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ABSTRACT 

Nucleic acids and their analogues are highly potential candidates to be utilized 
for the treatment of various devastating diseases. The clinical potential of these 
biomolecules remains restricted so far because of their poor stability in the 
presence of serum and low uptake into the cells resulting from the high 
molecular weight, negative charge and hydrophilic nature of the nucleic acids. 
Therefore, the development of macromolecule-based drugs is dependent on the 
progress and improvement of carrier molecules that can facilitate their 
transfection and protect the cargo from degradation. CPPs are relatively short 
peptides, 5–30 amino acids in length, with the ability to gain access to the cell 
interior via energy-dependent and/or independent mechanisms, and facilitate 
intracellular delivery of associated cargo molecules to intracellular targets.  

This thesis focuses on the design and characterization of a new family of 
CPPs, named NickFect. The peptides are designed to deliver various types of 
bio-active cargos, including plasmid DNA, splice-correcting oligonucleotides 
and small interfering RNAs, using non-covalent nanoparticle formation 
approach. In order to enhance the nanoparticle formation activity, uptake 
efficacy and endosomolytic properties, we insert different modifications or 
make amino acid substitutions to the backbone of the parental peptide, stearyl-
TP10. For instance, addition of phosphoryl-group yielded NF1 and NF2, highly 
efficient peptide-based transfection reagents for the intracellular delivery of 
splice-correcting oligonucleotides. Another radical modification, insertion of a 
kink, resulted in NF51 that proved to deliver nucleic acids to the targets both in 
the nucleus and cytoplasm. Additionally, we demonstrate the applicability of 
NF51 in protein production system. Furthermore, we unravel the uptake 
mechanism of two NickFect family members, NF1 and NF51, related to the 
biological activity of transfected plasmid DNA.  

Taken together, our results demonstrate that the performed chemical 
modifications in NickFects enhanced the activity of these peptides for 
delivering nucleic acids. Studies of the uptake mechanism gave us valuable 
information on how to enhance the bioavailability of different genetic materials 
non-covalently linked to NickFects for further in vivo applications and for 
designing more efficient carrier vectors and achieving bioavailability of the 
macromolecule-based drugs. Conclusively, NickFects have remarkable potential 
for the delivery of nucleic acids both in vitro and in vivo. 
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INTRODUCTION 

During last decades, a crucial need for new drugs with increased specificity and 
lower side effects than currently used low-molecular-mass drugs for the 
treatment of devastating diseases such as cancers or genetic diseases has 
emerged. Through rational design based on molecular, cellular and structural 
data, the macromolecules with protein modulatory functions can be developed 
to treat different disorders. One of the main obstacles in drug delivery today, is 
the reaching of a drug molecule to the intracellular targets. Therefore, there is a 
great need for efficient and non-toxic delivery vehicles that are able to cross the 
cell membrane and carry macromolecule-based drugs with them. Cell-
penetrating peptides (CPPs) is a class of non-viral delivery vectors that has been 
used for the intracellular delivery of various bioactive cargos. CPPs have been 
successfully used for the transfection of plasmid DNA, splice-correcting 
oligonucleotides and small interfering RNAs, both in vitro and in vivo.  

The focus of this thesis is to design novel efficient cell-penetrating peptides 
applicable for the intracellular delivery of nucleic acids, using non-covalent co-
incubation strategy. This study presents several novel peptides that are all 
analogues of the well-studied cell-penetrating peptide TP10 and evaluates their 
potential to transfect different nucleic acid-based cargos. Special focus is paid to 
the properties of formed CPP-cargo nanoparticles, their uptake mechanism and 
intracellular trafficking, and how these are related to biological activity of the 
transfected bioactive cargo. 
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1. LITERATURE OVERVIEW 

