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Abstract
Chemotherapy can potentially be greatly improved by using nanoparticles as drug
carriers to deliver chemotherapeutic drugs specifically to cancer cells. Lipid nanopar-
ticles can encapsulate hydrophobic drugs that have low solubility in water, and target
tumor sites in the body either by active, passive or triggered delivery. In this thesis,
nanoparticle stability and size is optimized from an already existing lipid particle
formulation that is based on a mixture of solid (stearic acid) and liquid lipid (iso-
propyl palmitate). Systematic screening of the particle formulation and synthesis
process parameters led to the development of a nanostructured lipid carrier particle
stabilized by a combination of surfactants, Andean QDP Ultra and Phospholipon
80H. Zetasizer has been used to analyze size and stability of the monodisperse lipid
nanoparticles.
In the second part of the project, flow cytometry was used to characterize cellu-
lar uptake of fluorescently labeled lipid nanoparticles. It was found that particle
degradation extracellularly followed by release of dye and diffusion across the cell
membrane is likely the main mechanism of fluorophore uptake. Both rate of uptake
found from flow cytometry analysis, and stability analysis from the particle opti-
mization process, indicates lipid particle degradation occuring over a time period of
at least 48 hours in a physiological environment.
Lastly, cytotoxicity of lipid nanoparticles and nanoparticle encapsulated kinase in-
hibitor was investigated in vitro. The kinase inhibitor, Gefitinib showed time and
concentration dependent cytotoxicity, while the nanoparticles had very high toxicity.
Even at concentrations as low as ≈15µg/ml empty nanoparticles in growth media,
the cell viability was less than 80%.
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Sammendrag
Dagens cellegiftbehandling kan potensielt forbedres betydelig ved bruk av nanopar-
tikler med innkapslet cellegift som kan levere medisin spesifikt til kreftceller i krop-
pen. Lipid nanopartikler kan kapsle inn hydrofobe legemidler som har lav løselighet
i vann og måltettet levere medikamentet til kreftsvulster, enten ved aktiv/passiv lev-
ering eller ved ekstern stimuli. I denne oppgaven har stabilitet og størrelse til lipid
nanopartikler blitt optimert fra en allerede eksisterende lipidpartikkel formulering
som er basert på en blanding av fast (stearinsyre) og flytende lipid (isopropylpalmi-
tat). En systematisk utvelgelsesprosess av partikkel komponenter og synteseprosess-
parametre førte til utviklingen av en lipid partikkel stabilisert av en kombinasjon av
to surfaktanter, Andean QDP Ultra og Phospholipon 80H. Zetasizer har blitt brukt
til å analysere størrelse og stabilitet til monodisperse lipid nanopartikler.
I den andre delen av prosjektet, ble flowcytometri benyttet for å karakterisere cel-
lulært opptak av fluorescensmerkede lipid nanopartikler. Det ble funnet at mulig
hovedmekanisme for cellulært opptak av fluorofor er partikkel degradering ekstra-
cellulært etterfulgt av frigjøring av fargestoff og diffusjon gjennom cellemembranen.
Både cellulær opptakshastighet funnet fra flowcytometrianalyser, og resultater fra
stabilitetsanalyse under partikkeloptimeringsprosessen, indikerer at nanopartikkel
nedbrytning strekker seg over et tidsrom på minst 48 timer i et fysiologisk miljø.
Til slutt, cytotoksisitet av lipidpartikler og en nanopartikkel-innkapslet kinase in-
hibitor ble undersøkt in vitro, ved bruk av luminiserende cellevitalitets assay og
mikroplate leser. Den inkaplede kinase inhibitoren, Gefitinib, hadde tids- og kon-
sentrasjonsavhengig cytotoksisitet., mens lipidnanopartiklene var meget giftige. Selv
ved konsentrasjoner så lave som ≈15 µg/ml av tomme nanopartikler i vekstmedium
ble cellelevedyktigheten redusert til under 80%.
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List of Abbrevations
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DLS Dynamic light scattering
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FCM Flow cytometry
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SD Standard deviation
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1 Introduction

Cancer is one of the leading causes of death worldwide, the annual amount of new
cancer cases is expected to rise about 70% within the next twenty years, according
to World Health Organization (WHO) [1].
Treating cancer is a complex matter, as it is not one single disease, but rather a col-
lection of diseases that have uncontrolled and abnormal cell proliferation in common.
It arises from cells that through mutations acquire the ability to resist systematic cell
regulations and begin growing and proliferating in an uncontrolled manner. These
cells are often very similar to healthy cells and are therefore difficult to detect for
both the immune system and developed drugs, thus making it difficult to fight the
disease. Existing methods of therapy are often insufficient, re-occurring tumors and
adverse side effects are common. There is intense research going into developing new
methods of treatment. The major drawback of conventional chemotherapy is the
systemic distribution of chemotherapeutic drugs, leading to unfavorable effects on
healthy tissue. This calls for development of efficient treatments that are selective
towards cancer cells.
Nanotechnology has the potential to create novel platforms for diagnosis and treat-
ment of cancer. Biodegradable nanoparticles (NPs) have been studied extensively
over the last few decades towards developing drug delivery systems that can po-
tentially reduce drug dose released systemically and increase drug load to cancer
cells [2]. Many systems have been proposed, but few have made it through trial
stages. The concept of drug delivery is based on encapsulation or binding of phar-
maceutical drugs to a nanocarriers that selectively delivers the loading compound
at a targeted site in the body, often a tumor. Nanoparticles are known to passively
target tumors by exploiting the enhanced permeability- and retention (EPR) effect,
leading to accumulation in tumor tissue [3]. Triggered drug release [4] and surface
functionalization for enhanced binding affinity (active targeting) [5] are other pro-
posed methods of targeting.
Lipid nanoparticles provide a promising approach for site specific drug delivery
and controlled drug release [6]. Lipid NPs are colloidal particles consisting of a
biodegradable and biocompatible lipid matrix [6]. The lipid nanoparticles in this
project are made through a one-step melt-emulsification process, where hydropho-
bic contrast agents and/or drugs can be incorporated in the same process. The
particles are stabilized by surfactants organized on the lipid particle surface. Many
drug candidates with high therapeutic efficiency have poor solubility in water, and
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are therefore unsuitable for intravenous administration. By encapsulation of such
drugs in lipid nanocarriers, solubility, bioavailability, targeting and absorption can
be increased [7]. The lipid nanoparticle system that is evaluated in this project is
nanostructured lipid carriers (NLC), which consist of a mixture of solid and liquid
lipids [8].
To develop this lipid-based drug delivery platform further, it is important to gain
knowledge of how the nanocarriers interact with cells. Many pharmaceutical targets
are located intracellularly [9], thus the drugs must consequently be taken up by
cells and reach the target to achieve a therapeutic effect. This uptake may occur
through endocytosis followed by intracellular release, extracellular release followed
by drug diffusion across the plasma membrane, or by contact-mediated transfer of
drugs between NPs and the plasma membrane. Other important aspects that needs
to be addressed of lipid NP-based drug delivery is particle cytotoxicity and circu-
lation times. An increased understanding of the life cycle and interactions of NPs
in a biological environment can result in improved knowledge on how to design a
nanocarrier with optimal characteristics.

1.1 Purpose of this project

This thesis is part of a project aiming to develop a drug delivery system based on
nanostructured lipid carriers. The work presented has been preformed at Sintef ma-
terials and chemistry and at NTNU Department of Physics, and can be divided into
three main parts.
The purpose of the first part was further develop an already existing synthesis pro-
tocol for a lipid-based nanocarrier system, developed at Sintef. The goal was to
find a formulation that would lead to particle improvements in terms of size and
stability, making it better suited for drug delivery applications. In the second part,
the motivation was to evaluate the cellular uptake of fluorescently labeled lipid NPs
in human cancer cells, to get a better understanding of the fate of the NPs, uptake
mechanisms and the interactions between nanocarriers and cells. Lastly, cytotoxic-
ity of lipid NPs and a chemotherapeutic drug encapsulated in nanocarriers was to
be analyzed in vitro.
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2 Theory

In this project, lipid nanoparticles are developed with improved stability and size
characteristics from an already existing lipid nanocarrier system. In addition, cel-
lular uptake and cytotoxic effect of fluorophore/drug loaded nanoparticles are mea-
sured in vitro. In order to understand the results obtained from the experiments
performed in this project, this section presents a basic introduction to cancer, treat-
ments of cancer using nanocarriers, uptake of nanoparticles in cells, lipid nanopar-
ticle composition and stability, as well as instruments and measurement techniques.
This master’s thesis has similarities in topic with my 5th year project thesis [10]
written in the fall 2015, some of the theory has been adapted from that thesis.

2.1 Cancer

Cancer is collection of diseases, characterized by one or several uncontrolled, grow-
ing masses of cells that are capable of spreading throughout the body and can in
many cases be life threatening. When cancer develops, old or damaged cells, that
normally would die, can survive and new unneeded cells are formed. The resulting
growing accumulation of cells is called a tumor ( [11], ch.24). Cancerous tumors are
malignant, meaning they can spread to other parts of the body through a process
called metastasis. During metastasis, cells detach from the tumor and invade cir-
culatory systems, allowing the cancer cells to reach distant tissues. Benign tumors
on the other hand, grow in a confined area, do not spread to other tissues and are
rarely dangerous.
Cancer cells differ from normal cells in many ways that allows them to grow uncon-
trolled and invade other tissues. In general, cancer cells are less specialized than
normal cells, this is one of the reasons why cancer cells continue to divide whereas
normal cells mature into distinct types of cells with specific functions. In addition,
cancer cells are often able to evade the body’s immune system. Normally, damaged,
infected and dead cells are removed, but cancer cells are often able to "hide" from
the immune system.
Cancer is a genetic disease, caused by changes to genes that are involved signaling
pathways and control mechanisms for cell division and death ( [11], ch.24). Genetic
changes responsible for cancer can be inherited from our parents, or they can arise
throughout a persons lifetime. Cell cycle controls do not function properly in cancer
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cells, the cells do not respond appropriately to external or internal signals involved
in cell cycle regulation. In addition, cancer cells have various ways of blocking sig-
nals that normally lead to apoptosis. By these mechanisms, cancer cells proliferate
and survive under conditions that normal cells would not.

2.1.1 Cell cycle

A major difference between normal cells and cancer cells is the response to signals
related to the cell cycle. The cell cycle are the stages involved in preparation and
carrying out cell division. The cycle begins when two new cells are formed from the
division of one parental cell, and ends when one of the new cells divide and give rise
to another two cells ( [11], ch.19).
The two main phases of the cell cycle is the M phase and the interphase. The
M phase is the division phase, involving mitosis and cytokinesis where the nucleus
divides first followed by the cytoplasm dividing the cell into two daughter cells. The
growth phase in between cell divisions is the interphase, the events of the interphase
accounts for a large portion of the total cell cycle. Cellular contents are synthesized
during this phase. During cell division, each new daughter cell is left with one copy
of each chromosome. Before the cells can divide again, the genetic material must
be copied. This happens during the S phase of the interphase. The S phase is
separated from the preceding M phase by time period called G1, and from the next
cell division by a time period called G2 ( [11], ch.19).
During G1 the there is a checkpoint at which it is determined whether and when the
cell should divide again. Cells that get arrested in G1 enters state called G0, where
they await a signal to reenter the cell cycle and prepare for cell division. In animal
cells, to pass the restriction point G1, the cell must receive extracellular signals in
the form of stimulating growth factors to proceed in the cell cycle. Other cells exit
the cell cycle entirely and undergo terminal differentiation, meaning they are mature
specialized cells that never will divide again [ [11], ch.19]. For some cell types, a
second arrest of the cell cycle can occur in G2. These regulatory mechanisms makes
sure the requirements of cells are met and prevent unneeded cells from forming. Cell
cycle regulation mechanisms are interesting, not only to understand the behavior of
different cell types, but also to understand how cancer can arise by escaping these
control mechanisms.
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2.1.2 Epidermal growth factor receptors and inhibitors

Tyrosine kinases are a family of enzymes that catalyzes phosphorylation of tyrosine
residues of different proteins in the cell, using adenosine triphosphate (ATP) [12].
Tyrosine kinases are important mediators in different cellular signaling pathways
involved in cell differentiation, apoptosis, metabolism and growth [12]. In normal
cells, signaling pathways implicating tyrosine kinases can for example contribute to
sensitivity towards apoptotic stimuli or be involved in preventing deregulated prolif-
eration. These signaling pathways are have often been genetically altered in cancer
cells [12].
One branch of the tyrosine kinase family is the receptor tyrosine kinase (RTK),
which serves as a transmembrane cell surface receptor in addition to having enzy-
matic activity. The RTKs have an extracellular binding site for hormones, cytokines
and growth factors, and an intracellular part involved in further downstream signal-
ing [13].
The epidermal growth factor receptor (EGFR) is one type of RTK, it belongs to
the ErbB family of receptor tyrosine kinases [14]. These receptors are activated by
extracellular binding of peptide growth factors from the protein family of epider-
mal growth factors (EGF). Extracellular ligand binding induces dimerization of the
transmembrane receptors, activating the intracellular parts of the kinases. Binding
of ATP and autophosphorylation of intracellular parts of the receptors triggers fur-
ther intracellular actions.
Mutations in the genes encoding tyrosine kinase receptors may lead to disturbance
in the kinase activity. An example of this is overactive tyrosine kinases, which may
lead to abnormal cell growth and eventually development of tumors. EGFR is in-
volved in cell proliferation, and has been shown to be overexpressed in many types
of cancer [14].
Inhibition of EGFRs is therefore a possible approach to inhibit abnormal cell growth
and thereby development of tumors. This makes EGFRs targets of anti-cancer
drugs [15]. There are several EGFR inhibitors already on the market, or in clinical
trials [16].
The two main type of EGFR inhibitors, low molecular weight tyrosine kinase in-
hibitors (TKIs) and monoclonal antibodies, differ in binding site of the drug. TKIs
usually act by diffusing through the cell membrane and binding to the intracellu-
lar kinase part of the receptor, blocking the binding site of ATP, while monoclonal
antibodies block the extracellular binding site of the ligand [16] [17]. Both types of
inhibitors prevent further downstream signaling from EGFRs.
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Figure 1: Schematic of the activation of a receptor tyrosine kinase, in-
cluding ligand binding, dimerizaton, autophosphorylation and activating
internal signaling molecules [18]

.

The TKIs used in this project are all low molecular weight tyrosine kinase inhibitors.
Erlotinib (Tarceva R©), Gefitinib (Iressa R©) and Lapatinib (Tykerb R©) are examples of
commercially available low molecular weight TKIs [16], these were also used in this
project. Erlotinib and Gefitinib are used for treatment of non- small cell lung cancer,
while Lapatinib is used against breast cancer [19] [20] [21]. In addition to these
three compounds, two other TKIs, that have been developed at the Department og
Chemistry at NTNU, were used in this project. The chemical structure of all five
compounds is shown in figure 2.
Development of new inhibitors is needed due to limitations of existing TKIs and
to obtain a stronger platform for handling complex treatment issues [16]. Typical
limitations to the existing TKIs are development of resistance towards the drug due
to mutations in tumor cells, and lack of tumor response [16]. Cancer cells and cell
growth is not only dependent on one signaling pathway, thus restraining growth
might require a combination of treatments or multi-target drugs [22].
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(a) Erlotinib (b) Gefitinib

(c) Lapatinib (d) SB6-140-06 (BS-BL)

(e) JH08-096

Figure 2: Chemical structure of tyrosine kinase inhibitors used in this project. a-c) are
comercially available d-e) have been developed at the Department of Chemistry, NTNU

2.1.3 Cancer treatments

The most common types of cancer treatment are chemotherapy, surgery and radi-
ation therapy. Often, a combination of these techniques are used to treat cancer.
Chemotherapy involves the use of chemical substances to damage or stress cells, and
it is most commonly used for metastasized tumors. Most chemotherapeutic drugs
are cytotoxic and function by killing cells with high proliferation rate. Unfortu-
nately, not only cancer cells grow and divide rapidly, some healthy cell types like
cells in the bone marrow or hair follicles also have a high rate of proliferation. This
means healthy cells are also affected by the cytotoxic drugs, and this causes side
effects like hair loss and fatigue.
Surgery is often an efficient treatment method for tumors that have not spread, and
are located at a superficial area. When tumors are very complex or located at areas
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that are difficult to reach without endangering the health of the patient, like e.g.
brain tumors, surgery can not be performed as the risks of complications are too
high. In such complicated cases, radiation therapy is often used. Radiation is used
to shrink or completely remove tumors. By applying radiation towards a tumor,
the DNA of the cancer cells is damaged, leading to cell death [23]. The biggest
disadvantage of radiation therapy is the risk of damaging healthy tissue surround-
ing the tumor. This is avoided to some extent by aiming the radiation beams from
several different angles so that only the tumor area receives a high dose of exposure.
Unfortunately, reoccurring tumors are common after radiation therapy [24].
Even with the treatments mentioned here and several other methods used today,
cancer is still difficult to treat in many cases. The treatments often yield limited re-
sults and/or cause severe side-effects. With conventional chemotherapy, chemother-
apeutic agents are distributed non-specifically throughout the body affecting not
only tumor cells, but also healthy tissue. The dose actually ending up in tumor
tissue no more than approximately 0.01-0.1% [25] [26]. Tissue selectivity is there-
fore a major topic in cancer therapy research. There is a need for development of
cancer therapies that can fight cancer with more precision and potentially cause
fewer side effects than the standard options. Examples of newer treatment regimes
are immunotherapy and targeted cancer therapy. Immunotherapy involves using
the body’s own immune system to fight cancer, while targeted cancer therapy uses
drugs or other substances to more precisely identify and attack cancer cells, without
harming healthy tissue.

2.1.4 Tumor biology and the enhanced permability- and re-
tention effect

Like all other cells, cancer cells need nutrients to grow and divide. A tumor mass
receives necessary nutrients through passive diffusion, up until the size of the tumor
reach about 2mm3 [27]. At this point, new blood vessels must form for the tumor
to continue to grow (angiogenesis). Angiogenesis is the process in which new blood
vessels are formed from pre-existing ones [28]. Tumor angiogenesis is an important
step in the development of tumors from a benign to a malignant state [28]. The
new-formed tumor blood vessels develop rapidly and become abnormal in shape
and branching [27] [28]. The vessels are leaky and tortuous, with much larger gaps
(200nm-1.2µm) between endothelial cells than in healthy vessels (5-10nm) [29]. Be-
cause of these tumor tissue- and vessel characteristics, drug delivery systems can
be designed to passively target tumor areas with drug carriers. This can be done
by exploiting the Enhanced Permeability and Retention effect (EPR-effect). The
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EPR-effect is an increase in permeability and ineffective lymphatic drainage occur-
ring in solid tumors. The phenomenon leads to enhanced retention of nanoparticles
in tumor tissue as the tumors are not able to eliminate extravasated nanoparticles,
due to lack of functioning lymphatics and thus fluid retention [30]. Molecules of
a certain size therefore tend to accumulate in tumor tissue due to the combined
anatomical and physiological properties of tumor tissue and vessels [3]. This phe-
nomena does not occur in healthy tissue, meaning that nanoparticles encapsulating
drugs can passively target solid tumors.
However there are some problems related to exploitation of the EPR-effect for drug
delivery purposes. Nanoparticles tend to accumulate around the leaky blood vessels,
and are not distributed evenly throughout the tumor tissue due to high interstitial
fluid pressure in tumors [31]. An other obstacle is low blood flow in immature vas-
cular networks, making solid tumors less accessible for nanoparticle accumulation,
and therefore making it difficult to obtain high enough concentration of NPs and
drugs [32].

