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Abstract 

Oligonucleotide-based drugs hold great promise for the treatment of 
many types of diseases, ranging from genetic disorders to viral infections 
and cancer. The problem is that efficient delivery across the cell membrane 
is required for oligonucleotides to have their desired effect. Cell-
penetrating peptides (CPPs) provide a solution to this problem. CPPs are 
capable of transporting cargoes such as drugs or nucleic acids for gene 
therapy into the cell, either by covalent conjugation to the cargo or by non-
covalent complex formation. This thesis is focused on the development 
of a class of peptides called PepFects, peptides with fatty acid 
modifications capable of forming nanoparticle-sized complexes with 
oligonucleotides. These complexes are efficiently internalized by many 
different cell types and are generally non-toxic and non-immunogenic.  

We have developed a number of novel PepFect peptides and a quantitative 
structure-activity model to predict the biological effect of our peptides. In 
addition, the involvement of scavenger receptors class A in the endocytic 
uptake of PepFect complexes as well as other CPPs and polymeric 
transfection agents was studied. Lastly, we have developed a series of 
PepFect peptides for delivery across the blood-brain barrier and a model 
system mimicking the blood-brain barrier in order to evaluate the passage 
of these peptides. 
 
The general aim of this thesis is to improve the understanding of 
intracellular delivery of oligonucleotides with PepFect peptides from both 
a chemical and a biological viewpoint, and further improve the efficacy of 
this delivery system with the long-term goal of making it useful in clinical 
settings.  
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1. Introduction 

1.1 The cell membrane 

The cell membrane is a phospholipid bilayer, which acts as a barrier 
between the cell and its surroundings; it enables the cell to control the 
intracellular environment, which is one of the main requirements for life 
itself. The cell membrane and a large number of membrane proteins have 
evolved over billions of years to allow the cell to selectively take up 
nutrients and building blocks and still protect the cell from foreign nucleic 
acids and pathogens. Likewise, pathogens have developed different 
methods to gain access to the cell and especially viruses have evolved a 
number of strategies to deliver their genetic material across the cell 
membrane in order to replicate. 

Therefore, to transport DNA or RNA into a cell, a virus would seem to 
be the logical solution. However, the drawback with viruses is that cells 
and organisms have evolved defenses against viral infections. Viral 
delivery is a large field of research, and even has some clinical application, 
but suffers from general drawbacks such as immunological responses due 
to these defenses, and limitations in what cargoes are possible to deliver. 
In a clinical setting, gene therapy with viral systems commonly need to be 
combined with immunosuppression, this can also cause undesired side 
effects [1]. To address these problems, a number of different types of non-
viral delivery systems have been developed and they all have their own 
specific advantages and limitations.  This thesis deals with intracellular 
delivery of oligonucleotides using cell-penetrating peptide based nano-
complexes, as an alternative method to avoid the problems related to viral 
delivery strategies. 
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1.2 Gene therapy 

Gene therapy is defined as the introduction or alteration of genetic 
material in an organism with the intention of treating a disease. Gene-
based drugs or therapies provide a possible means of treating diseases 
impossible to target with classical drugs, but in the majority of cases, they 
require transport across the cell membrane and to desired locations in the 
cell in order to function. Gene therapy can be performed in a number of 
different ways, including editing the gene itself, restoring the function of 
a mutated or non-functional gene, silencing of an active gene causing 
disease, or by modifying the gene function by interfering with gene 
splicing. Gene editing/replacement is perhaps the most drastic type of 
gene therapy, until recently it required complicated methods, but the 
discovery of CRISPR-Cas9 [2] and improvements including the recently 
reported CRISPR-associated RNA-cleaving enzyme Cpf1 [3] have greatly 
simplified the process. Gene editing is becoming increasingly easy to 
perform, safer, and more reliable; consequently, the potential of gene 
editing in humans as a form of therapy has increased. This would provide 
a new field of possible disease treatments and even enable modifications 
of desired characteristics in healthy humans. Naturally, this would also lead 
to a number of ethical questions, even if the methods become reliable 
enough for safe clinical use. Therefore, gene editing will probably not be 
widely used as a therapeutic strategy in the near future. Still, the first two 
clinical trials on CRISPR in human T-cells to target cancer tumors are 
expected to start within a year, in this case the alteration will be done in 
isolated T-cells in vitro followed by re-introduction of the cells in the 
patients. 

Current clinical limitations of gene therapies include problems with 
stability of the nucleic acid based drugs, immunogenicity problems, issues 
with off-target effects and high cost. Glybera (Alipogene tiparvovec), an 
adeno virus-based gene therapy used to treat lipoprotein lipase deficiency, 
was the first approved gene therapy in the EU [4]. At a price of 1 million 
USD per patient, it is the world's most expensive drug. However, the drug 
has only been used commercially in one single patient in addition to the 
30 patients included in clinical trials of the drug. Still, the approval and 
sales of Glybera could be viewed as a proof-of concept for gene therapies 
as drugs and in the future prices will most probably decrease. All currently 
approved gene therapies are viral-based but short interfering RNA 
(siRNA)-based therapies are expected to reach the market within the next 
few years [5]. The use of nucleic acids for gene silencing or gene activation 
can be considered a “lighter” form of gene therapy more suitable as drugs 
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and without some of the risks related to editing the genome. This type of 
therapy would also probably be easier for clinicians and patients to accept 
as the effects are typically not permanent, and the concept is more similar 
to a classical drug. 

1.3 Plasmids and oligonucleotides 

A number of different nucleic acid constructs can be used for gene therapy 
applications, some of the most researched are plasmids, antisense 
oligonucleotides, splice-correcting oligonucleotides, siRNA and micro-
RNA. 

1.3.1 Plasmids 

Plasmids are circular, double-stranded DNA molecules naturally occurring 
in bacteria where they commonly carry genes beneficial for the host cell 
under certain conditions, for example antibiotic resistance. Plasmids can 
be transferred between bacteria leading to horizontal gene transfer, which 
provides bacteria with a means of sharing beneficial genes [6]. Synthetic 
or modified plasmids can be used for gene therapy to express a functional 
gene leading to protein production, but electroporation or transfection 
agents are required for plasmids to be inserted in eukaryotic cells. Plasmid 
transfection is a standard method used in cell cultures, but in vivo 
applications are more difficult. Plasmid-based therapies have an inherent 
risk of insertional mutagenesis and relatively large amounts of plasmid are 
needed, leading to concerns of both increased risk of random insertion of 
plasmid DNA and possible toxicity of delivery agents [7]. 

1.3.2 Antisense oligonucleotides 

Short oligonucleotides have more desirable properties for use as drugs in 
many aspects; they are much smaller than plasmids, have relatively short 
half-lives and can potentially be used to target a wide range of different 
disorders and not just a lack of protein expression. Antigene and antisense 
oligonucleotides were the first type oligonucleotide-based therapies, where 
the basic principle is complementary Watson-Crick base pairing to block 
transcription or translation. Antigene refers to DNA-binding oligo-
nucleotides which sterically hinder transcription, whereas the more 
common antisense oligonucleotides bind to a target messenger RNA 
(mRNA) and thereby sterically hinder the mRNA translation. The 
complex is then degraded by intracellular RNase H. As short single-
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stranded oligonucleotides have very short half-lives in biological systems, 
different types of chemical modifications can be used to improve the 
stability, specificity and the binding affinity to mRNA. These 
modifications include phosphorothioate and 2’-O-methyl modification of 
the ribose sugar, phosphorodiamidate morpholino oligonucleotides [8] 
and nucleotide mimics such as peptide nucleic acids [9].  

1.3.3 RNA interference  

RNA interference using siRNA or miRNA (micro-RNA) is based on the 
naturally occurring regulatory process of RNA interference, a type of post-
translational modifications of gene silencing by short, non-coding RNA 
fragments.  This process was discovered in 1998, in the nematode C. elegans 
[10]. Double-stranded precursor RNA binds to the intracellular ribo-
nuclease Dicer, which cleaves the RNA into small, double-stranded 
siRNA including the antisense strand [11], the antisense strand is then 
loaded into the RNA-induced silencing complex (RISC). This complex 
binds to complementary mRNA targets and argonaute protein 2 cleaves 
the target causing repression of translation [12]. The cleavage of the target 
mRNA is a catalytic process, meaning that a single antisense-RISC 
complex can cleave a number of complementary mRNA molecules and 
the required dose of a siRNA is therefore low compared to antisense 
oligonucleotides. In principle, the target can be the mRNA of any protein. 
siRNA and miRNA utilize the same biological systems, the main 
differences are that miRNA is expressed from endogenous hairpin-shaped 
transcripts whereas siRNA is produced from double-stranded RNAs and 
processed into 21-nucleotide fragments. Synthetic siRNA is made in this 
size and can be loaded directly into the RISC complex. A major difference 
between siRNA and miRNA is that siRNA is fully complimentary to its 
target RNA, whereas a single miRNA can have hundreds of targets. 
Interestingly, plant miRNAs are fully complementary [13]. In most cases, 
miRNA inhibits mRNA translation whereas siRNA cleaves the mRNA. 
Figure 1 shows a simplified schematic of RNA-interference. 
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siRNA has the advantage of being double-stranded, thereby increasing 
the stability compared to single-stranded oligonucleotides, but the cell-
ular uptake and stability in vivo are still low, formulation with a delivery 
system will probably be required for clinical applications. siRNA and 
antisense oligonucleotides are small enough to be filtered in the kidney, 
so by increasing the size by formulation with a delivery system, the 
circulation time in vivo can be extended. This can instead lead to 
accumulation in the liver, which is one of the reasons why much clinical 
research has been done on liver targets [14], [15]. A potential drawback 
with siRNA is the risk of off-target effects including miRNA-like off-
target silencing and translational block by imperfect matching. Another 
concern is the risk of oversaturation of the endogenous miRNA 
machinery [16]. A number of different strategies have been developed 
to minimize these effects. Therapies based on siRNA have received a 
lot of attention from the pharmaceutical industry and there are 
currently about 40 ongoing clinical trials with siRNA-based 
therapeutics for several different types of cancer, ocular diseases, kidney 
diseases, transplants, and even Ebola [17]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of RNA-interference, adapted from 
[18].  
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1.3.4 Splice-correcting oligonucleotides 

