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Maria Matson Dzebo
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Abstract
Knowledge about mechanisms behind interactions of molecules with biomembranes and
cellular uptake is very important for understanding biological processes and for drug design.
The work described in this thesis has focused on interactions of cellular dyes and bioactive
peptides with cells and the cell membrane. Cellular dyes can be used to investigate processes
occurring in the cell since they enhance the contrast of specific intracellular areas or
molecules. Here, two types of dyes have been investigated; ruthenium dipyridophenazine
complexes and voltage-sensitive dyes. Further, bioactive peptides have gained an increased
attention for promising therapeutic applications. In this thesis, the cellular uptake of cellpenetrating peptides, interesting as drug delivery systems, and of the antisecretory peptide,
AF-16, is examined. For the development of compounds of both categories, a large
challenge is to overcome the poor cellular uptake, which is restricted by the cell membrane,
and to understand the mechanisms of interactions with the cell membrane.
The results show that ruthenium dipyridophenazine complexes, interesting as cellular dyes
because of their low background emission, have tunable affinity for biomembranes and
nucleic acids upon slight changes of their lipophilicity and stereochemistry. These complexes
enter cells in two different ways, by endocytosis and by a photoactivated uptake mechanism.
The voltage-sensitive dyes, which are used for visualization of the membrane potential
variation by microscopy, seem to interact with lipid membranes in a dimeric form. For the
studied series of arginine- and tryptophan-rich cell-penetrating peptides, the cellular uptake
efficiency was found to be sequence specific, both regarding the number and the position of
the tryptophan residues. Concerning the therapeutic peptide AF-16, its cellular uptake is
mediated by endocytosis, which is enhanced by the presence of cell-surface proteoglycans.
Overall, the results in this thesis give insights into the membrane binding properties and
cellular uptake of dyes and bioactive peptides as well as factors influencing these interactions,
important knowledge for inspiring in future development of diagnostic and therapeutic
molecules.

Keywords: Cell Membrane, Membrane Interactions, Cellular Uptake, Cell Dyes, Ruthenium Complexes,
Voltage-Sensitive Dyes, Bioactive Peptides, Cell-Penetrating Peptides, Antisecretory Factor, AF-16,
Spectroscopy, Confocal Laser Scanning Microscopy, Flow-Cytometry, Isothermal Titration Calorimetry.
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1. Introduction
Life is amazing.
Have you ever thought about life as a phenomenon? It is fantastic. As far as we know the
existence of life on our planet is unique but on the other hand the variety of life forms found
on earth is huge. The size of organisms varies from micrometer scales for one-cell organisms
to ten’s of meters for animals and plants and additionally life forms come in different shapes
and colors. Despite all differences, all organisms are made up from the same essential
building blocks, nucleic acids, proteins, and lipids. All organisms are also sharing various
basic processes that differentiate life from the dead matter. No wonder that humans always
have been interested in life. But even if we are fascinated and have for a very long time been
exploring how life actually works, we still have much to learn about life. Sometimes I wonder
if we know more about outer space than we do about ourselves. I am, and have always been
very curious about life and interestingly, the more I learn, the more I am amazed that it
actually works so well. Mother nature is creative and has found interesting ways of solving
problems and to adjust to the surrounding conditions. If we consider cells, there is a
tremendous amount of different processes carried out simultaneously for conducting the
primary function of the cell as well as maintaining its needs. Additionally, there is a huge
defense system, making sure that there is little room for mistakes in biological processes.
This is clear during the creation of a new life form, which depends on many processes that
all have to be carried out in certain way for the new life to be born, but also in processes
sustaining the organism such as protection of DNA against mutations. Life is truly
vulnerable but still very powerful. If a process is malfunctioning it might lead to a disease, for
instance cancer. By understanding the biological processes in detail and the origin of diseases
we may have the chance to prevent them and to help people that already suffer for these
diseases.
The cell is the smallest living unit. It is surrounded by the semi-permeable cell membrane
which restricts the transport in and out of the cell. The barrier function of the membrane is
crucial for life but it can also be hard to overcome when we design molecules intended for
targeting intracellular regions or molecules. I have had the pleasure to work with two
different fields that are associated with their important interactions with cells and the cell
membrane, see Figure 1.1. The first part includes two types of dyes that can be used to
visualize cells. Cellular dyes are valuable when studying cells and cellular processes since they
provide contrast to the otherwise rather transparent sample and can be used to label a
specific area or molecule within the cell. Today it is possible to study objects as small as
individual molecules in live cells by clever microscopy techniques in combination with
fluorescent dyes. The Nobel Prize in Chemistry this year has emphasized the importance of
this possibility for studies of cellular mechanisms and origins of diseases. There are various
dyes commercially available but there is also a need of new dyes since many of them exhibit
problems like photobleaching and poor specificity. It is thus important to continue to study
the dyes available as well as new alternatives to improve the toolbox for cell biologists. In
Paper I and II, three ruthenium dipyridophenazine complexes varying in their lipophilicity are
investigated to examine how slight structural alterations affect their relative affinity for
biomolecules and biomembranes as well as their cellular uptake. Moreover, three voltagesensitive styryl dyes and their spectral properties and membrane binding are studied in Paper
III to understand more about their properties as cellular dyes and their voltage-sensing
mechanisms.
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In the second part two types of bioactive peptides with potential therapeutic applications are
investigated. The market for biomolecular-based drugs is rapidly increasing but there are
many bottlenecks that reduce the expansion of this field. For instance, fast degradation of
biomolecules by enzymes occurs in the blood stream, which decreases the life time of the
molecule in the body. Additionally, in comparison with conventional drugs based on organic
molecules, biomolecules generally show poor bioavailability and cellular uptake, because of
the higher molecular weight and hydrophilicity. Cell-penetrating peptides (CPPs) are known
to enter cells and are able to bring a cargo into the cell interior and can hence be used as drug
delivery systems or as models for designing new biomolecular drugs with enhanced cellular
uptake. The influence of the amino acid sequence on membrane interaction and cellular
uptake is studied in Paper IV for a series of arginine- and tryptophan-rich peptides.
Furthermore, there are many peptides that can be used as the active therapeutic substance.
AF-16 is a peptide derived from the natural protein Antisecretory Factor (AF), which has the
ability to cure diseases with secretory and inflammatory conditions, for instance diarrhea.
The mechanism of action is still unknown and in Paper V, the cellular uptake and membrane
interaction of the peptide are investigated.

Figure 1.1. This thesis focus on membrane and cell interactions of cellular dyes and bioactive peptides. The
images and key words represent the different papers.
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2. The Cell – Biological Membranes
and Nucleic Acids
With this part of the thesis I aim to give an overview of the animal cell, the biological membranes and nucleic
acids, as well as describe some of their important properties and features. The main focus of this thesis is
molecular interactions with the cell and in particular with the cell membrane, and therefore this is more
extensively described. Further details can be found in the referred textbooks about general molecular cell
biology [1,2], as well as more specialized books about biological membranes [3] and nucleic acids [4].

2.1 The Cell – The Smallest Living Unit
The cell is the smallest unit of life that alone can be regarded as living. A typical animal cell is
about 10-20 μm in diameter [1] and is surrounded by a cell membrane which defines the border
between inside (intracellular) and outside (extracellular) of the cell. Like the human body, the
cell is composed by different organs, so called organelles which also are enclosed by
membranes providing both structure and function. Figure 2.1 shows a schematic
representation of a mammalian cell and many of the important organelles. The nucleus is the
largest organelle and contains genetic material in the form of DNA. All intracellular material
except from the nucleus is referred to as the cytoplasm which is composed of intracellular
fluid, the cytosol, and a number of organelles. The organelle endoplasmic reticulum, found close to
the nucleus, has a role in transport and modifications of biomolecules and is a site where a
lot of ribosomes are found. The ribosomes are made up from proteins and RNA and function
as the protein factories of the cell. They are produced in an area inside the nucleus called
nucleolus. The number of nucleoli2 is varying with the cell cycle and increases when more
ribosomes are needed, for instance prior to cell division [5]. The Golgi apparatus can be seen
as the post office and is found close to the endoplasmic reticulum. Other important
organelles are the mitochondria, the energy factories, and the lysosomes, in which molecules are
degraded either for recycling purposes or for protection against toxic compounds.

Figure 2.1. A schematic illustration of a mammalian cell and some of its important organelles.

2

Nucleoli is the plural form of nucleolus. Nuclei is the plural of nucleus.
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2.2 Biological Membranes
Biological membranes are important for both the structure and function of cells. They are
found both as the cell membrane, also called plasma membrane, which surrounds the cell and
defines the boundary between the intracellular and extracellular space, and inside the cell
enclosing the organelles. Most animal cell membranes are composed of about 50 mass%
lipids [1], consisting of a hydrophilic head group and one or two hydrophobic tails of
saturated or unsaturated fatty acids, that are arranged into a lipid bilayer, see Figure 2.2. The
most abundant lipids in animal cells are the phospholipids which have two hydrocarbon tails,
usually with at least one unsaturated fatty acid. Two other important lipid categories are the
sphingolipids and the sterols. Sphingolipids have usually saturated hydrocarbon chains and they
form therefore thicker and more densely packed bilayers compared to phospholipids [6]. The
most common sterol in animal cell membranes is cholesterol, which is important for the
membrane rigidity [1].
Another major component of the cell membrane is membrane proteins. The protein content
found in membranes differs a lot between different cell types and organelles and influences
the functions carried out by the membrane and the physical properties of the membrane as
the density [3]. The proteins can be found embedded in the lipid membrane, either
transmembrane proteins spanning across the full lipid bilayer, or extended only on one side
of the bilayer, whereas other proteins are associated with the membrane by covalent bonds
to lipids or non-covalent interactions with membrane embedded proteins. The proteins are
involved in various functions as for example transport of molecules across the membrane,
catalysis of reactions and cell signaling.

Figure 2.2. In a biomembrane the lipids form a bilayer, in which membrane proteins are embedded.
Cell membrane surfaces usually exhibit a negative charge which arises from the presence of
negatively charged phospholipids. About 10-20% of the lipids in a biomembrane are anionic
and, apart from these, proteins and sugar polymers (see section 2.2.1) also contribute to this
overall charge [3]. Biomembranes are not homogeneous, instead they differ in lipid, protein
and sugar composition between cell types and organelles but also within the individual
membranes. For instance, the lipid composition of the plasma membrane differs from the
membrane enclosing the mitochondria but it is also true for the two sides, the inner and outer
leaflets, of a membrane. This can be due to structural reasons, the plasma membrane has a
larger sterol content to be more rigid to resist higher mechanical stress [6] compared to
organelle membranes, or for recognition reasons, where a certain lipid composition is the
characteristic for a specific membrane and leaflet. The composition can also change upon
4

certain events, a cell dying by apoptosis (programmed cell death) increases the amount of
cytosolic lipids in the outer leaflet of the plasma membrane [1]. Moreover, the membrane
surfaces have highly dynamic microdomains enriched with specific lipids, like sphingolipids
and cholesterol, and specialized proteins. These microdomains have been subjected to
extensive debates due to the difficulties to prove their existence by visualization [7]. New,
powerful microscopy techniques with higher resolution have been able to further strengthen
the idea of their presence in biomembranes [8,9]. Signal transduction, membrane trafficking,
organization of the cytoskeleton, viral infection and cellular entry are different suggested
functions for these microdomains, which show that the diversity of lipids has additional
biological roles other than structural reasons [6,8,9].

2.2.1 Proteoglycans
On the extracellular surface of the plasma membrane there are, in addition to the proteins,
sugar polymers that are anchored to the bilayer by attachment to proteins or lipids. Most of
these glycoproteins or glycolipids carry short branched oligosaccharides with varying composition.
Proteoglycans, however, differ from the majority of glycoproteins because of their high
glycosylation (up to 95 mass%) [1]. They consist of a protein core, varying between the
different proteoglycan types, with at least one glycosaminoglycan (GAG) chain attached. GAGs
are long unbranched polysaccharide chains, usually repeated disaccharides with derivates of
sulfated aminosugars and uronic acid [1]. Uronic acids have carboxylic acids, and together
with the sulfate groups, they give the highly negative charge of GAGs at physiological pH.
The proteoglycans are associated to the membrane either by an anchor, a transmembrane
moiety of the protein or by attachment to a lipid, or they are found freely in the extracellular
space.
One category of proteoglycans that has caught interest because of their interaction with
peptides and proteins is the heparan sulfate proteoglycans [10–12]. The GAG heparan sulfate is
composed by disaccharides of the uronic acid derivates, glucuronic or iduronic acid, and a
glucosamine with different degrees of substitution with sulfate or acetyl groups (Figure 2.3).
The heparan sulfate chains have about 40-300 sugar residues and the sulfation and
acetylation are not uniformly distributed over the molecules but rather arranged in a pattern
with high density of these functional groups in some regions and low in others [10,13].
Heparan sulfate proteoglycans are important for the structure of the extracellular matrix as
well as for encapsulating molecules to prevent proteolysis and the membrane bound heparan
sulfate proteoglycans have also functions as receptors or co-receptors [10].

Figure 2.3. Proteoglycans are proteins with one or several GAGs. The GAGs are polymers of disaccharide
units, usually derivates of uronic acid and glucosamine which often are highly sulfated (left). The core protein
varies between the proteoglycan types, some of them have a transmembranal part, which anchors the
proteoglycan in the membrane (right).
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2.2.2 Transport through the Cell Membrane
The transport of molecules through the membrane can occur in different ways. Many small,
uncharged molecules are able to directly translocate the lipid bilayer whereas larger and
charged molecules that are essential for the cell are dependent on transport processes
through proteins. Some macromolecules enter cells by endocytosis, a term used for cellular
uptake where the molecules are encapsulated in membrane vesicles, which then are pinchedoff into the cytoplasm. Endocytosis can be divided into the two categories phagocytosis, “cell
eating”, of big particles performed by specialized cells and pinocytosis, “cell drinking”, of
liquid, solutes, and membrane bound molecules by almost all cell types [14–16]. Pinocytosis
can be further classified into the sub-categories: macropinocytosis, clathrin-mediated
endocytosis, caveolin-mediated endocytosis, and clathrin- and caveolin-independent
endocytosis, depending on the mechanism of vesicle formation [15,16], see Figure 2.4.
Macropinocytosis is different from the other mechanisms and occurs from areas where the cell
membrane is highly ruffled [16]. A bulge collapses and fuses with the plasma membrane into
a vesicle, a process dependent on intracellular polymerization of the protein actin [15].
Clathrin-mediated endocytosis is a receptor mediated process where pits are formed by membrane
coating of proteins, mainly clathrin, on the cytosolic leaflet [15–17]. Caveolae-mediated
endocytosis is dependent on the flask-shaped pits, caveolae, which are found in the cholesterol
and sphingolipid-rich microdomains. The caveolae are shaped by oligomerized caveolin, a
cholesterol-binding protein, and are budded off into the cell upon endocytosis [15,16]. The
diffuse sub-class of clathrin- and caveolae-independent endocytosis includes mechanisms where pits
are formed in other ways. These processes occur also frequently in cells but much is still
unknown about them [15,18]. Besides proteins like actin, clathrin and caveolin, many
different actors in the pinocytotic uptake mechanisms have been identified, including a
number of specific proteins and lipids, plasma membrane microdomains, and
glycosaminoglycans [9,10,13,15–19].