Non-tumor related obstacles

Getting drug-carrying nanoparticles to the targeted area intact, and at a high enough
concentration to have therapeutic effect is challenging. When intravenously admin-
istered, nanoparticles may be recognized by the immune system and be cleared from
the circulatory system by phagocytes. Both particle size and hydrophobicity are im-
portant factors in determining the level of opsonins (blood proteins) that binds to
the particle surface and lead to clearance by phagocytes [2].
Once the nanoparticle leave the circulatory system, the extracellular matrix (ECM)
presents challenges for transport of drugs into tumor tissue. The ECM is a struc-
tural network of molecules, fibrous proteins and highly viscous fluids.
Many chemotherapeutic drugs must enter the cells to function. Internalization of
NPs encapsulating drugs often occur by endocytosis which renders the nanoparticle
inaccessible for the cytoplasm. If the endocytotic vessels enters the endolysosomal
pathway the drug must withstand the low pH inside the vesicle, ranging from 5
to 7.4 [33]. Only if the early endosome bursts, the nanoparticles will enter the
cytoplasm, where the drug needs to be released in order to have an effect [33].
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2.1.5 Nanoparticles and cancer targeting

As mentioned in the previous section, there is a demand for development of tumor-
selective drug delivery in order to avoid systemic side-effects as a consequence of
chemotherapeutic drugs affecting healthy tissue. Targeted therapy is a relatively new
branch within cancer therapy, where therapeutic agents interfere specifically with
cancer cells. In traditional chemotherapy, a large problem is the effect the cytotoxic
drugs have on healthy rapidly dividing cells. The dose in the tumor cells, and
thereby the therapeutic effect, is restricted by these side-effects. By encapsulation
of the chemotherapeutic agent in nanoparticles targeted for solid tumors, side-effects
can be reduced, as can the total dose due to the increased concentration of particles
in tumor tissues.
A drug delivery system is in short a formulation or device that enables introduction
of a pharmaceutical compound in the body, safely transports the drug and delivers
it in a controlled way to a target site in the body for local pharmaceutical action.
In this project, the system consist of a lipid carrier structure that encapsulates a
chemotherapeutic drug, and potentially can transport and release the drug at the
site solid tumors for cancer treatment. During transportation, it is important for
the drug-carrying system to avoid clearance by the immune system and to be stable
enough to reach the targeted area before degradation starts. The goal of targeted
drug delivery is to deliver medication to specific areas of the body and obtain a
higher dosage of medication there relative to other areas. Besides targeting, drug-
carriers can also be used to deliver substances that are not suitable for traditional
chemotherapy due to adverse side-effects, poor solubility in water etc.
The three main groups of targeting strategies are passive targeting, active targeting
and triggered drug delivery. In passive targeting, the physiological and anatomical
characteristics of tumor tissue and vessels are exploited for particle accumulation
in tumor tissue (EPR-effect, see section 2.1.4). Due to the low-effectiveness of the
process, NPs must have long circulation time to achieve a high enough concentration
in the tumor tissue before they start to degrade. In the case of active targeting,
nanocarriers have a functionalized surface with molecules that binds specifically to
cancer cells. Lastly, triggered drug delivery uses external stimuli to either direct
the NPs to the right area, or to trigger the release of drugs from nanocarriers. This
stimuli can be a change in the local environment, like pH or temperature, or it may
be an external signal like ultrasound or a magnetic field.
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2.2 Nanoparticles as drug delivery systems

NPs are small enough to travel into capillaries, and diffuse through the walls of
tumor blood vessels, but are too big to diffuse across endothelial layers in healthy
blood vessels. How well NPs travel through the extracellular matrix when diffusing
from the blood vessels, towards cancer cells depends on properties like charge and
pegylation (pegylation is presented section 2.2.3). The actual uptake of particles in
cells varies with different types of particles. Some particles are actively taken up
through endocytosis, while others are not taken up at all. NPs may degrade or be
leaky outside the cells leading to release of drugs followed by diffusion into cells, or
they can engage in contact-mediated transfer of drugs into the cells [34]. The topic
of cellular uptake of drugs and/or NPs will be further introduced in section 2.3.
The particles used for drug delivery are usually solid spherical structures in the size
range of 50-200nm in diameter [30]. Due to the high surface to volume ratio, NPs
show improved biodistribution of chemotherapeutic agents, and minimize toxicity
to the rest of the body by accumulating at the target site [35].The physical and
chemical properties of NPs can be varied significantly by surface functionalization.
The nanocarrier must be biocompatible, meaning it should not be taken up by
phagocytes of the immune system, and the particle should not be toxic. An other
aspect of biocompatibility is that particles should be degraded or removed by the
kidneys to avoid accumulation in the body [36].
Medication that can not be used in traditional chemotherapy due to hydrophobic
properties or harmful side-effects may be encapsulated in nanocarriers and used for
cancer therapy [35]. In addition, the carrier structure may protect medication and
thereby increase its stability intravenously. The circulation time of the nanoparticles
should be high enough for the particles to accumulate at the targeted site before
degradation starts.
The drug may be dispersed throughout the particle, entrapped inside one or several
local cavities of the particles, or be attached the to particle surface [30]. A wide
range of NPs have been developed, with differences in size, shape, composition,
surface chemistry etc., some of which have been approved by the Food and Drug
Administration (FDA) for use in humans, while others are currently undergoing
clinical trials [37].
Some of the most common groups of nanocarriers are micelles, emulsions, liposomes,
polymeric nanoparticles and solid lipid nanoparticles.
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2.2.1 Lipid-based nanocarriers

An essential factor for drug delivery vehicles pertains to low toxicity of the carrier
itself, both in vivo and in the environment as a by-product. Therefore, nanocar-
riers consisting of natural biomolecules such as lipids and proteins have gained a
lot of interest [38]. Limitations of poorly water soluble drugs may be reduced by
encapsulation in lipid nanocarriers [39]. Lipid carriers have potential applications
within cosmetics, research, drug delivery etc, and are generally easy to prepare, non-
toxic and biodegradable [40] [41]. Common disadvantages for many types of lipid
nanoparticles are tendency to gelate, unfavorable polymorphic transitions, and lipid
particle growth [41]. The particles used in this project are based on lipids.

Liposomes

Among many variations of lipid carriers, liposomes are the most common. Lipo-
somes are closed vesicular structures composed of amphipathic phospholipids form-
ing a bilayer [39]. Due to the alternating hydrophilic and hydrophobic structure of
liposomes, they have the ability to enclose compounds of different solubility. In ad-
dition, liposomes offer versatility in chemical and physical properties by modification
of the simple structure [39]. The surface can be functionalized with polyethylene
glycol (PEG) to avoid being removed by the immune system and to maintain steric
stability [42]. A great deal of liposomal formulations are already in clinical applica-
tions, and more are coming with many in clinical trials [43]. A common drawback
with liposomal formulations is low stability under physiological conditions leading
to uncontrollable drug release [44].

Figure 3: The figure illustrates a model liposome nanocarrier for drug delivery. [45]
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Solid lipid nanoparticles

Solid lipid nanoparticles (SLN) has over the years emerged as an alternative sys-
tem to more traditional carriers like emulsions, liposomes and polymeric nanopar-
ticles [46]. SLNs offer incorporation of hydrophobic drugs, increased drug release
control, stability and targeting efficiency [41] [39]. Compared to polymeric nanopar-
ticles, solid lipid based nanoparticles posses some important advantages, such as
low toxicity due to use of non-toxic system components, inexpensive materials, and
easier scale-up of production with the simple synthesis process of high pressure ho-
mogenization [47]. SLNs are composed of one or several solid lipids dispersed in an
aqueous surfactant solution [46]. Some common disadvantages of SLNs are low drug
loading capacity due to the crystalline structure, particle growth and drug expul-
sion after recrystallization during storage [46] [39]. A wide range of SLNs have been
developed with variations in composition.

Figure 4: The figure illustrates the two types of lipid nanoparticles, solid lipid nanoparti-
cles (SLN) and nanostructured lipid carriers (NLC). They differ in composition and struc-
ture of the lipid matrix. SLNs has a crystal structure of one or more solid lipids, while
NLCs consist of a mixture of solid and liquid lipids giving more room for drug accomoda-
tion. Both particle types have a stabilization agent at the interface of the aqueous media
and the lipid core. [48].

Nanostructured lipid carriers

The nanoparticles used in this project falls under the category of nanostructured
lipid carriers (NLC). NLCs were developed as a modification of SLNs to potentially
overcome difficulties with low loading capacity and to prevent drug expulsion [41].
The particle matrix of NLCs consists of a blend of solid and liquid lipids. The
matrix of NLCs is less ordered than SLNs, this property typically improves drug
load capacity and stability [41]. In addition, the less ordered structure leads to
reduced/avoided drug expulsion [41]. The conventional method of NLC synthesis
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involves mixing of solid lipid(s) and oil(s), resulting in a matrix that is still solid
at body temperature, but shows melting point depression compared to the original
solid lipid(s) [39].

2.2.2 Emulsions

The lipid nanoparticles used in this project were all produced through a miniemul-
sion process. An emulsion is a mixture of two (or more) immiscible liquids, where
one of the liquids is dispersed in the other as micro or nanosized droplets [49]. The
system is stabilized by a third component, a surfactant.
A pure mixture of immiscible liquids will separate into distinct phases to minimize
the interface between the liquids. When a surfactant is added to the mixture, it will
organize itself at the interface, and reduce the surface tension due to its amphiphilic
nature. With the surfactant present in the solution, the system can be mixed into
an emulsion where one of the liquids is dispersed in a continuous phase of the other
liquid. The hydrophilic head of the surfactant will be situated in the water, while
the hydrophobic tail will be situated in the oil phase. Even with the surfactant sta-
bilizing the system, over time the emulsion will separate back into distinct phases
of each liquid.

Figure 5: The figure illustrates an emulsification process, where sonication is used to
create micro/nano-sized oil droplets stabilized by emulsifier/surfactant at the oil-water in-
terface. In this project, a solid lipid is used in addition to a liquid lipid in the oil phase.
Figure adapted from [50].

Drugs, dye or other materials to be incorporated in the lipid nanoparticles, are
solubilized in the oil phase before the two phases are mixed. By applying a high
frequency ultrasonic field to the solution, the oil droplets will split into smaller
ones and droplet size will be reduced to the nanometer range. At this point, the
mixture is a nanoemulsion where the droplets have an oily core of lipids and loading
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material, and an outer layer of surfactants. During sonication, the oil droplet area
increases rapidly. There must be excessive surfactant in the solution as the process
of surfactant covering new surfaces competes with agglomeration of uncovered lipid
surfaces [51].

2.2.3 Particle stability

One of the main issues in the search of new nanoparticles for drug delivery is de-
veloping particles with optimal stability, both in terms of shelf-life and circulation
time in biological systems [52].
During storage, lipid nanoparticles are subject to several destabilizing mechanisms,
such as aggregation and Ostwald ripening. Ostwald ripening is a phenomena in
which larger particles grow on the expense of smaller ones in order to reach a ther-
modynamically more favorable state. Aggregation is simply clustering of particles.
These destabilizing mechanisms must be avoided to keep the particle size stable, and
maintain functionality and safety of the drug delivery system. Too large particles
can block capillaries (>5µm), resulting in particles not even reaching the targeted
area [53]. Degradation of large particles may lead to drug leakage leading to harmful
effects on healthy cells [53].
In solution, charged particles are mainly affected by electrostatic repulsive forces,
and attractive Van der Waals forces [54]. This is a dynamic interaction due to Brow-
nian motion. Particles of the same charge will repel each other, but for particles in
solution the net charge at the particle surface is screened by ions of the opposite
charge in the surrounding media. An electric double layer is built up on the particle
surface. The inner layer, called the Stern layer, consist of immobilized ions. In the
outer layer, the ions are less firmly associated [54]. The effective surface potential
also called zeta potential is measured at the surface of the outer layer, the slip-
ping plane. A high zeta potential generally indicates stable particles. In biological
environments, particles are exposed to various proteins and high concentrations of
electrolytes. The electric double layer surrounding the particles will be reduced due
to the high electrolyte concentration. Proteins and other substances can therefore
come closer to the particle surface [55]. Proteins adsorbing to the particle surface
may change several properties of the NP, such as size, shape and surface properties.
Some blood proteins are part of the innate immune system, and can by adsorbing to
NP surface facilitate particle recognition by phagocytes of the immune system [55].
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Figure 6: Illustration of the elctric double layer on a particle with negative surface charge
in dispersion medium. Adapted from [56]

Steric stability can be significantly improved for lipid nanoparticles by coating the
particle surface with steric stabilizers, known as stealth agents [57]. Particle prop-
erties like size, charge and hydrophobicity are important factors in the recognition
of nanoparticles by phagocytes of the immune system. To decrease hydrophobicity,
and thus increase circulation time of the particles, stealth agents such as polyethy-
lene glycol (PEG) are used for surface coating [57]. The PEG chain is usually part
of a molecule that also has a non-polar part, making the molecule amphipathic so
it will organize on the particle surface and act as a surfactant.
In addition to providing steric hindrance, coating with PEG increases particle bio-
compatibility. Pegylation is important to avoid protein adsorption to particle sur-
faces, thus reducing particle uptake by phagocytes of the immune system [55].
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Figure 7: The figure illustrates how pegylation of NP prevent uptake by the reticuloen-
dothelial system. In A(1-4) NP without PEG are coated with opsonin protein, taken up by
macrophages, and transported to the liver. In B(1-3) NPs coated with PEG are prevented
from opsonization and liver accumulation [55]
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2.3 Cellular uptake of nanoparticles

For a drug to have a biochemical reaction leading to a therapeutic effect, it must
reach its target. Molecular targets of chemotherapeutic agents are typically located
inside cancer cells. This means that either nanoparticles must cross the cell mem-
brane and release the drug inside the cell, or the drug must be released from the
particles outside the cell and cross the cell membrane. It is essential to understand
the mechanism of drug delivery to optimize nanoparticle properties in terms of re-
lease profile, circulation time etc.
The release of drugs from lipid nanoparticles has been poorly studied at the cellular
level. Possible mechanisms of drug delivery that do not require cellular uptake of
nanoparticles are: release of drugs outside the cell followed by diffusion of across the
membrane, and contact-mediated transfer of drugs [34].
The mechanism of drug delivery for some nanocarrier systems is release of drugs
outside the target cell membrane, followed by diffusion across the plasma membrane
directly into the cytoplasm. The process of release of drug/dye from the lipid car-
rier may employ various mechanisms such as burst release, matrix swelling, particle
degradation [34]. Solute diffusion is highly dependent on size, polarity and charge,
and is a relevant means of transport only for small, relatively non-polar molecules.
Diffusion is movement toward equilibrium, and is a spontaneous, passive transport
mechanism.
Contact-mediated drug delivery is a unique mechanism for transferring highly hy-
drophobic agents from nanoparticle carriers to cells [58] [59]. The mechanism is
dependent on close apposition between the carrier and the targeted cell membrane.
It involves particle binding to the cell surface, and it is highly dependent on the
particle composition and properties. Drugs/dye along with other nanoparticle lipid
components are transferred directly into the cytoplasm of the target cell [58] [60] [61].
This is a relatively rapid process compared to e.g. diffusion [34] [62].
The nanoparticles are too large to cross the cell membrane by passive transport, such
as simple diffusion. Uptake of nanoparticles occurs by mechanism of endocytosis,
which is a form of active transport where the cell membrane internalizes molecules
by forming a vesicle around them. The two main categories of endocytosis is phago-
cytosis and pinocytosis. Phagocytosis is mainly performed by specialized cells of the
immune system to internalize and degrade bacteria and damaged cells. Pinocyto-
sis occurs in all cell types and is mainly used for uptake of extracellular fluids [11].
Pinocytosis can be divided into four different uptake mechanisms; clathrin-mediated
endocytosis (CME), caveolae-mediated endocytosis (CvME), macropinocytosis and
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other clathrin- and caveolae-independent mechanisms [11]. The two most common
mechanisms, CME and CvME will be explained in detail here, as they will be studied
as possible uptake mechanisms of lipid nanoparticles in this project.

Figure 8: The illustration shows the principal pathways of endocytosis. The two main
groups of endocytosis is phagocytosis and pinocytosis. Pinocytosis is further subdivided into
clathrin-mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis and other
mechanisms independent of clathrin and caveolae. Figure adapted from [63].

Clathrin-mediated endocytosis

Clathrin-mediated endocytosis, also called receptor-mediated endocytosis, is the pri-
mary mechanism for specific internalization of macromolecules [11]. To initiate this
process, ligands bind to specific receptors located on the outer surface of the plasma
membrane. The receptor-ligand complex diffuse to membrane regions called coated
pits, where there is an accumulation of such complexes. Invagination of the plasma
membrane is facilitated by adaptor protein, clathrin and dynamin on the cytosolic
side of the membrane [11]. Eventually a vesicle will be formed and pinched of the
plasma membrane.

Clathrin-independent endocytosis

The two most important types of clathrin independent endocytosis is caveolin me-
diated endocytosis and macropinocytosis.
Caveolin mediated endocytosis, is the second most common process of pinocytosis.
Invaginations in the plasma membrane are formed due to oligomerization of the
coat protein caveolin [64]. Oligomerization leads to local caveolin-rich areas on the
cytosolic side of the plasma membrane. The resulting invaginations called caveo-
lae, eventually turn into caveolin coated flask-shaped vesicles that are pinched off
the membrane by dynamin 2 proteins [64]. Once internalized, caveolar vesicles are
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mainly directed to the ER and Golgi complex [64].

Macropinocytosis is called cell drinking, as it is a mechanism cells use to inter-
nalize large volumes of extracellular fluid, as well as any material present in the
fluid. The uptake mechanism is based on cell surface lamellipodia extending out of
the plasma membrane, bending and sealing back onto the membrane, forming vesi-
cles called macropinosomes [65]. This mechanism is not selective, and does therefore
not depend on stimuli from the internalized material.

Endocytosis inhibitors

To study what mechanisms are involved in cellular uptake of drug/dye/NPs, dif-
ferent pathways of endocytosis can be selectively inhibited. This can be done by
blocking specific steps of the various vesicle formation processes.
For caveolin-mediated endocytosis, a tyrosine-kinase inhibitor, Genistein, can be
used to cause local disruption of the actin network positioned at the site of en-
docytosis. In addition genistein inhibits recruitment of dynamin 2 to the site of
uptake. Both actin network and dynamin 2 are crucial for caveolin-mediated endo-
cytosis [66].
Chlorpromazine is an inhibitor for formation of clathrin-coated pits, and thus an in-
hibitor of clathrin-mediated endocytosis [66]. Chlorpromazine is believed to inhibit
by reversible translocation of clathrin and adaptors from the plasma membrane to
vesicles [66].
All forms of endocytosis can be blocked by cultivating cell samples at 4◦C [67].
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2.4 Instruments

In order to understand and be able to interpret the results, one must know how
measurements are performed and understand the basic principles of experimental
techniques. A short introduction to the instruments used in this project is presented
here.

2.4.1 Dynamic Light Scattering (DLS)

DLS is a technique that is used for analyzing particles in the size range of a few
nanometers to several microns. In this thesis DLS was used to determine average
particle size and polydispersity index for particles suspended in a liquid. The techni-
cal instrument, used for this project, employing DLS is called a Zetasizer (ZS) nano
particle analyzer. It can be used to perform measurement within a wide range of
concentrations and temperatures for molecules and particles in a liquid medium [68].
When nano-sized particles suspended in a liquid medium are hit with laser light,
Rayleigh scattering occurs. Rayleigh scattering is the elastic scattering of light by
particles that have much smaller diameter than the wavelength of the radiation [69].
Measurements of fluctuations in the scattered light can be analyzed to determine
particle size. Smaller particles lead to more fluctuations in intensity than larger
particles, see figure 9.

Figure 9: Dynamic light scattering (DLS) prinicle (left) and measure-
ment of zetapotential using DLS (right). Image adapted from [70]

.
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The intensity I of the scattered light is dependent on particle diameter d, refractive
index n, wavelength of laser light λ, and initial light intensity I0, and it is given by
equation 1 [71].

I = I0
1 + cos2θ
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)2(
d

2

)6
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The measured scattering intensity is based on the average scattered light from the
sample, and not from single particles. The intensity of Rayleigh scattered light is
proportional to the sixth power of the particle diameter, as seen in equation 1, the
determination of average particle size is therefore greatly affected by the presence
of larger particles or aggregates. For this reason, it is essential that the particle
suspension is relatively monodisperse, to obtain trustworthy results. Polydispersity
index (PDI) is calculated when doing DLS measurements. The PDI varies between 0
and 1, and indicates to which degree the sample is polydisperse. A low PDI, typically
less than 0.1 indicates that the sample is monodisperse [54]. PDI is correlated with
standard deviation (SD) of measured particle diameter, as shown in equation 2 [68].

PDI =
(σ
d

)2

(2)

Here, σ is the SD, and d is the measured average particle diameter. PDI is important
not only for characterization of particles, but also to ensure equal amount of drugs
is loaded into each particle.
DLS exploits diffusion of particles moving under Brownian motion, as well as Rayleigh
scattering to determine average particle size in a particle suspension. Brownian mo-
tion is a result of random bombardment of neighboring particles in the suspension,
leading to particle diffusion. The reported results of particle size measurements
are given as hydrodynamic particle diameter. Hydrodynamic diameter is the size
of a hypothetical hard sphere moving in the same fashion and having the same
translational diffusion coefficient as the particle being measured, assuming there is
a hydration layer surrounding the particles in the suspension [72].

