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Abstract

RGD-functionalized and non-functionalized oil-in-water nanoemulsions of approximately
100 nm containing DSPC, PEGylated DSPE, cholesterol and Gd-DTPA-DSA at a molar
ratio of 1.1/0.15/1/0.75 were prepared. In vitro uptake and trafficking in HUVECs of
the nanoemulsions was characterized using confocal laser scanning microscopy and flow
cytometry. The RGD peptide recognizes «,,53 and a5 integrin receptors, which play
central roles in angiogenesis. Moreover, the a, /3 integrin receptor is overexpressed in
the endothelium of angiogenic tumor vasculature. It was found that the RGD-emulsion
showed a remarkably high uptake in HUVECs expressing a,, 3 integrins compared to
its non-conjugated control version. Furthermore, the RGD-emulsion was able to evade
the lysosomes at least within the first 3 hours of incubation, while the control-emulsion
was not. The uptake of both emulsions was mainly facilitated by caveolae-mediated
endocytosis, but also to a lesser extent by clathrin-mediated endocytosis and other un-
known mechanisms. It was shown that RGD and control-emulsions were internalized or
sorted into distinct vesicles. Both emulsions bypassed the early endosomes, and it was
hypothesized that they were mainly trafficked to caveosomes before subsequent traffick-
ing of control-emulsion to late endosomes/lysosomes and of RGD-emulsion to cis-Golgi
or endoplasmatic reticulum. The results suggest that the RGD-emulsion has promising
feasibility as a site-specific targetable delivery system.
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Chapter 1

Introduction

In the past two decades, there has been a progressively increasing interest for nanoparti-
cles (NPs) as therapeutic and diagnostic tools, and the number of commercially available
products is constantly growing [1]. The interest for NPs is based on the fact that they
offer possible solutions to current limitations in diagnosis, treatment and management of
many human diseases [2, 3]. For example, most conventional anticancer treatments in-
volve severe toxic side effects upon systemic administration. By incorporating anticancer
agents into NPs, these side effects can become less prominent [3, 4, 5].)

In principle, the true potential of NPs lies within the fact that their size, dispersibil-
ity, specificity, blood circulation time, immunogenicity and degradation characteristics
can be tuned to achieve a desired effect in a physiological system [6, 7]. In the case of
drug delivery, it is important that the NPs possess characteristics that allow the drug to
circulate for extended periods of time without being eliminated by the reticuloendothe-
lial system (RES). Such properties can be achieved by functionalizing the surface of the
NPs with polymers that provide colloidal stability of the NPs in plasma, and that give
improved stealth properties and prevent adherence of plasma proteins. PEG (polyethy-
lene glycol) is a polymer commonly employed for this purpose [8]. However, the NPs
must also allow release of the drug at the target site, which means that the NP material
should be of biodegradable character [7]. Moreover, NPs can be functionalized with tar-
geting ligands that match disease-specific receptors on target cells. This can be useful
for several purposes. For example, NPs incorporated with imaging agents can bind to
disease cells and provide an early diagnostic evaluation, or NPs incorporated with drugs
can ensure a more site-specific pharmaceutic effect. Additionally, several functionalities
can be combined within one single construct, to yield multifunctional NPs [3, 9, 10]. One
ligand commonly employed for site specific interactions are peptides containing cyclic
RGD (Arg-Gly-Asp) sequences. RGD selectively recognizes a,f3 and «,f5 integrins,
and the «,[3 integrin is overexpressed by tumor endothelial cells [3, 10].

One type of NP currently investigated for imaging and drug delivery purposes, is
lipid oil-in-water nanoemulsions. These emulsions consist of an oil core surrounded by
DSPC, DSPE-PEG and cholesterol lipids. The design of the nanoemulsion allows for
inclusion of various compounds, such as MRI imaging agents and/or hydrophobic drugs.



Furthermore, the lipids can be conjugated to fluorophores that enable optical imaging,
or to site-specific ligands that increase the specificity of the emulsion [10, 11, 12].

In this study, the uptake and trafficking of 100 nm sized lipid oil-in-water nanoemul-
sions has been characterized in wvitro. Two types of emulsions were used: one with
RGD-peptides conjugated to the surface, and one non-conjugated control-emulsion. As
a model system, human umbilical vein endothelial cells (HUVECs) that express «,[3
integrins were used. The goal of the study can be divided into two aims: 1) to eluci-
date how the RGD-conjugation affects emulsion uptake in HUVECs compared to that
of control-emulsions, and 2) what kind of endocytic uptake and trafficking pathways the
two respective emulsion types employ.



Chapter 2

Theory

2.1 Nanoparticle Systems and Applications

A wide variety of nanoparticle systems are under development today, all designed with
specific applications in mind. Such systems have huge potentials in the field of medical
and biological technologies. One of the major advantages of NPs is their size, which per
definition lies between 1 and 100 nm [3, 4, 13]. Size-effects can be exploited in several
ways. For example, a typical protein is at the same size as the smallest manmade
NPs (around 5 nm). This gives the opportunity to use NPs as probes for studying
cellular machinery in a non-invasive way [13]. As for larger NPs, an advantageous
property may be the ability to accumulate in tumor tissue, due to the leaky nature
of tumor vasculature [3, 4]. Furthermore, NPs can be modified and functionalized in
a number of ways to improve or introduce properties, such as specificity, stability and
biocompatibility [3, 8, 13]. For example, the size, shape and charge can be tailored.
Moreover, the surface can be functionalized with PEG (polyethylene glycol) to improve
stability and/or ligands to improve specificity [3, 8]. Figure 1 visualizes some general
NP platforms, while a list with concrete examples of systems in pre-clinical development
can be seen in table 1.
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Figure 2.1: Illustration of some typical NP platforms [5].
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Table 2.1: Exzamples that illustrate the wide variety of NP systems in pre-clinical devel-
opment.

Type of System Application Target Reference
Dendrimers

Folic acid PAMAM Drug delivery of Epithelial cancer [14]
dendrimers Methotrexate

Ligand conjugated Drug delivery of Malaria [15]
PEG-Poly-L-lysine Chloroquine Phosphate

dendrimers

Polymer micelles

Polymer-lipid NPs Drug delivery of Solid tumors [16]
Doxorubicin

Biotinylated Drug delivery of Brain [17]

antibody-conjugated Daunomycin

polymeric micelles

Liposomal NPs

CpG ODN Delivery of immuno- Immune cells [18]
liposomal NP stimulatory ODN

SN-38 Drug delivery of Solid tumors [19]
liposomal NP SN-38

Nanoemulsions

Iron oxide core Targeting Solid tumors [11]
oil-in-water and Imaging

nanoemulsion

Virus-based NPs

Adenovirus captured Gene therapy Various [20]
in lipid bilayers

Gold-conjugated Photothermal therapy  Solid tumors [21]
cytomegalovirus and gene therapy

DNA-NPs

Chitosan/DNA polyplexes Gene therapy Various [22]
PEG-stabilized DNA Gene therapy Cystic fibrosis (23]
Metallic NPs

Anti-HER2 antibody- Photohermal therapy Breast cancer [24]

targeted gold/silicon NP

Ceramic NPs

Silica crosslinked block Imaging and Various [25]
copolymer micelles chemotherapy

PAMAM: polyamidoamine, PEG: polyethylene glycol, CpG: Cytosine-guanine, ODN: Oligodeoxynucleotides,
SN-38: 7-ethyl-10-hydroxycamptothecin
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2.1.1 Drug delivery

Drug delivery is an important application of NP systems, and approximately 76% of
all nanomedicine publications deal with this topic [1]. In theory, NP drug delivery can
be applied to a wide variety of disorders, but the most frequently investigated one in
this aspect is cancer [3, 4, 5, 9, 10]. The goal of delivering medicines by the aid of
NPs is to improve the therapeutic effect of the incorporated drug. For example, the
drug can be protected against systemic degradation and elimination. In that matter,
the drug can be allowed to circulate for extended periods of time and reach the target
site. This means that properties needed for a specific pharmacokinetic effect are mainly
dependent on the characteristics of the NP, and not limited by the drug itself [4]. When
it comes to hydrophobic drugs, the protection effect is especially important because
many of these drugs cannot be used effectively in vivo due to rapid elimination by the
reticuloendothelial system [8]. Moreover, large amounts of drugs can be loaded into one
particle, which can increase the local concentration of the drug at the target site [26].
Last but not least, the NPs can be surface functionalized to introduce new properties or
improve already existing properties [3, 5, 9, 10].

One important surface modification that is utilized by many NP systems is the
conjugation of PEG. PEG is a flexible, hydrophilic polymer that can give a brush-
like effect on the surface of NPs. In that matter, it improves stealth properties of the
NP and prevents plasma proteins to adhere. As adherent plasma proteins can tag the
NP for destruction, the conjugation of PEG can significantly enhance NP’s lifetime in
circulation. PEG have shown large enhancement of circulation times for many types of
NPs. PEGylated liposomes are one example of LNPs that showed increased circulation
times in mice, rats, dogs and humans [8, 27].

Some drug delivery systems are already on the market, such as liposome-encapsulated
doxorubicin (Doxil) [1]. Examples of drug delivery systems in development can be found
in table 1. One of them is the delivery of methotrexate to tumors by the help of den-
drimers. Kukowska-Latallo et al. showed that PAMAM-dendrimers conjugated to folic
acid accumulated in tumors over a period of 4 days, and significantly increased the
anti-tumor activity while reducing toxic side effects of methotrexate. The targeting of
dendrimers by conjugation to folic acid played a central role in these experiments, as the
non-targeted control version was cleared from the system after only 2 hours (not enough
time for substantial tumor accumulation). The advantage of using folic acid is that the
folic acid receptor is upregulated on several types of cancer cells and internalized once
a ligand is bound. A more general advantage of dendrimers is that they can be made
extremely small (2-10 nm). This gives them the ability to diffuse more easily in the
extracellular matrix of a tumor [14].

Figure 2.2 indicate how drug delivery systems (DDS) can solve common problems
associated with administration of free drugs [28].
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Problem

Poor solubility

Tissue damage on
extravasation

Rapid breakdown of
the drug in vivo

Implication

A convenient pharmaceutical format is difficult
to achieve, as hydrophobic drugs may precipitate
in aqueous media. Toxicities are associated with
the use of excipients such as Cremphor (the solubilizer
for paclitaxel in Taxol).
Inadvertent extravasation of cytotoxic drugs
leads to tissue damage, e.g., tissue necrosis
with free doxorubicin.
Loss of activity of the drug follows administration,
e.g., loss of activity of camptethecins at

Effect of DDS

DDS such as lipid micelles or liposomes provide both
hydrophilic and hydrophobic environments, enhancing
drug solubility.

Regulated drug release from the DDS can reduce or
eliminate tissue damage on accidental extravasation.

DDS protects the drug from premature degradation and
functions as a sustained release system. Lower doses of

drug are required.

DDS can substantially alter the PK of the drug and
reduce clearance. Rapid renal clearance of small molecules
is avoided.

The particulate nature of DD5 lowers the volume of
distribution and helps to reduce side effects in sensitive,
nontarget tissues.

physiological pH.
Drug is cleared too rapidly, by the kidney, for
example, requiring high doses or continuous infusion.

Unfavorable
pharmacokinetics

Poor biodistribution Drugs that have widespread distribution in the
body can affect normal tissues, resulting in
dose-limiting side effects, such as the cardiac
toxicity of doxorubicin.

Distribution of the drug to normal tissues leads to
side effects that restrict the amount of drug that
can be administered. Low concentrations of drugs
in target tissues will result in suboptimal
therapeutic effects.

Lack of selectivity
for target tissues

DDS can increase drug concentrations in diseased tissues
such as tumors by the EPR effect. Ligand-mediated targeting
of the DDS can further improve drug specificity.

Figure 2.2: Common limitations associated with delivery of free drugs, and suggestions
of how drug delivery systems (DDS) may offer possible solutions [28].

2.1.2 Gene Delivery

For developing gene delivery systems, viral particles have been widely used. This is
because viruses cleverly enter and transfect cells with high efficiency [29]. However, viral
vectors can induce severe immunological responses in the host, and deaths have occurred
in human clinical trials [30]. Unwanted effects such as immune system induction need
to be prevented in order to safely use viral vectors in gene therapy, and nanotechnology
offers possible solutions. For example, the surface of the virus can be covered with
lipid bilayers to mask the proteins that normally onset immune reactions. This has
been done by Singh et al., using adenovirus particles. By simply including the virus
particles when hydrating a lipid film, lipid bilayers was shown to spontaneously form
around them. The transfection efficiency was delayed because the lipid bilayer inhibited
binding to adenovirus receptors on cells, but the experiments demonstrate the possibility
to systemically administer viral NPs without immune system induction and degradation
[20].

Even though viruses efficiently deliver genetic payloads, synthetic vectors based on
NP platforms may offer more controllable parameters considering safety. Strand et
al. are working on developing NP systems for gene delivery based on chitosan. Chi-
tosans are cationic polysaccharides with an excellent safety profile. They spontaneously
self-assemble with nucleic acids to form NPs, and those constructs are able to induce
trans-gene expression. By studying structure-function relationships of many different
types of chitosans, it is possible to tailor them to exhibit optimal properties for specific
applications [22].
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2.1.3 Photothermal Therapy

Photothermal therapy (PTT) is investigated as a method to treat tumor tissue by induc-
ing heat that irreversibly damages cancer cells. This is done by using electromagnetic
radiation to excite a sensitive material to a vibrational state within a biological system.
When relaxing from the excited state, these materials release heat that kill cancer cells
locally. In contrast to conventional surgical treatment of solid tumors, PTT offers the
ability to treat small, poorly defined metastases embedded within vital regions, in a
non-invasive and highly specific way [31].

Electromagnetic radiation typically used for PTT is radiation in the infrared region.
Previously, materials used for PTT included natural chromophores in tissue or externally
added dyes. However, these materials suffered from low absorption and photobleaching
[31].

Several materials are now being investigated for PT'T purposes, amongst them carbon
nanotubes, gold NPs, gold nanoshells and gold nanorods. The common denominator of
these particles is that they readily absorb radiation in the infrared or near-infrared
region, and efficiently release heat as they relax from their excited state. Additionally,
they can be functionalized to increase stability and improve specificity to the target
tissue [31, 32]. One example is provided by Hirsch et al. They showed that silica NPs
covered by a shell of gold induced irreversible tumor damage within 4-6 minutes, when
exposed to low doses of near infrared light (820 nm) in vivo [24]. Similarly, Zhou et al.
showed that single-walled carbon nanotubes conjugated to folate effectively enhanced
the photothermal destruction on tumor cells, while sparing normal cells [32].
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2.1.4 Imaging

For the development of therapeutic NP delivery systems, non-invasive imaging technolo-
gies play a key role, since they allow one to follow the fate of NPs inside biological
systems like cells, tissues or whole organisms. Furthermore, such technologies can al-
low monitoring of physiological and molecular changes for diagnostic purposes. Com-
mon technologies utilized today are molecular resonance imaging (MRI) and ultrasound
[10, 33].

Nanoparticle platforms offer great advancement for non-invasive imaging technolo-
gies, although very few systems are given commercial effort compared to systems for
drug delivery [1]. By incorporating contrast generating materials, such as quantum
dots, paramagnetic materials, superparamagnetic materials, gas bubbles or fluorescent
dyes into NPs, imaging can be done with enhanced specificity [11, 12, 33, 34]. There
are a number of possibilities for these NP constructs. For MRI, aggregates consisting of
gadolinium-conjugated lipids and iron oxide NPs coated with hydrophilic layers are some
of the possibilities [12, 35]. However, encapsulating the contrast generating material in
another type of NP offers additional advantages. Mulder et al. showed that by encapsu-
lating iron oxide NPs in oil core of a lipid oil-in-water nanoemulsion, the contrast agent
was rendered stabile in circulation and allowed accumulation in tumor tissue. Due to
high payloads of iron oxide in the emulsion, the transverse relaxivity was high enough
for Ty weighted MRI. Additionally, the lipids on the surface could be conjugated with
other substances, such as fluorophores. This enabled in vivo fluorescence imaging to
determine pharmacokinetic profile and organ distribution [11].

For ultrasound, examples such as lipid coated perfluorocarbon nanodroplets, acoustic
liposomes, microbubbles, PLA nanobubbles and solid PLA NPs can be mentioned [33,
36, 37, 38]. Nanosized particles are not theoretically as echogenic as microbubbles, but
when targeted with a ligand they can be deposited as layers at the target site. This
can generate sufficient contrast, and may be advantageous for localizing disease specific
areas in vivo [33].
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2.1.5 Multifunctional Nanoparticles

As indicated in previous sections, NP systems can exploit several properties and func-
tionalities, such as the described system for drug delivery by the aid of folic acid (section
2.1.1). This means that one NP system can be used for several applications at the same
time. For example, a NP system can actively target a disease site, deliver a drug, and
contain an imaging label. NPs that combine different functionalities in a single stable
construct are called multifunctional nanoparticles [39].