Figure 2.4. Endocytosis can be divided into phagocytosis and pinocytosis, of which the latter can further be
classified depending on the uptake mechanism.
Once in the cytoplasm, the vesicles fuse and form larger vesicles, endosomes, which undergo a
maturation process from early to late endosomes, see Figure 2.5. During that process, the
endosomes alter in size, shape and lipid composition as well as internal ion concentration
and pH (from physiological pH of 7.4 to pH 4.9-6) [20]. Material in the endosomal interior
or membrane is transported to the Golgi apparatus for further transport within the cell or
recycled back to the plasma membrane by smaller vesicles that pinch-off from the
endosomes during the entire maturation process. Reverse transport, vesicles fusing with the
endosomes carrying cargo from the Golgi apparatus, is also occurring simultaneously. In the
final state of the late endosomes, they fuse with the lysosomes where the remaining material
is degraded [15,19,20]. The cellular uptake by endocytotic pathways consumes energy [14,21]
as do the processes during endosomal maturation [20].
6

Figure 2.5. The cellular uptake by endocytotic processes involves encapsulation of molecules or particles in
vesicles. The vesicles fuse and form endosomes which undergo a maturation process. During this process, the
cargo can be transported to the Golgi apparatus for transport within the cell, to the lysosomes for degradation
or recycled back to the cell membrane and the extracellular space.

2.2.3 Membrane Potential
All cells have a transmembrane potential over the plasma membrane which is established by
a difference in ion concentrations. The most important ion for this potential in animal cells is
K+, which has a high intracellular concentration to balance the many anions found on
nucleic acids and proteins. Transport of this ion over the membrane is performed by the
Na+/K+-pump, that transports actively Na+ out of and K+ into the cell, and also by the K+
leak channels, that make it possible for K+ to passively diffuse out from the cell, see Figure
2.6. The K+ ions diffuse out to the extracellular space with the chemical gradient until this
chemical potential is balanced by the electrostatic force from the negatively charged
macromolecules found intracellularly. The electric membrane potential in the equilibrium
state is called resting potential, and in mammalian cells this is about -70 mV [1] intracellularly
with respect to the exterior. This potential is crucial for the processes carried out by the
membrane for all cell types but for some specialized cells a variation of the potential is also
important for their functions. For example neurons and muscles vary their membrane
potential in order to generate nerve signals and contract. A membrane potential is also found
over the membrane of the mitochondria, which is important for its production of energy in
form of ATP.

Figure 2.6. In animal cells the membrane potential is established by active transport of K + to the
intracellular space by the Na+/K+-pump and diffusion out from the cell through K+ leakage channels. The
magnitude of the resting potential is determined by the equilibrium between the K + diffusion with the
concentration gradient and the opposing electrical force by negatively charged molecules intracellularly.
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2.2.4 Membrane Models
Biological membranes are indeed composed of several different components and provide
hence various types of environments that allow interactions with different types of
molecules. Polar molecules can interact with the membrane surface, positively charged
molecules are attracted to the negatively charged lipids, proteins, and sugar residues, and
hydrophobic molecules can be embedded in the lipid bilayer interior. The lipid bilayer is also
an ideal site for amphiphilic molecules which can anchor in the membrane with the
hydrophobic part close to the fatty acids of the lipids and the polar moiety interacting with
the lipid heads. The complex nature of cell membranes makes them thus hard to study and
therefore simplified membrane models are often used in biophysical studies. There is a large
variety of lipid systems that can be used as models. The amphiphilic nature of lipids and their
geometry make them to spontaneously form different structures for instance micelles,
inverted micelles, lipid bilayers, and hexagonal structures in water environment [3]. The
choice of lipid does not exclusively alter the shape of the model but also the fluidity of the
membrane. Many lipids form lipid crystalline phases, in which the membrane behaves as a
two-dimensional liquid allowing molecular diffusion and below a certain temperature the
membrane undergoes a transition to the less fluid gel phase [3,22]. This transition
temperature depends highly on the degree of saturation of the fatty acid. By mixing different
lipids, it is possible to obtain membrane models with different properties, for instance
membrane rigidity can be increased by introduction of cholesterol.
The most relevant models for cell membranes are the bilayer models, for instance a single
bilayer on a support, a liquid crystal with a number of stacked bilayers or liposomes [3].
Liposomes are lipid bilayer structures which enclose a volume, see Figure 2.7. Generally
liposomes can be characterized as unilamellar or multilamellar, meaning that they consist of a
single bilayer or several bilayers, respectively. In addition to this classification they are also
divided into different groups depending on size [3]. Small unilamellar vesicles (SUV) are 20-50
nm in diameter, large unilamellar vesicles (LUV) have sizes of 50-500 nm in diameter and giant
unilamellar vesicles (GUV) have a diameter of 500 nm or larger. LUVs have the advantage of
being more stable than SUVs and GUVs and, additionally, they do not have a high
membrane curvature as the smaller SUVs [3]. High curvature makes the SUVs less stable
since they are more prone to fuse but gives also a very high surface area difference between
inner and outer leaflet which can lead to asymmetry if different lipids are used. Additionally,
the high curvature can affect the interaction of the vesicles with other molecules.

Figure 2.7. A liposome is a spherical lipid bilayer that enclose a volume and can be used as a model of the
lipid bilayer.
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As said before, the properties of the membrane models can be varied by the lipid
composition. To mimic the lipid bilayer of a mammalian cell I have mainly used LUVs of the
synthetic phospholipids DOPC3 (zwitterionic) and DOPG4 (anionic), see Figure 2.8. These
lipids are unsaturated and form fluid phase bilayers at room temperature (well above the
phase transition temperature of -17°C for DOPC and -18°C for DOPG). I have used them
to study membrane interaction, in terms of affinity and geometry, of cellular dyes and
bioactive peptides.

Figure 2.8. The structures of the synthetic phospholipids DOPC (zwitterionic) and DOPG (negatively
charged). Lipids are composed of a hydrophilic head (blue background) and hydrophobic tails (yellow
background).
As a model for proteoglycans, heparin is often used in biophysical experiments as it is
structurally related to heparan sulfate. Unlike heparan sulfate, the polymer is mostly
composed of one disaccharide, 2-O-sulfated iduronic acid and 6-O-sulfated, N-sulfated
glucosamine, to make up its right-handed helical structure [13] (see Figure 2.9). Heparin also
differs from heparan sulfate by its higher degree of sulfation, about 2.3 sulfate groups per
disaccharide compared to 0.8 for the average heparan sulfate molecule [10]. Heparan sulfate
has, however, areas of higher sulfation degree and heparin can therefore be used as a model
for these regions.

Figure 2.9. The structure of the major disaccharide of heparin and the three-dimensional conformation of a
heparin molecule with 12 disaccharide units.5

3

1,2-dioleoyl-sn-glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
5 PDB-ID: 1HPN
4
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2.3 Nucleic Acids
Deoxyribonucleic acid, DNA, is the nucleic acid that contains our genetic information. The
smallest unit of DNA is the nucleotide, which is composed of a phosphate group, a deoxyribose
sugar unit and a nucleobase. The nucleotides are attached by covalent bonds between the
phosphate and sugar groups, forming a DNA strand. There are four different nucleobases,
adenine (A), thymine (T), cytosine (C) and guanine (G) which are able to base pair by hydrogen
bonding in the specific pairs A-T and C-G, see Figure 2.10. This feature allows two strands
with complementary sequence to self-assemble to the B-form double helix (Figure 2.10),
which is the most commonly found form of DNA in nature [4]. In this form, the highly
negatively charged DNA backbone faces the water surrounding whereas the nucleobases are
screened from the aqueous solution and provide a hydrophobic environment. The helix is
twisted in a way that minor and major grooves, differing in their geometries, are formed.

Figure 2.10. Adenine (A), thymine (T), guanine (G) and cytosine (C) are the four nucleobases in DNA.
The bases are connected with the phosphate-sugar backbone (R) and they base pair A-T and G-C (left) to
build up the double stranded DNA helix6 (right).
The particular structure and properties of the DNA molecule make interaction with other
molecules possible in different ways [4]. Positively charged molecules can bind through
electrostatic interaction to the highly negatively charged phosphates of the backbone and
hydrophobic molecules can interact with the nucleobases. The geometry of the grooves
makes some molecules more prone to interact with one of the grooves compared to the
other groove. Planar, hydrophobic molecules are also able to insert in between the base pairs,
a binding mode called intercalation.
Ribonucleic acid, RNA, is like DNA composed of nucleotides but is differing by having a ribose
sugar unit with an additional hydroxyl group and the nucleobase uracil (U) instead of thymine
(Figure 2.12). In addition, RNA is usually found as a single stranded molecule that can be
folded in various ways for instance to A-form double-helical sections, which are more
compressed helices compared to the B-form, and single-strand loops [4]. There are several
types of RNA present in the cell of which the major types are messenger RNA (mRNA),
transport RNA (tRNA) and ribosomal RNA (rRNA). These three categories of RNA are all
6

DNA strand with an unspecific sequence
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important part of the expression of proteins. The DNA sequence for the protein that will be
expressed is transcribed into a mRNA sequence which, unlike DNA, is able to translocate
from the nucleus into the cytoplasm where it is translated into a protein by the ribosome
(Figure 2.11). Three nucleotides make up the code (codon) for an specific amino acid, which
is brought to the ribosome by a tRNA, functioning as an adaptor between the mRNA and
the amino acid. The amino acid is incorporated and the protein is elongated. The rRNA has
the role of being structural material, together with proteins, for the ribosome organelle itself
and has some catalytic functions.

Figure 2.11. DNA and RNA are involved in the production of proteins. DNA carries the information in
the form of a gene, which is transcribed into a mRNA molecule that later is translated to the protein. 7
tRNA and rRNA molecules are important in the translation process.
There are differences in structure between these RNA molecules. mRNA is found in a linear
single stranded form supported by proteins whereas tRNA has a L-shaped three-dimensional
structure (Figure 2.12) made up from a single strand folded into loops and short base paired
sequences [4] and rRNA is forming an even larger structure of loops and base paired regions.
Even if DNA and RNA molecules are similar in their basic primary structure, the higher
order structures are different, providing various types of binding sites, which could be
important for interacting with molecules.

Figure 2.12. The major differences between RNA and DNA are the sugar residue, ribose instead of
deoxyribose, and the base uracil (U) that replaces T in DNA . In addition, the conformation of RNA is
more varied in nature, with single strands folded into helices and loops. In the tRNA molecule the single
strand has base paired areas and loops and it is folded into its characteristic L-shape.8

7
8

The protein in this figure is bovine serum albumin PDB-ID: 4F5S.
PDB-ID: 1TN2
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3. Enhancing the Visualization of
Cells – Cellular Dyes
Biological samples are usually rather transparent and it can be hard to distinguish details of the cell by
microscopy. To enhance the contrast between a region, an organelle, or a molecule and the background,
fluorescent dyes can be used. There are a number of important properties for cellular dyes, for example
specificity for the target and stability without showing any photobleaching or photodamage to the studied
sample. There are also a number of desired photophysical properties for cellular dyes which will be discussed
later. This section focus on the molecular interactions of ruthenium polypyridyl complexes and voltage-sensitive
styryl dyes.

3.1 Ruthenium Polypyridyl Complexes in Biological Systems
Ruthenium complexes with polypyridyl ligands have been studied during decades in a number of different fields
with potential applications such as solar cells, molecular motors, electrochemical displays, molecular electronics,
optical sensing of oxygen, and DNA-binding therapeutics [23]. In this thesis, mononuclear ruthenium
complexes of this type are investigated as cellular dyes and this section will focus interactions with biomolecules
and cells of these complexes. A brief description of their photophysical properties is found in section 5.1.3.
Ruthenium(II) complexes have six coordination bonds and form octahedral complexes. This
geometry in combination with bidentate ligands, which coordinate to the ruthenium ion
through two electron donors per ligand, results in propeller shaped complexes which are
either turned in a left handed (Λ) or right handed (Δ) manner, see Figure 3.1. The bidentate
polypyridyl ligands bipyridine (bpy), phenantroline (phen), and dipyridophenazine (dppz), see Figure
3.2, forms thus chiral complexes with two stereoisomers that are mirror images of each
other, i.e. enantiomers9.

Figure 3.1. Ruthenium complexes with bidentate ligands and octahedral geometry have the appearance of
propellers. The two enantiomers of [Ru(phen)3]2+ are shown here.
Since 1984, when [Ru(phen)3]2+ was found to interact with DNA [24], the DNA binding of
ruthenium polypyridyl complexes has been intensively explored [23–34]. These studies
include investigations of DNA binding properties such as affinity, binding mode, and the
effect of stereochemistry but also the photophysical properties upon binding. A well-studied
complex is [Ru(phen)2dppz]2+, which binds to DNA by intercalation [28,29], a binding mode
in which the dppz ligand is inserted in between the DNA nucleobases. In addition, the dppz
complex shows interesting photophysical properties with bright luminescence when bound
to DNA but no luminescence in aqueous solution [27,33].
9

An equal mixture of both enantiomers is referred to as a racemic mixture or racemate.
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Figure 3.2. The polypyridyl ligands of the ruthenium complexes used in this thesis.
The chemical structure of the complexes can relatively easily be varied and a large number of
mononuclear polypyridyl complexes have been developed [23,25,26,34–36]. Alterations have
also resulted in dinuclear ruthenium complexes like [μ-(11,11’-bidppz)(phen)4Ru2]4+ which is
known to intercalate DNA by threading intercalation where the bridging ligand is inserted
between the DNA base pairs [37]. Prior to this binding mode, one of the ruthenium cores
with its bulky ligands passes through the DNA double strand, a process that requires large
conformational changes of the DNA and hence the binding occurs with very slow
association rate. Structural changes also alter the complexes ability to interact with other
cellular targets. For instance the dppz ligand has been modified with several different
substituents which were shown to affect the membrane binding geometry [38,39].
Complexes with unsubstituted or alkyl ether modified dppz ligands bind by insertion of the
dppz moiety between the lipid chains whereas nitrile and amide substituted dppz ligands
prefer to bind parallel to the membrane surface. Further, only a few studies have been
focusing on the RNA binding of ruthenium complexes [30,40–45], an interaction which
seem to be highly affected by the ligand structure and complex stereochemistry [30,40,41].
The light-switch effect in combination with the possibility to tune the molecular affinities of
the complexes by structural changes makes derivates of ruthenium dppz complexes
interesting for cell imaging. Mono- and dinuclear complexes have been shown to be useful as
probes for the nucleus [46–48], plasma membrane [49], endoplasmic reticulum [50], and
cellular viability [51]. In Paper I and II, a series of three lipophilic ruthenium complexes with
dppz ligands substituted with alkyl ether chains of varied lengths are investigated as cellular
dyes. The effect of slight structural changes on the binding preferences, comparing lipid
membranes, DNA, and RNA, in vitro and the cellular localization and uptake of the
complexes are investigated.
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3.2 Voltage-Sensitive Dyes
It is common to use microelectrodes to monitor the membrane potential but for some
applications this method is not feasible. For instance, some cell types and intracellular
compartments are too small for it to be practical. Instead, voltage-sensitive dyes can be used to
indirectly measure the variation in membrane potential. The dyes respond by changing their
characteristics of the absorption and/or fluorescence, therefore examination of their spectral
properties can be done to study and visualize the variation in the membrane potential
[52–55]. Common applications of these dyes are imaging the change of voltage in neurons
[56–58] or to study the reaction mechanisms of ion pumps like the Na+/K+-ATPase [59–62].
Although these probes are today used for membrane potential detection, the mechanism
behind the voltage sensing is not fully understood. There are several suggestions of their
function, including mechanisms that involve direct sensing of the electric field or indirect
mechanisms that are caused by shifts in the environment, see Section 5.1.4. Since the voltage
sensing ought to be most efficient when the probe is well aligned with respect to the
membrane normal, irrespective of the type of mechanism, the orientation of the probe is
important. A poor orientation can be expected to provide a wide orientation distribution,
each molecule being differently affected by the field, and hence a less distinct response to the
electric field. The probes were first assumed to align perfectly with the membrane normal
[63–65] but several studies have shown results differing from this orientation and various
binding angles have been suggested [66–69].
In Paper III, three styryl dyes are investigated, di-4-ANEPPS, di-8-ANEPPS and RH421, see
Figure 3.3. Their shift in wavelength of absorption and emission and change in fluorescence
intensity due to polarity and viscosity of the solvent is studied. The binding geometry of the
dyes in liposomes and octanoate-decanol based liquid crystals as well as their binding kinetics
to liposomes are also examined in order to compare the different probes.

