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Abstract
The fundamental element of life known to man is the gene. The information contained in genes regulates all cellular
functions, in health and disease. The ability to selectively alter genes or their transcript intermediates with designed
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In Paper I we studied the effects of different types of oligonucleotide cargo in the capacity of cationic and amphipathic
peptides to interact with lipid membranes. We found that indeed the cargo sequesters some of the peptide’s capacity to
interact with membranes. In Paper II we revealed the simultaneous interaction of different molecular and supramolecular
peptide and peptide/oligonucleotide species in equilibrium, with the cellular membrane. In Paper III we developed a series
of peptides with improved affinity for oligonucleotide cargo as well as enhanced endosomal release and consequently
better delivery capacity. In Paper IV we investigated the effect of saturated fatty acid modifications to a cationic cell-
penetrating peptide. The varying amphipathicity of the peptide correlated with the complex physicochemical properties
and with its delivery efficiency.

This thesis contributes to the field with a set of characterized mechanisms and physicochemical properties for the
components of the ternary system – cell-penetrating peptide, oligonucleotide and cell membrane – that should be considered
for the future development of gene therapy.
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Abstract 

The fundamental element of life known to man is the gene. The information 
contained in genes regulates all cellular functions, in health and disease. The 
ability to selectively alter genes or their transcript intermediates with de-
signed molecular tools, as synthetic oligonucleotides, represents a paradigm 
shift in human medicine. 

The full potential of oligonucleotide therapeutics is however dependent on 
the development of efficient delivery vectors, due to their intrinsic character-
istics, as size, charge and low bioavailability. Cell-penetrating peptides are 
short sequences of amino acids that are capable of mediating the transport of 
most types of oligonucleotide therapeutics to the cell interior. It is the inter-
action of cell-penetrating peptides with oligonucleotides and the transport of 
their non-covalently formed complexes across the cellular membrane, that 
constitutes the main subject of this thesis. 

In Paper I we studied the effects of different types of oligonucleotide cargo 
in the capacity of cationic and amphipathic peptides to interact with lipid 
membranes. We found that indeed the cargo sequesters some of the peptide’s 
capacity to interact with membranes. In Paper II we revealed the simultane-
ous interaction of different molecular and supramolecular peptide and pep-
tide/oligonucleotide species in equilibrium, with the cellular membrane. In 
Paper III we developed a series of peptides with improved affinity for oli-
gonucleotide cargo as well as enhanced endosomal release and consequently 
better delivery capacity. In Paper IV we investigated the effect of saturated 
fatty acid modifications to a cationic cell-penetrating peptide. The varying 
amphipathicity of the peptide correlated with the complex physicochemical 
properties and with its delivery efficiency. 

This thesis contributes to the field with a set of characterized mechanisms 
and physicochemical properties for the components of the ternary system – 
cell-penetrating peptide, oligonucleotide and cell membrane – that should be 
considered for the future development of gene therapy. 
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1. Introduction 

1.1 Gene therapy 
Forty five years have passed since an article was published in Science on the 
futuristic possible therapeutic benefits of gene therapy [1]. Since then, gene 
therapy has fascinated scientists, clinicians and the general public because of 
its potential to treat disease at its genetic roots. Gene therapy enables the 
targeted delivery of information rich gene based cassettes that facilitate the 
stable, sustained and regulated expression of biological agents. As simple as 
the concept sounds, huge challenges have been faced to put it into practice. 
Efficient gene transfer must overcome cellular and tissue barriers, which are 
as ancient as life itself, to deliver new genetic information into the target cell 
to drive stable and competent expression of a therapeutic molecule, without 
disturbing the essential regulatory mechanisms [2]. 

Numerous gene-therapy based clinical trials have been performed in the last 
two decades [2, 3]. Recently a few of these reported promising results in 
regard to both safety and efficacy in several immunodeficiency disorders [4, 
5], haemophilia B [6], a form of congenital blindness [7], beta–thalassemia 
[8], and a metachromatic leukodystrophy [9]. Despite this, translation to the 
clinic has suffered adverse events, often related to viral vectors. On top of all 
the challenges is the astronomical price of treatments, becoming necessary 
sophisticated economic models to value these therapies [10, 11]. To date, 
eight gene therapies have been approved, these are: Gendicine®, Oncorine®, 
Rexin-G®, Glybera®, Neovasculagen®, Imlygic®, Strimvelis®, Eteplirsen® 
and Zalmoxis®. With particular interest are: (1) Glybera®, to treat adults with 
lipoprotein lipase deficiency (LPL), approved in 2014 by the European Med-
icines Agency (EMA) [10]; (2) Strimvelis®, to treat adenosine deaminase 
severe combined immune deficiency, approved by the EMA in 2016 [12]; 
(3) Eteplirsen, for Duchenne muscular dystrophy (DMD), approved by the 
Food and Drug Administration (FDA) in 2016 [13]. 

Conversely to most conditions that are the focus of the pharmaceutical and 
biotechnology industries, gene therapies often center on rare disorders, af-
fecting only a few in the population. Furthermore, unlike common medical 
therapies that must be administrated repeatedly, gene therapy is more similar 
to a surgical procedure, where one intervention cures for a lifetime. Once 
efficacious, one time gene therapy is sustainably extended to common disor-
ders, enormous benefits will come for society [11].  
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1.2 Cellular barriers 

According to the RNA world hypothesis, the emergence of life in our planet, 
approximately 4 billion years ago, happened when the primordial RNA and 
macromolecular soup became encapsulated by a lipid bilayer that allowed 
chemical reactions to occur inside, without the interference from RNAs and 
macromolecules on the outside [14]. Lipid bilayers prevent the free move-
ment of molecules, selectively allowing small (< 500 Da), neutral and slight-
ly hydrophobic molecules to passively diffuse across them, while preventing 
large, charged molecules, like most oligonucleotides [15], from crossing 
them [16]. 

1.2.1 Lipid bilayers 
The idea of a lipid bilayer as the basic model of the cell membrane structure, 
was proposed almost a century ago from the work of Gortner and Grendel, 
who performed some key experiments using a Langmuir trough and red 
blood cells [17]. The model has been firmly established and it is known that 
the shape and nature of the lipid molecules, mostly phospholipids, are re-
sponsible for the formation of spontaneous bilayers in aqueous environment. 
In this energetically most-favorable arrangement, the hydrophilic heads face 
the water at each surface of the bilayer, and the hydrophobic tails are shield-
ed from the water in the interior. These same forces give phospholipids a 
self-healing property [18]. An additional characteristic of lipid bilayers is 
fluidity, where individual lipid molecules possess rapid lateral diffusion in 
contrast to very slow leaflet migration (process known as flip-flop) [19]. The 
fluidity of a lipid bilayer depends on both its temperature and composition, 
which is not exclusively phospholipids, containing also densily packed cho-
lesterol and glycolipids [18].  

1.2.1.1 The Plasma membrane 
Besides its role as a cellular barrier, the plasma membrane (PM) also consti-
tutes a two-dimension solvent for the proteins in the membrane. The major 
structural lipids in eukaryotic membranes are glycerophospholipids: phos-
phatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphati-
dylinositol and phosphatidic acid [20]. The local association of some lipid 
molecules, such as sphingolipids and cholesterol can lead to formation of 
transient small micro domains, known as lipid rafts, where certain membrane 
proteins accumulate [21]. Another characteristic of the PM is its asymmetry, 
with lipid and glycolipid composition differentiation between the inner and 
outer monolayers. The identification of these domains and the elucidation of 
the relationships between physical state and function define the current lim-
its of our understanding [20].  
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1.3 Endocytosis 
The transport across membranes of large and charged macromolecules, into 
and out of cells, requires complex mechanisms of endocytosis (uptake) and 
exocytosis (secretion). Endocytosis is a fundamental transport process in all 
cells and it describes the de novo production of internal membranes from the 
plasma membrane lipid bilayer [22]. It mediates interactions of the cell with 
its surroundings allowing the regulation of processes like nutrient uptake, 
signaling, synaptic transmission and several others. Endocytosis can be re-
ceptor mediated, triggered by electrostatic interactions with the cell surface 
negatively charged proteoglycans, or by direct interaction with the PM [22]. 

Endocytosis pathways can be subdivided into four main categories: (1) 
phagocytosis, which involves ingestion of large vesicles; (2) clathrin-
mediated endocytosis (CME), which is mediated by the production of small 
(~100 nm in diameter) vesicles that have a morphologically characteristic 
coat made from the cytosolic protein clathrin; (3) caveolae-mediated endocy-
tosis, which consist of the cholesterol-binding protein caveolin with a bilayer 
enriched in cholesterol and glycolipids and (4) macropinocytosis, which 
usually occurs from highly ruffled regions of the plasma membrane, through 
the invagination of the cell membrane to form a pocket [22-24]. These dis-
tinct pathways create endosomal compartments with distinct lumina and 
surfaces to allow the differential modulation of intracellular events, includ-
ing the possibility of delivering cargoes to distinct intracellular destinations. 

1.3.1 Clathrin-mediated endocytosis 
The main characteristic of CME is the activity of the coat protein clathrin, 
which forms clathrin coated pits (CCPs) and clathrin coated vesicles (CCVs) 
from the PM. Adaptor and accessory proteins coordinate clathrin nucleation 
sites of the PM, which are destined to be internalized [25]. This nucleation 
promotes the polymerization of clathrin into curved lattices, and this leads to 
the stabilization of the attached membrane’s deformation. The concerted 
action of other proteins and polymerized clathrin aids the formation and 
constriction of the vesicle neck, helping to bring the membranes surrounding 
the neck into close apposition. The process of membrane scission is mediat-
ed by dynamin, a large GTPase, which forms a helical polymer around the 
constricted neck and upon GTP hydrolysis mediates the release of the vesicle 
from the PM, irreversibly releasing the CCV into the cytosol [26]. Some 
theories suggest that clathrin alone is insufficient for membrane curvature 
generation, and that proteins from the Epsin family are also necessary [27]. 
These proteins can link cargo to clathrin and also bind to inositol lipids, driv-
ing membrane deformation in the assembling CCP through the insertion of 
an amphipathic helix. The clathrin basket is subsequently removed by spe-
cialized proteins auxilin and hsc70 and undergoes further trafficking within 
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the cell, until it fuses with a destination intracellular compartment, finally 
releasing its cargo [22]. 

1.3.2 Caveolae-mediated endocytosis 
Only a few endogenous proteins associated with clathrin independent endo-
cytosis have been discovered to date. One of these proteins is caveolin, 
which is present in mammals as caveolin 1, 2 and 3 [22]. Caveolin 1 is pre-
sent in special type of lipid rafts called caveolae, at around 100-200 mole-
cules per caveolae and cells not expressing this protein do not show morpho-
logically evident caveolae [28]. Caveolae are flask-shaped invaginations 
~50-100 nm in size and are suggested to form in the Golgi complex, where 
they acquire their characteristic detergent insolubility and cholesterol associ-
ation, in concert with caveolin 1 oligomerization. Caveolin 1 forms higher-
order oligomers, it is palmitoylated and binds to cholesterol and fatty acids, 
which stabilize oligomer formation [29]. Evidence was shown for the struc-
tural details of caveolin 1, which forms an hairpin embedded into the mem-
brane, perhaps reaching through the outer monolayer, where both N and C 
termini are exposed to the cytoplasm [30]. Additional structural aspects from 
caveolin are the spike-like coat found in caveolae and the ring-like density 
found circumferentially around the caveolar neck [22]. 

1.3.3 Macropinocytosis 
Macropinocytosis describes a form of large scale internalization that fre-
quently involves protrusions from the PM, which subsequently fuse with 
themselves or with the PM, resulting in the uptake of extracellular compo-
nents trapped in vesicles, called macropinosomes (0.2-5 µm) [22]. This pro-
cess, which usually starts in response to growth factor activation, is depend-
ent of actin and rac1 and suggested to be linked to the capacity of membrane 
ruffle formation [31]. Other important promoters of the process are PAK1 
kinase, phosphatidylinosotiol-3-kinase (PI3K), ras and src [32]. Macropino-
cytosis is cholesterol dependent, and cholesterol is necessary for the recruit-
ment of activated rac1. Macropinosomes are larger than other endocytic 
vesicles and contain extracellular fluid, which makes the uptake less specific 
than other types of endocytosis [22].  
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1.3.4 Endosomal escape 
All types of therapeutic oligonucleotides must reach the cytosol or the cell 
nucleus to perform their biological action [33]. Thus, an obvious problem is 
faced if the endocytosed materials are not released from endosomes, once 
they will end up in lysosomes for degradation. Lysosomes are vesicles origi-
nated in the Golgi apparatus, their lumen has a pH 4.5 – 5.0 and contains 
various hydrolytic enzymes that can break virtually all kinds of biomolecules 
[34]. 

Endosomes follow sequential steps that start within approximately one mi-
nute just beneath the PM, surging as early endosomes (EE). After 5-15 
minutes they can be seen closer to the Golgi apparatus and near the nucleus 
as late endosomes (LE) (Figure 1). Their association with different Rab 
proteins characterizes them [35]. The acidity inside LEs is in general higher 
than inside EEs. The crucial acidic pH in these organelles is kept by the 
work of a vacuolar H+-ATPase in the endosomal membrane that pumps H+ 
into the lumen from the cytosol. Some molecules escape the fate of degrada-
tion by the recycling of early endosomes back to the PM, however many 
follow the pathway for degradation by acid hydrolases in lysomes [36]. 

  
Figure 1 The endosome/lysosome system. Endosomes move towards the perinuclear space 
along microtubules (MT). The nascent LE are formed inheriting the vacuolar domains of the 
EE network. They carry a selected subset of endocytosed cargo from the EE, which they 
combine en route with newly synthesized lysosomal hydrolases and membrane components 
from the secretory pathway. Adapted from [35]. © 2011, European Molecular Biology Organ-
ization. 
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The classic approach to disrupt or lyse endosomes to avoid degradation of 
their cargo has been achieved mostly with the use of small-molecule en-
dosomolytic agents, such as chloroquine [37]. Chloroquine diffuses passive-
ly across the cell membrane into endosomes where, as the pH drops, it be-
comes protonated and trapped inside the endosome leading to a dramatic 
increase in its endosomal concentration. The mechanism of endosomal lysis 
is believed to result from the insertion of the hydrophobic motif of chloro-
quine into the endosomal lipid bilayer [37]. Other types of endosomolitic 
agents, such as 3-deazapteridine analogs have been used [38], however their 
uncontrolled action in all endosomes inside a cell makes them highly toxic, 
limiting their perspective for clinical use. Methods that integrate pH sensi-
tive and pore forming peptide sequences have been proposed in several stud-
ies [39-42]. However the efficacy accomplished with most, if not all oligo-
nucleotide delivery formulations is still far from the two orders of magnitude 
improvement that is needed for successful clinical translation [15, 43]. 

1.4 Therapeutic oligonucleotides 
Early attempts to silence specific genes using antisense oligonucleotides 
(ASOs) date back to 1970s, but these aspirations were mostly extinguished 
by the unexpected complexity of oligonucleotide (ON) pharmacology. In 
1978 Zamecnik and Stepheson suggested that oligonucleotides could be used 
therapeutically [44, 45]. In their pioneering work, they reported that oligonu-
cleotides complementary to the terminal repeat sequences of the Rous sar-
coma virus could inhibit its replication. This finding generated little interest 
at the time and it was not until the appearance of the first automated DNA 
synthesizer and the emergent AIDS problem, that companies started to de-
velop modified oligonucleotides (phosphorothioates and methylphospho-
nates) as drugs [46]. These ASOs were designed to bind complementarily to 
sequences in either viral or messenger RNA (mRNA). While conventional 
drugs bind directly to proteins, ASOs block the synthesis of proteins by 
stopping translation through an RNase H mediated process [47]. 

