper regulation. Therefore, the angiogenic vessels often have fragmented basement 

membranes 15 and mural cells, such as pericytes, are generally less abundant and more loosely 

attached to the tumor vasculature compared to healthy tissues 16,17. The newly formed 

vasculature ends up being chaotically branched and somewhat leaky compared to normal 

vessels, although the extent of this can be both spatially and temporally heterogenous when 

comparing different tumors and tumor areas 18,19.  

Figure 4: The VEGF family responsible for neovascularization. VEGF-A binds to VEGFR1 and VEGFR2 
receptors, upregulating angiogenesis. VEGF-C and VEGF-D bind to VEGFR2 as well, additionally to binding to 
VEGFR3 which upregulates lymphangiogenesis (figure modified from 13). 
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Hypoxia-related VEGF transcription is not the only cause of tumors being highly vascularized. 

Peri-tumor inflammatory cells can also be responsible for angiogenesis, by releasing signals, 

including VEGF 20. Consequently, when present in the tumor microenvironment they 

paradoxically help to initiate and sustain the angiogenesis around the growing tumor, thereby 

contributing to cancer development, rather than preventing it 21. Additionally, a positive 

feedback loop is created due to VEGF being a chemoattractant for macrophages 22.  

1.1.3 Tumor-associated inflammatory cells  

The immune system defends the body against disease-causing organisms, i.e. pathogens, but it 

can also eliminate abnormal self-cells. The immune defense consists of two distinct, but 

cooperative defense compartments: the innate immune system providing an immediate, 

non-specific protection, and the adaptive immune system that is tailored to particular targets 

but slower in reaction. The cells involved in the immune system (shown in Figure 5 23) are 

lymphocytes, i.e. white blood cells, that originate in the bone marrow and include innate 

immune system cells such as granulocytes, macrophages, dendritic cells, mast cells and natural 

killer cells, as well as B- and T-cells, which are part of the adaptive immune system.  

Figure 5: Immune system overview. The innate immune system consists of granulocytes, mast cells, 
macrophages, dendritic cells and natural killer cells. The adaptive immune system, conferring the host with higher 
specificity and memory, consists of antibodies and lymphocytes such as B cells and T cells (figure from 23). 
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Inflammatory cells migrate from the bone marrow of blood vessels and lymphatic system to 

target sites, protecting peripheral tissues from pathogens and abnormal cells 24. Usually, when 

the immune system detects an abnormality, it responds with an acute inflammation in form of 

initial invasion of innate immune cells into the affected areas followed by regulation of adaptive 

immune responses. However, if the response is insufficient and inflammation persists, it can 

lead to chronic inflammation where excessive activation of innate immune cells can cause tissue 

damage 25. Factors inducing this persisting inflammation can be infections, autoimmune 

diseases, exposure to environmental and dietary factors and chemical or physical irritation 

including the harsh anti-cancer therapies 26. 

Thus, today there is a general acceptance that cancer and chronic inflammation are linked. Not 

surprisingly, inhibiting chronic inflammation in patients with pre-malignant disease has a 

cancer-preventing potential 27. Most tumor microenvironments are infiltrated by inflammatory 

cells and several lines of evidence point to the paradox that these cells can have a pro-tumor 

development effect 28-30, reflecting the previously mentioned tumor’s ability to hijack 

physiological processes of the host. The inflammation is likely linked to cancer development 

via two pathways. The extrinsic pathway comprises a set of mechanisms where inflammatory 

conditions enable the cancer cells to acquire core hallmark capabilities as shown in Figure 6 31, 

on the next page. This includes releasing chemicals such as reactive oxygen species, which are 

actively mutagenic for the nearby cells. This can accelerate the genetic evolution of the cancer 

cell into more aggressive phenotypes 2,26,32 consequently increasing cancer risk. Additionally, 

macrophages and other inflammatory cells secrete bioactive molecules in the tumor 

microenvironment. These molecules can be growth factors 20 that sustain proliferative signaling 

or survival factors that limit cell death, extracellular matrix-modifying enzymes and 

pro-angiogenic factors. Collectively, they facilitate and drive the formation of new vessels. The 

resulting leaky angiogenetic vasculature is thought to facilitate invasion and metastasis 31,33, 

i.e. spreading of tumors, which is the major cause of death for cancer patients 34.  

The driver of this extrinsic pathway is the intrinsic pathway originating due to genetic 

alterations in the cancer cells causing an inflammatory response, which in turn favors 

tumorigenesis 21,26.  
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Figure 6: Pro-tumorigenic functions of tumor associated inflammatory cells. Macrophages are recruited by 
chemotactic factors to hypoxic areas of the tumor, where they can promote tumor progression. This is achieved by 
stimulating angiogenesis via expression of factors such as VEGF and by recruiting other inflammatory cells such 
as mast cells and neutrophils. These tumor-associated macrophages (TAMs) can also promote tumor progression 
by producing proteases that break down the basement membrane and remodel the stromal matrix. The tumor 
progression is further accelerated by generation of mutagens creating genetic instability (figure from 31).  
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One of the immune cells found most frequently in the tumor microenvironment are tumor-

associated macrophages (TAMs), already briefly mentioned. These mononuclear phagocytes 

are plastic and diverse, meaning that they exist as tumor-antagonizing (M1) or -promoting (M2) 

phenotypes, which are defined by distinct gene expression profiles. The macrophages found in 

most tumor microenvironments have the M2 phenotype so they promote tumor growth and 

angiogenesis and tend to suppress adaptive immune response 35. This facilitates invasion and 

metastasis and therefore a high TAM content generally correlates with a poor prognosis 21,24.  

Another key immune cell type that affects tumorigenesis is the neutrophil. These cells have 

different sub-populations, which may be tumor-antagonizing or-promoting 36. They can 

promote tumor initiation and development by releasing for example reactive 

oxygen- and nitrogen species and proteases i.e. enzymes that catalyze proteins 37. They can also 

release factors, such as VEGF to induce angiogenesis or facilitate tumor proliferation by further 

attenuating the immune system’s anti-tumor response 38. 

In some cases, however, it has been shown that the inflammatory cells are able to actually 

destroy the tumor, and consequently the presence of inflammatory cells is sometimes associated 

with better prognosis, as in the case of white blood cells in colon tumors 39. It is therefore 

important to understand the signaling mechanisms involved and perhaps find the optimal 

stimuli that could change a tumor-promoting microenvironment with M2 macrophages to a 

tumor inhibiting microenvironment with M1. Consequently, the transcription of the genes 

responsible for determining the balance between pro-tumor and anti-tumor properties of 

macrophages is an important example of potential targets that can be used in cancer therapy 

and the concept of reversing tumor supporting inflammation is an interesting new area in cancer 

therapy research 21.  
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 Cancer treatment  

In 1970s the U.S. declared a “War on Cancer” increasing the funding and support for cancer 

research field which has made immense progress during the last 50 years.  Nowadays, due to 

scientists and oncologists working together globally to understand and treat this group of 

diseases, the death rates due to cancer have decreased in total by a 26 % in the USA 40  by 

dropping continuously from 1998 to 2015 and similar progress is seen in other countries41.  

1.2.1 Types of standard cancer treatments available in the clinic 

Most existing cancer treatments indiscriminately target all cells and thus harm healthy tissues 

and are associated with severe side effects. The therapy process is often long, complicated and 

consists of adjuvant therapies to the primary, or initial treatment 42. Unfortunately, in the case 

of metastasis, when a solid tumor has spread to other tissues and organs, a curative intervention 

with currently available cancer drugs, surgical intervention and radiotherapy is usually 

ineffective. In such cases, palliative therapy is applied which only slightly improves the disease 

symptoms and slightly prolongs the survival of the patient.  

The choice of cancer treatment depends on the location and severity of the tumor, as well as the 

state of the patient. The therapies are often given in combinations in order to enhance the anti-

tumor effect and avoid resistance 43. A short overview of some therapies available in the clinic 

will be given, mainly using information provided by the national cancer institute in the USA 44. 

First of all, if the tumor is solid and confined to one area, the best strategy for treatment is 

surgery which is a specified local treatment with few directly related side effects. Sometimes 

surgery can be combined with chemotherapy and/or radiation therapy. This can be done to 

shrink tumors prior to surgery or eradicate the cells that persist after it. However, surgery cannot 

be used for leukemia and other blood cancers, or for cancers that have metastasized. In such 

cases other, less specific, methods have to be used including the already mentioned radiation- 

and chemotherapy. Radiation therapy utilizes ionizing radiation to damage cellular DNA and 

will often also harm healthy tissue.  Chemotherapy, although highly effective, causes some of 

the most prominent side effects 45. Other treatments such as hormonal therapy, immune therapy 

and targeted therapies are less damaging towards the host tissue and are thus a better alternative 

to the conventional chemotherapy. Cancers that are affected by hormones, such as breast or 

prostate cancer, are treated with hormone therapy, which falls into two broad groups: Blocking 
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the hormone production completely or interfering with the ways hormones interact with the 

cells in the body. A more recent and sophisticated approach, immunotherapy, utilizes the host’s 

immune system to eliminate the cancer. This works either by marking cancer cells for easier 

recognition, such as in monoclonal antibody therapy 46, or by enhancing the immune system’s 

response by for example conducting an adoptive T cell transfer of highly active anti-tumor cells 

in the tumor environment 47. 

The therapeutic field for cancer is constantly evolving, and now there are some second-

generation treatments available that target cancer cells and thus are more specific than free drug 

administration. Targeted therapy takes advantage of the tumor microenvironment and/or 

hallmarks of the cancer cells responsible for their uncontrolled dividing and spreading, 

including molecules that are overexpressed on their surfaces. However, a complete success over 

this pathology is extremely hard to achieve due to it being a group of different diseases rather 

than just one. There simply cannot be a single cure and eventually all humans are destined to 

get cancer if they live long enough and the cells have enough time to accumulate mutations due 

to normal cell divisions throughout life.  

1.2.2 Chemotherapy, the worst but so far, the most valuable 
anti-cancer therapy  

All chemotherapy drugs are in principle cytotoxic, meaning they kill cells throughout the whole 

body. There are two main ways these drugs function. First-generation therapeutic compounds 

consist of many different types, and they mainly target cancer cell’s DNA and interfere with 

mitosis (cell division). For instance, mitotic inhibitors prevent mitosis directly, while alkylating 

agents damage the DNA of the cells and anti-metabolites interfere with cellular metabolism. 

Anthracyclines are another type of classical chemotherapy drugs, that attack different enzymes 

in the cells, including topoisomerases i.e. enzymes involved in DNA replication, as in the case 

of doxorubicin, which will be discussed later 48. Second-generation drugs are instead aimed at 

molecular targets that interfere with cancer cell features necessary for tumor development such 

as overexpressed growth factors and their receptors or development of the dense vascular 

network in the tumors.  

Since the classical chemotherapy drugs interact with the division phase in the cell cycle they 

mainly affect the fast dividing cells more often. Cancer cells of the growing tumor are therefore 

harmed to a higher degree, but unfortunately other rapidly dividing healthy cells in the body 
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are affected as well. These can be hair follicles, blood-forming cells in the bone marrow, cells 

in the mouth and digestive tract 49. Due to this, chemotherapy is associated with a long list of 

side effects including hair loss, constant fatigue, easy bruising and bleeding, infection, anemia, 

nausea and vomiting, appetite changes, constipation and diarrhea 50.  

These side effects are worsened due to the application of drugs at very high doses and in 

combination with each other. The dosage must be kept high because when the drug is 

systemically administered, it is rapidly excreted, degraded or interacts with cells prior to 

reaching the tumor 51. Therefore, the combination of more than one chemotherapy drug is often 

used to enhance the anti-tumor effect. The good news is that usually the healthy tissue can 

regenerate after the therapy, as this is evident for example when hair regrows. The treatment 

period is nevertheless very harsh on the patient and affects the quality of life to a degree where 

some people even refuse chemotherapy.  The lack of specificity causing these tremendous side 

effects is, however, also the main advantage of using chemotherapy in contrast to for instance 

surgery. That is because chemotherapy can reach and kill cancer cells that have metastasized 

away from the primary tumor. This feature enables chemotherapy to maintain its place as one 

of the most commonly used anti-cancer therapies. Thus, current research is focused on finding 

a way to deliver these harsh drugs selectively to the tumor and avoid harming the healthy tissue 

as much as possible. In this thesis, the main focus is on nanoparticle-based cancer treatments 

using the highly toxic chemotherapy doxorubicin.  
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1.2.3 Doxorubicin 

In 1950s a red-pigmented anthracycline antibiotic (Figure 7) was isolated from a strain of 

Streptomyces that showed anti-tumoral activity and, a decade later, was used to successfully 

treat acute leukemia and lymphomas in clinical trials. Anthracycline antibiotic drugs can diffuse 

across cell membranes and accumulate in most cell types 49 and interfere with the cell cycle. 

Figure 7 shows a simplified illustration of how doxorubicin stops or slows the growth of cells 

by intercalating DNA and preventing the ability of the topoisomerase II enzyme to relax the 

DNA supercoil, thereby interfering with the replication process. As most chemotherapeutic 

drugs, this new and promising compound caused side effects, with the most severe one being 

cardiotoxicity, which means that the heart of the treated patients was damaged by the drug. 

Nevertheless, due to its anti-tumoral activity and thus potential medical relevance, there was an 

increase in interest for the chemical characterization and further modification of this compound 

to minimize the cardiotoxic side effects. In recent years, there have been many doxorubicin-

like anthracycline derivatives produced 52, of which many exhibit less cardiotoxicity and 

stronger anti-tumoral activity than the original compound. Today, doxorubicin, one of these 

original anthracycline antibiotic analogs, is on the World Health Organization's List of Essential 

Medicines 1, emphasizing its relevance for cancer treatment. Still, due to the red color and the 

severe side effects, this valuable compound has earned the nickname “the red devil”. 

  

Figure 7: Doxorubicin chemotherapy drug and its mechanism of action in simplified terms. Topoisomerase 
relaxes DNA supercoil to facilitate replication and DNA synthesis. Doxorubicin intercalates into DNA and forms 
a complex with it preventing the topoisomerase activity and thus DNA synthesis. A sample of the red-pigmented 
doxorubicin hydrochloride used for intravenous injections in clinic is shown on the upper left corner.  
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1.2.4 Nanoparticles used as “magic bullets” to reach the tumor 

One way to decrease toxicity of the harsh, unspecific anti-cancer treatments, such as 

doxorubicin, is to deliver the active drug to tumors by biodegradable nanocarriers or 

nanoparticles (NP) where the drug can be physically encapsulated or covalently linked to their 

matrix. This concept was first proposed theoretically by Paul Ehrlich over 100 years ago as 

‘magic bullets’ 53.  

NP protects the drug from degradation, excretion and general interaction with the biological 

environment prior to reaching the tumors. The main drive of the NP research field is their 

passive accumulation in the tumor microenvironment, combined with slow release of the drug 

from the NP. This in theory allows increased efficacy and favorable biodistribution of 

systemically administered chemotherapy and results in much lower toxicity and less severe side 

effects compared to conventional therapy 51.  

Some of the nanocarrier systems used for such delivery of drugs are liposomes, polymeric NP, 

micelles, nanogels and antibodies, all having distinct chemistries, as summarized in Figure 8 54. 

NP can be subjected to various design strategies to optimize the drug delivery such as triggered 

drug release from a stimulus applied externally or found locally in the tumor 

microenvironment55. Additionally, the NP can have incorporated targeting elements for specific 

attachment to cancer cells 56.  

Figure 8: Overview of some of the possibilities when formulating nanocarriers. Traits such as material, size, 
surface and shape can have many variations (figure from 54).  



14 
 

There are different strategies towards targeting the tumor with NP, namely passive and active 

drug targeting of cancer cells, or endothelial cells 57, as illustrated in Figure 9 58. Passive 

targeting can be exploited for enhancing absorption of the drugs into the tumor, compared to 

healthy tissues by taking advantage of the pathophysiological properties of the tumor 

environment, such as leaky vasculature caused by rapid and chaotically regulated angiogenesis. 

The increased leakiness of the tumor vasculature, coupled with the dysfunctional lymphatic 

drainage in the tumor microenvironment creates the phenomenon of the so called enhanced 

permeability and retention (EPR) effect 59. When the tumor blood vessels are hyper-permeable, 

they enable NP to enter the interstitial space and remain in this area for some time due to the 

dysfunctional intra-tumoral lymphatic system 60. Due to the interstitial pressure often becoming 

equal to microvascular pressure inside the vessels 61,62. There is a general acceptance that 

macromolecular transport in tumor microenvironment is mainly driven by concentration-

dependent diffusion, rather than pressure-dependent transport 63. This can, in theory, enable 

systemically administered nanocarriers to accumulate from the blood flow in the tumor 

microenvironment, if they circulate in the blood for a longer period. The longer the circulation, 

the higher the chance for NP to extravasate in the tumor microenvironment. There are several 

parameters of the NP that affect their circulation and ability to exit the vasculature and reach 

the tumors 56. First of all, particles below around 8 nm should not be used, in order to avoid 

clearance from the blood and excretion by the kidneys. On the other hand, particles above 

200-500 nm may be rapidly removed via phagocytosis by macrophages. 