Figure 3.3. The three studied voltage-sensitive styryl dyes.
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4. Bioactive Peptides for
Therapeutic Applications
There is an ever increasing interest in peptides and proteins as drugs. Currently there are several protein-based
pharmaceuticals on the market for instance for the treatment of cancer, autoimmune diseases, hepatitis A and
B, and diabetes [70]. Further, bioactive peptides are also promising as drugs such as antibiotic, antimicrobial,
immunopromoting and antioxidative agents as well as drugs against cancer and metabolic disorders [71]. The
peptide AF-16 has remarkable properties, making it a potential drug for secretory and inflammatory
diseases, see section 4.2. Bioactive peptides are thus important to study for therapeutic applications but
peptides show generally low cellular uptake, which is one of the main problems for peptide-based drugs [70].
There is however a specific class of peptides, cell-penetrating peptides, that has the ability to transverse the cell
membrane together with a cargo and therefore can be used as drug delivery vectors for biomolecular-based
drugs, see section 4.2. Peptides can thus both have therapeutic properties themselves or serve as drug-delivery
systems. In both cases, the specific structure of the peptide is crucial therefore I will briefly describe the general
structure of peptides before focusing on the specific peptides. Further reading about the peptides can be done in
the referred textbook about CPPs [72] and reviews about AF-16 and its parent protein, antisecretory factor
[73,74].

4.1 Structure of Peptides
Peptides are composed of amino acids. There are 20 different natural amino acids, which all
have an amino group, a carboxyl group, and a side chain covalently bound to the α-carbon.
The side chain structure varies between the amino acids and gives rise to their different
properties. Further, the amino acids are linked together by a bond between the amino group
and the carboxylic group of another amino acid, the peptide bond, and in a peptide sequence
the amino end is referred to as the N-terminus and the carboxylic end as the C-terminus, see
Box 1. An amino acid sequence shorter than 50 residues is generally defined as a peptide
whereas longer polypeptides usually are referred to as proteins. The synthesis of peptides and
proteins is made by the ribosome in the translation processes but in addition, peptides can
also be formed due to proteolytic degradation of proteins in the regeneration process of the
cells. The properties of the specific amino acid sequence give sometimes rise to various
secondary structures as α-helices, β-sheets or random coils.
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Box 1. The twenty amino acids which are the building blocks of natural proteins and peptides, presented
with their three and one letter abbreviation and classified for the pH range 5-7.4. The charge of the amino
acid side chain is shown as at pH 7.4 and the pKa are approximate values for free amino acids [2].

18

4.2 Cell-Penetrating Peptides
Cell-penetrating peptides (CPPs) are 5-40 amino acid long peptides that have the ability to enter
cells [72]. Furthermore, CPPs are interesting as drug delivery systems since they have been
shown to assist the cellular uptake of bioactive cargoes, including DNA, nanoparticles,
peptides, proteins, drugs, or liposomes enclosing any biologically active molecule.
The interest in CPPs started in the late 1980’s, when it was discovered that some proteins
could enter cells. The first observation was the Trans-Activator of Transcription (Tat)
protein of the Human Immunodeficiency Virus (HIV), [75] followed by the transcription
factor Antennapedia homeodomain from the fruit fly Drosophila melanogaster [76]. The search
for the shortest amino acid sequence from these proteins that could transverse the cell
membrane resulted in the two CPPs: HIV-TAT peptide [77,78] (YGRKKRRQRRR) and the
peptide penetratin [79] (RQIKIWFQNRRMKWKK). Since then, various sequences from
proteins have been found to have cell-penetrating properties and, additionally, CPPs have
also been designed according to results from sequence-cellular uptake relationship studies.
CPPs can be classified based on their origin: CPPs derived from proteins, chimeric CPPs
(which are a combination of two or several natural sequences), and synthetic designed CPPs
[80,81]. Another important way of classifying the peptides is according to their physicalchemical properties [80]. A large group is the cationic CPPs, which includes for instance the
HIV-Tat peptide and nuclear localization signals. The class of amphipathic CPPs consist of
peptides with defined hydrophobic and hydrophilic parts, which further can be divided into
the sub-classes of primary and secondary amphipathic peptides. The primary amphipathic
peptides have defined hydrophilic and hydrophobic regions directly in the amino acid
sequence, as for instance the peptide Pep-1 [82] which is a chimeric CPP based on a
hydrophilic nuclear localization signal fused with a tryptophan rich hydrophobic region.
Secondary amphipathic peptides do not have the amphipathic character in their primary
structure but upon formation of secondary structures the peptides form hydrophobic and
hydrophilic regions. An example of peptide in this category is penetratin [79]. The last
category is the smaller sub-class of hydrophobic CPPs. There are a few examples of anionic
peptides but they have no own category since they often also have amphipathic or
hydrophobic properties [80]. The CPPs are, as seen, a category that includes peptides with a
large diversity in their properties.
Although the cellular uptake of CPPs has been extensively studied, the cell internalization
mechanism is still not clear and has been subjected to a lot of debates. The predominant
pathway seems nowadays to be considered as endocytosis [81,83,84] but some peptides,
especially rich in arginine residues, have been shown to utilize direct translocation [83,85] or
combination of these mechanisms [81,83,86]. Direct translocation pathways include energyindependent mechanisms and generally depend on the destabilization of the cell membrane
followed by cell entry [81]. The mechanism of internalization seems to be correlated to the
peptide properties as the amino acid composition, sequence, length and secondary structure
but also on the experimental conditions such as extracellular peptide concentration,
incubation time, cell line, and type of cargo [81,87–89].
Binding to negatively charged molecules at the membrane surface seems to be the first step
in direct translocation mechanisms and indeed highly cationic peptides with hydrophobic
residues, have been suggested to be the main category using these mechanisms [81].
However, interactions with the negatively charged membrane components have also been
shown to be important for endocytotic pathways [11]. Many studies have therefore been
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focusing on interaction of CPPs and lipid bilayers for investigations of binding characteristics
such as affinity, peptide conformation, and binding geometry but also the effect of peptide
binding on the membrane integrity [11,90–95]. The affinity of CPPs to membranes depends
highly on the peptide properties and is generally increased with the number of positive
charges and hydrophobic residues [11,91] but the composition of the membrane models is
also important [90,92,95]. In addition to lipid bilayers, proteoglycan binding is well-studied
for CPPs [11]. Various peptides do not only bind to the proteoglycans but also cluster them
[11,89,96–98]. This is possible if the positive charges of the peptides neutralize the negative
charges of the proteoglycans. The clustering seems to promote direct penetration whereas
binding without clustering often is followed by endocytotic internalization [99]. The presence
of tryptophan residues in these peptides has been shown to both increase their binding
affinity to GAG’s as well as enhance their cellular uptake by both direct translocation and
endocytotic pathways [96].
Interestingly, increased affinity to negatively charged membrane components gained by
positive amino acids residues does not necessary lead to enhanced cellular uptake, instead it
is in particular arginine residues that increase the cellular uptake [97,100,101]. In fact, a
penetratin analogue in which the lysine residues were substituted with arginines showed a
higher cellular uptake compared with penetratin whereas an analogue with lysines instead of
arginines gave the opposite result [97]. The uptake is thus not only dependent on the charge
but rather on the specific guanidine structure provided by the arginine. The internalization
efficiency of peptides is known to increase with the number of arginine residues and an
optimal length has been suggested to be 8-15 arginine residues [83,101]. Additionally, the
uptake of arginine-rich peptides seems to be further increased by the presence of a
tryptophan residue [102]. Furthermore, the backbone spacing of arginine peptides is
important for the cellular uptake, since the insertion of aminocaproic acid as a spacer
between the arginine residues was found to enhance the internalization efficiency [103]. The
effect of backbone spacing using ordinary amino acids has, however, not been investigated.
In Paper IV, six short arginine- and tryptophan-rich peptides, differing in number and
position of tryptophan residues, were studied to deduce if these factors influence the
membrane interaction as well as cellular uptake and toxicity of CPPs.

4.3 The Antisecretory Peptide AF-16
Antisecretory Factor, AF, 10 a 41 kDa protein, is natively found in most mammalian tissues,
neurons and blood [73,104,105]. It has remarkable properties being able to prevent hypersecretion of body fluids [106,107] (so called antisecretory effect) and having antiinflammatory properties [107–109]. The protein was discovered by Lange and Lönnroth in
1984 [110,111] when searching for natural anti-diarrheal factors in rats that could explain the
fact that the diarrheal response induced by cholera toxin decreased each time the animals
were exposed. AF is found in the body in an inactive form [104] but upon exposure to
bacterial toxins it converts into an active form [112,113] and, in addition, the toxins also
induce an increased expression of the protein [113,114]. The details of the activation process
and the difference between active and inactive form is, however, still not known.

10

Abbreviation in older literature: ASF
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The sequence responsible for the antisecretory and anti-inflammatory effect has been
identified as a minimum of 7 amino acids in the N-terminal region of the protein [115]. A 16
amino acid long peptide, AF-16,11 has been developed, see Figure 4.1, containing the active
site and additional amino acids to ensure its stability in blood. Both AF and AF-16 have
shown to be promising drug candidates to treat diseases where imbalances in secretion
and/or inflammation are important conditions. For instance, AF therapy can reduce
diarrheal responses induced by bacterial toxins in humans and animals [107,116] but is also
effective in reducing high intra-cranial pressure [117] and high tumor pressure [118].
Additionally, positive effects on inflammatory bowel diseases [109], mastitis [119], and
Ménière’s disease [120] have also been established. Brief descriptions of the different
conditions are found in Box 2.

Figure 4.1. The sequence of AF-16 presented with the three letter amino acid abbreviations and a color
code according to the amino acid properties, where green is hydrophobic, red basic, and blue acidic. The
majority of the amino acids is polar and the active site of the AF protein is indicated by the line.
Two different medical foods have been developed [73,74], special processed cereals (SPC),
which induce the expression of AF by the body, and the egg yolk drink Salovum, made from
eggs by hens fed with SPC which therefore has high AF levels in the yolk. Both types of
medical foods have been used in clinical trials with positive results. For instance, a trial on
children with diarrhea resulted in an increased restoration of hydration after intake of
Salovum [116]. In addition to the health promoting effects in humans, AF and AF-16 can be
used in rising of livestock [73]. Many countries use antibiotics for preventing diarrhea of the
livestock, in Sweden this is prohibited since 1984. Instead, AF treatment can be used as the
preventive agent, reducing the problems with livestock diarrhea without increasing the
antibiotic resistance.
A peptide-based drug would be beneficial compared to inducement of the AF levels of the
body, since there is no need for upregulation of the protein expression, the peptide is already
in the active state and, in addition, it is possible to do modifications to improve the efficiency
of the peptide. In order to develop this peptide-based drug, the underlying mechanism
behind the antisecretory and anti-inflammatory effect of AF and AF-16 has to be
understood. To this date there is still no identified receptor for AF [73,74]. The main focus
of the research has been on the physiological effects and the experiments have mainly been
performed on organism level. Only a few studies of the molecular interactions have been
published. The C-terminus of AF has been found to have binding sites for polyubiquitin
[121] whereas the N-terminus of AF interacts with the membrane protein flotillin-1 [122].
Furthermore, AF-16 has been found intracellularly as well as co-localized with cholesterol
and the glycosphingolipid galactosylceramide in the cell membrane of the pancreas from rats
after intake of the peptide [123]. In Paper V, the membrane interaction and cell
internalization of AF-16 are investigated in order to understand the its cellular uptake
mechanism.

11

Abbreviation in older literature: AF10
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Box 2. Potential Applications of AF-16. These diseases or conditions, all related to imbalances of body
fluids and/or inflammation, have been shown to be reduced by AF therapy.

Child mortality statistics from [124]. The descriptions of the conditions are based on facts from [74,125].
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5. Methodology and Fundamental
Concepts
In this chapter the main methods to study the interactions with membrane models and cells are briefly
described with the aim of introducing the concept of the techniques and their usage. Many of the methods are
based on the interaction between light and matter therefore some theory about photophysics is included in the
spectroscopy section. I also intend to give some experimental considerations that are important for the context
of this thesis. Further reading can be done in the referenced textbooks about optical spectroscopy and
photophysics [126–128], polarized spectroscopy [129], confocal laser scanning microscopy [130], flow
cytometry [131], and reviews of isothermal titration calorimetry [132–134].

5.1 Spectroscopy and Photophysics
Spectroscopy methods are based on the interaction of electromagnetic radiation with matter.
Electromagnetic radiation can be described both as a propagating wave with magnetic and
electric components and as an energy package, a photon, with particle-like properties. This
phenomenon is referred to as the wave-particle duality. The interaction of electromagnetic
radiation and matter can result in different events such as absorption or emission of a
photon as well as light scattering. The later is an important concept and will be briefly
mentioned in this thesis but the theory behind it will not be described here.