The main ON therapeutic interventions that have been used to target biologi-
cal processes can be resumed into seven mechanisms:  (1) Binding to Toll-
like receptors (TLRs) in the endosome; (2) Small interfering RNA (siRNA); 
(3) Micro-RNA (miR) mimics; (4) Antagomir, sterically blocking endoge-
nous miR; (5) Gapmer AON, inducing RNase H degradation (6) Aptamer, 
binding alters protein surface; (7) Splice switching ON (SSO) [48]. Addi-
tional strategies that are currently getting special attention from the pharma-
ceutical industry include mRNA-based therapeutics and CRISPR-Cas9 ge-
nome editing machinery. mRNA-based therapeutic approaches use a hit-and-
run strategy to transiently express a therapeutic protein after which the 
mRNA is degraded [49]. CRISPR-Cas9 technology appeared in 2012 from 
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the work of tree groups [50-52] and is now fast developing to a kind of ge-
netic scalpel that allows very specific gene manipulation. The process needs 
two essential components: the Cas9 recombinase enzyme that cuts the DNA 
and a snippet of single guide RNA (sgRNA) that guides the molecular scis-
sors to the target sequence [53]. On the shadow of its promising clinical uses 
are issues related to its use on in-human DNA editing, where the patient’s 
genomic DNA is altered for life, with all the associated ethical issues [54]. 
The scope of this thesis was limited to the use of tree types of therapeutic 
ONs, which are described in the following paragraphs. 

1.4.1 Plasmids 
Plasmids were one of the key molecular tools at the heart of the invention 
and development of DNA cloning and recombinant DNA [55, 56]. The 
breakthrough that sparked the development of plasmid biopharmaceuticals 
came in 1990, when Wolff and colleagues found that the reporter transgenes 
encoded in such a “naked” plasmid DNA molecule were expressed within 
muscle cells [57]. Plasmids are circular, double stranded 1-200 kbp DNA 
molecules most commonly found in bacteria, but also in archea and some 
eukaryotic organisms, where they carry genes that benefit the survival of the 
host, for example antibiotic resistance. The fundamental characteristics of 
plasmids are their capacity of replicating autonomously within a host cells 
and their capacity of transmission between hosts in a process know as hori-
zontal gene transfer [58].  

One of the simplest approaches of delivery is direct gene transfer with naked 
plasmid DNA (pDNA) to the organs of interest. pDNAs, which carry recom-
binant genes of interest, can then be used for introducing functional genes to 
cells and organs, leading to production of a protein of interest. The primary 
limitation of current direct pDNA mediated gene transfer is the short dura-
tion of gene expression. This is due to the low rate of stable integration of 
naked DNA into the host genome [59]. Most plasmids used for gene therapy 
carry a strong ubiquitous mammalian promoter or a tissue specific promoter, 
a multiple cloning site region for inserting the therapeutic gene of interest 
and an appropriate transcription terminator to stabilize the transcripts. The 
efficiency of plasmid mediated gene transfer can be improved by modifying 
various regulatory elements in the plasmids such as the promoters, enhanc-
ers, introns, polyadenylation and transcriptional terminators [59]. Limita-
tions of plasmid-mediated gene therapy include (1) the short duration of 
gene expression, due to gene dilution in replicating cells and (2) gene inacti-
vation by histone deacetylation and chromatin condensation [59]. 

While the use of pDNA transfection in vitro is trivial, in vivo applications 
are more challenging and require delivery systems as electroporation or 
transfection agents [59]. Additional drawbacks include the inherent risk of 
insertional mutagenesis, which can be minimized through the use of zinc 
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finger nucleases [60], and the relatively large amounts of pDNA needed for a 
sustained transfection, increasing both the risk of random insertion and tox-
icity from the transfection agents [61]. Clinical research on plasmid bio-
pharmaceutics is vast and includes applications in the context of cancer [62], 
coronary and peripheral arterial diseases [63], Alzeimer’s [64], diabetes 
mellitus [65], spinal cord injury [66] and others.  

1.4.2 Splice-switching oligonucleotides  
In humans, most protein coding genes contain coding sequences scattered 
with non-coding sequences. After gene transcription, these intervening non 
coding RNA sequences, called introns, are excised and the coding RNA 
sequences, called exons, are ligated together in a process known as pre-
mRNA splicing [67]. This precise and accurate splicing produces the final 
mRNA that is translated to protein. The cleavage reactions happens at con-
served sequences called the 5’ splice site at the 5’ end of an intron and the 3’ 
splice site at the 3’ end of an intron. The splice sites are recognized through 
the interaction with a multimegadalton ribonucleoprotein complex called the 
spliceosome [67]. The splicing code is defined by the patterns in the alterna-
tive splicing process, as the location of cis-acting splicing element sequenc-
es, their trans-acting binding proteins, the interactions of these 
mRNA:protein complexes (mRNP) with surrounding mRNPs and their ac-
tivity in repressing. Understanding this code is essential to design efficient 
strategies regarding a therapeutic application [68]. 

Splice switching oligonucleotides (SSOs) (also designated as splice correct-
ing oligonucleotides (SCOs) throughout the text) are ASOs, typically short 
(15-30 nucleotides), synthetic, modified nucleic acids that base-pair and 
sterically block pre-mRNA, disrupting the normal splicing process. There-
fore, SSOs can be used to effectively target and alter splicing in a therapeutic 
manner [68]. However, SSOs need to be chemically modified to avoid pre-
mRNA-SSO complex cleavage by RNase H and also to stabilize the SSO in 
vivo, improve its cellular uptake and release as well as its binding affinity 
[69]. 
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Important chemical modifications to improve the potency and pharmacology 
properties of ASOs include modifying the 2’-hydroxyl (OH) to 2’-O-methyl 
(O-Me), 2’-fluoro (F), 2’-methoxytheyl (MOE) or bicyclics that contain a 2’, 
4’-O-methylene bridge (Figure 2).  

 
Figure 2 Common chemical modifications at the 2’ position of the sugar. 

These more versatile and stable building blocks allowed the development of 
new synthetic ONs including phosphorodiamidate morpholino oligomers 
(PMO) [69], peptide nucleic acids (PNA) [70] (Figure 3) and the conforma-
tional restricted locked nucleic acids (LNA) [71] (Figure 2). The common 
denominator for most of the ON-therapeutics is synthetic nucleotide chemis-
try, mainly involving changes in the backbone phosphate and carbohydrate, 
while leaving the naturally occurring bases. 

 
Figure 3 Common phosphate backbone modifications. 

SSOs gather many attributes that make them an ideal drug: (1) they are rela-
tively easy to synthesize and deliver (under specific conditions can be deliv-
ered as naked oligonucleotides), (2) they are highly target-specific due to 
their base-pairing requirements, (3) they show efficient entry into most cell 
types in the body, (4) they are well tolerated, particularly in the CNS, and (5) 
they have a long-lasting effect in vivo [68]. In addition, SSOs can be easily 
designed to have any number of different effects on the expression of a gene 
by either inhibiting or enhancing the use of a specific splice site. 

The first proof that ASOs could be effective to target splicing came from 
studies of a thalassemia-associated defect in splicing caused by a mutation in 
the human globin gene that creates a cryptic 5’ splice site, which is used 
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preferentially over the natural site [72]. Many SSO strategies have now been 
used to modulate splicing in animal models of human disease and some have 
entered clinical trials. The most advanced SSOs are now in phase 3 clinical 
trials for the treatment of DMD [13, 73] and Spinal Muscular Atrophy 
(SMA) [74]. 

1.4.3 siRNA 
The discovery of RNA interference (RNAi) in mammalian cells ignited a 
huge interest in harnessing this pathway for the treatment of disease. Con-
sidered as the spark for the discovery of this pathway was the realization in 
1993, that the lin-4 gene, which is involved in the timing control of the larval 
development of Caenorhabditis elegans (C. elegans), did not code for a pro-
tein but instead it produced two small RNAs of 22 and 61 nucleotides [75]. 
These two RNAs were shown to regulate the translation of the lin-4 gene. 
Yet, the liminal work that set the stage for the RNAi field was the discovery 
in 1998 of a hidden, more general gene-regulation mechanism in the same 
nematode (C. elegans) [76]. For this, Andrew Fire and Craig Mello were 
awarded the Nobel Prize in medicine in 2006. It was however, another fun-
damental discovery, this from Tuschl and colleagues in 2001 that, by show-
ing the silencing effect of exogenous 21-nucleotide RNAs, opened the door 
for the field of double-stranded, short-interfering RNA (siRNA) [77]. 

In contrast to ASOs, which directly bind their related mRNA target in an 
unaided manner and can therefore incorporate chemical modifications [15], 
siRNAs are inactive until loaded by the trans-activation responsive RNA-
binding protein (TRBP) into their catalytic counterpart, Argonaut (Ago2) 
[78]. After loading into Ago2, the sense or passenger strand is removed and 
the antisense or guide strand is kept. However, the double stranded RNA 
binding domain (DRBD) in TRBP and the PAZ domain in Ago2 can only 
recognize siRNA modifications that maintain or mimic a double stranded, A-
form native RNA structure [79]. This requisite is satisfied for siRNA 2’-F 
and 2’-O-Me modifications (Figure 2), which mimic the biophysical proper-
ties of the 2’OH. Besides being well tolerated by the RNAi machinery, these 
modifications also serve to stabilize siRNAs from RNAses and prevent load-
ing into and activation of innate immune receptors (TLR, RIG-1, MDA-5) 
[79, 80]. Not surprisingly almost all siRNA therapeutics in clinical trials 
contain these modifications [79, 81]. Additional well tolerated chemical 
modifications are the incorporation of phosphorothioates [82] and bi-
oreversible phosphotriesters [83]. 

Several applications for siRNA-based therapeutics are under development, 
ranging from viral infections [84, 85] to hereditary disorders [86] and can-
cers [87, 88]. Considerable amounts of effort and capital have been invested 
in bringing siRNA therapeutics to the clinic. At least 22 RNAi-based drugs 
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have entered clinical trials and many more are in the developmental pipeline 
[81]. 

After systemic administration, siRNA needs to have capacity to overcome all 
physiological barriers before it reaches the site of action. These include (1) 
resistance against nucleases, (2) evasion of the immune system, (3) avoid 
non-specific interactions with serum proteins and non-targeted cells, (4) 
avoid renal clearance, (5) exit from blood vessels to reach target tissues, (6) 
enter cells and finally (7) incorporate into the RNAi machinery [89]. Be-
cause siRNA molecules are too large and too hydrophilic, thus far from the 
criteria defined by the Lipinski’s rule of five (Mw < 500 Da; log P ≤ 5) [90], 
delivery agents are required to assist their uptake by target cells [89]. 

1.5 The need for delivery systems 
Common to all therapeutic oligonucleotide types is their need to be delivered 
into cells and tissues efficiently, in order to carry out their biological func-
tions. Some types, such as those containing both phosphorothioate (PS) and 
certain sugar modifications [91] are capable of entering cells in vivo, such as 
hepatocytes or kidney cells, in a naked form, but bioavailability at the right 
location may still be limited by poor cell trafficking and endosomal entrap-
ment. For many cell types, cell targeting and entering is found to be poor for 
most naked oligonucleotide types, or their ability to reach the desired tissue 
is limited [89]. To overcome these limitations, it became necessary to search 
for new delivery systems that could enhance tissue penetration, improve cell 
entry, as well as enhance intracellular bioavailability at the desired target. 
Important to say that to date, these problems are still unsolved, since deliv-
ery efficiencies of synthetic vectors in the clinic are too low to obtain thera-
peutic levels of gene expression. 

It is remarkable that viral vectors are dominant in clinical gene therapy, de-
spite the significant safety concerns associated with their immugenicity and 
insertional mutagenesis [92]. As in the case of the two recently approved 
gene therapy products in the western hemisphere: Glybera®, which uses an 
adeno-associated virus serotype 1 (AAV1) [10] and Strimvelis®, which uses 
a second generation lentiviral vector in an ex vivo approach [12]. 

Apart from viral vectors, the most prevalent delivery systems for therapeutic 
ONs are still cationic liposomes and other lipid nanoparticle (LNP) delivery 
systems [93]. For example, the optimization of LNP for siRNA delivery 
using ionizable lipids lowered the dose 100-fold from 1 mg/kg to 0.01 mg/kg 
for liver targeted genes [94]. However, the delivery capacity of LNPs con-
trasts with (1) the difficult and labor intensive synthesis, since it generally 
requires the addition of four of five components, (2) their large size and Mw, 
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which makes them to preferentially target the liver and (3) the dependence of 
the enhanced permeability and retention (EPR) effect for delivery to solid 
tumors, where blood vessels are thought to be sufficiently disorganized to 
allow passive accumulation of the nanoparticles. In summary, LNPs still 
have major liabilities for use outside of normal liver or local delivery [15]. 

A myriad of delivery systems for oligonucleotide therapeutics have been 
developed to overcome cellular, tissue and organ barriers. For example, 
many delivery systems aim to be larger than 20 nm to avoid renal clearance 
[95]. Notable exceptions include Dynamic PolyConjugates [96] (DPCs, 10 
nm) and ternary N-acetylgalactosamine (GalNAc) conjugates [97], which are 
both highly effective delivery systems. Various delivery systems aim to im-
prove the rate of cellular uptake by incorporating targeting ligands, as 
LDL/HDL [98], folate [99], transferrin [100] and antibodies [101], that bind 
specifically to receptors on target cells to induce receptor-mediated endocy-
tosis [102]. Polymeric systems such as cyclodextrin [103] and poly(lactic-
co-glycolic acid) (PLGA) [104] based nanoparticles, where pDNA or siRNA 
are encapsulated or embedded within the polymer matrix, have also shown 
improved oligonucleotide delivery efficacy. However, for all the enhanced 
delivery power of these drug delivery systems, simpler, less costly and more 
effective methods are necessary to enhance cell delivery of ON therapeutics 
[95]. Among the candidates are peptide-based vectors, commonly referred as 
cell-penetrating peptides (CPPs) [105]. 
  



 13 

1.6 Cell-penetrating peptides (CPPs) 
The field of CPPs has evolved rapidly since the first sequences were de-
scribed. The number of different CPPs is now in the order of several hun-
dreds, which makes difficult to establish a general definition covering all 
their characteristics. CPPs are usually short (< 30 residues) positively 
charged peptides, which can ubiquitously cross cellular membranes with low 
toxicity. 

1.6.1 Discovery of CPPs 
The first three studies that mainly contributed to the discovery of CPPs were 
published in the late 1980s. Up until then, the transport of proteins and pep-
tides across the cell membrane was generally thought as difficult and very 
rare, due to their high molecular weight and hydrophilicity [106]. Possibly 
the ground-breaking finding was made by Bienert and his group in 1987, 
when they elucidated a receptor-independent activation of mast cells by sub-
stance P (SP) analogues [107]. One year later Frankel and Pabo discovered 
that the purified HIV-1 trans-activator of transcription (Tat), was readily 
taken from the cell culture medium by HL3T1 cells [108]. Several follow up 
studies demonstrated that only a portion of the Tat protein was necessary for 
cellular uptake [109, 110]. Park and colleagues later revealed the shortest 
functional truncation of Tat, residues 49 to 57 [111]. Approximately at the 
same time as the discovery of the TAT peptide, Prochiantz’s group found 
that a 60 amino acid region of the Drosophila antennapedia homeobox pro-
tein (pAntp) was capable of penetrating differentiated neurons [112]. Fol-
lowing the same strategy of sequence truncation, Derossi and colleagues 
showed that the essential functional penetrating sequence of antennapedia 
contained 16 amino acids from the third α-helix of pAntp, which they named 
penetratin [113]. 