1.1. Macromolecules for gene therapy 

The development and production of new therapeutic macromolecules that can 
overcome limitations of small-molecule drugs such as poor specificity and rapid 
elimination from the blood stream, has dramatically increased during the past 
decade (1, 2). Different gene therapy approaches have gained significant focus 
lately because of their potential to treat severe and hard-to-cure diseases, like 
inherited genetic diseases, viral infections and cancer (3, 4). In gene therapy 
genetic material is delivered into target cells to replace a gene that is missing, 
mutated or poorly expressed (5). Second approach in gene therapy, is to silence 
disease-causing genes expression and production of proteins using RNA 
interference machinery (5). Besides that, gene function can be modified by 
interfering with splicing machinery using splice-correcting oligonucleotides (6). 

Physico-chemical properties of nucleic acids, e.g. high molecular weight and 
anionic backbone, make them impermeable for the plasma membrane. The 
inability of nucleic acid-based therapeutics to reach their designated cellular and 
intracellular target sites is one of the main obstacles for their application (7, 8). 
Hence the success or failure of gene therapy critically relies on gene delivery 
and the development of macromolecule-based drugs is dependent on the 
progress in the design of carrier molecules (9). 

Delivery vehicles can be broadly divided into two classes – viral and non-
viral vectors. Viral vectors can efficiently transfect therapeutic into genome of 
the cells, but safety concerns, such as immune response and mutations caused 
by randomly integrated viral genomes, have limited their applications in clinics 
(10). Although much progress has been accomplished in developing viral 
vectors without serious side effects and the safety profile of them has improved, 
they still have their limitations (11, 12). Importantly, viral vectors are restricted 
by cargo-carrying capacity and are not compatible with the transient delivery of 
synthetic antisense-based oligonucleotides (ONs), including splice-correcting 
ONs (SCOs) and small interfering RNAs (siRNAs) (1). This has increased 
interest towards non-viral delivery methods, to find safer alternatives for gene 
delivery. Non-viral vectors are usually based on different cationic entities, like 
different lipids, synthetic polymers or peptides (13). Among these, cationic 
lipids and synthetic polymers, known as lipoplexes and polyplexes, res-
pectively, have been studied most extensively.  

A novel approach for the intracellular delivery of various bioactive 
molecules is using peptides with membrane permeation activity. The peptides, 
named cell-penetrating peptides (CPPs) or peptide transduction domains (PTDs) 
have been used to transport nucleic acids into cells both in vitro and in vivo 
(14). 
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1.2. Cell-penetrating peptides 

1.2.1. Background 

Protein transduction into cells was first described in 1988 in parallel by Frankel 
and Pabo (15), Green and Lowenstein (16), who discovered that the 
transactivator of transcription (TAT) protein of Human Immunodeficiency 
Virus (HIV) can enter tissue-cultured cells and promote viral gene expression. 
In 1991 it was reported by the group of Alain Prochiantz that homeodomain of 
Antennapedia was also capable to enter nerve cells and regulate neural 
morphogenesis (17). These findings were followed in 1997 by Vives et al., who 
identified a minimal sequence that enabled cell entry, Tat48–60 (18) and in 1994 
Derossi et al., who determined that only 16-mer peptide, known as penetratin or 
pAntp, was sufficient for intracellular delivery (19). These findings marked the 
birth of the field of CPPs. Over the past 20 years, a rapidly growing number of 
CPPs has been identified or designed through structure-activity relationship 
studies and today the number of reported CPPs exceeds 100.  
 
Table 1. Selection of CPPs 

CPP Sequence Origin Ref. 