2.4.2 Fluorescence

Several experimental techniques used in this project exploit the properties of fluo-
rescent molecules. Fluorescence is the emission of light from a substance that has
absorbed energy from electromagnetic radiation. An electron is excited to a higher
energy state by absorption of energy from incoming radiation. During the process
of relaxation, some thermal energy is lost and so the wavelength of emitted light
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is typically longer and has lower frequency of vibrations than that of the absorbed
radiation. This shift in photon energy is called Stokes shift and is illustrated in
figure 10. Stokes shift is essential for measurements as it gives rise to a difference
in absorption and emission spectra of the fluorophores, which makes it possible to
separate the excitation laser and the emitted light using spectral filters.

Figure 10: An energy level diagram of a molecule. Energy absorbation leads to excitation,
followed by stokes shift (the arrow between the orange and the red dot), and emission of
fluorescence [73].

NR668-modified nile red

Fluorescence is often exploited in biological research, because it enables imaging of
living organisms, cellular structures and can be used to study specific cellular events.
A variety of tagging methods are used to make visible specific cellular components.
In this project, a fluorescent dye called NR668 was used for labeling nanoparticles,
the dye is a modified version of nile red. Nile red is a lipophilic stain, mostly used to
stain intracellular lipid droplets [74]. NR668 was used mainly due to its hydrophobic
nature, which makes it possible to encapsulate in lipid nanoparticles. Conventional
nile red is also lipophilic, but has been shown to leak out of lipid particles [40].
The chemical structure of both conventional nile red and NR668 can be seen in
figure 11. The alkane chains of NR668 makes the molecule more hydrophobic than
conventional nile red.
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Figure 11: Chemical structure of NR668 and nile red [40]
.

2.4.3 Flow cytometry

In this project flow cytometry (FCM) has been used to quantify uptake of fluores-
cent dye (NR668) within cells, and thereby quantifying the uptake of dye-containing
nanoparticles or free dye in cells. FCM is a powerful tool for the analysis of multiple
parameters of individual cells within a heterogeneous populations. The flow cytome-
ter performs analysis by passing cells in solution through a laser beam and detecting
the light that emerges from each cell as it passes through. The data gathered can
be analyzed statistically by FCM software, to report cellular characteristics, such as
size, complexity, phenotype and health of cells [75]. Figure 12 shows a schematic of
the primary systems of a flow cytometer.
Fluorescent tagged cells are passed through a laser beam, one at a time. This is per-
formed using a mechanism called hydrodynamic focusing where a stream of sheath
fluid carries and focuses the cells, leaving room for only one cell at a time to pass
the laser beam. As a cell passes through the laser it will scatter light at all an-
gles. Forward scattering (FS) is the amount of light that scatters in the forward
direction, as laser light strikes the cell. The magnitude of forward scatter is roughly
proportional to the size of the cell [75]. FCM is mostly used to analyze cells in the
size range of 1 to 15 microns in diameter [75]. The scattered light received at the
detector is translated into a voltage pulse. A histogram of the forward scattered
data is a graphical illustration of the size distribution of cells within the population.

Side scattering (SS) is caused by granularity and structural complexity inside the
cell [75]. The signals detected from side scattering can also be plotted in one di-
mensional histograms as for forward scattering, only in this case showing population
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complexity. A specific cell type with great internal complexity or a cell undergoing
apoptosis (rough cell) will have high side scattering signals.

Figure 12: Schematic of the primary systems of a flow cytometer, including fluidics
system, lasers, optics, detectors, electronics and peripheral systems [76]

.

Two dimensional scatter plots can be used to distinguish populations of cells, that
in one dimensional plots appear as a single population. For example, side scatter
and forward scatter can be plotted against each other to create a two dimensional
scatter plot. This multi-parametric analysis is a great advantage of flow cytometry.
Another parameter that can tell us a lot about cell structure and function is fluores-
cence. One of the most common ways to study cellular characteristics, using FCM,
involves the use of fluorescent molecules. In this project, nanoparticles encapsulat-
ing a fluorophore (NR688) are used to study the uptake of lipid nanoparticles in
cells. In FCM, when laser light of a specific wavelength strikes the fluorophore, a
fluorescent signal is emitted and detected. The emitted fluorescent signal travels
along the same path as the side scatter. Light is directed through a series of filters
and mirrors, so that light with particular ranges of wavelength are delivered to the
appropriate detectors. The fluorescence signal is translated into a voltage pulse,
proportional to the amount of fluorescence emitted.
In order to perform multiple fluorophore experiments at once, different fluorophores
must have absorption spectras that include the wavelength of the laser light in order
to be excited, and their emission peaks must be far enough apart so that discrete
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emission data can be collected [75]. Multiple fluorescence parameters are necessary
to dissect complex biological systems.
In order to avoid dominance of small irrelevant particles in the sample, a threshold
is set for scatting intensity, such that a certain pulse size must be exceeded for the
instrument to collect data.
The data obtained in FCM measurements are relative, so control experiments must
be included in each analysis. In this project where uptake of fluorescently labeled
nanoparticles is analyzed, a control sample is a sample of cells that has been incu-
bated under the same conditions, but without NPs. This way, autofluorescence of
the cells can be detected and the data can be compared with cells incubated with
NPs.

2.4.4 Multimodal microplate reader

Multimodal microplate readers are instruments that are used for detection of var-
ious biological, chemical and physical events of samples in multiwell plates. Plate
readers are widely used in quality control, manufacturing processes, academic, med-
ical and biotechnological research. Many measurements can be performed in a short
amount of time, with low cost and labor. Typical functionalities are spectral-based
measurements of absorbance, fluorescence and luminescence [77]. Absorbance mode
is commonly used for measuring enzymatic activity and quantifying protein and nu-
cleic acid concentration in a sample [78]. Luminescence and fluorescence modes are
important for reading samples with specific components tagged with fluorescent or
luminescent molecules [78].
A multimodal plate reader was in this project used for fluorescence detection and
fluorescence spectral analysis of a fluorophore encapsulated in lipid nanoparticles,
compared to free fluorophore in solution. The technique is based on excitation of
fluorophores in the sample by illumination with a laser beam of a specific wave-
length. The light emitted from the fluorescent molecules is separated from the laser
light, detected and presented as intensity of fluorescent light. The intensity of the
signal is proportional to the amount of fluorophores in the sample.

Luminescence

In addition to fluorescence measurements, luminescence detection was in this project
used to study nanoparticle toxicity and toxicity of a tyrosine kinase inhibitor. Lu-
minescence is the emission of light by materials not resulting from heat, as opposed
to burning wood or coal that require heat to emit light ??. Luminescence can occur
in some materials as a result of energy absorption from an electron beam, photon-
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rays, chemical reactions, crystallizations, mechanical action and more. This energy
absorption lifts the material to an unstable excited state, followed by a transition
back to its ground state during which light and/or heat is emitted. Fluorescence (see
section 2.4.2) is one type of luminescence that occurs as a consequence of absorption
of photons.
For cell viability studies in this project, luminescence is detected as a result of a
chemical reaction (chemiluminescence) in cells. The molecule that emits light is
called a luciferin, while the oxidative enzyme that catalyzed the reaction is called a
luciferase.

CellTiter Glo cell viability assay

The technique used for viability studies in this project is called CellTiter-Glo lumi-
nescent cell viability assay. Cell viability assays, like the CellTiter Glo, are com-
monly used to assess the effect of chemotherapeutic drugs on cells. CellTiter Glo
is a multiwell plate format where cells are incubated with a thermostable luciferase
(Ultra-GloTM recombinant luciferase) generating a luminescent signal proportional
to the amount of ATP available in the cells [79]. The amount of ATP present in a
cell culture signals the presence of metabolically active cells, indicating whether a
cell is living or dead.

Figure 13: Chemical reaction resulting in luminescence. Oxygenation of a luciferin cat-
alyzed by a luciferase, in the presence of oxygen, ATP and Mg2+. Figure adapted from [79]

.
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3 Materials and methods

The experimental work performed as part of this thesis was carried out at Sintef Ma-
terials and Chemistry and at the Department of Physics, NTNU. An overview with
basic chemical and physical information about the materials used for this project
can be found in appendix A.1.

3.1 Nanoparticles
The nanoparticles that have been used for all the experiments are lipid-based, and
produced through a miniemulsion process.

3.1.1 Synthesis of lipid nanoparticles

• An oil phase and a water phase are mixed in a miniemulsion process. The
oil phase consists of a liquid lipid, isopropyl palmitate (IPP), a solid lipid,
stearic acid (SA), and whatever molecules that are to be encapsulated in the
nanoparticles. The water phase contains water and one or several surfactants,
either Tween 80 or Phospholipon 80H (P80H) and/or Andean QDP Ultra
(QDP). Each phase is prepared in a 40ml vial. The exact concentration of
surfactants, IPP, SA, and loading compounds of each particle batch produced
in this project is listed in table 6 found in appendix B.1.

• A magnetic stir bar is added to the water phase, which is placed in a water
bath on a combined hot-plate magnetic-stirrer device. The temperature and
duration of the water bath varies with surfactant type in the water phase.
For particle batches with Tween 80, the water bath temperature was set to
80◦C and duration was until the water phase reached the set temperature.
For Phospholipon 80H (P80H) and Andean QDP Ultra (QDP) the water bath
temperature was 90◦C and duration was 30 minutes. Towards the end of the
water-phase heating, the lipid phase is heated in a separate water bath at 80◦C
until the stearic acid has melted. The water phase is added to the lipid phase.

• Before sonication of the water/oil solution, the sonication probe is kept in a
water bath of 80-90◦C to prevent any fat in the sample from sublimating on the
probe. Nanometer oil droplets are created by sonication (Branson Ultrasonics
Corporation Digital sonifier model 450). Surfactants adsorb at the water-oil
interface and thereby stabilize the droplets.
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• The physical state of the nanoparticles changes from liquid to solid by cooling
the sample solution in cold tap water after sonication. Directly after cooling,
the particle size is determined. The procedure for particle characterization is
presented in section 3.1.2.

The exact procedure for making lipid particles is developed throughout this project,
and has therefore been changed as the project moved forward. The protocol from
which later experiments have evolved from is listed in table 1, and will be referred to
as lipid particle synthesis protocol #1. The latest developed protocol is also listed in
table 1 and will be referred to as lipid particle synthesis protocol #2. The resulting
particles of the two protocols will be referred to as NLC#1 and NLC#2.

Table 1: Lipid nanoparticle synthesis protocol

Synthesis protocol #1 Synthesis protocol #2

Lipid phase: 0.6g SA + 0.4g
IPP+drug/dye

Lipid phase: 0.8g SA + 0.2g
IPP+drug/dye

Water phase: 20ml of distilled water
+ 0.25g Tween 80+ magnetic stir bar

Water phase: 20ml of distilled water
+ 0.24g QDP+ 0.06g P80H+

magnetic stir bar

Water phase in 80◦C water bath for
≈10 min, oil phase in 80◦C water bath

until SA has melted

Water phase in 90◦C water bath for
≈30 min, oil phase in 80◦C water bath

until SA has melted

Water phase added to lipid phase Water phase added to lipid phase

Probe preheated in 80◦C water bath Probe preheated in 80◦C water bath

Sonication 3 minutes 60% intensity Sonication 3 minutes 60% intensity

Immediately cooled under tap water Immediately cooled under tap water
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The standard particle synthesis procedure is as listed earlier. However, a few batches
of particles were made with minor adjustments to the standard procedure.

• In this project a batch of nanoparticles (particle batch PHAT 116) was homog-
enized using ultra-turrax instead of sonication, for comparison of the resulting
particles with particles made by sonication. The ultra-turrax was set at 24000
rpm for 2 minutes.

• In addition, the ultra-turraxed batch (PHAT 116) as well as a standard son-
icated batch (PHAT 115) of particles were each split into four samples and
cooled down in alternative ways to the cold water tap cooling as stated in the
standard procedure. The four different ways of cooling after sonication/ultra-
turraxing were as follows: ice bath for one hour, 90◦C water bath for one
hour followed by cooling under cold tap water, standard tap water cooling and
lastly room temperature cooling. Directly after cooling, the particle size is
determined, see section 3.1.2.

3.1.2 Characterization of nanoparticles

Particle size and degree of polydispersity (PDI) is determined by DLS using a
Malvern Zetasizer nanoparticle analyzer (Nano ZS 90) at isothermal measurement
mode in room temperature. Prior to the measurements, all samples are diluted in
distilled water by adding ≈40µl sample solution and 1 ml water to a disposable
zetasizer cuvette. Dilution of the original particle solutions in water is necessary
to obtain suitable scattering intensity from DLS measurements. Zetasizer measure-
ments are performed immediately after particle synthesis for all particle batches
produced in the project.
To monitor particle size and polydispersity over time, DLS measurements are re-
peated after 1,2, (3) and 4-6 days after synthesis. Particles are normally stored at
4◦C in between measurements. Some of the particle batches were stored at 37◦C for
the purpose of stability studies . A complete overview of zetasizer measurements in
this project including storage temperature conditions and time of measurement can
be found in appendix C.1.

3.1.3 Particle stability in various media

In addition to monitoring size and PDI of particles diluted in water, the stability
of lipid nanoparticles was also investigated for particles suspended in various other
media. This was done to get an understanding of what kind if environments the
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nanoparticles are stable in and thus may applicable to. Lipid nanoparticles that are
to be used for cancer treatment must be stable in biological media for at least long
enough for the chemotherapeutic drugs to be reach the targeted area in the body.
In this project, five different medias were used for particle stability analysis, the
medias are listed below:

• Phosphate buffer saline (PBS), pH 7.4. PBS is commonly used in biological
research due to its osmolarity and ion concentration matching physiological
values.

• Luria Broth media (LB), pH 7. LB is a widely used bacterial culture media,
and is commonly used to cultivate E.coli [80]. Many slightly different recipes
for LB media exist. The media used for this project contains 1g tryptone, 0.5g
yeast extract, 0.5 g sodium chloride and 100ml water. No protein serum was
added to the media.

• Deionized water, pH 7.

• 0.2M Glycine solution, pH 9. Glycine is the smallest of the 20 amino acids that
are found in proteins. Glycine buffer solution is commonly used for enzyme
studies [80].

• Dulbecco’s Modified Eagle’s Medium (DMEM), with 1% penicillin strepto-
mycin and 10% fetal bovine serum (FBS). DMEM is the same media as used
for cell cultivation in this project, see section 3.2.

Each solution was filtered to exclude any particles with a diameter larger than 0.2µ.
Two samples were made with each type of media, each sample containing 9ml media
and 1 ml nanoparticle solution (PHAT 122). One parallel was stored at 4◦C, the
other at 37◦C. Size measurements were performed after 0, 1, 2, 3, 5, 24 and 48
hours for the particles stored at 37◦C, while after 0, 3, 5, 24 and 48 hours for
the particles stored at 4◦C. The size measurements were performed using zetasizer,
by addition of 0.2ml sample and 0.8ml DI water to each zetasizer cuvette. As for
normal particle size measurements (see section 3.1.2), isothermal measurement mode
in room temperature was also used for size measurements of particles in various
media. The resulting PDI values, size distributions and variations is mean size over
time are evaluated in order to determine the stability of the systems.
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3.2 Cell cultivation

3.2.1 A-431 cells

In the experimental work of this thesis, epidermoid carcinoma cells (A-431, ATCC
No. CRL-1555) provided by the Department of Physics were used for all of the cell
experiments.
A-431 is a hypertriploid human cell line, originating from an 85-year-old female pa-
tient. The cells grow attached to a surface in a monolayer structure. A-431 cells are
well suited for studies on cancer cell-signaling pathways since they have abnormally
high levels of expression of a cell surface receptor, epidermal growth factor receptor
(EGFR). EGFRs are related to DNA synthesis, cell proliferation and apoptosis.
The growth medium used for cell cultivation was Dulbecco’s Modified Eagle’s Medium
(DMEM 11995-065, Gibco Life Technologies) mixed with 10% fetal bovine serum
(FBS, Sigma Aldrich), and 50mg streptomycin penicillin (Sigma Aldrich). The cells
were cultivated in 75 cm2 cell culturing flasks with 15 ml of growth medium and
incubated at 37◦C with 5% carbon dioxide, CO2.
Splitting of cells was performed every third or fourth day when the cells were ap-
proaching confluency. During cell splitting, old growth medium was first removed,
before 5 ml sterile phosphate buffered saline (PBS, Sigma Aldrich) was used to wash
away any proteins that might inhibit the protein trypsin. PBS was furthermore re-
moved before 3 ml 0.25% trypsin/0.02% EDTA (Ethylenediaminetetraacetic acid)
solution (Sigma Aldrich) was added and the flask was incubated at 37◦C for 5-7
minutes. The effect of adding trypsin/EDTA solution is cell detaching from the
incubation flask, this could be seen in a phase-contrast microscope. If the cells are
incubated with trypsin for too long, trypsin will damage the cells leading to cell
death. To stop the effect of trypsin after cells had detached, 7 ml of growth medium
was added to the flask. 10 ml of the cell suspension was transferred to a falcon
tube and centrifuged (Heraeus Megafuge 1.0) at 1500 rpm for 5 minutes. 10 µL of
cell suspension left in the incubation flask was furthermore used to determine con-
centration of living cells with the help of a cell counter (Countess, Invitrogen) and
10µl Trypan blue stain. Trypan blue is a vital stain used to selectively color dead
cells blue. After centrifugation, the supernatant was removed and the cell pellet
was resuspended in growth medium to a concentration of 1 million cells/ml. 1-2
million cells were transferred to a new incubation flask together with 14ml DMEM,
and placed in an incubator. The remaining cell solution was used for experiments
or was discharged. The growth medium was changed once during every passage.
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3.3 Flow cytometry analysis
A flow cytometer (Gallios, Beckman Coulter) was used to study cellular uptake of
fluorescently labeled nanoparticles in A431 cells. Modified nile red (NR668) was en-
capsulated in the nanoparticles used for the FCM experiments. A green laser with
wavelength λ=561nm was used to excite the fluorescent particles, while emission
was detected for λ=630nm with a 30nm bandpass filter.
Plotting forward scatter versus side scatter enabled separation of dead and alive
cells. Detection limit was set to 10000 counts for each sample. A single parameter
histogram was obtained from these events, with cell count vs fluorescence intensity.
The voltage of the system was set so that the peak fluorescence of the control sam-
ples were positioned between 0 and 1 on a logarithmic scale. Kaluza flow cytometry
analysis software (Beckman Coulter) was used for data analysis and for making
overlay histograms. A marker was applied in the overlay histograms, including all
events with fluorescence intensity above ≈3%. These events were defined as positive
detection.
The protocols used for uptake studies using flow cytometry were from previous stud-
ies performed at the biophysics department, and were suggested by PhD student,
Einar Sulheim. Sample preparations were as follows:
For each experiment, cells were seeded two days prior to incubation with nanopar-
ticles in order to reach approximately 80% confluency in growth wells. The solution
with cell concentration 1E6 cells/mL from the splitting process was diluted to a con-
centration of 150 000 cells/ml, by addition of DMEM. 1ml of the diluted solution
was added to each well of a 12 wellplate (COSTAR). The cells were incubated at
37◦C for 2-4 days before they were used for flow cytometry experiments.
To study uptake of nanoparticles in cells, solutions of nanoparticles and DMEM were
made with a NP concentration of 20µg/ml. The solutions were added to the wells in
volumes of 1ml per well. The chosen concentration of NPs were based on protocols
with other particle types at the biophysics department, as well as literature values
for studies of SLNs in vitro [81] [82]. 2-3 wells were used as controls, and therefore
contained cells in DMEM, but no nanoparticles. The samples were incubated for a
specific time period and stored at 37◦C, duration varying with different experiments
(1, 3, 6, 24 or 48 hours).
After incubation, the samples were washed and harvested for FCM. Cell medium
was removed before the samples were washed with 1mL prewarmed sterile PBS two
times, the PBS was removed after each rounds of washing. Furthermore, 300µL of
prewarmed trypsin/EDTA solution was added to each well. The cells were incubated
at 37◦C for about 5 minutes before 700µL of DMEM was added to each well to stop
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the trypsinization. The cell solutions were transferred from the wells into separate
falcon tubes and centrifuged at 1500 rpm for 5 minutes. Cell solution was removed
from the falcon tubes, before the cell pellet was washed two times by adding 400µL
of cold PBS to each tube, centrifugate at 1200 rpm for 3 minutes, and removing the
PBS between each wash. Finally, 400µL of cold PBS was suspended with a pipette
to each tube until the cells were well dispersed in the liquid. The tubes were stored
on ice. Right before FCM analysis, the samples were transferred to FCM tubes.