5.1.1 Absorption Spectroscopy
Upon exposure to electromagnetic radiation some molecules are able to absorb photons and
become excited as a result of the increase of the molecule’s energy. This is only possible if
two main conditions are fulfilled. First, the energy of the photon has to correspond to the
energy gap, ΔE, between the ground and excited states, E1 and E2. The energy is inversely
proportional to the wavelength, λ, of the electromagnetic radiation and hence it needs to
have the right wavelength to be absorbed.
(1)

Δ

where h is the Plank’s constant, ν is the frequency of the light, and c0 the speed of light in
vacuum. The energy gaps for electronic excitations of molecules correspond to
electromagnetic radiation of wavelengths in the ultraviolet and visible light region. Only
these wavelengths are relevant for this thesis and therefore I will further only describe in
terms of molecular interactions with light.
When absorption of light occur the charge distribution in the molecule interferes with the
oscillating electric field of the light. This gives rise to a distortion of the charge distribution,
when the molecule passes from the ground state to the excited state, which mainly occurs in
direction of the transition dipole moment. The probability for the light to be absorbed is
proportional to the magnitude and relative orientation of the transition dipole moment.
(2)
where A is the absorption, μ the magnitude of the transition dipole moment and θ the angle
between the transition dipole moment and the direction of the oscillating electric field of the
light. The second condition that needs to be fulfilled is hence that the direction of the
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electric component of the light is oriented in a suitable direction compared to the transition
dipole moment. An angle of 90° results in no absorption whereas maximal absorption occur
when the light is perfectly aligned with the transition dipole moment. In an isotropic, randomly
oriented, sample illuminated with isotropic light, this feature is not seen whereas this fact is
the basis of the signals in linear dichroism spectroscopy (see section 5.1.).
Absorption measurements are done with a spectrophotometer, consisting of a light source, a
monochromator and a detector. The monochromator selects a specific wavelength from the
light source which then hits the sample with intensity I0. If the sample absorbs light of this
wavelength, the intensity that hits the detector, I, will be reduced compared to I0, see Figure
5.1. The absorption can be calculated from the intensity difference (transmission).
(3)

Figure 5.1. The principle of a spectrophotometer which can be used for absorbance measurements.
The absorption is also dependent on the number of molecules (concentration), c, the
pathlength that the light travels in the sample, l, and the extinction coefficient of the
molecules, ε, which is a factor that expresses the molecules ability to absorb light of a certain
wavelength. This relationship is called the Lambert-Beer law.
(4)
Because this proportionality exists, absorption spectroscopy is a great tool for concentration
determinations, which have been a major and important use of this technique in this thesis.
The absorption wavelength, the extinction coefficient and the shape of the spectrum can
depend on the local environment. For instance some molecules are sensitive to the polarity
of the solvent which is referred to as an solvatochromic effect [135]. Absorption spectra are
usually less sensitive to variations in the local polarity compared to emission spectra
[128,135]. but are still detectable for many molecules. The changes in the absorption spectra
were studied for the voltage-sensitive membrane dyes, see section 6.2 and Paper III.

5.1.2 Emission Spectroscopy
It is thermodynamically unfavorable for a molecule to be in the excited state and it will
therefore release the extra energy and go back to the ground state, S0, by radiative or nonradiative pathways. The different processes are usually displayed with a Jabłoński diagram, see
Figure 5.2. To go back to the ground state most molecules undergo internal conversion, an
isoenergetic non-radiative process, followed by vibrational relaxation, in which heat is released
to the environment. For some molecules, called fluorophores, emission in the form of
fluorescence is used as a relaxation pathway (often in combination with internal conversion).
Absorption can occur to any electronic and vibrational state and since the internal
conversion from the higher excited states and vibrational relaxation within an electronic state
are very fast processes, the fluorescence is almost exclusively occurring from the lowest
vibrational level of S1. Because of this loss in energy and also the possibility for the molecule
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to relax to any of the vibrational levels of S0, the energy gap between the levels for the
fluorescence is lower in comparison to the one for the absorption. This is the reason why the
fluorescence spectra are usually found somewhat red-shifted (towards longer wavelengths)
compared to the absorption spectra. The difference between the absorption and fluorescence
maximum wavelength is usually referred to as the Stoke’s shift.

Figure 5.2. A Jabłoński diagram. Upon absorption (A) the molecule becomes excited and can relax back
to the ground state via fluorescence (F) or internal conversion (IC) followed by vibrational relaxation (VR).
In some cases the molecule undergoes inter system crossing (ISC) from a singlet state (S) to a triplet state (T)
from which phosphorescence (P) is possible.
Apart from the wavelength, the intensity of the fluorescence is an important characteristic.
The intensity is dependent on the extinction coefficient of the molecule and on its fluorescence
quantum yield, ΦF, which in principle is the ratio between the photons emitted and absorbed
which can be calculated from the magnitude of the fluorescence rate constant, kF, in comparison
to the sum of all the rate constants for the system.
(5)
Another important characteristic is the fluorescence lifetime, τF, which describes the average time
the molecule is spending in the excited state.
(6)
Emission is recorded by a fluorometer. Just as in the spectrophotometer, the fluorometer
contains an excitation monochromator that selects a specific wavelength from the light
source. The sample is excited by the light and the emission then collected at an angle of 90°,
to eliminate the influence of stray light from the excitation, and through a second
monochromator, see Figure 5.3.
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Figure 5.3. The fluorometer has two monochromators, one for the excitation light from the light source and
one to distinguish emitted light of a specific wavelength. The detection of the luminescence is done at an angle of
90° to minimize detection of excitation light.
In some cases the system relaxes via inter-system crossing to a triplet state, see Figure 5.2. This
crossing is not favorable under normal circumstances since it involves a change of the
electron spin but can for instance occur in the presence of heavy atoms. Emission from this
state is called phosphorescence. Phosphorescence is generally more red-shifted because the
triplet state is lower in energy compared to its corresponding singlet state. In addition,
phosphorescence generally shows longer lifetimes in the range of milliseconds to seconds
whereas fluorescence commonly has lifetimes of about 10 ns. It is not always easy to
distinguish between fluorescence and phosphorescence. Due to spin-orbit coupling,
transition metal complexes with organic ligands frequently exhibit mixed singlet-triplet
excited states and display lifetimes from 100 ns to microseconds. For this reason the terms
emission or luminescence will be used in the sections about the ruthenium complexes.
As for absorption, the characteristics of the emission from a molecule can be sensitive to the
local environment. By studying the emission wavelength, intensity or lifetime, interactions
can be studied for molecules that change any of these parameters upon variations in the
surroundings. This fact has been used in Paper I, II, III and IV. As mentioned before, solvent
polarity can affect the spectral properties. Generally, molecules with a larger dipole moment
in the excited state compared to the ground state exhibit this effect [128]. The fact that the
emission is usually more sensitive to the polarity than absorption has to do with the smaller
rate constants of emission that makes it possible for solvent relaxation during the
luminescence whereas absorption is a much faster process. Other parameters that may
influence the emission properties are for instance temperature, viscosity and interactions
with the solvent.

5.1.3 Absorption and Emission of Ruthenium dppz Complexes
Ruthenium polypyridyl complexes have interesting photophysical properties which are useful
in their application as cellular dyes. Upon absorption of visible light, excitation from a dorbital of the ruthenium ion to anti-bonding π-orbital of the ligands occurs, so called metalto-ligand charge transfer (MLCT) state [136]. MLCT transitions absorb with a broad band
around 440 nm, resulting in the characteristic orange color of the complexes, see Figure 5.4.
Ligand centered (LC) transitions from a bonding to an anti-bonding π-orbital occurs at
shorter wavelengths. After excitation, LC and MLCT states rapidly relaxes to the lowest
MLCT state, which has the charge localized on the ligand with the lowest anti-bonding πorbital (dppz in our case). For interaction studies, ruthenium dppz complexes are
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advantageous, compared to the similar complexes [Ru(bpy)3]2+ and [Ru(phen)3]2+, since they
possess the so-called light-switch effect [27,33,137–139]. This phenomenon makes the
complexes very sensitive to their microenvironment, being highly luminescent in
hydrophobic environments as in organic solvents or when bound to hydrophobic molecules
whereas in aqueous solution the emission is quenched, see Figure 5.4. The quenching effect
is due to water which is efficiently hydrogen bonding to the aza-nitrogens on the dppz ligand
in the lowest MLCT state, therefore interactions of the complex with molecules that
somehow shield water from the dppz ligand may result in a increased luminescence. This
light-switch effect is also useful for cellular imaging since they will brightly stain areas where
interaction with biomolecules occur with very low background emission. In addition to the
light-switch effect, these ruthenium complexes also posses other photophysical properties
that generally are beneficial for cellular imaging [35]. For instance, the relatively high
photostability and low photobleaching enables imaging during longer times by microscopy.
Moreover, the large Stoke’s shift prevents self-quenching due to re-absorption of the emitted
light and the red emission is able to more efficiently penetrate tissue compared to emission
of shorter wavelengths. Furthermore, the long-lived emission lifetime is easily distinguished
from the lifetime of the auto-fluorescence and can be used for detection by lifetime
techniques. The stereochemistry of the complex is also important to consider. For instance,
the emission quantum yield of DNA bound [Ru(phen)2dppz]2+ is highly dependent on the
stereochemistry although the binding mode and affinity seems to be similar for the two
enantiomers [27]. This effect is probably due to a small difference in binding position of the
two enantiomers in the intercalation pocket. The ruthenium complexes thus posses a variety
of properties making them interesting as cellular dyes and in addition the photophysical
properties and affinity to biomolecules of the complexes can easily be tuned by modification
of the ligands [36] and therefore different probes for different cellular areas can be
developed.
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Figure 5.4. Absorption (black) and emission (blue) spectra in buffer and emission spectra when bound to
DNA (red) of the complex rac-[Ru(phen)2dppz]2+.
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5.1.4 Spectral Properties of Voltage-Sensitive Dyes
Voltage-sensitive dyes have been shown to change their spectral properties upon variation of
the transmembrane voltage (Figure 5.5). These changes include wavelength shifts of the
absorption and fluorescence, as well as variation of the fluorescence quantum yield. The
mechanism of the voltage-sensing is still not fully understood but has been suggested to be a
charge-shift electrochromic mechanism [64,65,140–142] or solvatochromism [66,142–144]. In the first
mechanism the electric field is directly affecting the energies and transition probabilities of
the molecular chromophore, whereas in the latter the effect is believed to involve the
positioning and orientation of the probe and hence the microenvironment is changed. The
response has also been suggested to depend on more than one mechanism [64,145].
The spectral properties of the dyes have been shown to be sensitive to the local environment
[17-18, 24, 63-73] where solvent polarity [146–149], pH [150,151] and ionic strength
[150,151] have been found to cause shifts in wavelength for the absorbance and emission but
also changing the fluorescence quantum yield and fluorescence lifetime [66,149,152–155].
Also lipid membrane interactions of voltage-sensitive dyes have been shown to change the
spectral properties of the probes [63,140,143,147,155] as well as the application of an
external electric field over the membrane [64,65,140,141,145,156,157].

Figure 5.5. A variation of the membrane potential causes spectral shifts of the voltage-sensitive dyes. The
mechanism behind this effect is still not fully understood.

5.1.5 Photophysical Properties of Peptides
There are three different amino acids which show photophysical properties, phenylalanine,
tyrosine and tryptophan. Of these tyrosine and tryptophan are more useful in spectroscopy
measurements since they display higher extinction coefficients and fluorescence quantum
yields compared to phenylalanine. Both amino acids have absorption maxima at about 280
nm and the fluorescence maximum is at around 340 nm for tryptophan and 303 nm for
tyrosine in water solution. Unlike tyrosine, tryptophan displays an emission which is very
sensitive to solvent polarity. It is the possibility of hydrogen bonding to the imino nitrogen
of the indole group that makes the fluorescence to blue-shift and the quantum yield to
increase with decreased polarity [128], see Figure 5.6. This feature can be used to determine
if a protein is folded or denaturated or in studies of peptide-membrane interactions by
measuring the emission spectra (see Paper IV).
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Figure 5.6. The tryptophan fluorescence is blue-shifting and increasing in intensity when going from buffer
solution to lipid membrane binding.
In addition to the side chain absorption in the region of 200-300 nm, peptides also display
absorption due to the peptide bond at 180-230 nm and, in the case of disulfide bonds
between two cysteine side chains, also around 260 nm [129,158]. The concentration of
peptides are often determined using the intrinsic chromophores tryptophan (ε280nm=5500 in
buffer neutral pH) [159] or tyrosine (ε280nm=1490 in buffer neutral pH) [159] residues. For
peptides lacking these two amino acids could in principle the peptide bond absorption at
around 200 nm be used for concentration measurements but since buffer salts also strongly
absorb at this wavelength the absorption from the peptide bond is hard to accurately
measure. Instead colorimetric assays like the bicinchoninic acid (BCA) [160] assay could be
used. In this assay the peptide sample is mixed with an alkaline reagent solution containing
BCA and Cu2+. The Cu2+ is reduced to Cu+ by the amino acids cysteine, tryptophan and
tyrosine as well as the peptide bond in the alkaline environment [160,161]. Further, the Cu+
ion forms a complex with the BCA molecule which has a strong absorption at 562 nm. The
absorption of the sample is compared to a standard curve of reference solutions with known
peptide concentrations, preferable with the same peptide, for determination of the sample
with unknown concentration. This assay was used to determine the concentration of the
peptide AF-16 in Paper V.

5.1.6 Polarized Spectroscopy
The interaction with matter and polarized light can give further information about molecular
structure and interactions. Below the principles of linear dichroism and circular dichroism
spectroscopy and their use in this thesis are described.

5.1.6.1 Linear Dichroism Spectroscopy
Linear dichroism, LD, spectroscopy is a great tool to investigate the binding geometry of
molecules to DNA or lipid bilayers (see Paper II and III). The definition of LD is the
difference in absorption between parallel and perpendicular linearly polarized light.
(7)
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To obtain an LD signal the molecules of the sample have to be oriented. Orientation can be
achieved by subjecting the sample to a shear flow, electric field, magnetic field or to stretch a
film but there are also samples that have an intrinsic orientation. A Couette flow cell, consisting
of two concentric cylinders where the sample is applied in the gap between them, can be
used to create a shear flow by rotation of one of the cylinders. Long DNA molecules are able
to align in the flow direction, with the helix direction as the macroscopic orientation axis and gain
a negative LD signal at 260 nm corresponding to the absorption of the bases approximately
perpendicular to the helix axis. Small molecules which are not oriented by the shear flow
themselves can gain orientation, and hence show LD, upon non-random binding to the
DNA. Liposome interaction of molecules can also be studied in the Couette cell since the
shear flow deforms the liposomes into a more elliptical shape, with the long axis parallel to
the flow. By adding sucrose to the buffer, this effect can be enhanced and, additionally, the
refractive index is closer to that of the liposomes which reduces their light scattering [162].
To make the LD independent of the concentration and pathlength of the sample cell, the
signal can be normalized with respect to the isotropic absorption, Aiso, and the reduced LD,
LDr, is obtained. Already from the LD signal it is possible to determine qualitatively which
direction the transition dipole moment is compared to the macroscopic orientation axis but
even more information can be obtained from LDr since the binding angle can be determined
if the orientation factor, S, of the system is known. For measurements of DNA binding agents
the absorption of the nucleobases can be used to calculate the S factor whereas for lipid
membranes the use of membrane dyes with known orientation is required.
(8)
where the angle α is found between the transition dipole moment of the chromophore and
the system director, which for DNA is the helix direction and for lipid bilayers the membrane
normal, see Figure 5.7. The orientation factor S describes how well the system is oriented
compared to the reference axis (S=1 for perfectly aligned systems whereas S=0 for random
samples). For LUVs the orientation factor is dependent on both the macroscopic orientation
of the lipid chains but also the deformation of the LUVs in the flow. The angle between the
reference axis and the system director is described by β, which is defined as 90° for LUVs
and hence the following expression can be used.
(9)
The angle β for DNA is, however, defined as 0° and thus the LDr can be calculated by
(10)
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Figure 5.7. The ideal orientation of flow-aligned LUVs and DNA. Indicated are the orientation of the
system directors compared to the reference axis (described by angle β) as well as the relative orientation of the
transition dipole of the red molecules (grey arrow) to the system director (described by angle α).