Hundreds of additional CPPs have been discovered in the three decades that 
have passed since the discovery of TAT and penetratin peptides [114, 115]. 
Derived from the cationic TAT, some polyarginine peptides were investigat-
ed, leading to octaarginine (R8), nonaarginine (R9), and dodecaarginine 
(R12) and related sequences [116]. The internalization of different cargos by 
formation of noncovalent complexes with designed amphipathic peptides, 
developed by the groups of Heitz, Divita and ours [117], also represents an 
important milestone in the history of CPP development [118, 119]. Previous 
work from our group revealed that CPPs can be derived from a combination 
of natural proteins or peptides, in what are referred as chimeric CPPs. Re-
ported in 1998, transportan, considered one of the archetypal CPPs together 
with TAT, oligoarginine and penetratin (Table 1), was designed by combin-
ing the neuropeptide galanin and the wasp venom peptide mastoparan [120]. 
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1.6.2 Classification of CPPs 
Cell-penetrating peptides can be classified by the functions of their original 
proteins, their uptake mechanisms, intracellularly evoked reactions, and their 
chemical properties. They can also be divided according to whether their 
uptake is receptor mediated or nonreceptor mediated. This systematic divi-
sion was reviewed extensively in the literature [114, 121], and here is sum-
marized only the basis of those choices. 

1.6.2.1 Classification based on origin 
Peptides classified under this criteria can belong to three categories: (1) pro-
tein derived, such as TAT and penetratin, which are often referred as protein 
transduction domains (PTDs); (2) chimeric peptides, containing two or more 
motifs from other peptides, as transportan (TP10) derived from galanin and 
mastoparan [120, 122] and Pep1, where a tryptophan rich hydrophobic do-
main that associates with cell membranes has been fused to a SV40 NLS 
peptide [123]; (3) synthetic peptides, such as polyarginines, are designed 
based on previous knowledge or phage libraries. 

1.6.2.1 Classification based on chemical properties 
This division is made according to the peptide sequence and lipid interaction 
properties. (1) cationic peptides are rich in basic amino acids (R, K, H), so 
they carry positive charges in their side chains at neutral pH. Examples in-
clude TAT, penetratin and polyarginine; (2) Amphipathic peptides, which 
can be subdivided in (2.1) primary amphipathic peptides, such as TP10 [124] 
and PepFects, typically contain more than 20 amino acids and have sequen-
tially spaced hydrophobic and hydrophilic residues distributed in the primary 
structure; (2.2) secondary amphipathic CPPs include penetratin, pVec [125], 
MAP [126] and some PepFects [127] (PF6, PF14). Their amphipathic prop-
erty is revealed by the formation of a α-helix or β-sheet structure upon inter-
action with a phospholipid membrane; (2.3) non-amphipathic peptides are 
usually short and contain high number of cationic residues as R9 [116] and 
TAT; (3) hydrophobic peptides, containing mostly hydrophobic residues in 
their sequence and characterized for their spontaneous membrane transloca-
tion, which TP2 (Table 1) [128] and SN50 [129] are examples. 
Table 1 Details of archetypal CPPs. 

Name Sequence Charge 
TAT (48-60) [110] GRKKRRQRRRPPQ-NH2 +8 
R9 [116] RRRRRRRRR-NH2 +9 
Penetratin [113] RQIKIWFQNRRMKWKK-NH2 +7 
TP10 [122] AGYLLGKINLKALAALAKKIL-NH2 +4 
TP2 [128] PLIYLRLLRGQF-NH2 +2 
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1.6.3 Mechanisms of membrane translocation 
From the beginning there has been considerable interest in exactly how CPPs 
enter cells. After many contradictory findings [108, 110, 113, 130], some-
times based in erroneous assay design, as flow cytometry and cell fixation 
[131], it seems the field has finally reached consensus. Arriving to this un-
derstanding has not been easy, but it is now generally accepted that peptide’s 
sequence and structure are not the only responsible to define the mechanism 
of action in all conditions. The mechanism of entry is defined instead by the 
(1) peptide’s concentration, (2) lipid composition and (3) other physical 
properties of the bilayer, (4) temperature, (5) ionic strength and (6) size and 
chemical properties of the cargo [124], among other factors. The most essen-
tial way to characterize the mechanism is whether the internalization is most-
ly active (cell-energy dependent) or passive (cell energy independent) 
(Figure 4) and to which degree the membrane is disrupted/perturbed. 

 
Figure 4 Mechanisms of CPP membrane translocation. (A) Energy dependent and (B) energy 
independent uptake. Adapted from [132]. © 2015, Journal of Pharmacology and Experimental 
Therapeutics. 

Understanding cellular uptake implies not just studying the CPP complex as 
a whole, but also take into account the limitations of the different techniques 
used to study internalization. This is the case of studies on the role of endo-
cytosis using chemical inhibitors [133]. Despite their usefulness in revealing 
the involved endocytotic pathways, their use results in a substantial cytotoxi-
city, therefore influencing cells in ways that make results difficult to inter-
pret. In addition the performance of chemical inhibitors can be highly de-
pendent of the cell line [133, 134]. 
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1.6.3.1 Direct translocation (passive) 
The observation that CPPs, the majority of which bear a large positively net 
charge, cross the non-polar interior of a lipid bilayer is an intriguing problem 
[135], since the energy necessary to place a charge in the membrane is esti-
mated to be ~40 kcal/mol [136]. CPPs have been shown to directly penetrate 
the cell membrane, most probably at high concentrations and for cationic, 
primary amphipathic peptides [135, 137]. The process can happen with more 
or less membrane disruption in (1) spontaneous membrane translocation, 
when peptide passively translocates the membrane, at low concentration, 
without significant membrane disruption, (2) transient membrane disruption, 
when peptide reaches local conditions necessary for disruption of the plasma 
membrane structure or architecture, (3) cytolysis, caused by peptides that 
permeabilize the cell plasma membrane and kills cells, even at low concen-
tration [138]. 

Different models have been proposed to explain how direct translocation can 
occur at the level of the plasma membrane reorganization (Figure 4): (1) 
inverted micelle formation, where besides interaction between the positively 
charged CPP and negatively charged components of the lipid membrane, 
also interaction between hydrophobic residues, such as tryptophan and the 
hydrophobic part of the membrane occurs. Examples include arginine rich 
peptides and Antennapedia [139]; (2) pore formation through the barrel stave 
model and the toroidal model. In the barrel stave model, helical CPPs form a 
barrel by which hydrophobic residues are close to the lipid chains, and hy-
drophilic residues form the central pore. In the toroidal model the lipid mon-
olayer bends continuously through the pore so that the water core is lined by 
both the peptides (e.g. melitin) and the lipid headgroups [140]. In both 
mechanisms, pores appear at a certain concentration threshold, which differs 
between peptides; (3) carpet-like model [141] and membrane thinning model 
[142], where interactions between negatively charged phospholipids and 
cationic CPPs or antimicrobial peptides (AMPs) result in a carpeting and 
thinning of the membrane, followed by translocation of the peptide, achieved 
above a concentration threshold; (4) adaptive translocation, described for 
arginine rich peptides conjugate to small hydrophobic molecules. In this 
model translocation of the cell membrane occurs at sites where peptides 
form unique “particle-like” structures, composed of multiple vesicles on the 
plasma membrane [143]. 

An interesting strategy to favor the dominance of direct membrane transloca-
tion is based on the mechanism of counterion effect [144]. For this purpose 
several counterions were tested and pyrenebutyrate revealed as the best “cat-
alyst” for direct translocation [145]. The cytosolic delivery of underperform-
ing CPPs with pyrenebutyrate is referred as “pyrenebutyrate trick”. The 
mode of action has been suggested as the induction of negative membrane 
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curvature. However pyrenebutyrate failed to enhance the uptake of non-
covalent complexes of CPPs [146].  

1.6.3.2 Energy dependent translocation (active) - endocytosis 
Generally present for most delivery systems, the major mechanism for CPP 
cell entry is, not surprisingly, endocytosis. To clarify the involvement of 
endocytosis it is common to study the peptide/cell interaction at low temper-
ature (approximately 4 ºC) or in energy depletion conditions, under which 
active uptake should not occur. The involvement of macropinocytosis, clath-
rin-mediated endocytosis, caveolae lipid raft-mediated endocytosis and 
clathrin/caveolae independent endocytosis in CPP and CPP/cargo cellular 
uptake can be detected by specific inhibitors [147]. The first step in the en-
docytosis of many CPPs has been shown to require the binding to glycosa-
minoglycans (GAGs), as heparin and heparan sulphate proteoglycans [148, 
149]. However the contribution of different endocytic pathways is well illus-
trated by studies in the archetypal TAT peptide. The fusion protein GST-
TAT-GFP was found to enter cells mainly by caveolae-mediated endocytosis 
[150], while TAT peptide and TAT-HA2 fusion peptide were described to be 
internalized mainly through macropinocytosis [151-153]; clathrin-coated 
vesicles have also been implicated in the internalization of unconjugated 
TAT peptide [154].  

Additionally, different types of membrane-bound receptors have been shown 
to be involved in CPP internalization process. The group of Futaki has iden-
tified the chemokine receptor CXC type 4 as the binding partner for arginine 
rich peptides [155]. Our group has revealed the involvement of scavenger 
(SCARA) receptors, type A3 and A5 in the uptake of PepFects [156] and 
other amphipathic peptides [130]. Interestingly, SCARA receptors were 
shown to be recruited to the PM in the presence of peptide/SSO complexes 
and internalized after the binding [157]. Other receptor classes as neuro-
pilins, present in diverse cells as neurons, hepatocytes and osteoblasts, in-
volved in cancer and developing immunity, were shown to bind some Arg 
(R) and Lys (K) rich peptides. Selective binding of CPPs to integrins has 
also been shown, which could bring cell, tissue, and organ specificity [158, 
159]. 

1.6.3.3 Release of CPPs and CPP/ON complexes from endosomes 
One of the most import aspects of the endocytosis mediated CPP uptake is 
endosomal entrapment, which leads the vector and the cargo to lysosomal 
degradation or recycling. Depending upon different factors, the cargos inter-
nalized by endosomal pathways end up completely or partially located in 
vesicles. Release from these vesicles can be provoked by addition of auxilia-
ries such as chloroquine [37, 117, 160] or its more strongly active trifluoro-
methyl quinolone [161], by wortmannin [162], Ca2+ ions [163], and biopol-
ymers such as low molecular weight polyethylenimine (PEI) [164]. In a 
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strategy developed in our group, trifluoromethyl quinolone was covalently 
coupled to PepFect6 peptide [165]. Internalization studies on polyarginines 
showed that alternating D- and L–arginine residues resulted in efficient cyto-
solic delivery. Endosomal escape of CPPs, through pH-sensitive membrane 
insertion and permeabilization, has been accomplished by inclusion of pep-
tide sequences as GALA [166], KLA, KALA and pHLIP [126, 167, 168]. 
Furthermore, a strategy that involves the inclusion of Trp (W) and Phe (F) 
residues, both known to destabilize cellular membranes by burying their 
hydrophobic side groups into the lipid bilayer was developed in Dowdy’s 
laboratory [41]. Additional synthetic molecular evolution strategies have 
been applied to develop CPPs, with effective membrane permeabilization 
only at acidic pH found inside endosomes [40]. Another approach is the use 
of photochemical disruption of the endosomal membranes [169, 170]. De-
spite all the developments, endosomal entrapment is still considered as the 
major bottleneck in CPP mediated oligonucleotide delivery [164]. 

1.7 CPP mediated oligonucleotide delivery 
The deliver of nucleic acids into cells was one of the first applications of 
CPPs. As already mentioned, large hydrophilic molecules, such as nucleic 
acids, are generally incapable of crossing the cell membrane. One of the first 
studies involved the complexation of pDNA through electrostatic attraction 
[123]. Almost simultaneously, transportan and penetratin were used to deliv-
er PNA through a covalent bond [171]. These pioneering studies lead to 
additional investigations into the use of CPPs to deliver nucleic acids. 

CPPs have been coupled to other molecules to improve gene delivery, modi-
fied with sequences to improve nuclear delivery [172] or as already men-
tioned incorporated with endosomolytic agents [173]. CPPs have also been 
used to improve long term gene expression from vectors that normally have 
short transient expression [174, 175]. Targeting ligands have been included 
into CPPs in order to overcome one of their main limitations, low cell speci-
ficity [176-179]. The so-called activatable CPPs (ACPP) possess enhanced 
selectivity, which can be controlled by external stimuli that trigger their acti-
vation, have been used for targeting [180], molecular imaging [181, 182] and 
notoriously for surgical guidance [183, 184], where the contribution of Rog-
er Tsien is remarkable. CPPs have also demonstrated capacity to deliver 
ONs to poorly accessible tissues as skin [185] and brain [186, 187]. Interest-
ingly, CPPs have been combined with viral vectors, to widen the range of 
cell types that viral vectors are able to infect. Some CPPs are able to pene-
trate non-mammalian cells, as bacterial cells, behaving as AMPs or carrying 
for example PNA cargo that allows the control of bacterial growth through 
gene silencing [188]. 
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1.7.1 Formulation strategies 

Oligonucleotide cargo can be attached to CPPs either by direct chemical 
coupling to the peptide or by non-covalent complex formation [114]. These 
strategies are described in detail in the following paragraphs. 

1.7.1.1 Covalent CPP-ON conjugation 
The first CPP-ON conjugates were based on the PNA chemistry. As already 
mentioned, PNAs have a neutral peptide backbone, which makes it easy to 
create CPP-PNA conjugates via continuous synthesis with the peptide [114]. 
Post synthetic peptide coupling yields strongly depend on structure and sol-
ubility of the peptide. Highly basic peptides typically interact with anionic 
oligonucleotides, impeding efficient conjugation, which can result in tedious 
work-up and purification of the final conjugate [189]. 

There are several different chemical strategies to synthesize peptide-ON 
conjugates [190, 191]. Some of the most important include disulfides, amide 
bonds and click chemistry. Disulfides offer linkages that are sufficiently 
stable for characterization, storage and handling, and are designed to be 
cleaved in the reductive environment in the endosomes and cytosol [192]. 
Disulfide linkages can be generated by reaction of two free thiol groups, or 
by prior activation of one of the reacting thiols. Thiol groups can also be 
used for preparing maleimide linkages [192]. Click chemistry is another 
attractive methodology for the generation of bioconjugates, due to the high 
specificity, efficiency and fast reaction time. Azide–alkyne additions with or 
without copper catalysts can be carried out in aqueous buffers at room tem-
perature [193]. 

There are several positional options for ligand attachment to ONs. For anti-
sense agents, binding ligands to the 3’- or 5’-hydroxyl terminal groups is the 
most used method, due to small inference with base pairing, even when ste-
rically large ligands are used [194]. In the case of double-stranded siRNA, 
the sense strand is typically chosen for ligand binding over the antisense 
strand, because, although the duplex is recruited to the RNA-induced silenc-
ing complex, only the antisense strand is needed for mRNA hybridization 
and cleavage [195]. 