Tat (48–60) GRKKRRQRRRPPQ Protein derived (18) 

Penetratin RQIKIWFQNRRMKWKK-NH2 Protein derived (19) 

pVEC LLIILRRRIRKQAHAHSK-NH2 Protein derived (20) 

Transportan GWTLNSAGYLLGKINLKALAA
LAKKIL-NH2 

Chimeric 
Galanin/Mastoparan 

(21) 

TP10 AGYLLGKINLKALAALAKKIL-
NH2 

Chimeric 
Truncated analog of 
transportan 

(22) 

MPG GALFLGWLGAAGSTMGAPKK
KRKV-cya 

Chimeric 
HIV-gp41/SV40-
antigen 

(23) 

Pep-1 KETWWETWWTEWSQPKKKR
KV-cya 

Chimeric  
HIV-reverse 
transcriptase/ SV40-
antigen 

(24) 

MAP KLALKLALKALKAALKLA-
NH2 

Synthetic (25) 

Polyarginine (R)n ;  6 ˂n˂12 Synthetic (26, 27) 

CADY GLWRALWRLLRSLWRLLWRA
-cya 

Synthetic (28) 

cya, C – terminal cysteamide.  
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Despite the fact that peptides from diverse origin and with various physico-
chemical properties have cell-penetrating properties, they possess some 
common features. CPPs are relatively short peptides, 5–30 amino acids in 
length, with the ability to gain access to the cell interior via energy-dependent 
and/or independent mechanisms, and facilitate intracellular delivery of attached 
bioactive cargo (29). Mostly CPPs are positively charged peptides, but 
transduction properties have been demonstrated for several anionic and 
hydrophobic peptides as well (30, 31). While CPPs are hard to define, the 
common denominator of all the CPP is that they are capable of mediating the 
delivery of various macromolecules across the cellular membranes, including 
peptides, proteins, plasmid DNA (pDNA), antisense ONs (asONs), splice-
correcting oligonucleotides (SCOs), short interfering RNAs (siRNAs), anti-
microRNAs (antiMiRs), contrast agents, drugs and various nanoparticles both in 
vitro and in vivo (7, 14, 32). A selection of most broadly used CPPs are 
presented in Table 1. 
 

1.2.2. Classification 

According to their origin, three main classes of CPPs can be distinguished: 
peptides derived from proteins, chimeric peptides that are formed by the fusion 
of two natural sequences, and synthetic peptides, which are rationally designed 
sequences usually based on structure-activity studies. CPPs can also be 
classified according to their physico-chemical properties, e.g. amphipathicity or 
hydrophobicity. According to Miletti et al., CPPs can be divided into three 
major classes: cationic, amphipathic and hydrophobic (5, 33). 

Cationic CPPs, also referred to as non-amphipathic CPPs, contain a stretch 
of positive charges that is essential for their uptake. Importantly, they do not 
have specific 3D-strctural requirements for transduction (33). The most 
prominent members of this group are Tat peptide, derived from HIV type I 
transcription factor Tat, and synthetic peptide polyarginine. Studies on arginine-
based peptides have shown that the minimal sequence for cellular uptake is 
octaarginine (R8), and increasing the number of arginines up to 12 enhances the 
uptake level. On the other hand, longer oligomers tend to display toxicity (34). 
Likewise, it has been shown that at least eight positive charges are needed for 
efficient uptake of several other cationic CPPs (27). The main membrane 
interaction and binding comes from the electrostatic forces between the 
positively charged peptides and the negatively charged membrane constituents. 
The secondary structure of the peptide has no direct impact on the uptake (35). 

Nuclear localization sequences (NLSs) can also be classified as cationic 
CPPs. NLSs are short peptides, based on lysine-, arginine- or proline-rich 
motifs, that can be transported to the nucleus through nuclear pore complex. 
The cell transduction efficacy of most NLSs is not on a high level, but they can 
be covalently linked to hydrophobic peptide sequences, resulting in amphipathic 
CPPs with improved cell-penetrating properties (33). 
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Amphipathic CPPs that consist of hydrophilic and hydrophobic parts, and 
contain mainly Lys residues as net positive charge sources, can be subdivided 
into primary and secondary amphipathic peptides. Primary amphipathic CPPs 
have distinct hydrophobic and hydrophilic domains separately located in the 
sequence, e.g. hydrophobic C-terminus and hydrophilic N-terminus. Usually, 
these peptides have more than 20 amino acid long sequence to, at least theoreti-
cally, span the hydrophobic core of the membrane bilayer (35).  