Figure 9: Targeting strategies of NP. Passive targeting is driven by the EPR effect present in the tumor 
microenvironment while active targeting occurs when molecules are attached to the NP that will then bind to target 
cells upon reaching them (figure from 58).  
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To prevent the latter, the NP can be further functionalized by adding a layer of polyethylene 

glycol (PEG) or other hydrophilic or neutral polymers on their surface. This modification causes 

the NP to acquire the property of ‘stealth’ by protecting them from phagocytosis by immune 

cells 56. A consequence of reducing phagocytic clearance by macrophages is increased 

circulation time, a parameter that facilitates the EPR effect. The surface charge and chemistry 

of the NP are additional factors affecting the circulation time. Preferably, the NP should have a 

neutral charge because highly charged particles will be cleared by the reticuloendothelial 

system. Furthermore, cationic particles will bind to opsonins (plasma proteins) causing uptake 

by immune system cells 56.  

The long-circulating NP will eventually extravasate in the tumor microenvironment and stay 

there due to the defective lymphatic system 60. After exiting the circulation, the NP have to face 

many obstacles in the extracellular space, such as the high interstitial pressure and cellular 

density of the solid tumors. Here, the NP, have time to release the drug into the surrounding 

tissue or penetrate further into the tumor microenvironment and deliver the drug locally in 

cancer cells. In the case of active targeting, the NP first have to cross the endothelium as for 

passive targeting and, once in the tumor microenvironment, a specific molecule (ligand) 

attached onto the NP surface has to meet a specific target (e.g. a receptor) which is 

overexpressed on the plasma membrane of the cancer cells or on the angiogenic endothelial 

cells 19. The ligands on the NP surface can promote release of the drug in close proximity to the 

target cells, attach to the target cell membrane or facilitate internalization into the target cells. 

Importantly, active targeting does not increase accumulation but can theoretically help with 

target recognition and drug uptake by cancer cells after the NP have extravasated in the tumor 

environment and have reached the cancer cells despite the local obstacles. A hindrance of such 

kind can be the “binding-site barrier” where the NP and the released drugs bind too rapidly to 

cells in the tumor microenvironment 56, often before reaching the target. Unfortunately, the NP 

often have or bind to antibodies with very high affinities and show this nonspecific binding to 

normal tissue. This results in internalization of NP by stroma cells localized near blood vessels 

and limits the NP diffusion in the bulk of the tumor 64. Despite the importance and the high 

volume of research devoted to this strategy, there are no active targeting NP against cancer on 

the market at the moment, and only a few cases in clinical trials. Two examples are CALAA-01 

which is a targeted polymeric NP containing gene-silencing RNAs 65 and antibody targeting 

Prostate-Specific Membrane Antigen (PSMA) that is highly expressed in prostate cancers 

compared to most normal tissues 66. 
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It is worth to keep in mind, that even if the EPR theory is supported by many lines of evidence, 

mainly from rodent model organisms, there is still no agreement about its validity amongst 

researchers. According to a review by Chan and colleagues, the published literature on the 

EPR effect shows that on average below one percent of drugs administered via NP reaches 

tumors in mice 67. This review, however, was criticized 68 noting that the tumors can be 

extremely heterogenous in humans 19. While the evidence of EPR is hotly debated, another 

feature of nanocarriers has been shown to bring a fundamental improvement over conventional 

therapy. A drug embedded into a NP is much less toxic than the free compound allowing 

treatment with higher doses 69. Therefore, the main advantage of the clinically approved 

nanomedicines is a decrease in toxicity. Doxil®, known as Caelyx® in other countries, was the 

first FDA-approved nano-drug in 1995 and is used to treat ovarian cancer and HIV-related 

Kaposi’s sarcoma. In this formulation the active agent doxorubicin which is extremely toxic is 

loaded in PEGylated liposomes, a typical NP. The PEG group attached to the liposome arguably 

increases circulation times enhancing concentration at the tumor site. However, the main benefit 

of Doxil®, is the reduced cardiac toxicity 70 and the NP formulation shows no increase in drug 

accumulation in tumors compared to the free drug 71,72 This indicates that passive targeting due 

to the ERP-effect might be of no impact in human tumors. In fact, a common side effect of the 

use of these PEGylated liposomes is ‘Hand and Foot’ syndrome caused by toxicity in the skin 

from increased exposure to doxorubicin due to improved circulation times 70,71. The approval 

of Doxil® was followed by approval of various other liposomal formulations, including 

DaunoXome® which is another anthracycline nano-based therapy that is now approved in 

eleven European countries. This nanomedicine consists of liposomes containing the active 

agent daunorubicin and is used in treatment of advanced HIV-related Kaposi’s sarcoma 73. 

The NP are 50 nm in diameter and, similar to Doxil®, used to passively target the tumors and 

lower the toxic side effects of the drug. The field of nanomedicines used in cancer therapy is 

constantly evolving and the new nano-based medicines have to be tested for safety and efficacy 

prior to evaluation in human clinical trials. This can be done in cell cultures or pre-clinical 

model organisms, such as mice. 
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 Biological model systems in cancer research  

When conducting research on topics that are ultimately of interest for human health, the work 

is often performed on model organisms. This is because most experiments can be impractical, 

impossible or unethical to perform on humans. The models used can be cell-lines or whole 

organisms. The latter sharing a great deal of evolutionary conserved genetic information with 

humans and similar developmental and metabolic pathways. Model organisms are usually easy 

to maintain in a laboratory setting, have much shorter generation time than humans and a 

sequenced genome that can be manipulated. In cancer research, they enable the identification 

of carcinogens (chemicals promoting tumorigenesis), development of cancer therapies 

including drug screening, and provide insight into the molecular mechanisms of tumor growth 

and metastasis 74. They are therefore an essential tool for a better understanding of this 

pathology and for finding novel therapies against cancer. There are, however, multiple levels 

of complexity in the available biological systems as shown in Figure 10 75. Often the less 

complex systems having a lower physiological relevance with respect to humans.  

1.3.1 Cancer cell cultures as simple in vitro model systems 

A low-cost, fast screening platform for cancer research involves in vitro studies of cancer cell 

lines derived from tumors of humans or mammalian model organisms. The cells are easy to 

grow, maintain, and genetically manipulate, yielding easily comparable experimental results.  

B16 mice melanoma is one of the cell lines used for modelling of human tumors 75. 

Figure 10 Overview of the biological model systems used in cancer research, with the ultimate aim to gain 
understanding of human biology. The systems are displayed on a spectrum in terms of their experimental 
tractability and physiological relevance compared to human biology (figure from 75). 
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There are different sub-lines of B16 cells, such as the most common B16F10 line which is 

highly aggressive and metastatic and the parental sub-line B16F1 line, used in this thesis 76. The 

B16 cell line is robust but has a very unstable phenotype with the cell cultures often changing 

over time. Changes can involve differences in the degree of pigmentation as well as tumor 

forming- and metastatic potential. Due to this, it is advised to work on the same batch of 

passages over time (by freezing multiple vials) 77.  

The complexity of the in vitro model system depends on the question of interest. Screening of 

anti-cancer drugs can often be done in two-dimensional (2D) cell cultures, which cannot 

recapitulate all the nuances of the tumor and its microenvironment, including metastasis.  

Importantly, some cells grow and behave differently in 2D cell cultures compared to 3D. As an 

example, leukemia cells show more resistance to chemotherapy in 3D culture 78. As a 

consequence, the in vitro models of tumor-derived cell lines have increased in complexity up 

to 3D model systems of the tumor microenvironment, where one can get insights into different 

parameters related to cancer development 74. Even though much experimental data can be 

obtained from these systems, the important contribution of tumor microenvironment in the host 

tissue cannot be studied. Therefore, in vivo model organisms such as mice are fundamental for 

a more complete understanding of cancer processes and cannot be replaced entirely by these 

preliminary in vitro studies. 
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1.3.2 Tumor model organisms in vivo  

Tumors across higher organisms share many molecular and histopathological traits. This makes 

it possible to study cancer in vivo in model organisms while gaining insights of human cancer 

development and treatment. There are mainly three different methods to obtain induced tumors 

when working with model organisms. The first is chemical induction, where carcinogenic 

chemical treatment is used to induce tumorigenesis. Another method is genetic manipulation 

inactivating tumor-suppressor genes and promoting tissue-specific oncogenes, resulting in 

transgenic organisms developing tumors. The last, most novel technique consists of cancer cell 

transplants, where tumors are established via transplantation of cancer cells derived from a 

different species (xenografts) or from the same species (allografts) and which are engrafted in 

the organism of choice, for instance a mouse 79.  

1.3.3 Tumor imaging in mice 

Most of the knowledge on tumor development, including angiogenesis, has been established 

using mouse models. It is the most popular pre-clinical model, has similar pathogenesis to 

human cancer and is a very well-developed model system with a large toolkit available. 

However, since mice are mammals they have a relatively long developmental phase needing 

high levels of care and supervision. This limits the numbers of animals that can be conveniently 

tested. Additionally, although the protocols and resolution of the imaging techniques available 

have vastly improved, there are still some major issues related to real-time cancer imaging. 

Fluorescence-detectable tumors, necessary in order to be able to optically image the cancer cells 

in vivo, are obtained via a dye or a reporter gene, such as green fluorescent protein (GFP). Such 

fluorescent reporters are primarily used when marking cells for studying protein dynamics like 

in this thesis, while luminescent reporters, including bioluminescence of luciferase 80 are used 

in gene regulation. All this is relatively easy to achieve in transplanted tumor models, where 

the cells can be manipulated prior to injection. In chemical induction and genetic manipulation 

models this is not possible and therefore traditional imaging modalities are preferable for tumor 

detection, such as magnetic resonance imaging (MRI) and positron emission tomography 

(PET). These techniques provide structural information but at a limited resolution. It must be 

noted, however, that clinical imaging modalities, such as MRI can now be used in combination 

with optical imaging using luminescence and fluorescence reporters for improving our 

understanding of cancer development 81,82.  
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When using transplantation models, it is important to keep in mind that, even if this system 

possesses improved means of optical imaging, the modified fluorescent cancer cells 

transplanted in the mouse will be rejected by the immune system. This problem is solved by 

either the use of immunosuppressants or transgenic nude mice that lack the immune system, 

both methods being sub-optimal for cancer studies because of the role played by the immune 

system in tumorigenesis 32. That said, once the tumors are fluorescently marked, they can be 

imaged by optical imaging techniques. The field has now expanded from relatively low 

resolution conventional fluorescence confocal microscopes with disadvantages such as 

penetration depth, to fluorescent probes with better signal to noise ratio and two-photon 

(multiphoton) microscopy (TPM) using lasers near the infrared range so that light can penetrate 

deeper into tissue and induce less photo damage 83,84. Consequently, it should be possible to 

detect real-time tumor development and processes such as location of therapeutic drug delivery 

in tumor microenvironment, with relatively high resolution. Although TPM can penetrate 

deeper tissues than confocal intravital imaging (IVM), both imaging approaches still require 

invasive techniques, when imaging standard animals such as mice. The transplanted tumor is 

often located deep in vital tissues while the imaging depth is limited to the tumor surface, 

approximately 200 µm in depth. If the tumor is not located in a thin tissue such as the ear 

chamber of a mouse, the tumors have to be exposed surgically, for example by skin flaps where 

a subcutaneous tumor is cut and skin flipped on the microscope lens. Alternatively, it is possible 

to create imaging glass windows for microscopy, which are inserted at the imaging sites to 

reach deeper tissues. Additionally, when imaging mice, these have to be kept extremely still, 

which is problematic when for example working on lung tissue that needs to be stabilized 

extremely well, due to respiratory movements 85. The In vivo Imaging System (IVIS) platform 

is a good alternative imaging platform when working with mice 86. It provides the possibility 

to image whole mice but does not yield the same level of resolution as the invasive techniques 

mentioned above. Essentially this means that real-time high-resolution imaging includes 

complex methods requiring far-from routine techniques, further limiting the number of animals 

that can be used in the experiment and thus visualization of tumor development in animal 

models remains challenging.  Even though the mouse still is a popular model system for 

studying cancer development, animals that can be imaged at the whole-body scale and at high 

resolution are needed, especially for initial testing of treatments such as nano-based medicine. 

One such model to help advance cancer research with more accessible high-resolution imaging 

techniques, is the zebrafish. 
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 Zebrafish  

Approximately 200 years ago, Francis Hamilton first identified zebrafish or, Danio rerio, in the 

Ganges river 87. This small, tropical freshwater fish now has a growing impact on research, 

including in the cancer field. Today, there are various tumor models established in zebrafish 

adults, juveniles and embryos and these will be discussed below, especially focusing on the 

zebrafish embryo which is the framework of this thesis. 

1.4.1 Danio rerio, a small fish with big impact 

The zebrafish has been considered a useful vertebrate model system since George Streisinger 

worked on it in the 1960s, but the model has gained enormous popularity in the last two decades. 

It was first suggested for its use as a cancer model in 1982 when it was shown that zebrafish 

exposure to carcinogens caused tumor formation 88. There are many advantages for using 

zebrafish as a model organism in cancer research, summarized in Figure 11 (modified form 89).  

Zebrafish embryos are optically transparent as embryos weighing approximately 1 mg. As 

adults they are only 3 cm long and have a very effective external fertilization which yields about 

200 eggs weekly per female 90. Therefore, this animal model is relatively easy to handle and 

can be used to carry out efficient throughput experiments. Due to the high numbers of embryos 

used, the experiments also have the possibility to yield high statistical significance. 

Additionally, zebrafish develop rapidly and have a short life cycle compared to mice. This can, 

however, be a challenge when the age-related aspect of cancer is important. Zebrafish are easy 

to genetically manipulate and have, similar to mice, many transgenic lines available. The 

zebrafish embryos can be genetically modified to enable different cell types to express 

fluorescent proteins so that selected host tissues can be observed with fluorescence microscopy, 

such as for example vasculature by GFP labeled endothelial cells. When it comes to genetic, 

physiologic and pathologic homology between zebrafish and humans, approximately 70 % of 

the protein coding genes are shared between zebrafish and humans 91 which is not that far from 

the 80 % that mice and humans share 92. In fact, 84 % of genes that are known to be associated 

with human disease have a zebrafish counterpart 93,94. Most vertebrate organs known from 

mammal anatomy are conserved in zebrafish, such as heart, liver, intestines and major blood 

vessels. However, some of the organs are simpler than mammalian counterparts and or lacking 

entirely, such it is the case for mammary and prostate glands 88.  
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The cancer induction models are the same as in mice; mutagen, transgenic and transplant, as 

presented in section 1.3.2. Each zebrafish developmental stage has its own advantages and   

drawbacks. Juveniles and adult zebrafish are ideal for observing embryo-adult cell type 

transitions and for in vivo imaging of cancer progression and metastasis, especially with 

transgenic- and mutagen-based cancers. Transplanted cells in juvenile and adult xenotransplant 

zebrafish models will, however, be rejected by the immune system. The fish can be 

continuously treated with the steroidal compound dexamethasone that ablates T and B cells 90 

formation, allowing the tumor to form. Additionally, zebrafish lose transparency as they grow 

older. This can be partially overcome by using the genetic mutant Casper-strain allowing for 

direct organ visualization also in adults, although with limited resolution possibilities because 

the tumors are embedded in a relatively thick tissue. In order to quantify and analyze processes 

such as the neovascularization in the tumor microenvironment in adult zebrafish deep tissues, 

the animals often have to be sacrificed. The solution for live imaging with high-resolution is to 

use zebrafish in early developmental stages, e.g. embryo and larvae.  

  

Figure 11: Advantages of the zebrafish as a model organism (figure modified form 89). 
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1.4.2 Zebrafish embryo xenograft models as a tool in cancer 
research  

One of the main benefits of the zebrafish embryo as a cancer research models is the optical 

transparency. The embryos can be used to study different cellular processes in vivo using 

fluorescence microscopy imaging techniques with high-resolution whole-body imaging 95. In 

addition, the transgenic lines help to understand how different components of the host tissue, 

such as endothelial cells 96, macrophages 97, neutrophils 98 and others interact with the 

transplanted cancer cells and can also be useful for observing NP accumulation in the host 

tissues. Another pronounced benefit is that the donor cancer cells are transplanted prior to the 

development of the adaptive immune system. The zebrafish embryos possess a simple innate 

immune system consisting of macrophages and neutrophils but until around four to six weeks 

after birth, they lack adaptive immunity. For cancer analyses, this means that one can 

xenotransplant cancer cells in zebrafish up to approximately 21 days post-fertilization from 

different species without rejection or the need for immune-suppressing agents. It is, however, 

important to keep in mind that the immune system plays a central role in tumor development 

and observations in environments lacking these cells should be regarded as incomplete. 

A solution to overcome this problem can be to pre-seed the zebrafish embryo with a few cancer 

cells in order to promote its immune tolerance early in the development so that xenografts can 

be analyzed later in their lifecycle avoiding immunosuppression 99, but then one has to deal 

with the imaging disadvantages associated with adult fish.   