Insertion of linker with the appropriate length can be crucial for successful 
attachment of larger molecules to ON. To avoid steric impact, longer linkers 
are usually needed [189]. Since alkyl chains are exceptionally hydrophobic, 
poorly soluble in aqueous buffers and have a tendency for aggregation, PEG 
linkers are preferred for tethers exceeding about eight to ten atoms. The link-
er structure and length has not just a direct influence in the conjugation reac-
tion, but it can also influence the pharmacokinetic behavior of the conjugate 
[189]. 
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1.7.1.2 Non-covalent CPP/ON complex formation 
The idea of particle formation based approach for formulating CPP/ON 
complexes, originated from works with cationic lipids and polymers. The 
concept was introduced by different groups in the late 1990s [123, 196], but 
the credits belong to Divita’s group, who pioneered the development of 
CPPs for this type of approach [123, 196, 197]. Their liminal peptide, known 
as MPG was modified with cholesterol and reported to form nanoparticles 
that successfully delivered pDNA, siRNA and ASOs in vitro and in vivo. 
The group also developed a peptide named CADY for siRNA delivery. Both 
MPG and CADY peptides bear structural physico-chemical features that 
seem to be fundamental for their efficacy, they are amphipathic and 
adopt/retain a helical structure in the presence of biological membranes 
(secondary amphipathicity) [198].  

Another strategy used for induction of CPP particle formation is the modifi-
cation with different fatty acids. In this context, stearylation has been used 
with the greater success. The group of Futaki inserted this modification to 
octaarginine and showed its efficacy for pDNA delivery [199]. Other CPPs 
such as KALA [168] and KLA peptides [126], HIV-TAT [200], or penetratin 
[201] are also able to form non-covalent complexes with cargo, but not al-
ways with sufficient efficacy. The newly developed NrTP family, derived 
from rattle snake venom, also forms non-covalent complexes with proteins 
and nucleic acids [202]. PepFect and NickFect peptides, developed in our 
group and discussed in detail ahead, are another remarkable group of amphi-
pathic CPPs. 

The main advantage of the non-covalent complex formation strategy is the 
easy handling of the transfection procedure. However, the conditions during 
complex formation can have a significant impact in particle’s size, polydis-
persity and consequently biological effect. These complexes are typically 
formed in H2O or buffer solutions, although different additives can be added 
to control the complex formation. As shown in Papers II and IV of this 
thesis, differences in pH, ion and peptide concentrations can influence the 
size and shape of the complex particles. The optimization of complex for-
mation is generally overlooked, although essential for future development of 
formulations for in vivo applications. 

1.7.1.2.1 PepFects and NickFects 
PepFects (PFs) are a family of CPPs originated from transportan, a 27 amino 
acid-long peptide containing 12 functional amino acids from the amino ter-
minus of the neuropeptide galanin and mastoparan in the carboxyl terminus, 
connected via a lysine [120]. A truncated version of TP10 was further modi-
fied with stearic acid at the N-terminus, leading to the first generation Pep-
Fect peptide, PepFect3 (Table 2) [117]. The fatty acid modification, together 
with the electrostatic interactions between the peptides’ basic residues (Lys 
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(K)), gave PepFect3 the capacity to form non-covalent complexes with SSO 
[117] and pDNA [203]. The improved capacity for siRNA delivery came 
years after with the development of PepFect6, which contained a lysine tree 
structure, coupled to the endosomolytic agent trifluoromethylquinoline to 
enhance endosomal escape [165]. 
Table 2 Details of PepFects and Nickfects used in this thesis. 

Peptide Sequence Charge 
PepFect3 [117] Stearyl-AGYLLGKINLKALAALAKKIL-NH2 +4 
PepFect14 [204] Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 +5 
NickFect1 [205] Stearyl-AGY(PO3)LLGKTNLKALAALAKKIL-NH2 +3 
NickFect51 [206] (Stearyl-AGYLLG)δOINLKALAALAKKIL-NH2 +4 

 
One of the most powerful and extensively tested PepFect is PepFect14 
(PF14), where changes to the mastoparan sequence were made to incorporate 
a leucine zipper inspired sequence, with regular spaced leucines and a de-
fined amphipathic α-helix structure (Table 2) (Figure 5). Formulations of 
PF14 and SSOs [204] and siRNAs with different excipients have shown long 
term stability and resistance to gastric-acid conditions [207].  

  
Figure 5 Peptide structure based on PF14 sequence, predicted by PEP-FOLD [208]. Stearic 
acid was excluded and ornithines substituted by lysines to allow simulation. Opposing orien-
tation of hydrophobic and charged residues is evident in the model. Mastoparan sequence in 
blue, galanin sequence in green, Lys7 in grey. 

NickFect (NF) peptides are essentially a set of PepFect analogues, which 
incorporate modifications to reduce charge and hydrophobicity while in-
creasing stability in the cytosol and endosomal escape capacity. Examples 
include NF1, with a negative charge from a phosphoryl group added to tyro-
sine 3 [205] and NF51, which has a non-linear, kinked structure [124, 206] 
(Table 2). The number of designed PFs and NFs is now close to a hundred, 
including analogues with modifications to improve endosomal escape, affini-
ty to ONs, α-helicity content and targeting capacity. 

To present, the structural models for PF and NF oligonucleotide complexes 
are incomplete. There is still no clear evidence of well-organized micelle 
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structures and the suggested models describe heterogeneous particles that 
include polydisperse and polymorphic aggregates [209, 210]. Given the am-
phipathic nature of most of these peptides, in theory the hydrophobic side of 
the peptide’s helix is able to form dimers with itself or another similar helix, 
burying the non-polar amino acids away from the solvent. Meanwhile, the 
charged side of the helix is available for hydrogen bonding and van der 
Waals interactions with the nucleotide bases and the solvent. Even though, 
the organization within the PF/ON supramolecular structures is mostly un-
known. 

1.8 Structural aspects of CPPs and CPP/ON complexes 
and their interaction with cell membranes 

1.8.1 Secondary structure 
Peptide secondary structure is suggested to play a major role in CPP cellular 
internalization capacity [211]. Overall secondary structure is defined by the 
charge, the hydrogen bonds and the helical properties of the peptide. A 
common structural motif in many peptides and proteins that bind to mem-
branes, where they play important roles in many physiological functions, is 
the amphipathic α-helix, in which hydrophilic and hydrophobic amino acids 
are grouped in separate faces of the helix. Secondary amphipathic α-helical 
CPPs have a highly hydrophobic patch on one face, whereas the other face 
can be cationic, anionic, or polar. The hydrophobic residues tend to be clus-
tered in the i, i ± 3 and i ± 4 positions of adjacent helical turns [212]. 

Most cytolytic peptides transition from a random coil structure in aqueous 
environment, to either a α-helix or a β-sheet structure, in the presence of 
lipid membranes [211]. This often results in high membrane-permeation 
capacity but also high cytotoxicity, as for TP10 and MAP. This conforma-
tional change promotes a rigid peptide backbone (N-Cα-CO), that is stabi-
lized by hydrogen bonds between the N-H (donor) and C=O (acceptor) 
groups. The rigidity of the backbone, as in scaffolds involving arginine side 
chains, may be responsible for modulation of the potency to disrupt the 
membrane bilayer organization [116]. Indeed, peptides with a stable back-
bone are more prone to maintain their structure within the fluid membrane 
core and disrupt the surface tension and create membrane defects that ulti-
mately break down the bilayers’ integrity. In addition, the extent of the pep-
tide’s secondary structure can also affect the backbone rigidity and conse-
quently its ability to get into membranes and disrupt the bilayer integrity 
[213]. Therefore, de novo design of stabilized helical peptides has attracted 
great interest [214, 215]. Non-proteinogenic amino-acids, such as α, α-
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disubstituted α-amino acids [216], cyclic β-amino acids [217], and cross 
linked side chains as in stapled peptides [218, 219], are often incorporated 
into functional peptides to produce templates for peptide helix stabilization. 

In summary, the α-helical content of a peptide, as it interacts with the cellu-
lar membrane, measured as percentage of helicity, can be related to its effi-
cacy in perturbing lipid membranes [220]. However, additional factors like 
the presence of ON cargo, can mask the secondary structure and self-
assembly of the peptide carrier, decreasing its affinity to lipid membranes 
[124, 221]. 

1.8.2 Amphipathicity and particle formation 
A common way to visualize the amphipathicity of a peptide is through its 
helical wheel projection [212]. It is unclear whether a minimal length is re-
quired for the uptake of an amphipathic CPP, although a minimum of four 
helix turns is generally accepted [222]. The degree of amphipathicity can be 
characterized by the mean amphipathic moment, which considers the hydro-
phobicity of individual amino acids and the angle separating side chains 
along the backbone [223]. 

Myristoylation and palmitoylation of proteins are natural post-translational 
modifications, which enhance membrane association of cytoplasmic pro-
teins. Derivatization of cationic CPPs with hydrocarbon moieties, enhances 
membrane affinity and subsequently internalization ability [209, 224]. In-
deed, the primary amphipathic character introduced by the addition of a lipid 
tail to non-amphipathic or secondary amphipathic CPPs, favors the associa-
tion of the CPP to the membrane. This increase in cellular association might 
result in an increase of the endocytic uptake. However, the acyl chain might 
also trigger direct translocation, by participating and eventually facilitating 
the direct translocation state – the inverted micelle [225]. Depending on the 
acyl chain length, direct translocation and/or energy-dependent internaliza-
tion mechanisms can be enhanced [225]. 

Furthermore, acylation seems to be a very beneficial feature, since it enhanc-
es thermodynamic stability of many effective CPPs that work in nanoparti-
cle-based settings. Consequently, acylation has been applied to improve the 
formation of non-covalent complexes between CPPs and oligonucleotide 
cargo [117, 199, 204, 226, 227]. The addition of a hydrophobic moiety to the 
sequence of polycationic CPPs, creating peptide amphiphiles, widens the 
scope of their application as drug delivery agents. While CPPs are often used 
as covalent (monomeric) vectors or as non-covalent poorly defined 
CPP/cargo complexes, acylated CPPs can be conveniently used to create or 
decorate well-characterized supramolecular carriers [225].  

The driving forces that govern self-assembly of peptide amphiphiles in water 
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arise from at least three major energy contributions: (1) hydrophobic interac-
tions of the acyl tails, (2) hydrogen bonding among the middle peptide seg-
ments, and (3) electrostatic repulsions between the charged amino acids 
[228]. Primary amphipathicity enhancement due to acylation increases the 
propensity for aggregation in aqueous media (Paper II) [225]. The supramo-
lecular structure of these aggregates can be fine tuned by changing the nature 
and the number of fatty acid chains. Moreover these aggregates, if self-
assembled under optimal conditions, can form well-defined micelles, where 
the CPP moieties are exposed on the surface [229] and the hydrophobic core 
can be used to encapsulate hydrophobic drugs. 

Acylation of cationic CPPs enhances the stability of the CPP/ON complex 
and its internalization. Internalization of aggregates happens mostly via an 
endocytotic route, however if the acylated CPP remains monomeric in solu-
tion or if the aggregate is sufficiently labile to dissociate upon binding to the 
outer leaflet of the membrane, then the CPP can reach the cytosol via direct 
translocation (Paper II) [225]. This aspect opens the way for the design of 
more efficient vectors, by taking into account the preferred pathway for a 
specific type of cargo [225]. Control of the particle structures formed by the 
complexes and their subsequent gelation behavior can be achieved through 
the manipulation of the molecular forces that contribute to the self-assembly 
process. This can be implemented through molecular design, variation of the 
assembly environment, and introduction of co-assembling molecules. 

1.8.3 Binding to membranes 
The initial peptide-lipid interaction is a fast process, driven by electrostatic 
interactions [114]. This interaction often involves the CPP basic amino acids 
and the negatively charged proteoglycans, such as heparan sulfate, often 
associated with arginine-rich peptides. However, some reports attribute the 
interaction facilitation not to a specific GAG class, but rather to the overall 
amount of the polysaccharides [230]. 

CPPs approach biomembranes together with hydrophilic counterions (e.g. 
phosphates, chlorides). Counterion exchange with anionic lipids in the PM 
binds CPPs to the cell surface and increases their overall hydrophobicity 
[144]. After peptides encounter the membrane, they can either aggregate on 
the surface or, once they reach a critical concentration insert into the mem-
brane. Here while electrostatic interactions often keep the peptides at a su-
perficial depth, the hydrophobic interactions drive the peptides into the hy-
drophobic bilayer [144]. 

Although the initial internalization of CPPs within the PM is driven by elec-
trostatics, the discovery that arginine residues enhance internalization over 
lysine suggests that the guanidinium moiety plays a crucial role in this pro-
cess. Guanidinium is capable of forming bidentate hydrogen bonds with 
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negatively charged species in the membrane, such as phosphate groups, 
which reduce the polarity of the guanidinium group and aids in membrane 
internalization [231]. By contrast, lysine moieties contain a positively 
charged amino group that forms only single hydrogen bonds with anionic 
membrane components. Additionally, the electrostatic interactions between 
arginine residues are attenuated by bidentate counterion scavenging [232].  

Cholesterol composition and anionic lipid components have a direct influ-
ence in TAT binding and translocation into lipid bilayers [233]. The energet-
ic barrier height is reduced in the presence of anionic lipids, and cholesterol 
stabilizes the liquid ordered phase of the membrane increasing the elastic 
stiffness of bilayers. The coordination of cholesterol to the peptide weakens 
more favorable peptide-lipid interactions. The presence of anionic lipids in 
the bilayers leads to the emergence and further enhancement of a stable state 
of the peptide due to the favorable peptide-anionic lipid interactions [233]. 

A good illustration is given by the model of the membrane-bound structure 
of TP10, derived by solid-state 19F-NMR. TP10 structure, as previously de-
scribed, is characterized by an N-terminal unstructured region (galanin part) 
and a C-terminal α-helix (mastoparan part). According to the model suggest-
ed by Brock and Ulrich (Figure 6) [234], at low concentration, where TP10 
is in monomeric form, it gets its amphipathic helix embedded in the lipid 
membrane with a characteristic tilt angle. The model illustrates very clearly 
how in the C-terminal mastoparan part, the charged Lys residues point to-
wards the aqueous phase, while the hydrophobic residues face the interior of 
the membrane. Furthermore, it is suggested that the cross-talk between the 
two regions of TP10 exerts a delicate balance on its conformational switch, 
since the presence of the α-helix counteracts the tendency of the unfolded N-
terminus to self-assemble into β-pleated fibrils [234]. 

 
Figure 6 Membrane-bound structure of TP10, as derived by solid-state 19F-NMR. Adapted 
from [234]. © 2014 PLoS One. 
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1.8.4 Translocation across membranes  
The translocation or movement of an amphipathic peptide across a lipid 
membrane is by far less understood than the binding step, simply because, in 
theory, charged molecules are not supposed to permeate lipid bilayers [135]. 
The adsorption into lipid membranes is driven by electrostatic and hydro-
phobic interactions and induces structural changes in both the peptide and 
the lipid membrane. The translocation of cationic CPPs across bilayers has 
been reported as concentration dependent and anionic lipid dependent. At 
low concentration or in the absence of anionic lipids, no disruption of the 
membrane occurs while at high concentration, translocation rate increases, 
associated with transbilayer exchange (flip-flop) of anionic lipids [138]. In 
contrast, amphipathic peptides as TP10 do not require anionic lipids for 
translocation and are able to disrupt membranes at low concentration [124]. 

The work of Paulo Almeida is remarkable in the field, for proposing and 
testing elaborate thermodynamic hypothesis for peptide translocation across 
membranes [235]. His suggested hydrophobicity hypothesis relates the pep-
tide translocation to the Gibbs energy of insertion (ΔGins) into the bilayer 
from the membrane interface. Behind this hypothesis, is the rationale that it 
is a smaller Gibbs energy of insertion that allows the peptides to move 
through the bilayer non-polar interior, to dissipate their mass imbalance 
across the membrane. Otherwise the energetic threshold insertion would be 
too costly, leading to accumulation on the membrane surface until the mass 
imbalance across the membrane becomes too high to accommodate, result-
ing in more drastic membrane disruption, maybe by forming a large pore. 
Furthermore the hypothesis proposes a graded or all-or-none dye flux in 
membranes, depending if the peptide easily translocates or otherwise forms 
large pores respectively [235]. The alternative charge distribution hypothe-
sis, relates the translocation to the distribution of cationic residues in the 
peptide, which can transiently stabilize a high energy inserted intermediate 
by forming salt bridges to the phosphates of both monolayers’ lipid head-
groups [135]. 