Liong et al. developed a multifunctional NP system based on mesoporous silica
NPs, shown in figure 2.3. By incorporating iron oxide nanocrystals and anticancer
drug, while functionalizing the surface of the NP with folic acid and phosphonate, both
targeted drug delivery and MRI of the agent was possible. The phosphonate made the
particles hydrophilic, and prevented aggregation in solution. It was also demonstrated
that fluorescent molecules could be added to the system to introduce the possibility of
fluorescence imaging [34].

L'"-’b-.. SR '_ '* r\p-r"r .' Iron oxlde nanocrystal
I - % v Anticancer drugs
28 .. T . W Phosphonate coating
_p.f‘ﬂ AL RO ."'1"1,1 P> Targeting ligand

Figure 2.3: Schematic illustration of multifunctional NP with iron oxide nanocrystals
encapsulated within mesoporous silica, hydrophobic anticancer drug stored inside the
pores, and surface modifications with phosphonate and folic acid targeting ligands [34].
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2.2 Lipid-based Nanoparticles

Lipid-based nanoparticles (LNPs) can be described as particles that consist of an outer
shell of lipids. The use of lipids creates a biocompatible barrier against a physiologi-
cal environment, and can significantly improve important properties of the encapsulated
agent(s), such as pharmacokinetic profile and specificity. Aspects concerning LNP forma-
tion are described below. Sections 2.2.1 and 2.2.4 were taken from previously elaborated
project work [40)].

2.2.1 Self-assembly Mechanisms of Amphiphiles

An amphiphilic molecule is a molecule that has one hydrophilic polar end, and one hy-
drophobic nonpolar end. When put in contact with an aqueous liquid, such molecules
tend to orient themselves so that the hydrophobic end is shielded from water. In that
way, the total nonpolar surface exposed to water is reduced, and an entropy favored,
spontaneous self-assembly process of amphiphiles has occurred. Phospholipids, which
contain two fatty acyl chains and one phosphate head group, exist in biological mem-
branes and are perhaps the most well known type of amphiphile. Its structure is shown
in figure 2.4. However, many types of lipids and also other molecules can be involved in
complex self-assembly mechanisms. In general, amphiphiles are able to form very diverse
fluid crystalline structures. The type of structure formed depends largely on the shape,
charge and concentration of the lipid molecules, as well as the pH and salt concentration
of the solution. For example, amphiphiles can exist as single molecules when present in
very low concentrations in aqueous liquid, but over a certain concentration, the critical
aggregation concentration, they start to form aggregates. In very high concentrations,
even cubic, lamellar and hexagonal phases are observed. In terms of lipid self-assembly,
different types of NP aggregates can be micelles, liposomes and bilayers sheets, as seen
in figure 2.5. More complex structures can also be formed, such as rod-like micelles and
disc-like micelles [41, 42, 43].

The shape of the lipids can be used to predict what kind of aggregate they will form.
For example, in order to form micelles, each lipid must fit into a cone shape so that the
hydrophilic head is wider than the hydrophobic tail. When forming lipid bilayers, on
the other hand, the volume of the tail region is much larger, and looks similar to the
shape of a cylinder. Its circular cross section is then comparable to the cross section of
the head group, as is often the case for phospholipids with two acyl chains. The shape
of a micelle forming lipid and a bilayer-forming lipid is shown in figure 2.6 [44, 42, 45].

In general, the larger the volume of the tail region of an amphiphile, the higher the
hydrophobic cost of exposing its surface to water. Following this, self-assembly into
bilayers is more avid than self-assembly into micelles. It should be noted that aggregate
prediction based on shape usually is used for single component systems, and does not
necessarily work for systems containing different types of amphiphiles. As mentioned, the
lipid concentration, salt concentration and pH also affect which aggregates are formed
[41, 45].
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Figure 2.5: Illustration of some of the aggregates lipids can form.

2.2.2 Liposomes

Liposomes are structures that readily self-assemble due to the mechanism explained
above, and can be seen in figure 2.5. Self-assembly of liposomes is a two-step process,
where the lipids firstly form bilayers and then closes off to form vesicles with an aqueous
core environment [46]. The diameter of liposomes normally lies between 800 and 50 nm,
and they have been investigated as vehicles for transportation of various materials in
vitro and in vivo since their discovery in 1965 [12, 47, 48, 49, 50, 51]. During the recent
years, there have been major advances within the field of liposome- mediated delivery,
and some products can be found on the market [1, 28]. The majority of liposomes
on the market are liposomes that encapsulate chemotherapeutics or antifungal agents
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shape of lipid packing of lipid
molecule molecules

Figure 2.6: Schematic illustration of how the shape of a lipid can be used to predict
what kind of aggregate it will form.

[1]. The development of sterically stabilized lipsomes is perhaps the most important
reason for the progression of liposomes in clinical use, as stabilization gives prolonged
circulation times of included substances [52]. One major advantage of using liposomes is
that they can carry both hydrophobic and hydrophilic materials. Hydrophobic materials
or amphiphatic molecules can go into the lipid bilayer, while hydrophilic substances may
reside in the aqueous core [12].

2.2.3 Micelles

Micelles are self-assembled lipid structures of substantially smaller size than that of
liposomes, ranging from 5 to 100 nm [53]. As explained in section 2.4.1, it is the shape
of the lipids that determines what kind of structures can be obtained, and for micelles
the cone-shaped lipids enables close packing into small spheres without lumen (figure
2.5). Other micelle structures can also be found, such as threads, discs and rods [12].
For carrier applications, micelles can contain amphiphatic or hydrophobic materials, and
have been extensively investigated for their ability to improve pharmacokinetic properties
in the same manner as for liposomes. However, micelles may offer additional advantages.
It has been shown that accumulation of micelles in tumors may be larger than that of
liposomes, due to tumor-dependent vascular pore cutoff size. In other words, micelles
may be better suited for passive accumulation in certain tumors, such as in Lewis lung
carcinomas [54].
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2.2.4 Oil-in-water Nanoemulsions

Oil-in-water (o/w) nanoemulsions are NPs with an oil core and a layer of lipids as an
outer shell. In contrast to micelles, a very high payload of hydrophobic materials can be
incorporated into the core of such particles [11].

Emulsion LNPs do not spontaneously self-assemble in the same way as micelles and
liposomes do. First of all, water and oil separates into two phases, as seen in figure 2.7
(a). This is entropically favorable because water molecules are more attracted to each
other than they are to oil molecules, and vice versa. Secondly, lipids have one hydrophilic
part and one hydrophobic part, and will orient themselves on the oil-water interface so
that both parts are satisfied and the molecules’ free energy minimized (figure 2.7 (b)).
This reduces interface tension, and happens spontaneously. In other words, this is all the
self-assembly that occurs in such solutions. To make particles in the nano size range, me-
chanical energy/shear needs to be introduced to the system. Such energy can be in the
form of physical mixing movements or ultrasonic agitation, and makes the two phases mix
so that the oil breaks into fine droplets (figure 2.7 (c)). The lipids will cover the outer sur-
face of these droplets, with the polar head facing water, and in this way make them stable
for extended periods of time [55]. DSPC (Distearoyl-sn-glycero-3-phosphocholine) and
PEG-DSPE (distearoyl-phosphoethanol- amine-N-[methoxy(polyethylene glycol)-2000])
are lipid amphiphiles typically used to make o/w LNPs [12]. An example of a multifunc-
tional oil-in-water nanoemulsion can be seen in figure 2.8.
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Figure 2.7: Illustration of the process of making an o/w nanoemulsion [55].
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Figure 2.8: Multifunctional o/w NP with DSPC, DSPE-PEG and cholesterol surround-
ing an oil core. Fluorescent probes NIR and Rhodamine are included, and also some
percentage of gadolinium conjugated lipids (Gd-DTPA-DSA). Fluorescent probes enable
visualization in optical microscopes, and the latter in MRI. Additionally, an RGD pep-
tide is displayed on the surface, to obtain increased specificity towards endothelial cells
in cancer tissue [56].
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2.2.5 Stabilization of Lipid-based Nanoparticles

Even though many LNPs are formed due to entropically favored reactions, they are not
necessarily stabile for prolonged periods of time in vivo. There are basically two reasons
for this: limited particle integrity and degradation by the immune system.

Firstly, LNPs rely on weak non-covalent interactions, and there exist a well-known
fluidity of lipid membranes that allow lipids to diffuse laterally and occasionally also
axially. Membrane fusion mechanisms, such as under the event of phagocytosis and
secretion, are phenomena that rely on such lipid movements [57]. Considering this, it is
likely that there is some lipid transfer between distinct LNPs, as well as between LNPs
and cells. From experiments with both lipid vesicles and lipid nanoemulsions, it has
been shown that this lipid transfer process is a fact [40, 58]. Physical constraints such as
these compromise the general integrity of LNPs, but may also hamper specificity exerted
by targeting ligands. This is because ligand conjugated lipids may be lost before the
LNPs reach their target [40].

The second major stability problem for LNPs is degradation by the Reticuloendothe-
lial System (RES). RES normally recognizes substances that are foreign to the body, and
degrades them chemically [8]. For LNPs, this means that they may not be able to stay
in circulation long enough to efficiently accumulate in the target tissue. One advantage
of using lipids in general, is that they are said to be biocompatible, as lipids exist natu-
rally in in vivo environments. However, degradation still happens to some degree when
LNPs are introduced into the blood stream. As previously mentioned, plasma proteins
adhere and tag particles for destruction. The amount and composition of proteins that
participates in this action is dependent on the physicochemical properties of the LNPs,
such as lipid composition, zeta potential and size [27].

Up to date, different ways to overcome the above explained problems have been
introduced. Ome of them is to include cholesterol and PEG-conjugated lipids in the
original lipid mixture. Cholesterol is an amphiphile that contains a hydrophobic planar
steroid ring, which lowers the mobility of lipid tails when incorporated into a lipid
layer. Variation in small cholesterol contents can give control of lipid layer stiffness and
morphology. In that matter, cholesterol can be utilized to reduce fluidity in lipid layers,
and further increase stability and specificity of LNPs [59]. An experiment that shows the
significance of cholesterol in LNPs was done by Sengupta et al. The transfer rate of lipids
between DPPC (dipalmitoyl-L-a-phosphatidylcholin) vesicles with and without 5 mole%
of cholesterol was measured, and it turned out that the transfer rate was reduced by 50%
in the case of vesicles with cholesterol [58]. PEG stabilizes the LNPs sterically, improves
stealth properties and prevents plasma protein adherence as previously explained.
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2.3 Nanoparticles and Cancer

Cancer therapy is one of the major fields for the use of NP systems. This is because the
properties of NPs match the pathophysiology of cancerous diseases in an optimal way.
The relationship between different aspects of cancer development and the use of NPs is
explained below.

2.3.1 The EPR Effect: Passive Targeting

Due to an increased level of stimulatory signals in the process of angiogenesis (will
be explained in section 2.3.2), tumor vasculature is known to be tortuous and poorly
organized [60]. The gaps between endothelial cells are abnormally wide, and this leads
to leakage of nutrients and macromolecules into tumor tissue. Additionally, tumors lack
effective lymphatic drainage systems and the enhanced retention results in increased
interstitial pressure. These phenomena are together called the enhanced permeability
and retention (EPR) effect [61, 26].

Even though the EPR effect contributes to tumor growth, it also creates an optimal
microenvironment for the passive targeting and accumulation of NPs. The size range of
NP is optimal for passive diffusion through leaky endothelial junctions, and by incor-
porating therapeutic drugs the local drug concentration can become many times larger
than after conventional systemic intravenous administration. Perhaps more importantly,
the use of NP systems can significantly reduce commonly observed side effects, such as
cardiotoxicity [26, 62]. NPs are therefore considered valuable tools for cancer treatment
purposes. The extent of NP extravasation depends on the size of the endothelial gaps,
which can vary significantly from tumor type to tumor type [63]. General observations
indicate that particles with diameters less than 200 nm are the most effective for extrava-
sation purposes, but it can be useful to further tailor the size of the NPs to specifically
match the vascular cutoff pore size of the tumor in question [26, 63]. However, it should
be mentioned that the vascular permeability is not necessarily homogeneous in the same
tumor, which means that the passive accumulation can also vary within a tumor.

One example of a passively targeting chemotherapeutic is the already mentioned
Doxil. Doxil increased the specificity of doxorubicin against tumor tissue, and showed
a reduction in toxic side effects [47, 64]. The results cannot solely be explained by the
EPR effect, but also by the liposome’s ability to improve the circulation time of the drug.
For example, the half-life of PEGylated doxil (doxil liposome stabilized by polyethylene
glycol) in systemic circulation was shown to be 84 hours, which is 105 times longer than
that of doxorubicin alone [26]. Increased circulation time results in increased probability
of entering the target site.
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2.3.2 Angiogenesis

Angiogenesis is the process of forming networks of new blood vessels from pre-existing
vasculature, and plays a crucial role in several ways. For example, angiogenesis is needed
for developing embryos, for the growth of a child, and for wound healing. What initiates
the process is that vascular endothelial cells, which form the lining of blood vessels,
receive angiogenic factors. The endothelial cells are then activated, and subsequently
start dividing and producing metalloproteases and other cytokines [57]. A consequence
of this is that receptors that interact with angiogenic factors get upregulated, such as
P-selectin, VEGFR, PDGFR and «, 33 integrins [65, 66, 67, 68]. Metalloproteases are
enzymes that break down the extracellular matrix (ECM: support matrix of proteins
and polysaccharides) to provide space for new blood vessels. Activated endothelial cells
migrate out in degraded parts of the ECM, and further divide to form hollow tubes that
originate in the major blood vessel [57].

Normally, there are more inhibitors of angiogenesis than angiogenic factors present.
Production of angiogenic factors to onset division only occurs upon requirement, for
example when tissue needs to be repaired [57]. However, in cancerous diseases the fine
balance between angiogenic factors and inhibitors is disturbed, so that the amount of
angiogenic factors always exceeds that of inhibitors. The reason for this is that a tumor
requires a larger supply of blood with nutrients as it grows, and thus cancer cells release
large amounts of angiogenic factors. In fact, angiogenic factors produced by cancer cells
even force non-cancerous endothelial cells into producing angiogenic factors on their
own, to further stimulate tumor growth and angiogenesis, as depicted in figure 2.9.
This means that activated endothelial cells contribute to an angiogenesis process that
continues in uncontrollable manner. It has been shown that tumors are not able to grow
beyond 1-2 mm if deprived of blood supply, and this pinpoints the angiogenesis process
as a major target for cancer therapy [57, 66].
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Figure 2.9: Schematic illustration of how increased amounts of angiogenic factors from
cancer cells activate normal endothelial cells, which onsets a process that further stimu-
late tumor growth and angiogenesis. Paracrine stimulation: stimulation by nearby cells,
autocrine stimulation: stimulation by the cells own growth factors. VEGF = vascular

endothelial growth factor; FGF = fibroblast growth factor; PDGF = platelet-derived
growth factor [66].
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2.3.3 The Integrin Receptor and Interaction with RGD-peptides

As mentioned, several receptors get upregulated on angiogenically activated endothelial
cells, and these play important roles in the process of angiogenesis as they interact with
angiogenic factors. One of them is the «, 3 integrin receptor. Integrins are transmem-
brane proteins composed of an « and a £ subunit in at least 24 different heterodimeric
combinations. They bind to ECM proteins or cell surface ligands through short pep-
tide sequences, and can facilitate signal transduction from the ECM to the cell interior
and vice versa. Integrins are involved in processes such as cell migration, invasion and
differentiation, but also participate in cell proliferation and survival [69].
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Figure 2.10: Integrins expressed in tumour cells contribute to tumour progression and
metastasis by increasing tumour cell migration, invasion, proliferation and survival [69].

An interesting property of the «, 33 integrin is its high expression level on endothelial
cells in angiogenic tumor vasculature compared to that of normal vasculature [68], and
this makes it useful as a target for selective therapy of tumor angiogenesis. Indeed,
antagonists have been developed for the purpose of blocking the activity of integrins.
Especially, peptides containing an RGD (Arg-Gly-Asp) motif have been shown to have
high affinity for «,83 and «,f5 integrins. This discovery led to the development of
cilengitide, which was successful in blocking glioblastoma tumor activity in phase II trials
[68]. However, cilengitide was co-administered with temozolomide and radiotherapy, and
questions have been raised about the efficacy exerted by cilengitide alone [70].

Even though RGD-peptides intrinsically may show anti-tumor effect, they can be ex-
ploited for selective targeting of NPs to tumor blood vessels. Tumor vascular targeting
may possess advantages over targeting directly to tumor cells, because the endothelium
of tumor vasculature is readily accessible to circulating NPs. NPs that directly target
tumor cells have to overcome the interstitial pressure in the tumors (explained in sec.
2.3.5) to reach their target cells, and this presents a large restriction in delivery effect. By
using the RGD binding affinity to o, (3 integrins, drugs, genes, imaging agents etc. can
be delivered to tumor vasculature by the aid of RGD-NPs. High payloads of chemother-
apeutic drugs in the vasculature of tumors may potentially increase the drug efficacy
far beyond that of the above mentioned cilengitide [69]. Furthermore, the binding of
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RGD-conjugated NPs to «, (3 integrins can lead to early detection of cancer or monitor
the disease progression with the use of contrast agents [10].