5.1.6.2 Circular Dichroism Spectroscopy
Circular Dichroism, CD, is the difference in absorption of right and left circularly polarized
light.
(11)
To obtain a CD signal the molecule needs to be chiral, be folded into a chiral structure (e.g.
the DNA double helix or protein secondary structures) or the signal can be induced by
binding to a chiral molecule (e.g. ligand binding to DNA).
CD can be used to analyze the purity of enantiomers of synthesized molecules but is also
commonly used to study biological molecules. It is a great tool to employ for secondary
structure investigations of protein and peptides, for this purpose the backbone absorption in
the region 180-250 nm is useful. CD spectrum of a pure secondary structure has very
distinctive shapes, see Figure 5.8. α-helices are giving rise to two negative peaks at 222 nm
and 208 nm and a larger positive peak around 195 nm whereas β-sheets generally generate a
negative peak around 217 nm and a positive peak at 195 nm and random coil often give rise
to a large negative peak around 200 nm and a smaller negative band at around 218 nm. The
CD spectrum of a protein or peptide with a mixture of secondary structures displays hence a
spectrum that corresponds to the contribution of the different structures. It is possible to
calculate the secondary composition from a CD spectrum through databases of proteins with
known composition but these results are, however, not so accurate for short peptides since
there are not so many short polypeptide sequences in the databases. Furthermore, when
performing CD measurements below 200 nm it is important to notice that most buffer salts
are strongly absorbing in this region. The accuracy of the measurement is questionable when
too strongly absorbing buffer components are used since too little light reaches the detector
and the influence of for instance stray light is very high. To avoid these artifacts, buffer
should be carefully chosen for instance highly absorbing chlorine salts should be substituted
with fluorine salts. In this thesis the secondary structure of the AF-16 peptide was studied by
CD (Paper V).
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Figure 5.8. Predicted CD spectra for peptides or proteins in different conformations.

5.2 Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) is a method widely used for studies of biomolecular
interactions. The technique is based on detection of heat released or consumed by the system
upon the interaction which is done, as the name implies, as a titration at constant
temperature. The experimental procedure will further be discussed in terms of an interaction
of a ligand and a macromolecule. The calorimeter is composed of two identical highly
isolated chambers, in one of them a sample with the macromolecule is applied and the other
one is used as a reference (usually containing the buffer or water), see Figure 5.9A. Titration
of the ligand is done with a titration pipette under high stirring. When the interaction occurs
heat is released or consumed with a magnitude that is proportional to the amount binding
ligand and the instrument records the power needed to maintain an unchanged temperature
difference between the sample and reference chambers during the titration time. This
compensatory power is either negative or positive compared to a reference power depending
on the nature of the interaction which results in negative peaks for exothermic interactions and
positive peaks for endothermic interactions. By integrating these peaks, the enthalpy difference
for each titration is obtained which usually is normalized to the moles of titrant and plotted
against the molar ratio. By fitting this graph with a suitable binding model, the ITC
experiment can provide information about binding constants, binding enthalpy and entropy
as well as the stoichiometry. In Figure 5.9B an example of an ideal experiment of a
macromolecule with a number of identical binding sites for the ligand is shown. The
integrated heats build up a sigmoidal curve showing tendency to have a plateau both in the
beginning and in the end of the titration. The value of the initial plateau is the binding enthalpy,
ΔHb, of this interaction (if a plateau is seen this means that all ligand is binding for these
titrations). The peak magnitude decreases and gains the constant value corresponding to the
dilution heat of the ligand in the end of the titration. From the middle of the sigmoidal curve
it is easy to estimate the binding constant, K, from the slope as well as the stoichiometry, n,
from the value of the molar ratio.
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Figure 5.9. An interaction between two molecules can be studied with ITC, for instance the macromolecule
M and the ligand L. (A) The calorimeter has two chambers, one where a titration of L into M is done and
one as a reference. Heat is produced or consumed upon the interaction and the calorimeter registers the energy
that is needed to cool or heat the chamber in order to maintain the same temperature as the reference chamber.
(B) Top: the graph shows the compensating power with the time. Bottom: The integrated peak area from the
power plot gives the change in heat for each titration, here displayed normalized with the mole of injectant and
as a function of the molar ratio (L:M). From this graph parameters as the enthalpy change upon binding
(ΔHb), binding constant (K) and stoichiometry (n) can be estimated directly or determined by fitting the curve
with a suitable binding model.
ITC is hence a powerful tool to study binding affinities but also the characteristic
thermodynamics of the interactions. Furthermore, it is possible to assign the nature of the
binding by changing the experimental conditions, commonly by performing the same
experiment at different temperatures. By determining the binding enthalpy, ΔHb, at different
temperatures (assuming a constant pressure) the change in heat capacity associated with the
binding, Δcp, can be obtained.
(12)
Generally, Δcp is negative for interactions of hydrophobic character whereas electrostatic
interactions generate a positive sign or only small variations of the change in heat capacity.
Other methods can be used for determination of the binding constants but only calorimetric
methods are able to directly measure the binding enthalpy. In addition, ITC does not rely on
any specific characteristics of the molecules (e.g. being fluorescent). Instead molecular
interactions can be studied of, in principle, any molecule as long as the heat change is within
the detection limits of the instrument. The gained signals can, however, also arise from other
effects rather than the interaction of interest. Dialysis of the samples is highly recommended
to avoid heat changes due to differences in the solvents. The dilution of the titrant is also
giving some contribution for the heat change and therefore its enthalpy is usually subtracted
from the raw data (the dilution of the molecule in the sample chamber gives usually a
negligible effect but should be corrected for if significant). Additionally, events like
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aggregation and disaggregation processes, and for liposomes fusion and leakage, can also
contribute to the heat changes. Although there are some important factors that need to be
considered, the method can obtain thermodynamic parameters directly from the system and
is therefore a very important technique in the field of molecular interactions. In this work
ITC measurements were performed to investigate the interaction between the peptide AF-16
and heparin (see Paper V) or LUVs.

5.3 Confocal Laser Scanning Microscopy
There are various microscopy methods, which all are used to visualize objects that are too
small to be seen by the naked eye. Optical microscopy techniques are based on the
diffraction of light by the sample. The limit of the image resolution, d, i.e. smallest separation
between two objects which still can be distinctly visualized, is dependent on the wavelength
of the radiation used for the visualization and the so called numerical aperture of the objective,
NA. This limitation of the resolution is described by the Rayleigh criterion [130].
(13)
NA is a measurement of the capacity of the objective to collect light which is dependent on
the refractive index, n, of the medium applied between the objective and sample as well as
the half-angle, θ, of the cone of light to objective lens.
(14)
In a conventional bright-field microscope the sample is illuminated and the detection of
transmitted light is used for visualization. This is a fast and simple fashion to obtain images
of objects with high contrast to the background. Most biological samples are, however, more
or less transparent and is preferably labeled with fluorescent dyes and studied by
fluorescence microscopy. If a wield field fluorescence microscope is used, the fluorescence
from the entire sample is collected which can be useful for many applications but if more
detailed information for instance about intracellular localization, confocal microscopy is
generally preferred.
In confocal laser scanning microscopy (CLSM) the sample is, as in the case of wield field
microscopy, illuminated and the fluorescence collected but in addition the confocal
microscope also is equipped to perform excitation and detection at a certain focal point. This
is achieved by two pinholes that allow the light source to focus at a point and exclude the
majority of the fluorescence which is not originated from this point (Figure 5.10). The
background in the form of out-of-focus emission is hence highly reduced compared to the
standard fluorescence microscopy. An image is created by scanning a defined area, detecting
emission from a number of focal points at this plane. CLSM is a great tool for visualization
of cross-section of cells and it is also possible to create a 3D reconstruction of the sample
when several cross-sections of different focal planes are combined. The advantage of CLSM
is the great contrast, gained by the pinhole technique but it is also important to notice that
detection of photons from the focal points requires an high intensity excitation source which
can cause photobleaching of dyes and photodamage on cells that leads to cell death[130,163].
In this thesis, CLSM was used to image intracellular distribution of the ruthenium complexes
(Paper I and II) and the cellular uptake of peptides (Paper IV and V).
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Figure 5.10. Principle of confocal laser scanning microscopy. The excitation light is passing through a
pinhole to only illuminate the sample at a certain focal plane. The emission is then collected from the same
focal plane by the detector (green) whereas out-of-focus light is excluded by a pinhole (red).

5. 4 Flow Cytometry
Flow cytometry is a technique that makes statistical analysis of size, shape and fluorescence
detection of particles and cells possible. It is widely used in the medical field for instance in
cancer diagnostics and blood cell analysis but there is an increasing interest for applications
in other fields. The flow cytometer consists of five main components: one or several light
sources (usually lasers), a flow chamber, optics, detectors (photodiodes or photomultiplier
tubes) and a computer with data processing [131], see Figure 5.11. The cells or particles are
aligned to pass the laser beam one by one in the flow chamber, commonly by the use of a
sheath fluid that focuses the cells by hydrodynamic forces. The sample is injected into the
flow chamber and since the sheath fluid has higher velocity (but still laminar) the crosssectional area of the sample stream is reduced so the cells will only pass one by one. Another
alternative is to use a microcapillary which by its geometry focuses the cells or particles [164].
The latter technique was used during the experiments presented in this thesis.
When exposed to the laser beam the cells or particles are scattering light in different
directions. The forward scattering is proportional to the size of the object and can be used to
discriminate between different sizes [131], e.g. live and dead cells since dead cells are smaller
in size. The side scattered light, on the other hand, is dependent on the granularity (the
complexity of the internal of the cell), which for example can be used for distinguishing
different types of blood cells. Besides light scattering, fluorescence of different wavelength
can be detected in flow cytometry measurements. Commonly, dyes or labeled antibodies are
used to distinguish different types of cells, cells expressing a certain receptor or antigen,
enzyme activity, membrane potential or DNA content [131]. Depending on the filters of the
detectors as well as the spectral characteristics of suitable fluorophores it is possible to do
multi-color detection for each cell or particle and hence study several characteristics
simultaneously. The scattering and fluorescence from the experiment is further analyzed by
either dot plots, where the intensity of two parameters are plotted on the two axes, or
histograms, displaying the number of cells with a certain intensity of one of the parameters, see
Figure 5.12.
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Figure 5.11. The flow cytometer uses a capillary, as shown here, or sheath flow to align the cells and exposes
them one by one to a laser beam. The intensity of forward scattered (FSc) and side scattered (SSc) light as
well as fluorescence of different wavelengths is detected for each cell.
In this thesis flow cytometry has been used to statistically quantify peptide uptake in cells
(Paper IV and V) as well as to study the viability of the cells incubated with the peptides
(Paper IV). The cell viability can be determined by an assay using Annexin V commonly
labeled with phycoerythrin (PE) which show yellow fluorescence and 7-aminoactinomycin D
(7-AAD) which fluoresces in the red region [131]. Annexin V is a protein with high affinity
to the lipid phosphatidylserine which is externalized on the cell membrane upon apoptosis
whereas 7-AAD is a cell impermeable DNA dye which only can access the DNA in the
nucleus if the cell membrane is no longer intact, as for late apoptotic and necrotic cells.
Thus, with this assay live cells would be non-stained, apoptotic cells would show PE staining
and late apoptotic and necrotic cells would show 7-AAD staining and by monitoring the
yellow and red fluorescence of the cells the toxicity of the peptide can be obtained.

Figure 5.12. The flow cytometry data can be displayed as a dot plot (left), where two parameters are plotted
against each other, or a histogram (right), where the counts of one parameter is displayed.
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6. Results
This chapter summarizes the main results from Paper I-V. All papers are focused on molecular interactions
with the cell membrane and cells. Some relevant unpublished results are also included.

6.1 Tuning the Affinity and Cellular Localization of Dyes
based on Ruthenium Complexes
Ruthenium dppz complexes show remarkable biomolecular interactions and photophysical properties,
including the light-switch effect, that make them interesting as cellular dyes. Since [Ru(II)phen2dppz]2+ show
strong DNA binding, the focus has mainly been to develop nuclear dyes but the possibility to easily
structurally alter the complexes gives the opportunity to tune them to target other intracellular sites. In Paper I
and II, three ruthenium complexes with dppz moieties substituted with alkyl ether chains of different lengths,
D2, D4 and D6 (Figure 6.1) were investigated with the aim to study their binding preference comparing
lipid membranes, ct-DNA and rRNA. Further, the cellular localization in fixed cells and the cellular
uptake in live cells were studied to investigate if the binding preferences of the complexes correlate with the cell
interactions.

Figure 6.1. Structure of the three ruthenium complexes studied in Paper I and II.

6.1.1 Lipophilicity of the Complexes and Membrane Charge Influence
Binding Preferences
The three dppz complexes12 all show environment sensitive emission spectra with significant
variations in wavelength and quantum yield. For all complexes, the wavelength in the
presence of LUVs is about 645 nm whereas for nucleic acids it is around 620 nm and the
intensity in RNA environment is highly reduced compared to DNA. By monitoring spectral
properties of the ruthenium complexes during titration experiments with competing
components, the binding preference of the complexes were determined. Comparing DNA
and negatively charged LUVs (20% negatively charged lipids), the preference was shown to
differ between the complexes. The two most lipophilic complexes clearly favored the LUV
binding since the emission spectra of membrane bound complexes did not change at all
upon titration of DNA, see Figure 6.2, whereas their spectra changed when DNA bound
complexes were titrated with LUVs. In contrast, the spectrum of D2 in mixture of DNA and
LUVs have an emission maximum wavelength close to DNA bound complex. When
negatively charged LUVs and rRNA were compared, all three complexes favored LUV
binding.