3.4 Spectral analysis of NR668
In order to interpret results from FCM in a correct way, spectral properties of the
fluorescent dye NR668 inside lipid nanoparticles vs free dye was analyzed. In ad-
dition, the dependence of NR668 spectral properties on temperature and time of
incubation were investigated. Spectral analysis were performed using SpectraMax
i3x Multi-Mode microplate. Fluorescence mode was used for both point analysis
and spectral analysis. 521nm was used as excitation wavelength, while emission
detection was in the range of 550-700nm for spectral analysis and 610nm with a 25
nm bandwidth for end point analysis. 10nm increments of wavelength selection was
used. Sample preparations were as follows:

• A batch of nanoparticles encapsulating NR668 was made as described in sec-
tion 3.1.1 (particle synthesis protocol#2), with a concentration of 0.5wt%
NR668 in the oil-phase, giving a concentration of 0.02347wt% in the particle
solution in total.

• 5mg NR668 was dissolved in 21,3g of IPP, giving the same concentration of
NR668 as a 0.5% NR668-particle batch in total, 0.02347wt%.

• Two solutions were made; one containing 4ml DMEM and 20µg/ml lipid
nanoparticles, the other containing 4ml DMEM and 1.4µl of IPP/NR668-
solution. Both solutions have the same total concentration of NR668.

• Each solution was split in two, one part placed in an incubator at 37◦C, the
other in a fridge at 4◦C.

• After 1, 3, 6, 24 and 48 hours, a small amount of each solution was transfered
to a black costar 96- well microplate. 3 parallel wells were tested for each of the
four solutions, each well containing 150µl solution. Analysis was performed
by use of a microplate reader.
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3.5 Inhibition of endocytosis
To better understand what mechanism underlies the uptake of fluorescent dye in
A431 cells, two inhibitors of endocytosis were used. The two inhibitors each inhibit
a specific mechanism of endocytosis, as there are more than one possible (see section
2.3). Stock solutions of inhibitors, Chlorpromazine and Genistein, were made with
the following contents and concentrations:

• 5mg/mL Chlorpromazine in FBS

• 10mM Genistein in dimethyl sulfoxide (DMSO)

The protocols for inhibition in A431 cells using Genistein [83] and chlorpromazine
[84] was found in the literature. Before experiments where cells were incubated with
nanoparticles and endocytosis inhibitors, the cells were allowed to attach and grow
in growth wells for two days.
To prepare cells for incubation with Chlorpromazine and Genistein, a small volume
of each stock solution was diluted in DMEM, reaching a concentration of 10µg/mL
for Chlorpromazine and 50µM for Genistein. Old DMEM was removed from twelve
growth wells and washed with PBS, 1 ml in each well. PBS furthermore was re-
moved, 1ml of diluted Genistein solution was added to three wells and 1 ml of
Chlorpromazine solution to three wells. The cells were placed in incubator for one
hour before the cell media was removed and DMEM containing fluorescently labeled
nanoparticles was added in the manner described in section 3.3. NPs were added
to nine wells. Thus, out of the twelve wells, three contained Genistein + NPs, 3
chlorpromazine + NPs, 3 only NPs, and 3 no NPs (control samples). After three
hours of incubation with nanoparticles, flow cytometry analysis was performed.
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3.6 Cell viability testing
Cell viability studies were performed to determine toxicity of both empty and ki-
nase inhibitor loaded nanoparticles. Two EGFR inhibitors were provided by the
Department of Chemistry at NTNU (SB6-140-06 and JH08-096), while three were
commercially available (Gefitinib, Erlotinib and Lapatinib). Before any of there ki-
nase inhibitors could be used in nanoparticle encapsulation and cell toxicity studies,
solubility in IPP was tested to determine which of the five substances was most
suitable for encapsulation in lipid particles. Cell toxicity was furthermore analyzed
with CellTiter Glo Luminescent cell viability assay.

3.6.1 Solubilitytesting of kinase inhibitors

In order to encapsulate any substance in a lipid nanoparticles, the loading compound
needs to be hydrophobic. As described in section 3.1.1, solid lipid nanoparticles are
made in a miniemulsion process with a water phase and a lipid phase. The actual
nanoparticles consist of all the components in the lipid phase, plus the surfactant
dissolved in the water phase. It is therefore important that any loading compound
is lipophilic, or it will not be included in the nanoparticles. The solubility test
procedure is based on attempting to dissolve powdered kinase inhibitors in liquid
lipid, in order to determine which inhibitor is most suitable for encapsulation in
lipid nanoparticles.
The solubility was determined in a step-wise procedure that involved attempting to
dissolve kinase inhibitors in IPP at relatively high concentrations using a sequence
of mechanical procedures (listed below). If the kinase inhibitor was not dissolved,
the volume of the IPP was increased so as to decrease the concentration by a factor
of 2, and then the sequence of mechanical procedures were repeated in an attempt
to solubilize the inhibitor at the decreased concentration. Determination of whether
an inhibitor has dissolved was based on visual observation. If a solution appeared
clear and no grains of powder could be seen, the kinase inhibitor was considered
dissolved. Table 2 shows the end concentrations of each of the five kinase inhibitors
in IPP.
Preparation of solutions

• Five solutions were made, containing 0.4g IPP and 0.01g kinase inhibitor,
giving a starting concentration of 2.5wt%. The kinase inhibitors were the
following substances: Gefitinib, Erlotinib, Lapatinib, SB6-140-06 and JH08-
096.
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• A reference solution containing 1mg NR668 in 40 mg IPP (2.5wt% NR668)
was made for comparison of solubility with the solutions containing kinase
inhibitors.

Mechanical procedures

• The samples were placed on a roller mixer (Stuart roller mixer SRT9) overnight
to ensure proper mixing.

• Samples were sonication for 10 minutes in a 20◦C ultrasonic bath to dissolve
any aggregates of kinase inhibitors.

• Samples were kept in a water bath at 80◦C for 30 seconds.

Table 2: End concentrations of kinase inhibitors in IPP

Kinase
inhibitor

*End
concentration in

IPP [wt%]

Erlotinib-HCl 0.625

Gefitinib 1.25

Lapatinib 1.25

SB6-140-05 0.625

JH08-096 1.25

*The end concentration of each kinase inhibitor was not actually measured, but
assuming the kinase inhibitor is dissolved in the total amount added IPP, these
concentrations were obtained.

3.6.2 Luminescent cell viability assay

Cell viability experiments were performed by CellTiter-Glo Luminescent Cell Vi-
ability Assay and plate reader luminescence measurements. Cellular viability was
measured with plate reader (SpectraMax i3x), endpoint luminescence detection and
600ms integration time.
Viability was studied for cells that had been incubated with blank nanoparticles,
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kinase inhibitor loaded nanoparticles, as well as non encapsulated kinase inhibitor.
The protocols used for viability studies were had been used for viability studies per-
formed with other NP types at the biophysics department and were suggested by
PhD student, Einar Sulheim. The procedure of the experiment was as follows:

• A431 cells were seeded out in three 96-well plates (black costar 96- well mi-
croplate) at a concentration of 8000cells/100µl growth medium. The mi-
croplates were incubated at 37◦C with 5% carbon dioxide, CO2 for 24 hours.

• On the same day as cell seeding, six solutions were made for toxicity testing.
Four of them were batches of lipid nanoparticles, all following nanoparticle syn-
thesis protocol#2. One particle batch with no loading material, the three other
with 5wt%, 2.5wt% and 1wt% Gefitinib. The last two solutions produced were
dimethyl sulfoxide (DMSO) mixed with Gefitinib, and pure DMSO solution.
The concentration of Gefitinib in DMSO was 0.117wt%. This concentration
is the same as the total concentration of Gefitinib in a particle batch with
2.5wt% Gefitinib (concentration in the oil phase).

• One day after cell seeding, a 96-well source plate was prepared with the six
solutions diluted in growth medium. The six solutions were diluted in the
source plate in growth medium at 2 fold serial dilutions along each row of
the source microplate, starting at 1000µg/ml of nanoparticles, and 1v/v% of
DMSO solutions. 2ml of diluted solution was added to each or the wells in
the first column, the two top wells of the column containing blank nanoparti-
cle solution, followed by particles encapsulating 1wt%, 2.5wt%, repetition of
2.5wt% and 5wt% Gefitinib. The last two wells of the first column were filled
with DMSO containing Gefitinib and pure DMSO respectively. The serial di-
lutions were carried out until 11 out of the 12 columns of the source plate
were filled. End volume in each well was 1ml. The last column was filled with
1ml of growth medium per well. Table 3 shows an overview of the microplate
setup.

• A 8-channel pipette was used to transfer the various dilutions of solutions
from the source plate to the three cell-containing 96-well plates. 100µl were
transfered to each well of the three 96-well plates by pipetting one column at
a time from the source plate. The three plates were incubated at 37◦C with
5% carbon dioxide, CO2.

• After 1, 2 and 3 days of incubation, a 96-well plate was taken out of the
incubator and left in room temperature before the last sample preparation for
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luminescence measurements could take place.

• 100µl of solution was removed from each well, before 80µl of CellTiter Glo
luminescent reagent was added to each well.

• The microplate was covered with alumni foil and left on a benchtop shaker set
to 200 rpm for 10 minutes before cell viability was measured with luminescence
recording, using a microplate reader.

Table 3: 96-well plate setup for toxicity experiment. Each well contains cells, DMEM and
one of the six prepared solutions.

Column
1 2 3 4 5 6 7 8 9 10 11 12

Blank NPs
[µl/ml]

1000 500 250 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98 0

Blank NPs
[µl/ml]

1000 500 250 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98 0

NPs 1% gef
[µl/ml]

1000 500 250 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98 0

NPs 2.5% gef
[µl/ml]

1000 500 250 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98 0

NPs 2.5% gef
[µl/ml]

1000 500 250 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98 0

NPs 5% gef
[µl/ml]

1000 500 250 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98 0

DMSO w/gef
[v/v%]

1 0.5 0.25 0.125 0.062 0.031 0.016 0.008 0.004 0.002 0.001 0

DMSO
[v/v%]

1 0.5 0.25 0.125 0.062 0.031 0.016 0.008 0.004 0.002 0.001 0
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4 Results

In this chapter the results are given with a brief description of the aim and method
for the experiment. The results are presented in three separate sections. The first is
about optimization of nanoparticles with respect to stability and size. The second
deals with cellular uptake of lipid nanoparticles. Lastly, the third section is about
cytotoxicity of kinase inhibitors and lipid nanoparticles.

4.1 Optimization of nanoparticle stability and size
Particle size and stability are essential features in a nanoparticle drug delivery sys-
tem. The particles must be large enough to ensure high drug payload, but at the
same time be small enough to travel in capillaries, across biological barriers and
accumulate in tumor tissues as a result of the EPR-effect, section 2.1.4. And with
respect to stability, the particle must have sufficient shelf life in solution, as well as
stability in biological environment.
To optimize these parameters, particle synthesis was repeatedly performed while
systematically varying subcomponents, composition and preparation protocol, all
the while monitoring particle stability, particle size and degree of polydispersity by
zetasizer measurements. Only one parallel was measured for each particle batch at
each time point throughout the optimization process, as the purpose of the exper-
iments were to screen particle properties. The end NP formulation (NLC#2), was
measured with ZS several times, statistical results will therefor be presented for only
that formulation in section 4.1.4.

4.1.1 First generation lipid nanoparticles (NLC#1)

Sintef materials and chemistry have prior to this project worked with synthesizing
lipid nanoparticles that have potential applications in drug delivery and medical
imaging. At the start of the project, lipid nanoparticles were made following the
general protocol used at Sintef was produced (synthesis protocol#1). This was done
to create a basis for further work and improvement of the NPs. First generation
lipid particles consist of an oil phase with 6:4 ratio of stearic acid and IPP stabilized
by Tween 80 in a water phase. Zetasizer measurements were performed to monitor
the particle size and PDI of the particle solutions over time.
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Figure 14 show the mean particle size as a function of time for NLP 1 and NLP
3. These particles differ in presence of loading material (see table 6 in appendix
B.1). NLP1 were empty, while NLP3 contained 0.5wt% curcumin. Average par-
ticle diameter for both batches was in the rage of ≈230-240nm immediately after
synthesis, while after two days of storage at 4◦C it had increased about 14-15% to
260-280nm. PDI values were between 0 and 0.2 for all measurements, indicating
relatively monodisperse solution. Exact PDI values and particle diameter can be
found in appendix C.1.

Figure 14: Mean particle size after 0, 1 and 2 days since synthesis for particle batches
NLP 1 and NLP 3, made with synthesis protocol #1, stored at 4◦C. NLP1 are empty, while
NLP3 contains 0.5% curcumin (model drug).

4.1.2 Second generation lipid nanoparticles

Systematic changes were done to the particle synthesis protocol of first generation
particles to produce improved nanoparticles with respect to particle size and stabil-
ity.
The parameters that were varied in the NP optimization process were: surfactant
type and concentration, amount and ratio of SA and IPP, particle storage temper-
ature, instrument used for emulsification, and lastly particle cooling method.

Selection of surfactant system and SA:IPP ratio and amount

Figure 15 shows the mean diameter found by zetasizer measurements for particle
batches PHAT 95-PHAT 98, where amount and ratio of SA and IPP was varied, and
Phospholipon 80H (P80H) was used as surfactant instead of Tween 80 (see table 6
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in appendix B.1).
PHAT 95 has high SA:IPP ratio, but low amount of SA, IPP and P80H.
PHAT 96 has high SA:IPP ratio, and high amount of SA, IPP and P80H.
PHAT 97 has low SA:IPP ratio, and low amount of SA, IPP and P80H.
PHAT 98 has low SA:IPP ratio, but high amount of SA, IPP and P80H.

Figure 15: Mean particle size after 0, 1, 2, 3 and 6 days since synthesis for particle
batches PHAT 95-98, where amount and ratio of SA and IPP was varied, and the amount
of surfactant Phospholipon 80 varied. Particle solutions were stored at 4◦C between mea-
surements. Black triangles in the figure represent less reliable ZS measurements due to high
PDI or presence of large/sedimenting particles.

The results show a decrease in particle size for PHAT 95 and PHAT 97 compared to
first generation particles. PHAT 95 and 97 have the same concentration of P80H, but
differ in SA:IPP ratio. PHAT 96 and 98 on the other hand, have higher amounts of
both SA, IPP and P80H than PHAT 95 and 97, but as the results show the particle
size is approximately the same in for those batches as for first generation particles.
The particle size increase over the first 2 days was ≈9% and ≈13% for PHAT 95
and 97, respectively. PDI values increased for all four batches over a time period of
6 days, from around 0.185 up to 0.22-0.32, indicating a slight increase in polydisper-
sity. Out of the four batches, PHAT 95 had the lowest increase in PDI. The exact
values of PDI and mean size can be found in appendix C.1.
After interpreting the results of zetasizer measurements of particle batches PHAT
95-98, the formulation of batch PHAT 95 was used in subsequent experiments for
synthesis of dye and drug encapsulating nanoparticles (PHAT 99-102). Figure 16
shows the increase in mean size for particle batch PHAT 99-PHAT 102, where cur-
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cumin and NR668 were encapsulated at two different concentrations (0.5% and 1%).
PDI measurements resulted in values in the range of 0.15-0.24 for all measurements,
indicating a slight increase in polydispersity.

Figure 16: Mean particle size after 0, 1 and 5 days since synthesis for particle batches
PHAT 99 (with 0.5% curcumin), PHAT 100 (with 1% curcumin), PHAT 101 (with 0.5%
NR668) and PHAT 102(with 1% NR668). Particle solutions were stored at 4◦C between
measurements. Black triangles in the figure represent less reliable ZS measurements due to
high PDI or presence of large/sedimenting particles.

The results of particle size measurements for PHAT 99-102 show slightly larger di-
ameter of particles encapsulating either dye or drug, compared to empty particles
(PHAT 95). All four batches have almost the same mean size and stability over a
time period of four days.
Due to limitations in the synthesis protocol of particles stabilized by P80H alone, a
third surfactant, Andean QDP Ultra (QDP), was introduced for particle optimiza-
tion testing. Figure 17 show the results of zetasizer measurements of particle batch
PHAT 106-109, stored at 4◦C. The four batches differ in ratio used of surfactants
P80H and QDP (see table 6 in appendix B.1). In addition to monitoring particle size
and distribution for particles stored at 4◦C, a small volume of all four batches were
stored at 37◦C and analyzed with dynamic light scattering measurements, particle
size as function of temperature is shown in figure 18.
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Figure 17: Mean particle size after 0, 1, 2 and 5 days since synthesis for particle batches
PHAT 106 (with 3g QDP), PHAT 107 (with 0.24g QDP and 0.06g P80H), PHAT 108
(with 0.15g QDP and 0.15g P80H) and PHAT 109 (with 0.06g QDP and 0.24g P80H).
Particle solutions were stored at 4◦C between measurements. Black triangles in the figure
represent less reliable ZS measurements due to high PDI or presence of large/sedimenting
particles.

Figure 18: Mean particle size after 0, 1, 2 and 5 days since synthesis for particle batches
PHAT 106 (with 3g QDP), PHAT 107 (with 0.24g QDP and 0.06g P80H), PHAT 108
(with 0.15g QDP and 0.15g P80H) and PHAT 109 (with 0.06g QDP and 0.24g P80H).
Particle solutions were stored at 37◦C between measurements. Black triangles in the figure
represent less reliable ZS measurements due to high PDI or presence of large/sedimenting
particles.
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In the four batches, the ratio of QDP:P80H decreases with increasing batch number.
The results of zetasizer measurements of the four batches generally show smaller
particle diameter and higher stability for particles with higher QDP:P80H ratio
(PHAT 106-107). This is especially evident in the particle solutions stored at 4◦C.
PDI values ranged from 0.03-0.2 for all four batches, except for PHAT 109 at 37◦C
where a slightly higher polydispersity was measured (PDI around 0.2-0.24). In
addition, after 1-5 days of storage the average diameter was larger for particles
stored at 37◦C compared to those stored at 4◦C.

Selection of method for emulsification and cooling

Based on the results of particle size and PDI measurements of all previous particle
batches produced in the project, the protocol used for particle batch PHAT 107 was
used for the remaining experiments of the particle optimization process. The pro-
tocol used for PHAT 107 is referred to as lipid nanoparticle synthesis protocol#2,
and can be found in table 1 in section 3.1.1. Table 4 shows the results of zetasizer
measurements of particle batch PHAT 115 and 116, where particle composition was
the same as for PHAT 107 (8g SA, 2g IPP, 0.24g QDP and 0.06g P80H), while
ultra-turraxing (for PHAT 116) and sonication (for PHAT 115) as method of emul-
sification was compared. In addition, four different particle cooling methods were
tested.
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Table 4: Results of zetasizer particle size and PDI measurements for particle batches
PHAT 115 (sonicated) and PHAT 116 (ultra-turraxed), where both method of emulsification
and cooling were varied for particles stored at 4◦C and 37◦C.

Sample
ID

Storage
temperature

[◦C]

Particle
cooling

Time since
synthesis
[days]

PDI
Average
diameter

PHAT
115

4

4

4

4

37

37

37

37

Ice bath

Tap

Room
tempera-
ture

90◦C
water bath

Ice bath

Tap

Room
tempera-
ture

90◦C
water bath

0
1
2
6

0
1
2
6

0
1
2
6

0
1
2
6

1
2
6

1
2
6

1
2
6

1
2
6

(0.238)
(0.255)
0.125
0.178

0.230
0.157
0.181
0.198

0.236
0.092
0.150
0.150

0.256
0.207
(0.178)
0.182

0.147
0.122
-

0.123
0.109
-

(0.234)
0.216
0.223

0.213
0.121
-

(215.1)
(217.6)
213.6
218.3

225.9
210.8
212.2
217.5

292.9
234.1
240.2
241.0

279.4
265.9
(275.5)
271.3

253.9
259.4
-

280.9
285.6
-

(430.8)
426.5
480.1

332.4
349.0
-
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PHAT
116

Fridge
4◦C

Fridge
4◦C

Fridge
4◦C

Fridge
4◦C

Oven
37◦C

Oven
37◦C

Oven
37◦C

Oven
37◦C

Ice bath

Tap

Room
tempera-
ture

90◦C
water bath

Ice bath

Tap

Room
tempera-
ture

90◦C
water bath

0
1
2
6

0
1
2
6

0
1
2
6

0
1
2
6

1
2
6

1
2
6

1
2
6

1
2
6

(0.659)
(0.665)

-
-

(0.630)
(0.517)

-
-

(0.333)
(0.471)

-
-

(0.435)
-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

(535.9)
(840.9)

-
-

(892.1)
(576.9)

-
-

(1366)
(676.8)

-
-

(495.0)
-
-
-

-
-
-

–
-
-

-
-
-

-
-
-

All table cells marked with "-" represent samples that were either separated into
two phases (oil/water) or had too much aggregates of fat/lipids for zeta mea-
surements to be performed.
All table cells enclosed by parenthesis gave unreliable zeta measurements, indi-
cating a increased polydispersity and poor stability.
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Zetasizer measurements showed wide particle size distributions, high degree of poly-
dispersity and generally large particles in the particle batch emulsified by ultra-
turraxing (PHAT 116). In all four cases of cooling methods for PHAT 116, particles
stored at 37 degrees had separated into an oil and a lipid phase within the first 24
hours. This indicates low particle stability, which can also be seen from the high and
increasingly growing PDI values (≈0.3-0.6). Ultra-turraxing as a method of emul-
sification was discarded. Sonicated particles, batch PHAT 115, had more gaussian
particle distribution in addition to much smaller average particle size and higher
stability at both 4 and 37◦C.