Another type of oligonucleotides are splice-correcting or splice-switching 
oligonucleotides, which can be used to correct mutations that cause 
aberrant splicing of genes [19]. Alternative splicing is a biological process 
of generating multiple protein isoforms from the same pre-mRNA. A 
majority of the genes in the human genome are predicted to have alternate 
splice forms; some estimations as high as 95% or more of the transcripts 
from multiexon genes undergo alternative splicing [20], [21]. SCOs are 
short oligonucleotides, normally 15-30 nucleotides long that form base 
pairs with target pre-mRNA to create a steric blocking of splice sites and 
thereby induce “exon skipping” causing a change of the protein isoform. 
This is especially valuable in cases of mutations interfering with normal 
splicing where a therapeutic SCO could restore a functional form of the 
encoded protein. Examples of this include Duchenne’s muscular 
dystrophy and spinal muscular atrophy with therapeutic SCOs currently in 
clinical trials [22], [23]. Splice-correction can also be used as a biological 
assay to measure oligonucleotide delivery in cells as we did in paper II of 
this thesis. 

1.4 Nanoparticles 

In order to achieve successful gene therapy with oligonucleotides in vivo, 
the oligonucleotides need to be protected from enzymatic degradation and 
delivered into the cell. The protection against degradation can either be 
achieved by chemical modification of the nucleic acid itself to increase the 
stability and reduce enzymatic degradation as mentioned above, or by 
“shielding” the nucleic acid by formulation with a delivery system, in most 
cases condensing the cargo and forming a nanoparticle.  
 
The International Union of Pure and Applied Chemistry (IUPAC) defines 
nanoparticles strictly as smaller than 100 nm in size [24] but the term is 
often used for particles in the range of 1-500 nm. 
Many different types of nanoparticles have been investigated for drug 
delivery, both for small molecules and for nucleic acid-based and 
biological drugs such as proteins and antibodies. The main subtypes of 
nanoparticles are inorganic- and organic nanoparticles, both further sub-
divided into a number of different categories. Inorganic particles 
investigated for biological/drug delivery applications include gold nano-
particles [25], [26], iron nanoparticles [27], [28], quantum dots [29], [30], 
silica nanoparticles [31], [32] and graphene nanoparticles [33], [34] just to 
mention a few. Organic nanoparticles include liposomes [35] , polymers 
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[36], dendrimers [37] and peptide-based nanoparticles. Hybrid particles 
and combinations of several of the types mentioned above also exist, 
inorganic particles can be coated in polymers, polymers and dendrimers 
can be combined with peptides for targeting and/or increased cellular 
uptakes [38]. 
 
Inorganic nanoparticles and dendrimers are by nature well defined in size 
and rigid, whereas liposomes, some types of polymer nanoparticles and 
peptide-based nanoparticles are dynamic systems where exchange 
between the particles can occur. In some cases, the particles also have a 
tendency to aggregate into larger particles and might therefore not strictly 
meet the IUPAC definition of a nanoparticle having a size of 1-100 nm. 
Liposomes or lipoplexes are artificial phospholipid vesicles with a hydro-
philic core surrounded by a lipid bilayer. Liposomes are commonly used 
for transfections and drug delivery [35]. There are already a number of 
liposomal drug formulations in the market today, but many of them only 
have minor advantages compared to the drugs alone and the liposomal 
formulations tend to be much more expensive. Some liposomes also 
suffer from toxicity problems; particularly in the case of liposomal 
transfection agents such as Lipofectamine [39]. Solid lipid nanoparticles 
are a related class of particles with a surfactant-stabilized solid lipid core 
instead of a liquid core, giving a physical stability comparable to rigid 
nanoparticles combined with the advantages of well-studied liposomal 
systems [40].  
 
Nanoparticles are commonly seen as a promising concept for delivery of 
drugs to specific tissues or cancer tumors. However, a recent meta review 
indicated that the delivery efficiency in vivo remains low (around 0,7 %) for 
most nanoparticle systems, in order to become a useful therapeutic 
approach, this has to be increased to a level significantly higher than that 
of small molecule drugs [41]. Many suggested nanoparticle therapies for 
cancer also rely on the disputed “enhanced permeability and retention 
effect” [42], [43] in tumor tissues rather than active targeting. This effect 
is based on the assumption of tumor vasculature being leaky and retaining 
delivered nanoparticles, an assumption that might not always be correct. 
There are also concerns with the possible toxicity and long-term effects of 
non-biodegradable particles [41], [44], [45]. The use of organic, degradable 
nanoparticles might therefore provide a more practical solution to the 
delivery problem. 
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1.5 Cell-penetrating peptides 

Cell-penetrating peptides (CPP), sometimes referred to as peptide 
transduction domains (PTD), are peptides capable of crossing the plasma 
membrane and of transporting cargoes into the cell. Most CPPs share the 
characteristics of a length around 4-40 amino acid residues, are cationic, 
and hydrophobic or amphipathic [46]–[48].  
 
Many different classification systems for CPPs have been suggested, one 
way to classify CPPs is to subdivide them into categories based on the 
origin of their sequences; protein-derived, chimeric or synthetic [49]. The 
first reported class of CPPs was protein-derived peptides such as 
Penetratin, derived from a homeodomain of Drosophila Antennapedia [50] 
and TAT [51], a truncated form of the HIV TAT protein. Both these 
peptides where based on previous discoveries of proteins with high 
cellular uptake [52]–[54]. Since the discovery of these CPPs, many new 
peptides have been designed based on these sequences [55] and especially 
TAT is still widely used as a model CPP and in fusion peptides, combining 
sequences of different protein origins [56]–[58]. 
 
Chimeric CPPs combine different protein-derived sequences (also known 
as fusion peptides), or protein-derived sequences with synthetic ones. The 
peptide Transportan and the PepFects derived from it are examples of this 
class, they are chimeric combinations of a galanin sequence and a sequence 
from the wasp venom mastoparan. Synthetic peptides are purely designed 
and range from poly-amino acid sequences such as polyarginine [59] and 
polyhistidine [60] to more elaborate sequences such as the model 
amphipathic peptide (MAP) [61]. Some of the later generations of 
PepFects are becoming synthetic peptides as the protein-derived 
sequences are gradually being replaced with synthetic ones, for example 
the peptides in paper II of this thesis. 
 
Another type of division can be made based on the type of CPP-cargo 
attachment; cargoes can be attached to the peptide either by direct 
chemical coupling to the peptide or by non-covalent complex formation. 
For gene therapy applications, the negative charge of nucleic acids tend to 
cause problems with conjugation to positively charged CPPs; this can be 
solved by the use of neutral nucleic acid analogues such as PMOs or by 
using a non-covalent coupling strategy, using the charge difference 
between the peptide and the cargo as a feature to form non-covalent 
complexes. 



 17 

1.6 Non-covalent complex formation 

Complex- or nanoparticle-forming peptides are fundamentally different 
from other CPPs and could be considered a separate class of CPP-based 
delivery systems. Peptide-cargo complexes differ significantly from 
peptide-cargo conjugates and might have different requirements for 
efficient cellular uptake. Peptide-oligonucleotide complexes are in many 
aspects more similar to other types of nanoparticles than pure peptide 
constructs. The complexes are dynamic and vary in size depending on the 
peptide, cargo, and solvent they are might not strictly be considered 
nanoparticles according to classical definitions.  
 
The first example of a complex-forming CPP was the MPG peptide, a 
chimeric peptide based on a HIV gp41 sequence and a hydrophilic domain 
derived from the nuclear localization sequence of SV40 T-antigen [62]. 
The peptide was capable of forming complexes with both single-stranded 
and double-stranded oligonucleotides, most likely by electrostatic 
interactions between the basic residues of the peptide and the 
oligonucleotide.  
 