Researchers have shown that conjugation of RGD to NPs can increase the NP uptake
amount in cells due to a,f3 binding [71, 72]. For example, it has been shown that
conjugation of RGD to PLGA NPs increased the uptake in endothelial cells by 3 times
compared to the non-conjugated PLGA NP version [72].
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2.3.4 Increasing Specificity: Active Targeting

As explained in the previous section, NPs accumulate in tumor tissue due to size effects
combined with the EPR effect. In some cases this may be sufficient for obtaining a
desired outcome. However, it is possible to make the NPs even more specific to certain
types of cells. This can be done by conjugating them to ligands that bind to receptors
or disease specific tags on cells in the target tissue [12, 26]. Examples of such NP
systems have already been mentioned, such as PAMAM-dendrimers conjugated to folic
acid, carbon nanotubes conjugated to folic acid, or polyplex micelles conjugated to RGD
(14, 32, 71].
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Figure 2.11: Illustration of how circulating NPs in plasma may extravasate into tumor
tissue through leaky vasculature and further enter specific cells via ligand tags. By using
NPs as carriers, the intracellular concentration of the drug may become high enough to
overcome drug resistance by efflux pumps [26].

The general idea is that a combination of the EPR effect and the use of NP-conjugated
ligands elevate the specificity and efficacy of NP systems, as schematically shown in figure
2.11. When NP-conjugated ligands bind to target cells, an increase in NP uptake can be
induced, or at least an increase in the number of NPs surrounding the target cell surface
[14, 71, 73]. Such NPs are actively binding to target cells due to specific interactions
with receptors. This is an important aspect of NP systems, because it is indeed required
that the NPs locate and/or enter the target cells when used for therapeutic purposes.
It has been shown that the number of particles that enter the cell is higher for actively
targeted NPs than for non-targeted NPs in numerous experimental setups in vitro and
in vivo [14, 71, 26]. In that matter, active targeting offers advantages not only because
of specificity, but also because the amount of drug potentially released inside the cell
may overcome drug resistance caused by cythochrome efflux pumps [26]. For other
applications, such as imaging and diagnostics, it may not be needed that NPs enter
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target cells, but it is advantageous that they locate target cells to a larger degree than
that exerted by passive targeting alone [12, 73].

2.3.5 The ECM Diffusion Problem

A common problem associated with the treatment of solid tumors, is physiological resis-
tance exerted by the extracellular matrix. Tumor cells produce and assemble a support
matrix of organic substances, such as collagens and proteoglycans, and these substan-
tially hamper the penetration of macromolecules conventionally used for cancer ther-
apies. Resistance against treatments increases as the tumors grow and develop larger
volumes of connective tissue [74]. The problem is especially serious for the use of NPs,
because they may possess a larger size than the pores present in the ECM [75]. Fur-
thermore, the ECM of tumors has a different composition of organic substances than
that of the ECM in normal tissue [74, 76, 77]. These differences, such as the increased
interstitial pressure previously explained, involve a larger penetration barrier in solid tu-
mors, and accumulation of NPs due to the EPR effect may not suffice to obtain effective
cancer treatments [75].

There are basically two transport mechanisms for the penetration of NPs in tumors.
The first is convection and the second is diffusion. Convection mainly participates in
particle transport at the tumor periphery, but is poor throughout tumors due to the
increased interstitial pressure. This leaves diffusion as the major transport mechanisms
for NPs. As diffusion is dependent on size, small NPs have advantages regarding tumor
penetration compared to larger NPs [78].

The problem of limited penetration in tumor ECM is recognized as a flaw that needs
to be overcome for developing new types of therapeutics. For example, methods to ma-
nipulate the ECM to enhance NP penetration are being explored. Neeves et al. showed
that by administrating NPs and ECM-modifying agents sequentially or simultaneously
in rat brains, the NP distribution volume increased with 50% or more [75].
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2.4 Uptake Mechanisms and Intracellular Trafficking Path-
ways

The nature of how substances are taken up and processed by cells is still only partially
revealed. However, there are two main categories for such mechanisms, namely phago-
cytosis and pinocytosis. Phagocytosis only occurs in certain specialized cells, such as
macrophage immune cells, and involves uptake of large particles visible by light mi-
croscopy. Pinocytosis, on the other hand, happens in all cell types and involves uptake
of fluids, solutes or small particles, such as NPs. The pinocytosis category has several
subgroups. Of these, the clathrin-mediated endocytosis mechanism is the most well char-
acterized one. Other, clathrin-independent subgroups, such as endocytosis via caveolae,
macropinocytosis and clathrin/caveolae independent endocytosis, still remain to be fully
understood [57, 79, 80, 81, 82]. An illustration of general uptake mechanisms can be seen
in figure 2.12, and mechanisms of pinocytosis relevant for uptake of NPs are explained
below.
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Figure 2.12: Hlustration of the different types of known entry portals into mammalian
cells. Essentially, the endocytic pathways differ for vesicles with different formation
mechanisms and sizes, and with different types of content [80].
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2.4.1 Clathrin-mediated Endocytosis

Details of clathrin-mediated endocytosis are thoroughly discussed in many articles and
textbooks [57, 80, 81, 82]. This mechanism of endocytosis ensures continuous uptake of
essential nutrients, antigens and growth factors in all cell types. Binding of a ligand to
specific cell surface receptor normally onsets the endocytosis process, by initiating clus-
tering of other receptor-ligand complexes in pits of the plasma membrane. Additionally,
proteins on the cytosolic side of the plasma membrane, clathrins, assemble by the help of
adaptor proteins to facilitate stability and curvature of the pit. When clathrin covered
pits are sufficiently invaginated, a protein called dynamin is responsible for pinching
them off. In this way, they form vesicles on the cytosolic side of the plasma membrane.
Next, the clathrin coat depolymerizes, and the vesicles are defined as early endosomes.
The early endosomes mature into endosomes, which can fuse with other endosomes. Fi-
nally, they become late endosomes, which fuse with lysosomes. During this development,
the pH drops drastically from neutral and stepwise down to the lysosomal pH of 5, due to
the action of ATP proton pumps. Within the endosomes, substances such as ligands and
receptors are sorted to go to their final destination. These destinations can for example
be the Golgi, endoplasmatic reticulum (ER), or back to the plasma membrane. However,
the substances that are not sorted follows the maturation pathway of the endosomes,
and are finally degraded by the acidic environment in the lysosomes [57, 80, 81, 82]. A
schematic cartoon can be seen in figure 2.13.

2.4.2 Caveolae-mediated Endocytosis

Caveolae are flask-shaped, flat or tubular invaginations (50-80 nm) of the plasma mem-
brane, and have been known since the 1950s [83, 84, 85]. However, knowledge about the
types of substances taken up and their destination in the cell is still ambiguous [83].

Similar to clathrin- coated pits, the caveolae invaginations are coated with a protein
on the cytosolic side, namely caveolin. This protein is essential for the formation and
stability of caveolae, and no caveolae are seen in caveolin deficient cells [86]. Another
similar feature is the presence of dynamin to pinch off the caveolar vesicle. Once pinched
off, the caveolar vesicle either fuses early endosomes, or with a membrane sorting or-
ganelle called the caveosome. The caveosome has neutral pH (in contrast to the acidic
endosome) and is rich in caveolin, cholesterol and glycosphingolipids. The destination of
the caveosome seems to be dependent on the internalized substance, but a clear picture
of the trafficking remains to be obtained. For example, it has been shown that the caveo-
somes end up in the ER when the SV40 virus is internalized, but in the cis-Golgi when
lactosylceramide is the subject of transportation. Further, ligands and other membrane
constituents may reside in the caveosome for some time. There is also a probability
that substances may be transported from caveosomes to endosomes or other, unknown
targets, as seen in figure 2.13 [83].
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Figure 2.13: Intracellular pathways of various substances after uptake in caveolae and
clathrin-coated pits. The trafficking depends on the substance internalized, and question
marks indicate that there is a large uncertainty concerning other possible pathways for
caveosome sorting.
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2.4.3 Macropinocytosis

Macropinocytosis is an endocytic mechanism that involves the formation of large, ir-
regularly sized endocytic vesicles. Such vesicles do not rely on protein coats, and do
not concentrate receptors in their lumen. However, stimulation by growth factors or
other signals may indirectly induce macropinocytosis. What happens is that ruffles in
the plasma membrane form, due to actin movements. These ruffles are normally al-
ways present, but upon stimulation by mitogenic factors, they elongate and close into
macropinosomes as seen in figure 2.12. In some cases, macropinosomes can be as large
as 5-10 pum, and this is therefore and efficient way for the cell to non-specifically take up
solute macromolecules [80, 81, 82]. The destination of the macropinosomes varies signif-
icantly from cell type to cell type. For example, the macropinosomes can in some cases
shrink and fuse with lysosomes to degrade the content, while in other cases most of the
content is recycled back to the plasma membrane. Compared to the other internalizing
vesicles, the macropinosome is leaky. This means that some substances taken up by this
mechanism may diffuse out in the cytosol [81].

2.4.4 Clathrin and Caveolae Independent Endocytosis

It has been shown that several substances taken up by the above-mentioned mecha-
nism, also are taken up in cells devoid of clathrin and caveolin. For example, it has
been found that the simian SV40 virus and sphingomyelin, which are known to exploit
the caveolar and clathrin mediated pathway respectively, also were taken up in cells by
other, unknown mechanisms [87, 88]. These mechanisms are called clathrin and caveolae
independent endocytosis, and appear to give rise to multiple trafficking pathways that
are further classified into several subgroups. They remain to be properly characterized,
but seem to be dependent on cholestrol and specific lipid compositions. One impor-
tant property of these uptake mechanisms is that substances taken up bypass the early
endosomes [82].
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2.4.5 Uptake and Trafficking of Nanoparticles

Uptake and trafficking of different types of NPs have been investigated in a number
of studies. In general, it has been found that NPs can employ multiple pathways for
cellular entry, and these are currently poorly understood. Properties such as size, shape,
material composition, surface chemistry and/or charge can affect the uptake and traf-
ficking significantly. Moreover, the uptake and trafficking is also dependent on the cell
type utilized [82].

Uptake studies with fluorescent latex beads of 50 to 1000 nm have been done to
elucidate the effect of size differences alone. The cell type used was non-phagocytic B16
cells, and it was found that beads with diameters of 200 nm or below were all internalized
by clathrin-mediated mechanisms, while beads of diameters around 500 nm and up were
mainly internalized by caveolae-mediated mechanisms. Furthermore, the beads taken
up by caveolae avoided lysosomes [89].

However, uptake mechanisms are not dependent on NP size alone. For example,
PLGA NPs of approximately 300 nm in size and with a negative surface charge were
taken up by clathrin-mediated mechanisms in vascular smooth muscle cells, but by
clathrin and caveolae independent mechanisms in rat corneal epithelial cells. Modi-
fications of surface charge with cationic poly(L-lysine) polymers lead to more rapid
clathrin-mediated uptake in vascular smooth muscle cells, possibly due to larger inter-
action with the cell membrane by charge effects (negative charge of cell membrane and
positive charge of particles). Furthermore, cationic chitosans with high polydispersity
and an average size of 430 nm were also taken up by clathrin-mediated endocytosis, in
Caco-2 and Ab549 cells. Several similar findings indicate that positive charge may be
one of the parameters that induce clathrin-mediated endocytosis. However, other prop-
erties do also affect the uptake, for example seen for hydrophobically modified cationic
chitosans of 360 nm size. These chitosans were taken up by multiple pathways, includ-
ing clathrin-mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis
[82].

Many negatively charged NPs seem to be taken up by caveolae-mediated mechanisms,
although not without exceptions. For example, Doxil, polysiloxane NPs, and polymeric
micelles of around 100 nm in size and with negative charge were taken up primarily by
caveolae-mediated endocytosis [82]. Even though their uptake mechanism was the same
as that for latex beads above 500 nm in size, their trafficking route was not. Doxil and
polymeric micelles were shown to reach the lysosomes while the latex beads were not
(82, 89].

A special case for uptake and trafficking concerns NPs with targeting ligands. The use
of targeting ligands can affect the uptake mechanism of the NP substantially compared
to its non-conjugated version. For example, RGD-targeted micelles were shown to be
mainly taken up by caveolae-mediated mechanisms while its non-targeted version was
taken up by clathrin-mediated mechanisms [90]. Another effect is that such NPs may
be more quickly internalized than its non-conjugated version, due to specific receptor
mediated endocytosis [71]. However, subsequent trafficking might be more complicated
than that of the ligand alone, and can be affected by NP properties [82].
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2.5 Tools for Studying Nanoparticle Cellular Uptake and
Trafficking

To study NP uptake and trafficking, certain tools are required. Such tools may have cer-
tain limitations, but when analyzed in context of each other they can provide invaluable
information.

2.5.1 The use of Fluorophore Markers

One way to study NP uptake and trafficking, is to fluorescently mark specific endocy-
tosis vesicles or intracellular organelles, as well as the NPs. Provided that the probes
on the NPs have fluorescence at a wavelength other than that of the marked cellular
compartment, NP locations can be analyzed and compared in a confocal laser scanning
microscope (CLSM, section 2.6.2). The most important point is to see if the dyes are
colocalized (at the same place) or not. Colocalized fluorescence means that the NPs are
in the marked vesicle or organelle, while non-colocalized fluorescence means that they
are not. This can reveal the NP uptake and trafficking route in the cell by methods of
elimination or confirmation.

Fluorophore markers used for marking cellular compartments are many, but they
may be divided into two groups. The first group represents the type of fluorophores
that are expressed by the cell due to the use of various transfection agents (plasmids
or viruses). This means that the cells are modified to express protein or peptide fused
fluorophores that end up in specific compartments. The other group represents the
fluorophores that are added directly to the system, taken up by the cell and that arrive
at a certain destination. This can be small molecular mass probes that selectively end
up in target compartments, or probes that are fused with facilitator proteins that follows
a specific endocytic route.

Some examples of fluorophore markers are LysoTracker®, transferrin-Alexa Fluor
and CellLightTM. The advantage of these markers is that they enable imaging of live cells.
Live cell imaging is the method that causes the least artifacts, and is therefore preferable.
The LysoTracker® probe is a specific marker for late endosomes and lysosomes, and
consists of a fluorophore linked to a weak base. The exact mechanism of action is not
elucidated, but seems to involve protonation of the base and subsequent retention in
acidic organelles [91]. Transferrin is a monomeric serum glycoprotein that binds and
delivers iron atoms to cells through clathrin-mediated endocytosis. More specifically, it
enters the early endosomes and is subsequently recycled back to the plasma membrane.
It can be conjugated with fluorescent probes, such as Alexa Fluor, and is therefore
used for visualizing early endosome vesicles in uptake and trafficking studies [92, 93].
CellLightTM falls within the group of markers that modify the cells to express fluorescent
proteins. It utilizes the BacMam system, which consists of an insect virus (baculovirus)
that efficiently delivers and expresses genes in mammalian cells. Furthermore, the virus
can be modified to give expression of different types of GFP (green fluorescent protein)-
linked peptides or proteins, such as GFP-Rab5 that specifically mark early endosomes
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[94].

Even though the use of fluorophore markers of endocytosis vesicles or intracellular
organelles is valuable to give qualitative information concerning uptake mechanisms and
trafficking routes of NPs, the fluorescence of NPs alone can also be useful. This is because
the amount of fluorescent NPs taken up by cells can be measured by flow cytometry
(section 2.6.3). The data of such experiments can be analyzed, and quantitative results
from cell uptake can be obtained.

2.5.2 Colocalization Coefficients

To obtain quantitative values for colocalization of two different fluorophores in CLSM
images, special data analysis programs that calculate colocalization coefficients can be
utilized. The calculated coefficients describe to which degree fluorescently marked com-
ponents from two different channels overlap [95].

Two commonly employed coefficients for colocalization analysis are the Mander’s
coefficients and the Pearson coefficient. These two types of coefficients differ in the
way they calculate the degree of overlap based on intensity. The Mander’s coefficients
describe what proportion of one channel signal that is coincident with signal from another
channel, while the Pearson coeflicient describes the correlation of intensity distributions
between channels. The equations for calculating Mander’s and Pearson coefficients are
shown in 2.1 and 2.2 respectively [95].

- Zz Ri,coloc - Zz Gi,coloc
M1 = S, M2 = S (2.1)
RT’ Z((Rz - Rav)(Gi - Gav)) (22)

N \/Z(R’L - Rav)2 Z(Gz - Gav)2

R; is the intensity of the first (red) fluorophore in individual pixels, G; the intensity
of the second (green) fluorophore in individual pixels, R; co0c is the intensity of red fluo-
rophore colocalized with green fluorophore, G o0c is the intensity of green fluorophore
colocalized with red fluorophore, whereas R, and G, are the arithmetic means for red
and green fluorophores respectively [95].