For sonicated samples, cooling in ice bath or 90◦C water bath resulted in parti-
cle solutions with visible lumps and aggregates of fat. Both cooling methods were
therefore discarded. Particles cooled under cold tap water or in room temperature,
resulted in more stable solutions with no visible aggregates or particles. NPs made
with tap water-cooling had the smallest average particle size, both immediately af-
ter synthesis, over time, and at both storage temperatures. Tap water-cooling was
therefore chosen as method of particle cooling in synthesis protocol#2.

4.1.3 Particle stability in various media

As a continuation of optimization and characterization of lipid nanoparticles, par-
ticles produced by the new synthesis protocol (protocol#2) were subjected to five
different medias in order to analyze particle stability in various environments over
time. Zetasizer measurements were performed for particles stored at 4◦C and 37◦C,
the results are shown in figure 19 and 20, respectively.
The orange line in figure 19 shows the change in average diameter of particles in
pure particle solution, where no dilution has been made until the sample preparation
for ZS measurements. These results are therefore used as a reference for comparison
with particles dispersed in various types of media.
An immediate increase in particle size after dilution in media can be observed in all
five cases. This increase is very small for dilution in DI water, only about 8%, while
it is relatively high for solution with glycine and DMEM, 28% and 20% respectively.
This size increase is mainly due to the choice of instrumental procedure, as the same
standard operating procedure (SOP) on the zetasizer is used for all measurements.
A SOP measurement uses predefined parameters, including specifications of the type
of solution being tested. Small variations in refractive index of the different medias
will affect the calculations of average size and distribution [85], see section 2.4.1.
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The reference particles increase about 9% in average particle size over a time period
of 48 hours (original particle solution). In comparison, particles dispersed in PBS,
LA Broth, DI water, Glycine and DMEM, and stored at 4◦C increase about 5%,
6%, 9%, 13%, 7% respectively over the first 48 hours, indicating a relatively similar
particle stability in all medias including the pure particle solution.
When comparing the two figures (figure 19 and 20), it is found that higher storage
temperature generally leads to larger average particle size, and a higher rate of size
increase. Over 47 hours of storage at 37◦C the average diameter of particles diluted
in PBS, LA Broth, DI water, Glycine and DMEM increased 33%, 18%, 11%, 15%
and 35% respectively. (The first measurement at t=0 has not been included in the
calculations due to the SOP-related size effects, the percent values of size increase
are thus based on 47 hours of storage instead of 48). Only stability of particles
diluted in DI water was not affected by the increased storage temperature. Mea-
surement of PDI generally resulted in low values (<0.2), indicating high degree of
monodispersity for all solutions at both temperatures. Only DMEM stored at 37◦C
showed a slight increase in PDI and thus increase in polydispersity. The exact values
of particle size and PDI for each measurement can be found in appendix C.1, table
11.

Figure 19: Mean particle size plotted for PHAT 122 after 0, 2, 3, 5, 24 and 48 hours
after dilution in various media. The orange line represent a refrence sample of the original
particle solution. Particle solutions were stored at 4◦C between measurements.
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Figure 20: Mean particle size plotted for PHAT 122 after 0, 2, 3, 5, 24 and 48 hours
after dilution. Particle solutions were stored at 37◦C between measurements. Black trian-
gles in the figure represent less reliable ZS measurements due to high PDI or presence of
large/sedimenting particles.

After 24 and 48 hours at 37◦C, small amounts of lipid clusters was observed in four
of the particle solutions, not in the original particle solution, and the DI water-
solution.
The media that is of most interest for this project is DMEM, as it was the same
media used for cultivating A431 cells, and used in all cell experiments. In DMEM
at 37◦C, particle size increase during the first two hours was 2%, while after 5 hours
the average particle size has increased by 22%. Figure 21 shows the change in size
distribution over time for particles in DMEM, stored at 37◦C. The size distribution
becomes wider with time, eventually two separate intensity peaks can be seen.
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Figure 21: Particle size distribution over time for lipid particle batch PHAT 122 in growth
media DMEM. Particles were stored at 37◦C between measurements.

Because of a desire to find the underlying mechanisms leading to increased particle
size as a function of time, the fit of experimental data with criteria of Ostwald ripen-
ing were investigated. Size measurements performed with ZS on particle batches
PHAT 122 were used for plotting the cube of the mean particle radius against time,
see figure 22. A linear regression line was applied to determine the linearity of the
experimental data.
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Figure 22: The figure shows a plot of the cube of the mean particle radius (PHAT 122)
for four time points since synthesis of ZS measurement. A linear regression model is used
for determining the linearity of the experimental data.

4.1.4 Lipid nanoparticle optimization summarized

Systematic variations in surfactant system, SA and IPP ratio and amount, method
of emulsification and cooling were performed in the preceeding particle synthesis
experiments. The lipid NP formulation, showing the highest stability and lowest
particle size was found for particles containing 0.8g SA, 0.2g IPP, 0.24g QDP, 0.06g
P80H (was used in PHAT 107, PHAT 122 and PHAT 115). This formulation will
be referred to as NLC#2 particles throughout the rest of this thesis. NLC#2 was
produced multiple times for use in cell experiments, with and without the presence
of loading material. Figure 23 shows particle size increase during the first 3 days
after synthesis, for NLC#2 particles. The standard deviations are calculated from
three independent experiments.
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Figure 23: Zetasizer results of mean particle size measurements of NLC#2 particles at
four time points. The standard deviation is calculated from three independent experiments.

Differences between old and new synthesis protocol is shown in table 1 found in
section 3.1.1. Particle size distribution for NLC#1 and NLC#2 are shown in figure
24. The average particle size has been reduced from about 250-270nm to 180-190nm
in initial particle diameter.

Figure 24: Typical particle size distribution for NLC#1 particle (red graph) and NLC#2
particles (blue graph)
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NLC#2 particles developed throughout this project has a significantly higher stabil-
ity in various media compared to NLC#1 particles. Prior to this project, stability
tests on NLC#1 particles had been conducted at Sintef Materials and Chemistry
(unpublished results). The particles were subjected to various different types of
media, a few of these were also used for stability testing of batch PHAT 122 in this
project. The results generally showed low stability for NLC#1 particles dispersed
in media. NP solutions stored in fridge were stable for 3-24 hours, but swelled con-
stantly, while at 37◦C all NP solutions showed visual signs of degradation within 3
hours.
Mean size and distribution of all particles involved in cell experiments of this project
was only measured directly after synthesis, and not monitored over time as in the
previous particle optimization experiments. The results of these measurements can
be found in appendix C.1.
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4.2 Uptake studies

4.2.1 Cellular uptake of fluorescent dye encapsulated in lipid
nanoparticles

Uptake of fluorescent dye encapsulated in lipid nanoparticles made with synthesis
protocol#1 and #2 (NLC#1 and NLC#2)were measured with flow cytometry. Both
particle types tested had the same amount of NR668 encapsulated. For all uptake
studies, A431 cells were incubated with nanoparticles for either 3,6,24 or 48 hours
at 37◦C.

Initially, NLC#1 particles encapsulating NR668 (0.5wt% of the oil phase), were
incubated with cells for 1, 3, 6, 24 and 48 hours. A histogram with one of the three
parallels from each time point is seen in figure 25. Shift in mean fluorescence after
each time point can be seen in figure 26. The mean fluorescence is calculated from
three parallels of each experiment. Standard deviation between parallels of each
experiment is also included in the chart. It can be seen that the uptake of dye in the
cells is almost linear during 48 hours of incubation with fluorescently labeled NPs
(NLC#1). The linear regression line in figure 26 has a slope of ≈0.16. Compared
to uptake after 1 hour of incubation, cellular uptake after 24 and 48 hours is 20 and
40 times higher, respectively.

Figure 25: Logaritmic FCM histogram of uptake of NR668 by cells incubated for 1, 3,
6, 24 and 48 hours with NLC#1 particles. The gate (labelled #1) is set at approximately
3,3% false positive cells and captures 100%, 99.98%, 18.28%,7.84% and 3.67% of the cells
incubated with NPs for 48, 24, 6, 3 and 1 hour(s) respectively.
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Figure 26: Relative mean fluorescence intensity for cells incubated with
NLC#1 particles for 1, 3, 6, 24 and 48 hours. The values and standard devi-
ations are calculated from 3 parallels in one experiment. Autofluorescence has
been substracted.

Equivalent FCM measurements were performed on cells incubated with particles
made with synthesis protocol#2. A histogram with one of the three parallels from
each time point is seen in figure 27. Already here it can be seen that fluorescence
intensity is a lot higher for all time points equivalent to the FCM performed on cells
incubated with NLC#1 particles.
Shift in mean fluorescence after each time point can be seen in figure 28. The mean
fluorescence is calculated from three parallels of each experiment As was seen in
FCM with the NLC#1 particles, uptake of dye in the cells is almost linear during
48 hours of incubation with fluorescently labeled NLC#2 particles too. But here,
the slope of the linear regression line is almost three times steeper (≈0.42) than for
NLC#1 particles, indicating a higher rate of cellular uptake.
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Figure 27: Logaritmic FCM histogram of uptake of NR668 by cells incubated for 1, 3,
6, 24 and 48 hours with NLC#2 particles. The gate (labelled #1) is set at approximately
3% false positive cells and captures 100%, 99.9%, 99.9% and 99.7%, 98.3% of the cells
incubated with NPs for 48, 24, 6, 3 and 1 hour(s) respectively.

Figure 28: Relative mean fluorescence intensity for cells incubated with
NLC#2 particles for 1, 3, 6, 24 and 48 hours. The values and standard devi-
ations are calculated from 3 parallels in one experiment. Autofluorescence has
been substracted.
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4.2.2 Uptake mechanism

To better understand the cellular uptake mechanism of NR668, cells were incubated
with endocytosis inhibitors prior to uptake experiments with NPs. The two in-
hibitors, Chlorpromazine and Genistein, inhibit CME and CvME respectively. NPs
produced with synthesis protocol#2 were used for these measurements.
Figure 29 shows the resulting histograms of uptake under suppression of inhibitors.
For both samples with endocytosis inhibitors, the fluorescence intensity is signif-
icantly higher than the cells autofluorescence, indicating cellular uptake has not
been inhibited to a very large degree. Gate#1 is set to ≈3% positive cells (autoflu-
orescence), and includes the percentage value of each population with fluorescence
intensity above the gate starting point. The data from cells with suppressing in-
hibitors do not overlap completely with the cells that have been incubated only
with NPs. CME and caveolin mediated endocytosis are thus not main mechanisms
of cellular uptake. A dip in both graphs of suppressed cells can be seen in figure 29.
Gate #2 includes all cells with fluorescence intensity above the area of the observed
dip. Figure 30 shows the percentage of cells in each population with fluorescence
intensity values in the area of gate#1 - gate#2. The area entraps approximately
3%, 5%, 20% and 24% of the four populations treated with only DMEM, NPs, NPs
+ Genistein and NPs + Chlorpromazine, respectively. In the FCM measurements
of this project, 10000 cells are recorded in each parallel of each experiment, further
gating reduces the amount of cells to approximately 8000-9000 cells. Assuming the
measured cell populations have the same size, about 15% and 19% of the cells pre-
treated with Genistein and Chlorpromazine respectively, have been affected by the
endocytosis inhibitors.
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Figure 29: Relative mean fluorescence intensity for cells pretreated with endocytosis in-
hibitors Genistein and Chlorpromazine. The gate (labeled #1) is set at approximately 3%
false positive cells and captures 100%, 98.2% and 997.8% of the cells incubated with NPs,
NPs + Genistein and NPs + Chlorpromazine respectively. Gate #2 captures 0.06%, 94.7%,
77.2% and 74.0% of cells autofluorescence, cells incubated with NPs, NPs + Genistein and
NPs + Chlorpromazine respectively.

.

Figure 30: Flow cytometric analysis of cells incubated with (I) only growth
media (autofluorescence), (II) NLC#2 nanoparticles, (III) Genistein and NPs
and (IV) Chlorpromazine and NPs. The percentage value refers to the percent
positive cells out of 10,000 cells analyzed that have fluorescence intensity in the
area of gate#1-gate#2, marked in figure 29.
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4.3 Spectral analysis of NR668
In order to properly interpret the results of FCM, emission spectra of the fluores-
cent dye NR668 was recorded using a multi-modal plate reader. In flow cytometry
experiments performed in this project, the dye is initially encapsulated in lipid
nanoparticles and incubated with cells before fluorescence intensity measurements
are performed at various time points after NP/cell incubation. From start to end of
each experiment the dye is exposed to storage at 4◦C, incubation at 37◦C, encap-
sulation in NPs and release into growth media or cytosol. The effect of changes in
media and temperature were to be investigated by spectral analysis of NR668. The
setup for spectral analysis of NR668 therefore included both dye encapsulated in
lipid NPs (NLC#2) and free dye, both with parallels stored at 4 and 37◦C, giving
four different samples. Potential changes in spectral properties over time were also
taken into account, by recording emission after 1, 3, 6, 24 and 48 hours of storage.
Three parallels of each sample were made, the results presented in this section is
based on the average of three parallels from each recording.
Emission spectra recorded at various time points for the four solutions are presented
graphically below in four separate figures.

Figure 31: Emission spectra of free NR668 in growth media, stored at 4◦C. There record-
ings from different time points are almost overlapping, the intensity peak occurs around
590nm in wavelenth for all recordings.

60



Figure 32: Emission spectra of free NR668 in growth media, stored at 37◦C. There record-
ings from different time points are almost overlapping, the intensity peak occurs around
590nm in wavelenth for all recordings.

Figure 31 show the emission spectra of free NR668, stored at 4◦C, in DMEM at
different time points of recording. The peak fluorescence intensity occurs around
590nm in wavelength for all five time points. The spectra of the five measurements
are almost overlapping, indicating that spectral properties of free NR668 in DMEM
does not change significantly during 2 days of storage at 4◦C. For free NR668, stored
at 37◦C, the results are very similar, shown in figure 32. Recordings from all time
points nearly overlap, and intensity peaks occur around 590nm wavelength.

Figure 33: Emission spectra of NR668 encapsulated in lipid nanoparticles, stored at 4◦C.
Fluorescence intensity decreases with time and a blueshift in emission peak is observed.
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Figure 34: Emission spectra of NR668 encapsulated in lipid nanoparticles, stored at 37◦C.
Fluorescence intensity increases with time, while the emission peak occurs in the same
wavelenght area for all recordings

Figure 33 and 34 show emission spectra of NR668 encapsulated in lipid particles,
stored at ◦C4 and 37◦C respectively. For particles stored at 4◦C, the fluorescence
intensity decreases over time. While peak in fluorescence intensity shifts from about
610nm to 600nm in wavelength over a time period of 2 days, see figure 33.
The opposite effect in fluorescence intensity occurs for particles stored at 37◦C. As
figure 34 shows, the intensity increases as a function of time, while the emission
peak occurs around 600nm in wavelength for all recorded time points.

Figure 35: Emission spectra of free and encapsulated NR668, stored at 4◦C and 37◦C for
1 hour.
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Figure 36: Emission spectra from free and encapsulated NR668, stored at 4◦C and 37◦C
for 48 hour.

.

In figure 35 and 36 the emission spectra of all four solutions are plotted at time
points 1 and 48 hours respectively. The emission spectra for free NR688 is relatively
invariant after both 1 and 48 hours, at 4 and 37◦C. The emission peak occurs around
590nm in wavelength for all four recordings. While for encapsulated NR668, after
1 hour (figure 35), the fluorescence intensity is almost twice as high for particles
stored at 4◦C compared to those stored at 37◦C. And as seen earlier, the intensity
peak occurs at shorter wavelengths (around 600nm) for particles stored at 37◦C,
than for those stored at 4◦C (610nm).
After 48 hours the opposite fluorescence intensity of NPs can be seen (figure 36).
NPs stored at 37◦C have almost twice as high intensity as those stored at 4◦C.
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4.4 In vitro EGFR inhibition- and NP toxicity test-
ing

The effect of EGFR tyrosine kinase inhibitors and lipid NPs on cell viability was
tested using CellTiter Glo luminescent cell viability assay. Prior to the toxicity
testing, solubility of five different kinase inhibitors in IPP was investigated in order
to determine which were most suitable for encapsulation in lipid nanoparticles.

4.4.1 Solubilitytesting of kinase inhibitors

In order to encapsulate a substance into lipid nanoparticles in an emulsion process,
it is essential that the loading compound is lipophilic for it to end up inside the
particles, not in the surrounding media. Solubility-testing of five substances, that
were all types of TKIs, was performed in this project. In short solubility was deter-
mined in a step-wise procedure that involved dissolving powdered kinase inhibitors
in IPP using a sequence of mechanical procedures. The start concentration of kinase
inhibitor in IPP was 2.5wt% in all five solutions, but further dilution was necessary
in all cases to dissolve the compounds.

• Erlotinib-HCl in IPP: At a concentration of 0.625wt%, the solution looked
cloudy, some small particles were visible. Further dilution was not performed
as such a low concentration of kinase inhibitor in NPs would not have efficient
therapeutic effect.

• Gefitinib in IPP: At a concentration of 1.25wt%, the solution looked clear, no
particles visible.

• Lapatinib in IPP: At a concentration of 1.25wt%, the solution looked clear,
no particles visible.

• SB6-140-05 in IPP: At a concentration of 0.625wt%, the solution looked cloudy,
with only a few particles visible.

• JH08-096 in IPP: At a concentration of 0.625wt%, the solution looked cloudy,
with only a few particles visible.

• The reference solution of the hydrophobic dye NR668 (2.5wt%) in IPP looked
clear immediately, no mixing or dilution was necessary for the dye to dissolve.
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Out of the five solutions containing TKIs, Gefitinib and Lapatinib reached dissolu-
tion at the highest concentration and with the lowest number of process steps. Due
to cost and availability, Gefitinib was chosen out of the two substances for use in
further toxicity tests.

4.4.2 Effect of EGFR inhibitor and NPs on cell viability

In vitro EGFR inhibition activity was tested for the most oil soluble compound
(Gefitinib) out of the five TKIs, both in free and NP encapsulated form (NLC#2).
In addition, toxicity of empty NLC#2 particles were analyzed. All viability tests
were performed using CellTiter Glo luminescent cell viability assay, analyzed by
SpectraMax i3x Multi-mode microplate reader.
The three microplates used in the experiment all had the same experimental setup,
but different incubation times. The eight rows of each microplate contained solu-
tions of A431 cells in DMEM with either empty NPs, NPs encapsulating Gefitinib
(at three different concentrations), DMSO with Gefitinib, or pure DMSO. The con-
centration of cells were the same in all microplate wells, while the concentration
of the compounds of interest deceased along each row, ending in the last column
containing only cells in growth media, DMEM (see section 3.6.2 for setup and con-
centration of samples in the microwells).
Table 13, 14 and 15 found in appendix D.1 show percent cell viability in each well
of the three microwell plates. The value describing viability, seen in both the men-
tioned tables and in the following figures, is based on comparison with a reference
consisting of the average luminescence signal intensity originating from cells incu-
bated in only growth media. The last column of all three microplates contain only
cells and growth media, the reference viability value is calculated from luminescence
signal from the eight microwells in the last column of each microplate in each ex-
periment.
Figure 37 and 38 show viability of cells incubated with DMSO or DMSO+Gefitinib
for 24 and 72 hours, respectively. The DMSO was diluted in DMEM in a 2-fold serial
manner along the row in the microwell plate, thus Gefitinib dissolved in DMSO was
also diluted to the same degree.
After 24 hours of incubation, viability of cells incubated with DMSO remains rela-
tively stable around 100%±20% for all concentrations of DMSO. The lowest viability
value (≈80%) is recorded at low concentrations of DMSO, which is most likely due
to small variations in cell concentration, and is not a result of DMSO toxicity. Cells
incubated for 24 hours with DMSO and Gefitinib have a decreasing viability from
≈80% to ≈13% for increasing concentrations of DMSO/Gefitinib-solution, indicat-
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ing a concentration dependent toxicity of Gefitinib on A431 cells, figure 37.
After 72 hours of incubation, viability of cells incubated with DMSO decreases from
about 100% to 20% with increasing concentrations of DMSO (figure 38). While
cells incubated with DMSO and Gefitinib has a decreasing viability from 80% to
≈2% for increasing concentrations of DMSO/Gefitinib-solution. These results show
that Gefitinib has a toxic effect on A431 cells. In addition, cultivation of cells with
high concentrations of DMSO for 72 hours also reduces the cell viability signifi-
cantly. Similar results were found after 48 hours of incubation with DMSO and
DMSO/Gefitinib, these can be found in appendix D.1, figure 45.