This was shortly followed by the peptides PEP and CADY. MPG and 
PEP are primarily amphipathic whereas CADY has a secondary amphi-
pathic structure [63]. A number of fatty acid-modified peptides including 
polyarginines and all PepFect peptides have the ability to form non-
covalent complexes with oligonucleotide cargoes by co-incubation in 
water solution. The driving force behind this complex formation is 
thought to be charge interactions and hydrophilic/hydrophobic effects 
between the peptide, fatty acid modifications and the cargo. 
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Table 1. Examples of CPP sequences  
 

Peptide Sequence Ref. 

Covalently conjugated CPPs  
Penetratin RQIKIWFQNRRMKWKK-NH2 [50] 
TAT (48-60) GRKKRRQRRRQC-NH2 [51] 
Transportan GWTLNSAGYLLGKINLKALAALAKKIL-NH2 [64] 

MAP KLALKLALKALKAALKLA-NH2 [61] 
Octaarginine RRRRRRRR-NH2 [59] 
M918 MVTVLFRRLRIRRACGPPRVRV-NH2 [65] 
   
Complex-forming CPPs  
Syn B3 RRLSYSRRRF-NH2 [66] 
MPG 
Pep-1 

GALFLGFLGAAGSTMGAWSQPKKKRKV-Cya  
Ac-KETWWETWWTEWSQPKKKRKV-Cya 

[62] 
[67] 

CADY Ac-GLWRALWRLLRSLWRLLWRA-Cya [68] 
St.-octaarg. 
St.-RXR 
PepFect 3 

Stearyl-RRRRRRRR-NH2 
Stearyl-RXRRXRRXR-NH2 
Stearyl-AGYLLGKINLKALAALAKKIL-NH2 

[69] 
[70] 
[71] 

PepFect 6 Stearyl-AGYLLGKINL(εNHa)ALAALAKKIL-NH2 [72] 
PepFect 14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 [73] 
PepFect 28 Stearyl-WLKLWKKWLKLW- NH2 [74] 
PepFect 131 
 

Stearyl-LHLLHHKINLKALAALAKKIL-NH2 [75] 

 
Ac-acetyl, Cya=cysteamide, X=aminohexanoic acid,  a=lysine-tree with 
trifluoro-methylquinoline derivative modifications, O=ornithine 
 
 
The experimental conditions during complex formation can have a large 
impact on the size of the complexes as well as the biological effects. The 
complexes are commonly formed in MQ water or buffer solution, but 
different additives can be used to optimize the complex formation. Even 
differences in pH and ion concentration can influence the complexes. 
Optimization of the complex formation step is sometimes an overlooked 
part of the development. This also includes stability studies, lyophilization 
and reconstitution of complexes and formulation of complexes in high 
concentrations required for in vivo administration [73]. 
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An additional difficulty is that physiochemical characterization of peptide 
complexes in relevant media such as cell medium or blood is difficult using 
traditional methods. Most characterization experiments are therefore done 
in buffers and the structure of a peptide under these conditions might not 
correspond to the actual structure in a biological setting.  

1.7 PepFect peptides 

PepFect peptides are a family of CPPs originally derived from transportan, 
which in turn is a chimeric combination of a fragment from the 
neuropeptide galanin and a sequence from the membrane-active wasp 
venom mastoparan. Transportan was synthesized with an additional lysine 
modification in position 13 to enable coupling of cargoes [64]. A truncated 
form of transportan, transportan 10 [76] was further modified by coupling 
of stearic acid to the N-terminus, leading to the first PepFect peptide, 
PepFect 3 [71]. Stearic acid modification had previously been reported to 
greatly improve the cellular uptake of  polyarginines and protein-derived 
arginine-rich peptides [69]. Fatty acid modifications improve the non-
covalent complex formation and possibly increase the membrane 
interactions. 
 
Over the years, a number of analogues have been developed, notably 
PepFect 6 with a lysine tree structure coupled to endosomolytic 
trifluoromethylquinoline moieties for improved endosomal escape [72], 
PepFect 14 with structural rearrangements and substitutions of lysine with 
the non-encoded amino acid ornithine [73]. NickFects are a related set of 
PepFect analogues incorporating phosphotyrosine modifications and 
kinked structures [77]. A number of PEG-modified analogues of PepFect 
14 have also been developed [78]. 
 
In the case of fatty acid-modified peptides such as polyarginines and 
PepFects, the hydrophobicity of the stearyl modification increases the 
tendency to form nanocomplexes [69]. The exact structure of the 
complexes is still unknown, there is no evidence for a simple micelle 
structure and suggested models include aggregates of small micelles, 
layered structures with alternating hydrophobic and hydrophilic layers and 
condensed nucleic acids on the surface of peptide complexes. 
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1.8 Uptake mechanisms of CPPs 

CPPs can follow two main types of uptake routes, direct penetration or 
active transport. The original definition of CPPs included direct 
penetration of the cell membrane but today the term “CPP” is generally 
used to cover all peptides capable of translocating across the cell 
membrane and of transporting cargoes into the cell. In the early days of 
CPP research, direct uptake through membrane interactions or possibly 
by pore formation was most commonly reported. In some cases this was 
based on microscopy studies on fixed cells where artifacts from fixation 
and labelling led to misinterpretations of the results [79]. Early studies of 
CPP uptake sometimes reported results indicating both an active and a 
direct uptake route such as in the case of the model amphipathic peptides, 
where much of the evidence in favor of endocytic uptake was disregarded 
to fit with a direct penetration model [61]. 
 
Some CPPs are still reported to be taken up directly; a notable example is 
the CADY peptide [80]. Other peptides, such as TAT, have been reported 
both to be taken up via direct penetration [81] and endocytosis [82]. This 
seems contradictory, but a possible explanation could be that the two 
pathways might coexist. For example, initial membrane interactions and 
penetration can possibly lead to the activation of endocytic uptake of 
peptides on the cell surface. 
 
Many CPPs can also be taken up by direct cell penetration at high 
concentrations in the range of 10 µM, but at lower concentrations, active 
transport (endocytosis) seems to be the main pathway [83]. The 
mechanism of uptake is also dependent on the cargo [84], [85]. In addition, 
the modification with fluorophores for microscopy studies is known to 
change the chemical properties of the peptide and influence the uptake. 
The attachment of large molecular weight cargoes and complex formation 
with nucleic acids tends to favor endocytosis as an uptake mechanism. 
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Figure 2. Examples of CPP uptake routes [49]. 
 

1.9 Endocytosis 

Endocytosis is the process whereby the cell takes up molecules such as 
nutrients and signal substances from its surroundings. Endocytosis is also 
used by the cell to internalize receptors from the plasma membrane. The 
underlying principle is a production of internal membranes from the cell 
membrane by the formation of inward-facing buds, which are in turn 
released into the cytosol and form small vesicles. These vesicles are fused 
with endosomes where sorting of the contents take place and the sorted 
material is trafficked to desired locations in the cell. Following this, the 
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endosomes containing any unwanted cargo undergo endosomal 
maturation and become late endosomes. During this process, the pH is 
lowered by proton influx and additional sorting occurs. The final step is 
lysosomes where the pH is even lower (pH 4.5-5) and a number of 
different hydrolytic enzymes break down the contents for use as nutrients 
or recycling as building blocks. Figure 3 shows the major endosomal 
pathways and endosomal maturation. 
 
Endocytosis and the opposite process, exocytosis, allow the cell to interact 
with its environment and are thus extremely important cellular processes.  
Endocytic uptake can occur through several different pathways [86]. The 
most basal subdivision is the historical one of pinocytosis (“cell drinking”) 
and phagocytosis (“cell eating”). Pinocytosis is today further subdivided 
into a number of different classes, usually in clathrin-mediated and clathrin 
independent, the latter is further divided in a number of different 
categories.  
 
 
 

 
Figure 3. Major endosomal pathways. Adapted from [87]. 
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1.9.1 Clathrin-mediated endocytosis 

Clathrin-mediated endocytosis is the most studied and well-characterized 
pathway, where small vesicles around 100 nm in diameter are formed. The 
vesicles are covered in a protein complex mostly consisting of clathrin; 
they are formed in specific regions of the cell membrane called clathrin-
coated pits. Cleavage of the vesicle from the membrane is mediated by the 
GTPase dynamin [88]. The clathrin coat is removed shortly after the 
release of the vesicles from the cell membrane and the vesicles fuse with 
early endosomes. A classic example of clathrin-mediated endocytosis is 
the endocytosis of transferrins via transferrin receptors, commonly used 
to assess clathrin-mediated endocytosis [89]. The epidermal growth factor 
receptor is also internalized by clathrin-mediated endocytosis [90]. 
Clathrin-mediated endocytosis has been reported for a number of 
different CPPs including TAT [57] and for liposomes [91]. 
 

1.9.2 Clathrin-independent endocytosis 

Clathrin-independent endocytosis can be further subdivided into caveole-
mediated endocytosis, lipid raft-mediated endocytosis and 
micropinocytosis. Phagocytosis is also independent of clathrin and is 
sometimes included in the category; it allows the cell to engulf and digest 
larger particles such as bacteria and is mostly present in macrophages.  
 