Even though, the question of how the most hydrophilic, polycationic CPPs 
can move across the hydrophobic membrane barrier is considered intriguing 
[135]. The central and “mysterious” role of arginines on CPPs’ activity has 
been informally referred to as “arginine magic”. The mechanism is suggest-
ed to arrive from the high affinity to negative phosphate counterions due to 
the weak acidity of the guanidinum cation. 
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2. Aim 

The general aim of this thesis is to propose a set of biophysical and physico-
chemical rules that govern the delivery of therapeutic oligonucleotides via 
non-covalent complexation with amphipathic cell-penetrating peptide vec-
tors. The focus was in the interactions between the delivery vector and ther-
apeutic cargo and between these and lipid bilayers.  

2.1 Paper I 
The aim of this paper was to investigate the effect of different bioactive oli-
gonucleotide cargos on peptide-membrane perturbation and on peptide struc-
tural induction. This was a comparative study between the model CPP trans-
portan10 and three N-terminal lipidated analogues, designed and synthesized 
in our laboratory: PepFect3, NickFect1 and NickFect51. Our interest was to 
identify some key characteristics, which directly influence the CPP and 
CPP/cargo complex interaction with lipid membranes. The set of variables in 
study were (1) the peptide sequence, charge and hydrophobicity (2) the car-
go size and charge (3) the lipid membrane charge. These were studied as a 
function of their membrane perturbation capacity, induction of peptide sec-
ondary structure and cell delivery efficiency. 

2.2 Paper II 
In this paper our aim was to characterize the dynamics of siRNA complexa-
tion by an amphiphilic cell-penetrating peptide, PF14. We were also inter-
ested in better understanding what happens to these complexes at the close 
proximity of the cell plasma membrane. We started from the hypothesis that 
the complexes are not “permanent frozen” supramolecular entities, but in-
stead they are rather in equilibrium with their individual components, which 
exchange with the bulk solution. In addition, we wanted to evaluate if the 
peptide could self-associate, and in which conditions. This required us to be 
able to detect simultaneously peptide and cargo monomeric species as well 
as particles, which could form both from peptide aggregates and pep-
tide/cargo complexes. We found fluorescence correlation spectroscopy 
(FCS) as an excellent technique for this purpose, although the associated 
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methodology revealed several challenges when applied to our system. We 
reasoned that (1) solution’s pH, (2) peptide concentration and (3) relative 
molar ratio to the siRNA cargo were important factors that would influence 
the properties of the (i) peptide particles, the (ii) complex formation and (iii) 
the interaction of these molecular species with the (PM). 

2.3 Paper III 
In this work we wanted to test the role of the galanin-derived sequence, 
which constitutes the last seven amino acids at the N-terminal sequence of 
all PepFect peptides. We based our study in a comparison between two par-
ent peptides PepFect3 and PepFect14 and three of their analogues. The mod-
ifications included in the analogues were reasoned to test (1) if the galanin 
sequence was essential for the biological effect of the peptides and (2) if 
mutating the sequence to a histidine containing sequence resulted in im-
proved biologic effect. Our aim with the incorporation of histidines was to 
(1) induce a “proton sponge” effect and (2) make the peptide/oligonucleotide 
complexes unstable under acidic conditions, as the imidazole side chain of 
histidine has a pKa of ~6. We hypothesized that, the decreasing pH during 
endosomal maturation, would favor the complex disassembly, and hence 
improve the endosomal escape and biological effect. 

2.4 Paper IV 
The aim of this work was to investigate the influence of different N-terminal 
acyl modification in PepFect14 mediated cell delivery of SCO. The inclusion 
of acyl chains on the peptide was made to gradually increase the hydropho-
bicity. Hence, due to the polar residues on the peptide backbone sequence, 
the primary amphipathicity equally increased. The hypothesis was that the 
peptides modified with longer acyl chains would self-assemble in more sta-
ble complexes. To test this we wanted to investigate if there was an optimal 
acyl chain length modification, which would give the best overall desired 
properties to complexes, including (1) stability, (2) low polydisperse size, (3) 
high interaction with cell membrane, without causing toxicity (4) high cellu-
lar uptake, (5) improved endosomal release and (6) enhanced release of car-
go at the site of action. 
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3. Methodological considerations 

The detailed description of all methods used in this thesis can be found in the 
included papers. In this section, the intention is to give additional theoretical 
background to the methods. 

3.1 Solid phase peptide synthesis (SPPS) 
All peptides used were synthesized using solid phase peptide synthesis 
(SPPS). This is the most common method for producing peptides, both for 
research and therapeutic purposes. Merrifield established the fundaments of 
SPPS in 1963 [236]. The technique consists on a repetitive cycle of opera-
tions: coupling, washing, deprotection and washing (Figure 7). 

 
Figure 7 Scheme of Fmoc solid phase peptide synthesis on rink amide resin (grey circle).  
PG: side chain protective group. 
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The peptide is attached to an insoluble resin at its C-terminus and is synthe-
sized stepwise towards the N-terminus. All byproducts that result from the 
coupling and deprotection reactions are removed during the washing steps. 
Amino acids used in SPPS contain protecting groups at their α-amino group 
and at their reactive side chains. In each step the carboxylic group of the new 
amino acid is activated, which allows a nucleophilic attack by the amino 
group of the previously coupled amino acid. In order to make the reaction 
specific, the protection group 9-fluorenylmethyl-oxocarbonyl (Fmoc) keeps 
the α-amino group protected. The Fmoc group protection is easily removed 
by the addition of a weak base like piperidine. After the assembly of the 
peptide and possible modifications, like addition of fluorophores, are com-
plete, the peptide is cleaved from the resin and all side-chain protecting 
groups are removed. In Fmoc chemistry the cleavage reaction uses a mixture 
composed of concentrated trifluoroacetic acid (TFA) and low amounts of 
scavengers, such as water and triisopropylsilane that react with the released 
side-chain protecting groups. The next step consists on the precipitation of 
the peptide using cold diethyl ether. 

Synthesized peptides were purified through reverse-phase high performance 
liquid chromatography (RP-HPLC). In HPLC the solvent is pumped at high 
pressure through a silica column. In the case of RP-HPLC for purification of 
peptides, the most used columns are packed with octadecyl silane (C18) or 
octylsilane (C8). These constitute a non-polar stationary phase through 
which a polar solvent containing the sample flows. 

Finally, the identity of the peptide was confirmed by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF). The 
sample for MALDI is uniformly mixed with a large quantity of matrix. The 
matrix absorbs laser UV light and converts it to heat. A small part of the 
matrix heats fast and is vaporized, together with the sample. The matrix is 
then ionized and part of its charges are transferred to the sample, generating 
ions of the sample. These ions travel due to a potential difference V0, which 
is constant with respect to all ions. The velocity of the attracted ions can be 
determined by the law of conservation of energy. Ions with smaller mass-to-
charge ratio (m/z) value (lighter ions) and more highly charged ions move 
faster. Consequently, the time of ion flight differs according to m/z value of 
the ion. 
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3.2 Model membranes 
The amphipathic nature of phospholipids makes them prone to aggregate 
when in contact with a polar solvent, forming ordered structures like vesi-
cles. The formed vesicles have a spherical structure consisting of one 
(unilamellar) or several (multilamellar) lipid bilayers, which form a barrier 
that separates the inside from the outside solution. Lipid bilayers are able to 
entrap different solutes while they form relatively impermeable vesicles. The 
vesicles used for this thesis (Paper I and III) were large unilamellar vesicles 
(LUVs) with a diameter of approximately 100 nm. LUVs are considered 
good as biomembrane model systems for biophysical studies. They have a 
small surface curvature and high encapsulation efficiency, which better 
mimic the biological cell membrane [237]. 

3.3 Extrusion method 
A common procedure for vesicle preparation, the extrusion method produces 
LUVs with a defined size and homogeneity, by sequential extrusion of the 
usual multilamellar vesicles through polycarbonate membranes. Vesicles can 
be made from saturated and unsaturated phospholipids, as long as the tem-
perature is above the gel-fluid transition temperature. With this method it is 
possible to produce relatively homogenous solutions of unilamellar vesicles 
without requiring any organic solvent or detergent. Additionally, LUVs are 
usually prepared from dried lipids with minimal dilution. Under these cir-
cumstances LUVs can mimic biological membranes in size and packing 
density [238]. 

3.4 Fluorescence spectroscopy 
Fluorescence spectroscopy can be used in biophysical studies to provide 
information about peptide-lipid membrane interactions, protein folding, pep-
tide and protein binding kinetics and membrane dynamics. A fluorescent 
molecule or fluorophore, after being excited by absorption of light, returns to 
the ground state by emitting light, which can be measured by fluorescence 
spectroscopy [239]. 

Fluorescence is a form of luminescence with two general stages: excitation 
and emission. In a first stage the fluorophore absorbs radiation of appropriate 
wavelength and is excited. This results in a transition from the ground state 
(S0) to vibrationally different singlet excited states (S1 or S2). After a definite 
time, defined as the fluorescence lifetime, the molecule returns to the ground 
state by emitting a lower energy photon (Stokes shift). The fluorescence will 
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always occur from the lowest vibrational level of the excited state (Vavilov’s 
law). The transition should occur between two singlet states [239]. 

Fluorescence intensity of a species depends on the light absorption efficien-
cy of the fluorophore, given from the molar extinction coefficient (ε) and the 
quantum yield (Q). The quantum yield is the reason between the number of 
emitted photons and the number of absorbed photons. The rate constant for 
depopulation from the excited state is given by: 

𝑲 = 𝑲𝒇 + 𝑲𝒊 (1) 
Kf is the fluorescence rate constant and Ki is the rate constant for all other 
non-radiative process. The quantum yield is given by: 

𝑸 =
𝑲𝒇

𝑲
 (2) 

With the quantum yield it is possible to calculate fluorescence intensity: 

𝑰𝒇 = 𝚿. 𝑰𝑨.𝑸 (3) 

Where Ψ is the instrumental correction factor and IA is the initial population 
of the excited state [239]. 

3.5 Membrane leakage – calcein dequenching 
The leakage assays with model membranes (LUVs) give an indication of the 
degree of membrane perturbation caused by different molecules. In the par-
ticular case of CPPs, the perturbation effect is related to their penetration or 
endosomal escape capacity [240, 241]. 

The membrane leakage assay relies on the principle that the dye is entrapped 
inside vesicles at self-quenching concentrations. Calcein is a fluorescent dye 
that self-quenches at concentrations below 100 mM, because of non-
fluorescent dimer formation and energy transfer to the dimer. Calcein 
(Figure 8) is a synthetic fluorophore with excitation at about 494 nm and 
emission maxima of 515 nm. It has a maximum of six negative and two posi-
tive charges. At neutral pH, the overall charge is -4 or -3 depending on the 
exact conditions. 

 
Figure 8 Calcein molecular structure. 
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increased fluorescent signal intensity. The relative membrane leakage (Frel) 
induced by the CPP can be calculated according to equation 4. 

𝑭𝒓𝒆𝒍 =
𝑭𝑪𝑷𝑷 − 𝑭𝟎
𝑭𝒕𝒓𝒊𝒕𝒐𝒏 − 𝑭𝟎

   (4) 

where F0, FCPP and Ftriton denote the initial (quenched) fluorescence, in-
creased fluorescence after CPP addition, and maximum fluorescence after 
triton addition, respectively. The percentage of dye release according to (4) 
relies on a linear relation between dye concentration and fluorescence inten-
sity. This is valid only when the fluorescence is not quenched, i.e., at a con-
centration below the concentration for maximum fluorescence [242]. 

3.6 Circular dichroism spectroscopy (CD) 
Circular dichroism spectroscopy (CD) is a spectroscopic method that gives 
information about the overall secondary structure of proteins or polypeptides 
in solution. CD analysis of optically active molecules, such as proteins and 
DNA, is based on the different absorption of left- and right-handed circularly 
polarized light. This phenomenon is known as circular dichroism. 

Plane polarized light can be considered the superposition of two circularly 
polarized light beams. If the right- and left-hand components are absorbed in 
different amounts, then the resulting light is elliptically polarized. If the re-
fraction index is also different for each component of the light, then the axis 
of the ellipse of polarization becomes rotated, which is known as optical 
rotator dispersion (ORD). The difference in absorption of left- and right-
handed circularly polarized light (A(l)-A(r)) recorded as a function of wave-
length is translated into a measure of ellipticity (θ) expressed in mdeg. 

The peptide bond constitutes the main chromophore in a protein or peptide 
(Figure 9). 

 
Figure 9 The intensity and energy of the n à π* and π à π* transitions depend on the angles 
the peptide bond assumes (ψ and ϕ angles) and therefore on the secondary structure of the 
protein. 
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and minima. Figure 10 shows a typical CD spectra for the most common 
secondary structures including α-helix, β-sheet and random coil [243]. 

 
Figure 10 CD spectra showing representative curves associated with different types of pro-
tein/peptide secondary structure. 

With CD spectroscopy it is possible to monitor changes in the secondary 
structure due to the influence of the environment, such as temperature and 
pH, and due to changes in the composition of a mixture. For instance, the 
addition of extra components to a solution of peptide, like lipid vesicles or 
oligonucleotide cargo is expected to influence the peptide secondary struc-
ture and consequently result in a different CD spectra. 

3.7 Dynamic light scattering (DLS) 
Dynamic light scattering (DLS) is a technique used for studying the particle 
size and polydispersity in solution. The method is based on the radiation 
induced oscillating polarization of electrons in a molecule. Particle size can 
be obtained from the measurement of the intensity fluctuations of scattered 
light due to the Brownian motion of particles in a solvent. The intensity fluc-
tuations as a function of time give a diffusion coefficient (D). By using the 
Stokes-Einstein equation (5) it is then possible to calculate the particle hy-
drodynamic radius: 

𝑹𝒉 =
𝜿𝑻

𝟔𝝅𝜼𝑫
 (5) 

where κ is the Boltzmann constant, T is the absolute temperature, η is the 
solvent viscosity (mPa.s-1), D is the diffusing coefficient, and Rh is hydrody-
namic radius of the diffusing particles, which are assumed as spherical. 

The distribution of charges around a charged particle can be described with a 
model of electrical double layers, consisting of a layer of ions strongly 
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bound to the charged surface (Stern Layer) and an adjacent region of loosely 
associated mobile ions (diffuse layer). The electrical potential at the interface 
of the particle surface and the diffuse layer is known as ζ-potential. It can be 
determined by measuring the differential migration between two electrodes, 
using laser Doppler velocimetry. ζ-potential is a measurement of the charge 
at the interface between the particle and the solvent where it is dispersed and 
not the actual particle charge. The value of ζ-potential is also an indicator of 
the stability of particles in a solution. Potentials between -30 and 30 mV are 
an indication of low stability. In this case the electrostatic forces between 
particles drive them to aggregate or flocculate over time. 

3.8 Fluorescence activated cell sorting (FACS) 
Fluorescence activated cell sorting (FACS) is a technique developed in the 
late 1960s by Herzenberg and others at Stanford University School of Medi-
cine [244]. FACS is a particular form of flow cytometry that enables the 
separation of a population of cells into sub-populations based upon the spe-
cific light scattering and fluorescent characteristics of each cell. Cells stained 
by a fluorophore (e.g. fluorophore-conjugated antibodies or a fluorescently 
labeled CPP) can be separated from one another depending on which fluoro-
phore they have been stained with. 