The values for Mander’s coefficients span from 0 to 1, where 0 corresponds to no
colocalization while 1 corresponds to perfect colocalization. M1 describe the total overlap
of red fluorophores in green fluorophores, whereas M2 refers to the total overlap of green
fluorophores in red fluorophores. For M1, R; coioc = R; if G; > 0 and R; co10c = 0 if
G = 0, and vice versa for M2 [95].

For the Pearson coefficient, the values span from -1 to 1, where -1 corresponds to
perfect exclusion, 0 corresponds to random localization, and 1 corresponds to perfect
colocalization. The inclusion of averages makes the Pearson coefficient independent of
background signal disturbance [95].

There are advantages and disadvantages for the use of both approaches. First of all,
they are both independent on the brightness of the images. Furthermore, the Mander’s
coefficients are sensitive to background fluorescence while the Pearson coefficient is not.
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This means that a threshold needs to be set for the background in order to employ
the Mander’s coefficients. Although this is a disadvantage for Mander’s coefficients,
the Pearson coefficient is not always easy to interpret, and moreover it is only reliable
for high correlation because non-colocalized signals are added to the calculations. The
Mander’s coefficients give a good indication of the contribution of each channel to the
colocalization, and can be used even when only low colocalization is present [95].

2.5.3 The use of Endocytic Inhibitors

Another way to study the uptake pathways of NPs in cells is to block alternative uptake
routes. If the major uptake route for the particle in question is blocked, a substantial
decrease in uptake can be monitored by the use of flow cytometry (quantitatively) or
CLSM (qualitatively). The most common way to do this is to use inhibitors with well-
characterized blocking actions.

Two common inhibitors are chlorpromazine and genistein. Chlorpromazine is a
cationic amphiphilic drug that prevents assembly of adaptor proteins and clathrin, by
relocating these proteins into intracellular vesicles. In that matter, it specifically inhibits
clathrin-mediated endocytosis [96]. Genistein is a tyrosine kinase inhibitor, and inhibits
the formation of caveolae by inhibiting dynamin IT and interfering with the actin network
at endocytic sites [98, 99]. As clathrin-mediated and caveolae-mediated endocytosis are
two major uptake mechanisms for NPs, their effect can be evaluated in light of each
other to confirm or disclaim theoretical uptake routes.

It should be mentioned that the use of inhibitors might give results that are not
consistent with reality. This is because they may show varying effect in different cell
types, show toxicity towards cells, and additionally interfere with other uptake mecha-
nisms [81, 96, 97]. For example, it has been shown that certain uptake mechanisms get
upregulated in response to chlorpromazine treatment [96, 97].
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2.6 Experimental Techniques

The theory behind techniques used for characterizing LNP sizes, and further uptake
and trafficking in cells, are described below. Section 2.6.1 was taken from previously
elaborated project work [40].

2.6.1 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is based on the fact that small particles in suspension
move faster than larger particles in suspension. The constant movement of particles is
due to Brownian motion, which means that the particles are forced to move because of
constant bombardment by surrounding molecules. However, their speed of movement
is related to their size, and DLS is a method of determining size by interpreting their
speed [100].

This is done by sending a laser beam through a small volume of diluted particles. The
photons in the laser beam are scattered by the particles, and captured by a detector.
Constructive and destructive interference by scattered photons will generate an inter-
ference pattern at the detector at time t. However, the particles are constantly moving,
so at time ¢ + dt the signal from the particles will generate an interference pattern that
looks a little bit different than the interference pattern from time ¢. Further, the signal
is recorded at different times t + dto,t + dt3 etc., and compared to the initial signal
from time t. This means that after ended processing time the measurement system has
recorded a series of correlations between the initial signal and other signals during that
specific period of time. The software of the DLS plots all the correlations as a graph
of a function called the correlation function. A constant correlation of 1 means perfect
correlation between the initial signal and the other measured signals, and the particles
have not moved at all. This is not realistic because of Brownian motion, so a correlation
function will always decrease with time. The faster the correlation function decreases,
the faster the particles move and the smaller they are in size. The speed-size relation-
ship is shown by the Stokes- Einstein equation (2.3), and this is the basic of how a size
distribution of the particles can be generated by using the method of DLS. In (2.3)

K
p= frl
3mnd

(2.3)

D is the diffusion coefficient of the particles, K g is the Boltzmann’s constant, T is the
temperature, 1 the solvent viscosity and d the mean hydrodynamic diameter [100, 101].

Results from DLS experiments usually estimate two different values for the particles
diameter, one is the mean peak value and the other is the Z-average. The mean peak
value represents the mean particle size when differences in refractive index are taken
into account. The calculation of Z-average is only based on the mean intensity. As
large particles scatter more light than small particles (the intensity is proportional to
70, where r is the radius of the particle), the mean peak value is usually considered to
be more correct than the Z-average [100].
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A value called the polydispersity index (PDI) is also obtained with DLS measure-
ments. The PDI is defined as the standard deviation divided by the mean size, and thus
describes the distribution of individual sizes. If there is a wide range of individual sizes,
the emulsion is polydisperse [100].

2.6.2 Confocal Laser Scanning Microscopy

Confocal Laser Scanning Microscopy (CLSM) is an optical imaging technique that pro-
vides high-resolution images of specified focal planes. CLSM is commonly used for the
study of biological samples, and allows investigation of thin sections within the sample.
Additionally, several thin sections at different depths in the sample can be scanned and
collected to generate a 3-dimensional image [102, 103].

The setup of a CLSM is shown in figure 2.14. Firstly, coherent rays from the light
source go through a pinhole aperture and are reflected by a dichromatic mirror. The
reflected rays are focused onto a small focal volume of the sample by an objective lens.
Light reflected by the sample is able to pass the dichromatic mirror on its way back, while
light of original laser beam wavelength is stopped. Next, only rays from one defined,
specific confocal point are focused onto the photomultiplier detector by a second pinhole
aperture in front of the detector. This pinhole eliminates all background noise from
planes situated below or above the exact plane of interest, and a remarkably sharp
image is created. The difference in background noise compared to conventional light
microscopy can be seen in figure 2.15. When data is collected from one confocal point,
the laser beam moves in the x-y plane until data from all points of the defined horizontal
plane of the sample is collected. The resolution and the contrast of the resulting image
can be adjusted by changing the scan speed of the laser. Slower scan speeds gives higher
image quality, but requires longer acquisition time [102, 103].

When using CLSM, it is desired to look at specific components of the sample within
the specified plane. These components can be marked with fluorescent molecules, as
explained in section 2.5.1, so that only the fluorescence emission is collected by the
detector. Various filters and lasers can be used to allow imaging of different fluorescent
labels within the same plane of the sample. An additional advantage of this is that
fluorescent molecules can be detected even if their size is below the spatial resolution of
the microscope [102].

CLSM can be used in differential interference contrast (DIC) mode for obtaining
images of cells without excitation of fluorescent labels. What happens is that light is
sent through the sample, and the refractive indexes of objects in the sample causes phase
shifts of the light. The phase shifts are further transformed into detectable amplitude
differences. In that matter, DIC is used to obtain information about the optical density
of a sample, to see features that are otherwise invisible. Dense features will appear black
while light features appear white on a grey background [104].
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Figure 2.14: Schematic diagram of the optical pathway and principal components in a
confocal laser scanning microscope [102].
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Figure 2.15: Image aquired by a conventional optical microscope (a) versus a confocal
laser scanning microscope (b) [102].
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2.6.3 Flow Cytometry

Flow cytometry is a technique used for counting and analyzing micrometer sized objects,
such as living cells. Compared to CLSM, it is a quantitative technique. This means that
no images are created, but data values that describe numbers, contents and sizes of ob-
jects can be extracted. In practice, flow cytometry measures the fluorescence emittance
and light scattering of objects in the sample. As there will be a stoechiometric rela-
tionship between the amount of fluorescent labels and the number of labeled features,
objects can be sorted according to fluorescence intensity. Examples of applications for
flow cytometry can be to measure the number of cells in a cell population that are in
mitosis, or to measure the uptake amount of fluorescently labeled NPs in single cells
[105].

A schematic setup of flow cytometry can be seen in figure 2.16. Firstly, the objects
that are to be analyzed are taken up by a thin syringe and hydrodynamically focused
into a fine stream by the help of a sheath fluid. The goal is to make only one object
pass the cross section of the stream at a time. Once inside the fluidic system, the
stream reaches a point where it is intersected by a light beam, usually from a laser
source. The objects in the stream causes optical scattering of the light, and additionally
emit fluorescent light if fluorophores are included. To record the interaction between
the stream and the light, detectors are situated both in line with, and perpendicular
to the light source. In that matter, both forward scattering (FSC) and side scattering
(SSC) is recorded. Additionally, there are separate detectors to record the fluorescence
intensity. The detectors translate the intensity pulse (amount of photons per area) from
each object into a voltage pulse. Further, the voltage is amplified by a series of linear or
logarithmic amplifiers, and converted into a digital signal that is collected by a computer
system [105, 106].

Concerning the different scattering directions, the FSC is roughly proportional to
the sizes of the objects. This is because small objects only produce a small amount of
forward scattered light, while large objects produce a large amount of forward scattered
light. SSC, on the other hand, is created by the complexity of the object. For example,
structures that are inside the object may scatter light in larger angles than that of the
FSC. The more side scattered light, the larger complexity of the object. In that matter,
side scattering can sort the objects based on qualities of structures in their inside or on
their surface [105, 106].

FSC and SSC can be plotted as one- dimensional histograms. For FSC, small objects
will be placed far to the left, while large objects are placed to the right. For each object
recorded of a certain size, the vertical part of the histogram grows. The same is true
for the SSC, except that the histogram populations are divided into complexity and not
size. This means that one size-population may have several complexity-populations and
vice versa. The one- dimensional histograms from FSC and SSC can be combined to
yield a 2-dimensional scatter plot, where both the complexity and sizes of objects are
represented [105, 106].

For the fluorescent light, various filters and mirrors make sure that each wavelength
arrives at its appropriate detector, as seen in figure 2.16. Other than that, the signal is
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Figure 2.16: Schematic diagram of the optical pathway and principal components in a
flow cytometer [106].

recorded and presented the same way as for FSC and SSC. This means that each object
is sorted based fluorescence intensity. One- dimensional plots show objects with small
fluorescence intensities to the left, and large fluorescence intensities to the right, as seen
in figure 2.17 [105, 106].

It should also be mentioned that data from flow cytometry can be gated to selectively
visualize the objects of interest, while eliminating data from unwanted objects such as
dead cells or debris [106].
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Figure 2.17: A typical histogram for the logarithmic fluorescence intensity in a popu-
lation, compared autofluorescence of the control population. The y-axis represents the
number of objects (counts), while the x-axis represents the fluorescence intensity.
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Materials and Methods

3.1 Materials

3.1.1 Nanoemulsions

Cholesterol, distearoyl-sn-glycero-3-phosphocholine (DSPC), distearoyl-sn-glycero-3
phosphoethanolamine- N-[methoxy(polyethylene glycol)-2000] (PEG-DSPE), distearoyl-
sn-glycero-3 phosphoetanolamine-N-[maleimide-(polyethylene glycol)-2000] (MAL-PEG-
DSPE) and gadolinium-diethylene triamine pentaacetic acid-di-stearylamide (Gd-DTPA-
DSA) were purchased from Avanti® Polar Lipids, Inc. Phospholipids with fluores-
cent probes, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B sulfonyl) (Rhodamine-PE) and distearoyl-sn-glycero-3 phosphoetanolamine-N-[NIR664-
(polyethylene glycol)-2000] (NTR664-PEG2000-DSPE) were purchased from Avanti® Po-
lar Lipids and SyMO-Chem BV respectively. Soybean oil was purchased from Sigma
Aldrich® .

3.1.2 Fluorescent Cell Markers

CellMask Orange, LysoTracker® Red, CellLightTM Early Endosomes-GFP xBacMam
2.0% and transferrin from human serum-Alexa Fluor® 488 conjugate were purchased
from InvitrogenTM. Hoechst 33452 was purchased from Sigma Aldrich®.

3.1.3 Endocytic Inhibitors

Chlorpromazine and genistein were purchased from Sigma Aldrich®.

3.1.4 Cell Culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza, and
cultured in Dulbecco’s modified eagle medium (DMEM) from Gibco@/InvitrogenTM.
The medium was supplemented with an EGM BulletKit ® from Lonza, containing fetal
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bovine serum, hydrocortisone, hFGF-B,VEGF, R3-IGF-1, ascorbic acid, hEGF, GA-
1000 and heparine.

3.2 Cell Cultivation

HUVECs were cultivated in gelatine coated 75 cm? plastic flasks (nuncTM), and incubated
at 37 C° and 5% CO? water saturation. The cells were grown until 80 % confluency
before passaged to a new flask. To perform passaging, the growth medium was removed
and the cells were washed with 5 ml phosphate buffer saline (PBS, Sigma Aldrich®).
Next, 3 ml of trypsin/EDTA (0.25 %/ 0.22%, Sigma Aldrich®) was added and the cells
were incubated for 3-5 minutes to allow cell detachment. 7 ml of medium was added
to stop the trypsination process, and the cell suspension centrifuged for 5 minutes at
1500 rpm to sediment cells. Finally, the supernatant was removed and the cells diluted
in medium to a concentration of 300.000 cells/ml. 1 ml of the cell suspension was
subsequently added to a new flask and incubated.

3.3 Gelatin Coating

Plastic flasks from nuncTM, Ibidi®8-well p-slides and Costar®12/24-well slides were
coated with gelatin to improve cell attachment and growth.

For the plastic flasks, 0.2 g of gelatin was weighed out and dissolved in warm PBS (57
C°) to obtain a 0.2% gelatin solution. The solution was filtered under sterile conditions.
Subsequently, 5 ml of the solution was added to each flask, and the flasks incubated for
20 minutes. Finally, the excess gelatin solution was removed and the flasks washed three
times with 5 ml of PBS.

For the slides, the procedure was repeated. However, the gelatin content used was
1 % and the incubation time 30 minutes. 300 ul of gelatin solution was added to the
ibidi 8-well p-slides, whereas 900 pl and 1.5 ml was added to the 24 and 12-well slides
respectively.
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3.4 Preparation and Characterization of Nanoemulsions

Nanoemulsions with approximate sizes of 100 nm were made. All batches consisted of
soybean oil droplets stabilized by a lipid monolayer comprised of DSPC, PEGylated
DSPE, cholesterol and Gd-DTPA-DSA at a molar ratio of 1.1/0.15/1/0.75. To en-
able CLSM and flow cytometry, 0.1 mol% of fluorescent NIR664-PEG2000-DSPE or
rhodamine-PE were added to the lipid mixture. Finally, the batches were split in two.
One half was conjugated with RGD peptides to target «, (3 integrins on activated en-
dothelial cells, while the other half served as control emulsion. To make sure the emul-
sions were of expected quality, they were characterized in DLS for size and polydispersity
determination. Table 3.1 shows the amount of each type of material used for making
100 nm emulsions.

Table 3.1: Amounts used of the different compounds for making 100 nm sized nanoemul-
s10ms.

Compound Molar ratio/3 Mw [g/mol] Amount [mg]
DSPC 1.1 790 2.90
PEG-DSPE 0.075 2806 0.70
Gd-DTPA-DSA 0.75 1050 2.63
Mal-PEG-DSPE 0.075 2941 0.74
Cholesterol 1 387 1.29
Soybean Oil 240 pl [125 mg/ml]
NIR664-PEG2000-DSPE 87.825 ul [0.4 mg/ml]
Rhodamine-PE 32.525 pl [0.4 mg/ml]

Total amount of lipids = 10 gmol

3.4.1 Synthesis

Firstly, the correct amounts of DSPC, PEG-DSPE, Gd-DTPA-DSA, Mal-PEG-DSPE
and cholesterol (seen in table 3.1) were weighed out and dissolved in chloroform. The
dissolved lipids were subsequently added to a roundbottom flask, along with soybean oil
and fluorescent probe lipids. Next, the chloroform was evaporated in a rotary evaporator
(with water bath of 35 C°) to form a thin lipid film. The lipid film was dried by decreasing
the pressure and allowing the roundbottom flask to spin in room temperature (without
water bath) for approximately 1 hour. To form the crude emulsion, the lipid film was
hydrated with 1ml preheated HEPES-buffer (pH of 6.7) containing small glass beads
at a water bath- temperature of 40C° and no vacuum. The emulsion was allowed to
spin at maximum speed for 5-10 minutes before taken out of the rotary evaporator. To
make the emulsion smaller and more uniformly sized, it was put in a tip sonicator (Heat
Systems- Ultrasonics, Inc, W-225R) for 20 minutes at duty cycle=35% and frequency
of 20kHz. Finally, the emulsion was spun in an ultracentrifuge for 6 minutes at 4000
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rpm to sediment impurities from the tip sonicator. The purified emulsion was split in
two and transferred to two eppendorf tubes, where one would be conjugated to RGD
(section 3.4.2).