Since the fish embryos are small, robust, have fast generation times and develop outside the 

mother they can easily be manipulated with compounds or cells from the very moment of 

fertilization. A trained researcher can inject cancer cells or compounds into 200 embryos per 

hour and they can be placed in small amounts of water (down to few hundreds of microliters 

when placed in 96-well plates).  In fact, since the zebrafish embryos are permeable to small 

molecules, including drugs, they are highly suited for toxicity screens on novel compounds with 

little amounts of chemicals needed. All this makes it possible to conduct medium to 

high-throughput experiments in short periods of time requiring less expenses compared to work 

on mice.  

One of the issues linked to engraftment of mammal cells in zebrafish embryos is the temperature 

difference. Zebrafish have an optimal temperature of 28.5 °C, rather than 37 °C as for humans 

and most mammals, including mice. It is important that for some oncogenic phenotypes the 
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mammal’s homeostatic temperature of 37 °C might play a central role in tumor development. 

The incubation temperature of the tumor-bearing zebrafish embryos can supposedly be raised 

up to 35 °C, without any apparent effects 100. Successfully adapting the fish to 37 °C has not 

been published yet but could have a big impact for very sensitive human xenografts that do not 

grow well in zebrafish embryos, possibly due to the low temperatures. Also, the fact that the 

embryos and their organs are not yet fully developed can limit the range of studies, for example 

when mammalian homeostatic temperature and organ stability may be important for oncogenic 

phenotypes 88. All in all, it is important to assess the strengths and weaknesses of the model 

system being used, whether it is mice, zebrafish adults or zebrafish embryos. Preferably a varied 

set of experimental models should be used.  

1.4.3 Existing zebrafish embryo xenograft models 

As mentioned briefly, the zebrafish embryo is best suited as the initial model for gaining a quick 

overview prior to moving on to more advanced, cumbersome and expensive models such as 

mice. Xenotransplantation as tumor establishment in zebrafish embryos is a relatively new 

method, especially when working with human cells. One of the first experiments shown in the 

literature is from 2005 when an aggressive human melanoma cell line was injected in the yolk 

sac at 4 hours post fertilization 101. The pioneering work of Lee et al.  was followed by several 

studies that demonstrated engraftment of a diverse range of tumors at various sites in zebrafish 

and at different developmental stages. The use of transgenic lines with fluorescently marked 

host tissues in combination with the injected xenografts can help study cancer development in 

the perspective of interaction between host and cancer tissues, such as xenotransplantation 

models analyzing angiogenesis, cancer cell metastatic behavior and response to anticancer 

therapies.  

In the reported studies of angiogenesis, the cancer cells have been injected into various sites, 

such as yolk sac, blood (through the heart cavity) or perivitelline space. The work done in our 

lab by Evensen et al. showed that injections into the blood are not optimal when aiming to 

image and quantify angiogenesis 102. Cancer cells injected into the blood accumulated 

individually in the caudal hematopoietic tissue mechanically, resulting in relatively small 

tumors yielding less prominent angiogenesis. The lack of angiogenesis was, however, also due 

to the generally slow growth of the transplanted human melanoma cells. Work by Wang and 

Zhao 103 emphasized the importance of fast-growing cells for xenotransplants. They developed 
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a xenograft model suited for angiogenesis assay where they implanted fast-growing malignant 

murine melanoma B16 cells in the perivitelline space of 48 hours post fertilization 

Tg(flk1:EGFP) transgenic zebrafish embryos. The cells grew locally and formed a tumor that 

was obviously protruding from the abdomen of the transgenic fish. Together with the growth 

of the tumor, the authors observed new vessel formation in the tumor tissue which gradually 

developed into a complex and chaotic vascular network. In other words, when the tumor formed 

a clearly distinguishable mass, the formation of new vessels became apparent.  

Several groups have used the zebrafish embryo to determine metastatic potential of cancer cells. 

However, we find that it is very complicated to study this mechanism in the relatively simple 

zebrafish embryo. The cancer cells are usually injected in close proximity to a vessel or in direct 

contact with it, making the interpretation of metastatic spread more difficult. Notably, one can 

study later stages of the metastatic process such as extravasation and colonization since for 

these the cancer cells are theoretically already in the blood 104. Yet, an example of a system 

where seeing metastatic spread within 24 hours might be a false positive is the injection of 

fluorescently labeled human cancer cells into the yolk sac of 2 days post-fertilization zebrafish 

embryo 105. This can result in the passive transport of the cells trough the existing circulation 

because the injections site is close to the vessel rich area of the duct of Cuvier. Hence, it is 

important to design metastasis experiments in a way one can be certain that the spread is trough 

active metastatic processes, preferably injecting the cells in an enclosed compartment, which is 

not in close contact with vessel rich areas.  

Finally, yet importantly, the xenograft models can be used for screening of treatments such as 

chemical drug candidates and nanotechnological therapies. The embryos can be easily used to 

test drugs affecting the cells of the microenvironment such as for example anti-angiogenic 

treatments. An example is the previously described neovascularization model of Wang and 

Zhao, where they used SU5416, an inhibitor of VEGFR2 103, which is a receptor involved in 

angiogenesis signaling. They showed how the compound significantly inhibits the angiogenesis 

within B16 xenografts but has little effects on the normal vessels. A recent review by Lee and 

colleagues 106 emphasizes the important impact zebrafish embryos can have for assessing the 

safety and toxicity of NP formulations. Thus, one of the research goals of our group and the 

aim of this thesis is to develop a novel zebrafish embryo model for testing of toxicity and 

therapy via administration of NP as the drug delivery platform.  

  



26 
 

2 Aim of the study  
Cancer is a life-threatening group of diseases, and its treatment is often almost as much of a 

burden on the patient as the disease. One of the most common treatments, chemotherapy, uses 

harsh drugs that distribute systemically throughout the patient’s body, affecting tumors and 

healthy tissues alike. When the drugs are formulated in NP they are protected from the 

environment and can be selectively targeted to the cancer tissue. As a result, they are less toxic 

than the free drugs as well as potentially having additional advantages providing increased 

quality of the anti-tumor therapy. However, there are only a few of these NP formulations 

actually approved and available on the market, in spite of the advanced research that has been 

ongoing for decades. The standard strategy of NP development is typically an initial in vitro 

characterization stage using cells, followed by testing in vivo, most commonly using a 

preclinical mouse model. We argue that one of the obstacles for developing NP towards the 

bedside is the current manner of initial testing at the preclinical stage. It is necessary to screen 

new NP-based approaches more extensively, which is not possible in mice models due to their 

high cost, low statistical significance and most importantly, the limited imaging possibilities.  

A model using zebrafish embryos was proposed as an intermediate screening stage to provide 

a foundation for improved NP development. In this thesis, three main objectives were defined 

towards achieving this aim:  

1. It was necessary to develop a robust zebrafish xenograft model that exhibits significant 

growth in the tumor mass over a short time period. 

2. The tumor development, as well as its interaction with the surrounding host tissues, 

including vasculature and infiltration by immune cells had to be characterized by 

utilizing high-resolution in vivo imaging.   

3. The optimized model was used for assessing the toxicity, accumulation and anti-tumor 

efficacy of a novel NP formulation containing the anti-cancer drug doxorubicin.  
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3 Materials and methods 

 Materials: reagents and solutions  

Full names of reagents and relative suppliers are listed in Table 1. Formulations of cell culture 
media and solutions are described in Table 2. 

Table 1: Materials and reagents  
 

Material Specifications Abbreviation  Manufacturer, 
Country  

Ampicillin   Sigma-Aldrich, USA 

B16F1 mice 
melanoma cells  

CRL-6323  American Type Culture 
Collection (ATCC), 
USA 

B16F10 mice 
melanoma cells  

CRL-6475  American Type Culture 
Collection (ATCC), 
USA 

Capillary glass 
tubing  
(nor needles) 

Borosilicate Thin Wall 
without Filament, 1.0 
mm OD, 0.78 mm ID, 
100 mm L 

 Harvard Apparatus, 
UK 

Cell counting kit - 8  CCK-8 Sigma-Aldrich, USA 

Cell culture dishes 
and plates  

100 mm, 35 mm, 96- 
24- and 6-well plates 

 
Sarstedt, Germany 

Cell strainer  70 µm, nylon  Corning, USA 

Filter 0.45 µm  Sigma-Aldrich, USA 

Chemicals listed in  
Table 2: Formulations  

  Sigma-Aldrich, USA  
(unless specified 
otherwise) 

CryoPure vials   Sarstedt, Germany  

Dimethyl sulfoxide  DMSO  Sigma-Aldrich, USA 

Doxorubicin 
hydrochloride 

Powder form Doxorubicin Sigma-Aldrich, USA 

Dulbecco’s 
Phosphate Buffered 
Saline 
 

Modified, without 
calcium chloride and 
magnesium chloride, 
liquid, sterile/filtered, 
suitable for cell culture 

PBS  BioWhittaker-Lonza, 
Belgium 

Dulbecco's Modified 
Eagle Medium  
 

With 4.5 g/L Glucose 
Without L-Glutamine  

DMEM  BioWhittaker-Lonza, 
Belgium 

Dulbecco's Modified 
Eagle Medium  
 

With 4.5 g/L Glucose 
Without L-Glutamine 
and Phenol red   

Clear DMEM BioWhittaker-Lonza, 
Belgium 

Fetal Bovine Serum   FBS  Sigma-Aldrich, USA 

Finquel® Tricane-
methanesulfonate 

 Argent Chemical 
Laboratories, USA 

Glass bottom dish for confocal imaging  MatTek, USA 

HEK-293T cells   American Type Culture 
Collection (ATCC), 
USA 
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Hemocytometer  Neubauer Chamber 
Improved 

 Hirschmann, Germany 

Lipofectamine™ 
2000  

 
 

Life Technologies, 
Thermo Fisher 
Scientific Inc., USA 

Low melting point 
agarose 

  Promega, USA 

Milli-Q water    Merck, Germany 

Mineral oil   Sigma-Aldrich, USA 

Miniprep   Qiagen, USA 

N-phenylthiourea  PTU Sigma-Aldrich, USA 

Penicillin-
Streptomycin 
 

Solution stabilized, 
with 5000 units 
penicillin and 5 mg 
streptomycin/mL, 
sterile filtered 

 Sigma-Aldrich, USA 

Petridishes    Life Technologies, 
Thermo Fisher 
Scientific Inc., USA 

Polyvinyl pyrrolidine  PVP EMD Biosciences, 
USA 

Protease    Sigma-Aldrich, USA 

Puromycin   Sigma-Aldrich, USA 

Restriction enzymes    New England Biolabs® 
Inc., USA 

SeaKem® LE Agar  Agarose Lonza group, 
Switzerland  

T4 DNA ligase   New England Biolabs® 
Inc., USA 

Translentiviral 
packaging system  

pGIPZ lentiviral vector 
and lentiviral 
packaging mix  

 Dharmacon, USA 

Tris Base   Sigma-Aldrich, USA 

Trypan blue  0.4 %  Amresco, USA 

Ultraglutamine   
 

BioWhittaker-Lonza, 
Belgium 

Versene  
 

0.2 g EDTA in PBS 
 

Life Technologies, 
Thermo Fisher 
Scientific Inc., USA 

Phosphate Buffered 
Saline 

  University of Oslo, 
Norway 
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Table 2: Formulations  

Formulation Components  Remarks  
DMEM complete medium  500 mL DMEM  

5 mL Ultraglutamine  
50 mL FBS 

Add ultraglutamine and FBS to 
DMEM under aseptic conditions. 

Phenol red free DMEM 
complete medium 

500 mL clear DMEM  
5 mL Ultraglutamine  
50 mL FBS 

Add ultraglutamine and FBS to clear 
DMEM under aseptic conditions. 

Tricaine solution  
(Adapted from 107) 

400 mg Finquel® 
97.9 mL Milli-Q water 
2.1 mL 1 M TrisCl buffer 
(pH 9)* 
* adjust to pH 7.2 
 

Combine components in 500 mL 
glass bottle with a screw cap. 
 
 

TrisCl buffer a) 121.1 g Tris Base 
b) 700 mL Milli-Q water 
c) 70 mL 1 M HCl 
 
 

Combine a) and b) by stirring, add c) 
to raise pH until 7.2, add b) until total 
volume of 1 L. 

Embryo water  
(Adapted from 108) 

10 mL Hank’s stock #1 
1 mL Hank’s stock #2 
10 mL Hank’s stock #4 
10 mL Hank’s stock #5 
10 mL Hank’s stock #6 
959 mL Milli-Q water 

Combine components in a 1 L glass 
bottle with a screw cap and adjust pH 
7.2 using 1 M NaOH. Autoclave and 
store at 4 °C indefinitely. Before 
using with zebrafish embryos, pre-
heat to 28.5 °C. 

PVP solution 50 mL Milli-Q water 
10 g PVP 

Combine components in a 100 Ml 
glass jar with a screw cap. Stored at 
4 °C. 

Hank’s Stock solutions  
(Adapted from 108) 

Stock #1 
8.0 g NaCl 
0.4 g KCl 
100 mL Milli-Q water 
Stock #2 
0.358 g Na2HPO4 anhydrous 
0.600 g KH2PO4 
100 mL Milli-Q water 
Stock #4 
0.72 g CaCl2  
50 mL Milli-Q water 
Stock #5 
0.601 g MgSO4 
50 mL Milli-Q water 
Stock #6 
0.35 g NaHCO3 
10 mL Milli-Q water 

Components of each stock solution 
combined in individual glass bottles 
with a screw cap. Stored at 4 °C. 

PTU stock solution  120 mg N-phenylthiourea 
200 mL embryo water  

Components of each stock solution 
combined in 500 mL glass bottle with 
a screw cap. Stirred overnight until 
dissolved and stored at 4 °C. 

Low melting point 
agarose (2 %) 

100 mL Milli-Q water 
2 g low melting point agarose 

Dissolve agarose in water at 65 °C 
with magnetic stirring. Aliquot in 1 mL 
Eppendorf tubes and store at 4 °C or 
heat to 30 °C before use.  
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 Cell culture techniques  

3.2.1 Cancer cell lines and their maintenance 

In this thesis, the main work was done on B16F1 mice melanoma cells, which is the parental 

line, as well as one of its daughter strains, B16F10. Lentivirus transfection was used to label 

these cell lines with fluorescent marker proteins for in vivo experiments according to the 

procedures described in section 3.3, page 32. The mice melanoma cancer cell line B16 F1 

(CRL-6323) was received by us at passage 33 from Ketil Andre Camilio at the Norwegian 

Radium Hospital. The mice melanoma cancer cell line B16F10 was purchased from American 

Type Culture Collection (ATCC, USA) (CRL-6475). Cell lines were maintained in a culture of 

complete (supplemented with 1 % ultra-glutamine (BioWhittaker-Lonza, Belgium) and 10 % 

heat inactivated fetal bovine serum (FBS, Sigma-Aldrich, USA)) Dulbecco's Modified Eagle 

Medium (DMEM, BioWhittaker-Lonza, Belgium) without antibiotics following standard 

protocols as described below. The cells were incubated at 37 °C with 5 % CO2, and the growth 

medium was changed every two days. The cells were passaged every three days before reaching 

100% confluence. All handling of cells was done under aseptic conditions in a laminar flow 

hood.  

Cell thawing   

Cryovials containing frozen cells were removed from the -80˚C freezer and placed immediately 

into a water bath of 37˚C. The cells were thawed for about 1 min by swirling the vial until the 

ice was visibly melting. DMEM complete medium was added dropwise to the vial and the 

suspension was transferred to a 15 mL falcon tube and centrifuged for 2 min at 400 g 

(1600 rpm). The resulting cell pellet was dissociated in 2-3 mL fresh DMEM complete medium 

and divided into 2-3 100 mm standard cell culture dishes (Sarstedt, Germany) filled with 9 mL 

DMEM complete medium to a total volume of 10 mL and placed in to incubator at 37 °C with 

5 % CO2.  
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Cell detachment  

The cell detachment technique described here was used to detach cells from culture dishes in 

events such as splitting, freezing or preparing the cell culture for injections. The cell medium 

was removed, and cells were washed with Ca2+/Mg2+-free Dulbecco’s Phosphate Buffered 

Saline (PBS, BioWhittaker-Lonza, Belgium) before Versene (0.2 g EDTA in PBS, Life 

Technologies, Thermo Fisher Scientific Inc., USA) was added. Cells were incubated for 5 min 

at 37 °C with 5 % CO2, detached from the cell culture dish by gentle flushing with 

Ca2+/Mg2+-free PBS and collected in a 15 mL falcon tube. After centrifugation for 2 min at 

400 g, the cell pellet was resuspended in DMEM complete medium for passaging cells or PBS 

for injections into zebrafish embryos. 

Cell counting 

The cells were detached as described above and resuspended in the medium of choice. Trypan 

blue (0.4 %, Amresco, USA) exclusion was used to determine the viability while live cells were 

counted using a hemocytometer (Neubauer Chamber Improved, Germany).  

Cell passaging 

Cells were detached as described above when they reached approximately 80 % confluency and 

centrifuged for 2 min at 400 g. The cell pellet was resuspended in DMEM and the cell culture 

was split at a ratio of 1:2 into 100 mm standard cell culture dishes in 10 mL DMEM complete 

medium. 