3.9 Transmission electron microscopy (TEM) 
The transmission electron microscope (TEM) operates on many of the same 
optical principles as the light microscope, however with enormous im-
provement in resolution. This increased resolution allows the study of ultra-
structure of organelles, viruses and macromolecules. In TEM a beam of elec-
trons is transmitted through a ultra-thin specimen, interacting with the spec-
imen as it passes through it. In Paper IV we used negative staining TEM to 
characterize the morphology of peptides after self-association. For negative 
staining TEM, a heavy metal salt like uranyl-acetate is applied and predomi-
nantly stains the surface of grids while nanoparticles remain unstained. The 
TEM image is then generated by distinct electron scattering from nanoparti-
cles and stained background, due to the mass-thickness difference. 
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3.10 Confocal laser scanning microscopy (CLSM) 
Confocal microscopy is used in biomedical sciences for imaging either fixed 
or living tissue that have been labelled with one or more fluorescent probes. 
The confocal setup provides an increased lateral and axial resolution and an 
ability to eliminate the “out-of-focus” flare from thick fluorescently labelled 
specimens. The illumination in a confocal microscope is achieved by scan-
ning one or more focused beams of light, usually from a laser, across the 
specimen. The image is produced by scanning the specimen, producing dif-
ferent optical sections that can be stacked in the form of z-series to produce a 
tree-dimensional image [245]. In Paper II we relied on the capacity of the 
CLSM to obtain images of optical sections that clearly showed the ring like 
structures, formed by the accumulation of rhodamine 6G labelled peptide 
and cyanine5 labelled siRNA around the cellular membrane of PC12 cells. 

An axial scan through a single PC12 cells generated a characteristic z-scan 
intensity profile, identifying the position of the apical plasma membrane 
(APM), which was rendered visible by the interacting peptide that favoura-
bly accumulated in the cellular PM. This profile is analytically separated into 
membrane and cytoplasmic components by accounting for both the cell ge-
ometry and the point spread function. From the resulting fluorescence inten-
sity profile, it was then possible to precisely set focus at the APM of the 
selected cell for subsequent measurements. 

3.11 Epifluorescence microscopy 
An epifluorescence microscope is a simpler set up of a fluorescence micro-
scope when compared to a confocal microscope, described above. It is basi-
cally an optical microscope that uses fluorescence and phosphorescence 
instead or in addition with reflection and absorption [246]. In Paper IV we 
used this technique to image and quantify peptide/Alexa568-SCO complexes 
as they associated with HeLa pLuc cells. The quantification was made by 
automatically processing the obtained images with CellProfiller software and 
FIJI macro. 

3.12 Total internal reflection fluorescence (TIRF) 
microscopy  
Total internal reflection fluorescence is an optical technique that allows se-
lectively imaging of fluorescent molecules in an aqueous environment that 
are very near a solid substance with a high refractive index (e.g. coverglass). 
Depending on the wavelength and the objective numerical aperture, the 
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thickness of the excitation depth, called the evanescent field, can be less than 
100 nm from the solid surface [247]. In Paper II we used TIRF microscopy 
to evaluate the adsorption of the cationic PF14 to solid surfaces, pre-treated 
with a coating agent. 

3.13 Fluorescence correlation spectroscopy (FCS) 
Fluorescence correlation spectroscopy (FCS) has been developed since the 
early 1970’s as a special case of relaxation analysis [248]. Classical relaxa-
tion analysis consisted in perturbing a system by changing for example tem-
perature or pressure, and gaining information of the kinetic parameters as the 
system returned to equilibrium. FCS novelty was to take advantage of mi-
nute spontaneous fluctuations, through a confocal setup, of physical parame-
ters that are reflected by the fluorescence emission of molecules [249]. 
Through a mathematical procedure know as temporally autocorrelation anal-
ysis, the fluctuations in the intensity signal can be quantified in their strength 
and duration (Figure 11). FCS can detect fluorescence fluctuations, induced 
by low numbers of diffusing labelled particles, in a confocal setup to analyse 
their concentration and mobilities.  

In its dual colour variant, fluorescence cross-correlation spectroscopy 
(FCCS) can be used to monitor molecular interactions, enzymatic reactions 
and dynamic colocalization. In FCCS, two different species are labelled with 
two distinct fluorophores in order to study their interaction. When the differ-
ent particles are bound, they diffuse in synchronous trough the focal volume, 
thus inducing simultaneous fluctuations of the fluorescence signals in the 
two colour channel and give a positive cross-correlation (Figure 11) [250]. 

A 

 
B 

 
Figure 11 Principles of (A) FCS and (B) FCCS measurements. Adapted from [250]. © 2006 
Nature. 
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Since the relative fluctuations become smaller with increasing numbers of 
measured particles, it is essential to minimize the number of particles in the 
focal volume. The signal needs to be higher than the residual background 
signal. Being the confocal volume approximately 1 femtoliter, the typical 
concentrations are between low nanomolar (10-9 M) and micromolar (10-6 M) 
[251]. 

In principle, the autocorrelation analysis provides a measure of the self-
similarity of a time signal and highlights characteristic time constants of 
underlying processes. The autocorrelation function is defined as  

𝑮 𝝉 =
𝜹𝑭 𝒕 𝜹𝑭 𝒕 + 𝝉

𝑭(𝒕) 𝟐  (6) 

where 𝐹 𝑡  represents the average fluorescence intensity; 𝛿𝐹 𝑡  and 
𝛿𝐹 𝑡 + 𝜏  give the fluctuation intensity around the mean value at time t and 
(t + τ), respectively; and τ is the lag time, or so-called correlation time. From 
the FCS autocorrelation curve, (ACC) the diffusion coefficient (D) and con-
centration (C) can be obtained. 

𝝉𝑫 =
𝝎𝒙𝒚
𝟐

𝟒𝑫
 (7) 

𝑪 =
𝟏
𝑵

 (8) 

where (τD) is the diffusion time, determined from the characteristic decay 
time of the ACC and (ωxy) is the lateral radius of the observation volume. N 
is the average number of fluorescent molecules in the focal volume, which 
can be determined from the amplitude of the ACC, G(τ) at 10 µs. Additional 
aspects of FCS theory are given in Paper II. 

In the confocal FCS setup, the exciting radiation from a laser beam is di-
rected into a microscope objective via a dichroic mirror and focused on the 
sample. The same objective collects the fluorescence light from the sample 
and directs it to the dichroic mirror and the emission filter. The pinhole in 
the image plane blocks any fluorescence light not arriving from the focal 
region, thus providing axial resolution. Subsequently, the light is focused 
onto the detector, usually an avalanche photomultiplier with single photon 
sensitivity [251]. 
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3.14 Cell cultures 
HeLa cells were used in Paper I. These are cells propagated by the re-
searcher George Gey from a cervical cancer patient, named Henrietta Lacks, 
in 1951 [252]. It is the oldest and most commonly used human cell line. 
HeLa are robust, fast growing and easy to transfect. 

PC12 cells, first cultured in 1976 by Greene and Tischler [253] were used in 
Paper II. This is a cell line derived from a pheochromocytoma, a neuroen-
docrine tumour of the medulla of the rat adrenal glands. PC12 cell line has 
been extensively used in brain disease studies. These cells are easy to culture 
and there is large amount of information on their proliferation and differenti-
ation. Beside these essential qualities, the cells have been used with great 
expertise in fluorescence correlation spectroscopy (FCS) studies by Profes-
sor Vladana, at the Karoliska Institute [254]. In addition, for Paper II we 
also recurred to glioblastoma derived U87 MG Luc cells [255] for siRNA 
knockdown experiments. These cells stably express the luciferease gene in 
high quantity. 

In Paper III and IV HeLa pLuc 705 cells were used. This cell line is stably 
transfected with a firefly luciferase-encoding gene interrupted by a mutated 
β-globin intron, carrying an aberrant splice site at nucleotide 705, which 
interrupts the coding region of the luciferase reporter gene. This single muta-
tion in the intron causes aberrant splicing of luciferase pre-mRNA, prevent-
ing correct translation of luciferase. Treatment of the cells with antisense ON 
targeted to the mutation site induces correct splicing, restoring luciferase 
activity [256]. The procedure allows the evaluation of various delivery vec-
tors by measuring luciferase activity. 

3.15 Oligonucleotide transfection 
The capacity of the studied CPPs to deliver ON cargo was examined by us-
ing two distinct reporter systems: (1) luciferase silencing RNA or (2) pLUC 
705 SCO (or SSO). Delivery of these ON cargoes was tested by (i) reading 
their biological effect and by (ii) quantifying their internalization via com-
plexation with fluorescent labeled peptides. 

HeLa pLuc 705 cell line based assay, developed by Kole and colleagues in 
1998 [256], was used as a positive read-out method. With this method it is 
possible to quantify antisense oligonucleotide delivery to the nucleus. Mask-
ing the aberrant splice site with SCO redirects splicing towards the correct 
mRNA and restores luciferase activity that can be quantified by lumines-
cence. 
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Anti-luciferase siRNA was used as a negative read out. HeLa or U87 cells 
were first transfected with BES PX plasmid, containing the luciferase gene. 
Successfully transfected siRNA is able to bind luciferase mRNA and block 
its translation. Knockdown of luciferase gene can be determined by compar-
ing the bioluminescence from siRNA treated cells with untreated cells. 

3.16 Cell viability 
The translocation of CPPs across the plasma membrane can result in toxic 
effects due to excessive membrane perturbation, especially at high peptide 
concentrations. Determination of cytotoxicity is crucial as it allows estab-
lishing the toxic threshold, where damage to cells becomes irreversible. To 
find out if the activity of the CPPs was associated with cytotoxicity, in Pa-
per I cell viability was evaluated using the CytoTox-GloTM assay, property 
of Promega Corporation. This assay uses a luminogenic peptide substrate 
(alanylalanylphenylalanyl-aminoluciferin) to measure dead-cell protease 
activity. The substrate is only released from cells that have lost membrane 
integrity and this is associated with cytotoxicity. The substrate cannot cross 
the intact membrane of live cells and does not generate any appreciable sig-
nal from the live-cell population. 

In Paper III and IV WST-1 (water soluble tetrazolium salt-1) and MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability assays 
were used, respectively. Both are colorimetric assays and based in the con-
version of a tetrazolium salt to an absorbent formazan product by cellular 
reductases, in cells with active metabolism and functioning mitochondria. 
The main difference between the assays is that WST-1 gives a soluble form-
azan product whereas MTT requires an organic solubilisation steep before 
absorbance measurement [257]. 

3.17 Hemolysis 
In the hemolysis assay, human red blood cells and the sample to be tested are 
co-incubated in buffers at defined pH that mimic extracellular, early endo-
somal, and late endo-lysosomal environments. In this model system, the 
erythrocyte membrane serves as a surrogate for the lipid bilayer membrane 
that encloses endo-lysosomal vesicles. The amount of hemoglobin released 
during the incubation period is quantified by spectrophotometry at 450 nm, 
as a measure of red blood cell lysis, which is normalized to the amount of 
hemoglobin released in positive control samples lysed with a detergent 
[258]. 
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3.19 Fluorescence quenching 

Alexa568-SCO quenching assay is based on the variation of the fluorescence 
by the Alexa568 emission in response to changes in the environment. The 
rapid and sensitive method is inspired in the reported ethidium bromide fluo-
rescence quenching or exclusion assay [259]. In principle, when peptides 
bind to the labeled oligonucleotide through electrostatic and hydrophobic 
interactions, they also bind to the fluorescent label, causing quenching of the 
fluorescence emission from the dye. Therefore, the variation of fluorescence 
emission caused by the increasing amount of peptide, can be monitored with 
a spectrofluorometer. The quality control of this method was ascertained via 
a gel electrophoresis mobility shift assay. This method is commonly used to 
detect protein-nucleic acid interactions, based on the observation that the 
electrophoretic mobility of a protein-nucleic acid complex is typically less 
than that of a free nucleic acid [260]. 

3.20 Complex affinity 
A method to evaluate the affinity of CPPs to oligonucleotides after non-
covalent complexation was developed in Paper III. The method is based in 
the propensity of complexes of CPP/Alexa568-SCO to precipitate when 
subjected to centrifugation. In principle, the fluorescence of a solution con-
taining free Alexa568-SCO decreases upon complexation, followed by cen-
trifugation. The fluorescence remaining in the supernatant, due to non-
complexed Alexa568-SCO can be determined by interpolation, using a cali-
bration curve obtained from Alexa568-SCO solutions of known concentra-
tion. Thus, the degree of affinity varies indirectly with the amount of 
Alexa568-SCO that remained in the supernatant. 
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4. Results and discussion 

The ability of cell-penetrating peptides to cross cellular membranes brings 
exciting therapeutic possibilities. From a physical chemistry point of view, 
the capacity of cationic and amphipathic peptides to cross the non polar inte-
rior of the lipid bilayer and release their cargo, puts intriguing problems. 

This thesis proposes mechanisms, physico-chemical and structural properties 
that influence the interaction of cationic and amphipathic CPPs with oligo-
nucleotide cargo and with lipid membranes. 

 
Effects of cargo molecules on membrane interaction 
 
In Paper I, we used the calcein leakage assay to characterize the membrane 
perturbation capacity of three different CPPs: PF3, NF1 and NF51 in the 
presence or absence of ON cargo molecules. The CPPs used are N-
terminally stearylated TP10 analogs, which differ in their residue composi-
tion, hydrophobicity, net charge and chemical structure. In addition, we stud-
ied cellular uptake and delivery efficiencies of these peptides and compared 
their biological activities. 

The capacity to interact and perturb lipid membranes was compared between 
peptides, as a percentage of calcein leakage from both neutral (POPC) and 
partially negatively charged (POPG) LUVs. The highest degree of leakage 
was observed for NF51, the most hydrophobic peptide, which was potent at 
2 µM. From this result we suggest that the peptide’s hydrophobicity as well 
as the peptide’s chemical structure are the main driving forces in membrane 
perturbation and leakage capacity. Additionally, it also indicates a correla-
tion between phospholipid membrane perturbation and endosomal escape 
efficiencies. 

FACS analysis showed that NF51 has approximately 2-fold lower cellular 
uptake than NF1 and PF3. We could also show that decreasing the pH out-
side the LUVs from 7.4 to 5 enhanced NF1’s membrane perturbation and 
leakage. This effect was dominant for NF1 compared to the other peptides. 
A possible explanation is that NF1’s phosphotyrosine acts as a pH sensitive 
group that destabilizes the vesicle membrane under acidic environment. 
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To address the main question of this study, we investigated the influence of 
electrostatically attached ON cargo, on membrane perturbation capacity. We 
observed an almost complete inhibition of leakage for NF1/pDNA and 
NF51/pDNA independently of the membrane charge. This was attributed to 
the size and stability of these complexes, which may limit the peptide’s di-
rect interaction with the membranes. FACS analysis showed no influence of 
pDNA cargo on PF3 uptake but a significant decrease for NFs/pDNA com-
plexes. We concluded from these results that, the rate-limiting step for 
NF/pDNA cellular transfection is the cellular internalization and not the 
endosomal escape process. Once the complex is inside the endosome, free 
NFs are able to destabilize the endosomal membrane and promote the endo-
somal escape. In contrast, the translocation of the PF3/pDNA through the 
endosomal membrane is the rate-limiting step for PF3 bioactivity due to the 
lower membrane disruptive effect of PF3. 