12

Here used in the form of racemates.
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Figure 6.2. Emission spectra of D2, D4, and D6 (2 µM) bound to DOPC/DOPG (4:1) LUVs (200
µM) titrated with aliquots of ct-DNA (black lines) to a final DNA concentration of 40 µM (green lines).
Emission spectra of ct-DNA bound complexes are shown in red.
Although the emission wavelength of ct-DNA and rRNA bound complexes did not differ
very much, binding competition studies were still possible to perform because of their
significantly different intensities. When samples of DNA bound- and RNA bound complex,
respectively, were gradually mixed, see Figure 6.3, the spectra of D2 and D4 changed to
intensities in between the intensity of DNA- and RNA bound complex. The affinity for
RNA seem to be slightly higher for D4 compared to D2. For the most lipophilic complex
the spectra of the fully mixed samples showed an identical spectrum to the one of RNA
bound complex, proving a higher affinity for this component.
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Figure 6.3. Emission spectra of D2, D4, and D6 (2 μM) in pure ct-DNA (40 μM bases, thick black
line) and in pure rRNA (40 μM bases, thick red line). When the ct-DNA sample is gradually mixed with
the rRNA sample (thin black lines), the intensity of the ct-DNA samples is decreasing, and for D2 and
D4, an increase is shown for the rRNA sample upon mixing (thin red lines), whereas the emission of RNAbound D6 does not change upon addition of ct-DNA.
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The plasma membrane of mammalian cells has only up to 20% negatively charged lipids, of
which a large fraction is found in the inner leaflet. Therefore also the binding preference of
the complexes for zwitterionic LUVs were compared with that to rRNA and ct-DNA, see
Figure 6.4. Interestingly, only the middle complex D4 was affected by the LUV charge. With
zwitterionic lipids, LUV-bound complex showed a changed emission wavelength upon RNA
or DNA titration, proving that the exclusive preference for negatively charged membranes
could be perturbed by alterations of the membrane composition. The effect was larger for
the experiment with DNA since the spectrum of the mixed sample almost resembled that of
the DNA bound spectrum. The more lipophilic complex D6, however, showed still a high
preference for membrane environments whereas the least lipophilic complex D2 favors
nucleic acid binding (the latter not shown in the graph). This result shows that the
electrostatic forces, in addition to the hydrophobic effect, are important for the molecular
interactions of the complexes.

Figure 6.4. Emission wavelength maximum of D4 (black) and D6 (red) in DNA, DOPC LUVs, and
a mixture thereof (solid lines) and in rRNA, DOPC LUVs, and a mixture thereof (dashed lines).
The complexes relative affinity to lipid membranes, DNA and RNA is thus highly tunable by
a small adjustment of their lipophilicity. D2 seems to favor DNA binding whereas D6 prefer
lipid membranes. The results from the binding preference studies from Paper I and II are
summarized in Table 6.1.

Table 6.1. Binding Preferences of D2, D4 and D6.
Preferred Binding of:
Competing Components

D2

D4

D6

DOPC/DOPG

ct-DNA

ct-DNA (eq)

DOPC/DOPG

DOPC/DOPG

DOPC/DOPG

rRNA

rRNA

DOPC/DOPG

DOPC/DOPG

rRNA

ct-DNA

ct-DNA (eq)

eq

rRNA

DOPC

ct-DNA

ct-DNA

ct-DNA (eq)

DOPC

DOPC

rRNA

rRNA

DOPC (eq)

DOPC

eq = an equilibrium between binding of the two components was found. For some combinations a clear but
not exclusive preference was seen, this is indicated with (eq).
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It is also interesting to examine the emission intensity of the complexes. Clear trends are
seen when the complexes are bound to lipid membranes or DNA, with increased intensity
with increased lipophilicity of the LUV bound complexes whereas the trend is opposite in
DNA environment. This correlates with LD measurements of the complexes in different
environments. We found that the complexes are interacting with DNA in the same way as
the parent complex [Ru(phen)2dppz]2+ but the LD signal is decreased with increased
lipophilicity and a previous study showed that LUV binding D6 has higher LD signal
compared to D2[39]. Lower LD signals show that the complex is less well oriented which
can be both due to a wider distribution of binding orientations but also be an indication of
less binding. The very low intensity found for all complexes in RNA environment could be
due to that less complex is bound but, since the binding preference experiments show a
higher relative affinity of D6 for RNA compared to DNA, this is not very likely. The low
intensity is instead probably due to that the dppz ligand is less shielded from water when
bound to RNA. The emission intensity can hence be due to both differences in the degree of
binding complex but also due to the microenvironment of the complexes. It should also be
noted that D6 has a low but significant luminescence in buffer solution suggesting that it
forms some kind of aggregates to protect its highly lipophilic dppz ligand from water. This
effect is not seen for the other complexes.
There is clearly a difference in relative affinity of the three ruthenium complexes to nucleic
acids and membranes. To examine if there is any difference in their interactions with cells we
investigated the cellular localization of the complexes in fixed cells, where the plasma
membrane has been permeabilized and which hence does not restrict the cellular entry. In
Figure 6.5, the staining patterns of the complexes are shown. These are compared with a
commercial RNA probe, SYTO RNAselect, which stains the RNA-rich nucleolus and
cytoplasm of the cell but not the nucleus. D2 shows a clear nuclear staining which is
opposite to the staining pattern of the RNA probe. D4, on the other hand, seems to be very
similar to the RNA probe, staining the cytoplasm and the nucleolus intensely but a weaker
staining of the nucleus is additionally seen for this complex. The most lipophilic complex,
D6, stains mainly the cytoplasm intensely but a weaker staining of the nucleolus is also
present. The cellular localization seems thus to correlate with the binding preferences
concluded in the in vitro experiments. Some results do, however, not clearly correlate with the
the in vitro experiments. The intensity of D4 in the nucleolus is high compared to the nucleus
although the relative intensity of DNA bound complex is very much higher than for RNA
bound complex in the in vitro measurements indicating a higher affinity to RNA compared to
DNA. The exclusive preference for lipid membranes seen for D6 in vitro is also not as
distinct in the cells, since the nucleolus is stained. The cellular milieu is of cause more
complex than the in vitro experiments, not only because of the large variety of molecules
present but also because of the varied accessibility of the molecules. For instance, DNA
strands are not free in solution but densely packed into the chromosomes which can affect
the possibility for molecules to bind.
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Figure 6.5. CLSM images of methanol fixed CHO-K1 cells costained with complex (10 μM, red) and the
RNA probe SYTO RNAselect (1 μM, green).

6.1.2 Two Different Ways of Cell Internalization
If the ruthenium complexes are added to live cells, D4 and D6 immediately stain the plasma
membrane, see Figure 6.6, whereas membrane staining is hard to detect for the least
lipophilic complex D2. After 24 hours incubation, the cells show uptake of D4 and D6 with
a punctuate staining pattern in the cytoplasm (Figure 6.6). The ability to bind to the plasma
membrane seems thus to be important for the cellular uptake of the complexes, which agrees
with previous studies where increased lipophilicity of ruthenium polypyridyl complexes were
enhanced the cellular uptake [47,165,166]. The punctuate staining pattern seen for D4 and
D6 is commonly observed for endocytosed molecules. Other similar mono- and dinuclear
complexes seem, however, to facilitate direct penetration of the membrane [167] or nonendocytotic active transport processes [47]. These complexes did, however, not show
punctuate staining patterns but rather homogenous staining of the nucleus or cytoplasm.

Figure 6.6. Live CHO-K1 cells incubated with ruthenium complexes immediately after addition (10 μM
complex) and after 24 h incubation (5 μM). D4 and D6 bind to the plasma membrane instantly. After
longer incubation times, these complexes show a punctuate intracellular staining. D2 does not bind to the
plasma membrane or internalize cells as efficiently as the more lipophilic complexes.
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The membrane barrier of live cells is a hard obstacle for cellular dyes and hence is one of the
main considerations in the design of dyes for intracellular targets. The staining of live cells
incubated with complexes in dark generates a staining pattern that can be valuable for some
studies but it does not show the intracellular localization of membranes or nucleic acids as
for the fixed cells. Interestingly, internalization of the more lipophilic complexes was also
found to occur upon laser illumination. For instance, the complex D4 is able to transverse
the cell membrane only after a few minutes of illumination and translocate from the plasma
membrane to intracellular compartments, see Figure 6.7. The intensity of the complex is
rapidly increased with time and the staining pattern becomes more similar to the one of the
fixed cells, with the highest intensity in the cytoplasm and later on also in the nucleolus. It
was also clear that only cells exposed to laser illumination were able to internalize the
complex but this photoactivated uptake seems also to perturb the membrane integrity.
Similar complexes have also been shown to translocate upon exposure to laser illumination
[168]. The mechanism for this has been proposed to be dependent on membrane damage
due to development of singlet oxygen species. This hypothesis needs further confirmation.

Figure 6.7. Photoactivated cellular uptake of D4 (10 µM) in CHO-K1 cells and cellular distribution
upon illumination for 3, 5, and 7 min.
Ruthenium dppz complexes were thus found to enter cells by presumably endocytotic
mechanisms but have also the ability to transverse the membrane by photoactivated uptake.
Could the laser illumination also cause endosomal escape? We incubated cells with
ruthenium complexes for 24 hours and investigated if the laser illumination affected the
staining pattern. The initial punctuate staining did, after a few minutes, decrease in intensity
and the staining began to spread out in the cytoplasm indicating that the complex indeed is
able to escape the endosomal entrapment (Figure 6.8). The cells did, however, change their
morphology indicating that cell death presumably accompanies this treatment.

Figure 6.8. Emission from D6 (5 µM) in CHO-K1 cells incubated at 37 °C for 24 h before and after
10 min of laser illumination and the corresponding transmission image. The complex is entrapped
intracellularly in vesicles and upon the illumination D6 is released from the vesicles and spread out in the
cytoplasm.
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6.1.3 Enantioselective Binding Preferences
It is known that some complexes show enantioselectivity when binding to nucleic acids
[24,30,31,40,41] and that the emission quantum yield of DNA bound complex can differ
between the two enantiomers [27]. A study in our lab showed that the cellular localization
and uptake can also be affected by the stereochemistry. The enantiomer ΔD4 intensely stains
the nucleus whereas ΛD4 shows highest intensities in the cytoplasm and the nucleolus in
fixed cells [169]. This was explained by a difference in emission quantum yield, since DNA
bound ΔD4 has about 9 times higher quantum yield compared to that of ΛD4 whereas in
lipid membranes and BSA the quantum yield is about the same for the two enantiomers.
Recently, we performed an in vitro study of the enantiomers of D4 and the somewhat less
lipophilic complex D3 (Figure 6.9) where the binding preference of the complexes for LUVs
(20% negatively charged lipids) and DNA was compared as in Paper I . We concluded that
the Δ complexes clearly favored DNA binding whereas Λ-complexes, especially ΛD4,
seemed to favor the LUV environment. The difference in staining pattern of the complexes
seems thus to be a combination of the difference in emission quantum yield and relative
affinity of the two enantiomers. The difference in affinity might be due to that the geometry
of the propeller for the Δ-complexes might be better suited for interaction with right handed
DNA compared to the other enantiomer. The staining pattern of the D3 complexes in fixed
cells (Figure 6.10) is very similar to the corresponding D4 complex. Furthermore, also the
parent complex [Ru(phen)2dppz]2+ shows different staining of the fixed cells with the
Δdppz-complex only staining the nucleus whereas the Λ-complex additionally also shows
weaker cytoplasm staining. The highest intensities for this complex are, however, found in
the nucleus and nucleolus, see Figure 6.10. The study was further extended with two
enantiomers of a bipyridine complex with two dppz derivate ligands, T3 (Figure 6.9), and for
this highly lipophilic complex both enantiomers show high membrane preference in vitro and
stain the cytoplasm of fixed cells. The Δ-complex seems, however, also to localize in the
nucleolus. These new unpublished results show that the ability of ruthenium complexes to
stain fixed cells can, in addition to variation of the lipophilicity, also be tuned by their
stereochemistry.

Figure 6.9. The structure of the complexes D3 and T3. The enantiomers of the complexes were used in
binding preference and cellular localization studies (unpublished data).
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Figure 6.10. CLSM images of methanol fixed CHO-K1 cells stained with the enantiomers of the
ruthenium complexes D3 and T3 and the parent [Ru(phen)2dppz]2+ (10 μM). The PMT gain is adjusted
for each image and therefore the intensities should not be compared between the images.
In summary, the binding preferences and cellular localization are highly affected by the
lipophilicity of the complexes, with higher relative affinity for membranes for the more
lipophilic complexes. In addition, the stereoisomers of the complexes show distinctly
different cellular localization since the Δ-enantiomers prefer DNA over membrane binding
whereas the opposite is true for the Λ-enantiomers. Although the complexes can be used as
probes for the different sites in fixed cells, their cellular uptake is highly restricted by the
plasma membrane. Interestingly, the more lipophilic complexes show two different ways of
internalizing cells. Incubation in dark resulted in a punctuate staining pattern that indicate
endocytotic uptake mechanism and further internalization also can occur by photoactivated
uptake.

6.2 Membrane Interaction of Voltage-Sensitive Dyes
Although voltage-sensitive dyes have been used to probe the potential over cell membranes for decades, the
mechanism behind the spectral shifts is still under debate. Electrochromic effects have for a long time been the
major suggested mechanisms but more recently the possibility of solvatochromic mechanisms has been
investigated. We studied three styryl dyes, di-4-ANEPPS, di-8-ANEPPS and RH421 and their
membrane interactions as well as their spectral properties in different solvents in Paper III, to further examine
and compare the dyes and the environmental sensitivity of their spectra.

6.2.1 Dye Dimerization Can Explain Unexpected Spectral Shifts
The absorbance and fluorescence spectra of di-4-ANEPPS, di-8-ANEPPS and RH421 were
measured in a series of alcohols of different polarity, ranging from methanol to decanol, as
well as in water, LUVs and lamellar liquid crystals (LLC), see Figure 6.11. For all dyes the
trend was the same, the absorption maximum became red-shifted and the fluorescence blueshifted and, additionally, showed an increased intensity with decreased polarity. The polarity
seems thus to be important for the spectral properties of the dyes. However, two exceptions
to these trends were found. Firstly, the decanol and membrane model absorptions for all
dyes are blue-shifted compared to methanol and, secondly, the fluorescence in water for di8-ANEPPS is blue-shifted compared to methanol. The unexpected blue-shift in membrane
environment has been observed before for a similar dye and was then explained by
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differential salvation of the chromophore[63]. We were, however, interested in further
investigating this observation. The membrane environment provides a decreased polarity but
also an increased viscosity compared to the extracellular fluid. The spectral properties of the
dyes were further studied in samples with different glycerol content. Generally the
absorption of the dyes red-shifted and the fluorescence blue-shifted and increased in
intensity with increased glycerol content but the emission wavelength of di-8-ANEPPS did
not follow this trend. Samples with different glycerol content differ not only in viscosity but
also in polarity and therefore the effect of temperature variation was also investigated. The
viscosity of water is decreased with the temperature whereas the polarity does only slightly
vary. The trends are opposite to the experiment with increased glycerol content with blueshifted absorption and red-shifted and decreased intensity of the fluorescence. Again, the dye
di-8-ANEPPS is not following the trend. The viscosity does indeed change the spectral
properties of the dyes but the wavelength shifts due to increased viscosity are reinforcing the
red-shifts obtained by decreased polarity and cannot explain the unexpected blue-shift of the
absorption found for the dyes in decanol and membrane models.
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Wavelength (nm)
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750

Fluorescence

700
di-4-ANEPPS
di-8-ANEPPS
RH421

650
600
mQ

MeOH EtOH iPrOH HexOH DeOH
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LUV

Solvent or Membrane Model
Figure 6.11. Wavelengths of absorption and emission maximum for di-4-ANEPPS, di-8-ANEPPS and
RH421 in different solvents or membrane environment. Generally, the emission wavelength shows a blue-shift
with the decreased polarity whereas the absorption red-shifts. The absorption wavelengths of the dyes in
DeOH, octanoate-decanol lamellar liquid crystals (LLC) and DOPC/DOPG (4:1) LUVs are, however,
blue-shifted compared to the other alcohols.
In the search for an explanation to the unexpected blue-shifted absorption of the dyes in
membrane environments, theoretical calculations were performed. These calculations
showed that the chromophore of ANEPPS dyes in apolar environments such as decanol and
heptane would in monomeric form give an absorption maximum at longer wavelengths
compared to the one in ethanol. Dye dimers, however, could explain the blue-shifts since
both a parallel (p) and an anti-parallel dimer (ap) were found to have blue-shifted absorption
maximums in decanol and heptane relative to ethanol, see Table 6.2. The membrane
interaction of an anti-parallel ANEPPS dimer is schematically illustrated in Figure 6.12.
45

Table 6.2. Calculated wavelength shifts of the

ANEPPS chromophore in nm with respect to
ethanol environment.
mono
ap
p
exp
dimer dimer
DeOH
+10
-19
-37
-11
Heptane
+21
-11
-44
Water
-3
-25
-38
-41
LLC
-20
LUV
-32
The abbreviations are mono – monomer, ap –
antiparallel, p – parallel, exp – experimental, LC
– liquid crystal

Figure 6.12. Estimated binding of an antiparallel ANEPPS dimer to the lipid bilayer of LUVs and
calculated wavelength shifts compared to the experimentally obtained for the ANEPPS chromophore.