Caveolae-mediated endocytosis is a clathrin-independent form of 
endocytosis associated with caveolins, a membrane protein family 
consisting of 3 members, Caveolin 1-3 [92], [93]. Caveolins associate with 
cholesterol and sphingolipids to form caveole, flask-shaped invaginations 
of the cell membrane of approximately 50-100 nm size. Caveolin 1 is 
enriched in caveole and cells not expressing the protein seem to lack 
caveole [94]. The resulting “caveosomes” were claimed to bypass the 
normal endosomal trafficking [95], but recent studies have indicated that 
the fate of the cargo rather is cell-type dependent and the existence of a 
separate class of caveosomes has been disproved [96]. This pathway is 
usually not considered one of the major pathways for uptake of CPPs but 
it is involved in transcytosis across endothelial barriers [97] and might 
therefore be of relevance for delivery across the blood-brain barrier. 
 
A number of less studied endocytic pathways other than caveolae-
mediated endocytosis are associated with lipid rafts, dynamic membrane 
regions enriched in cholesterol and glycosphingolipids. These regions have 
been reported to be involved in the uptake of some CPPs [98]. Flottilins 



24 

 

1 and 2, a family of membrane-associated proteins have been reported to 
mediate a separate class of clathrin-independent endocytosis and to play a 
role in the endosomal sorting process of cargos taken up via other 
pathways. The exact role of flottilins in endocytosis is still debated and the 
term flotillin-assisted endocytosis has been suggested [99]. 
Attempts to reclassify all types of endocytosis based on the involvement 
of lipid rafts have also been made [100], but this has not been generally 
accepted as a classification system.  

1.9.3 Macropinocytosis 

Macropinocytosis has been referred to as “an endocytic pathway to 
internalize large gulps” [101]. The uptake involves actin-mediated 
membrane ruffling of the plasma membrane, requiring actin 
rearrangements. Macropinocytosis commonly occurs in response to 
growth factor stimulation and leads to the formation of large (0.2-5 µm), 
irregular vesicles called marcopinosomes. These vesicles differ from other 
endocytic vesicles in that they are larger and contain extracellular fluid; the 
uptake is therefore less specific than that for other types of endocytosis. 
Macropinocytosis has been reported for several types of CPPs including 
arginine-rich CPPs [83], [102] and TAT [57]. Some NickFect peptides have 
been reported to be taken up via macropinocytosis and this seems to be 
dependent on the peptide sequence. NickFect 51 was predominantly taken 
up via macropinocytosis whereas the uptake of NickFect 1 showed 
involvement of several different endocytic pathways [103]. 
 

1.9.4 Endosomal escape 

As the endosome is separated from the cytosol and can be considered to 
be outside of the cell from a functional point of view, endosomal escape 
is an important aspect of delivery. This can be caused by interactions with 
the endosomal membrane or the suggested “proton sponge effect” where 
an increased influx of protons leads to an increased osmotic pressure, 
causing rupture of the endosome and release of the delivery system. This 
effect has however been debated and it was recently shown that the 
polycationic transfection agent polyethylenamine (PEI) does not induce a 
change in lysosomal pH, and that the induced membrane tension is most 
likely insufficient to rupture the endosome [104]. In another study, 
treatment with proton pump inhibitors did not affect the endosomal 
escape of histidine-modified polyarginines [105]. The design of many 
PepFects, including PepFect 6 and the histidine-modified PepFects in 
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paper II, specifically aim at increasing the endosomal escape by 
incorporating endosomolytic molecules, increasing the membrane activity 
or destabilizing peptide-oligonucleotide complexes in acidic endosomes. 
These modifications were not aimed directly at proton sponging, and 
indeed the biological effect of the polyhistidine modified PepFects in 
Paper II was lower than for most of the other peptides in the study even 
though histidine is widely assumed to act as a proton sponge. 
 
Assuming an endocytic uptake, the next logical question is whether this 
uptake is receptor-mediated or independent of receptor interactions. CPPs 
have mostly been assumed to induce endocytosis by direct membrane 
interactions and the potential role of receptors has therefore received 
relatively little attention. However, cell surface glucosaminoglycans and 
heparan sulfate proteoglycans have been reported to be involved in CPP 
endocytosis [106], although some studies have indicated that they only play 
a role in the membrane association and not the actual endocytosis [107], 
[108]. The Syndecan-4 receptor was also recently shown to mediate the 
uptake of arginine-rich peptides [109]. 
 

1.10 Scavenger receptors 

Scavenger receptors are a class of cell-surface glycoproteins responsible 
for uptake of low-density lipoproteins (LDL) and anionic 
macromolecules. The receptor class was first identified in macrophages, 
their role was initially thought to be only scavenging of acetylated LDL 
[110], but later observations have expanded to the uptake of a wide range 
of different molecules, including bacterial lipopolysaccharides, pathogens, 
apolipoproteins and viral RNA [111]–[113]. Scavenger receptors have 
been found in many different cell types other than macrophages, and are 
now subdivided into 19 different classes [111]. Scavenger receptors class 
A (SCARA) were investigated in the uptake of PepFect complexes [114] 
based on the fact that SCARA had previously been reported to be involved 
in the uptake of aggregated polyribonucleotides [115] and oligonucleotides 
from pathogens [116]. These results combined with the observation of 
negative zeta-potentials led to the investigation of possible involvement in 
the uptake of PepFect complexes. The expression of scavenger receptors 
in the HeLa pLuc 705 cell line was analyzed by RT-PCR and the cell line 
was found to express scavenger receptor class A, subtypes 3 and 5. 
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The different classes of scavenger receptors are structurally 
heterogeneous, and are mostly grouped into a family based on their 
function. SCARA are transmembrane glycoproteins Type II with 
extracellular C-terminus, single transmembrane region and a cytoplasmic 
N-terminus capable of forming homotrimers. They are expressed on 
macrophages, but also in smooth muscle tissue and endothelia. Binding to 
a ligand leads to a concentration of the SCARA-ligand complexes in 
clathrin-coated pits; the receptors are internalized together with their 
ligand and are probably recirculated to the cell surface by the trans-Golgi 
network [117]. Interestingly, Scavenger receptors are also expressed in the 
blood-brain barrier [118], this seems counterintuitive if one considers a 
pure scavenging role of the receptors and is another indication that the 
receptors are involved in other uptake processes than just the originally 
reported scavenging. 
 
In a recent study, the endocytic mechanisms of Scavenger receptor-
mediated uptake were investigated in depth [119]. Inhibition of 
macropinocytosis caused a substantial decrease of the uptake, indicating 
that macropinocytosis plays an important role in the uptake, but a 
contribution by caveolin-mediated endocytosis was also observed. In 
contrast, clathrin-mediated endocytosis was not found to be a major 
pathway. Another interesting observation was that scavenger receptors did 
not seem to be present at the cell surface of untreated cells; association of 
nanocomplexes to the cell surface led to recruitment of the receptors from 
intracellular locations. The mechanism for this is currently unknown. 
 

1.11 Prediction of CPPs 

Predictions of CPPs have been done using a number of different methods, 
one of the early examples was done in 2005 when Hällbrink and colleagues 
designed a prediction software based on a set of 24 known CPPs and 17 
non-CPPs [120]. In a later study, the number of peptides was increased 
and a prediction rate of 68 % was obtained [121]. More recent quantitative 
structure-activity relationship (QSAR)-based approaches have led to even 
higher accuracies and increasingly large data sets have approached 1000 
peptides [122]. There are several databases of CPPs, based on thousands 
of peptide sequences, CPP site 2.0 contains 1700 peptides [123]. Still, the 
prediction methods are not widely used and most new CPPs are still 
protein-derived (sometimes with the aid of predictions) or based on small 
modifications of previously reported peptides. Potential problems with 
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predictions of CPPs are also the vague definition of a CPP, lack of 
understanding of the basic mechanisms of cellular delivery using CPPs, 
possible differences in uptake mechanisms depending on factors such as 
peptide structure, cell types, cargoes and experimental methods.  
 
Another use for QSAR-based predictions is to identify intrinsically 
bioactive CPPs, also called “bioportides”. These peptides are protein-
derived, monomeric peptides with CPP capabilities and the ability to 
interact with protein targets to have a pharmaceutic effect, often predicted 
from membrane receptor sequences [124]. 

1.12 Targeting peptides 

Targeting peptides are peptide sequences capable of selective 
targeting/homing to a tissue or intracellular location. Peptides used for 
targeting are much smaller than antibodies and can be fused to CPP 
sequences in order to deliver the peptide and cargo to a specific tissue or 
intracellular location. These peptides can easily be coupled to CPP 
sequences by synthesizing a combined targeting/cell-penetrating peptide, 
either by direct conjugation of the peptide sequences or by incorporating 
a linker in between. Another option is orthogonal attachment of the 
targeting sequence to the CPP, for example to a lysine side chain. Yet 
another possibility is ligation of two separately synthesized peptides. In 
the case of complex-forming peptides, additional possibilities are to form 
the complex with two different peptides, one CPP and one targeting 
sequence, or to attach a targeting sequence to the cargo instead. Many 
targeting sequences are derived from natural proteins or by using phage 
display to screen for target binding [125], [126]. Peptides can also be 
specifically designed for intracellular organelle targeting, such as the 
endoplasmic reticulum or mitochondria [127].  
 