The effect of SCO cargo on membrane interaction was low. SCO was the 
smallest cargo molecule used and its influence on the peptide’s perturbation 
capacity was mostly negligible. However, SCO enhanced the cellular uptake 
efficacy of NF51, indicating a positive effect of this cargo on membrane 
permeation. siRNA showed opposing effects depending on the peptide and 
membrane charge. In the presence of 30% negatively charged POPG LUVs, 
siRNA complexes almost completely inhibited the membrane perturbation of 
PF3, however the effect on NF1 potency was not as strong. In contrast, with 
uncharged POPC LUVs, complete leakage inhibition was observed for NFs 
in complex with siRNA. These observations suggest that electrostatic inter-
actions may have an important role in peptide/siRNA membrane interac-
tions, due to the structural characteristics of siRNA complexes. 

CD spectra of the peptides showed distinct secondary structure signatures. 
TP10 adopted a mainly random coil structure while all stearylated analogs 
revealed α-helical structures in phosphate buffer, pH 7.4. The structural dif-
ferences can be caused by the hydrophobic stearylated N-terminus, which 
may force the peptide to adopt a α-helical conformation and facilitated the 
formation of micelle-like particles. The secondary structure changed only 
slightly for SCO complexes with PF3 and NF1 in the presence of LUVs, 
independently of membrane charge. However, the NF51 secondary structure 
changed when it was in complex with SCO in the presence of uncharged 
LUVs. Results for all investigated peptide/pDNA complexes were different, 
showing a relatively weak helical structure with both charged and uncharged 
vesicles. We suggest that there might be equilibrium between an unstruc-
tured peptide in complex with the cargo and some free peptides, which kept 
a defined structure. Both CD results for SCO and pDNA are in agreement 
with leakage results showing that SCO has less effect on the peptide–
membrane perturbation compared to pDNA. The weaker influence of SCO 
compared to pDNA in peptide secondary structure, as well as leakage can be 
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due to differences in the chemical structure of the complex, possibly com-
bined with increased presence of free peptide monomers for the SCO com-
plex. 

 
Simultaneous membrane interaction of amphipathic peptide 
monomers, self-aggregates and cargo complexes 
 
The mechanism of action of an amphipathic CPP depends on several factors, 
directly related to the peptide but also to the lipid membrane with which it 
interacts, and the cargo. Endocytosis has been accepted as the major route of 
uptake for non-covalent peptide/ON complexes. However, the involvement 
of this single route does not explain entirely the efficacy of these drug deliv-
ery systems. A significant level of bioactivity is still detected after inhibition 
of endocytic pathways. Previous studies with the stearylated, amphipathic 
peptide PF14 showed high polydisperse and polymorphic particles when in 
complex with oligonucleotide cargo [127, 210]. Despite this, the peptide 
transduction performance has been showed as outstanding.  

In Paper II, we took advantage of the single molecule sensitivity of FCS to 
study the fluorescent and diffusional properties of the peptide PF14, as well 
as its complexes with siRNA cargo, in solution and at close proximity of the 
plasma membrane of live cells. The main properties we could deduce were 
particle size, directly related to their diffusion time (τD) (Equation 7), con-
centration, directly related to the number of detected particles (N) (Equation 
8) and brightness, directly related to the number of fluorescent entities given 
in counts per molecule and second (CPMS). 

The first finding from this work was the high adsorption of PF14 to glass 
and plastic (polypropylene) surfaces. The phenomena had been previously 
described for other α-helical, cationic membrane-active peptides [261] and 
we clearly faced it, as soon as we started our FCS measurements. As so, we 
detected a sudden and gradual drop in peptide concentration, which was in 
great part avoided by pre-treating the chamber-slides’ surfaces with a solu-
tion of 10 mg/ml of BSA. From this point, optimal conditions for FCS were 
established and measurements proceeded. 

The effect of pH in the self-aggregation of PF14 was evaluated from the 
ratio of particles to monomers (p/m) in solution. After determining the char-
acteristic τD of monomeric PF14 from a low nM solution, we were able to 
compare the relative abundance of the monomers in relation to bigger PF14 
particles, in the form of self-aggregates. The ratio p/m was lowest at pH 2 
and increased for higher pH values, which we interpreted as a sign for ag-
gregation dependence of protonation. 

The amphipathic PF14 sequence together, with its hydrophobic N-acyl car-
bon chain, make the self-aggregation process very likely to occur above a 
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threshold concentration. To test this, we measured the concentration depend-
ence of peptide’s particle size, via their τD and looked for the concentration at 
which particles start to appear. We consistently measured the appearance of 
peptide particles slower/bigger than the peptide monomer, above 1 µM. We 
considered this concentration to be equivalent to PF14’s critical micelle con-
centration (CMC). Our results suggest that PF14 aggregation process might 
follow the same principles as classical detergents, however instead of self-
associating forming closed, monodisperse micelle-like particles, it forms 
polydisperse aggregates, according to scheme 1. 

 
(1) 

After characterizing the peptide self-aggregates it was our interest to study 
the particles that form after PF14 complexation, in this case with siRNA. 
The interaction between the two components that form the complexes was 
monitored by measuring the variation of τD of Cy5 labeled siRNA (Cy5-
siRNA) with increasing concentration of unlabeled PF14. We could see that 
the complexation process starts at low peptide concentration (MR 0.3), fol-
lowed by a gradual increase of particle’s size until the molar ratio of peptide 
to siRNA was MR 30. Above this concentration, particle growth was re-
tained even after 3000-fold excess peptide addition. According to our results 
it was suggested that the formation of PF14/siRNA complexes in solution 
are characterized by a series of equilibria and equilibria constants, generical-
ly represented in scheme 2: 

 
(2) 

Finally, we took a closer look to what happened to the peptide and complex 
particles in the close vicinity of the PM of PC12 live cells. Indeed we ob-
served the same distribution of molecular and supramolecular species as 
detected in solution. In particular we saw a tendency for PF14 to form bigger 
and brighter aggregates at the PM, where molecular crowding can also play a 
role.  

In addition, to study the molecular binding and the dynamic colocalization of 
PF14 and siRNA, we used dual color fluorescence cross-correlation spec-
troscopy (FCCS). Although the number of statistically good measurement 
was low, due to the presence of slowly moving particles of variable size, the 
interaction between and dynamic colocalization of the two complex compo-
nents was detected, from the positive cross-correlation (CC) curves. The 
localization and distribution of PF14 and PF14/siRNA at the PM were sug-
gested to be caused both to (1) deposition of peptide monomers, self-
aggregates and complexes over the PM and (2) to enhanced peptide and 
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complex aggregation (crowding), promoted by local conditions at distinct 
lipid domains in the PM. 

In summary, in Paper II we confirmed that the amphipathic peptide PF14 
reveals a dynamic molecular behavior, which allows it, depending on its 
concentration and environment, to self-assembly in heterogeneous particles 
of distinct size and topology, or exist as well dispersed monomers both in 
solution and at the PM. Finally, our results suggested that distinct and simul-
taneous cell uptake mechanisms can be triggered by molecular and supramo-
lecular species of PF14 and PF14/siRNA  

 

pH-responsive peptides for improved endosomal escape 
 
The potential of pH sensitive CPPs can be exploited for targeted release, for 
example into the acidic environment around solid tumors, or acidified orga-
nelles as endosomes and lysosomes. The later process is of high importance 
for efficient cargo delivery into the cytosol. Improved release of cargo has 
been achieved by insertion of moieties that respond to the unique environ-
ment of endosomes. In the past, our group developed peptides as PF6 [165] 
and PF15 [173], which contain a chloroquine analogue, a well known en-
dosomolytic agent. However, this strategy leads to more complicated synthe-
sis and increased toxicity. Others approached this problem by including en-
dosomal escape domains [41] and sequence motifs that utilize changes in pH 
as a functional trigger [40]. 

In Paper III we approached the endosomal escape problem from the per-
spective of the complexes instead of the peptide. This was done by the intro-
duction of a series of intercalated histidine residues, which would destabilize 
the complexes during endosomal maturation. The substitutions were done in 
the galanin-derived N-terminal sequence, which had been conserved 
throughout the PepFect family. This part of the sequence was shown to be 
important for membrane activity and cellular uptake of TP10 but not to the 
same extent in its stearylated derivatives [161]. Histidine positioning was set 
to increase or decrease secondary amphipaticity of peptides under acidic 
conditions. Because polyhistidines have also been reported to be CPPs [262], 
a chimeric combination of PepFect sequences and polyhistidine was also 
investigated. The modifications were replicated in both PF3 and PF14 so we 
could study the influence of the different C-terminal sequences. The imidaz-
ole group in histidine‘s side chain is known to display ionisable groups that 
can produce a “proton sponge” effect at endosome pH levels [263]. However 
this effect was not obvious in the studied peptides, since we saw no correla-
tion between the higher number of histidine residues and an increased bio-
logical effect. The most efficient peptide in this study was the PF3 analogue 
PF132, which contain a leucine/histidine modified sequence. However, the 
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histidine modifications did not result in the same size variation or biological 
activity for the two sets of analogues. While PF3 analogues showed in-
creased biological activity when compared to parent peptide, the opposite 
was verified for PF14 analogues. Despite of the remarkable improvement in 
PF132, its biological activity was still not as high as PF14. 

All peptides used in this study are primary amphipathic, due to their se-
quence and N-terminal lipidation, and secondary amphipathic, due to the 
distribution of hydrophobic and polar residues within their sequence. These 
characteristics are expected to affect not only the peptide’s interaction with 
lipid membranes but also with ON cargo. We looked for changes in pep-
tide’s secondary structure by CD spectroscopy, under neutral and acidic pH 
and observed that most peptides showed a α-helical profile, under both pH 
conditions. Only PF131 clearly underwent a shift in its secondary structure 
under the different pH.  

Furthermore, we compared the size, cargo affinity and membrane activity of 
the two sets of peptides, hopping to identify correlations between these 
properties, the secondary structure and the biological efficiency. Importantly, 
the correlations found for the PF3 set were not valid for PF14 set, which 
suggests a differentiating role of the C-terminal part of the sequences and 
particularly the position of leucines and histidines within the sequences. 

In summary, the results from Paper III reveal that the same structural modi-
fications can produce opposite effects in peptides with different backbones 
and that simply applying a previously reported modification might not be a 
good strategy to modify another unrelated peptide sequence. An interesting, 
though generic suggestion from this work is that simply the coupling of a 
stearic moiety into a cationic peptide greatly increases its chances of suc-
cessfully (1) form complexes with oligonucleotide cargoes and (2) deliver 
cargo into cells, although with different efficiencies 

 
Role of fatty acid N-terminal modification in complexation 
and delivery 

 
In Paper IV we investigated the reasons behind the enhanced delivery effi-
ciencies usually verified for acylated CPPs, as PepFects. We developed a 
systematic strategy to study variables that could contribute for the improved 
delivery efficacy, namely: (1) nucleic acid binding, (2) size and zeta poten-
tial of peptide/ON complexes, (3) interaction with cell membrane, (4) cellu-
lar uptake, (5) endosomal release and (6) release of cargo at site of action. 
For this purpose, we synthesized a library of N-terminally acylated CPPs 
with varying hydrocarbon chain length, using PF14 backbone as template for 
modification. Furthermore we screened and characterized the properties of 
peptides and their ability to formulate SCOs. 
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Amphiphilic peptides like PepFects are expected to show a tendency for self-
association. The reasons for this likely supramolecular organization are the 
presence of (1) the hydrophobic lipid at N-terminus and (2) the positive 
charged residues distributed through the peptide, which depending of the 
environment, can acquire low protonation state and decrease charge repul-
sion. We addressed this question both in Paper I and Paper IV with sus-
tained results for PF14.  

We looked for evidence of self-association and its dependence of the level of 
protonation by measuring the average size and zeta-potential of peptide par-
ticles under different pH. Indeed we saw a direct correlation between the size 
of particles and the pH, though an inverse correlation was verified between 
the length of the acyl chain and the particle size. It is important to mention 
the limitations in the accuracy of DLS measurement from highly polydis-
perse solutions, containing too big particles. The confirmation of peptide 
self-association came from negative staining TEM. The images showed 
amorphous, in some cases fibrillar aggregates of peptides, which confirm the 
same correlations as seen from the DLS measurements. In summary we have 
shown that peptide self-aggregation is both dependent of the level of proto-
nation and the overall hydrophobicity. 

Furthermore, the formation process of peptide/ON complexes was tested for 
the different peptides and SCO. The objective was to understand the influ-
ence of the peptide’s hydrophobic tail in the size and stability of the com-
plexes, under different pH and MRs. The results suggested that all ON was 
complexed approximately between MR 3 and MR 5, while the excess pep-
tide remaining in solution was found to form particles with similar size and 
polydispersity as the complexes themselves. These findings were confirmed 
by the Alexa568-SCO quenching assay, with which we were able to deter-
mine how much of the SCO was bound to the different peptide analogues, at 
each molar ratio, by measuring its degree of fluorescence quenching. 

In the acylated peptides, the peptide backbone acts as a charged head group, 
while the acyl chain as an hydrophobic tail. Primary amphiphiles can be 
highly membrane active, and consequently toxic. Therefore, we evaluated 
the role of the lipid tale in producing hemolysis of red blood cells in suspen-
sion, as a model of potential toxicity after systemic administration. As ex-
pected, the hemolytic activity was higher for peptides with longer acyl 
chains. The same test was done using complexes at MR 3-10, where hemo-
lytic activity was shown higher for higher MRs, which we attributed again to 
the presence of excess free peptide. From this experiment we suggest an 
optimization of peptide/ON MR in order to balance membrane activity and 
reduce toxicity. 

Next, we searched for the optimal acyl chain length for PF14, which could 
allow maximum transfection efficiency while minimum cytotoxicity. For 
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that we used HeLa pluc 705 reporter cells, to screen both peptide alone and 
in complex with SCO at four different molar ratios. The results suggested 
that the length of the acyl chain, thus its hydrophobicity is a key characteris-
tic for efficient and functional SCO delivery. Moreover, we found a minimal 
acyl chain length of 12 carbons, below which no detectable transfection oc-
curred. Another important observation was the effect of excess peptide at 
high molar ratios, which seemed to be the main responsible component for 
toxicity. 

Finally we further investigated the reasons behind the linear increase in func-
tional SCO delivery, starting at 12 carbons acyl chain length. For that we 
used Alexa568-SCO containing complexes at MR 10 and quantified their 
interaction with the cells by measuring fluorescence in the close proximity to 
the nucleus, after image acquisition from epifluorescence microscopy. To 
make sure we considered only and all efficiently internalized complexes, we 
substituted the cell media for chloroquine containing media, after treating the 
cells with all complexes. Confirming what was seen for the transfection effi-
ciency assays, we found a threshold for the minimal length of the acyl chain, 
which was in this turn of 10 carbons. In summary, the hydrophobicity of the 
peptide vectors used in the complexes was shown to play a major role in the 
interaction with the PM and in the efficiency of functional SCO delivery. 

In conclusion, in Paper IV we demonstrated that enhanced delivery effi-
ciency of SCO varied proportionally to hydrophobicity, due to N-terminal 
acylation of PF14, starting from a chain of 12 carbons. From these results, 
we suggest that hydrophobicy plays a major role by enhancing the interac-
tion of the complexes with the PM. Furthermore, we found that a free pep-
tide fraction is kept in solution at higher molar ratios, which it was related to 
higher membrane activity and toxicity. In addition, peptide free fraction 
seems to form aggregates of similar size as the peptide/SCO complexes. In 
summary, optimal hydrophobicity and peptide to cargo ratio were demon-
strated to be essential factors for efficient delivery, which is probably appli-
cable to other non-viral delivery vectors. 
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5. Conclusions 

There is a general agreement that a greater understanding of the mechanisms 
underlying macromolecule transport across cell membranes can pay divi-
dends in the long term. In this thesis we approached this task by studying the 
lipid membrane interaction of novel cationic and amphipathic cell-
penetrating peptides and their non-covalent complexes with oligonucleotide 
cargo. We were able to characterize aspects of the structure of the peptide 
carrier and of the cargo that influence the efficacy of complexation and cel-
lular delivery. The following paragraphs summarize the main conclusions of 
this thesis. 