Figure 37: Luminescence recording showing viability of cells that have been incubated for
24 hours with DMSO and DMSO w/ Gefitinib. The concentration of DMSO was reduced
in a 2-fold serial dilution manner, with 1% DMSO as starting concentration. Gefitibib
dissolved in DMSO was thus diluted to the same degree, with starting concentration of
24,5µg/ml. NB: notice there are two x-axes, and neither is not linear. They are based on
the concentration of DMSO and Gefitinib from 2-fold serial dilution i DMEM.
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Figure 38: The figure shows viability of cells that have been incubated for 72 hours with
DMSO and DMSO with Gefitinib. The concentration of DMSO was reduced in a 2-fold
serial dilution manner, with 1% DMSO as starting concentration. Gefitibib dissolved in
DMSO was thus diluted to the same degree, with starting concentration of 24,5µg/ml.

Figure 39 and 40 show the viability results of cells incubated for 24 and 72 hours with
DMSO/Gefitinib-solution and NPs containing 2.5wt% Gefitinib. The concentration
of Gefitinib dissolved in DMSO was 0.117wt%, and was constant in all the viability
experiments with DMSO/Gefitinib solution. This concentration is the same as the
total concentration of Gefitinib in a undiluted particle batch with 2.5wt% Gefitinib
(concentration in the oil phase). Comparing the viability results of free and encap-
sulated Gefitinib can be used to verify whether the NPs themselves or Gefitinib is
the most cytotoxic. In figure 39 it can be seen that after 24 hours of incubation
with either loaded NPs or free Gefitinib, cells have a viability around 60-80% for low
concentrations of Gefitinib in both cases. For higher concentrations, the viability
decreases, especially for cells incubated with NPs.
After 72 hours of incubation with either NPs containing Gefitinib or DMSO with
dissolved Gefitinib (figure 40), a decrease in viability from about 80% to 0% viability
with increasing concentrations of Gefitinib can be seen for both samples. The results
of incubation with the same solutions for 48 hours can be found in appendix D.1,
figure 46. Viability results from all three time points show that NPs w/ Gefitinib has
higher toxicity at high concentrations than DMSO w/Gefitinib, this indicates that
the NPs themselves are toxic. This effect was more evident for shorter incubation
times.
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Figure 39: Luminescence recording showing viability of cells that have been incubated for
24 hours with DMSO/Gefitinib or with nanoparticles containing Gefitinib. The starting
concentration of DMSO and NPs in DMEM was 1% and 1000µg/ml, respectively. Both
samples followed a 2-fold serial dilution, giving the same degree of cancentration decease
for Gefitinib, DMSO and NPs. NB: notice the x-axis is not linear, but based on the con-
centration of Gefitinib from 2-fold serial dilution.

Figure 40: Luminescence recording showing viability of cells that have been incubated for
72 hours with DMSO/Gefitinib or with NPs containg Gefitinib. The starting concentration
of DMSO and NPs in DMEM was 1% and 1000µg/ml, respectively. Both samples followed
a 2-fold serial dilution, giving the same degree of cancentration decease for Gefitinib, DMSO
and NPs.

68



Figure 41 shows viability of cells after 72 hours of incubation with NP encapsulating
different amounts of Gefitinib (0wt%, 1wt%, 2.5wt%, 5wt%). For low concentrations
of NPs, higher loading concentration with Gefitinib is shown to be more toxic. There
is a steady decrease in viability for all samples with nanoparticle concentration
increasing from ≈ 0 up to 62.5 µg/ml. There is zero cell viability above the NP
concentration of 125 µg/ml for all samples.
What is especially important to notice from the figure is the high toxicity of empty
NPs. At a concentration of about 15µg/ml NPs, the cell viability is just below 80%,
and it decreases to ≈0% at 125µg/ml NPs.
Similar results showing high toxicity for high concentrations of NPs were observed
for the same solutions incubated with cells for 24 and 48 hours, these can be found
in appendix D.1, figure 47 and 48.

Figure 41: Luminescence recording showing viability of cells that have been incubated for
72 hours with nanoparticlesencapsulating Gefitinib at three different concentrations. NB:
notice the x-axis is not linear, but based on the concentration of nanoparticles from 2-fold
serial dilution.

In the three following figures (figure 42, 43 and 44), toxicity of NPs containing Gefi-
tinib (1wt%, 2.5wt% and 5wt% respectively) at three different times of measurement
are presented.
The results show the same tendencies for all three concentrations of loading com-
pound, Gefitinib. It can be seen that the viability is generally significantly higher
for cells incubated with NPs at concentrations between ≈15 and 60µg/ml for 24
hours, compared to 48 or 72 hours. After 48 and 72 hours of incubation there is
a steady decrease in cell viability with increasing NP concentration. While for 24
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hours of incubation, there is a sudden drop in viability with nanoparticle concen-
tration 60-125µg/ml. There is zero cell viability above the NP concentration of 125
µg/ml for all samples, at all time points.

Figure 42: Luminescence recording showing viability of cells that have been incubated for
24, 48 and 72 hours with nanoparticles containing 1wt%Gefitinib.
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Figure 43: Luminescence recording showing viability of cells that have been incubated for
24, 48 and 72 hours with nanoparticles containing 2.5wt%Gefitinib.

Figure 44: Luminescence recording showing viability of cells that have been incubated for
24, 48 and 72 hours with nanoparticles containing 5wt% Gefitinib.
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5 Discussion
This thesis describes the work done in this project towards synthesizing stable lipid
nanoparticles that can encapsulate chemotherapeutic drugs and fluorophores, as
well as testing the toxicity and uptake of these particles in cells. The particles can
potentially be applied as drug delivery systems in cancer therapy. The discussion
section is divided into three parts, optimization of lipid NP stability and size (section
5.1), cellular uptake (section 5.2) and toxicity of NPs and kinase inhibitor (section
5.4).

5.1 Optimization of nanoparticle stability and size

Throughout the particle optimization process of this project, the goal has been to
optimize a system where SA and IPP are always included in the particle composition,
while other materials and process steps are varied. Therefore, if a change in a
process step or surfactant composition does not seem compatible to SA and IPP by
evaluation of ZS measurements, it is rejected.
Even though there is a large amount of literature available on SLNs, there is little on
the mechanisms underlying NLC systems. Possible explanations presented in this
section are therefore only attempts to justify the experimental results.

5.1.1 First generation lipid nanoparticles

In the first part of this project, lipid nanoparticles were synthesized following the
particle synthesis protocol (particle synthesis protocol#1) used at Sintef Materials
and Chemistry prior to development of a new protocol in this project.
The results of ZS measurements of particle batch NLP 1 and NLP 3, where the only
compositional difference is presence of loading material curcumin in NLP 3, show
that NPs immediately after synthesis are in the range of 230-245nm in mean particle
diameter. Lipid nanoparticles produced at Sintef prior to this project have shown to
be larger than the favorable particle size, as well as having limitations in stability,
especially in a biological environment (unpublished results). These limitations were
verified, by synthesis and ZS analysis of particle batch NLP 1 and NLP 3. Relatively
monodisperse particle distribution of was found for both batches (<0.2 in PDI at
all three time points). Over a time period of 48 hours the particles increased in
diameter from ≈237nm to ≈272nm on average, which is a 15% size increase. The
underlying mechanism of this size increase will be discussed in section 5.1.3.
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5.1.2 Second generation lipid nanoparticles

As an attempt to improve nanoparticle stability and reduce particle size, systematic
variations to the particle synthesis protocol were tested; amount and ratio of SA and
IPP, surfactant type and concentration, and method of emulsification and cooling.

Selection of surfactant and SA:IPP ratio and amount

In particle batch PHAT 95-98 the surfactant P80H was used instead of Tween 80,
and concentration and ratio of SA:IPP was varied. PHAT 96 and 98 contained twice
as much lipids and surfactant as PHAT 95 and 97. ZS measurements of PHAT 96
and 98 resulted in particles with mean diameter in the same size range as the NLC#1
particles. Because there was no improvement in particle size, PHAT 96 and 98 as
were discarded. Variations in ratio and amount of lipid and oil in NLCs may affect
physiochemical properties of the nanoparticles, such as average diameter, particle
distribution and loading efficiency [86]. High lipid content is known to result in large
particles and broad particle size distributions. The phenomena is largely based on
decreased efficiency of homogenization and increased agglomeration with high lipid
content [87].
Lower concentration of surfactant and lipids resulted in smaller particles for batches
PHAT 95 and 97. In particle batch PHAT 97, the only compositional difference
from first generation lipid NPs (used in batch NLP 1) was the type of surfactant
used. The change from surfactant Tween 80 to P80H resulted ≈60nm reduction in
average particle diameter. It is well documented in the literature that surfactant
properties can have a great effect on particle size and stability of the particle solu-
tion [88] [89]. The choice of surfactant and liquid/solid lipid ratio in particle batches
PHAT 95-98 was mainly based on results presented in an article by Salminen, et
al., 2014 [90], where nanostructured lipid nanocarriers of tristearine and ω- 3 fish oil
with small particle size and high stability were produced. Surfactant concentration
and protocol for particle synthesis with P80H was found in the paper.

Due to a slightly higher stability of PHAT 95 than PHAT 97, the formulation used
in PHAT 95 was chosen for subsequent experiments with dye/model drug encap-
sulated. Two highly hydrophobic materials NR668 (fluorescent dye) and curcumin
(model drug) were encapsulated in particle batches PHAT 99-102, at two different
concentrations. All four batches resulted in ZS measurements showing slightly larger
initial particle size compared to PHAT 95. The small difference in initial particle
size is likely due to the presence of drug/dye in the NPs. Particle size increase over
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the first 4 days was in the range of 10-23% for all four batches, indicating similar
stability as empty particles (PHAT 95 had a 9% increase the first two days). PHAT
99/100 contained curcumin (0.5wt% and 1wt% respectively), while PHAT 101/102
contained NR688 (0.5wt% and 1wt% respectively).
Even though the results of zetasizer measurements for both empty and drug/dye-
loaded particles (PHAT 95 and PHAT 99-102) showed a decrease in particle size
and increase in stability compared to NLC#1 particles, other limitations were in-
troduced in relation to using P80H alone, as surfactant. In the process of particle
synthesis, the surfactant P80H is dissolved in water while being kept in a water
bath and mixed using a magnetic stir bar. This step of surfactant dissolution is
very time consuming when using only P80H as surfactant, it takes up to 90 minutes
before the surfactant is properly dissolved. One of the challenges in commercializing
pharmaceutical nanoparticles is to produce nanoscale systems in mass quantities, at
a cheap and time-effective manner [91]. Due to these limitations in the synthesis of
lipid NPs with P80H, a third surfactant, QDP was introduced to the system.

PHAT 106-109 were produced with different ratio of QDP:IPP, each batch was split
into two samples and stored at 4◦C and 37◦C. The two particle batches with the
highest content of QDP (PHAT 106/107), stored at 4◦C resulted in the most promis-
ing results, with the smallest average particle size, low polydispersity, and smallest
size increase over time. Shifting the focus to particles stored at 37◦C, the results
showed that particles were generally larger and had lower stability than particles
stored at 4◦C. This indicates there is a temperature dependence on destabilizing
mechanisms of lipid nanoparticles in solution. Possible explanations of destabiliza-
tion is discussed further in section 5.1.3.
It was found that the lower the content of P80H, the faster the process of surfactant
dissolution occurred and thus the more time efficient is the overall synthesis process.
Pure QDP in water at 90◦C dissolved well within 10 minutes of mixing. Synthesis
protocols for PHAT 106-109 were based on the experimental procedure presented in
the article introduced earlier by Salminen et al. ( [90]).
A mixture of two or more surfactants have been reported in literature to in some
cases improve stability [51] [90]. Literature suggests that high- melting lecithins,
such as P80H, do not have optimal stabilizing function on their own [90]. This may
be due to a change in geometrical shape of the lecithin from a truncated cone shape
to a more cylinder like shape after hydrogenation of fatty acid chains [90]. A second
surfactant (QDP) helps increase the curvature of the surfactant layer on the surface
of NPs. In addition, QDP can form micelles in excess concentrations and quickly
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cover areas on the nanoparticle surface without surfactant coverage that are created
during storage [90]. Due to low particle size, high stability and efficient particle
synthesis, the formulation of PHAT 107 was chosen for subsequent experiments,
and are called NLC#2 particles. This formulation has a QDP and P80H content of
0.24g and 0.06g, respectively.

Selection of method for emulsification and cooling

Method of homogenization and cooling were investigated for particle batches PHAT
115 and 116. The two tested methods of dispersing and reducing size of lipid/oil
droplets in water phase to nanoscale, was ultra turrax and ultrasonication. The
ultra-turraxed particle solution (PHAT 116) resulted in large particles with initial
particle size in the range of 500-1400nm in mean diameter, for particles stored at
4◦C. The corresponding size distribution was non-gaussian, and the particles exhib-
ited low stability over time, indicated by high and increasingly growing PDI values
(0.33-0.67).
PHAT 116, stored in at 37◦C, resulted in particles that were not fit for ZS mea-
surements due to large aggregates of lipid present in the solution This indicates
an unstable dispersion. The sonicated particle batch (PHAT 115) exhibited much
higher particle stability and lower particle size for both storage temperatures and
at all time point of ZS measurements than the ultra-turraxed batch (PHAT 116).
Rotor-stator systems, such as ultra-turraxing, often have highly distributed energy
input in the stirring container, meaning regions of low and high shear, which lead to
broad particle size distributions [92]. An other disadvantage is the high coalescence
rate, compared to ultrasonication [92].
Ultra-turraxing as method of homogenization was tested in this project due to
promising results for NLCs with respect to particle size (mean diameter 140-165nm)
and stability found in the article introduced earlier by Salminen et al. [90]. Surfac-
tant type used in the work by Salminen et al. was the same as in this project (QDP
and P80H), while the solid and liquid lipids were not. The particles produced in
the reference article were immediately after synthesis passed through a high pres-
sure homogenizer, leading to further reduction in particle size. This step was not
included in the protocol of particle synthesis in this project, and is most likely the
main reason why particles homogenized by ultra turraxing alone did not reach as
low average diameter as the particles in the reference article. Increasing the num-
ber of steps in the synthesis process is not favorable, and since ultra-turraxing alone
did not result in improvement in particle size or stability, the method was discharged.
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In addition to testing method of homogenization, for particle batch PHAT 115-116,
method of particle cooling was also tested. For PHAT 115, hot water bath followed
by room temperature cooling, and ice bath cooling resulted in particle solutions with
visible particle clusters and lipid aggregates, both methods were therefore discarded.
The two other solutions, cooled by tap water and in room temperature, resulted in
particle solutions with no visible particles. The smallest particles size, and the
highest stability was obtained for tap water-cooled particles.

5.1.3 Particle stability in various media

Size and stability of NLC#2 particles dispersed in PBS, LA Broth media, DI water,
Glycine and DMEM was monitored with ZS over a time period of 48 hours.
Directly after dispersion of particles in the five medias, an increase in average parti-
cle diameter was recorded for all solutions. As mentioned in section 4.1.3, this size
increase is most likely due to the choice of SOP used for ZS measurements. The
same SOP was used for all measurements, difference in properties of the different
medias, such as refractive index, was thus not accounted for. However, protein ad-
sorption to nanoparticles [93] may contribute to an increase in average particles size
in DMEM, which is the only out of the five solutions that contains protein serum.
But since immediate increase of particle size is observed in other medias and not
just the one with DMEM, protein adsorption is likely not a large contributor to the
phenomena. The fact that the solution with DI water only has a small immediate
particle size increase, compared to the other solutions, reinforces the theory of SOP-
related size increase. The DI water solution is only a water dilution of the original
particle solution, the refractive index is therefore similar.
Higher stability was observed for particles stored at 4◦C, compared to the ones stored
at 37◦C, indicated by a lower rate of particle size increase. Stability was in the same
range for all solutions stored at 4◦C, as for the original particle solution (5-13% size
increase over 48 hours). Ergo, there has not been any reduction i stability for NPs
dispersed in media at 4◦C.
A temperature and time dependence of particle mean size has been observed in
batches produced throughout this project, irregardless of type or presence of load-
ing material and media. The observed temperature dependence may be related to
decrease in microviscosity at elevated temperatures [94]. The particles grow incre-
mentally, indicating that the observed size increase can not be a consequence of
aggregating particles. Possible destabilizing mechanisms are swelling of the particle
core and Ostwald ripening.
Particle core swelling can occur if solution from the surrounding media penetrates
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into the nanoparticles. There is little or no explanations on the underlying mecha-
nisms of particle core swelling for NLCs in the literature. However, for bilayer lipids
used in drug delivery it has been found that the packing of phospholipids on the par-
ticle surface affects its mechanical properties, including swelling [39]. And for SLNs,
preservation of initial particle size includes prevention of degradation reactions on
the particle surface like hydrolysis [94]. Whether these, or other mechanisms are the
basis for core swelling in the NLC of this project will not be further discussed, due
to lack of supporting literature.
With Ostwald ripening one can expect a linearity of the cube of the mean particle
radius with time [49] [95]. The cube of the average particle radius with respect to
time is plotted in figure 22 (for PHAT 122). A linear regression line is included in the
figure. The equation and R-squared value that can be seen in the figure describe the
regression line and how well the model fits with the experimental data, respectively.
The high value of R2 indicates that Ostwald ripening may be the destabilizing mech-
anism of the system. High R2 values (in the range of 0.82-9.92) was also obtained for
other particle batches, all made with particle synthesis protocol#2. These results
have not been included in the thesis. Ostwald-ripening is known to be a destabilizing
mechanism, limiting development of application for nano-emulsions [96], [97], [98].
However, there are only four measurement points in the plot (figure 22), so a con-
clusion based on sufficient statistical data can not be made. We can therefore not
be sure if Ostwald ripening is the main contributor to particle destabilization.

The particles produced in this project have a liquid and a solid lipid component.
But no analysis has been done towards determining the internal structure of the
particles. It is uncertain if the two lipids are separated into two domains in the
particles, or if there are many small pockets of liquid lipid in a continuous solid lipid
crystal. The solid and liquid lipids may even be divided in separate solid and liquid
nanoparticles/droplets. NPs consisting of solid lipids, can due to their small size, in
fact be liquid at temperatures below their melting point. This phenomena is called
supercooling. A possible destabilizing mechanism is crystallization of supercooled
melts leading to drug expulsion from the lipid carrier. In SLNs, supercooled melts
crystallizing results in an increase in particle surface and a decrease in loading ca-
pacity [87]. Crystallization may occur during storage and lead to decrease in particle
stability. Supercooled lipids can exist as low as 30-40◦C below melting point in lipid
dispersions [87].
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Evaluating development in particle stability was throughout this project based on
visual inspection of particle solutions over time in addition to analysis of PDI values,
size distributions and change in particle size obtained from ZS measurements. When
comparing NLC#1 and NLC#2 particles directly, no significant change in PDI
values was measured. ZS measurements resulted in PDI values <0.2, indicating
relatively monodisperse particle solution for both NLC#1 and NLC#2 particles
at all time points considered. However, as stated in section 4.1.4, comparison of
particle solutions with NLC#1 and NLC#2 particles in various media indicated
higher stability of NLC#2 particles. This was based on visual inspection of solutions
and ZS size measurements for NLC#2 particles in this project, and on similar studies
preformed at Sintef (unpublished results) for NLC#1 particles. NLC#1 in media
particles were not even characterized with ZS due to early signs of destabilized
particle solution. Thus, the stability of NLC#2 particles was considered to be
higher for particles dispersed in media than for NLC#2 particles.

5.2 Uptake studies
Nanoparticles used for drug delivery must not only have small size and high stability
to reach the targeted area in the body. The encapsulated drug must be released at a
location where it can reach its biochemical target, usually a receptor. The TKIs that
have been used in this project, inhibit growth of A431- epidermal cancer cells by
intracellular binding to transmembrane bound proteins, EGFRs. For uptake studies,
the highly hydrophobic fluorescent dye NR668 has been encapsulated in lipid NPs in
order to study cellular uptake of NPs in A431-cells, and thus study how and where
the encapsulated drug/dye is released.