Table 2. Targeting peptides used in this thesis 
 

Peptide Sequence Ref 

Angiopep 2 TFFYGGSRGKRNNFKTEEY-NH2 [128] 
gHo 
 

NHQQQNPHQPPM-NH2 [129] 
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1.13 The blood-brain barrier 

The blood-brain barrier (BBB) is a tight layer of endothelial cells 
supported by astrocytes covering the vasculature of the brain and thereby 
restricting passage of most large molecules [130]. Tight junctions are 
formed between the endothelial cells with the aid of a number of different 
membrane proteins including claudins, cadherins and occludin and 
junction adhesion molecules with actin-linked intracellular domains [131], 
[132]. The surface area of the blood-brain barrier in an average human 
adult is estimated to 12-18 m2. The BBB regulates the environment of the 
central nervous system, prevents passage of macromolecules that could 
potentially damage neurons, shields the CNS from neurotoxins and 
pathogens and still allows transport of nutrients and metabolites. 
Transport across the BBB can occur via direct diffusion, actively via 
transporters and carriers, or via transcytosis.  
 
 
 
 
 

 
 
 
Figure 4. The blood-brain barrier [133]. 
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2. Aims 

The general aims of this thesis are to improve cell-penetrating peptides for 
delivery of oligonucleotides using the non-covalent complex formation 
approach, to study the effects of sequence modification on the cellular 
bioactivity and to improve our understanding of the general requirements 
for efficient complex formation and cellular delivery.  
 
Specific aims 
 
Paper I 
The aim of this paper was to investigate if the PepFect strategies could be 
applied to other peptides than transportan analogues, to synthesize, 
characterize and evaluate the peptides and to develop structure-activity 
relationships and a QSAR model capable of predicting effective sequences 
of future CPPs.  
 
Paper II 
In this paper, we aimed at investigating the role of the N-terminal 
sequence derived from galanin in the previously reported peptides 
PepFect 3 and PepFect 14. We modified the galanin-derived N-terminal 
sequence of the two parent peptides in order to study the role of this 
sequence in the biological effect of the peptides. In addition, the 
incorporation of histidine-containing sequence aimed at destabilizing the 
peptide-oligonucleotide complexes at acidic conditions, as the side chain 
of histidine has a pKa value of approximately 6. This was based on the 
hypothesis that the decreased pH during endosomal maturation would 
lead to decomposition of the peptide-oligonucleotide complexes and 
thereby increase the release from endosomes. 
 
Paper III 
The aim of this paper was to study the role of scavenger receptors, not 
only in the uptake of PepFect peptides but also in other CPPs as well as 
for polymer-based transfection reagents. Scavenger receptors had 
previously been reported to be involved in the uptake of PepFect peptides 
so this paper aimed at further study the role of scavenger receptors for 
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PepFects with different types of cargoes as well as in the uptake of other 
CPPs and polymeric transfection reagents. 
 
Paper IV 
This paper aimed at developing PepFects for delivery across the blood 
brain barrier. In order to study this, a blood-brain barrier model system 
was needed. Transcytosis is a different mechanism compared to the 
previously studied cellular delivery mechanisms and it was therefore 
interesting to investigate if PepFects could also transport cargoes via 
transcytosis. 
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3. Methodological considerations 

The basis of all the papers is the design and characterization of complex-
forming CPPs, the methods used are either related to the design and 
chemical synthesis of peptides, characterization of peptides and peptide-
oligonucleotide complexes or biological assays of the peptide complexes. 
The peptide synthesis was similar for all papers whereas the biological 
assays were selected based on the aims of each paper, in papers I and II, 
plasmid and splice-correcting oligonucleotides were used in luciferase-
based delivery assays for ease of detection and quantification. In paper III 
the objective was to study the mechanism of uptake and a combination of 
luciferase assays and fluorescence-based methods (microscopy and FACS) 
was used. Paper IV required specific cell lines to mimic the blood-brain 
barrier and to study glioma targeting. The methods used in this thesis are 
described in detail in each paper. This section is intended to give an 
additional theoretical background to the methods. 
 

3.1 Peptide design 

The new peptides reported in this thesis were in most cases based either 
on previous PepFect sequences or on other sequences in combination 
with modifications previously used in PepFects. The design of new 
peptides was based on factors such as the charge of amino acid side 
chains, peptide length, and amphipathicity. Helical wheel projections 
were used to evaluate the potential secondary amphipathicity of the 
sequences. This is based on the theoretical assumption that the peptides 

adapt an α-helical structure and a projection of this structure is viewed 
from the end of the helix. The projections were done using the software 
Helical wheel projections, created by Don Armstrong and Raphael 
Zidovetzki, available at http://rzlab.ucr.edu/scripts/wheel/wheel.cgi.  

mailto:don@donarmstrong.com
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3.2 Solid phase peptide synthesis 

Solid phase peptide synthesis (SPPS) is based on attachment of an amino 
acid to a non-soluble resin and stepwise coupling of additional amino acids 
to obtain the desired peptide sequence. The method was first developed 
by Bruce Merrifield [134]. In order to couple one amino acid at a time, the 
amino acids must be temporarily protected at the N-terminus, the two 
most common strategies are Boc and Fmoc chemistry based on tert-
butyloxycarbonyl and 9-fluorenylmethyloxycarbonyl respectively. Boc 
chemistry was the original method, but has today to a large extent been 
replaced by Fmoc. The main reason for this is that Boc chemistry requires 
toxic hydrogen fluoride (HF) for the final cleavage, the harsh conditions 
during the final cleavage can damage some peptides and therefore the 
milder Fmoc chemistry was developed [135]. Reactive side-chains are 
protected by protective groups during the synthesis, when the synthesis is 
completed, the peptide is cleaved from the resin and the protective groups 
are simultaneously removed, in the case of Fmoc by trifluoroacetic acid 
(TFA). After cleavage, the peptides are usually precipitated in diethyl ether 
and purified by HPLC. 
 
SPPS can be used to synthesize peptides up to a length of around 50-100 
amino acids under optimal reaction conditions, however, the yield is very 
low for long peptides and ligation of fragments in solution such as native 
chemical ligation is therefore often preferred [136].  
 
All peptides used in this thesis were synthesized using Fmoc chemistry, in 
most cases by automated peptide synthesis using a Syro II parallel 
syntheziser (MultisynTech, Germany) with benzotriazole derivatives as 
coupling reagents.  Stearic acid couplings were done manually. After 
synthesis, the peptides were cleaved in 95% TFA with 2.5% water and 
2.5% triisopropylsilane (TIS), the peptide was then precipitated and 
washed in cold diethyl ether and purified by High-performance liquid 
chroma-tography (HPLC). The peptide mass was determined using 
MALDI-TOF mass spectrometry on a voyager-DE STR (Applied 
Biosystems, USA). 
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Figure 5. Fmoc solid phase peptide synthesis on rink amide resin.  
pg=side chain protective group 

3.3 Structure-activity relationships 

Structure activity relationships relate effects of compounds, such as the 
biological response to the chemical structure of the compounds. In paper 
I, a quantitative structure activity model was developed to relate the 
biological effect (in this case the detected luminescence following uptake 
of a luciferase-encoding plasmid) to the physiochemical characteristics of 
the peptides. Quantitative structure-activity relationships (QSAR) use high 
numbers of predictors and computer based identification of relevant 
chemical parameters. The objective of QSAR modeling is to identify 
mathematical relationships between the predictors and the effect of a 
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compound. Modeling in QSAR produces predictions that can be validated 
against the data set itself or using another, external data set [137]. The 
underlying assumption of all structure-activity relationships is that similar 
molecules have similar properties. However, this is not always the case. 
This problem is referred to as the SAR paradox and especially in the case 
of large and complex biological effects such as the cellular delivery of a 
peptide complex the assumption might not always be true [138]. 
 
In paper I, we used 246 descriptors per peptide as independent variables, 
calculated with AMBER molecular mechanics (Hyperchem, hyper.com), a 
set of molecular mechanics force fields optimized for biomolecules, 
peptides and proteins. In the model, all peptides were assumed to have α-
helical structures. A number of models were created using the program 
FQSARModel [139] and the models with descriptors best fitting the 
experimental biological effect were selected. 

3.4 Dynamic light scattering 

Dynamic light scattering (DLS) is a method used to measure the size of 
nanoparticles. It is based on Brownian motion of particles in solution 
[140]. When the particles move in the solvent, the scattering of light 
changes, this change correlates with the size of the particles. In addition, 
if an electrical current is applied across the system any charged particle will 
move towards one of the electrodes. Based on measurements of this 
movement by Doppler velocimetry, the charge of the solvent/particle 
interface can be calculated, this is referred to as the ζ (zeta) potential. The 
ζ-potential is not the actual charge of the particle but rather the charge of 
the interface between the particle and the solvent. ζ-potentials close to 0 
mV (typically in the range of -30 to 30 mV) are commonly interpreted as 
an increased risk of aggregation of the particles as there is little charge 
repulsion between the particles [141]. 