Cell freezing by slow-freeze method  

Cells were detached, centrifuged for 2 min at 400 g, resuspended in ice-cold FBS (1 to 1.5 mL 

per 100 mm cell culture dish) and placed on ice for 30 min.  An equal volume of ice cold FBS 

with 20% Dimethyl Sulfoxide (DMSO, Sigma-Aldrich, USA) (was added to the cell suspension 

resulting in a final concentration of 10 % DMSO. Serum proteins in FBS protect cells when 

being frozen and DMSO function as a cryoprotectant, which prevents ice crystal formation 

within cells, thereby reducing cell death during the freezing process. The cell suspension was 

mixed, quickly distributed into CryoPure vials (Sarstedt, Germany) (1 mL per vial) and 

immediately placed in a freezer at -80 °C to ensure a slow freezing process. Cells were stored 

at -80 °C until further use. 
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3.2.2 Preparing cancer cells for microinjection  

Cells were detached as described in section 3.2.1 and passed through a 70 µm nylon cell strainer 

(Corning®, USA). After centrifugation for 2 min at 400 g and washing the cell pellet once with 

Ca2+/Mg2+-free PBS, most of the supernatant was removed except a small volume 

corresponding to approximately one quarter of the cell pellet size. The cell pellet was then 

resuspended by gentle vortex and 5 µL were transferred to an injection needle.  

 Transduction of B16 mice melanoma cell lines 
using lentivirus 

In order to visualize the B16 mice melanoma cells used in this thesis with fluorescence 

microscopy, the cells were transduced with green or red fluorescent protein using the pGIPZ 

lentiviral transfer vector coming in the Trans-Lentiviral Packaging System (Dharmacon, USA). 

This was applied to both, the parental B16F1 and the B16F10 line. The process was assisted by 

our collaborator at the time, Matthew Yoke Wui Ng in the group of Prof. Saatcioglu at 

Universiy of Oslo, IBV.   

3.3.1 Cloning of the pGIPZ lentiviral transfer vector 

The pGIPZ lentiviral vector used for the transduction is a commercial vector and contains 

important features such as a gene encoding for a green fluorescent protein (TurboGFP™) which 

allows visual tracking of the transduced cells and a puromycin resistance cassette for selection 

of successfully transduced cells. In our experiments, we wanted to utilize B16 cells expressing 

red fluorescent protein (RFP), in addition to cells expressing green fluorescence protein (GFP). 

To construct the pGIPZ-RFP lentiviral vector, the GFP gene in the pGIPZ-GFP vector was 

replaced with a gene coding for RFP. To achieve this objective the following steps were 

undertaken: 

First, the sequence of the GFP gene was removed from the pGIPZ-GFP vector using restriction 

enzymes (New England Biolabs®, USA). An insert-fragment coding for RFP was generated by 

PCR and ligated into the pGIPZ backbone vector using T4 DNA ligase 

(New England Biolabs®, USA) to form the pGIPZ-RFP plasmid. The plasmid was then 

transfected into competent E. coli bacteria and the transfected bacteria were selected using 

ampicillin (Sigma-Aldrich, USA) (50 µg/ml). Bacteria producing the pGIPZ-RFP plasmid were 



33 
 

lysed, spun down and the plasmid was isolated from the plasmid containing supernatant using 

a standard miniprep according to the producer’s instructions (Qiagen, USA). The plasmid was 

eluted in Milli-Q water (Merck, Germany), stored at -80 °C and used to generate lentiviral 

particles as described in section 3.3.2.   

3.3.2 Generation of the lentiviral particles 

In order to generate the lentiviral particles carrying the GFP or RFP gene for transduction of 

B16 cells, a highly transmissive cell line (Hek293T) was co-transfected with the lentiviral 

transfer vector (pGIPZ-GFP or pGIPZ-RFP). This was done with lentiviral packaging mix 

(included in Trans-Lentiviral Packaging System) using the LipofectamineTM 2000 

(Life Technologies, Thermo Fischer Inc., USA) transfection agent according to the 

manufacturer’s protocol.  

A day prior to transfection, HEK-293T cells (ATCC, USA) were seeded in antibiotic-free 

DMEM complete medium. The next day, the viral transfer vector, lentiviral packaging mix and 

LipofectamineTM 2000 transfection agent were diluted separately in serum-free DMEM and 

allowed to incubate for 5 min. The DNA and LipofectamineTM 2000 containing-media were 

then mixed and incubated for 5 min before being added dropwise to the cells and incubated for 

8 h at 37 °C with 5 % CO2.  

After incubation, the cell culture medium was replaced with reduced serum (3 % FBS) DMEM 

and incubated for an additional 48 h to allow the release of plasmid-packed virus particles into 

the cell medium. The virus containing supernatant was collected and filtered through a 0.45 µm 

filter (Sigma-Aldrich, USA) and stored at -80 °C until further use.  

3.3.3 Transduction of the cancer cell lines   

To transduce the B16F1 and B16F10 cells using the lentiviral transfer vector for stable 

expression of fluorescent markers the cells were plated on 35 mm standard cell culture dishes 

(Sarstedt, Germany) and grown to 80-90 % confluency in the DMEM complete medium. 

The medium was removed and the previously prepared lentiviral solution (see section 3.3.2) 

containing viral particles was added to the cells. The cells were incubated in this solution for 

6 h before 2 mL of DMEM complete medium were added. After 24 h incubation, the medium 

was removed, cells washed with Ca2+/Mg2+-free PBS and 4 mL of DMEM complete medium 
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were added to the dishes. After 48 h, the medium was changed to DMEM complete medium 

supplemented with 2 g/mL puromycin (Sigma-Aldrich, USA) for selection of successfully 

transduced cells. The cells were selected for 4-6 days until significant cell death was evident. 

The medium was then changed to DMEM complete medium without antibiotics and cells were 

propagated for minimum five passages prior to fluorescence activated cell sorting (FACS).  

3.3.4 Purification of transduced cancer cells using fluorescence 
activated cell sorting 

The transduced B16 cells expressed the fluorescent marker proteins (GFP or RFP) to variable 

degree. Therefore, cells with the highest expression of GFP or RFP (approximately 1 % of the 

total population) were selected based on fluorescence intensity using FACS. Prior to sorting, 

the cells were harvested, passed through a 70 µm cell strainer and stored on ice in DMEM 

complete medium with 1 % Penicillin-Streptomycin (Sigma-Aldrich, USA). Using FACS, two 

sub-populations comprising the brightest 1 % or 10 % of the total cell population were 

collected, with wild type cells as the control population. The lasers used for sorting were blue 

(488 nm) for GFP cells and yellow (561 nm) for RFP cells. FACS was performed by Heidi 

Ødegaard Notø using a FACSAriaII cell sorter and the software FACSDiva Version 8.0.1 at 

the Flow Cytometry Core Facility (FCCF) from Department of Core Facilities, Institute for 

Cancer Research, The Norwegian Radium Hospital, Oslo, Norway.  

The sorted cells were seeded in standard cell culture 24 well plates (Sarstedt, Germany) 

containing DMEM complete medium with 1 % Penicillin-Streptomycin and cultivated further 

as described in section 3.2.1. When cells reached confluency, they were seeded in 35 mm dishes 

DMEM complete medium without antibiotics.  
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 Zebrafish breeding and embryo maintenance  

3.4.1 Zebrafish lines  

In experiments for this thesis, different transgenic lines of zebrafish were used, which are listed 

in Table 3 with the cell-type expressing the fluorescent protein specified.  

Adult zebrafish for providing the embryos used in this thesis were kept and bred by the staff at 

the aquarium facility at the Norwegian University of Life Sciences (NMBU), Oslo. 

The embryos were received by us as fertilized eggs approximately 2 h post fertilization.  

The standard temperature for the embryos is at 28.5° C. However, when the embryos were 

injected with cancer cells they were kept at 35° C or 32° C, depending on the experiment. 

Notably, 32° C was set as the standard maintenance temperature for xenotransplant zebrafish 

embryos in this thesis. 

Table 3: Transgenic zebrafish lines used in experiments 
 

LINE Abbrevation Cell-specifc 
expression 

Experiments 

Wildtype line AB AB wt  - Toxicity assays   
Tg(fli1a:EGFP) 
 

Fli Endothelial cells 
(green) 

Study of the interaction between host 
vasculature, cancer cells and NP 

Tg(mpeg1:dsRed) MPEG Macrophages 
(red) 

Study of the interaction between host 
macrophages and cancer cells 

Tg(mpx:GFP) 
 

MPX Neutrophils 
(green) 

Study the interaction between host 
neutrophils and cancer cells 
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3.4.2 Zebrafish breeding 

The day before mating, fish were placed in special breeding tanks. These tanks, in contrast to 

normal fish tanks, have a double bottom and a wall dividing the inner compartment in two, 

where the bottom of one compartment was laid with marbles. Four female fish were placed in 

the marble-filled part and three male fish were placed in the opposite section. The fish were 

kept in the separated compartments overnight to allow stimulation of hormone production. 

The next day at 8 am the lights were turned on, the wall separating the compartments was 

removed and the mating allowed to take place. After 1 to 2 h, the eggs were laid and collected 

by removing the inner compartment with the fish (that were placed back in their respective 

tanks) and straining the eggs through a sieve. The eggs were picked up at the zebrafish facility 

shortly after fertilization, brought to the lab and washed with embryo water (see Table 2: 

Formulations, page 29) prior to transferring to petri dishes containing 20 mL embryo water at 

app. 100 eggs per dish (using a transfer pipette). Finally, the eggs were placed in an incubator 

at 28.5° C and routinely checked in order to remove unfertilized eggs or eggs with abnormal 

development.  

3.4.3 Enzymatic dechorionation of zebrafish embryos 

One-day old zebrafish eggs were enzymatically dechorionated in order to release the embryos from 

the egg chorion. Dechorionation solution was prepared by dissolving 40 mg protease 

(Sigma-Aldrich, USA) in 20 mL embryo water (2 mg/mL). 1 day post fertilization (dpf) 

zebrafish eggs were placed in the solution for a maximum of 5 min until the chorion was 

digested. The embryos were then washed twice in 20 mL embryo water and placed in petri 

dishes containing embryo water supplemented with 0.003 % N-phenylthiourea 

(PTU, Sigma-Aldrich, USA). PTU inhibits pigmentation of the embryos by blocking the 

development of melanocytes, which greatly improves the accessibility of the embryos for in vivo 

imaging. Until further experiments, the embryos were placed in an incubator at 28.5° C. 
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 Developing the tumor model – 
xenotransplantation of the B16 mice melanoma cells 
in zebrafish embryos 

One of the central aims of this thesis was to establish an in vivo tumor model by injecting 

transduced B16 mice melanoma cells into the neural tube of transgenic zebrafish embryos. The 

procedures involved in this process are described below.  

3.5.1 Preparation work prior to injections  

The dishes used for injections were custom made in the lab and prepared as follows:  

8 g of SeaKem® LE Agar agarose (Biowittaker-Lonza, Belgium) were dissolved in 400 mL of 

Milli-Q water in a 500 mL glass bottle and warmed in the microwave for approximately 4 min 

with the cork slightly open. When the solution was fully dissolved and boiling, the liquid 

agarose gel was poured in the lid of petri dishes (app. 15 mL per lid). The dishes were closed 

and left to cool at RT until the agarose gel had solidified and stored in the fridge until use.  

3.5.2 Zebrafish embryo microinjections  

The use of an injection setup adapted from Cosma et al. 107, based on a micromanipulator, 

microinjection pump and stereomicroscope, allows precise and accurate as well as consistent 

injection of cells in the desired location in the zebrafish embryos. The injection needles were 

made from borosilicate capillaries (Harvard Apparatus, UK), using a Pipette Puller 

(Sutter instrument co., model P-97, USA). The capillary glass tubing is heated to its softening 

point and ‘pulled’ to create the desired size tip diameter using settings as following: delay 110, 

heat 610, pull 40, velocity 50 and pressure 500. The needle tip was then broken using fine 

jewelers forceps (Dumont No.5, Sigma-Aldrich, USA) under a light microscope to adjust the 

diameter of the opening. 
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After backfilling the pipette with 5 µL of the suspension of interest (e.g. cancer cells or NP 

formulation) using a gel loader pipette tip, it was connected to a pump for microinjections 

(Eppendorf FemtoJet Express, Germany). The injection volume was adjusted by measuring the 

diameter and calculating the volume of the drop resulting from an injection of the solution into 

mineral oil (Sigma-Aldrich, USA) in a petri dish. The diameter of the droplet was measured in 

arbitrary units at 60x magnification using a scale printed on the inside of the oculars. Previous 

group member, Carine Vibe, established the correlation of drop diameter to actual volume of 

the drop using a 1 mm Stage Micrometer (Thorlabs, USA), exemplified in Table 4 109. 

The injection pressure and injection time were adjusted as needed, and the injection volume 

was kept constant. The standard volume for cell injections was 2-3 nL corresponding to 

approximately 200-300 cells, with the number of injected cells varying depending on 

concentration of the cell suspension used.  

Table 4: Relationship between the drop size in arbitrary units at 60x and corresponding volume 
in nL. Table modified form 109. 
 
Drop size  
(arbitrary units, 60x) 

0.74 0.94 1.07 1.18 1.27 1.35 1.42 1.49 1.55 1.60 

Volume (nL) 1 2 3 4 5 6 7 8 9 10 
 

Depending on the experiment, 2 or 3 dpf embryos were sedated in embryo water containing 

added tricaine solution (preparation in Table 2, page 29)  to final tricaine concentration of 

200 µg/mL and placed on a 2 % agar plate for injections (prepared as in section 3.5.1). After 

removal of the water around the embryos, the needle was directed to the desired location, for 

example the neural tube for cancer cell injections, using a micromanipulator 

(Narishige MN-153, Japan) under a fluorescence stereomicroscope (Leica M205 FA, 

Germany). After the injection, embryos were transferred to embryo water for recovery and 

placed in an incubator. 

3.5.3 Development of cancer cell tumors in zebrafish embryos  

To observe the development of B16 cell tumors, xenotransplanted zebrafish embryos were first 

sedated by placing them in embryo water supplemented with tricaine and then put on the 

injection plate. Excess water was removed until the embryo was only surrounded by a small 

drop. Images were taken with a fluorescence stereomicroscope. The embryo was subsequently 

placed in fresh embryo water for recovery. The injected embryos were kept in the incubator, 
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with daily removal of dead fish and debris. The embryos were imaged at 3, 5 and 7 days post 

injection (dpi) to monitor the tumor and surrounding tissue development. 

3.5.4 Temperature adjustments  

To compare the development of the tumors at different temperatures, embryos with injected 

cancer cells were divided into two groups that were incubated at 35° C or 32° C in separate 

incubators. Since the tumor growth was improved at lower temperatures, xenotransplanted 

embryos were kept at 32° C in all subsequent experiments unless specified otherwise. 

 Nanoparticle synthesis  

The nanoparticles (NP) and other compounds used for treatment experiments in the thesis are 

listed in Table 5. The NP formulations were produced by our collaborators Alexandra Van 

Dreissche in lab of Bruno De Geest, Ghent, Belgium. The process of NP production is 

illustrated in Figure 12.  

  

Figure 12: Scheme for preparation of the NP. (1) The block-polymers were synthesized via RAFT 
polymerization using N,N-dimethylacrylamide (DMA) as the hydrophilic block and  pentafluorophenyl (PFP) as 
the hydrophobic block. (2) The block co-polymer self-assembled in micelles when dissolved in DMSO. (3) Half 
of the PFP groups were used to crosslink the micelles using a non-degradable bisamine 
(ethylenedioxy)bis(ethylamine). (4) The remaining PFP groups were quenched using equivalent amounts of 
hydrazine and ethanolamine. (5) The NP with doxorubicin were synthesized by conjugating the drug with half of 
the thus formed hydrazine groups (figure modified from our collaborator Alexandra Van Driessche (Personal 
communication)). 
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Block co-polymers were synthesized from N,N-dimethylacrylamide (DMA) as the hydrophilic 

block and  pentafluorophenyl (PFP) as the hydrophobic block by Reversible Addition 

Fragmentation chain Transfer (RAFT) polymerization. Polymeric micelles with hydrophobic 

core and hydrophylic shell were produced by self-assembly in DMSO and the hydrophobic 

PFP core was crosslinked using a non-degradable bisamine. The remaining active ester groups 

were quenched using equivalent amounts of hydrazine and ethanolamine. Furthermore, this step 

introduced hydrazine groups in the NP core, which were utilized to conjugate doxorubicin under 

acetic conditions using acetic acid. Hydrazine bonds are cleavable and acid labile resulting in 

pH-dependent release of doxorubicin under acidic conditions. The amount of doxorubicin 

conjugated to the polymers was determined by UV-VIS spectrometry at a wavelength of 

481 nm (Data not shown). Fluorescently labeled polymeric micelles (Cy5 (-) NP) were 

synthesized by conjugating the PFP groups with cyanine5 amines prior to the crosslinking.  