6.2.2 Membrane Binding Kinetics Differ Between Dyes but Binding
Geometry is Similar
The trends seen for the variations of the spectral properties were very clear for di-4ANEPPS and RH421 whereas di-8-ANEPPS was found to break the pattern, especially in
water environment. Therefore the dye was investigated in a series of buffer solutions with
different content of ethanol. Decreased ethanol content was shown to correlate with
increased light scattering, indicating the presence of dye aggregates in solution. All dyes are
likely to form dimers or small aggregates in water, and also in lipid membranes as concluded
from the theoretical calculations but di-8-ANEPPS seems to form even larger aggregates in
aqueous solution. It is not surprising that the dye is more prone to aggregate since it is more
hydrophobic compared to di-4-ANEPPS and the deviations of the spectral properties trends
can be because of this effect. Further, aggregation could also explain the fact that binding to
LUVs was very much slower for di-8-ANEPPS compared to the other two dyes. This was
seen in an experiment where the increase in fluorescence intensity, as a consequence of
membrane binding, was monitored with time, see Figure 6.13. The dyes di-4-ANEPPS and
RH421 showed a rapid increase in fluorescence intensity and hence bind almost instantly
whereas the process was very slow for di-8-ANEPPS. The binding kinetics can, however, be
enhanced by the presence of pluronic F127 which is a polymer that probably increases the
solubility of the dye in buffer solution.
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Figure 6.13. Emission intensity variation with time for di-4-ANEPPS (black), di-8-ANEPPS (red),
and RH421 (green) (1 μM) after addition of DOPC/DOPG (4:1) LUVs (600 μM). The binding
kinetics is much slower for di-8-ANEPPS than for the other two probes. The inset compares the binding
kinetics of di-8-ANEPPS with (blue) and without (red) pluronic F127.

The binding geometry of the styryl dyes in lipid membranes has been debated. Probe
orientations varying from perfectly aligned to angles of 63° with respect to the membrane
normal have been reported. We used LD to study the orientation of the dyes when bound to
LUVs (DOPC:DOPG ratio of 4:1) and octanoate-decanol-water lamellar liquid crystals.
From the LD spectra, see Figure 6.14, it was concluded that the orientation of the dyes is
preferentially parallel with the membrane normal and not with the membrane surface since a
negative LD signal was achieved. By normalizing LD with respect to the absorption spectra
the LDr was obtained and the binding angles of the dyes were calculated using an orientation
factor (S) estimated from experiments with retinoic acid as a reference for the orientation of
the membrane normal (assuming binding angle of 0°). The binding angles are presented in
Table 6.3 (note that this is the angle of the transition dipole moment that is polarized nearly
parallel with the long axis of the molecule).
di-4-ANEPPS
di-8-ANEPPS
RH421
Retinoic Acid

LD (a.u.)

0.004

0.000

-0.004

-0.008
200

300

400

500

Table 6.3. Apparent binding
angles of the dyes in LUVs.
Dye

αapp

di-4-ANEPPS

14° (±4°)

di-8-ANEPPS

18° (±4°)

RH421

21° (±4°)

600

Wavelength (nm)
Figure 6.14. LD spectra for di-4-ANEPPS, di-8-ANEPPS, RH421 (3 μM), and retinoic acid (4
μM) when bound to DOPC/DOPG (4:1) LUVs (1.25 mM) and the calculated apparent binding angles
of the transition dipole moment of the dyes.

47

In conclusion, the three voltage-sensitive styryl dyes were found to have spectral properties
sensitive to their microenvironment and all seem to dimerize in aqueous solution and lipid
membranes. The binding kinetics to lipid membranes are fast for di-4-ANEPPS and RH421
whereas di-8-ANEPPS show very slow binding, an effect presumably due to formation of
even larger aggregates in water solution. Lastly, the binding geometry was studied by LD and
apparent binding angles of about 14-21° were obtained.

6.3 Amino Acid Sequence Affects the Cellular Uptake of
Cell-Penetrating Peptides
CPPs have been proposed as drug delivery vectors since they are able to transverse the cell membrane and
simultaneously bring a cargo into the cell. Among this diverse category of peptides, arginine rich peptides have
gained certain interest because they show especially efficient cell internalization. In Paper IV, we investigate
the cellular uptake and lipid membrane interaction of a series of arginine- and tryptophan-rich peptides in
order to systematically examine the effect of the number of tryptophans and their location in the sequence to
obtain further insights in the sequence-cellular uptake relationship of CPPs.
The sequences of the peptides used in this study are presented in Table 6.4. All of them
contain eight arginines and one to four tryptophans, which are placed either in the Nterminus, in the middle of the sequence, or scattered throughout the sequence.

Table 6.4. The sequences of the examined CPPs
Peptide

Sequence

WR8

WRRRRRRRR

W2R8

WWRRRRRRRR

W3R8

W WWRRRRRRRR

W4R8

WW WWRRRRRRRR

RWR

RRRRWWWWRRRR

RWmix

RWRRWRRWRRWR

6.3.1 Sequence Dependence of Cellular Uptake Efficiency and
Internalization Mechanism
The cellular uptake of the peptides is highly dependent on the number of tryptophans and
the exact amino acid sequence. Generally, peptides with a low number of tryptophans did
not internalize cells as efficiently as the peptides with higher number of tryptophan residues,
see Figure 6.15. RWmix, with the scattered sequence, showed the highest cellular uptake
followed by RWR whereas the peptides with N-terminal tryptophans did not have as
efficient cellular uptake. Interestingly, the peptide W4R8 showed a lower uptake than W3R8.
Furthermore, W4R8 was also the peptide that diverges from the low toxicity displayed by the
others with somewhat higher levels of necrotic and apoptotic cells. The low uptake could in
fact be a result of the higher toxicity if higher uptake results in cell death since dead cells
were excluded from the analysis. Another explanation is that the primary amphipathicity of
the peptide could disturb the endocytosis process by adherence of endosomes to the cell
membrane or endosome aggregation.

48

1600

RWmix
RWR
W 3R8

Mean Uptake (a.u.)

1400
1200

W 4R8

1000

W 2R8

800

WR8

600
400
200
0
0

2

4

6

8

10

Peptide Concentration (µM)

Figure 6.15. Cellular uptake of 5-FAM-labeled peptides in live CHO-K1 cells after incubation for 1 h at
37 °C. The uptake is measured as the mean cellular fluorescence from flow cytometry measurements of all live
cells positive for the fluorophore. The background level (mean cellular fluorescence for untreated cells) is
10−15 a.u., and hence the uptake at concentrations of 0.5 and 1 μM are hard to detect. Error bars are
standard errors of the mean (n = 6).
To further investigate the cellular uptake we performed CLSM imaging of live cells incubated
with peptides during 1 hour, see Figure 6.16. The peptides WR8, W3R8, W4R8, and RWmix
show punctuate staining intracellularly, which usually is seen for molecules that internalize
cells by endocytotic pathways. In addition to this punctuate staining, W3R8, W3R8, and
RWmix stain the cells in a more diffuse and homogenous manner. This staining pattern
indicates that the peptides, in parallel to endocytosis, facilitate cellular uptake via direct
penetration mechanisms. W3R8 and RWR are diffusely staining the cells and interestingly, the
cell nucleus shows somewhat higher intensity. Since endocytosis is highly reduced when the
cells are subjected to lower incubation temperatures, the cellular uptake of the peptides in
cells incubated at 4°C during 1 hour was also examined. All peptides stain the cells diffusely
and the punctuate staining is highly reduced, this is true even for the peptide WR8 which at
37°C only showed punctuate staining. The peptide W4R8 shows, however, very weak diffuse
staining intracellularly and for some cells only plasma membrane interaction at 4°C which
indicate that endocytotic pathways seem to be its main route of entry. The other peptides
were concluded to internalize via direct translocation since they showed a significant diffuse
staining at low incubation temperature, which is common for arginine-rich peptides [83,85],
but WR8, W3R8, W4R8, and RWmix might use endocytosis in parallel. RWmix colocalize with
the commercial dye Lysotracker red, indicating that the peptide is internalized by endocytosis
and transported to the lysosome compartments whereas this was not seen for the other
peptides. Since the uptake is different between W4R8, RWR, and RWmix, the uptake
mechanism seems thus to depend on the peptide sequence and not on the number of
positive charges, a conclusion which agrees with a study of the internalization mechanism of
other well-studied peptides [88].
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Figure 6.16. Confocal imaging of live CHO-K1 cells incubated with 5-FAM-labeled peptides (5 μM)
during 1 h at 37°C or 4°C and the corresponding transmission images. The laser intensity and PMT gain
have been adjusted for each image and the intensities are thus not directly comparable.

6.3.2 Membrane Affinity is Similar for All Peptides
There is thus a difference in both the quantity and the route of internalization for the six
peptides. In the search for an explanation to this effect we investigated the affinity to lipid
membranes by monitoring the variations of the tryptophan fluorescence upon LUV
titrations (note that 5% pegylated lipids were used since the peptides, especially W4R8,
seemed to induce LUV aggregation). Using the pseudoinverse command (pinv) in MATLAB
and spectra of peptide free in solution and presumably bound to membranes, the fraction of
bound peptide was estimated for each titration step, see Figure 6.17. A simple one-site
binding model, assuming that the liposomes have binding sites consisting of n lipids, was
used to estimate the binding constants of the peptides (Table 6.5). The binding curves for
WR8 and W2R8 were not sufficiently saturated and it was therefore not possible to estimate
their binding constants. For the other peptides, the binding constants were found to be very
similar and the difference in uptake of the peptides can, hence, not be attributed to
differences in lipid membrane affinities. Using a helical-wheel projection, RWmix was
predicted to be able to form an α-helical structure because of the suitable spacing between
the tryptophan residues and, more recently, Rydberg et al showed that RWmix is indeed
adopting α-helical conformation when interacting with LUVs whereas the other peptides do
not [170]. This conformation could be the reason for its much higher cellular uptake.
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Figure 6.17. Binding curves for the association of RWR, W4R8, W3R8, and RWmix with
POPC/POPG/DSPE-MPEG (16:3:1) liposomes and their apparent binding constants.
To summarize, the number of tryptophans and their position in the sequence influence the
cellular uptake of the peptides. The efficiency of internalization was increased by higher
number of tryptophans and a scattered amino acid sequence, even though the affinity to lipid
membranes was similar for all peptides. The mechanism of uptake was mainly direct
penetration but some of the peptides also seem to use endocytotic pathways in parallel.

6.4 Proteoglycans Enhance the Cellular Uptake of the
Antisecretory Peptide AF-16
The antisecretory and anti-inflammatory peptide AF-16 has remarkable properties making it promising as a
peptide-based drug against diseases such as diarrhea. Although the physiological effects of the peptide have
been extensively studied, the mechanisms behind its activities are, however, still not known and additionally
little is known about its interactions at molecular and cellular level. In Paper V we investigate the interaction
with cells of the peptide, with particular interest in membrane-associated proteoglycans, in order to examine its
cellular uptake.
The cellular uptake of AF-16 was investigated by CLSM using a fluorescently labeled peptide
(Figure 6.18). After one hour of incubation the peptide was found intracellularly with a
punctuate staining pattern in the cytoplasm. This pattern is often seen for endocytosed
molecules when they are entrapped in the endosomes and since endocytotic pathways are
reduced when cells are stressed for instance by lowering the incubation temperature, a similar
experiment was performed at 4°C. A highly reduced uptake was observed as a consequence
of the lower incubation temperature and hence endocytotic pathways are probable involved
in the cellular uptake of AF-16. In comparison to the arginine- and tryptophan rich peptides
in Paper IV, the decrease in uptake is striking.
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Figure 6.18. CLSM pictures of live CHO-K1 cells incubated with Alexa Fluor 488-labeled AF-16 (10
μM) during 1 h at 37°C and 4°C (top panel) and the corresponding transmission images (bottom panel).
The uptake is highly reduced when the temperature is decreased indicating cellular uptake by endocytosis.