The main conclusion from Paper I was that the size and type of ON cargo 
influences differently the capacity of the tested peptide vectors to interact 
with lipid membranes. Other important conclusions were: 

- Membrane perturbation capacity was reduced in the presence of ON 
cargoes and this effect was much more pronounced for bigger cargo like 
pDNA; 

- The peptide and its physicochemical properties, mainly its hydrophobi-
city and chemical structure define its membrane perturbation efficiency 
and thus its ability to escape from the endosomes; 

- Peptide complexes have different cellular delivery efficiencies, which 
are cargo type dependent but independent from the endosomal escape. 

The main conclusion from Paper II was that cellular transfection of 
PF14/siRNA results in different molecular and supramolecular species, in 
equilibria, which interact simultaneously with the plasma membrane. Other 
relevant conclusions were: 

- Cationic and both primary and secondary amphipathic peptide PF14 
strongly adsorbs to plastic and glass solid surfaces; 

- PF14 self-association depends on the pH and the concentration of pep-
tide; 

- In solution, peptide monomers are in equilibria with peptide aggregates; 
- The complexes formed with siRNA are polydisperse and the peptide 

excess forms self-associates and aggregates; 
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- Distinct molecular and supramolecular species interact simultaneously 
with the plasma membrane of live cells and can be responsible for the 
diversity of uptake mechanism often observed for these type of vectors; 

- Optimization of non-covalent complex self-assembly conditions are 
necessary to develop efficient amphipathic peptide based delivery vec-
tors. 

The main conclusion from Paper III was that the inclusion of histidines in 
the galanin part of the sequences of PF3 and PF14 only results in pH respon-
siveness and better overall delivery efficacy when regularly interspaced by 
hydrophobic residues. Other important conclusions were: 

- The galanin sequence in the TP10 analogues does not have a fundamen-
tal role in the cellular uptake process; 

- The substitution of the galanin part with histidine-containing sequences 
led to pH-sensitive peptides; 

- The helical fraction of the analogues correlated well with membrane 
perturbation capacity and affinity to ON cargo; 

- The size and stability of the peptide/ON complexes have a clear influ-
ence in the bioactivity. 

The main conclusion taken from Paper IV was that there is a minimal length 
of 10 carbons for the hydrophobic acyl chain at the N-terminal of PF14, 
which is essential for its ON delivery capacity. Other relevant conclusions 
were: 

- Enhancement of the hydrophobicity of cationic CPPs by N-terminal 
acylation increases the functional delivery of short oligonucleotides; 

- The major effect of the increased hydrophobicity seems to be the higher 
degree of association of peptide/oligonucleotide complexes with the cell 
membrane; 

- The association between peptide and oligonucleotide follows a specific 
stoichiometry; 

- The free fraction of peptide not incorporated in complexes, self-
assembles and forms peptide particles, able to interact in a differentiated 
way with the cell membrane; 

- The membrane activity and toxicity mostly originates from the peptide 
free fraction. 
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6. Populärvetenskaplig sammanfattning på 
svenka 

Gener är en grundläggande förutsättning för liv. Det är genom informationen 
i generna, den så kallade genetiska koden eller DNA, som alla cellulära 
funktioner hos en organism kontrolleras. Denna kod innehåller all nödvändig 
information för att celler, vävnader och hela organismen ska utvecklas och 
fungera korrekt. De flesta sjukdomar, som t ex cancer, diabetes och Alzhei-
mers har genetiska orsaker och beror på ett fel eller en förändring i generna 
eller deras uttryck. På grund av detta är DNA skyddat i cellkärnan och viks i 
form av kromosomer. När en cell behöver komma åt informationen i DNA 
gör den det med hjälp av andra nukleinsyror som messenger-RNA, som 
transporterar den kodade information till specialiserade områden i cellen där 
den översätts till proteiner. Proteiner kallas ibland biologiska maskiner. De 
är uppbyggda från små byggstenar som kallas aminosyror, och utför en rad 
olika typer av uppgifter i celler, såsom transport, rengöring, signalering, 
syntes och mycket mer. Om den genetiska informationen är inkorrekt påver-
kas proteinproduktionen, vilket leder till olika typer av problem med celler-
nas funktion. 

För ungefär 45 år sedan lanserades idén att korrigera dessa fel genom att 
förändra den genetiska informationen, så kallad genterapi. Sedan dess har 
den ökade kunskapen inom genetik, molekylärbiologi och framstegen inom 
genomsekvensering lett till ett helt nytt vetenskapligt forskningsfält med 
lovande medicinska tillämpningar. Idén bakom genterapi är i sig enkel, men 
det praktiska genomförandet har visat sig vara komplicerat. Det största hind-
ret är att cellen ogillar främmande genetisk information, från t ex virusinvas-
ioner, och därför har en rad olika mekanismer utvecklats för att förhindra 
invasioner. Det viktigaste av dessa är cellmembranet vilket består av lipider 
och fungerar som en skyddsvägg som endast tillåter passage av nödvändiga 
näringsämnen eller små och fettlösliga molekyler, som kan korsa den genom 
enkel diffusion. Många läkemedel som används i dagsläget tillhör denna 
klass av molekyler. Biologiska molekyler som innehåller genetisk informat-
ion och kan användas för genterapi kallas oligonukleotider. Dessa molekyler 
är för stora för att passera cellmembranet. Dessutom är de negativt laddade 
vilket leder till elektrostatisk repulsion från cellmembranet.  Utöver detta 
utlöser närvaron av oligonukleotider i blodcirkulationen varningssignaler för 
immunsystemet som ser dessa molekyler som inkräktare och gör allt för att 
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förstöra dem. Min avhandling syftar till att vidareutveckla en typ av peptider 
som möjliggör transport av oligonukleotider i celler för att korrigera gene-
tiska problem. Dessa molekylära transportörer, konstruerade och syntetise-
rade i vårt laboratorium, kallas cell-penetrerande peptider eller CPP. 

I Artikel I var syftet att testa effekterna av olika storlekar på oligonukleoti-
der. Vi drog slutsatsen att oligonukleotidens närvaro minskar effekten av 
CPP på cellmembranet, troligtvis beroende på förändring av egenskaper som 
laddning och tredimensionell struktur som påverkar det cellulära upptaget.  

I Artikel II ville vi närmare undersöka komplexbildningen mellan CPP och 
oligonukleotider samt interaktionen med plasmamembranet. Vi observerade 
att den testade CPP:n kan bilda partiklar både ensam och tillsammans med 
oligonukleotider. Vi drog slutsatsen att det cellulära upptaget beror på den 
sammanlagda effekten av fria peptider i lösningen, partiklar av peptider samt 
komplex bestående av peptider och oligonukleotider. 

Artikel III syftade till att utveckla CPP:er som kunde reagera på pH-
förändringar. Detta är en intressant egenskap eftersom vissa cellulära orga-
neller, ex lysosomer, samt vissa vävnader, ex tumörer, har ett lägre pH-värde 
än det normala fysiologiska, vilket är cirka 7,4. Några av CPP:erna som vi 
designade visade en minskad affinitet till lasten vid lägre pH, vilket är viktigt 
för att den ska släppas i tid innan oligonukleotiden bryts ner i specialiserade 
cellulära organeller som kallas lysosomer. Dessa egenskaper ledde till en 
förbättrad biologisk effekt av peptiderna. 

I Artikel IV var målet att testa effekten av tillsats av en hydrofob lipidmodi-
fikation till en CPP. Syftet var att förbättra en CPPs förmåga att bilda partik-
lar med homogen storlek och form, vilket är en grundläggande förutsättning 
för injicerbara läkemedelsformuleringar. Vi observerade att det finns en op-
timal lipidlängd, och att i frånvaro av lipidmodifikation förlorar den testade 
CPP:n sin transportkapacitet och blir till och med giftig. 

Utvecklingen av molekylära leveranssystem för biomolekyler, med potenti-
ella terapeutiska tillämpningar, har varit långsam och den är långt ifrån över. 
För bara 3 år sedan släpptes det första genterapibaserade läkemedlet i 
Europa. Trots detta har genterapi väckt stort intresse både i den akademiska 
världen och inom läkemedelsindustrin och mycket resurser läggs ner på att 
förbättra genterapier och på att sänka kostnaderna. Om detta uppnås kan 
genterapier leda till ett paradigmskifte för behandling av sjukdomar. Vårt 
slutgiltiga mål är att bidra till samhället genom att öka kunskapen om gente-
rapi vilket på sikt kan leda till nya medicinska terapier.  
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7. Sumário científico simplificado em 
português 

Os genes são o elemento fundamental da vida. É através da informação con-
tida nos genes, o chamado código genético ou DNA, que todas as funções 
celulares de um organismo são controladas, na saúde e na doença. De facto, 
grande parte das doenças humanas, tal como o cancro, diabetes ou Alzhei-
mer têm uma base genética, seja na sua origem ou no seu desenvolvimento. 
O significado de um processo patológico de origem genética pode ser visto 
como um erro ou uma alteração no DNA, onde está inscrita toda a informa-
ção necessária para o bom funcionamento de uma célula, de um tecido, de 
um órgão e no limite de todo um organismo. O DNA está contudo bem pro-
tegido e enrolado sob a forma de cromossomas, no núcleo celular. De cada 
vez que a célula necessita de aceder à informação nele contida, fá-lo com a 
ajuda de intermediários, tal como o RNA mensageiro. Estes intermediários 
levam a informação codificada para áreas especializadas da célula onde esta 
é finalmente traduzida para desencadear o processo de síntese de proteínas. 
As proteínas são autênticas máquinas biológicas, construídas a partir de pe-
quenas moléculas chamadas aminoácidos, que executam todo o tipo de tare-
fas na célula, tal como, transporte, limpeza, sinalização, síntese e muito 
mais. Se a informação genética contida no DNA, ou nos seus intermediários 
for incorreta, então a produção de proteínas será afectada, e daí surgirão 
problemas.  

A ideia de correção, adição ou eliminação de informação genética contida 
nas células com uma finalidade terapêutica, surgiu naturalmente à cerca de 
45 anos atrás. Desde então, o acumular de conhecimentos em genética, bio-
logia molecular e o impressionante progresso das tecnologias de sequencia-
ção genética, deram origem a um novo campo de investigação científica, 
com promissoras aplicações médicas, denominado terapia génica. De facto o 
conceito parece simples, mas a sua execução tem-se revelado extremamente 
complicada, por varias razões. Acima de tudo a célula não gosta de informa-
ção genética que lhe é estranha, tal como a contida em vírus, e por isso con-
tém uma série de mecanismos e barreiras extremamente eficientes para evi-
tar uma invasão. A mais importante dessas barreiras é a chamada membrana 
celular ou membrana plasmática. Esta funciona como uma muralha, formada 
por lípidos, que deixa passar somente nutrientes necessários ou então molé-
culas pequenas e liposolúveis, que simplesmente a atravessam por difusão. A 
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grande maioria dos fármacos usados na atualidade pertence a esta classe de 
moléculas pequenas. No entanto as moléculas biológicas que carregam in-
formação genética, chamadas oligonucleótidos, são de facto grandes e por-
tanto sem capacidade de penetração celular. Mais ainda, são carregadas ne-
gativamente, tal como os lípidos da membrana celular, o que resulta em re-
pulsão electroestática. Para além disto, a presença de oligonucleótidos em 
circulação dispara sinais de alerta no sistema imunitário, que tudo faz para 
destruir todo e qualquer vestígio destes elementos.  

O trabalho desenvolvido na minha tese teve como objectivo o desenvolvi-
mento de tecnologia que permite a proteção de oligonucleótidos com poten-
cial terapêutico e o seu transporte eficaz até ao interior da célula, onde irão 
corrigir ou parar um problema com base genética. Estes transportadores mo-
leculares são conhecidos como péptidos de penetração celular ou CPPs, do 
inglês cell-penetrating peptides. 

No artigo I o nosso objectivo foi testar os efeitos da presença de oligonucleó-
tidos, de diferentes tamanhos, constituído a carga a ser transportada pelos 
CPPs, na estrutura e capacidade dos CPPs de interagirem com membranas 
lipídicas. Concluímos que de facto a presença de carga diminui a capacidade 
de interação do CPPs com membranas, o que atribuímos ao mascarar de 
propriedades tal como carga e estrutura tridimensional, essenciais para o 
processo de penetração celular. 

No artigo II o objectivo foi o de identificar a presença simultânea de diferen-
tes espécies químicas, que resultam da complexação entre CPP e oligonucle-
ótido, junto da membrana celular. Dado que cada um destas espécies escolhe 
um mecanismo diferente de entrada na célula, a sua presença simultânea 
torna o processo de internalização mais complexo e potencialmente tóxico.  
Observamos que, dependendo do pH e concentração, o CPP testado se pode 
auto-associar sob a forma de partículas de tamanhos na ordem dos nanóme-
tros, e morfologias distintas, à semelhança das partículas de complexos CPP 
com oligonucleótidos. Concluímos que a eficiência global de penetração 
celular resulta do efeito sinérgico das diferentes espécies químicas, em equi-
líbrio no meio de transfecção, nomeadamente moléculas livres de CPP, par-
tículas de CPP sob a forma de agregados e complexos de CPP com oligonu-
cleótido, também sob a forma de agregados. 

No artigo III o objectivo foi o de desenvolver CPPs com propriedades variá-
veis, nomeadamente em resposta a mudanças de pH. Esta é uma característi-
ca interessante pois alguns organelos celulares e certos tecidos, tal como 
tumores, possuem um pH mais baixo que o normal, que é cerca de 7,4. Al-
guns dos CPPs que desenhamos mostraram, com sucesso adaptações estrutu-
rais favoráveis bem como decréscimo de afinidade para com a carga, o que é 
importante para que esta seja libertada atempadamente, antes de ser destruí-
da dentro de organelos celulares especializados, chamados lisossomas. Estas 
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características permitiram melhorar a performance dos CPPs originais na 
entrega de carga ao interior da célula. 

No artigo IV o objectivo foi testar o efeito da adição de uma cauda lipídica, e 
daí hidrofóbica, à estrutura base de um CPP modelo. Desta forma pretendí-
amos melhorar a capacidade do CPP para formar partículas de forma e ta-
manhos bem definidos, sendo este um requisito fundamental para o desen-
volvimento de partículas injetáveis. Notamos que existe um “comprimento” 
óptimo para a cauda lipídica, e que na ausência da mesma, o CPP testado 
perde a capacidade de transportar carga eficazmente para dentro da célula. 

O desenvolvimento de veículos moleculares para biomoléculas com fins 
terapêuticos tem dado passos importantes, mas está longe de estar terminado. 
Só à cerca de três anos atrás é que o primeiro fármaco para terapia génica 
aprovado no mundo ocidental, pôde realmente beneficiar alguns (muito pou-
cos) doentes, uma vez que se destina ao tratamento de uma doença bastante 
rara. A excitação em torno da terapia génica é grande, tanto a nível académi-
co como industrial, com uma corrida para descoberta de veículos molecula-
res mais eficientes e custos de produção e tratamento exponencialmente mais 
baixos. A ambiciosa promessa da terapia génica é nada menos do que uma 
mudança no paradigma da medicina, com fabulosos benefícios para a socie-
dade. Para isto a nossa contribuição é modesta, em comparação com a mag-
nitude dos desafios, mas esperamos que seja bastante significativa na sua 
substância. 
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