The NP formulations received from Belgium were stored in the fridge at 4° C and dissolved to 

a final concentration of 4 mg/mL in a solution of Milli-Q water supplemented with 

2% polyvinyl pyrrolidine (PVP) (diluting medium) (EMD Biosciences, USA). NP were 

dissolved on the day of injection, while free doxorubicin was prepared as stock solution in 

PVP (4 mg/mL) and stored in the fridge at 4° C for 6 months.   

Table 5: List of compounds used in this thesis for treatment experiments 
 

NAME ABBREVIATION 
used in the text 

SPECIFICATION  BATCH USED FOR 
INJECTIONS  

NP-conjugated 
Cyanine 5  
 

Cy5 (-) NP 
 

Empty NP with conjugated far-red 
fluorescent Cyanine 5 dye 

4 mg/mL in PVP (2 %) 

NP- conjugated 
doxorubicin  

 NP-conjugated doxorubicin 
hydrochloride  

4 mg/mL in PVP (2 %) 

Empty NP  Empty NP with the same structure 
as the ones above   

4 mg/mL in PVP (2 %) 

Free 
doxorubicin 

Free drug   Doxorubicin hydrochloride powder  4 mg/mL in PVP (2 %) 
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 Assessment of doxorubicin cytotoxicity in vitro  

3.7.1 Cell Counting Kit-8 cell viability assay 

Prior to testing the treatment efficacy of free and NP-conjugated doxorubicin in zebrafish 

embryos in vivo, the direct cytotoxic effect on cancer cells of both formulations was 

characterized in cancer cell cultures in vitro. Furthermore, it was investigated how the 

fluorescence of GFP is affected when the cells die, an important parameter for subsequent tumor 

growth quantification experiments in vivo. 

B16F1 GFP expressing cells were harvested, dissociated in Phenol Red-free DMEM complete 

medium (BioWittaker-Lonza, Belgium), counted as described in section 3.2.1 and seeded at 

1 x 104 cells per well in a standard cell culture 96-well plate (Sarstedt, Germany) in 100 L 

medium. As a background control, medium only was added to one row of wells. Two technical 

replicates were prepared for each condition. The cells were incubated for 24 h at 37˚ C with 

5 % CO2 before conducting the experiment.  

Free drug and NP-conjugated doxorubicin stock solutions (4 mg/mL) were diluted in the 

diluting medium (Milli-Q water containing 2 % PVP) and phenol red free DMEM complete 

medium. 10 µl of the prepared solutions, each containing 0.005 % PVP, were added per well to 

achieve final doxorubicin concentrations of 0.2, 1 and 5 µg/ml. As a control for the cytotoxicity 

of the diluting medium, 10 µL of 0.005 % PVP per well was added to cells due to each condition 

the final concentration of PVP being 0.005. To normalize the results and control the background 

fluorescence, 10 µL of the phenol red free DMEM complete medium was added to wells with 

untreated cells and wells containing medium only.  

Control and treatment groups were subsequently incubated at 37˚ C with 5 % CO2 and the 

viability of the cells were evaluated after 12, 24 and 48 h of treatment using the 

Cell Counting Kit-8 (CCK-8, Sigma-Aldrich, USA).  

For this, 10 L of CCK-8 reagent were added to each well and cells were incubated for 30 min 

at 37˚ C with 5 % CO2. To estimate relative cell numbers after the treatments, absorbance at 

450 nm was measured in each well using an auto-microplate reader (Wallac 1420; 

Perkin Elmer, USA). The absorbance readings of the treatment groups were normalized to the 
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untreated cell control and results were expressed as percentage of the viability relative to 

untreated cells. 

3.7.2 GFP/RFP fluorescence of cells after doxorubicin-induced cell 
death  

To determine the stability of the fluorescent proteins after cell death, the remaining fluorescence 

after doxorubicin treatment was studied. B16F1 GFP expressing cells at concentrations of 

1 x 105 cells per mL Phenol Ref-free DMEM complete medium were seeded in 6-well plates 

and cultured for 24 h. Subsequently, doxorubicin was added to the cells resulting in final 

concentrations of 0.2, 1 and 5 µg/ml. After 12, 24 and 48 h the fluorescence was observed using 

a fluorescence stereomicroscope and analyzed in ImageJ (National Institutes of Health (NIH), 

USA). 

 In vivo studies testing toxicity, treatment 
efficacy and NP-tumor interactions of NP 

3.8.1 Toxicity of doxorubicin in zebrafish embryos in vivo 

In order to assess the toxicity effects of the free vs. NP-conjugated drug, 2 dpf zebrafish 

embryos were injected with different concentrations of free doxorubicin, NP-conjugated 

doxorubicin and control solutions. The injected fish were grouped in separate dishes with 

embryo water (20 mL) supplemented with 0.003 % PTU. The toxicity was scored by death events 

each day over the course of 6 days. 

3.8.2 Doxorubicin effect on tumor growth  

AB wt Zebrafish embryos at the age of 3 dpf were injected with GFP expressing B16 cells into 

the neural tube and, the day after, were injected with free drug, doxorubicin NP or control 

solutions. The embryos were imaged five dpi and the tumor sizes compared between the groups 

by quantification of the fluorescent signal of the cells using the software ImageJ as described 

in section 3.9. 
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3.8.3 NP accumulation in tumors  

To study the interaction of NP with the established B16 cell tumor in the zebrafish embryo, 

embryos were injected with cancer cells at 3 dpf and 5 days later with Far-Red fluorescent 

Cy5 (-) NP. The embryos were imaged at 4 h or 1 dpi with a fluorescence stereomicroscope or 

confocal laser scanning microscope (Zeiss LSM 880, Carl Zeiss, Germany) depending on the 

experiment.  

 Imaging and analysis  

Stereomicroscopy  

The fish were anesthetized and placed on injection plates, as described in 3.5.3. Images were 

obtained using a Leica M205 FA fluorescence stereomicroscope and analyzed using an ImageJ 

image processing package version, called Fiji, which is an open-source platform for 

biological-image analysis. The images were taken using the same settings for magnification 

and exposure time per relevant groups. A region of interest (ROI) was chosen in order to 

analyze the development of cancer cells and other relevant events in the tumor 

microenvironment. The ROI, referred to as a selection grid in this thesis, was chosen to be 

slightly bigger than the tumor and the same size was used for analysis of all experiments. The 

total fluorescence intensity of the ROI containing the tumor area was determined as the sum of 

the fluorescence intensity values of each pixel in the specific ROI using the measure analysis 

tool, yielding "RawIntDen".  

Confocal microscopy 

Zebrafish embryos were first observed with a stereomicroscope before imaged using confocal 

microscopy for a more thorough analysis. Anesthetized embryos were mounted on a glass 

bottom dish (MatTek, USA) and embedded in 2 % low melting point agarose (see Table 2: 

Formulations, page 29) in embryo water. After hardening of the gel, about 2 mL of embryo 

water supplemented with 200 µg/mL tricaine were added to the dish. Images were obtained 

using a Zeiss LSM 880 using a 25X water dipping lens with a numerical aperture of 0.8 and 

were subsequently processed using Imaris Image Analysis Software (Bitplane, UK).  
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  Statistics  

All experiments were analyzed using GraphPad Prism 7 software (GraphPad software, 

La Jolla, USA). The Results of the analysis done using ImageJ were stored in a data set created 

in GraphPad. Specific statistical tests were chosen to analyze the results as shown in Table 6, 

with their corresponding experimental result sections. Data sets analyzed by column table were 

initially checked for Gaussian (normal) distribution, by column statistics using 

D’ Agostino & Pearson normality test.  

Table 6: Tests used for statistical analysis of the results  
 

 

Significance levels are indicated as   

 

  Ethical considerations  

The experiments with zebrafish embryos were conducted in agreement with the provisions 

enforced by the Norwegian Food Safety Authority. Zebrafish embryos used in the experiments 

were kept and treated in full accordance with the local regulations at the University of Oslo. 

The number of animals was kept as low as possible and the experiments were planned and set 

up so to avoid unnecessary use of animals. All animals were euthanized if necessary at the 

endpoint of the experiment, latest at 12 dpf. Fish were euthanized by sedating them in embryo 

water with tricaine (200 g/mL) prior to placing them in the freezer.   

EXPERIMENT STATISTICAL TEST  
 Normal distribution 
Tumor growth at different temperatures  One-way ANOVA followed by Tukey´s 

multiple comparisons test Growth of transplanted B16F1 melanoma cancer 
cells in the neural tube of zebrafish embryos 
 Not normally distributed 
Angiogenesis in neural tube cancers of zebrafish 
embryos with xenotransplanted B16F1 mice 
melanoma cells. 

Kruskal-Wallis test, followed by Dunn’s 
multiple comparisons test 

NP therapy cancer cell fluorescence  
Tumor-associated macrophages Unpaired T-test using two-tailed P value 
Tumor associated neutrophils 
Cy5 (-) np accumulation 
In vivo toxicity analysis of doxorubicin Kaplan-Meier estimate using the Log-rank 

(Mantel-Cox) test for overall significance and 
pairwise comparison of groups 

* p < 0.05 
** p < 0.01 
*** p < 0.001 
**** p < 0.0001 
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4 Results 
The aim of this thesis was to develop a cancer model in zebrafish embryos for analyzing the 

effect of drug delivery by NP in a vertebrate organism. The B16F1 mice melanoma cell line, 

chosen for this cancer in vivo model was transduced to express green or red fluorescent protein 

(GFP, RFP) as markers for easy visualization of the tumors in vivo by fluorescence microscopy. 

The cells were injected into the neural tube of zebrafish embryos and the resulting tumor model 

was used to test the accumulation and chemotherapeutic efficacy of fluorescent and 

doxorubicin-loaded NP, respectively. 

 Development of fluorescent B16 cell lines 

B16F1 mice melanoma cell line was selected as the cell line for this work because they showed 

a faster growth rate when transplanted in zebrafish embryos 103 than the human melanoma cell 

line (Melmet 5) previously used in our lab 102. Additionally, the more invasive daughter strain 

B16F10 was also used in some experiments. These murine cell lines were transduced using a 

lentivirus-based transduction system to express GFP or RFP, to enable visualization of tumor 

growth using fluorescence microscopy.  

4.1.1 Transduction of B16 mice melanoma cells  

To generate a cancer cell line that could be visualized in zebrafish embryos of WT strains but 

also transgenic lines, which cell-specifically express green or red fluorescent proteins, we 

produced B16 cell lines stably expressing RFP or GFP. The transduced cells were then sorted 

based on their fluorescence intensities, in order to obtain homogeneous fluorescent populations.  

Figure 13A displays part of the data originating from the FACS sorting of RFP transduced 

B16F1 cells. The gate P1 on the right part of the graph represents the cell population with the 

highest levels of RFP, which was sorted and used in the following experiments. The sorting 

strategy for GFP cells was similar (Data not shown). Representative images of GFP transduced 

B16F1 cell cultures before and after FACS sorting (Figure 13B) show the successful selection 

and purification of highly GFP-expressing cell cultures. Comparable results were obtained for 

RFP expressing cells (Data not shown).  
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 Developing the tumor model  

A central part of this thesis focused on the development of a vertebrate cancer model 

via injection of mammalian cancer cells into the neural tube of zebrafish embryos at 2-3 dpf. 

The zebrafish adaptive immune system is not fully mature until 4-6 weeks post fertilization 110 

so the injected B16F1 mice melanoma cells are not immunologically rejected in this model. 

The neural tube injection site differed from the previously used caudal vein injection (injection 

in the blood stream) of cancer cells in our lab 102. The initial objective was to investigate if this 

injection site has advantages over other established injection sites such as blood, yolk sac or 

perivitelline space. Injection into the neural tube displayed clear advantages as this injection 

method confined the injected cells into one place, making it easier to observe angiogenesis and 

tumor growth. Additionally, the neural tube area is less thick compared to previous standard 

tumor transplantation areas such as yolk sac or the perivitelline space and thus more suited for 

imaging. 

 

  

Figure 13: FACS sorting of B16F1 cancer cells transduced with RFP or GFP. (A) The population gated in P1 
constituted 1 % of the total population with the highest expression levels of RFP was collected and used for later 
experiments. The population gated in P2, containing cells expressing slightly lower levels of RFP, was collected 
as backup. (B) The sorting had a significant effect on the overall expression of GFP in the cell population, as seen 
from the example of GFP transduced cells before (left) and after FACS sorting (right). 
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4.2.1 Selecting the optimal temperature for tumor growth 

This project was dependent on establishment of fast developing tumors originating from mouse 

cancer cells in zebrafish embryos. However, the corresponding organisms have very different 

temperature preferences. Murine cells, as human cells, have an optimal temperature of 37 °C, 

while zebrafish embryos prefer 28 °C. From earlier work 102 done in our lab, an intermediate 

compromise temperature at 35 °C was sufficient for human melanoma cells to survive in 

zebrafish embryos. However, the embryos were negatively affected by the high temperature. 

We therefore tested if the murine cancer cells were able to survive and grow at lower 

temperatures than 35 °C. This was done by comparing the tumor growth in the zebrafish embryo 

as well as the overall health of the embryo at 32 °C compared to 35 °C. 

For this experiment, equal volumes of red fluorescent B16 mice melanoma cells were injected 

into the neural tube of 3 dpf AB wild type zebrafish embryos which were randomly assigned to 

two separate dishes that were placed in incubators with 32 °C and 35 °C. The injected zebrafish 

were imaged on day 3 and 5 post injection and the total fluorescence intensity (sum of the 

fluorescence intensities of all pixels of the region containing the tumor) was determined using 

a selection grid in ImageJ as described in section 3.9. The tumor growth at the two different 

temperatures is shown in Figure 14C and representative fluorescence images of the tumors at 

different time points are shown in Figure 14A, B.  

Figure 14: Tumor growth in zebrafish embryos at 35 ˚C compared to 32 ˚C.  Zebrafish embryos (N = 24) 
were injected with equal amounts of cancer cells at 2 dpf, randomly separated in to two groups and incubated at 
32 ̊ C or 35 ̊ C. Tumor growth was imaged and analyzed on day 3 and 5 after injection. (A, B) Fluorescence images 
reveal tumor development at (A) 32 ˚C and (B) 35 ˚C, from day 3 to day 5. Scale bars: 100 µm. (C) The selection 
seen in (A) was used for quantification of the tumor size as measured by the total florescence intensity from the 
cancer cells, represented as dots per zebrafish embryo in the graph. The tumors in 32 ˚C (blue) increased 
significantly (p = 0.0023) in size while the tumors in 35 ̊ C (red) did not. Additionally, the tumors were significantly 
larger at day 5 when fish were kept 32 ˚C compared to the average growth rate at 35 ˚C (p = 0.0156). 
[a.u] = arbitrary units. 
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According to the results obtained from this experiment, the tumors were significantly bigger at 

day five when kept at 32 °C. Moreover, the tumors developed significantly faster in the fish 

kept at 32°C, and the overall embryo health was improved at lower temperatures. Due to the 

improved results at 32 °C, including significantly higher tumor growth rate, this temperature 

was set for the following experiments as the standard condition. 

4.2.2 Tumor development quantification  

For this model, it was essential to develop a system exhibiting fast tumor growth to obtain a 

significant tumor mass in a short amount of time in order to study the interaction of injected NP 

with the established tumor. As shown above, B16F1 melanoma cells grow well in zebrafish 

embryos and proliferate optimally at 32 °C. The next objective was to follow the kinetics of the 

tumor growth in closer detail by quantifying the increase in fluorescence due to tumor growth 

using higher numbers of fish over a longer interval compared to as in section 4.2.1. Three-day 

old zebrafish embryos were injected with red fluorescent B16F1 melanoma cells in the neural 

tube and kept at 32 °C. At days 3, 5 and 7 post injection, embryos were imaged as seen in  

Figure 15(A-C) and the total fluorescence intensity of the cells (red channel) was measured 

using a selection grid in ImageJ.  In Figure 15D, dots represent total fluorescence intensity 

associated with tumors within zebrafish embryos over the course of five days. There is a clear 

increase in the fluorescence intensity with time indicating significant tumor growth.  

This can also be observed in representative images of zebrafish embryos bearing tumors (Figure 

15A-C). The general pattern of the tumor growth is visualized in Figure 15E, showing that the 

tumors grow steadily and in a linear manner during the seven-day time period that 

was investigated.  
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Figure 15. Growth of transplanted B16F1 melanoma cancer cells in the neural tube of zebrafish embryos. 
(A-C) Fluorescence images showing tumor development on day 3 (A), 5 (B) and 7 (C) after injection. Scale 
bars: 200 µm. (D) Tumor size in the zebrafish embryos was quantified by the total fluorescence intensity within a
selection grid containing the tumor using ImageJ (N > 50). Each dot represents the value of one zebrafish embryo 
at day 3, 5 and 7 post injection of the cancer cells. There is a significant difference (p < 0.0001) in the mean total 
fluorescence intensity between each day illustrating that the tumors increase significantly in size from day 3 to 7. 
(E) The average total fluorescence intensity (mean with SD) for each day represents a linear pattern of the tumor 
development in the investigated timespan. [a.u] = arbitrary units. 
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In Figure 16, one can find representative confocal images of the RFP expressing B16F1 tumors. 