3.5 Circular dichroism 

Circular dichroism spectroscopy (CD) is based on differences in 
protein/peptide absorption of circularly polarized light. Spectra obtained 
at 190-205 nm wavelength show typical characteristics depending on the 
secondary structure of the protein or peptide, with specific curve shape 
and minima/maxima at specific wavelengths [142], [143]. One limitation 
of the technique is that measurements have to be done in buffer solutions 
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and the secondary structure of a peptide might be different in cell medium 
compared to water solution. 
 
 

 
 
Figure 6. Typical CD spectra of different protein/peptide secondary 
structures with characteristic minima and maxima. 

3.6 Complex affinity and decomplexation assays 

In paper II, we developed a complex affinity assay based on centrifugation 
of peptide complexes formed with fluorescently labelled oligonucleotides 
(Alexa Fluor 568). The complexes were formed in molar ratios 3, 5 and 7 
times peptide over oligonucleotide. By centrifuging the peptide 
nanocomplexes at 14 000 g in buffer and measuring the fluorescence of 
the supernatant, we obtained a measurement of the amount of 
oligonucleotide in solution. This value was compared to an 
oligonucleotide control solution with the same concentration of 
oligonucleotide as the peptide complex samples. 
 
In paper III, we performed a gel-electrophoresis based decomplexation 
assay to verify that the inhibitors did not disrupt the complexes. Peptide-
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oligonucleotide complexes were loaded on a 1% agarose gel and post-
stained with GelRed™ and the migration of complexes treated with the 
SCARA inhibitors was compared to that of untreated complexes and 
plasmid alone. 

3.7 Cell cultures 

The cell cultures used in this thesis were HeLa (Human ovarian cancer), 
HEK-293 (human embryonic kidney), U2OS (human ostercarcoma) and 
a combination of bEnd.3 (mouse brain endothelial cells) and U87 human 
glioma cells in the blood-brain barrier model. All these cell lines are 
immortalized lines, which are easy to handle and grow fast in the lab. HeLa 
was the first permanent human cell culture and is still the most used cell 
line in the world [144]. The HeLa pLuc 705 cell line was used in luciferase-
based splice-correction assays [145]. HEK cells are another widely used 
model system, the cells were derived from a kidney cell culture exposed to 
adenovirus type 5 DNA [146] but the exact cellular origin is unknown and 
it could possibly be neuronal [147]. 
 
U2OS and bEnd.3 are more specialized cell lines than those mentioned 
above. The reason for the selection of U2OS was availability of a stably 
YFP-expressing cell line from the samp1 research at the department [148] 
and bEnd.3 was necessary for the blood-brain barrier model [149]. All cells 
were grown at 37°C with 5% CO2 in cell culture media with 10% fetal 
bovine serum (FBS) and antibiotics. 

3.8 Plasmid transfection assay 

In paper I, a plasmid-based uptake assay was used to evaluate the 
biological effect of the peptides. A firefly luciferase expressing plasmid 
was delivered into the cells by non-covalent complex formation with 
peptides formed in charge ratios based on calculations of the positive 
charges of the peptides and the negative charges of the plasmid. After 
treatment, the cells were incubated for 24 h, followed by cell lysis, addition 
of the substrate luciferin and luminesence measurements. The substrate 
used was in the form of commercial luciferase assay kits containing 
luciferin together with coenzyme A for improved light intensity and 
stability. 
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A liposomal transfection reagent, Lipofectamine 2000 was used as a 
control in the transfection experiments [150]. Lipofectamine is the most 
used and cited liposomal transfection reagent; it has become a sort of gold 
standard for liposomal transfections. 
 

3.9 Splice-correcting oligonucleotide assay 

In paper II we shifted cargo to splice-correcting oligonucleotides instead 
of plasmids. The reasons for this was that oligonucleotides are more 
interesting from a therapeutic point of view and that the complexes 
require lower peptide concentrations and tend to be more well-defined 
than plasmid complexes.  
 
HeLa pLuc705 cells were used for splice-correction based assays [145]. 
These cells stably express a luciferase gene interrupted by a beta globulin 
intron, leading to aberrant splicing in turn leading to the production of 
non-functional luciferase. Treatment with splice-correcting oligonucleo-
tides restores the production of functional luciferase, which can be used 
as a measurement of functional delivery of oligonucleotide into the cell by 
using the same method as described for plasmid assays [145]. 
 
The splice correcting oligonucleotides used in this assay were 2’-O-methyl 
and phosphothioate-modified for improved stability. 

3.10 Viability assay 

WST-1 (water soluble tetrazolium salt-1) assay was used to determine 
viability of cells after treatment with CPP-complexes, giving an indirect 
measurement of the toxicity of the CPP-complexes. The assay is 
colorimetric and based on the activity of cellular reductases, a tetrazolium 
salt is converted to an absorbent formazan product in cells with active 
metabolism and normally functioning mitochondria. By normalizing the 
values to untreated cells, the cell viability can be obtained. The assay is 
similar to the classical MTT-assay, but WST-1 gives a water soluble form-
azan product whereas MTT requires an organic solubilization step before 
absorbance measurements. In addition, the reduction of WST-1 is 
dependent on intracellular NADH, but takes place on the surface of the 
cells and does not cause intracellular accumulation of the dye, which in 
itself can cause toxicity [151], [152]. 
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3.11 Calcein leakage assay 

The Calcein leakage assay used in paper II is a method for studying 
membrane interactions of peptides or other compounds. The assay is 
based on artificial large unilamellar vesicles (LUVs), a type of lipid bilayer 
vesicles in this case prepared from neutral 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) (Avanti Polar Lipids, Alabama, USA). 
The size of the vesicles was 100 nm in diameter. For this assay, the vesicles 
were loaded with the fluorescent dye calcein. At the high concentration 
inside the vesicles (55 mM), the calcein fluorescence is quenched but when 
the vesicle membranes are damaged and calcein leaks out, the measured 
fluorescence increases. After peptide treatment, 100% leakage was 
induced by treatment with Triton X-100 [153].  
 
This method gives information about the membrane activity in a 
simplified system without surface proteins and receptors and gives some 
information about the kinetics of leakage induction. Similar methods can 
also be used to model the endosomal escape of peptides. 

3.12 Transwell blood-brain barrier model 

The Transwell-based model used in paper IV is capable of mimicking 
some aspects of the biological blood-brain barrier and can be used to 
evaluate transport across a brain endothelial cell monolayer. In order to 
reach the lower chamber of the Transwell setup and transfect the glioma 
cells, a transfection reagent must first cross the endothelial cell layer, 
preferably by transcytosis and not by disrupting the endothelial 
membrane. Transwell inserts are semi-porous membrane inserts used in 
normal cell culture plates. In order to mimic an endothelial barrier, 
endothelial cells are grown to confluence on the membrane and another 
cell type can be seeded in the lower compartment of the culture plate. This 
was done with bEnd.3 mouse brain endothelial cells on the membrane and 
U87 human glioma cells below. bEnd.3 cells express junction adhesion 
molecules and form tight junctions. The two cell types were grown 
separately to minimize interference and combined at the start of the 
experiment. In order to evaluate the cell layer integrity, trans-endothelial 
electrical resistance (TEER) was measured. bEnd.3 monocultures typically 
reach a TEER value of around 60 Ωcm2, this is much lower than the in 
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vivo value of cerebral microvessels which typically is around 1800 Ω cm2. 
However, even at the lower values the endothelial layer restricts passage 
of larger molecules or constructs such as peptides, plasmids and 
nanoparticles. 
 

 
 
Figure 7. Transwell blood-brain barrier model used in paper IV. bEnd.3 
brain endothelial cells are cultured in the insert and U87 glioma cells in the 
lower compartment. 

3.13 SCARA inhibitors 

Chemical inhibitors of SCARA were used in paper III, substances with 
related chemical structures were used as non-inhibitory controls. The 
selection of inhibitors was based on previously published data [113], [114]. 
 
Dextran sulfate (Dex), the control chondroitin sulfate (Chon) and 
fucoidan (Fuc) are all sulfated polysaccharides, polyinosinic acid (Poly I) 
and the control polycytidilic acid (Poly C) are both nucleic ester bond-
linked ribonucleotides and the sugar galactose (Gal) were used as a control 
for galactose-rich polysaccharide fucoidan. The inhibitory substances are 
not inhibitors in the classical sense, but should rather be considered non-
specific, competitive binders [113]. In addition, siRNA downregulation of 
SCARA subtypes 3 and 5 was performed. 
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3.14 Microscopy and FACS 

Fluorescence microscopy is a powerful tool to study cellular processes in 
detail. The introduction of fluorescent proteins, advances in small 
molecule fluorophores and improvements in microscopy resolution 
beyond the physical diffraction limits has led to a large number of new 
discoveries. In the case of cell-penetrating peptides, the developments in 
microscopy techniques have been closely related to the understanding of 
the cellular uptake of peptides. PepFect nanocomplexes can be labelled 
either by coupling of fluorophores directly to the peptide, for example at 
the lysine-7 position, or by using a fluorescently labelled cargo (or both 
simultaneously using different wavelengths). Epifluorescence microscopy 
was used to study the pharmacological inhibition of fluorescently labelled 
PF14 in paper III. 
 