3.4.2 RGD-conjugation

The purpose of including Mal-PEG-DSPE into the lipid composition of the emulsions
was to enable conjugation of the maleimide groups to cyclic RGD peptides. However, the
linkage process requires that free thiols of the RGD peptides are accessible to maleimide.
Commercially available cyclic RGD has an ”acetyl cage” around its thiol groups to
prevent unwanted reactions. This means that the acetyl groups must be cleaved in order
to perform conjugation, and this can be done by adding a de-acetylation buffer.

The de-acetylation buffer used consisted of 5.95 g/l HEPES, 1.74 g/1 hydroxylamine,
0.37 g/l EDTA and of 5 tablets/l NaOH (Sigma Aldrich®). The buffer was adjusted
to a pH of 7, and added to a eppendorf tube of RGD solution (2.5 mg/ml RGD) in a
1:10 volume ratio. Next, the RGD-buffer solution was vortexed for 1 hour, and added
to the nanoemulsion. 6 pl of the RGD-buffer solution was added per pmol of lipid in
the emulsion, and the emulsion was subsequently vortexed and left over night at 4 C°.

To remove unconjugated RGD and salts from the de-acetylation buffer, the RGD-
emulsions were dialyzed for 24 hours in 1 ml Float-A-lyzers (Spectrum Laboratories,
Inc). The molecular weight cutoff was 100 kDa, which means that free RGD-peptides
of 719.82 Da were efficiently removed while the nanoemulsion was not. The buffer
(HEPES, pH 6.7) was changed 2-4 times. After dialysis, the emulsion was stored in an
eppendorf tube at 4 C°. RGD-emulsions were used for experiments not until three days
after synthesis to make sure that unconjugated maleimide was hydrolyzed, such that the
reactive maleimide would not interfere in experiments. The nanoemulsions were used
within three weeks after preparation to assure reproducibility.

3.4.3 Characterization by DLS

To determine the mean sizes and polydispersity of nanoemulsions, a Zeta Sizer Nano Zs
from Malvern Instruments with a laser beam of 633nm was used. Approximately 8 ul of
emulsion was dispersed in a plastic cuvette containing 800 pl of filtered HEPES (pH 6.7).
The solution was subsequently put into the Zeta Sizer instrument. Information related
to the diffusion of emulsion particles was obtained according to the theory explained in
section 2.6.1.
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3.4.4 Calculating Concentrations

To determine the approzrimate concentration of lipids in the resulting emulsions, simple
calculations were done. As the initial amount of lipids added is known, this amount can
be used to determine the concentration in the end volume. However, it was needed to
take some factors of the synthesis process into consideration. For example, the emulsion
is pipetted from the roundbottom flask and into a new tube for sonication. Even though
the flask is rinsed with buffer that is added to the solution, some percentage of lipids
is assumed to be lost in this step. For the RGD-emulsion, even greater loss can be
expected, as it is pipetted into and out of the float-A-lyzer tube. As a rule, 10 % lipid
loss was accounted for in case of control emulsions, while 15 - 20 % were taken into con-
sideration for RGD-emulsions. This approximate way of calculating lipid concentrations
was validated by coworkers as sufficient for performing the experiments in this thesis.
An example of the calculations performed can be shown in (3.1) for an emulsion with 5
pmol initial lipids, 10 % lipid loss, and resulting end volume of 500 pl:

Sumol - 0.9

— 0.009M = 9mM 31
500/l mn (3.1)
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3.5 Experimental Assays and Setup for CLSM

For experiments using CLSM, cells were seeded in Ibidi®8-well p-slides with gelatin-
coated glass bottom (1 ecm? per well). The concentration of cells in each well was
dependent on the timing of the experiments. As a rule, 10.000 cells/300 pl medium were
seeded 48 hours in advance of experiment, or 20.000 cells/300 ul medium were seeded
24 hours in advance of experiment.

The CLSM used for studying nanoemulsion uptake and trafficking, was a Carl Zeiss
LSM 510 Meta with a C-Apochromat 40x/1.2 water corrective objective. Four different
lasers were utilized to excite the different fluorophores: argon (BP 500-530 IR filter),
HeNel (590-612 filter), HeNe2 (655-697 filter) and Titanium:Sapphire (BP 435-485 IR
filter).

The argon laser was used to excite the transferrin-Alexa Fluor 488 early endosome
marker at a wavelength of 488, and also to produce differential interference contrast
(DIC) images of the cells at 514 nm. The HeNel (Helium Neon 1) laser at 543 nm
was used to excite the Rhodamine-PE probes, the CellMask Orange membrane staining
and the LysoTracker lysosome staining. The HeNe2 (Helium Neon 2) at 633 nm was
used to excite the NIR664-PEG2000-DSPE fluorescent probes. The Titanium:Sapphire
two-photon laser (780 nm) was used to excite the Hoechst 33452. For colocalization
studies and Z-stacking, the frame size was set to 1024 x 1024, 8 bit, with a zoom of 3.2
and minimal scan pixel time of 1.25 usec to achieve proper image quality. The confocal
pinhole size/Airy size was set to 1. The laser intensity, gain and offset was adjusted to
achieve maximum signal with minimal saturation and background disturbance.

3.5.1 Test Experiment for Studying Emulsion Uptake in Cells

As a first experiment, HUVECs were incubated with RGD and control-emulsion sepa-
rately, and their cell membrane and nucleus stained with Cellmask Orange and Hoechst.
Cellmask Orange probes are amphipathic molecules with a negatively charged hydrophilic
dye that incorporates into the cell membranes, while Hoechst bind to nuclear chromatin.

Firstly, the respective emulsion types (both containing NIR664-PEG-2000-DSPE)
were diluted in medium to a lipid concentration of 1 mM. The growth medium of the
cells was removed, and 150 pl of emulsion-medium solution was added to each well. Two
wells were incubated with RGD-emulsion, and two wells with control-emulsion for 2.5 -
3 hours. After the incubation, the emulsions were removed and the cells washed with
200 pl of growth medium. To perform staining of the cell nucleuses, 150 ul of Hoechst-
medium solution (with a concentration of 5 ug/ml) was added to each well, and the cells
were further incubated for 25 minutes. The Hoechst solution was removed, and the cells
were washed with 200 ul of growth medium, before 150 ul of Cellmask Orange-medium
solution (concentration of 2.5 ug/ml) was added. This was allowed to incubate for 5
minutes. Finally, the cells were washed three times with growth medium and imaged
with CLSM.
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3.5.2 Investigating Optimal Incubation Times for RGD versus Control
Emulsions

To better compare and investigate uptake mechanisms and trafficking pathways for tar-
geted and non-targeted emulsions, it was desired to achieve a similar uptake for both
types of emulsions. From previous experiments conducted by coworkers, it was seen
that 3 hours of incubation with emulsion was sufficient for a substantial uptake of both
RGD and control emulsions. However, the uptake of RGD-emulsion was larger than
for control-emulsion, to the point where the cells were practically loaded with particles.
As this is not something that would occur in vivo, it was desired to reduce the uptake
to avoid incorrect observations in further uptake and trafficking studies. Thus, the up-
take of targeted and non-targeted emulsions was studied after different time points to
evaluate the optimal incubation times for the respective emulsion types.

The procedure for emulsion incubation was as follows: Firstly, the existing growth
medium was removed from the wells, and the two types of emulsions (both containing
NIR664-PEG2000-DSPE) were diluted in medium to a lipid concentration of 1 mM.
Further, 150 ul of the medium-emulsion solution was added to each well. The RGD-
emulsion was incubated with cells for 10, 20, 40 minutes and 1 hour in respective wells,
whereas the control-emulsion was incubated for 10, 20, and 40 minutes, and 1, 2, 2.5, 3
and 3.5 hours. After incubation, the cells were washed three times with 200 ul of growth
medium per well, and subsequently imaged with CLSM.

3.5.3 Lysosome Staining Using LysoTracker

Lysosomes were stained by LysoTracker to investigate if targeted and non-targeted emul-
sion particles were colocalized with these acidic compartments. The cells were imaged
at different time points after ending the incubation, to assess changes in emulsion colo-
calization with time.

The medium in each well was removed and 150 ul of LysoTracker-medium solution
with a LysoTracker concentration of 50-75 nM was added. The cells were incubated for 45
minutes before the LysoTracker was removed and washed with 200 pl of growth medium.
150 pl of emulsion-medium solution with lipid concentration of 1 mM was subsequently
added. In case of the control emulsion, the cells were incubated for approximately 3
hours, whereas for the RGD-emulsion the cells were incubated for only 20 minutes. These
incubation times were based on information obtained from the previous experiment
(section 3.5.2). After incubation, the wells were washed three times with 200 pl of growth
medium. In addition, one plate was prepared in order to investigate emulsion localization
24 hours after incubation. These cells were incubated with emulsion as explained above,
then washed with medium and left overnight. 45 minutes before imaging the cells were
stained with LysoTracker.
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3.5.4 Early Endosome Staining Using CellLight Rab5-GFP

The CellLight viral system was utilized to obtain expression of GFP labeled Rabb,
which is associated with early endosomes, and subsequently investigate nanoemulsion
colocalization with these cellular compartments. The cells were incubated with virus
particles at a concentration of ca. 40 particles per cell in 200 ul of medium 20 hours
prior to CLSM experiments. 3 hours before the experiment, 100 pl of 3mM control-
emulsion medium was added to two wells, so that the lipid concentration in the wells
was 1 mM. 20 minutes prior to experiment, the same was done with RGD-emulsion to
two new wells. All wells were washed three times with 200 ul of growth medium, before
the samples were imaged with CLSM. Both emulsions contained the NIR664-PEG-2000-
DSPE probe.

3.5.5 Early Endosome Staining Using Transferrin-Alexa Fluor 488

Transferrin-Alexa Fluor 488 staining was done to stain early endosomes, as an alter-
native to the previous experiment with CellLight. Firstly, targeted and non-targeted
emulsions (NIR664-conjugated) were incubated with cells in the same manner as in pre-
vious experiments (3 hours incubation for control and 20 minutes for RGD). The last
10 minutes of the incubation time, the transferrin conjugates were added to the wells
so that the final concentration of transferrin was 10 pg/ml in each well. Additionally,
two separate wells were prepared in which both control-emulsion and transferrin were
added simultaneously and incubated for 45 minutes. To achieve satisfactory emulsion
uptake, the concentration of control-emulsion was 2 mM. As the incubation time was
longer than that required for sufficient transferrin uptake, the concentration of trans-
ferrin was decreased to 2.5 and 5 ug/ml in the two wells respectively. The cells were
washed three times with 200 pl of growth medium. Because the transferrin receptor is
quickly recycled back to the cell membrane after internalization, the cells were put on
ice before visualization.

3.5.6 Cells Incubated with Both Emulsion Types Simultaneously

To investigate if the control-emulsions and RGD-emulsions were taken up by differ-
ent mechanisms and further trafficked in distinct pathways, cells were incubated with
both emulsion types simultaneously. To distinguish the different emulsion particles, the
control-emulsion was labeled with rhodamine-PE fluorescent probes, whereas the RGD-
emulsion was labeled with NIR664-PEG-2000-DSPE. Two wells were prepared in which
1 mM of control-emulsion plus 0.15 mM of RGD-emulsion was added, before an incuba-
tion time of approximately 3 hours. Cells were washed three times with 200 ul of growth
medium before imaging.
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3.6 Experimental Assays and Setup for Flow Cytometry

For flow cytometry experiments, cells were seeded in plates containing either 12 wells of
5 cm? each, or 24 wells of 2 ecm? each (Costar®). For the 24 well plates, 12.000 cells/600
ul were seeded 48 hours in advance of the experiment or 20.000 cells/600 ul were seeded
24 hours before the experiment. For the 12 well plates, 25.000 cells/1.5 ml were seeded
48 hours in advance of experiment, or approximately 40.000 cells/1.5 ml 24 hours before
the experiment.

The flow cytometer used was a Gallios Beckman Coulter, and the NIR664-PEG2000-
DSPE probe was excited with a 633 nm laser. By using a bandpass filter of 650-670 nm,
background noise from the original laser wavelength was stopped, while the emission
was allowed to reach the detector. Approximately 90 % of the cells were gated in the
FSC/SS scatter plot to eliminate dead cells, debris and cell clusters (the percentage
varied somewhat because of different quality of the samples). An example of selection
of cells for gating can be seen in the appendix. Furthermore, the fluorescence intensity
boundary line for excluding autofluorescence from measurements was set to 6-7 (seen
in the appendix). Measurements were allowed to run for maximum 5 minutes, or to
a maximum cell count number of 50.000. The median of fluorescence intensities was
acquired for both positive cells (cells with emulsion uptake, defined by the boundary
line), and for all cells in each sample.

3.6.1 Investigating the Effect of RGD-dialysis

To investigate if the dialysis of RGD-emulsions had effect on the cell-uptake of emulsion
particles, flow cytometry was done of cells incubated with dialyzed RGD-emulsion and
with cells incubated with non-dialyzed RGD-emulsion. The wells were prepared in duplo
and incubated in the same manner as for the previous experiment.

3.6.2 Chlorpromazine and Genistein Endocytic Inhibition

Flow cytometry of cells incubated with NIR664-emulsion particles and endocytic in-
hibitors was performed in order to assess quantitative information about uptake mech-
anisms by methods of elimination. Chlorpromazine and genistein endocytic inhibitors
were used, blockers of clathrin-mediated uptake and caveolae-mediated uptake respec-
tively.

Firstly, the cells were washed with PBS, before they were pre-incubated with medium
containing inhibitors for 30 minutes. The concentration of inhibitors was 10 ug/ml for
chlorpromazine, and 70 pug/ml for genistein. This was based on endocytic inhibition
work conducted by coworkers for HeLa cells, as it was shown that these concentrations
gave satisfactory inhibition without severe toxicities. Next, the inhibitor medium was
removed, and new medium containing both emulsion and inhibitors were added (1 mM
of emulsion). The cells were subsequently incubated for 3 hours. After this incubation,
the cells were washed two times with PBS, and detached with trypsin. Finally, the
cells were resuspended in ice cold PBS containing 5 % fetal bovine serum, and pipetted
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through 40 pm nylon meshes into flow cytometer plastic tubes. The cells were kept on
ice until the time of flow cytometry analysis.

As for the organization of samples, all samples were prepared in duplo and all combi-
nations were tested together. This means that the following combinations were analyzed:
cells/RGD /genistein, cells/RGD /chlorpromazine, cells/RGD /genistein/chlorpromazine,
cells/RGD, cells/contr. /genistein, cells/contr./chlorpromazine,
cells/contr. /genistein/chlorpromazine, cells/contr.
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3.7 Data Analysis and Image Handling

Four different programs were used to analyze the data obtained from CLSM and flow
cytometry experiments, and their use is more thoroughly explained below.

3.7.1 Imageld

All images from CLSM experiments were handled and processed in Imagel] (available
online). To obtain improved contrast and minimal background disturbance, the back-
ground fluorescence was subtracted using the ImageJ plugin "ROI: Background Sub-
traction from ROI”, with a number of standard deviation from mean of 3.0. Further,
the channels of the lsm. files from CLSM were split and merged to obtain images with
overlays (e.g. overlay of two different fluorescent signals).

To do quantitative analysis of CLSM images, the plugin ”Colocalization Analysis”
was used.

3.7.2 Amira

The Amira® software from Visage Imaging® was used to obtain 3-dimensional visual-
ization of Z-stacks acquired in CLSM. The ”Isosurface” tool produced contours of the
emulsion vesicles, where colors and thresholds could be set for the uploaded data. The
optimal threshold values were found by varying the threshold of the stacks in ImagelJ.

3.7.3 Kaluza

The Kaluza® software from Beckman Coulter was used to acquire overlays of flow cy-
tometry histograms from control cells and cells incubated with emulsion and endocytic
inhibitors. This was done by firstly making a composite of all datasets, and then us-
ing the "overlay” tool to drag and drop desired histograms on top of each other. The
histograms were customized with colors and legends using the radial menu.

3.7.4 Statistics

Student T-tests were performed for statistical evaluation of data from quantitative colo-
calization analysis and flow cytometry uptake studies. This was done in order to assess
significant differences in means between datasets. It was assumed that the data are
normally distributed and that standard deviations are known. The analyzing function
"TTEST” in Excel (Microsoft Office) was used to conduct two tailed tests with the as-
sumption of unequal variances, and with a level of significance of 0.05. Resulting p-values
were considered to indicate significant differences between datasets only when below the
level of significance.
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Data Analysis and Image Handling




Chapter 4

Results

Below, results are presented experiment by experiment. A short overview of experiments
and results can be found in table 4.2.