Mice melanoma cells are typically much bigger than the host neural tube cells as can be seen 

in Figure 16A and in many instances wrap around the host endothelial vessels (Figure 16B). 

Furthermore, B16F1 tumors induce host angiogenesis in the tumor microenvironment, which 

is characterized by a distorted mesh of vessels (Figure 16C, D).  

 

Figure 16: Confocal images of RFP cells xenotransplanted in tg:fli1aGFP fish. (A) Cancer cells (red) injected 
into the neural tube are surrounded by host vessels (green) and neural tube cell nuclei (DAPI) which can be 
observed in the section as indicated by the arrowhead. The blue spots in the cancer cell are cancer cell nucleoli. 
(B) Cancer cells (red) can be observed wrapping around an intersegmental vessel (green). (C) The vasculature 
develops into a chaotic mesh of vessels surrounding the tumor that is shown in (D) including red B16F1 cancer 
cells.  
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4.2.3 Vasculature development  

When the tumor increases in size, there is a need for the formation of new vessels that will 

supply the cell mass with oxygen and nutrients. The formation of new vasculature occurs in 

response to increased pro-angiogenic signaling due to f. ex. hypoxia in the tumor 

microenvirnment. The induction of angiogenesis by xenotransplanted cancer cells in the 

zebrafish embryo model was previously described, however without quantification, by others 

and especially by Zhao et al. 103.  

As seen from the results above, the cancer mass grows relatively fast. We decided to analyze 

and quantify whether tumor growth is also accompanied by local angiogenesis using the 

fluorescent endothelial line tg(fli1a:EGFP), which allowed us to easily visualize the formation 

of new blood vessels at different time points. 

The fish embryos used in the experiment to quantify tumor development (Figure 15) were also 

used to quantify the extent of tumor associated angiogenesis. As previously mentioned, the 

transgenic tg(fli1a:EGFP) fish were injected with red fluorescent B16F1 melanoma cells into 

the neural tube of three-day old zebrafish embryos. At days 3, 5 and 7 post injection, the 

embryos were imaged as previously described and analyzed in ImageJ.  

When evaluating green fluorescence of the endothelium, the selection grid was placed on the 

area of the tumor as for the quantification of the tumor growth (see section 4.2.2). A region of 

neighboring healthy tissue in the same fish was selected as a control. The general trend of 

vasculature development in the tumor area, compared to healthy tissue is shown in Figure 17D. 

Each dot represents the total fluorescence intensity of an embryo’s vasculature around a tumor 

from which the total fluorescence intensity from a corresponding area of adjacent healthy tissue 

was subtracted. The result was further normalized by dividing this value with the total 

auto-fluorescence intensity of the fish. This is essential when conducting measurements in the 

green channel because zebrafish are naturally expressing a weak green florescence signal. 

Figure 17E clearly shows that the vasculature at the tumor site is growing in a trend, which 

resembles the rate of tumor growth in the time period investigated and seen in Figure 15E. This 

can also be observed in representative images of the vasculature in zebrafish embryos bearing 

tumors in Figure 17A-C from where it is evident that vessel network increased from 

day 3 (Figure 17A) to day 7 (Figure 17C).  



52 
 

  

Figure 17. Angiogenesis in neural tube cancers of zebrafish embryos with xenotransplanted B16F1 mice 
melanoma cells. (A-C) Fluorescence images show angiogenesis on day 3 (A), 5 (B) and 7 (C). Scale bars: 200 µm. 
Vasculature growth was quantified using the total fluorescence intensity of the green endothelial cells within the 
indicated selection grid surrounding the tumor area compared to the intensity within a healthy region in the same 
fish using ImageJ (D). Each dot represents the fluorescence increase in the tumor area in a zebrafish embryo (N > 
50) imaged at days 3, 5 and 7 post tumor xenotransplantation. There is a significant difference in the increase of 
fluorescence intensity between each day, confirming that there is neovasculature development taking place from 
day 3 to 7. (E) Average vasculature development (mean with SD) corresponds to the average fluorescence increase 
of endothelial cells in the time period investigated. [a.u] = arbitrary units, ** stands for p = 0.002, **** stands for 
p < 0.0001.  
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Despite clear growth of cancer cells and angiogenesis, we were unable to observe an example 

of cancer cells leaving the tumor mass and entering the bloodstream (extravasation) to form a 

new tumor at a site different from that of the neural tube (metastasis).  

 Presence of leucocytes in neural tube zebrafish 
tumors 

The presence of immune cells due to inflammation is a characteristic hallmark of human and 

mouse cancer 32. The zebrafish embryo lacks the adaptive immune system but has a functional 

innate immunity in the form of macrophages and neutrophils that appear within 1-2 dpf. Most 

mammalian tumors have been shown to exhibit tumor-associated macrophages (TAMs), which 

are indicated to contribute to tumor growth progression and usually associated with a poor 

prognosis 21,24. Neutrophils have also been shown to accumulate in some tumors, although to 

much more varying degrees compared to TAMs 111,112. 

The neural tube model with fast growing tumors offers the potential to visualize whether the 

tumor microenvironment is infiltrated by these cells and to what degree. We took advantage of 

the transgenic zebrafish lines with fluorescently labeled macrophages, tg(mpeg1:dsRed), or 

neutrophils, tg(mpx:EGFP), to observe their presence tumors localized in the neural tube in our 

model.  

4.3.1 Tumor-associated macrophages (TAMs) 

The transgenic line tg(mpeg1:dsRed) zebrafish embryos with red fluorescent macrophages 

were injected with green fluorescent B16F1 melanoma cells into the neural tube of three-day 

old zebrafish embryos. Control embryos were injected with a PBS (University of Oslo, Norway) 

solution in order to quantify the total mass of macrophages accumulating in the area due to 

possible wounding of the fish with the needle. The embryos were imaged five days after 

injecting the cells or PBS. When measuring the total fluorescence intensity relative to 

macrophages using ImageJ, a selection grid was placed in the red channel on the area of the 

tumor or the corresponding area in the mock-injected control fish. In Figure 18A,B an example 

of macrophage accumulation in a fish with a developed tumor (enlarged in b) is shown. There 

are visibly more macrophages in the tumor microenvironment, compared to neighboring area 

of healthy tissue (enlarged in Figure 18A). There are significantly more macrophages associated 
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with the tumor than normal healthy tissue although macrophage accumulation showed 

substantial variability between fish.  

  

Figure 18: Tumor-associated macrophages. (A) Representative image of a transgenic tg(mpeg1:dsRed) 
zebrafish embryo 5 days after GFP B16F1 melanoma cell transplantation in neural tube. (B) Accumulation of 
macrophages in the tumor area (enlarged in a) compared to neighboring tumor-free tissue (enlarged in b). Scale 
bars: 200 µm. (C) Graph representing the quantification of presence of tumor-associated macrophages 5 days after 
cancer cell xenotransplantation (red, N = 43) compared to the same region in control injected (PBS) fish without 
cancer (gray, N = 18). There is statistically significant (p = 0.0174) difference in macrophage accumulation in the
tumor areas compared to the healthy tissue. [a.u] = arbitrary units.  
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4.3.2 Tumor associated neutrophils 

Besides macrophages, neutrophils might be also associated with the tumor microenvironment. 

Hence, we analyzed the presence of neutrophils in our tumor model. It was unknown to what 

extent the infiltration of neutrophils in tumor environment happens in B16F1 mice melanoma 

cancer cell transplants in zebrafish embryos. In order to answer this question, we used the 

zebrafish transgenic line tg(mpx:EGFP) possessing green fluorescent labeled neutrophils.   

Three-day old tg(mpx:EGFP) zebrafish embryos were injected with red fluorescent B16F1 

melanoma cells in the neural tube. The control group was injected with a solution of PBS as in 

section 4.3.1. The embryos were imaged five days after injecting the cells and the presence of 

neutrophils in the tumor compared to healthy tissue was quantified in the same manner as 

described in section 4.3.1.  

Neutrophil accumulation was highly variable in the tumor area as well as for the corresponding 

area in mock-injected control fish (Figure 19). There was no significant difference in the total 

fluorescence intensity between the two groups showing lack of neutrophil accumulation in the 

tumor in the timeframe investigated.  

Figure 19: Tumor associated neutrophils. Presence of tumor associated neutrophils in zebrafish embryos 5 days 
after cancer cell transplantation (green N = 30) compared to the injection area in PBS-injected embryos (gray
N = 15). The distribution difference is not statistically significant (p = 0.4461). [a.u] = arbitrary units.  
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 Synthesis of the nanoparticles 

The B16 neural tube xenograft in zebrafish embryos is an interesting in vivo cancer model for 

testing drug delivery by nanoparticles (NP). Doxorubicin is a well-characterized and widely 

used chemotherapy drug, which has significant side effects, that can hopefully be minimized 

by formulation in NP. The NP, including NP-conjugated doxorubicin, used in this thesis were 

produced by the group of Prof. Bruno De Geest as described in the next section. 

In this thesis, we tested novel NP formulations that were produced as depicted by the schematic 

representation in Figure 20. The NP were formulated by conjugating doxorubicin (Figure 20A) 

or Cy5 (Figure 20B) to the previously formed block co-polymer micelles. The block-polymers 

self-assembled into micelles when dissolved in DMSO, and the hydrophobic NP-core was 

cross-linked using a nondegradable bisamine. Remaining active groups of the block 

co-polymers were quenched using hydrazine that was then used to conjugate doxorubicin to the 

core of the nanoparticles. The hydrazide linkage provides stable conjugation at neutral, 

physiological pH. However, in mildly acidic conditions, which are often found in the tumor 

microenvironment due to the Warburg effect 113, hydrazide linkages show accelerated 

hydrolysis. In this way doxorubicin is released from the NP in a controlled manner after 

reaching the tumor microenvironment.  

Figure 20: Schematic representation of nanogel assembly. The polymers (N,N-dimethylacrylamide (DMA) as 
the hydrophilic block and  pentafluorophenyl (PFP) as the hydrophobic block) were synthesized via RAFT 
polymerisation. The block co-polymer self-assembled in micelles when dissolved in DMSO. (A) Half of the PFP 
groups were used to crosslink the micelles using a non-degradable bisamine (ethylenedioxy)bis(ethylamine)). The 
remaining PFP groups were quenched using equivalent amounts of hydrazine and ethanolamine. The NP with 
doxorubicin were synthesized by conjugating the drug with half of the thus formed hydrazone groups, making the 
drug release pH dependent.  (B) Fluorescently labeled micelles (CY 5 (-) NP) were synthesized by conjugating the 
PFP groups with cyanine5 amines prior to crosslinking (figure modified from our collaborator Alexandra Van 
Driessche (Personal communciation)).  
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 In vitro determination of cytotoxicity and 
stability of GFP fluorescence after treatment with 
doxorubicin 

In order to study whether the loss of fluorescence in the cell culture correlates with 

doxorubicin-induced cell death, the efficacy of free doxorubicin and NP-conjugated 

doxorubicin on B16F1 cancer cells was studied in GFP expressing B16F1 cell cultures in vitro. 

This is especially important for the in vivo experiments, as the GFP protein and thus 

GFP fluorescence might remain stable in dying or dead cells. In vitro testing of doxorubicin 

was performed on GFP expressing B16F1 melanoma mice cells that were treated with the drug 

at a concentration of 0.2, 1 and 5 mg/ml in free form or conjugated in NP. The fraction of live 

cells was determined using the CCK-8 cell viability assay at 12, 24 and 48 h post treatment 

(Figure 21C). The cells were imaged with a fluorescence stereomicroscope in order to estimate 

the timespan cells remained fluorescent after their death, as shown in in Figure 21A.  

As seen in Figure 21B, the fluorescence intensity of cells treated with 5 µg/ml, and 1 µg/ml 

decreased drastically after 48 h of treatment. Importantly, at 24 h post treatment, the majority 

of the cells treated with 5 µg/ml appears dead (indicated by the round morphology and 

detachment) compared to the 1 µg/ml. This correlates with the results from the cell viability 

assay shown in Figure 21C, yet the cells still exhibit relatively strong GFP signals. Interestingly, 

Figure 21C shows that there is no significant difference between efficacy and toxicity of free 

drug compared to NP-conjugated doxorubicin in vitro. For the treatment with 0,2 µg/mL the 

results show differences between the fluorescence analysis and the cell viability assay. While 

cells appear to stay fluorescent even at 48h, the CCK-8 study showed an increase in cell death. 

However, the data is based on duplicates and therefore conclusive statistical analyzing cannot 

be performed. 
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Figure 21: Analysis of cell death effect on cell fluorescence. GFP expressing B16 cells were treated with free 
doxorubicin dissolved in a diluting medium to three concentrations ; 5 µg/ml, 1 µg/ml and 0.2 µg/ml. Total 
fluorescence intentsity was measured at 12, 24 and 48 h post treatment and analyzed in (B). Images used in analysis 
can be seen in (A) with the inset in the lower right corner showing a fluorescent cell. Scalebar:100 µm (C) The 
cells were treated in paralel with both free drug and NP-conjugated doxorubicin, using same concentrations as 
above. Cell vialibility was measured using a CCK-8 assay and normalized to untreated cells. [a.u] = arbitrary units.
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 Toxicity and anti-tumor efficacy of 
doxorubicin-NP in zebrafish embryos in vivo.  

4.6.1 Toxicity of doxorubicin-NP in zebrafish embryos in vivo  

Zebrafish embryos are in very well suited as a model for drug toxicity in vivo. This is due to 

their relatively high sensitivity to toxic compounds. Other advantages include their small size 

and small amounts of drugs needed. In the literature, toxicity studies of drugs in zebrafish 

embryos have mostly been performed by water immersion 114. With this method, it is difficult 

to control the uptake of the drug and therefore the drug dose that the embryos receive, which is 

especially problematical for hydrophobic drugs such as doxorubicin. Another method is 

intravital injections that can be technically challenging. Nevertheless, it permits a better control 

of the dosage, which is crucial when testing for toxicity of the treatment. 

Different concentrations of the NP-conjugated doxorubicin or the free drug were injected into 

the blood stream of three-day old zebrafish embryos via the caudal vein. As negative controls, 

zebrafish were injected with “empty” NP and the diluting medium used to dissolve the free drug 

and NP, consisting of Milli-Q water and 2% polyvinylpyrrolidone (PVP). The injected fish 

were placed in the 32 °C incubator and the dead fish were counted and removed from the petri 

dish each day during the next 7 days after injection.  

Our results, displayed in Figure 22, clearly show that conjugation of the drug in NP led to 

decrease in toxicity in vivo as measured by mortality, with fish being able to tolerate a 40-fold 

higher dose of doxorubicin when in NP-form compared to free drug. The injection of 10 ng of 

doxorubicin in free form led to a rapid death of all the embryos while a low dose of 1 ng resulted 

in a mortality of 50% after 4 days. Nevertheless, only approximately 15 % of the embryos 

injected with the free drug survived at the endpoint of the experiment. When the drug was 

conjugated in NP, the results were strikingly different. There was in fact no significant 

difference between non-injected zebrafish, mock-injected controls and zebrafish that received 

up to 40 ng of doxorubicin conjugated to NP. The 80 ng dosage of NP-conjugated doxorubicin 

was significantly increasing mortality in embryos compared to the 40 ng or lower doses of NP. 

In consequence, the dose of 80 ng doxorubicin in NP form was considered not to be suitable 

for subsequent experiments.  
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4.6.2 Quantifying nanoparticle accumulation in tumors 

Due to rapid angiogenesis, the tumor develops a mesh of leaky vessels where NP can exit from 

the vasculature via a passive mechanism referred to as the enhanced permeability and retention 

(EPR) effect. This is an established hypothesis in the cancer research community 59 for 

explaining the accumulation of NP in the tumor area trough passive targeting. We wanted to 

check whether this EPR effect was also evident in our model system, and whether the treatment 

with non-toxic levels of free- or NP-conjugated doxorubicin could show some therapeutic effect 

in reducing the tumor growth.  

We hypothesized that injected NP might be able to accumulate in the tumor microenvironment 

due to this EPR effect, facilitated by the irregular and distorted angiogenesis at the tumor site. 

To test this hypothesis, fluorescent NP were injected in the blood of zebrafish embryos with 

established tumors and their accumulation was quantified using fluorescence microscopy.  

Figure 22: In vivo toxicity analysis of free doxorubicin and doxorubicin NP. Survival of zebrafish embryos 
(N = 20 per group) injected with 10 mg/kg, 4 mg/kg and 1 mg/kg free doxorubicin or 80 mg/kg, 40 mg/kg, 
20 mg/kg and 10 mg/kg doxorubicin NP. Empty NP or PVP 2 % in deionized water were injected as negative 
controls. Free drug of any concentration and 80 mg/kg of doxorubicin NP is toxic to the zebrafish embryos. In 
contrast, 40, 20 and 10 mg/kg doxorubicin NP and empty NP as well as PVP 2 % are all well tolerated by the fish 
(p < 0.0001).  
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To do so, red fluorescent B16F1 melanoma cells were injected in the neural tube of three-day 

old transgenic tg(fli1a:EGFP) zebrafish embryos, with had green fluorescence labeled 

endothelial cells. On day 6 after xenotransplantation, the embryos with established tumors were 

injected intravenously with Cy5 (far-red) labeled fluorescent NP and imaged a day later. 