6.4.1 Electrostatic Interaction of AF-16 and Heparin
In Paper IV, we used the tryptophan fluorescence to probe the affinity of CPPs to LUVs.
For AF-16 this is not possible without modification of the peptide sequence and hence we
used ITC to study the interaction of the peptide with membrane components. Initial studies
with zwitterionic DOPC LUVs showed poor affinity (see below), therefore the binding of
AF-16 to proteoglycans was addressed. ITC experiments with AF-16 and heparin was
performed and at pH 5 and 10 mM NaCl exothermic peaks were obtained when peptide is
titrated into a heparin solution. By fitting a one-site model to the binding curve a binding
constant of about 105 M-1 was obtained (Figure 6.19A). The stoichiometry constant n
estimates that one peptide is bound per four heparin units (n is the estimated ratio
peptide:heparin at equilibrium), which means that the system has not reached charge
saturation at equilibrium. The binding curve obtained by a similar titration at pH 7.4 had a
smaller magnitude of the slope, indicating a lower binding constant (Figure 6.19B). The onesite model generates a rather poor fitting to this curve but a rough estimation is that the
binding constant is about 60 times lower (~1.5∙103 M-1) than at pH 5. This is reasonable
since the net charge of the peptide is +1 at pH 7.4 whereas it is +2 at pH 5 and the heparin
molecule is highly negatively charged.
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Figure 6.19. ITC measurements of (A) AF-16 (0.5 mM) to heparin (0.55 mM) at pH 5 (buffer: 10
mM citrate-phosphate/10 mM NaCl) and (B) AF-16 (0.4 mM) to heparin (0.5 mM) at pH 7.4 (buffer:
10 mM Na-phosphate/10 mM NaCl). Top panels represent the power recorded during the titration and
bottom panels the integrated heats per mole peptide obtained by integration of the peaks in the power plot.
Titration of peptide to heparin at higher ionic strength was also performed. The binding
curves for experiments performed at pH 5 in buffer containing 10 mM, 50 mM and 150 mM
NaCl are compared in Figure 6.20A. The magnitude of the released heat is clearly decreased
in buffers with higher salt concentrations, indicating that less peptide is binding and hence
the affinity is decreased. This is expected for an electrostatic interaction since at high ionic
strength the NaCl is screening the charges of the peptide and heparin. Moreover, the nature
of the binding can be further characterized by performing the same titration at different
temperatures. Generally a hydrophobic effect of the binding would generate a negative
change in heat capacity [98] which means that the binding enthalpy is decreasing with the
temperature. In contrast, electrostatic contributions to the binding heat capacity are either
very small [171] or, for systems where charge neutralization is reached, have a positive sign
[172]. For the interaction between AF-16 and heparin the binding enthalpy was indeed not
affected by variation of the temperature (in the internal 15-37°C, Figure 6.20B). The binding
of AF-16 to heparin was therefore concluded to have a mainly electrostatic nature since it is
affected by pH and ionic strength but not by temperature variation.
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Figure 6.20. ITC measurements of AF-16 (0.5 mM) to heparin (0.55 mM) (A) in buffer with different
NaCl concentrations (10 mM citrate-phosphate, pH 5) and (B) at different temperatures (buffer: 10 mM
citrate-phosphate/10 mM NaCl, pH 5).
Many peptides change conformation upon binding with LUVs or GAGs which can be an
important step in their cellular uptake. CD experiments of AF-16 in buffer solution show
that the peptide has a major random coil structure with a small fraction of α-helix and that
this conformation does not change upon addition of heparin. Molecular modeling confirmed
the result and the small α-helical region was predicted to be close to the N-terminus, see
Figure 6.21. This is further in accordance with a prediction of the AF protein, in which the
AF-16 sequence is found in the end of a helical structure and extends into a turn. The
modeling showed also that it is possible for all cationic residues to simultaneously interact
with a heparin molecule and that the negatively charged glutamic acid seems to interact with
the arginine residue.

Figure 6.21. Predicted AF-16 secondary structure by molecular dynamics simulation. The peptide is able
to interact with the negatively charged groups of heparin with its positively charged lysine and arginine in
physiological pH and, additionally, with its histidine residue at pH 5. For simplicity only the peptide
backbone and charged side chains as well as 2.5 disaccharide units of heparin are shown.

6.4.2 Binding to Proteoglycans Enhances Cellular Uptake
Does the potential interaction with proteoglycans affect the cellular uptake? We compared
the uptake in wild type (CHO-K1) and proteoglycan deficient (A745) cells and the results
showed a reduced uptake in the cells without cell-surface proteoglycans. Both cell types
display a linear dependence of the uptake with time (incubation times 15 min – 6 h, see
Figure 6.22A) and external peptide concentration (1-10 μM, see Figure 6.22B). Some CPPs
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show a rapid cellular uptake with saturation within 1 hour [89,97] and some peptides change
mechanism of internalization depending on the extracellular concentration [81,87,89,97,99].
AF-16, however, does not show this saturation of the cellular uptake and seems to only
facilitate endocytotic internalization based on CLSM experiments at different concentrations
and times. The uptake in the mutant A745 cells is, however, also likely to be via endocytosis
as indicated by the punctuate staining intracellularly that is reduced at low incubation
temperatures (not shown). The cellular uptake is therefore either a result of several different
endocytotic mechanisms in parallel or dependent on one mechanism which is enhanced by
cell-surface proteoglycans. Many cationic peptides bind and cluster proteoglycans as part of
their internalization [97–99], especially direct penetration appears to be promoted by the
clustering, whereas CPPs that bind proteoglycans without clustering generally show
endocytotic uptake [99]. AF-16 is likely using endocytosis and does not show any clustering
of heparin molecules which agrees well with the low binding constant to heparin and the fact
that charge neutralization is not obtained. That the affinity for heparin is increased with
lower pH and ionic strength is interesting from a physiological point of view since these
factors are disturbed during antisecretory and anti-inflammatory diseases and hence the
cellular uptake of the peptide during these conditions could be enhanced. High membrane
binding affinity and high cellular uptake have, however, been shown to not always correlate
for some CPPs [88,97,173,174].

Figure 6.22. Cellular uptake of AF-16 (Alexa Fluor 488-labeled) in live wild type CHO-K1 and
proteoglycan deficient A745 cells (A) as function of incubation time at a concentration of 10 μM (the lines
are added as a guide for the eye) and (B) as a function of concentration after 6 h incubation at 37°C. The
uptake is measured as mean fluorescence by flow cytometry and the auto-fluorescence is subtracted from the
data. Error bars are standard deviation of mean (n=3).

6.4.3 AF-16 Interacts with Negatively Charged Lipid Membranes
With the knowledge that AF-16 binds to heparin with a large electrostatic contribution, we
were interested in knowing if the peptide also interacts with negatively charged lipid
membranes. ITC experiments where DOPG LUVs were titrated to AF-16 were performed
at pH 5 and 25°C, see Figure 6.23. The titrations indeed showed a change in heat
significantly larger than the dilution heat as expected when interaction occurs. The change in
heat for a similar experiment using DOPC LUVs is very small with very small signal-to-noise
ratio and it is not really possible to detect any binding event. Interestingly, the peaks in the
experiment with DOPG LUVs are initially endothermic and decrease in magnitude and in
the end exothermic peaks are achieved. The power plot and binding curve are thus very
different from the ones obtained for the heparin experiments. The experiment with DOPG
LUVs was repeated at 15 and 37°C and the initial heat change per mole, ΔQ, was notably
different, with larger endothermic peaks at 15°C compared to at 25°C whereas the peaks at
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37°C were exothermic. The apparent binding enthalpy at all temperatures are found in Table
6.6 (due to the lack of initial plateau for the experiment at 37°C, the binding enthalpy cannot
accurately be determined but is instead based on ΔQ for the initial titration). The interaction
also seemed to be associated with a fast and a slow process when the interaction becomes
more exothermic. The slow process could be due to liposome aggregation but since the size
of the LUVs was found to be approximately the same before and after titration with dynamic
light-scattering, this can be ruled out.
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Figure 6.23. ITC measurement of AF-16 (1 mM) titrated with DOPG LUVs (20 mM) at 15, 25
and 37°C. The buffer used was 10 mM citrate-phosphate/10 mM NaCl, pH 5. To gain the initial plateau
for the 25°C experiment the initial injections are smaller, this was also done in the 37°C experiment but
without success. An identical experiment with DOPC LUVs at 25°C is also included for comparison.
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Happ (Cal/mole)

By plotting the binding enthalpy versus the temperature and fitting the data with a linear
function, the change in heat capacity can be estimated from the slope. The change in heat
capacity upon binding to LUVs is a result of dehydration of the membrane. Negative binding
heat capacity is due to loss of water from the hydrophobic regions whereas water release
from hydrophilic areas generates a positive sign of the heat capacity change. The binding
heat capacity was found to be -12.1 calmol-1K-1 (-50.6 Jmol-1K-1), see Figure 6.24, but is
probably somewhat less negative since the binding enthalpy value for 37°C is likely
overestimated. Nevertheless, the calculated value is about 20-60 times smaller compared to
the well-known antibacterial peptide melittin upon binding LUVs of different lipid
composition [175,176] but similar to the two arginine rich peptides RW9 (RRWWRRWRRNH2) and RL9 (RRLLRRLRR-NH2) upon binding POPG LUVs (negatively charged) [177].
The difference in magnitude of binding heat capacity between melittin and RW9/RL9 can be
explained by the fact that melittin more embedded in the hydrophobic region of the
membrane [178] whereas the RW9 and RL9 peptides seem to bind more parallel to the
membrane surface and mainly interact with the polar head groups. The fact that the binding
heat capacity is negative shows that hydrophobic effects contribute to the interaction
between AF-16 and DOPG LUVs and the small magnitude indicates that it is bound to the
surface. The interaction must, however, have an electrostatic contribution since the peptide
seems to not interact with DOPC LUVs. In general, the electrostatic contribution to the
binding heat capacity is small in comparison to the contribution of the hydrophobic effects
[171] which could be the explanation to that the binding heat capacity still has a negative
sign. CD measurement of AF-16 in the presence of LUVs composed of either DOPG or
DOPC also showed no conformational change compared to peptide in buffer (not shown)
which is the same result as obtained in the heparin experiment. AF-16 is thus interacting
both with glycosaminoglycans and negatively charged lipid bilayers which could be of
interest in the research of its antisecretory and anti-inflammatory activity. The peptide might
be more likely to target the sick sites in the body due to changes of the cell membrane
composition associated with the diseases. For instance, cancer cells have an increased
number of negatively charged lipids [179] and display changes in the glycan composition
[180] compared to healthy cells. Furthermore, inflammation is also associated with a change
of the cell-surface glycans as well as secretion of proteoglycans by mast cells in the
extracellular space [181,182].

Table 6.6. Apparent binding enthalpies
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Figure 6.24. The apparent binding enthalpy from Figure 6.23 as a function of the temperature fitted with
linear regression. The slope is the change in heat capacity upon binding.
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In summary, the antisecretory and anti-inflammatory peptide AF-16 has been shown to enter
cells by endocytosis, which is enhanced by proteoglycans. Moreover, AF-16 binds to heparin
and the affinity is higher at low pH and ionic strength with a primary electrostatic
contribution to the interaction. Electrostatic effects are also important in its binding to lipid
membranes since interaction with negatively charged bilayers occurs whereas no binding was
detected for zwitterionic bilayers. The secondary structure of the peptide is mainly random
coil with a small α-helical structure and it does not change upon binding to heparin or lipid
membranes.
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Conclusions
The work presented in this thesis has concerned two types of dyes for cell imaging, lipophilic ruthenium dppz
complexes and voltage-sensitive styryl dyes, as well as arginine- and tryptophan-rich peptides for drug delivery
and the antisecretory peptide AF-16. Although the examined molecules are of different character they all are
intended for cellular applications and are interesting in a membrane interaction context.
For the series of lipophilic ruthenium complexes in Paper I and II, the binding preferences
and localization in fixed cells were found to be highly affected by slight structural changes. It
was concluded that the relative affinity for membrane structures increased with the complex
lipophilicity but is also highly affected by the enantiomeric form. Furthermore, the plasma
membrane was found to restrict the cellular uptake and hence the useful staining patterns
seen for fixed cells were not obtained in live cells. The more lipophilic complexes were,
however, found to internalize live cells in two different ways. Firstly, by a mechanism that
could be of endocytotic nature since the complexes were found in punctuate structures in
the cytoplasm when cells were incubated in dark. Secondly, by a photoactivated uptake in
which the complexes were able to translocate the membrane upon laser illumination. The
possibility to tune the affinity of the complexes for biomolecules and biomembranes gives
great opportunities for one important criteria for cellular dyes, to selectively stain a certain
area of the cell. The poor internalization is, however, a problem that has to be solved if
imaging of live cells is desired. The complexes used in this thesis are indeed not useful for
those applications but can be used to highlight areas in fixed cells since they display beautiful
and distinct staining patterns.
In Paper III, three voltage-sensitive dyes were found to have spectral properties highly
dependent on the microenvironment. All dyes show a red-shifted absorption with decreased
polarity of the solvent but with an unexpected blue-shift in membrane environments that we
assigned to dimerization of the dyes. The most hydrophobic dye, di-8-ANEPPS, had a very
slow binding kinetics to lipid membranes which probably is an effect of even larger
aggregates. This fact might be important to consider since either long incubation times
followed by sample washing or co-incubation with surfactants is needed if this dye is used.
The study suggested solvatochromic effects as likely response for membrane potential
variations but further studies need to be done to conclude if electrochromic effects are also
involved in the voltage-sensing mechanism.
The effect of peptide sequence on the membrane affinity and cellular uptake was
systematically investigated in Paper IV for a series of arginine- and tryptophan-rich peptides.
We concluded that although the peptides displayed similar membrane affinity the uptake
efficiency was remarkably different for the different peptides. Generally, the uptake seems to
increase with the number of tryptophans in the peptide sequence and their position was,
additionally, found to be central for the uptake efficiency. The scattered distribution of the
residues results in a highly enhanced uptake compared to a coherent tryptophan position,
which could be due to both the possibility for α-helix formation and a favorable backbone
spacing between the arginine residues. The uptake mechanism was also found to vary with
the sequence but not following any general trend. Most peptides, however, appear to use
direct penetration mechanisms as main internalization route which can be an advantage for
drug delivery systems compared to endocytotic uptake, where the drug also expectantly
needs to escape endosomal entrapment in order to reach the intracellular target.
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The antisecretory and anti-inflammatory peptide, AF-16, studied in Paper V, was found to
utilize endocytosis as cellular uptake mechanism which was enhanced by the presence of cellsurface proteoglycans. Since the affinity of the peptide to heparin was increased with
decreased pH and ionic strength, the cellular uptake could be further enhanced in the
secretory and inflammatory diseases, in which these factors are decreased from the
physiological values. Interaction with negatively charged lipid bilayers was also established
whereas no binding was found to zwitterionic lipid bilayers, which strengthen the conclusion
of a major electrostatic interaction both for lipid bilayers and proteoglycans. The interaction
with negatively charged lipids and proteoglycans is important since the composition of these
molecules on the cell-surface is also changed in many of the conditions cured by AF therapy
and they may therefore be part of peptide recruitment. The knowledge about these molecular
interactions and the cellular uptake of AF-16 might be important for revealing the
mechanism behind its activity and is vital for further drug development.
The results from the different studies emphasize the importance of membrane interaction
studies. To design and develop cellular dyes, drug delivery vectors and peptide-based drugs it
is essential to understand the molecular interactions and cellular mechanisms as well as how
structural changes and external factors influence their functions. As seen for the ruthenium
complexes and the voltage-sensitive dyes, small alterations of the structure can result in
significant changes in the membrane binding properties. Moreover, the cellular uptake can be
highly influenced by structural differences although the membrane interaction seem to be
similar, as seen for the peptides studied in Paper IV.
Furthermore, this thesis has also highlighted that large charged and hydrophobic molecules,
such as the ruthenium complexes and the arginine- and tryptophan-rich peptides, are able to
transverse the membrane barrier. The peptide AF-16 is positively charged and does not have
a hydrophobic character but it contains an arginine residue which is seen as a key to cellular
uptake. Interestingly, ruthenium dppz complexes conjugated with an oligoarginine sequence
has been shown to have enhanced cellular uptake compared to the corresponding
unconjugated complex [183,184], which demonstrates that these different fields can be
combined to improve cellular interaction and uptake of molecules. Cells are complex systems
to study and therefore biophysical studies on molecules mimicking part of the cells are often
essential for gaining insights into molecular interactions. Although it is possible to find
correlations between the cellular response and molecular properties, it is not always as
intuitive as expected and therefore combination of biophysical and cellular studies, or even
studies on organism level, are needed to achieve a comprehensive understanding.
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