4.1 Characterization by DLS

DLS was used to investigate size distributions and polydispersity of the nanoemulsions.
Figure 4.1 shows a typical size distribution curve of a nanoemulsion of an expected
size of 100 nm, included Z-average value and PDI. Table 4.1 shows the values from
nanoemulsions synthesized in this thesis. An acceptable PDI for nanoemulsions was set
to 0.2. Some of the measurements showed PDIs that were slightly above 0.2. As it
is assumed that large variations in size might affect trafficking pathways in cells, these
emulsions were not used for CLSM studies.

The sizes of the RGD targeted-emulsions seem slightly elevated compared to that
of control-emulsions. However, T-tests gave p-values of 0.262 and 0.292 for the mean
peak diameters and Z-averages respectively, which is above the significance level of 0.05.
Hence, the size differences between RGD and control-emulsions were not significant.
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Figure 4.1: A typical size distribution curve for an emulsion of 100 nm expected size,
aquired from the DLS software system.

Table 4.1: Values from DLS analysis of the nanoemulsions used in this thesis.

Fluorescent probe Mean peak diameter PDI Z-average
Control-emulsions

NIR664 109 nm 0.125 159 nm
NIR664 118 nm 0.183 187 nm
NIR664 121 nm 0.224 201 nm
Rhodamine 93 nm 0.071 124 nm
RGD-emulsions

NIR664 113 nm 0.111 160 nm
NIR664 117 nm 0.216 205 nm
NIR664 118 nm 0.230 201 nm

NIR664 130 nm 0.175 199 nm
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4.2 CLSM Experiments

4.2.1 Test Experiment for Studying Emulsion Uptake in Cells

In this experiment, HUVECs were incubated with RGD and control-emulsion for 3 hours.
Further, the nucleuses and cell membranes were stained by Hoechst 33452 and CellMask
Orange respectively.

From images acquired it seemed as both emulsion types were trafficked to the perin-
uclear region of the cells, e.g. close to the cell nucleus. However, the uptake amount of
control-emulsion was lower than for RGD-emulsion. Representative images of RGD and
control-emulsions with overlays of cell membrane and nucleus staining clearly show this
(figure 4.2).
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RGD-emulsion Control-emulsion

(b)

(d)

(e) (f)

Figure 4.2: CLSM images of HUVECs with cell membrane staining (green), nucleus
staining (blue) and emulsion (red). (a): RGD-emulsion, (b): control-emulsion, (c¢) and
(d): overlays of cell membrane and nucleus staining, (e) and (f): overlays of cell mem-
brane staining, nucleus staining and emulsion for RGD and control-emulsions respec-
tively. The green ”vesicles” seen near the nucleus in (c) and (e) are parts of the cell
membrane containing CellMask Orange that have been internalized after incubation.
Both emulsions were incubated with cells for 3 hours, and it is clear that the uptake of
RGD-emulsion is substantially larger than for control-emulsion.
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4.2.2 Investigating Optimal Incubation Times for RGD versus Control
Emulsions

From experiments with HUVECs incubated with control and RGD-emulsions for differ-
ent times, it was confirmed that RGD-emulsions are taken up faster by the cells than
control-emulsions and thus need a shorter incubation time. The different incubation
times and resulting images are explained below.

When it comes to samples of cells incubated with control-emulsions for 10 and 20
minutes, there was no fluorescence to be seen. Only when using a very high laser power
and high gain, some spots were seen. However, the background noise was too high to
discern the actual emulsion signal. A representative image for 20 minutes incubation is
seen in figure 4.3 with corresponding DIC image. The 10 minutes image was similar to
that of 20 minutes, and is not included. For HUVECs incubated with control-emulsion
for 1 hour, it was possible to acquire some images with the use of lower laser power and
gain, and resulting minimal background disturbance. The uptake was very small and
not seen in most cells. After 2 and 2.5 hours, the uptake had increased. Incubation times
at 2 hours and above showed a substantial uptake. Representative images are shown in
figure 4.3.

In contrast to the low uptake of control-emulsion at time points of 10 and 20 minutes,
the uptake of RGD-emulsion was higher for the same incubation times. After 10 minutes,
the uptake was not high but definitively present, as the laser power and gain could be
reduced to a satisfactory level for obtaining images with low background noise. However,
some locations on the samples had no uptake at all. After 20 minutes, the uptake was
larger and almost all HUVECs had internalized emulsion. At 40 minutes and 1 hour, the
uptake was even further elevated. Figure 4.4 shows representative images of HUVECs
incubated with RGD-emulsion for 10, 20, 40 minutes and 1 hour. DIC images are
included for time points of 10 and 20 minutes.

From this experiment it could be concluded that 2.5-3 hours incubation was needed
for sufficient control-emulsion uptake, while 20 minutes of incubation was enough for
satisfactory RGD-emulsion uptake.
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Control — emulsion
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1 hour 2 hours
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Figure 4.3: Cells incubated with control-emulsion for 20 minutes, 1 hour, 2 hours, 2.5
hours and 3 hours. It can be seen that the uptake amount is substantial after approxi-
mately 2.5 - 3 hours.
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RGD — emulsion

10 min 10 min DIC

20 min 20 min DIC

40 min 1 hour

Figure 4.4: HUVECs incubated with RGD-emulsion for 10 minutes, 20 minutes, 40
minutes and 1 hour. The uptake was substantial already after 20 minutes.



58 CLSM Experiments

4.2.3 Lysosome Staining Using LysoTracker

From experiments with LysoTracker staining of lysosomes, it was seen that the colocaliza-
tion of control-emulsions in lysosomes was higher than for RGD-emulsions. Furthermore,
the degree of colocalization changed with time, especially for the RGD-emulsion.

In figure 4.5 images of HUVECs incubated with emulsions and LysoTracker can be
seen. The images were taken at different time points after completed incubation time
of 20 minutes for RGD-emulsion and 3 hours for control-emulsion. Examples of images
captured 5 min, 1 hour, 2 hours and 24 hours after incubation are shown. Additionally,
an image of the RGD-emulsion captured 3 hours after incubation was included. This
was done to compare the colocalization to that of control-emulsions imaged directly af-
ter incubation (at this point the RGD and control-emulsions have been trafficked for
the same amount of time inside the cells). Qualitatively, the control-emulsion is local-
ized in lysosomes to a larger degree than RGD-emulsion already 5 minutes after ended
incubation. This is shown as yellow pixels, due to an overlap of red (emulsion) and
green (lysosomes) spots. It can also be seen that the RGD-emulsion is not qualitatively
colocalized with lysosomes after 3 hours. This gives a good indication that the different
incubation times for RGD and control-emulsions do not affect the colocalization results
substantially. After 24 hours both emulsions seem to be mainly localized in lysosomes.

3-dimensional images were generated in Amira from Z-stacks acquired from samples
with RGD and control-emulsion directly after incubation. These are shown in figure 4.6.
It can be seen that the control-emulsion is more closely associated with the lysosomes,
compared to the RGD-emulsion. However, because colocalization, some of the control-
emulsion cannot be seen as it resides in the lysosomes.

Quantitative analysis of colocalization was done by the aid of ImageJ to confirm
these differences in lysosome colocalization for emulsions. Column charts that show the
average Manders coefficients of colocalization analysis are shown in figure 4.7, where 1
represent perfect colocalization and 0 represent no colocalization. The values for these
charts were calculated by finding the average of Manders coefficients from a selection
of 18 images from two respective time periods (5 min-3 hours and 24 hours). These
quantification studies indicate that a larger amount of control-emulsions than RGD-
emulsions were in the lysosomes at all time points. They also showed that the amount of
RGD-emulsion in lysosomes increased substantially after 24 hours. T-testing confirmed
that the difference in RGD-emulsion colocalization in lysosomes was significant between
the two time periods, with a p-value of 5.9 - 1076, The difference in control-emulsion
colocalization of the time periods was also significant (p-value of 0.1-1073). Furthermore,
the difference in lysosome colocalization between RGD and control-emulsions in the
first time period was substantial, with a p-value of 3.6 - 107°. After 24 hours it can
be concluded that the differences between RGD and control-emulsion colocalization in
lysosomes were not significant, with a p-value of 0.154.
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RGD — emulsion Control — emulsion RGD — emulsion

Figure 4.5: Representative images taken 5 minutes, 1 hour, 2 hours and 24 hours after
incubation time with RGD and control-emulsions. The red spots represent the emulsions,
whereas the green spots represent lysosomes stained by LysoTracker. A high degree
of colocalization (yellow spots) can be seen for control-emulsions already 5 minutes
after incubation. After 24 hours the colocalization of the RGD-emulsion in lysosomes
is similar to that of control-emulsion. An image that show the RGD-emulsion 3 hours
after incubation is also included, in order to compare it with that of control-emulsions
imaged shortly after incubation (as the emulsions have been trafficked inside the cells
for the same amount of time at this point).
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RGD — emulsion Control — emulsion

Figure 4.6: 3-dimensional images generated from Z-stacks of imaged cells incubated with
LysoTracker plus RGD-emulsion and control-emulsion respectively. The images were
taken directly after incubation. The emulsions can be seen in red, whereas lysosomes
are marked as green. The control-emulsion seem to be more closely associated with the
lysosomes. The bottom row shows images of the same cells as the first row, only zoomed
in at areas near the nucleus.
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Figure 4.7: Quantitative analysis of colocalization of emulsion in lysosomes (M1), and
lysosomes in emulsion (M2). Manders coefficient values were averaged over a selection
of 18 images. 1 represent perfect colocalization overlap, whereas 0 represent no colocal-
ization. The control-emulsion is colocalized with lysosomes (and vice versa) to a larger
extent than the RGD-emulsion in the first 3 hours after incubation. After 24 hours
the colocalization is more similar for both emulsion types. T-testing showed that the
difference in RGD-emulsion colocalization between the two time periods was significant
(p-value of 0.041), while the difference for control-emulsion was not (p-value of 0.273).
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4.2.4 Early Endosome Staining Using CellLight Rab5-GFP

HUVECSs were transfected with the CellLight Bacmam system in order to express Rab5b-
GFP of early endosomes and to do colocalization studies of emulsions in similar manner
as for the LysoTracker experiment.

From this experiment, it was seen that the Rab5-GFP expression affected the up-
take of emulsions. The cells were incubated with RGD and control-emulsions in the
usual manner (20 minutes for RGD-emulsion and 3 hours for control-emulsion), but lit-
tle or no uptake was observed for the RGD-emulsion. The uptake was also decreased
substantially for the control-emulsion compared to previous experiments. Because of
this, it was assumed that uptake mechanisms and trafficking pathways might be affected
by the staining, and further colocalization experiments with Rab5-GFP were cancelled.
Colocalization of emulsions and early endosomes was not observed visually for any sam-
ples, but due to the low emulsion uptake no quantitative colocalization studies were
performed. Representative images can be seen in figure 4.8.

(a) (b)

Figure 4.8: CLSM images of HUVECs with Rab5-GFP staining of early endosomes
(green) and emulsion (red). (a): cells incubated with RGD-emulsion (20 min), (b):
cells incubated with control-emulsion (3 h). Almost no uptake of RGD-emulsion was
observed.
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4.2.5 Early Endosome Staining Using Transferrin-Alexa Fluor 488

As experiments with Rab5-GFP were not successful, alternative staining of early endo-
somes was performed with transferrin-Alexa Fluor 488. The samples were kept on ice
and imaged in the CLSM directly after incubation.

The colocalization of emulsions in early endosomes was relatively low for both emul-
sion types, and could not be visualized qualitatively in images. Representative images
for RGD an control-emulsions are included in figure 4.9. To allow for incubation of
transferrin-Alexa Fluor and control-emulsion simultaneously, lower concentrations of
transferrin were used for the samples seen in images 4.9 (e) and (f) (as explained in
the materials and methods section).

Quantitative colocalization analysis was performed in same manner as for lysosome
staining experiments with a selection of 14 images, and all show average colocalization
values below 0.4 (figure 4.10). The t-test gave a p-value of 0.172 for comparison of RGD-
emulsion and control-emulsion colocalization in early endosomes, which means that the
difference in colocalization between the two types of emulsions was not significant.
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(e) (f)

Figure 4.9: CLSM images of HUVECs with transferrin-Alexa Fluor 488 staining of early
endosomes (green) and emulsion (red). (a): RGD-emulsion and transferrin-Alexa Fluor
(10 pg/ml) with corresponding DIC image (b), (c): control-emulsion and transferrin-
Alexa Fluor (10 pg/ml) with corresponding DIC image (d). Two lower concentrations
of transferrin-Alexa Fluor 488 were used along with a higher concentration of emulsion
(2mM) for samples with control-emulsion, in order to incubate the cells with control-
emulsion and staining for the same time period (45 minutes). (e): control-emulsion and
transferrin-Alexa Fluor (2.5 ug/ml), (f):control-emulsion and transferrin-Alexa Fluor (5

pg/ml).
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Figure 4.10: Quantitative analysis of colocalization of emulsion in early endosomes (M1),
and early endosomes in emulsion (M2). Manders coefficient values were averaged over
a selection of 14 images. 1 represent perfect colocalization overlap, whereas 0 represent
no colocalization. The colocalization of both emulsions in early endosomes was low.
T-testing showed that the difference in RGD and control-emulsion in early endosomes
was not significant (p-value of 0.771).
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4.2.6 Cells Incubated with Both Emulsion Types Simultaneously

To investigate if the two different emulsion types were taken up and trafficked by distinct
mechanisms, cells were incubated with both RGD and control-emulsion simultaneously.
Representative images are included in figure 4.11. In general, it could be seen that there
was little colocalization of emulsions directly after incubation, and that the control-
emulsion was localized towards the outer periphery of the cells to a larger degree than
the RGD-emulsion. These vesicles containing control-emulsion also seemed smaller than
those for the RGD-emulsion. After approximately 2 hours some vesicles of emulsion
appeared to be fusing together, as seen in figure 4.11.

3-dimensional images were generated from Z-stacks, and these are included in figure
4.12. From these images, it is also seen that the control-emulsion is localized in more
finely dispersed vesicles towards the periphery of the cell. Additionally, it seems as
vesicles of RGD and control-emulsion are in fusion processes in the perinuclear area of
the cell, in agreement with what was found in figure 4.11. This is more closely visualized
in image (c) in figure 4.12.

Quantitative colocalization analysis was performed for a selection of 5 images from
0-45 minutes after incubation and 5 images from 2 hours after incubation. The averaged
Mander’s values are seen in figure 4.13. The values seem to increase with time, both for
the colocalization of RGD-emulsion in control-emulsion and vice versa. T-testing showed
that this increase with time was significant for the colocalization of RGD-emulsion in
control-emulsion (p-value of 0.049), but not for control-emulsion in RGD-emulsion (p-
value of 0.085). This means that the colocalization of RGD-emulsion in control-emulsion
increases with time relative to the initial colocalization, but not the other way around.
Furthermore, the difference in colocalization of RGD-emulsion in control-emulsion and
control-emulsion in RGD-emulsion is significant for both time periods (p-value of 0.004
for both estimates). This means that there is always a larger fraction of the RGD-
emulsion colocalized with control-emulsion than vice versa.
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Right after incubation 2 hours after incubation

Figure 4.11: CLSM images of cells incubated with RGD (red) and control-emulsion
(green) simultaneously. Little colocalization was seen visually directly after incubation,
but increased with time. 2 hours after incubation, it was possible to see that vesicles of
RGD and control-emulsion were fusing together, as highlighted by pink squares.
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RGD-emulsion and Control-emulsion

(b)

(c)

Figure 4.12: 3-dimensional images generated from Z-stacks of cells incubated with RGD
(red) and control-emulsion (green) simultaneously. The control-emulsion is localized to
the periphery of the cell to a larger degree than the RGD-emulsion. Image (a) shows
an overview over the cell, while the periphery of the cell is zoomed in in image (b). In
image (c), vesicles of RGD and control-emulsion near the perinuclear region are seen.
They seem to be associated.
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Figure 4.13: Quantitative analysis of colocalization of RGD-emulsion in control-emulsion
(M1), and of control-emulsion in RGD-emulsion (M2). The analysis was done of images
from two different time periods: 0-45 minutes after incubation and 2 hours after incuba-
tion. Manders coefficient values averaged over a selection of 5 images were used to gener-
ate the charts. 1 represent perfect colocalization, whereas 0 represent no colocalization.
From t-tests it was found that the colocalization of RGD-emulsion in control-emulsion
increased substantially with time.
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4.3 Flow Cytometry Experiments

4.3.1 Investigating the Effect of RGD-Dialysis

Uptake studies of cells incubated with dialyzed and non-dialyzed RGD-emulsion re-
spectively were done to assess the effect of the dialysis step. The resulting median of
fluorescence intensities for all cells and for positive cells were averaged and normalized
to the median of fluorescence intensity for untreated cells (autofluorescence). The values
are presented in figure 4.14. It can be seen that the effect of dialysis was substantial,
as the uptake amount of dialyzed RGD-emulsion was approximately 1.6 times larger
than the non-dialyzed version. T-testing confirms this, with a p-value of 0.017 below the
significance level of 0.05. Overlay histograms from two single samples of cells incubated
with dialyzed and non-dialyzed RGD-emulsion can be seen in figure 4.15.