The accumulation of the particles was determined analyzing the total fluorescence intensity 

originating from the NP in the area of the tumor compared to a neighboring healthy tissue in 

ImageJ, as previously described.  

Figure 23: NP accumulation in the tumor area. (A) NP labeled with Cy5 (magenta) accumulate in a developed 
tumor (red) in a zebrafish embryo with green fluorescent vasculature. (C) Higher magnification of the tumor region 
illustrates increased accumulation of the NP in the tumor vasculature and the posterior caudal vein (PCV). Scale 
bars: 200 µm. Images of tumor area in (C) and healthy tissue area in (D) demonstrate the vast differences of NP 
accumulation. Scale bars: 100 µm. (D) The NP accumulation in the tumor area (blue) vs. healthy tissue (gray) 
quantified by measuring demonstrates a significant difference (p < 0.0001) in amount of the NP in the tumor area, 
compared to the healthy tissue. Each dot represents the total intensity of far-red fluorescence in the analyzed area 
(tumor and healthy), with each fish (N = 30) having 2 dots (blue and a gray) per group. [a.u] = arbitrary units. 
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As shown in Figure 23B, we observed a high level of accumulation in the tumor area as well as 

the posterior caudal vein (PCV). The endothelial cells in PCV have been previously shown to 

be able to efficiently take up the NP 115. From Figure 23C and D it is evident that there was 

accumulation of NP in tumor microenvironment compared to the neighboring non-diseased 

tissue. To confirm this observation, we quantified the amount of NP in the tumor vasculature 

and neighboring vasculature with similar vessels (Figure 23E). The amount of NP as measured 

by the total fluorescence intensity of the area was significantly higher at the tumor site 

compared to unaffected healthy tissue, as expected.  

We further studied the unexpected observation of NP uptake by the tumor associated 

endothelial cells in more detail. In addition, we aimed to investigate whether the NP were able 

to extravasate from these vessels. To address these questions, we imaged the zebrafish embryos 

at high magnification two days after injection of the using a confocal microscope; representative 

images can be seen in Figure 24. Most NP were observed to accumulate within endothelial cells 

such as seen in Figure 24C. In some cases, however, the particles were also detected outside 

the vessels in the tissue, as demonstrated with blue arrows in Figure 24A, B.  

Figure 24: Confocal images of tg(fli1a:EGFP) zebrafish embryos with green vasculature, red B16F1 cell 
xenotransplant and blue Cy5 NP accumulating in the tumor microenvironment.  (A-B) Representative 
examples of a NP outside the vasculature (blue arrows) and overview of NP accumulation in the tumor area 
including (C).  
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Figure 25: Efficacy of doxorubicin-NP against B16F1 tumors in zebrafish embryos in vivo. (A-B) Zebrafish 
embryos were injected in the neural tube with GFP B16 F1 mice melanoma cells. (A) illustrates an embryo that 
was treated with doxorubicin (40 mg/kg) conjugated to NP the day after cell transplantation, while (B) shows an 
embryo that was injected with empty NP. Scale bars: 200 µm. (C) Growth inhibition of B16F1 tumors in zebrafish 
embryos treated with either PBS (mock), empty NP, free drug (free dox 4 mg/kg) or NP (NP-DOX 40 mg/kg)
(N ≥ 20). There is a significant difference in the growth of tumors treated with NP-DOX (pink) compared to 
untreated tumors (gray) or tumors treated with lower doses of free doxorubicin (burgundy). ** stands for p < 0.01 
and **** stands for p < 0.0001.  

4.6.3 Efficacy of doxorubicin-NP against B16F1 tumors in 
zebrafish embryos in vivo  

Given the decreased toxicity of NP and their ability to selectively accumulate in the tumor, we 

tested the anti-cancer potential of NP-conjugated doxorubicin. Three-day old wild type 

zebrafish embryos were injected with red fluorescent B16F1 cancer cells into the neural tube. 

The next day, zebrafish with visible cancer cell aggregates were injected intravenously with 

40 ng of doxorubicin conjugated to NP. As controls, zebrafish embryos were injected with the 

highest ‘non-toxic’ dose of free doxorubicin (4 mg/kg), empty NP or the NP diluting medium. 

Five days after the treatment, the zebrafish embryos were imaged. Zebrafish embryos dying 

because of toxicity were removed and not included in the final graph. As seen in the Figure 25A 

and B, treatment with doxorubicin NP had a clear effect on tumor growth (Figure 25C) which 

is also visible as decreased tumor growth in two representative images of zebrafish receiving 

empty NP (Figure 25A) or doxorubicin conjugated NP (Figure 25B). The tumor sizes were 

quantified by measuring total fluorescence intensity using ImageJ as previously described. 

Figure 25C shows the results where treatment with 40 ng of NP-conjugated drug significantly 

inhibited tumor growth compared to all other groups, which did not significantly differ from 

the mock-treated control. The total fluorescence intensity was normalized by subtracting 

fluorescence of a healthy area in the fish (background). 100 % is the average of tumors that 

were mock-injected.   
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5 Discussion 
Zebrafish share a significant amount of genetic information, anatomic organization, cellular 

makeup, developmental origins and metabolic processes with mammals. Hence, they are a 

powerful model to supplement the research ongoing in cancer field 116, including in the initial 

phase of NP mediated drug delivery development. The advantages of using zebrafish embryos 

for experiments of this sort include; (1) small amounts of test compounds are needed as each 

individual embryo weighs approximately 1 mg, (2) relatively fast and easy screening due to the 

quick growth of tumors as well as development and transparency of embryos, and (3) thanks to 

the high number of animals that can be used in each experiment, the potentially high  statistical 

significance of the assays.  

Even though zebrafish embryos are vertebrates that are small and easy to handle in large 

numbers, some aspects of tumor development and the metabolic fate of the drugs may differ 

from mammalian species. Therefore, this system is an attractive model for preceding as an 

additional step before the classical preclinical mouse model.  

Our cancer model consists of B16F1 mice melanoma cells xenotransplanted into the neural tube 

of zebrafish embryos. We took advantage of selected transgenic zebrafish lines with fluorescent 

tissues, for visualization of the tumor microenvironment in vivo by florescence microscopy. 

The cancer cells were transduced to express green or red fluorescent protein (GFP or RFP) as 

markers, making it possible to image the cells and host tissues in two separate channels, with 

transgenic fluorescent lines being available to mark host cell types in green or red. Ultimately, 

the developed tumor model allowed testing accumulation and chemotherapeutic efficacy of NP. 

  



65 
 

 So many nanoparticle formulations, yet so few 
approved  

Nano-medicine is a promising new kind of cancer treatment, and there is extensive ongoing 

research and enormous interest from the pharmaceutical industry. The NP field is constantly 

evolving 117, but there are only a dozen NP drugs that have been clinically approved for cancer 

therapy and are available on the market 118. This trend, with thousands of publications 

translating to only a few clinically approved drugs, and not many more in ongoing clinical trials, 

was investigated by Vincent and Francis in “Cancer nanomedicines: So many papers and so 

few drugs!” 119. They concluded that existing drugs formulated as nanomedicines are often more 

challenging to get approved. When the NP formulations are being evaluated, the polymer, the 

drug and the NP formulation combined must be approved and often, conventional drugs 

conjugated to NP show only a small increase in therapeutic performance compared to the 

approved free drugs. These formulations are not considered worthy of effort by the large 

pharmaceutical companies, because of the need for time-consuming and expensive 

development process of the polymers that comprise the NP. Nonetheless, sometimes the 

formulation in NP can have a significant effect, especially with respect to toxicity reduction for 

drugs such as doxorubicin, used in this thesis.  

Most of the nanomedicines that are approved and currently in clinical trials are designed to 

decrease the toxicity of the drug. Two of these are the formulations of highly toxic anthracycline 

chemotherapy drugs, doxorubicin and daunorobicin, known respectively as Doxil® and 

DaunoXome. These nanomedicines are liposomes, like most approved NP, and the 

encapsulation helps to protect the drug on its route to the target sites, decreasing its prominent 

side effects 69. It is assumed that they also target the tumors passively via the enhanced 

permeability and retention (EPR) effect (see p. 13, 72), increasing the efficacy of the existing 

treatment. The toxicity reduction and passive targeting are two of many advantages of 

nanomedicine, as summarized in Table 7. 

 
The lowering of toxicity 69,120 when using NP compared to the free drugs makes it possible to 

increase the maximum tolerated dose of the drug. Additionally, many existing drugs are 

hydrophobic, and NP formulations, thanks to their chemistry, are able to create a hydrophilic 

alternative of the treatment, thereby facilitating the drug administration with the avoidance of 

toxic excipients 121 (e.g. Abraxane solubilizes Paclitaxel avoiding the need for 
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Chremophor EL). The NP can also be formulated with targeting ligands attached to the surface, 

for passive and/or active-targeting. Due to their protection from the environment and thus from 

degradation, the drugs can be released in the disease sites in a controlled manner, depending on 

the formulation 56. The attachment of the drug to NP also provides extended lifetime of the drug 

due to slower elimination from the body, so that the dose applied can be generally lower than 

for conventional therapy. There are of course also some pitfalls in NP development, partially 

explaining why so few make it to the clinics 122. The main downside is the expense, because 

both the development and the production can be more expensive than the free drugs, which also 

results in very expensive treatments compared to the conventional drugs 123. Another difficulty 

is scaling up the production, because the NP formulation is usually more complicated compared 

to conventional drugs alone.  

Table 7: Nanomedicine compared with conventional drug therapy  

 Zebrafish as an intermediate model for clinical 
testing of treatments 

The standard way to get NP drugs to the clinic is testing in vitro followed by in vivo experiments 

in mouse, before moving on to human clinical trials. Our group suggests that there should be 

an intermediate testing platform between in vitro studies and mice. After chemical 

characterization of the NP, the next step is to test them in cell cultures for initial evaluation of 

toxicity and basic properties such as uptake and degradation of NP in cells. We are getting 

closer to in vitro clinical trials using models systems such as Organs on Chips, which are a type 

of artificial organ made by multi-channel 3-D microfluidic cell culture chips 124. Currently, the 

cell culture lacks the ability to provide the full context of the microenvironment and healthy 

host tissue that also might be affected by the drug. For this reason, we still have to rely on model 

organisms for additionally testing the drug in vivo. This is usually carried out in mice with the 

ADVANTAGES  PITFALLS 
 Less prominent side effects  
 Easier admission  
 Maximum tolerated dose of the drug can 

be increased  
 Drug can be targeted to the disease sites 

– passively or actively  
 Controlled drug release  
 Slower elimination, giving extended 

lifetime  
 The dose applied can be generally lower 

than with conventional therapy 

 High development and production costs  
 More complicated to scale up the production 
 Complicated to get clinically approved  
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aim to determine how the NP accumulate in the body, whether or not they have toxicity issues, 

and to what extent they reach the tumor. This is challenging because real-time imaging at the 

level of the whole organism is not possible for deeper tissues in mice. Additionally, high 

resolution cannot be achieved without time-consuming and invasive methods, often including 

euthanizing the animal. It is therefore possible that some of the drugs do not manage to reach 

clinical trials simply because of these challenging and expensive in vivo testing platforms used. 

In contrast, the zebrafish embryo is an excellent intermediate model organism for imaging 

purposes and, in addition, it is well-suited for toxicity tests, which are important in the 

beginning of the drug development. There are several main reasons for this, such as (1) the 

small size of the embryos, (2) their transparent appearance and (3) wide selection of transgenic 

lines available for fluorescence microscopy, as well as (4) large breeding numbers that further 

enable large-scale screens and (5) relatively easy and cheap maintenance. 

 Development of the tumor model 

The aim of this thesis is to test the NP in zebrafish embryos and for this, it was essential to find 

a robust system with consistent and fast developing tumors that can easily be imaged in the 

context of the host tissues.  

5.3.1 The tumor model with a novel xenotransplantation site  

As mentioned earlier, there are three main strategies to induce cancer in zebrafish. Endogenous 

tumors are created by chemical induction using carcinogens, which are chemicals that induce 

tumorigenesis. Tumors can also develop in transgenic organisms125, when by means of genetic 

manipulation, tumor suppressor genes are inactivated or tissue-specific oncogenes promoted. 

The most novel technique, however, is transplantation, where tumors are established 

via engraftment of cancer cells. When the cancer cells are derived from a different species, for 

instance mice, the technique is called xenotransplantation 79. The main advantage here is ability 

to mark the transplanted cells so that one can follow the tumor’s developmental process. This 

technique is the best strategy for our project. To develop a system preceding the mouse 

preclinical model, it needs to be quick as well as easy to control and observe.  
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There are many injection sites documented for xenotransplants. However, most are in parts of 

the embryo where the tissue is rather thick, negatively affecting imaging by confocal 

microscopy, especially around the yolk sac area. Alternatively, many models include injections 

in the blood, resulting in a random distribution of the cancer cells throughout the organism 126. 

For us, it was essential to have a fast-growing cell line and an injection site where the tumor 

develops uniformly and is easy to image. As a result, the cells were transplanted into zebrafish 

embryos using a new xenotransplantation site; the neural tube. This injection site is illustrated 

in Figure 26 (modified from 127), along with the injection site used for treatments discussed 

further in the text.  

5.3.2 B16F1 mice melanoma cells as the transplant cell line 

The B16 mice melanoma cancer cells are promising for our model mostly due to their fast 

growth rates in mouse 128 and zebrafish 103. Initially, we tested growth rates of B16F1 and 

B16F10 (daughter strain) in vitro (Data not shown) and due to the B16F1 cells growing 

considerably faster this was chosen as our main tumor model for subsequent experiments.  

Figure 26: Schematic illustration of a zebrafish embryo and the relevant injection sites. The inset shown 
below illustrates the injection sites used in this thesis. The Neural tube enlogates from the tail to the head of the 
embryo and is illustrated in green. This is the injection site used for the xenotransplants, and the caudal vein (PCV) 
is the injection site of the NP treatments. Also shown are dorsal aorta (DA) and the notochord (N) (figure modified 
from 127).  
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The wild type, B16F1, non-fluorescent cells were injected into the neural tube of two to three 

days old zebrafish embryos creating a visible bulk on the trunk by day 5 (Data not shown). It 

was however, desirable to be able to image the cancer cells by fluorescence microscopy and, as 

a consequence we wanted to inject them fluorescently labeled. Initially, we marked the cells 

with a fluorescent Vybrant™ DiD Cell-Labeling Solution, provided by Noemi Antonella 

Guadagno (Data not shown). This dye, however, is not permanent and does not mark the 

subsequent generations of cells when the tumor grows. To overcome this problem, we 

transduced the B16 melanoma cells to express a fluorescent marker (GFP or RFP) permanently. 

Since the transduced cells were expressing the markers at different levels, they were sorted by 

FACS to select the brightest population, which was approximately 1% of the cells, as selected 

gate P1. The FACS sorting was relatively quick and easy and worked well for our research 

purposes. Yet, variable expression was seen over time and continuous selection with puromycin 

seems necessary to maintain the homogenous population with high expression in case of 

extended cultivation (Martin Speth, personal communication). The results described here are 

obtained from relatively low passages of the transduced cells, but in case of further cultivation, 

it is advisable to repeat the selection with puromycin.  

Even though the B16 cells turned out to be well suited for forming fast developing tumors, it 

needed to be taken into consideration that this cell line is known to change over time, especially 

with respect to its melanin production. When the cells proliferate at high rates, they stop 

producing melanin. This is an advantage when it comes to microinjections because the melanin 

creates clumps that can clog the needle. Therefore, the cells were cultured until they were 

growing fast and presented a population with little melanin production, at this point they were 

then frozen in large batches from the same passage. This way, the cells used in subsequent 

experiments had comparable properties, and were straightforward to inject due to the lack of 

melanin.  
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Another important matter was the use of antibiotics in the cell culture. If the cells were grown 

with no antibiotics, they aggregated much less, further decreasing the difficulty for injections. 

Consequently, the use of antibiotics in the culture was avoided, except when selecting for the 

transduced cells and during flow sorting in non-sterile conditions. To avoid any additional 

clumps that might cause the injection needle to clog, prior to injection, the cells were passed 

through a filter. Finally, the B16F1 murine cell line with the optimal temperature of 37 °C is 

robust and can grow also at lower temperatures. This was an advantage as the optimal 

temperature for zebrafish embryos is 28 °C. The fish showed lowered survivals after a week 

post fertilization when growing at higher temperatures, such as 35 °C 

(Unpublished observation). Thus, we decided to test the tumor growth at 32 °C. The results 

were unexpected, as the tumors seemed to grow faster than at 35 °C. This might be due to the 

fish being in generally better health positively affecting the cancer cells ability to exploit the 

host tissues.  

5.3.3 Optimization of the xenotransplant model in zebrafish 
embryos 

The fast-growing B16 cells were injected into the neural tube of the fish at 2 or 3 dpf, depending 

on the experiment. The injection site was chosen due to its capability to have the cancer cells 

in an enclosed compartment, preventing passive spread and creation of many, small tumors. 