Transportan (TP) and its truncated version TP10 that contains several 
hydrophobic and hydrophilic blocks in their sequences, belong to this class. 
Transportan is a chimeric peptide, consisting N-terminal fragment of neuro-
peptide galanin and wasp venom peptide mastoparan that are linked via a Lys-
residue (21). The other primary amphipathic CPP, fully derived from natural 
proteins is pVEC, consisting of 13 cytosolic and 5 transmembrane residues 
from vascular endothelial cadherin. Several peptides that belong to this group 
are chimeric and obtained by covalently attaching a hydrophobic domain and 
NLS sequence for efficient targeting. For example, MPG and Pep-1 peptides are 
both based on the SV40 NLS sequence. The hydrophobic domain of MPG was 
derived from the fusion sequence of HIV glycoprotein 41, while that of Pep-1 
contains tryptophan-rich cluster, which has high affinity for membranes. In both 
MPG and Pep-1 peptides, the hydrophobic domain and NLS domain are 
separated by a linker sequence (WSQP) (23, 24).  

Secondary amphipathic CPPs display their amphiphilic properties upon the 
interaction with cell surface molecules and subsequent changes in the secondary 
structure of the peptide. These CPPs obtain α-helical or β-sheet secondary 
structure, where polar residues are pointed to one face and the nonpolar residues 
to the opposite side of the structure. The amphiphilicity of a peptide can be 
imaged as looking through a helical wheel. Although most amphipathic peptides 
are also cationic, the membrane translocation is mainly a consequence of 
amphiphilicity and not electrostatic interactions. For example displacement of 
lysines with other polar residues in synthetic MAP peptide, resulted in new 
anionic or neutral peptides with membrane transduction properties (33). 
Penetratin, 16 amino acid long peptide from the third helix of the Drosophila 
Antennapedia, and synthetic CADY, both have secondary amphipathicity. The 
minimal length of the peptide that is required for the uptake is unclear. 
Although, studies with MAP suggest that minimum four helix turns are 
essential for cell penetration, also shorter amphipathic CPPs have been reported. 
However, the helicity of the secondary structure is highly important. These 
CPPs need to be at least partially helical near the membrane interface to expose 
the hydrophobic face to the membrane and hydrophilic face to the solvent (33). 

Lately, novel hydrophobic CPPs, with low net charge and no amphiphatic 
arrangement have been reported. These peptides either contain only polar 
residues or have low net charge, or have chemical modifications based on 
hydrophobic chains that are essential for their uptake. Cationic or anionic 
pentapeptides, e.g. PMLKE, VPALR (36), stapled peptides and pepducins can 
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be classified to this group. In stapled peptides hydrocarbon staple increases 
peptide helicity by rigidifying the peptide structure, thus contributing to cellular 
uptake (33). Pepducins, N-terminally lipidated peptides derived from a G 
protein coupled receptor (GPCR) intracellular loop, translocate over the 
membrane and bind to the cytosolic region of transmembrane proteins. Contrary 
to ordinary CPPs, pepducins remain anchored to the cell membrane and target 
the GPCR /G protein interface. Pepducins for over 15 different GPCRs have 
been successfully produced, several of which have shown activity in preclinical 
in vivo models (37).  
 
 

1.3. Physico-chemical properties of CPPs 

CPPs form a diverse group of peptides according to their physico- chemical 
characteristics. The typical properties of CPPs are positive charge and 
amphiphaticity. Furthermore, a recent study that evaluated 186 peptides, 
demonstrated the importance of the shape, structure complexity and the 3D-
pattern of the constituting atoms influence on the uptake capacity of peptides 
(38).  
 