Uptake of dialyzed RGD-emulsion vs. non-dialyzed RGD-
emulsion

16

14

12

10

B RGD-emulsion not dialyzed

B RGD-emulsion dialyzed

Avg. median normalized by the median of untreated cells
]

Median all cells Median positive cells

Figure 4.14: Uptake amount of dialyzed versus non-dialyzed RGD-emulsion. The values
of the columns represent the average fluorescence intensity medians from flow cytometry
experiments, normalized by the fluorescence intensity median of untreated cells (aut-
ofluorescence). Columns for uptake in all cells and in positive cells (cells with emulsion
uptake) can be seen separately.
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Figure 4.15: Representative logarithmic histograms obtained in flow cytometry from
samples with dialyzed and non-dialyzed RGD-emulsion. The cellular uptake of dialyzed
RGD-emulsion is approximately 1.6 times higher than the non-dialyzed RGD-emulsion.
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4.3.2 Chlorpromazine and Genistein Endocytic Inhibition

Uptake studies of cells incubated with emulsions and different endocytic inhibitors was
done to elucidate the uptake mechanism for the respective emulsion types. Column
charts that show the uptake amount as averaged medians (of fluorescence intensity)
normalized to the median (of fluorescence intensity) of untreated cells (autofluorescence)
can be seen in figure 4.16. Representative overlay histograms can be seen in figure 4.17,
and the number of positive cells in each sample (in %) can be seen in figure 4.18.

First of all the difference in uptake of RGD-emulsion and control-emulsion from sam-
ples with no inhibitors should be mentioned, as RGD-emulsion uptake is approximately
4.5 times larger than control-emulsion uptake (figure 4.16). In agreement with this, t-
testing shows a p-value of 0.008, which means that the difference in uptake of RGD and
control-emulsions is definitively significant.

For inhibition studies, genistein (inhibiting caveolae-mediated uptake) shows a large
inhibiting effect on uptake amount of both emulsion types, but compared to the original
uptake amount the effect is only significant for the RGD-emulsion (figure 4.16). This was
shown by t-tests, as the p-value for difference between original RGD uptake and RGD
uptake in response to genistein was 0.003, while the same t-test for control-emulsion
gave a p-value of 0.053 (not significant).

Chlorpromazine (inhibiting clathrin-mediated uptake) also shows some inhibitory
effect on the uptake of both emulsion types, but to a smaller extent than genistein. The
difference was not significant for neither RGD-emulsions nor control-emulsions (p-values
of 0.056 and 0.146 respectively). Furthermore, some percentage of the uptake was not
inhibited by neither chlorpromazine nor genistein.

In figure 4.17 representative overlay histograms for endocytic inhibition studies are
included, as well as histograms that show the difference in uptake for RGD and control-
emulsions. It should be noted that the number of cells in certain samples was low,
due to toxicity of the inhibitors. The number of cells was lowest in the genistein and
genistein /chlorpromazine samples, which indicates highest toxicity for genistein.

As for the percentage of positive cells in each sample type (figure 4.18), it can be
seen that samples with RGD-emulsion and no inhibitors has a slightly higher percentage
of positive cells compared to that of the control-emulsion with no inhibitors. T-tests
evaluated this to be a significant difference (p-value of 0.028). Furthermore, inhibitors
seem to have the greatest effect on the number of positive cells for samples with control-
emulsion, as the percentage was reduced to 92.8 for control-emulsion/chlorpromazine,
and to 70.9 for control-emulsion/genistein. 70.9 % positive cells indicates that approx-
imately 28 % of the cells do not take up control-emulsion due to inhibition by genis-
tein. The greatest reduction in positive cells for samples with RGD-emulsion can be
seen for RGD-emulsion/genistein (91.9 %) and RGD-emulsion/genisten/chlorpromazine
(91.4 %).
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Figure 4.16: Uptake studies of cells incubated with emulsions and endocytic inhibitors.
The values of the columns represent the average fluorescence intensity medians from flow
cytometry experiments, normalized to the fluorescence intensity median of untreated
cells (autofluorescence). Chlorpromazine is an inhibitor of clathrin-mediated uptake,
whereas genistein is an inhibitor of caveolae-mediated uptake. Charts were generated
for uptake in all cells (top) and in uptake positive cells (bottom)separately.
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Figure 4.17: Representative histograms obtained in flow cytometry from cells incubated
with RGD-emulsion and inhibitors (a), and control-emulsion and inhibitors (b). His-

tograms that show the difference in uptake of RGD and control-emulsion are also in-
cluded (c).
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Figure 4.18: The amount of positive cells in each sample type relative to the total
number of cells in the sample, in %. The number of positive cells in samples with control-
emulsion is more greatly affected by inhibitors than for samples with RGD-emulsions.
The percentage of positive cells is reduced to 70.9 % for control-emulsion/genistein,
which means that approximately 27 % of all cells are completely inhibited by genistein
in this sample.
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Table 4.2: Overview over the purpose and results of different experiments conducted, with reference to correlated figures.

Experiment Purpose Result Reference
DLS Size & PDI characterization Mean peak diameters from 109-121 nm. Table 4.1
Some emulsions with PDI above 0.2.
CLSM
Test Experiment for Studying Em.Upt. Visualize nucleus & cell membrane Emulsions mainly localized in the peri- Figure 4.2
in combination with emulsions nuclear region. Lower uptake of control-em.

Inv. Optimal Incubation Find optimal incubation times for Sufficient inc.times of 20 min for RGD Figure 4.3

times RDG and cont. emulsion and approx. 3 hours for control-em. and 4.4

Lysosome Staining Investigate colocalization of Larger coloc. for control-em. 5 min-2 h Figure 4.5,

emulsions with lysosomes after inc. Similar coloc. for RGD and 4.6 and 4.7
cont.em. after 24 h.
Early E. Staining w/Rab5-GFP Investigate coloc. of Rabba-GFP marking affected Figure 4.8
emulsions w/early endosomes emulsion uptake. No coloc.

Early E. Staining w/Transferrin Investigate coloc. of Little colocalization Figure 4.9

Alexa Fluor emulsions w/early endosomes and 4.10

Cells Inc. w/ Both Emulsion

Types Simultaneously
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increases w/ time

Figure 4.11, 4.12
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Figure 4.14 and
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Chapter 5

Discussion

5.1 Characterization by DLS

DLS was done to assess the size and polydispersity of the different emulsion batches. All
batches showed mean peak diameters between 93 nm and 130 nm, which was acceptable
in aspect of expected size around 100 nm. However, some batches showed PDIs slightly
above 0.2, which points to a larger spread in the size distributions for these batches. In
these batches the amount of lipids used was higher, however the volume of hydration
buffer was the same as for the other preparations. This indicated that with the used
preparation method, nanoemulsions with a PDI below 0.2 can only reproducibly be
prepared at lipid concentrations of 10 mM or below.
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5.2 CLSM Experiments

5.2.1 Investigating Optimal Incubation times of RGD versus Control
Emulsions

By incubating RGD and control-emulsions with cells for different periods of time, it was
confirmed that the RGD-emulsions are taken up faster and more extensively by the cells
than control-emulsions. Thus a shorter incubation time was sufficient for substantial
RGD-emulsion uptake. The aim was to find incubation times that resulted in similar
uptake amount for control and RGD-emulsions, and that was more realistic compared to
in vivo uptake. The uptake of RDG-emulsion was present in nearly all cells throughout
different samples after 20 minutes of incubation or less, and this incubation time was
therefore concluded to be sufficient for further experiments. For the control-emulsion the
uptake was qualitatively similar to that of 20 minutes incubation with RGD-emulsion
after approximately 3 hours. As a consequence, those incubation times were applied for
further experiments.

A cause of the larger uptake of RGD-emulsions at earlier time points is that the
RGD-emulsion is more quickly taken up by cells due to receptor-mediated endocytosis.
In literature, the uptake and recycling of «,, B3 integrins is described as a fast process
[107]. Other studies have found that the number of a, 3 integrins on HUVECs are (2.63
+ 0.08) x 10° per cell, and that the number of integrins expressed on cells correlates well
to the amount of RGD peptide taken up. Furthermore, the uptake dynamics of RGD
peptides compared to control peptides has been elucidated with flow cytometry at 37
C° over a time period of 2 hours. The mean fluorescence intensity of RGD peptides in
HUVECs was more than 2.5 larger than for control peptides after 2000 seconds [108].
Uptake was also investigated with fluorescent peptides in CLSM, and it was found that
RGD peptides could be clearly visualized within HUVECs after only 15 minutes of
incubation, while the control version could not be visualized at all at this incubation
time [108]. This is perfectly in agreement with our findings for the RGD-emulsion.

The difference in uptake for RGD-conjugated NPs and non-conjugated NPs has
been reported previously. For example, it has been found that RGD-conjugated PLGA
nanoparticles of approximately 200 nm showed more than three times larger uptake than
the non-conjugated control NP in HUVECs after only 30 minutes of incubation [72]
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5.2.2 Trafficking to Lysosomes

From the lysosome staining experiments, it was seen that a larger amount of control-
emulsion than RGD-emulsion was colocalized with lysosomes from 5 minutes to 3 hours
after incubation. After 24 hours, the colocalization was more similar for both emulsion
types. The colocalization was investigated both visually and quantitatively, and the
results clearly indicate that RGD-emulsions avoid the lysosomes to a large degree than
control-emulsions at least the three first hours after incubation.

Others have performed similar experiments with the use of lysosome staining plus
RGD-conjugated and non-conjugated NPs. Some reports support our findings [90], while
others find different results. For example, RGD-conjugated PLGA NPs had substantial
colocalization with lysosomes after 30 minutes of incubation, and the same trend was seen
for RGD-nanogels, RGD-PEO-b-PCL micelles and RGD-nanoribbons [72, 109, 110, 111].
Additionally, the RGD-nanogel study show that the colocalization decreases substan-
tially after 24 hours, which means that the RGD-nanogel exits the lysosomes within
24 hours [110]. As the internalization of these constructs were proven to be facilitated
by the same receptor-mediated endocytosis with integrins, their trafficking and destiny
must be determined by other factors once inside the cell. The sizes of the different NPs
were in completely different ranges: the nanogels were of 30-40 nm size, the PEO-b-PCL
micelles of 60-90 nm, the PLGA NPs approximately 200 nm and the nanoribbons be-
tween hundreds of nm and up to gm. This means that deviating results compared to the
RGD-emulsion in question must be determined by other factors than size, for example
by the chemical composition or surface charge of the emulsion particles.

For the control-emulsion, it is more likely that the size of the particles affects the
uptake mechanism, as it does not interact with specific receptors. The already mentioned
study with ligand-devoid latex beads of 50 to 1000 nm can emphasize this. Beads
below 200 nm were preferably taken up by clathrin-mediated mechanisms and trafficked
to lysosomes, whereas caveolae-mediated uptake of beads that avoided lysosomes was
utilized once the bead were of 500 nm [89]. However, size does not solely determine the
uptake and trafficking, and there are plenty of examples that show caveolae-mediated
uptake of particles below 200 nm. Polymeric micelles with cross-linked core (around 100
nm), Doxil liposomes (86 nm) and CdSe/ZnS quantum dots (18 nm) are internalized by
caveolae. Their common denominator is a negative surface charge [82], and the surface
charge of the emulsions is also believed to be slightly negative although experiments
have not been done to validate this.

An experiment that showed results that were partially in agreement with lysosome
colocalization for nanoemulsions comes from Oba et al. The experiment was performed
with RGD-PEG-polylysine micelles and its non-conjugated version. Although a substan-
tial fraction of the RGD-micelles were colocalized with lysosomes, the colocalization was
approximately 1/3 larger for control-micelles [90]. In that matter, the results suggest
that at least some fraction of the RGD-micelles were not transported to the lysosomes.

An issue that needs to be discussed in context of the lysosome staining experiment
is the different incubation times for RGD and control-emulsions. As control-emulsions
were incubated for a substantially longer time (3 hours), the first emulsion particles
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that enter the cell had in theory been trafficked for over 3 hours inside the cell at the
time of imaging. This means that it in reality has not been investigated where these
emulsion particles are localized at the same time points as for the RGD-emulsion (for
example at 20 min incubation + 5 min). As the uptake of control-emulsion was small
after 20 minutes (discussed in section 5.2.1), it would not have been possible to directly
compare findings at these early times. However, at 3 hours after incubation of the RGD-
emulsion, little of the emulsion particles were colocalized with the lysosomes. This latter
observation strongly indicates that our observations are valid and that the trafficking to
the lysosomes are indeed slower for RGD-emulsions than for control-emulsions.

As a last point it should be mentioned that small errors could have occured for all
colocalization studies conducted in this thesis, as the colocalization analysis was not
performed in 3 dimensions (only generated from 2-dimensional images). Even though
CLSM suppresses signals not related to the confocal plane, it is not able to eliminate
spatially unrelated signals completely. This is because the diffraction pattern of light is 3-
dimensional, with axial symmetry along the z-axis. In that matter, distortion along the z-
axis occurs because of imbalance between the lateral and axial resolution. Colocalization
analysis of 3-dimensional z-stacks are therefore more accurate than single 2-dimensional
images [112].
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5.2.3 Trafficking to Early Endosomes

The experiment with expression of Rab5-GFP was performed in order to assess emul-
sion localization within early endosomes. Results showed little or no colocalization of
emulsions in early endosomes (not quantitatively assessed), and furthermore the uptake
amount of emulsion was decreased substantially for RGD-emulsions but also somewhat
for control-emulsions.

Rabb is a GTPase enzyme that can be switched on and off by interaction with other
proteins and effectors. For example, Rab5 can become active by binding to caveolin-1
in caveolae, as this binding presumably recruits guanine exchange factors or maintain
GTPase activity by other methods [113]. Active Rab5 principally contributes to the
formation of endocytic vesicles, the trafficking of vesicles to early endosomes, and the
fusion of endocytic vesicles with early endosomes [113, 114]. It is known that genetic
modifications performed in order to express Rab5a-GFP results in Rab5 overexpression
[115]. This means that the balance between endocytic regulators in the cell may become
disturbed. For example, there could be too much Rab5 contained within existing early
endosomes. Rabb is normally converted to Rab7 to form late endosomes, but if there
are increased amounts of Rab5 in the early endosomes effectors may not able to convert
all of it into Rab7 [116]. The process is consequentially halted. One possible explanation
for the reduced uptake of emulsions may be that factors that are to be reused in uptake
mechanisms are "stuck” in halted Rab5 endosomes, and that new uptake is limited be-
cause other factors are not overexpressed. This would mean that systems that facilitate
emulsion uptake use factors that are also used in the Rab5 pathway. Yet, little or no
colocalization of emulsions and early endosomes was seen.

Staining of early endosomes with transferrin-Alexa Fluor 488 was done as an alterna-
tive to the Rabb5-GFP experiment. In agreement with the Rab5-GFP experiment, results
showed little colocalization for both emulsion types. This indicates that the emulsions
are not mainly trafficked to the early endosomes after internalization, at least not within
the first hour after incubation when the imaging took place.

Based upon information from literature, an illustration scheme that summarizes
events along pathways for clathrin-mediated, caveolae-mediated and clathrin and cave-
olae independent uptake was made (figure 5.1). It can be seen that Rab5 contributes to
formation of both caveolae and clathrin vesicles, and also fusion of these vesicles with
early endosomes [113, 114]. However, the fusion of caveolac with caveosomes is Rabh
independent [117]. Transferrin is taken up by clathrin-mediated mechanisms and trans-
ported to the early endosomes [83, 115]. As virtually no colocalization was seen in the
Rab5-GFP experiment nor in the transferrin-Alexa Fluor 488 experiment, the pathway
from caveolae to caveosomes represent a possibility for early endosome escape. If over-
expression of Rab5b affects the uptake dynamics as previously depicted, this would mean
that slow caveolae formation (and hence slow emulsion uptake) can occur even if no
colocalization with early endosomes are seen, as long as the emulsions go to caveosomes.
As the RGD-emulsion was shown to quickly accumulate in the perinuclear area of the
cells, possible trafficking from caveosomes may be to Golgi or to the ER [83, 117]. A
setback for the caveosome trafficking theory is that the existence of caveosomes recently
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has been questioned [118].
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Figure 5.1: Illustration that summarize events along the endocytosis pathways of
caveolae-mediated, clathrin-mediated and clathrin and caveolae independent endocy-
tosis. The trafficking pathways of the transferrin receptor (TfR) and a,fs3 integrin
receptor are included. Abbreviations: EE=early endosomes, LE=late endosomes,
ER=endoplasmatic reticulum, PNRC= perinuclear recycling compartment.

A second theory of emulsion uptake can be proposed for clathrin and caveolae inde-
pendent endocytosis. It has been found that substances taken up by these mechanisms
can bypass Rabb positive early endosomes. However, little is known about the sub-
sequent trafficking pathways, and substances that utilize them are also taken up by
other mechanisms, such as clathrin or caveolac mediated endocytosis [82]. This makes
it hard to assess the probability of emulsion uptake by clathrin and caveolae indepen-
dent endocytosis although quantitative colocalization analysis did show small values of
colocalization with early endosomes.