Another fluorescence based technique, fluorescence-activated cell sorting 
(FACS) was used in paper III, this technique is based on a flow cytometry 
setup where cells can be analyzed or sorted by light scattering and 
fluorescence properties. A liquid stream is broken up into individual 
droplets adjusted to contain one cell per droplet and fluorescence 
measurements can then be done at a single cell level. The technique can 
also be used for cell sorting based on fluorescence detection [154]. In 
paper III, this technique was used to analyze the siRNA-mediated 
knockdown of YFP. 
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4. Results and discussion 

 
The general theme of this thesis is the design, synthesis and evaluation of 
new PepFect peptides and studies of the biological effects of these 
peptides. The idea behind the first two papers was that modifications 
previously used to improve the biological effect of PepFects could also be 
used for other sequences, and still give peptides capable of complex 
formation and cellular delivery. The third paper investigates the general 
uptake mechanism for CPP-complexes and paper IV combines cell-
penetrating sequences with glioma-targeting sequences for delivery across 
a model of the blood-brain barrier. 

PepFect modifications for MAP analogues and QSAR 

modeling  

 
In paper I, we started by designing an analogue of the MAP sequence and 
combining it with stearic acid modification. This led to peptides capable 
of forming complexes with oligonucleotide cargoes similarly to the 
previously reported PepFects. In addition, we modified the sequence to 
further increase the secondary amphipathicity in order to study the effects 
of this on the biological activity.  The most promising candidate in this 
first set of three peptides was the tryptophan modified PF21, this peptide 
was selected for additional modifications based on previously reported 
PepFect and NickFect peptides. We also designed a truncated version of 
PF21 with retained amphipathicity, PF28. The peptides were characterized 
by CD spectroscopy and DLS, most of the peptides displayed an α-helical 
structure with the exception of the short PF21 which had some α-helical 
structure alone but displayed a random coil structure in plasmid 
complexes. In most cases, the amphipathic peptides retained their 
secondary structure in peptide-plasmid complexes whereas the non-
amphipathic controls did not, indicating that amphipathicity might play a 
role in the complex formation. 
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The peptides were then tested in a luciferase-based plasmid delivery assay. 
PepFect 21 and 28 had the highest efficacy, ornithine and arginine 
substitutions in PF21 did not lead to an increased efficacy. Interestingly, 
the most efficient new peptides were able to deliver plasmids with an 
efficiency similar to that of PepFect 6, despite being linear peptides 
without the endosomolytic modifications included in PepFect 6. The short 
analogue, PF28 is also a promising candidate for combination with 
targeting sequences, as done in paper IV. 
 
In order to correlate the effects of peptide sequences on the biological 
activity and to predict future peptide sequences, a quantitative structure-
activity relationships (QSAR) model was developed. This model uses 
relatively simple physiochemical properties of the peptides as descriptors 
to predict its biological effect and can do so in the data set with high 
correlation to biological uptake data. Out of the tested 256 descriptors, 
three different descriptors were used in the prediction models. The first 
was the number of nitrogen atoms in the sequence, relating to the number 
of peptide bonds and side chain structure. The second descriptor, “square 
root of the partial charged (Zefirov) surface area of carbon atoms” is 
directly related to the electrostatic interactions of the peptides, possibly 
both in complex formation and cell membrane interaction. These two 
descriptors have positive regression coefficients and an increase of the 
descriptor correlates with higher biological effect. The last descriptor was 
“the hydrogen-acceptor dependent hydrogen bonding donor surface area” 
which had a negative regression coefficient, meaning that there is a 
correlation between a large hydrogen-bonding tendency and a lower 
biological effect of the peptide.  
 
The QSAR model has been further used to predict new peptide sequences 
using a fragment-based approach where the peptides from paper II were 
fragmented and rearranged, the model was used to predict biological 
effects of the new peptides and most promising candidates were 
synthesized and tested for biological effect in cell experiments [155]. This 
approach led to further increases in the biological effect although there 
were also some problems with increased toxicity of the peptides. In order 
to address this, more toxicity studies and quantification of toxic effects 
should be incorporated into future versions of the model. The QSAR 
model can also be expanded by either adding more uptake data for other 
peptides or by repeating additional cycles of predictions and testing. A 
problem with basing a model on large sets of data is that differences in 
experimental methods, cell cultures and readouts can lead to inconsequent 
data and the model will never be better than the quality of the input data. 
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Ideally, the data should be collected in the same setting using well-defined 
experimental protocols.  

pH-responsive peptides and endosomal escape 

 
A general focus of much of the previous research and developments of 
PepFects has been to increase the endosomal escape of the peptides. As 
most PepFects have higher biological effects when combined with the 
endosomolytic substance chloroquine, it is reasonable to assume that 
escape from the endosomes is one of the limiting factors. One solution to 
this problem is to couple a chloroquine analogue to the peptide; this has 
been done in both PepFect 3 and PepFect 14, leading to the peptides 
PepFect 6 and PepFect 15 [156] respectively. However, this strategy leads 
to a more complicated synthesis and can increase the toxicity of the 
peptides.  
 
In paper II the endosomal escape problem was addressed a bit differently 
from previous PepFect studies; the problem was approached on a 
complex level instead of on the molecular level.  This was done by 
introducing histidine modifications in order to destabilize the complexes 
under the acidic conditions encountered during endosomal maturation. 
We went back to the origin of the PepFects, the transportan 10 sequence, 
and substituted the galanin-derived N-terminal sequence, which has been 
remarkably conserved in all previous PepFects. This sequence has been 
shown to play an important role in membrane activity and cellular uptake 
in transportan, but not to the same extent in the fatty acid modified 
PepFects. Unpublished data from our group indicate that complete 
truncation of this sequence leads to a loss of biological activity, but a 
replacement with a glioma targeting sequence led to improved activity in 
paper IV (much of the experimental work for the two projects was done 
in parallel). The sequence was instead replaced with synthetic sequences 
incorporating histidines for pH sensitivity and positioning the histidines 
to either increase or decrease the secondary amphipathicity of the peptide 
under acidic conditions. The idea behind the histidine modifications was 
to destabilize the complexes at the low pH encountered during endosomal 
maturation. A polyhistidine-modified peptide was also included to 
maximize the number of histidines. Since polyhistidines have also been 
reported to be CPPs, a chimeric combination of PepFect sequences and 
polyhistidine was interesting to investigate. The same set of modifications 
were done to both PF 3 and PF 14 in order to study the effects of the 
different c-terminal sequences. Histidine can also act as a proton sponge 
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and possibly cause an improved endosomal escape, but this did not seem 
to be the case in the studied peptides as there was no correlation between 
a higher number of histidine residues and an increased biological effect. 
The most efficient peptide in this study was the PF3 analogue PF131 with 
a leucine/histidine sequence. Interestingly, not all histidine modifications 
had an effect on the complex size at low pH and the parent peptide 
sequence was clearly of importance for the biological effect as the PF3 
analogues displayed an increased biological activity whereas the opposite 
effect was observed for analogues based on PF14. Even though PepFect 
131 did not have higher biological effect than PepFect 14, it was still a 
remarkable improvement over PepFect 3. 
 
The CD spectroscopy in paper I and II indicated that the secondary 
structure of the peptide in the peptide-oligonucleotide complex could play 
a role in the complex formation and biological effect of the peptides. Both 
primary and secondary amphipathicity is common in CPPs and it could 
possibly play a role in the membrane interaction of the peptides. The sizes 
of peptide complexes depends on the peptide sequence and the peptide-
to-cargo ratios as shown in papers I and II, but also on the cargo itself and 
the solvent; the complexes tend to be larger in cell medium than in MQ 
water or buffer solutions. 
 
The results in paper II highlight the fact that structural modifications can 
have completely different effects in peptides with different backbones and 
that simply using a previously reported modification might not be the 
optimal way of modifying another CPP sequence. Further research into 
the mechanisms of complex formation might explain the differences, but 
the explanations could also possibly be found in the biology of the cellular 
uptake and transport and the interplay between the biology and the 
complexes. We are planning to investigate the efficiency of this peptide in 
vivo and the leucine/histidine sequence could potentially be combined with 
sequences from paper I or other peptide fragments from the QSAR 
model. 
 
An interesting general observation from both papers I and II is that most 
cationic peptides with stearic acid modifications seem to be able to form 
complexes with oligonucleotide cargoes and be used for cellular delivery, 
although with different efficiencies. Finding a completely inactive peptide 
might be a more difficult challenge, even the non-amphipathic control 
peptides in paper I and the least efficient analogues in paper II gave around 
10-fold increases in delivery compared to the cargo alone. 
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SCARA involvement in the uptake of CPPs and polymers  

 
In paper III, we shifted our focus to the uptake mechanism of PepFect 
complexes as well as other CPPs and polymeric transfection reagents. The 
idea that Scavenger receptors play a role in the uptake of PepFects was a 
logical assumption based on the observation that the peptide complexes 
have negative zeta-potentials in cell medium; therefore, receptors 
responsible for uptake of negatively charged particles were investigated. 
In this study we showed that the peptides CADY and stearyl-(RXR)4  also 
have negative zeta potentials in cell medium, this had previously been 
observed for PepFect peptides when SCARA involvement in the uptake 
had first been reported. Paper III attempts to generalize the mechanism 
for other types of peptides and polymers and different cargoes. 
Polyethylenimine (PEI) is a widely used cationic DNA-delivery system and 
is considered a standard for plasmid DNA transfections and Poly-L-
ornithine (PLO) is a polyamino acid of much longer length than typical 
CPPs. Both polymers are widely used as transfection agents. In addition 
to previously performed experiments in which SCARA 3 and 5 had been 
knocked-down by siRNA, upregulation of the same receptors was shown 
to lead to an increased uptake of PF14 and stearyl-RXR.  
 