5.2.1 Cellular uptake of fluorescent dye encapsulated in lipid
nanoparticles

From FCM of cells cultivated with fluorescently labeled NLC#1 particles it was
found that the uptake of dye was almost linear with respect to time within the du-
ration of the experiment of 48 hours. A linear regression model with a corresponding
R-squared value of ≈0,99 indicates a very high degree of linearity in uptake, see fig-
ure 26. The standard deviation from three parallels of one experiment describes the
instrumental inaccuracy. Standard protocol in scientific experiments is to use three
separate experiments to determine biological variation. Due to limitations in time,
only one experiment with three parallels was performed in this project for all uptake
and toxicity experiments.
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FCM of cells cultivated with fluorescently labeled NLC#2 resulted in a ≈2.5 times
higher rate of uptake compared to FCM of cells cultivated with NLC#1 particles.
The uptake of dye was also for NLC#2 particles, almost linear with respect to time
within the duration of the experiment of 48 hours. A linear regression model with a
corresponding R-squared value of ≈0,98 indicates a very high degree of linearity in
cellular uptake, see figure 28. The mechanism behind the uptake will be discussed
in section 5.2.2.
In both histograms (figure 25 and 27), a population of non NP-treated cells can be
seen. These are included to detect the level of autofluorescence from the cells and are
used as a control sample. Any experiments resulting in higher values of fluorescence
intensity than the top 3% of the cells in the control sample, means fluorescent dye
or fluorescently labeled NPs have either bound to the surface of cells, or have been
taken up in the cell [99]. Whether the source of the fluorescence signal originated
from inside the cells or from the extracellular surface of the plasma membrane has
not been determined in this project. Throughout this thesis, all fluorescence signal
of higher values than autofluorescence will be referred to as cellular uptake, regard-
less of if its origin is on or in the cells.
A debatable issue is the possibility of difference in relative intensity of fluorescent
emission from the two particle types (NLC#1 and 2). Due to differences in sur-
factant composition and SA:IPP ratio, one particle may have a higher fluorescent
emission signal than the other, even though the concentration of fluorescent dye used
is the same in both cases. This is an important source of uncertainty to the results.
Fluorescence intensity is not only a matter of concentration of fluorescent probe,
but also depends on the local environment. The dye NR668 is a modified version
of the conventional Nile red, which is well described in the literature. Conventional
Nile red may have thousandfold difference in emission intensity depending on what
the local environment is [74]. Polar solvents, such as water, essentially lead to dye
quenching, while the dye is intensely fluorescent in all organic solvents [74]. This
subject is further addressed in spectral analysis of NR668, section 5.3.

5.2.2 Uptake mechanism

The two main endocytosis pathways, CME and CvME were inhibited by cell culti-
vation with Chlorpromazine and Genistein, respectively. For both experiments with
endocytosis inhibitors the fluorescence intensity, shown in figure 29, is significantly
higher than the cells autofluorescence. For either of the inhibited mechanisms to be
the main route of cellular uptake, one would expect the resulting intensity profile to
overlap to a much higher degree with the cells autofluorescence. One can therefore
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conclude that neither CME or CvME is the main mechanism of cellular uptake.
However, about 15-20% of the pretreated cells of each of the two pre-treated popu-
lations do not overlap with the untreated cells, indicating that the inhibitors have
had some effect. Genistein is believed to inhibit not only caveolin- dependent en-
docytosis, but also have a broader effect on other clathrin- independent endocytosis
mechanisms [66] [100] [101].

Other possible mechanisms responsible for the main uptake of dye in A431 cells
are, release of NR668 from NPs outside the cells followed by passive transport the
cell membrane, other endocytosis pathways than the two inhibited, and contact-
mediated transfer.
Contact mediated transfer is a relatively fast process, where hydrophobic agents are
transfered directly into the cytoplasm through a temporary interaction between the
nanocarrier and the cell membrane. Cargo release into cytoplasm has been shown
to be detected within a few minutes, and reaching a maximum cellular fluorescence
intensity within a few hours of incubation with fluorescently labeled NPs [61] [34].
Results of FCM in this project shows an almost linear uptake through 48 hours of
incubation, indicating contact mediated transfer is not the main uptake mechanism.
Because of these results we are left with cellular uptake through passive transport or
other endocytotic mechanisms than CME and CvME. The lipid NPs are too large to
cross the cell membrane through passive transport, but NR668 can be taken up by
extracellular release from nanoparticles followed by passive transport across the cell
membrane. Release of NR668 from nanoparticles extracellularly may occur through
particle degradation, diffusion of dye out of the nanoparticle matrix and into solu-
tion, or by release of dye that is loosely bound to the NP surface. Released NR668
may interact with serum proteins with hydrophobic domains in the solution [34].
The particle used in this project have not been dialyzed prior to FCM, presence
of free NR668 in the particle solution is therefore possible although the dye is very
hydrophobic and will favor being encapsulated in the lipid particles.
Passive transport across the cell membrane can occur either through simple or pro-
tein facilitated diffusion [102]. Diffusion rate depends on many factors, such as con-
centration gradient, molecular size, lipid solubility etc. [103]. The process continues
until equilibrium in concentration is achieved. With free NR668, either originating
from dye leakage from NPs or from non-encapsulated dye in the particle solution,
one would expect a relatively rapid uptake via diffusion, that would reach a max-
imum uptake within much shorter time than what was observed in FCM. FCM
revealed an almost linear cellular uptake within 48 hours of cultivation with NPs.
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We therefore believe we can rule out leakage and rather focus on degradation of
particles. If dye diffusion, as a consequence of NP degradation and dye release, is
the main mechanism of cellular uptake, that means there is a continuous process of
particle degradation for at least 48 hours. Whether or not this is likely is difficult to
determine, but from the results of stability studies in the particle optimization part,
it seems possible. NPs in DMEM at 37◦C increased incrementally in size as a func-
tion of time, but even after 48 hours the solution had not separated into two phases
and the mean particle size was around 357nm. If one assumes some heterogeneity
in the NP population, variations in rate of degradation may be likely, leading to a
continuous process of drug release over time followed by diffusion across the plasma
membrane.

The part of this project involving particle optimization revealed a significant dif-
ference in stability of particles stored at 4◦C and 37◦C. Cell incubation at 4◦C
inhibits all forms of energy dependent transport, such as endocytosis. But because
of the difference in particle stability, results of FCM with cells incubated at 4◦C
with lipid NPs can not give statistically valuable results to describe the uptake of
NPs/dye in a physiological environment, at 37◦C. Analysis of uptake mechanism by
cultivation at 4◦C, leading to inhibition of endocytosis, was therefore not performed
in this project.

5.3 Spectral analysis of NR668
Analysis of the emission spectra of NR668 both free in DMEM and encapsulated
in lipid NPs (NLC#2) was performed in order to see how spectral properties of
NR668 change throughout the lifetime of the dye, being encapsulated and exposed
to physiological environments.
The emission spectra of free NR668 in DMEM is shown in figure 31 and 32, for
microplates incubated at 4◦C and 37◦C, respectively. The peak intensity is around
590nm in wavelength in both cases, and the recordings from different time points
are almost overlapping. Ergo, there is no time dependence, or significant difference
at 4◦C and 37◦C, observed for the emission spectra of free NR668 in DMEM. There
is not much literature available on properties of NR668, but conventional Nile red
is well described. Nile red is a fluorescent hydrophobic probe, meaning the excita-
tion and emission properties of the dye is dependent on the hydrophobicity of the
solvent [74]. Quenching of nile red occurs in highly polar solvents, while the dye is
highly fluorescent in organic solvents and lipids [74]. NR668 is not identical to con-
ventional nile red but is expected to have similar properties. From particle synthesis
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with encapsulation of NR668 to incubation with cells and FCM, the fluorescent dye
may be exposed to variations in local environment that may have an effect on its
emission intensity [74]. The results of spectral recordings of free NR668 showed very
little signs o time dependence or variations at 4◦C and 37◦C, of emission, as the local
environment of the dye consisting of DMEM and small amounts of DMSO, does not
change significantly for the duration of the experiment.

Emission spectra from parallel experiments of NR668 encapsulated in NPs, stored
at 4◦C and 37◦C are shown in figure 33 and 34, respectively. A blue-shift in emis-
sion peak is observed for the particles stored at 4◦C. The peak fluorescence intensity
shifts from about 610nm to 600nm in wavelength. What is surprising about these
results is that the results from the parallel experiments stored at different temper-
atures do not seem to correlate. A blue-shift is not observed for solution with NPs
stored at 37◦C. A physical difference between the two experiments is the state of
IPP, being solid at 4◦C and liquid at 37◦C, how this might affect the system is
uncertain. What we know about nile red, is that it becomes more blue when it
is exposed to more lipophilic molecules, and becomes more red with less lipophilic
molecules [74]. In particle stability studies, it was found that the lipid NPs are
gradually degraded over a time period of at least 48 hours, both at 4◦C and 37◦C.
In spectral analysis experiments, when the particles are degraded, NR668 may be
released from the IPP/SA matrix and bind to more hydrophobic domains of protein
in solution, thereby leading to a blue-shift. One would think that if NR668 has
similar properties as Nile red, a blue-shift due to dye diffusing to more hydrophobic
areas of proteins in solution should also lead to an increase in fluorescence inten-
sity [74]. However, a decrease in fluorescence intensity was found coupled with the
blue-shift. A hypothesis to explain this is as the particles are degraded and dye is
released, some dye will be quenched in the aqueous solution [74], while some dye
molecules will bind to hydrophobic domains of proteins that may have higher hy-
drophobicity than the solid matrix (at 4◦C) of IPP/SA of NPs. Nile red is known to
be completely quenched in water/aqueous solution [74]. This would overall lead to
a decrease in number of fluorescence emitting molecules, thus intensity is affected.
The suggested mechanisms are hypotheses, as there is little literature available de-
scribing the properties of NR668.

For the particles stored at 37◦C an increase in fluorescence intensity is observed,
while the peak of intensity remains in the same wavelength area for all five time
points of emission recording. In a paper by Klymchenko et al. [40] it is shown that
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in 40nm oil droplets with high concentrations of NR668 (5wt%), auto-quenching
occurs. The intensity of fluorescent signal is proportional to the concentration of
fluorophores in a reasonable concentration rage. Auto-quenching or self-quenching
is a pheromone that occurs when the concentration of fluorophores is too high, lead-
ing to loss of fluorescence signal due to short-range interactions between fluorophore
molecules [75]. Auto-quenching may be the mechanism responsible for the phenom-
ena observed for NPs stored at 37◦C, where fluorescence intensity increases with
time. Auto-quenching may occur at time=0 when the concentration of NR668 in-
side NPs is at its highest. When the particles are degraded and dye is released, the
dye is diluted, leading to decrease in auto-quenching and thus increase in fluores-
cence intensity. These are only suggested hypothesizes that have not been confirmed
by supporting literature or extensive spectral analysis.

Figure 35 and 36 shows the emission spectra of free and encapsulated NR668, stored
at 4◦C and 37◦C, for 1 and 48 hours respectively. The difference in intensity, and
wavelength of intensity peak between free and encapsulated NR668, observed in
both figures, has to do with the media surrounding the dye.
The results from NR668 spectral analysis show trends in fluorescence emission of
opposing character for NPs stored under different temperature conditions. There
is little literature on the underlying mechanisms of the observed phenomenas. Pro-
posed theories presented in this section are therefore only attempts to explain the
experimental results.

5.4 In vitro EGFR inhibition- and NP toxicity test-
ing

5.4.1 Solubilitytesting of kinase inhibitors

Solubility testing of five different TKIs in IPP was performed to determine which
of the substances was most suitable for encapsulation in lipid NPs. Gefitinib and
Lapatinib reached dissolution at the highest concentration in IPP, and with the
fewest process steps. The chemical structure of each of the TKI can be found in
table 5 found in appendix A.1. Literature values suggest that Erlotinib, Lapatinib
and Gefitinib are all practically insoluble in water (<1mg/ml at 25◦C) [80]. The
two other kinase inhibitors, SB6-140-06 and JH08-096, have been developed at the
Department of Chemistry NTNU, and are not been described in the literature. All
five TKIs generally consist of relatively unpolar groups, such as alkanes, ethers and
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heteroarenes, leading to low solubility in polar solvents like water. Solubility in
general follows the “like dissolves like” rule wherein polar solutes dissolve in polar
solvents and nonpolar solutes dissolve in nonpolar solvents. Erlotinib has low sol-
ubility in DMSO (3mg/ml). The solubility of Gefitinib in DMSO is 89 mg/ml at
25◦C, while solubility of Lapatinib in DMSO is the highest of the three commercial
compounds, at 200mg/ml [80]. Based on the results of solubility testing, it is likely
that solubility of the two non-commercial compounds, SB6-140-06 and JH08-096, at
least have lower solubility in DMSO than Gefitinib and Lapatinib.
The method used for determining kinase inhibitor solubility in IPP was visual in-
spection. Exact values of solubility was not found, as the method used is not quan-
titative. Due to very limited amounts of kinase inhibitor available, only a few mil-
ligrams was used in each experiment. The solutions in question therefore consisted
of very small volumes of kinase inhibitor/IPP, typically 0.05-0.2g in total. The small
volumes made inspection of the solutions more challenging. Difference in solubility
in IPP of Lapatinib and Gefitinib was therefore not observed. The literature values
of solubility in DMSO would suggest Lapatinib was the most suitable compound for
encapsulation in lipid NPs. However, due to cost and availability, the second most
DMSO-solvable compound (Gefitinib) was used in subsequent experiments.

5.4.2 Effect of EGFR inhibitor and NPs on cell viability

Luminescent cell viability assay was used for analysis of NP and kinase inhibitor tox-
icity on A431- cells. The kinase inhibitor Gefitinib exhibited concentration and time
dependent cytotoxicity on A431 cancer cells. Figure 37 and 38 shows the viability of
cells incubated with Gefitinib dissolved in DMSO for 24 and 72 hours respectively.
A reference sample with cells incubated with only DMSO was also included to de-
termine whether cytotoxicity was a consequence of presence of Gefitinib specifically.
The time dependence is evident when comparing the recordings performed after 24
and 72 hours of incubation. The difference in viability seen in these two figures also
shows a time dependent DMSO toxicity. Results supporting these observations have
been shown for Gefitinib in the literature. Godugu et al. ( [104]) demonstrates the
novel application of Gefitinib in A431 tumor cells. In vitro cytotoxicity testing of
Gefitinib on A431 cells showed a time and concentration dependent cytotoxic effect.
The results of the paper show very little increase in recorded cytotoxicity from 24
to 48 hours since kinase inhibitor treatment, but in both cases the toxicity is in-
creasing with increasing concentrations of Gefitinib. The cytotoxicity is significantly
higher at all concentrations of Gefitinib at 72 hours after treatment, and increasing
toxicity with increasing concentrations of Gefitinib occurs also here. Thus, Godugu
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et al. ( [104]) shows a time dependence of at least 72 hours for Gefitinib’s total
biochemical effect. This delayed cytotoxic effect of Gefitinib may be due to the
drug being dependent on cell division for mechanism of action to occur. The time
before drug effect will thus depend on the rate of cell division. Zhou et al. [105]
demonstrates cell arrest at checkpoint G0/G1 and G2/M blockage in the cell cycle
of human pancreatic cancer cells after treatment with Gefitinib (basic introduction
to cell cycle and checkpoints can be found in section 2.1.1). Thus Gefitinib inhibit
the proliferation of pancreatic cancer cells via cell cycle arrest.
In figure 39 and 40, cytotoxicity of free Gefitinib dissolved in DMSO and encapsu-
lated in NPs is plotted after 24 and 72 hours of incubation. At low concentrations
Gefitinib is the dominant source of toxicity, while the presence of NPs lead to an
increase in toxicity at higher concentrations. This effect is more evident for the
shorter incubation times.
The biological function of Gefitinib is to bind to the intracellular part of epidermal
growth factor receptors located on the plasma membrane and inhibit downstream
signaling, thus restraining cell growth. According to the literature, A431-cells have
abnormally high expression levels of EGFRs, and should therefore be greatly affected
by Gefitinib binding intracellularly. However, the level of expression of EGFRs has
not been measured in this project, and it may deviate from the literature values,
and thus lead to inaccuracy in measured effectiveness of Gefitinib.
Cytotoxicity of NPs with different amounts drug, recorded 72 hours after treatment,
is shown in figure 41. For low concentrations of NPs, the amount of Gefitinib en-
capsulated is the dominant source of cell toxicity. The higher the concentration of
Gefitinib encapsulated in the NPs, the higher the toxicity. For higher concentrations
of NPs (>30µg/ml), cell viability is drastically reduced, regardless of the amount of
loading compound. The high cytotoxicity is a consequence of high concentration of
NPs, illustrating that the particles themselves are toxic.
A toxic effect of NPs alone can be observed for empty NPs at concentrations above
≈10µg/ml. At a concentration of about 15µg/ml NPs, the cell viability is just below
80%, and it decreases to ≈0% at 125µg/ml NPs.
Astrid Hyldbakk, a Mater’s student at NTNU, has performed toxicity tests with
both lipid nanoparticles NLC#1 and NLC#2 on cell lines HEP G2 and LLC-PK1
(unpublished results). The results showed significantly higher cytotoxicity, in both
cell lines, for nanoparticles made with the new protocol (NLC#2) than the old
particle type (NLC#1). For LLC-PK1 cells incubated with 0.6µg/mL NPs, the via-
bility was around 50% and 70% for new and old particle formulations, respectively.
Increasing the particle concentration above 1.2µg/mL led to total cell death for
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LLC-PK1 cells incubated with NLC#2 particles, while the viability is still around
65% for cells incubated NLC#1 particles. The cytotoxicity of NLC#1 particles on
A431-cells has not been measured, but it is expected to have the same tendencies
as found by Astrid Hyldbakk for two other cell lines, being lower toxicity than the
new lipid particle type (NLC#2).
Neither in the toxicity studies in this project, nor in the studies performed by Astrid
Hyldbakk, was the various particle solutions dialyzed prior to incubation with cells.
Excess surfactant in the solution may lead to increase in cytotoxic effect, this can
be avoided by removal of excess surfactant by dialysis.

5.5 Conclusive remarks and further work
This thesis have been focused on developing and analyzing lipid nanoparticles that
can potentially be used as drug carriers in cancer treatment based on drug delivery.
In addition, cell experiments related to uptake and toxicity of such particles has
been investigated. But still, a lot remains unknown. In light of the work presented
in this thesis, I will make a few remarks on what can be learned from this work in
order to further develop the presented lipid nanocarriers.
There are some loose ends from this work that should be further investigated. Not
much is known about the internal structure of the lipid nanoparticles and the un-
derlying mechanisms of destabilization. It would therefore be suggested that the
structure of the NP lipid matrix is investigated further to determine whether there
exists separate liquid and solid nanoparticles in particle solution, or if there are
pockets of liquid lipids in a continuous matrix of solid lipid, or if the solid lipid is in
fact liquid due to supercooling [106] [107]. Knowledge of such structures can be used
for improving effectiveness of drug encapsulation and to understand what destabi-
lizing mechanism that may affect the particles. This may be possible to do using
CARS microscopy (Coherent Anti-Stokes Raman Scattering). The main advantages
of CARS microscopy is that is a dye-free method that images structures based on
intrinsic vibrational contrasts of the structure’s subcomponents. It is popular for
imaging lipid structures. This instrument will be available at NTNU during fall
2016 or spring 2017, and has therefore not been used in this project. To further
investigate destabilizing mechanisms, zeta potential can be measured using a zeta-
sizer. The measurement of zeta potential allows for predictions about the storage
stability of the particle solution. In general, charged particles (high zeta potential)
leads to low degree of aggregation due to electric repulsion [87]. However, this rule
is not directly applicable to particle solutions containing surfactants, as such steric
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stabilizers lead to decrease in zeta potential [87]. In addition, the stability of lipid
NPs in this thesis was only been monitored for up to 6 days per particle batch. Stor-
age over longer time periods followed by ZS measurements would provide further
insight to the physical stability of the particles.
The NPs developed throughout this project showed high degree of cytotoxicity in
A431-cancer cells. When developing nanoparticles for drug delivery, keeping toxic-
ity of the particles themselves as low as possible to avoid harming healthy cells is
important. As described earlier in section 5.4.2, toxicity studies of first generation
lipid particles (NLC#1) resulted in much higher viability than the second genera-
tion particles (NLC#2). The compositional difference between these two particle
types is mainly type of surfactant used. As an attempt improve viability of cells
incubated with empty NPs (NLC#2), the particle solutions can be dialyzed, prior
to cultivation with cells, to remove excess surfactant.
FCM was in this project used to quantify the uptake of fluorescently labeled NPs and
free NR668 in A431-cells. The rate of uptake was found to be significantly higher
for NLC#2 particles compared to first generation particle (NLC#1). However, the
location of the origin of the detected fluorescent signals has not been determined.
CLSM (confocal laser scanning microscopy) can be used to verify whether the fluo-
rescent signal originated from inside the cells or from the plasma membrane. If the
dye or drug is not actually transported to the inside of the cell, a intra-cellularly
located protein target is not reached, and thus the pharmaceutical effect is lost.
To evaluate the effectiveness of kinase inhibitor delivered by lipid NPs to A431 cells,
the level of expression of EGFRs should be measured in the cells. This value may
deviate from literature values, and may therefore give misconceiving results of the
effectiveness of the drug.
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6 Conclusions

This study has been divided into three main parts that all revolve around devel-
opment and testing of lipid nanoparticles for use in cancer treatment as drug car-
riers. In the first and largest part of the thesis, numerous small experiments and
measurements with the overall goal of producing lipid nanoparticles with improved
properties in size and stability were performed. This involved trying out variations
in procedure for particle synthesis, systematic variation in nanoparticle composition
and interpreting results obtained by visual inspection and Zetasizer measurements.
Optimization led to promising results for particles composed of 5% lipid matrix with
4:1 ratio of stearic acid and isopropyl palmitate, and 1.5% surfactant with 4:1 ratio
of Andean QDP Ultra and Phospholipon 80H. The optimized formulation demon-
strated high physical stability and significantly reduced particle size at 4◦C upon
5-6 days storage, and a slightly lower stability and increase in particle size at higher
temperatures (37◦C). An increase in particle size was also observed for particles dis-
persed in various media. Incremental increase in size over time was observed with
zetasizer measurements, which the underlying mechanism still remains unclear, but
Ostwald ripening stands out as a possible growth mechanism.