The trafficking pathway of a,, 83 integrins should also be mentioned, as this is relevant
for RGD-emulsions. It is known that these integrins are taken up by caveolae-mediated
endocytosis and/or clathrin-mediated endocytosis and subsequentially transported to
early endosomes. Further, the a, (3 integrin basically follows two pathways, whereas
one is a short recycling pathway (half-life of 3 minutes, shown as Rab4 dependent sort-
ing in the illustration) and the other is a long pathway to the perinuclear recycling
compartment (PNRC) with subsequent trafficking to an endocytic recycling compart-
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ment (half-life of 10 minutes, shown as Rab1l1l dependent sorting) [107, 119]. This could
be an alternative pathway for the RGD-emulsions, since small amounts of colocalization
in early endosomes were found quantitatively. Also, the long trafficking pathway of the
a3 integrin would in theory involve RGD-emulsion trafficking to the PNRC within ap-
proximately 5 minutes after uptake, and this is consistent with findings of RGD-emulsion
in the perinuclear region within a short time after incubation. However, the trafficking
route of a ligand conjugated NP may differ from the trafficking route of the ligand alone
[120], which may also very well be the case for RGD-emulsions.

5.2.4 Cells Incubated with Both Emulsion Types Simultaneously

Cells were incubated with control-emulsion (marked by rhodamine) and RGD-emulsion
(marked by NIR) simultaneously in order to assess differences in uptake and trafficking
for the two types of emulsions. Quantitatively, it was shown that the colocalization was
relatively low but present, and t-tests showed that a larger fraction of the RGD-emulsion
was colocalized with control-emulsion than vice versa. Furthermore, the colocalization
increased with time. Qualitatively, it was seen that the control emulsion was dispersed
in smaller vesicles closer to the periphery of the cell (but also somewhat in the perin-
uclear region), while the RGD-emulsion were mainly contained in larger vesicles in the
perinuclear region when imaged directly after incubation.

The data and images obtained indicate that the two types of emulsions are either
taken up by different mechanisms or taken up by the same mechanisms but internalized
or sorted into distinct vesicles. This is reasonable because it was seen, especially in 3-
dimensional images, that RGD and control-emulsions were localized in separate vesicles
towards the periphery of the cell. In either case, the vesicles they reside in seem to fuse
together with time. This is in agreement with the lysosome trafficking experiments, as it
was seen that only the control-emulsion was colocalized with lysosomes initially, but that
both emulsion types were colocalized with lysosomes after 24 hours. The early endosome
experiments points to the caveolae-mediated uptake as the most probable mechanism for
uptake of both emulsion types. If so is the case, there must be some process inside the
cell that decide the trafficking route for the respective emulsions after initial uptake. The
question of uptake mechanism for the respective emulsion types will be more thoroughly
discussed in the section 5.3.2.

The size of vesicles containing-control emulsion versus vesicles containing RGD-
emulsions is logical considering findings in section 5.2.1 that control-emulsions are more
slowly taken up than RGD-emulsions. As RGD-emulsions most probably are bound to
integrin receptors, they are likely to be more concentrated so that more emulsion resides
in each vesicle. Whether such vesicles are formed directly after initial uptake or after
sorting and fusion processes is not known. The control-emulsions are most likely taken
up by non-specific interactions with the cell membrane or by fluid phase endocytosis, and
this would lead to a slower uptake with less concentrated amounts of emulsion in each
vesicle [71]. Hence, these vesicles appear smaller compared to vesicles of RGD-emulsion.

The findings that control-emulsions are dispersed towards the periphery of the cell
to a larger extent than RGD-emulsions is in agreement with results from by Oba et al.
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with RGD-conjugated and non-conjugated micelles. It was found that non-conjugated
micelles were mainly residing at locations towards the periphery of the cell, while RGD-
micelles accumulated faster in the perinuclear region. Furthermore, it was found that
the two types of micelles were contained in distinct vesicles after a short incubation time.
The colocalization subsequently increased with time and was substantial 24 hours after
incubation [90]. This is in excellent agreement with the results for emulsions, although
in this case the cells were not investigated 24 hours after incubation.
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5.3 Flow Cytometry Experiments

5.3.1 Investigating the Effect of RGD-Dialysis

From experiments with dialyzed and non-dialyzed RGD-emulsions, it was seen that the
uptake of emulsion in cells was greatly enhanced for the dialyzed emulsion. This is
reasonable, as free RGD peptides may bind and induce internalization of (3 integrins.

Similar experiments have been done, for example for PLGA NPs. It was shown that
addition of excess cRGD molecules competitively decreased cellular uptake of RGD-
PLGA NPs but not of non-conjugated PLGA NPs [72].

Besides from indicating a more optimal way of preparing emulsions, the results show
that specific receptors are indeed involved in the uptake of RGD-emulsions and that
uptake of RGD and control-emulsions most likely differ because of this.

5.3.2 Chlorpromazine and Genistein Endocytic Inhibition

Uptake studies of cells incubated with emulsions in the presence of endocytic inhibitors
chlorpromazine and genistein were done to obtain more knowledge about the uptake
mechanisms for the different emulsions. Of the two inhibitors, genistein showed the
greatest inhibitory effect for uptake amount of both emulsion types. However, the effect
was substantially larger for the RGD-emulsion than for the control-emulsion. Addition-
ally, the increased uptake of RGD-emulsion compared to control-emulsion was indeed
confirmed from samples with no inhibitors, as the uptake of RGD-emulsion was approx-
imately 4.5 times larger than that of the control-emulsion (figure 4.16 and image (c) in
figure 4.17).

Results suggest that both emulsion types were mainly taken up by the aid of caveolae-
mediated endocytosis. This was also indicated in experiments with early endosome stain-
ing, if the theory concerning trafficking to caveosomes is correct. A much larger fraction
of the RGD-emulsion uptake was inhibited by genistein compared to the control-emulsion
(shown by t-tests). This suggests that the RGD-peptide facilitates a fast receptor-
mediated uptake through the caveolae, while the control-emulsion is possibly taken up
by caveolae through non-specific interactions with receptors or other membrane com-
ponents. For example, the PEG chains on the surface of the emulsion particles might
interact with plasma membrane components through hydrophobic interaction or through
a bridge of hydrated water molecules [90]. It should be mentioned that the number of
cells measured in the flow cytometer in samples incubated with genistein was lower than
that of samples incubated with chlorpromazine (figure 4.17). This is most probably due
to toxicity of genistein, and might affect the calculated statistics. Cytotoxicity of genis-
tein and chlorpromazine has been assessed by others [121], and results show a general
higher toxicity of chlorpromazine compared to genistein. The opposite seemed to be true
for our experiments. However, it is known that the cytotoxicity of different inhibitors
varies with cell line [121].

Even though trafficking to lysosomes normally is associated with the clathrin-mediated
pathway, studies with non-conjugated polymeric micelles have shown that NPs taken up
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by caveolae can bypass the early endosomes and still reach the lysosomes within a short
period of time after incubation [122]. This may be the case for control-emulsion taken
up by caveolae, as control-emulsion was seen in lysosomes to a much greater extent than
RGD-emulsions directly after incubation (section 5.2.2).

Chlorpromagzine also showed some inhibitory effect for both emulsions, which means
that a small part of the emulsion is taken up by the clathrin-mediated mechanism. How-
ever, the number of positive cells decreased the most for control-emulsions in response to
chlorpromazine, and this might suggest that clathrin-mediated endocytosis play a larger
role for control-emulsion uptake than for RGD-emulsion uptake. Clathrin-mediated up-
take involves subsequent trafficking to the early endosomes as depicted in figure 5.1. It
was seen from CLSM studies that the emulsions were not mainly in early endosomes, but
quantitative colocalization did show some small values for colocalization. This indicates
that clathrin-mediated uptake found by flow cytometry is reasonable, although it was
not qualitatively seen in images.

Concerning samples incubated with both inhibitors simultaneously, it can be seen
that the uptake was not decreased below that of genistein inhibition. In fact, the up-
take seemed to increase by a small amount for control-emulsions. There can be sev-
eral reasons for this effect. Firstly, it has been shown that endocytic inhibition with
chlorpromazine can upregulate other uptake mechanisms [96, 97]. This might mean that
clathrin-mediated endocytosis participates to a greater extent for control-emulsions than
for RGD-emulsions, which was also indicated by the lower percentage of positive cells in
those samples. Secondly, the number of cells in these samples was decreased substantially
due to the toxicity of the inhibitors. The latter means that the amount of cells might not
have been sufficient to compare average findings with that of average findings for other
samples. Most importantly, the results indicate that some fraction of the emulsions is
taken up by neither caveolae-mediated endocytosis nor clathrin-mediated endocytosis.
Other possibilities then include macropinocytosis and/or clathrin and caveolae indepen-
dent endocytosis, or other yet unknown mechanisms.

Finally, it should be mentioned that the ability of the inhibitors to block uptake
mechanisms is far from perfect, and it is also dependent on the cell type utilized [121].
This means that it is hard to assess whether emulsion uptake in presence of inhibitors
is exclusively due to uptake by other mechanisms or due to inability of the inhibitors to
block endocytosis. In aspect of this, the interpretation of results is not necessarily 100%
in agreement with reality, but might give an indication concerning key aspects.
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5.4 Overview of Possible Trafficking Pathways

Based on results obtained in this thesis and in literature, possible uptake mechanisms
and trafficking pathways for RGD and control-emulsions can be proposed. However, a
substantial amount of work still remains to get a clearer picture. The proposal explana-
tions below are illustrated in fig 5.2.

Clathrin-mediated

RGD-emulsion

Caveolae-mediated Clathrin and

caveolae- independent

Control-emulsion

>l

Caveolae

Rab5
Independerﬁ
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Figure 5.2: Illustration that summarize events along the endocytosis pathways of
caveolae-mediated, clathrin-mediated and clathrin and caveolae independent endocy-
tosis, and that indicate possible uptake and trafficking pathways for RGD and control-
emulsions. The trafficking pathways of the transferrin receptor (TfR) and «, (3 integrin
receptor are included. Symbols containing an S (small) indicate that this involves only
small amounts of emulsion. Abbreviations: EE=early endosomes, LE=late endosomes,
ER=endoplasmatic reticulum, PNRC= perinuclear recycling compartment.

Experiments with staining of early endosomes and endocytic inhibitors suggest that
the largest parts of RGD and control-emulsions are taken up through caveolae-mediated
endocytosis. However, they might be internalized or sorted into different vesicles, as ex-
periments with NIR-RGD-emulsion and rho-control-emulsion showed that they mainly
resided in separate vesicles. The interaction of the RGD-emulsion with the «, 33 inte-
grins is a probable explanation of the sorting of RGD-emulsion into distinct vesicles. The
delayed uptake of emulsions in Rabb experiments is most likely caused by Rab5 overex-
pression, because Rabb regulates internalization of caveolae vesicles as well as clathrin
vesicles. As emulsions are not mainly seen in early endosomes, they are somehow sorted
to avoid this. Based on literature, the most likely trafficking pathway from caveolae
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is Rabb-independent fusion with caveosomes. Furthermore, control-emulsions showed
quite large colocalization with lysosomes already 5 minutes after incubation. It is pos-
sible that they are sorted from caveosomes and into late endosomes and/or lysosomes
[122, 123], while the RGD-emulsion remains in caveosomes for extended periods of time,
or is further trafficked to ER or Golgi [83]. At some, later time point, the RGD-emulsion
is also trafficked to lysosomes by unknown mechanisms.

As uptake studies with endocytic inhibitors showed a small uptake also in clathrin-
vesicles, while small colocalization values were found for transferrin-Alexa Fluor 488, it
can be assumed that some small portion of the emulsions might be taken up by clathrin-
mediated endocytosis (small portions of emulsion is marked by S in the illustration).
Based on literature and the lysosome staining experiment, it is further likely that the
control-emulsion follows the maturation pathway of early endosomes- late endosomes-
lysosomes [57, 80, 81]. However, for the RGD-emulsion it is possible that it follows
the long pathway of the .3 integrins that are taken up by the clathrin-mediated
mechanism, which involves further trafficking to the perinuclear recycling compartment
within approximately 5 minutes (discussed in section 5.2.3).

In flow cytometric uptake studies it was shown that some parts of the emulsion are
not taken up by neither clathrin-mediated mechanism nor caveolae-mediated mechanism.
Macropinocytosis and/or clathrin and caveolae independent endocytosis are possibilities,
or other unknown mechanisms. Uptake by clathrin and caveolae independent endocytosis
have been shown to bypass the lysosomes, but details about these mechanism are scarce,
so this possibility is denoted by question marks in the illustration.
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5.5 Implications and Further Work

In this thesis it has been shown that the targeting of nanoemulsions with RGD enhances
the uptake in HUVECs substantially compared to the non-targeted version. Further-
more, the RGD-emulsion avoids the lysosomes, which can improve the efficiency of drug
delivery immensely. The emulsions are made up of biocompatible and biodegradable
compounds approved by the FDA, and in light of this the emulsions have a great poten-
tial for reaching clinical trials.

Further work must be invested to elucidate the uptake and trafficking pathways of
the emulsions to greater detail. For example, plasmids encoding for fluorescent proteins
associated with the ER and Golgi can be used to investigate if the RGD-emulsions indeed
end up here in live cells. Caveolae can be stained to support the theory of caveolae-
mediated uptake. It would also be preferable to repeat the early endosome staining
experiments to see if optimization of the protocol can affect the results. Repetition of
the NIR-RGD and Rho-control emulsion experiments could be done to investigate what
happens after 24 hours, and compare this to the lysosome colocalization. Moreover,
the dynamics and stability of the emulsions inside the cells should be assessed. As
an example, knowledge about the timing of emulsion degradation in the cells can be
obtained. If the time frame of degradation is known, the results can be compared to
other experiments, such as the time frame of RGD-emulsion colocalization in lysosomes.

Currently, coworkers are conducting in vivo work with emulsions as probes for molec-
ular imaging of angiogenesis. It has been shown that the RGD-emulsions bind to en-
dothelial cells in tumor vessel walls in mice to a much greater extent than the control-
emulsion. Furthermore, this binding sustains for prolonged periods of time, up to 48
hours post injection. This emphasizes the value of nanoemulsions not only for drug
delivery purposes, but also for imaging and multimodality purposes.
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Chapter 6

Conclusion

Through experiments conducted in this thesis it is clear that endocytic uptake and
trafficking is highly complex and that single factors alone do not determine uptake
mechanism and destiny of internalized emulsions. However, CLSM and flow cytometry
studies did elucidate certain aspects concerning RGD and control-emulsion uptake and
trafficking.

First of all, it was found that RGD-emulsions are taken up by HUVECs mainly due
to interaction with «, 33 integrins. The uptake amount was approximately 4.5 times
larger than that of control-emulsions, and control-emulsions are most probably taken
up by non-specific interaction with cell membrane components. Moreover, both emul-
sion types are mainly taken up by caveolae-mediated endocytosis, but also to a small
extent by clathrin-mediated endocytosis and other unidentified processes. Results fur-
ther indicate that both emulsions avoid the early endosomes to a great extent, but that
control-emulsions reach the lysosomes shortly after incubation. RGD-emulsion colocal-
ization with lysosomes was not observed until 24 hours after incubation. Although both
emulsions are taken up by caveolae-mediated mechanisms, they are not taken up/sorted
into the same vesicles. This was seen from experiments with NIR-RGD-emulsions and
Rho-control-emulsions. However, they do fuse with time, especially in the perinuclear
region of the cells.

A simplified proposal can be suggested concerning the main uptake and trafficking
pathway for emulsions: both RGD and control-emulsions are taken up by caveolae-
mediated mechanisms, however, they are taken up or sorted into distinct vesicles due to
RGD-emulsion interaction with a, 83 integrins. Further, both emulsions are trafficked to
caveosomes. From caveosomes, the control-emulsion is transported to the late endosomes
or lysosomes, whereas RGD-emulsion may be transported to Golgi or ER. Finally, the
RGD-emulsion is also trafficked to the lysosomes.
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Appendix

Flow Cytometry Figures

S5 INT LOG
L
|

FSINT LIN

Region | Number | %Total | %Gated | X-Median 50.0 | X-Mean | ¥-Median 500

ALL 12468 10000  100.00 386 433 855
A 11177 8965 89.65 365 388 803

Figure 6.1: Scatterplot of F'S vs. SS that shows how cells were gated to avoid dead cells,
debris and cell clusters in results for flow cytometry experiments. Approximately 90%
of all cells were gated.



Uptake of RGD and control-
emulsion
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Figure 6.2: Histograms of fluorescence intensity vs. count that show how a boundary line
was set to define cells that were positive for emulsion uptake (positive cells lie within the
line marked by P). The threshold for the line was set to approximately 6-7 in fluorescence
intensity. Fluorescence intensity below the line was considered to be autofluorescence.
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