Pharmacological inhibition of SCARA led to a significant decrease of 
uptake, for PF14, dPF14 and the polymeric transfection reagents, the 
uptake was almost completely abolished. Inhibition with siRNA reduced 
the uptake of pGL3 plasmid by about 50% in all tested cell lines. This 
partial downregulation can possibly be attributed to the involvement of 
other receptors in the uptake. Both up- and downregulation had similar 
effects on the l- and d-amino acid forms of PF14. The uptake of d-amino 
peptides has been considered a proof for receptor-independent uptake 
[157]. In the case of scavenger receptors, the binding is not as specific as 
classical receptor binding. The receptors bind or interact to a number of 
different polyanionic molecules and chirality does not seem to affect this 
binding. 
 
In addition, siRNA-mediated knockdown was performed in a siRNA 
delivery assay using the peptides PF6 and CADY and a significant decrease 
of siRNA uptake was observed for both peptides. SCARA involvement 
was observed for all peptides and polymers in the study. This is especially 
interesting in the case of CADY, which has previously been reported to 
follow a direct uptake route rather than be taken up by endocytosis. In 
contrast, no effect of up- or downregulation was observed on the uptake 
of the control transfection reagent Lipofectamine 2000. Another 
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interesting finding was that fluorescently labeled PepFect 14 is taken up 
by cells via SCARA-mediated endocytosis even without a cargo and in 
serum free medium conditions. This indicates that in serum-containing 
media, neither the oligonucleotide nor opsonization by serum proteins is 
necessary for recognition by SCARA and that the peptide itself can bind 
to the receptors. We have also observed that PepFects can form 
nanoparticles even without the presence of oligonucleotides. 

PepFects for delivery across the blood-brain barrier  

Paper IV is based on the development of peptides for delivery across the 
blood-brain barrier and development of an in vitro model of the BBB. A 
number of peptides including PF28 from paper I and PepFect 14 were 
modified with sequences for glioma targeting and used to deliver plasmids 
across an endothelial cell layer mimicking the BBB and into an underlying 
culture of glioma cells. The most efficient peptide was PF32, a truncated 
version of PF14 where the galanin-derived sequence was removed and the 
glioma-targeting peptide angiopep was conjugated to the C-terminus. This 
peptide has some similarity to the peptides in paper II and was in fact one 
of the reasons for the design of the new peptides. The idea to combine 
CPPs with targeting sequences is certainly not a new one, but this study 
was the first example of combining a truncated PepFect with a targeting 
sequence. The reason for this was mainly to shorten the total length of the 
peptide since angiopep alone is 19 amino acids long. Surprisingly, the 
truncated peptide was more efficient than the peptides based on full length 
PF14 combined with targeting motifs. This also led to the synthesis of a 
number of unpublished, less successful truncated PF14 analogues. 

 
A limitation of all papers included in this thesis is that they rely on in vitro 
cell experiments. Studies in vitro inherently have the risk of optimizing 
delivery in vitro and not addressing the real problems related to in vivo 
delivery. It is possible that peptides proven efficient and non-toxic in vitro 
can make the transition to in vivo applications, but this is not guaranteed to 
work. There is a need for improved in vitro models, and more in vivo 
experiments, as well as to focus on other aspects than just obtaining the 
highest possible transfection rates in cell culture. 
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5. Conclusions 

In conclusion, this thesis aims at expanding the understanding of PepFect 
delivery of oligonucleotides using the non-covalent complex formation 
approach; this includes the development of new peptides, the role of 
peptide sequences in the complex formation and biological effect, and 
QSAR predictions of the biological effect.  
 
Major findings: 
 
Paper I: 
Previously developed strategies to increase the uptake of PepFects can be 
used to improve the uptake of structurally unrelated peptide sequences. 
Quantitative structure-activity relationships (QSAR) can be used to 
predict the biological effect of this type of CPPs based on simple 
biophysical descriptors. 
 
Paper II: 
The galanin sequence in transportan-derived PepFects is not necessary for 
cellular uptake; substituting it with histidine-containing sequences led to 
pH-sensitive peptide complexes. A significantly improved analogue of 
PepFect 3, PepFect 131, was developed. 
 
Paper III: 
Showed the involvement of scavenger receptors in the uptake of PepFect-
oligonucleotide complexes as well as other types of CPP and polymer 
complexes. PepFect 14 alone, without any oligonucleotide cargo was also 
recognized by scavenger receptors type A. 
 
 
Paper IV: 
A Transwell-based model of the BBB can be used to evaluate transport of 
PepFect complexes. PepFects with glioma targeting sequence 
modifications had increased uptake in glioma cells in the BBB model 
system. 
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Taken together, the papers included in this thesis provide a small step 
towards and increased understanding of CPP-based nanocomplexes for 
delivery of oligonucleotides. Still, more work is required to understand the 
underlying mechanisms and if this is understood, this knowledge may be 
applied to improve the complex formation and the intracellular delivery. 
CPPs have a great potential for gene therapy applications as well as 
applications in combination with peptide-based drugs, which are currently 
gaining considerable interest from the pharmaceutical industry. If complex 
forming cell-penetrating peptides can be made sufficiently efficient and 
the mechanisms of uptake can be understood, CPPs and peptide-based 
nanocomplexes can certainly play an important role in future medicine. 
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6. Populärvetenskaplig sammanfattning på 
svenska 

Cellpenetrerande peptider (CPP) är en klass av peptider (en kortare variant 
av proteiner) som kan transportera t ex läkemedel in i cellen och användas 
för genterapi. Genbaserade läkemedel har en enorm potential för 
behandling av cancer och många andra sjukdomar men hämmas av det 
mycket begränsade upptaget i celler. Till skillnad mot de flesta klassiska 
läkemedel måste genbaserade läkemedel nå in i cellen för att kunna ha en 
effekt. Våra peptider, PepFects, är en klass av cellpenetrerande peptider 
som spontant binder till genbaserade läkemedel och bildar en sorts 
nanopartiklar. 
 
Avhandlingen bygger på fyra artiklar som tar upp utvecklingen och den 
kemiska syntesen av nya PepFect-peptider, mekanismerna för upptaget i 
celler samt upptaget i en modell av blod-hjärnbarriären. Målet med dessa 
projekt var att öka vår förståelse för vad som krävs för effektivt upptag av 
CPP:er och bättre förstå hur detta upptag sker.  
 
De första två artiklarna i avhandlingen tar upp utvecklingen av nya 
cellpenetrerande peptider. I artikel I utvecklas ett antal nya peptider 
baserade på en kombination av peptiden MAP och våra tidigare använda 
strategier för att öka effektiviteten hos PepFects. Dessutom utvecklade vi 
en datorbaserad modell som kan användas för att bedöma den biologiska 
effekten av nya peptider och förutsäga om de kommer att vara effektiva 
eller inte. I artikel II modifierar vi några av våra tidigare publicerade 
peptider med aminosyran histidin för att göra dem pH-känsliga och öka 
frisättningen i celler, vilket ledde till en kraftigt ökad biologisk effekt 
jämfört med peptiden PepFect 3. 
 
Artikel III behandlar en klass av receptorer på cellmembranet (SCARA) 
som visas vara delaktiga i det cellulära upptaget av cellpenetrerande 
peptider. Detta hade tidigare observerats för PepFect-peptider men i 
denna artikel visar vi att samma receptorer medverkar i det cellulära 
upptaget av andra typer av cellpenetrerande peptider och vissa typer av 
polymerer som också de kan användas för intracellulär leverans. Vi visar 
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också att inhibition av SCARA-receptorerna reducerar upptaget medan ett 
ökat uttryck av receptorerna leder till högre upptag. 
 
Artikel IV handlar om peptider med ”målsökande” sekvenser som ska öka 
upptaget i hjärntumörer. Vi kombinerade ett antal olika peptider, bl a PF28 
från artikel I med två olika typer av sekvenser som är selektiva för celler 
från cancertypen gliom. Dessutom utvecklade vi ett modellsystem som 
efterliknar blod-hjärnbarriären för att testa de nya peptiderna. Denna 
modell är baserad på Transwell-membran, ett poröst membran som man 
kan odla celler på och efterlikna det täta lager av celler som utgör blod-
hjärnbarriären. I praktiken består modellen av ett sammanvuxet lager 
blod-hjärnbarriärceller ovanför ett lager cancerceller, genom att behandla 
cellerna i det övre lagret med våra peptider kan vi studera hur de passerar 
till de undre lagret och tas upp av cancercellerna. Den mest effektiva 
peptiden i denna studie var en nedkortad variant av PepFect 14 
kombinerat med en cancerspecifik peptid (angiopep). 
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