For the second part of the thesis cellular uptake of fluorescently labeled lipid nanopar-
ticles was investigated using FCM. The rate of uptake of NR668 in A431 cells was
increased by a factor of ≈2.5 from first generation lipid NPs (NLC#1) to the particle
formulation developed in this project (NLC#2). Mechanisms of uptake was mainly
attributed to passive uptake of fluorescent dye after release from NPs during particle
degradation. The uptake was found to be almost linear within the duration of the
experiment, indicating that lipid particle degradation is a continuous process within
at least 48 hours of cultivation with cells. Cellular uptake was found to be reduced
to some degree (17-20%) by pretreatment with endocytosis inhibitors, indicating
some NPs are internalized by endocytosis.
In addition, spectral analysis of the fluorescently labeled NPs, revealed opposite
behavior of fluorescent signal over time for particles stored at 4◦C and 37◦C. The
underlying mechanism of the observed decrease in fluorescence intensity coupled
with a blue-shift at 4◦C, and increase in fluorescence intensity at 37◦ over time, was
hypothesized to be due to competing processes of change in hydrophobicity of the
local environment and fluorescence quenching.
Lastly, cytotoxicity of the optimized lipid nanoparticles and a kinase inhibitor was in-
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vestigated with CellTiter Glo Luminescence viability assay and a microplate reader.
The NPs (NLC#2) were found to be very cytotoxic. Through results of viability
studies and comparison with unpublished results found by colleagues at Sintef, it was
found that surfactant composition had a significant influence on the cell viability af-
ter NP exposure. NLC#1 particles, with Tween 80 as surfactant, were considerably
less cytotoxic than NLC#2 particles with Andean QDP Ultra and Phospholipon
80H as surfactant. The cytotoxic effect of kinase inhibitor Gefitinib showed time
and concentration dependence, but was in general overshadowed by the toxicity of
NLC#2 NPs.
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Appendix A

A.1 Materials

Table 5: Chemical structure and properties of materials [80] [108] [90] [40] [109] [110]

Materials Structure

Stearic acid, solid lipid
Molecular weight = 284.48g/mol
Melting point = 69-71◦C

Isopropyl palmitate, liquid
lipid
Molecular weight = 298.5g/mol
Melting point = 13.5◦C

Tween 80, surfactant
Molecular weight = 604.8g/mol
HLB=15
CMC=0.012mM

Phospholipon 80 H, surfactant

High-melting lecithin
Composed of hydrogenated
phosphatidylcholine and hydro-
genated lysophosphatidylcholine
No structure available
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Andean QDP Ultra, surfactant

Quillaja extract. High molecular
weight, surface-active glycosides
composed of hydrophilic sugar
moieties and a hydrophobic
triterpene or steroid aglycon
No structure available

Nile Red 668 (NR668)
Hydrophobic fluorescent dye
Molecular weight = 558.8g/mol

Curcumin, drug
Molecular weight = 368.4g/mol
Melting point = 183◦C

Erlotinib-HCl, drug (TKI)
Molecular weight = 429.90g/mol
Melting point =223-225◦C

Gefitinib, drug (TKI)
Molecular weight = 446.91g/mol
Melting point =193-194 ◦C

Lapatinib, drug (TKI)
Molecular weight = 581.06g/mol
Melting point = 137-139◦C
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SB6-140-06 (BS-BL), drug
(TKI)
Molecular weight = 407.49g/mol
Melting point = 183-185◦C

JH08-096, drug (TKI)
Molecular weight = 390.44g/mol
Melting point = 189-191◦C

Chlorpromazine,
drug/endocytosis inhibitor
Molecular weight = 318.86g/mol
Melting point = ≈ 60◦C

Genistein, drug/endocytosis in-
hibitor
Molecular weight = 270.24g/mol
Melting point = ≈300◦C
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Appendix B

B.1 Nanoparticles used in this project and their
composition

Table 6: Nanoparticles used and their composition

Sample ID
SA
[g]

IPP
[g]

Loading
compound

and
concentration

[wt%]*

Surfactant
type
and

concentration
[wt%]**

Comments
or process
specifica-
tions

NLP 1
(NLC#1)

[0.6] [0.4] - Tween 80, [1.23] -

NLP 3
(NLC#1)

[0.6] [0.4] Curcumin, [0.5] Tween 80, [1.23] -

PHAT 95 [0.8] [0.2] - P 80H, [1.5] -

PHAT 96 [1.6] [0.4] - P 80H, [3] -

PHAT 97 [0.6] [0.4] - P 80H, [1.5] -

PHAT 98 [1.2] [0.8] - P 80H, [3] -
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PHAT 99 [0.8] [0.2] Curcumin [0.5] P 80H, [1.5] -

PHAT 100 [0.8] [0.2] Curcumin [1] P 80H, [1.5] -

PHAT 101 [0.8] [0.2] NR668 [0.5] P 80H, [1.5] -

PHAT 102 [0.8] [0.2] NR668 [1] P 80H, [1.5] -

PHAT 106 [0.8] [0.2] - QDP [1.5]

Batch split in
2, one part

stored at 4◦C,
one at 37◦C

PHAT 107
(NLC#2)

[0.8] [0.2] -
QDP: P 80H,

[1.2:0.3]

Batch split in
2, one part

stored at 4◦C,
one at 37◦C

PHAT 108 [0.8] [0.2] -
QDP: P 80H,

[1.5:1.5]

Batch split in
2, one part

stored at 4◦C,
one at 37◦C
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PHAT 109 [0.8] [0.2] -
QDP: P 80H,

[0.3:1.2]

Batch split in
2, one part

stored at 4◦C,
one at 37◦C

PHAT 115
(NLC#2)

[0.8] [0.2] -
QDP: P 80H,

[1.2:0.3]

After
sonication

batch split in
4, cooled in 4
ways. Each
sample split
again in 2,
one part

stored at 4◦C,
one at 37◦C

PHAT 116 [0.8] [0.2] -
QDP: P 80H,

[1.2:0.3]

Ultraturrax
instead of
sonication,

batch split in
4, cooled in 4
ways. Each
sample split
again in 2,
one part

stored at 4◦C,
one at 37◦C

PHAT 122
(NLC#2)

[0.8] [0.2] -
QDP: P 80H,

[1.2:0.3]

Batch used
for stabili-
tytesting in

various media

PHAT 128
(NLC#2)

[0.8] [0.2] NR668 [0.5]
QDP: P 80H,

[1.2:0.3]
-
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PHAT 130
(NLC#2)

[0.8] [0.2] NR668 [0.5]
QDP: P 80H,

[1.2:0.3]
-

PHAT 132
(NLC#2)

[0.8] [0.2] NR668 [0.5]
QDP: P 80H,

[1.2:0.3]
-

PHAT 133
(NLC#1)

[0.6] [0.4] NR668 [0.5] Tween 80 [1.23] -

PHAT 135
(NLC#2)

[0.8] [0.2] Gefitinib [5]
QDP: P 80H,

[1.2:0.3]
-

PHAT 136
(NLC#2)

[0.8] [0.2] Gefitinib [2.5]
QDP: P 80H,

[1.2:0.3]
-

PHAT 137
(NLC#2)

[0.8] [0.2] Gefitinib [1]
QDP: P 80H,

[1.2:0.3]
-

PHAT 138
(NLC#2)

[0.8] [0.2] -
QDP: P 80H,

[1.2:0.3]
-

106



Appendix C

C.1 Zetasizer measurement results

Table 7: Results of zetasizer particle size and PDI measurements of batches NLP1 and
NLP2 in which tween 80 is surfactant and SA:IPP ratio is 6:4.

Sample
ID

Storage
tempera-

ture
[◦C]

Variations
in

composition

Time since
synthesis
[days]

PDI
Average
diameter

NLP 1
(NLC#1)

4 Empty
0
1
2

0.105
0.016
0.132

243.3
277.1
279.5

NLP 3
(NLC#1)

4

Curcumin
loaded
(0.5wt%)

0
1
2

0.132
0.164
0.075

231.7
293.5
263.7
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Table 8: Results of zetasizer particle size and PDI measurements of batches PHAT 95-
PHAT98 in which amount of phospholison 80H, SA and IPP has been varied.

Sample
ID

Storage
tempera-

ture
[◦C]

Amount of
SA [g], IPP
[g], P80H
[wt%]

Time since
synthesis
[days]

PDI
Average
diameter

PHAT 95 4 0.8, 0.2, 1.5

0
1
2
3
6

0.198
0.193
0.182
0.217
(0.221)

204.0
208.9
222.4
227.1
(240.2)

PHAT 96 4 1.6, 0.4, 3

0
1
2
3
6

0.185
0.193
0.204
0.211
(0.328)

247.1
267.1
269.9
276.0
(338.4)

PHAT 97 4 0.6, 0.4, 1.5

0
1
2
3
6

0.188
0.204
0.194
0.197
0.239

179.0
206.5
203.6
204.6
210.6

PHAT 98 4 1.2, 0.8, 3

0
1
2
3
6

0.190
0.235
0.237
0.324
0.237

239.4
254.9
267.8
321.4
279.2
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Table 9: Results of zetasizer particle size and PDI measurements for batches PHAT 99-
102, where P80H is surfactant, SA:IPP ratio is 6:4, and two concentrations of curcumin
and NR668 as loading material are incorporated

Sample
ID

Storage
temperature

[◦C]

Loading
material
[wt%]

Time since
synthesis
[days]

PDI
Average
diameter

PHAT
99

4
Curcumin

0.5%

0
1
4

0.187
0.155
0.213

208.8
216.9
247.6

PHAT
100

4
Curcumin

1%

0
1
4

0.236
0.153
0.195

210.9
214.2
236.2

PHAT
101

4
NR668
0.5%

0
1
4

0.220
0.172
(0.167)

213.0
220.3
(240.1)

PHAT
102

4
NR668

1%

0
1
4

0.195
0.171
0.138

214.2
214.6
235.1
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Table 10: Results of zetasizer particle size and PDI measurements of batches PHAT106-
109 where ratio of QDP:P80H was varied, while SA:IPP ratio was constant, 4:1.

Sample
ID

Storage
temperature

[◦C]

QDP:IPP
[g]

Time since
synthesis
[days]

PDI
Average
diameter

PHAT 106

4

37

0.3:0

0.3:0

0
1
2
5

1
2
5

(0.164)
0.108
0.045
0.03

0.1
0.05

(0.047)

(191.2)
193.5
198
209.5

243.9
239.6
(237.3)

PHAT 107

4

37

0.24:0.06

0.24:0.06

0
1
2
5

1
2
5

0.184
0.142
0.081
0.110

0.092
0.158
0.097

182.8
206.0
201.5
219.3

285.6
295.7
310.5

PHAT 108

4

37

0.15:0.15

0.15:0.15

0
1
2
5

1
2
5

0.180
0.152
0.169
0.156

0.125
0.138
0.159

196.1
247.7
267.0
287.5

334.9
330.9
364.8
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PHAT 109

4

37

0.06:0.24

0.06:0.24

0
1
2
5

1
2
5

0.187
0.146
(0.202)
(0.158)

0.215
(0.209)
0.239

256.9
281.1
(288.2)
(294.8)

340.6
(369.7)
433.9

Table 11: Results of zetasizer measurements of PHAT 122 in various media

Media

Storage
tempera-

ture
[◦C]

Time since
dilution in

media [hours]
PDI

Average
diameter

Original
particle
solution

4 -24*
0
24
48

0.172
0.135
0.040
0.134

183.5
194.0
211.2
212.3

PBS 4

37

0
3
5
24
48

1
2
3
5
24
48

0.054
0.136
0.118
0.085
0.100

0.061
0.038
(0.086)
0.126
0.158
(0.153)

222.3
223.6
227.4
230.4
233.8

225.4
231.3
(239.2)
251.5
283.3
(299.7)
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LA
Broth

4

37

0
3
5
24
48

1
2
3
5
24
48

0.115
0.128
0.098
0.098
0.057

0.070
0.081
0.151
0.111
0.137
0.111

217.2
227.2
216.1
227.0
229.8

226.1
230.0
245.4
260.9
269.3
267.5

DI
water

4

37

0
3
5
24
48

1
2
3
5
24
48

0.099
0.116
0.080
0.119
0.223

0.060
0.106
0.051
0.137
0.085
0.032

210.7
211.4
205.7
210.5
229.0

205.4
202.0
203.5
226.6
223.4
227.8
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Glycine 4

37

0
3
5
24
48

1
2
3
5
24
48

0.166
0.152
0.139
0.125
0.169

0.085
0.178
0.174
0.215
0.118
0.09

248.0
230.2
232.4
249.6
281.3

266.2
278.0
285.8
310.2
295.4
305.2

DMEM 4

37

0
3
5
24
48

1
2
3
5
24
48

0.158
0.05
0.065
0.0134
0.154

0.073
0.128
0.172
0.228
0.279
(0.360)

232.8
221.2
226.3
248.5
248.7

232.3
237.7
260.2
285.9
(321.3)
(357.4)

* Particles were diluted in various media after 24 hours of storage in a refrigerator
at 4◦C, the first measurement of particles in no media was performed immediately
after synthesis, time of measurement is therefore set to -24 hours relative to time
of dispersion in medias.
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Table 12: Results of zetasizer particle size and PDI measurements of PHAT 128,130 and
PHAT 132-138. Particle batches used for FCM and viability studies.

Sample
ID

SA:IPP ratio,
surfactant,

load

Time since
synthesis
[days]

PDI
Average
diameter

PHAT 128
(NLC#2)

0.8:0.2
QDP, P80H
NR668 0.5%

0 0.183 186.8

PHAT 133
(NLC#1)

0.6:0.4
Tween 80
NR668 0.5%

0 0.210 276.6

PHAT 130
(NLC#2)

0.8:0.2
QDP, P80H
NR668 0.5%

0 0.134 190

PHAT 132
(NLC#2)

0.8:0.2
QDP, P80H
NR668 0.5%

0 0.183 188

PHAT 135
(NLC#2)

0.8:0.2
QDP, P80H
Gefitinib 5%

0 0.182 209.3

PHAT 136
(NLC#2)

0.8:0.2
QDP, P80H
Gefitinib 2.5%

0 0.140 169.9

PHAT 137
(NLC#2)

0.8:0.2
QDP, P80H
Gefitinib 1%

0 0.159 182.3

PHAT 138
(NLC#2)

0.8:0.2
QDP, P80H

Empty
0 0.069 187.4
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Appendix D

D.1 Viability studies

Figure 45: Viability of cells that have been incubated for 48 hours with DMSO or DMSO
and Gefitinib. The graph show that viability of cells incubated with only DMSO in DMEM
is in the range of ≈30-100% with decreasing concentrations of DMSO, while cells incu-
bated with DMEM, DMSO and Gefitinib has a decreasing viability from 100% to ≈2% for
increasing concentrations of DMSO/Gefitinib
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Figure 46: Viability of cells that have been incubated for 48 hours with DMSO and Gefi-
tinib or with nanoparticles containing Gefitinib. The graphs show that samples of cells
incubated with DMSO+Gefitinib and NPs w/Gefitinib both have a almost linear decrease
in viability with increasing concentrations of Gefitinib.

Figure 47: Viability of cells that have been incubated for 24 hours with nanoparticles
with different concentrations of Gefitinib. For low concentrations of nanoparticles, higher
loading concentration with Gefitinib is shown to be more toxic. There is a drastic increase
in toxicity of nanoparticles (regardles of nanoparticle content) for NP concentration above
62.5 µg/ml
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Figure 48: Viability of cells that have been incubated for 48 hours with nanoparticles
with different concentrations of Gefitinib. For low concentrations of nanoparticles, higher
loading concentration with Gefitinib is shown to be more toxic. There is a drastic increase
in toxicity of nanoparticles (regardles of nanoparticle content) for NP concentration above
62.5 µg/ml
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9

11
7.
7

10
4.
8

D
M
SO

,h
ig
h
→

lo
w

co
nc
en
tr
at
io
n

33
.5
0

64
.6
4

72
.1
1

79
.8
9

70
.1
0

74
.0
4

77
.0
4

76
.4
8

69
.0
5

67
.0
1

10
8.
08

10
5.
5

*T
he

la
st

co
lu
m
n
on

ly
co
nt
ai
ns

ce
lls

w
it
h
D
M
E
M
,n

o
N
P
s,

G
efi
ti
ni
b
or

D
M
SO

ha
s
be

en
ad

de
d.

**
T
he

va
lu
es

of
vi
ab

ili
ty

en
lis
te
d
in

th
e
ta
bl
e
ar
e
ba

se
d
on

co
m
pa

ri
so
n
w
it
h
th
e
av
er
ag

e
am

ou
nt

of
liv

in
g
ce
lls

in
th
e
la
st

co
lu
m
n,

w
he
re

no
ad

di
ti
on

s
of

so
lu
ti
on

s
ha

ve
be

en
m
ad

e(
ex
ce
pt

gr
ow

th
m
ed
iu
m
)
to

th
e
ce
ll
po

pu
la
ti
on

.
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T
able

15:
V
iability

results
for

cellplate
incubated

for
72

hours
w
ith

N
P
s,

N
P
s
w
/G

efitinib,
D
M
SO

w
/
G
efitinib

and
D
M
SO

.

B
lank

N
P
s,low

→
high

concentration
0.025

0.053
0.190

1.816
18.25

51.92
75.64

88.92
105.1

105.1
107.0

100

B
lank

N
P
s,high

→
low

concentration
0.025

0.025
0.380

1.472
23.44

50.35
76.97

105.6
107.9

118.7
101.8

100

N
P
s
1%

gef,high
→

low
concentration

0.036
0.033

0.064
0.332

18.12
31.85

50.03
73.48

89.78
95.56

96.01
100

N
P
s
2.5%

gef,high
→

low
concentration

0.020
0.041

0.020
0.263

16.88
31.20

44.32
57.05

65.62
70.98

86.91
100

N
P
s
2.5%

gef,high
→

low
concentration

0.008
0.016

0.032
0.093

10.85
23.83

37.85
53.35

58.99
59.77

83.65
100

N
P
s
5%

gef,high
→

low
concentration

0.012
0.036

0.45
0.125

13.45
21.78

29.68
45.98

54.13
53.08

66.56
100

D
M
SO

+
gef,high

→
low

concentration
0.170

1.937
6.727

11.86
17.54

23.69
32.04

39.02
54.00

58.77
81.39

100

D
M
SO

,high
→

low
concentration

20.33
55.41

70.04
68.29

69.12
79.11

61.42
78.39

80.87
92.86

102.1
100

*T
he

last
colum

n
only

contains
cells

w
ith

D
M
E
M
,no

N
P
s,G

efitinib
or

D
M
SO

has
been

added.
**T

he
values

of
viability

enlisted
in

the
table

are
based

on
com

parison
w
ith

the
average

am
ount

of
living

cells
in

the
last

colum
n,

w
here

no
additions

ofsolutions
have

been
m
ade

(except
grow

th
m
edium

)
to

the
cellpopulation.
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