Interestingly, when injected at 2 dpf, the cancer cells distributed evenly in the neural tube 

(seen in Figure 26) while when we waited until day 3 to inject, they stayed confined to the 

injection site. Apparently, as the neural tube develops, it appears to permit less scattering of the 

injected cells, allowing formation of bulky tumors, visible by the eye. The tumor development 

rate, as well as final size were important for subsequent experiments with NP, because smaller 

tumors, as used in an earlier study by our group 102 do not induce significant levels of 

angiogenesis, and consequently lead to less accumulation of NP. Conversely, when the tumors 

are big, the vasculature around the tumor develops into a chaotic, leaky mesh of vessels similar 

to the human and mouse tumors 129. It was therefore beneficial to operate with the enclosed 

neural tube, at day 3 post fertilization. A crucial part was also to inject a relatively large number 

of cells, which was done by diluting them in minimal amounts of PBS and resulting in the 

standard injection volume of approximately 2-3 nL containing about 200 to 300 cells. 
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5.3.4 Characterization of our zebrafish embryo cancer model, 
including immune system and metastasis  

The B16F1 mouse melanoma tumors developed fast in the neural tube of zebrafish embryos 

and, during the investigated seven-day time span of cancer growth, increased at a relatively 

constant rate. The increase of the tumor size was clearly accompanied by the formation of new 

vasculature in form of chaotic and distorted mesh of vessels, as observed using the transgenic 

line with fluorescent endothelial cells. The angiogenesis is a characteristic for some mouse and 

human tumors 129 and here shown to be a phenomenon in zebrafish. 

Using transgenic zebrafish lines with fluorescent immune cells, we were able to check whether 

the innate immune cells, such as macrophages and neutrophils, accumulated in the tumor 

microenvironment. The control zebrafish were mock-injected in the same site and the 

observations were made 5 days after transplanting the cancer cells. These respective controls 

and observation time points were chosen to avoid a non-specific inflammatory response due to 

the wound from the injection needle. According to our results, there was an accumulation of 

macrophages in the tumor microenvironment, compared to the control injected fish. There was, 

however, no significant presence of neutrophils. This observation is unexpected due to the high 

levels of neovasculature observed in the tumor microenvironment. Angiogenesis is generally 

caused by VEGF signaling activated in the presence of a hypoxic environment often found in 

tumors 130,131. In the absence of oxygen, HIF factor activates the expression of hypoxia-response 

genes, including the pro-angiogenic VEGF 132. This makes the observed lack of neutrophils 

appear conflicting to what one would expect, since HIF signaling has previously been shown 

to activate and recruit neutrophils 133. A possible explanation for our model not showing 

neutrophil accumulation might be that the macrophages in the tumor environment induce 

reverse migration of the recruited neutrophils. It is a known mechanism to regulate the 

resolution phase of the inflammatory response 134, and has been observed in angiogenesis assays 

in zebrafish induced by wounding 135, showing similar angiogenesis development as in our 

model. Given that our findings are based on a limited number of embryos, it is plausible that a 

larger cohort of zebrafish might exhibit significant accumulation of neutrophils in the tumor 

environment, and further data collection should be done in order to draw conclusions regarding 

this issue.  

It has been shown that cancer cells that are able to invade tissues have different phenotype from 

the ones that are fast-dividing 136. Within the experimental time period of 10 days, we could not 
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observe any spreading of the B16F1 parental cell line, which proliferates very fast and shows a 

dividing phenotype, rather than an invasive one. There have been claims in the literature that 

B16F10 has a higher metastatic potential than its parental B16F1 cell line 76. We therefore 

transduced also B16F10 to express RFP and, when we injected the cells into the neural tube, 

the ensuing tumors grew slowly, and no metastasis was observed. This was the situation at least 

until day 10, which was the endpoint of most of our experiments. For now, we conclude that 

while our neural tube model is excellent for analyzing tumor associated angiogenesis and drug 

toxicity, it is not appropriate for monitoring cancer cell extravasation and seeding of new 

tumors. 

 Using the developed model as a system to 
screen nanoparticles 

As mentioned earlier, the zebrafish could become a powerful intermediate model for studying 

and quantifying the passive accumulation of NP into disease sites such as tumors. As seen from 

results above, the quick rate of angiogenesis in the tumor area, most likely triggered by 

hypoxia 137, causes the tumor to develop a chaotic mesh of vessels. Thanks to the transparent 

zebrafish embryo and fluorescent cancer cells and host tissues, our system can be used to 

demonstrate if there is accumulation of the NP in the tumor microenvironment. Generally, the 

chaotic neovasculature of the tumor is accompanied by a deficient lymphatic drainage, that 

together drive the EPR effect 138. The zebrafish have a lymphatic system sharing morphological 

and functional characteristics with other vertebrates 139 and many lymph vessels function 

already starting around 7 to 12 dpf. This was verified by injecting fluorescein dextran into 

muscle mass of the posterior trunk of the embryo and observing that the dye could be cleared 

within 3 hours 140.  

5.4.1 NP accumulation in tumors  

We primarily wanted to establish whether and how the new vasculature in the tumor 

microenvironment allows NP that were injected into the blood to accumulate in the tumor 

microenvironment. For this, we used fluorescent NP labeled with Cy5 and injected them into 

the caudal vein of zebrafish embryos (shown in Figure 26) with well-developed tumors that 

presented a prominent mesh of neovasculature in the tumor area. Due to the chaotic vasculature, 

we could expect the EPR effect to occur, potentially facilitating the accumulation of NP in the 



73 
 

tumor environment. As seen in the results section, the NP did accumulate in the vicinity of the 

tumor.  Unexpectedly however, the NP accumulated mainly in the endothelial cells of the 

vessels adjacent to the tumors, rather than extravasating in the tumor, suggesting a different 

mechanism of action rather than the EPR effect. Yet, by confocal microscopy, we observed 

small quantities of NP in the bulk of the tumor that must have escaped the blood vessel and 

reached the tumor mass, presumably due to the EPR effect. The NP also seemed to accumulate 

in the endothelium of the posterior caudal vein (PCV), at some distance away from the tumors. 

The endothelial cells in PCV of zebrafish embryos have been shown to display functional 

homology 115 to mammalian liver sinusoid endothelial cells (LSECs), responsible for hepatic 

clearance 141. These sinusoidal (or scavenger) endothelial cells (SECs) are usually the main 

sequesters of systemically administered NP in mice 142 and zebrafish 115. The scavenger 

receptor, stabilin-2, was shown to mediate the uptake of NP in the zebrafish SECs 115 and is 

also expressed in LSECs in mammalian liver 141. Dextran sulfate has shown to inhibit 

stabilin-2 143, and consequently minimizes off-target interactions 144 between NP and the 

scavenger cells, thereby increasing the NP circulation times. It is possible that the accumulation 

of NP in PCV of our model is driven by the same mechanism. If this is the case, we could 

increase circulation time and thus accumulation of our NP in the tumor by injecting zebrafish 

with dextran sulfate.  

Since our experimental window is only from 3 to 12 dpf, there are some restrictions regarding 

the conclusions we are able to draw from our results. It might be that the NP take longer time 

to penetrate the vasculature and this could be investigated further by imaging at later time points 

than 2 dpi. Additionally, the involvement of the lymphatic system in our model is unclear 

besides the fact that zebrafish at the same age have shown to successfully clear 

macromolecules 140.  
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 Testing cancer treatments on the zebrafish 
embryo cancer model  

After observing an increased accumulation of NP in the tumor vasculature, it was reasonable to 

investigate the efficacy of NP treatments against cancer. Our collaborators provided us with 

doxorubicin, a standard chemotherapy drug, conjugated to NP with a formulation that degrades 

at low pH, and we were interested to see how these would affect tumor growth as well as impact 

the toxicity effects of the drug.  

5.5.1 Toxicity testing of the therapeutic agents 

Prior to testing the effects of the novel treatment on the tumor, we had to assess the toxicity of 

these NP. We decided to do a study of the free and NP-conjugated doxorubicin in vitro, and 

subsequently test the NP toxicity in zebrafish embryos.  

In addition to the obvious therapeutic interest, the drug was tested in vitro for observing 

cell death effect on the fluorescence signal. This was necessary for understanding if and at what 

level the cancer cell treatment could be observed in vivo during the short time periods we 

intended to conduct the experiments. The GFP expressing B16 cells were treated and the cell 

viability was measured using the CCK-8 cell survival assay while the total fluorescence 

intensity was documented with stereomicroscope. Indeed, the GFP signal seemed to persist 

after cell death, although it got significantly weaker over time. However, the experiment is 

highly inconclusive due to the low sample numbers used for analysis. There is only one sample 

per condition when measuring fluorescence intensity, thus the fluorescence measurement at 48 

h for 0.2 µg/mL treatment might have been a possible outlier. Additionally, the NP treatment 

did not seem to be significantly less toxic compared to the free drug, although this is also highly 

inconclusive do to the two samples per condition, used for the cell viability assay. 

When testing the therapeutics in vivo, the NP were administered through intravenous injection 

into the caudal vein (shown in Figure 26). This was done to obtain accurate drug dosing, 

compared to the more common method of adding the drugs to the water bathing the fish. 

A satisfying result was that the NP were considerably less toxic than the free drug. The 

conjugation of the drug to the NP made it possible to inject up to 40 times more (40 mg/kg) 

than when in free form, without significant toxicity. In fact, the highest tolerated dose of 

doxorubicin nanomedicine in mice so far has been shown to be 20 mg/kg of Doxil® 145. This is 
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a convincing example of how NP formulations can lower side effects. However, toxic amounts 

of NP-conjugated doxorubicin (80 mg/kg) clearly affected the heart of the fish, which was 

evident as a reduction in the heartbeats per min (bpm) (Data not shown); this was expected 

since doxorubicin is known to cause cardiomyopathy in patients. Since the tolerated dose was 

much higher than the free drug, we wanted to check if the NP also provides higher efficacy of 

the treatment. This led to the next experiment of testing the effect of the drug against cancer in 

zebrafish embryos.  

5.5.2 NP-mediated therapy against cancer  

Since one aim of the thesis was to detect the effects of cancer treatment using NP, zebrafish 

embryos bearing tumors needed to be observed for several days after receiving the free drug or 

NP-drug therapy. The effect of the drug was measured by its capabilities to inhibit tumor growth 

rather than decreasing the tumor size directly. This approach was chosen mainly due to the 

restricted period available for the experiment (12 days) combined with persisting fluorescence 

of the cancer cells even after cell death. Consequently, the drug was injected in the caudal vein 

of zebrafish embryos (shown in Figure 26) as free form or conjugated to NP the day after the 

xenotransplantation, with empty NP and diluting solution used as controls.  

The tumor growth was indeed affected by the high dose of the drug conjugated to NP. Most 

tumors were ca. 50% smaller than the ones injected with control solutions (p < 0.05). This effect 

might come from the novel chemistry of the NP used. The drug was conjugated to the polymers 

with a pH-sensitive bond, causing a slow release when in an acidic environment, such as in the 

lysosomes. When the NP are taken up in the tumor area by endothelial cells, as shown using 

Cy5 (-) NP, they are presumably sequestered in low pH endosomes or lysosomes where they 

release the drug. We did not test whether the NP actually kill the cancer-associated vessels they 

accumulate in. Most likely, the endothelium tolerated the NP since the PCV also showed high 

NP accumulation levels but their ability to transport blood was not visibly impaired. One of the 

remaining questions is why the cancer cells were not completely eradicated and if additional 

doses would increase the effect of the drug. It has been shown that two subsequent doses of 

doxorubicin repress tumor growth in mice to a higher degree than a single dose 146 and this 

could be interesting to test in our model. 
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6 Concluding remarks 
In this thesis, we developed a novel zebrafish embryo cancer xenograft model where a murine 

cell line (B16F1) was injected into the neural tube of zebrafish embryos at 3 dpf and kept at 

32°C. Due to the straightforward imaging techniques that are accessible for the transparent 

zebrafish embryo, we were able to study the tumor growth and the surrounding host tissues 

in vivo in a non-invasive way, by high-resolution fluorescence imaging. The tumor 

microenvironment exhibited some human cancer hallmarks 3, such as angiogenesis and 

infiltration of macrophages. However, other hallmarks such as accumulation of neutrophils and 

metastatic spread were not observed. The fast-growing tumors were a viable platform for testing 

of NP based drug treatment against cancer, which was the aim of this study. 

Our results demonstrate striking beneficial effects of formulating the anti-cancer drug, 

doxorubicin, into NP. The toxicity was reduced by 40-fold and the NP showed a significant 

decrease in tumor growth compared to the free drug. We were also able to document the 

distribution of the fluorescently labeled NP version throughout the embryo. The observed 

accumulation was significantly higher in the endothelial cells of the tumor vasculature, 

compared to the healthy tissues. There were also some NP found in the tumor 

microenvironment, possibly due to the EPR effect. Endothelial cells of the posterior caudal vein 

showed increased concentrations of the particles, possibly due to their scavenger-like 

capabilities. 

These findings show that our zebrafish model can be a useful tool in the initial phases of 

development and testing of anti-tumor NP, before further experiments are conducted in mice 

models. The experiments are relatively cost-effective with good statistical significance, 

resulting in high-resolution images avoiding any invasive operations and require minimal 

compound usage.  
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7 Future directions 
There are two main areas of future developments regarding this project; further improvement 

of the cancer model, and additional preclinical testing of NP exhibiting new formulations and 

different tumor targeting strategies. 

 Improvements of the cancer model  

In order to clarify what type of endothelial cells the NP accumulate in, it should be specified 

whether some of the tumor neovasculature vessels belongs to the lymph. To study this, we 

intend to apply the technique of Yaniv and colleagues 139, who injected fluorescent compounds 

in the blood and the muscle of 14 – 21 dpf zebrafish embryos, marking the blood- and lymph 

vessels due to renal clearance, respectively.  

It would also be of interest to transplant other cancer cell lines to study if these trigger similar 

responses of the host tissue, such as angiogenesis and inflammation, in the tumor area. There 

are some murine cell lines that have previously shown to grow well in zebrafish embryos, for 

example colon carcinoma CT26 cells 103. We could also evaluate human cell lines as a potential 

xenotransplant platform for treatment testing on patient biopsies. This is, however, unlikely to 

be a success due to the slow tumor growth pattern previously observed in zebrafish embryos 102.  

Furthermore, with the help of gene expression profiling 147, we could investigate the impact of 

inflammatory cells on the tumor. Here, the phenotypes (pro- or anti-inflammatory) of cells in 

the tumor microenvironment can be determined by RNA sequencing, revealing the presence 

and quantity of RNA in the sample. Additionally, we could study the effect of selectively 

activated macrophages towards tumor-antagonizing phenotype (M1). As discovered in a 

collaboration with our group, murine macrophages are activated trough synergistic effects 

between toll-like receptor ligands and/or type I (f.ex. interferon-β) and type II interferons 

(f.ex. interferon-γ) 148. Possibly, the macrophages in zebrafish embryo behave similarly. 
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 Tumor targeting and therapy by means of NP 

We also plan to test treatments using different NP formulations in our model, including novel 

targeting strategies. We will investigate the effects of tumor microenvironment normalization 

as pioneered by Jain and colleagues 129. Combination therapy of NP formulated anti-tumor drug 

and anti-VEGF compounds normalizing the chaotic tumor vasculature could, in theory, 

improve the delivery of NP and further decrease the tumor size.  

The uptake of the drug could further be enhanced through active targeting of receptors enriched 

on cancer cells by selective ligands attached onto NP. The idea is that the NP bind the surface 

receptor leading to endocytosis and consequent degradation with selective release of the drug 

inside the cancer cells. The most studied examples are the folate receptor 149 and the transferrin 

receptor 150, and would be interesting to test in our model. It is possible to genetically engineer 

the xenotransplanted cancer cells to express the receptors known for their presence on human 

cancer cells, in case of absence due to lack in homology. Additionally, one can target the cancer 

cells by taking advantage of their metabolism, as Wang and colleagues 151 showed that the 

surface of cells could be labeled with specific sugar domains via the metabolism of sugars. 

The sugars are added to and taken up by the cells, where they are modified by cancer cell-

specific enzymes and end up as tags on the surface of the cells via the secretory pathway. 

Fluorescent NP that specifically recognize the modified sugars can selectively bind to cancer 

cells which in theory are the only ones exhibiting the enzyme-modified version of the sugars. 

We briefly tested this approach in zebrafish embryos (Data not shown). However, the system 

needs to be optimized for this model and we will thus pursue this strategy in the future.  

Finally, the NP formulation that will be tested next was produced by our collaborators, 

Barz group in Mainz, Germany. The active drug in these NP is paclitaxel, which affects tubulin, 

a component of the cytoskeleton, thereby prolonging the mitosis stage of the cell cycle and 

hence inducing apoptosis. The drug has many side effects, but is on the WHO list of essential 

medicines1, similarly to doxorubicin. Our model can be used to test if this NP formulation 

decreases the toxicity of the drug, as well as its effect towards tumor growth and accumulation 

pattern in the zebrafish embryo model. Will the NP end up in endothelial cells of tumor 

vasculature similarly to the ones tested in this thesis or will they exhibit a different mechanism 

of accumulation?  
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