1.3.1. Charge 

A feature shared among CPPs is a high degree of positive charges, due to the 
content of arginine and lysine residues. At physiological pH, both arginine (pKa 
12) and lysine (pKa 10.5) are protonated and interact with negatively charged 
phosphate and sulphate groups of the extracellular matrix. Still, the impact of 
positively charged residues differs and arginine residues are more effective in 
terms of internalization than lysines (30). The efficient internalization of 
arginine-rich CPPs has been shown to depend on the high basic guanidine 
moiety of arginine. The guanidinium groups can form divalent hydrogen bonds 
with negatively charged phosphate, sulfate and carboxylate groups on the cell 
surface. This enhances the affinity of arginine-rich peptides for cell surfaces and 
neutralization of these positive charges by counter anions is suggested to be 
beneficial for translocation through the membranes (39). It has even been 
proposed that backbone of the CPP is not essential for translocation and serves 
as a scaffold to expose guanidinum groups (40). On the other hand, ammonium 
group in lysine can form only one hydrogen bond, and the replacement of 
arginine with lysine residues that have the same net charge, significantly 
reduces the peptide uptake (41).  

It is worth noting that apart from being essential for membrane transduction, 
positive charges are valuable for non-covalent binding of negatively charged 
cargos, e.g. nucleic acids. 
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1.3.2. Hydrophobicity 

Hyrophobicity is a common feature that is shared by the majority of CPPs.It has 
the impact on complex formation with the cargo and solubility of the complex 
in aqueous solutions, which is valuable property for drug development (41). 
Furthermore, hydrophobic residues in the sequence of CPPs play a major role in 
the interaction with the plasma membrane bilayer and are thought to enhance 
the translocation of the peptide across the membrane. For instance, in pVEC 
sequence the substitution of hydrophobic -N-terminal amino acids to alanine, 
significantly decreased the cellular uptake (42). On the other hand, attachment 
of small hydrophobic molecule biotin to Tat peptide, enhanced cellular uptake 
(43). Besides that, a study where the content of hydrophobic Leu and 
hydrophilic Lys residues in amphipathic Hel peptides were varied, showed that 
the peptide with the highest portion of hydrophobic amino acids was the most 
efficient for delivering DNA. It also validated the importance of hydrophobic 
region for the formation of aggregates that were supposed to support cellular 
uptake and protect DNA. Moreover, hydrophobic amino acids stabilized the α-
helical structure (43). 

In addition to hydrophobicity, the role of aromatic functional groups is even 
more sophisticated. Aromatic residues, that are highly represented in membrane 
surface proteins, especially tyrosine and tryptophan, have favorable free energy 
for insertion into the membrane bilayer (30). In antimicrobial peptides, 
tryptophan residues were reported to destabilize the cell membranes (44), and in 
the case of arginine-rich peptides tryptophan residues played crucial role in the 
uptake (45, 46). For example, Jafari et al. developed novel carrier vector C6MI 
for siRNA delivery, by replacing three leucine residues in synthetic secondary 
amphipathic C6 peptide with tryptophan residues. This resulted in improved 
helicity, solubility in aqueous solutions and uptake efficacy (41). Besides that, 
Rydberg et al. reported that additional tryptophan residues to oligoarginine 
sequence enhanced the uptake efficacy while positioned in the middle part of 
the sequence or distributed evenly along the backbone (46). 

Introduction of hydrophobic fatty acid moiety to the N-terminus of the CPP 
has been shown to improve the transfection properties of the peptide. This 
strategy has been utilized by several groups. Already in 2001, Futaki et al., 
reported significant improvement in gene delivery due to stearylation of 
octaarginine (R8) (47). Later, Wang et al. designed stearylated nuclear locali-
zation signal (NLS) modified R8, which increased luc gene expression in vitro 
(48). Similarly, cholesterol moiety incorporation to polyarginines enhanced the 
activity for siRNA delivery in vivo (49).  

In 2009, Mäe et al. showed that stearylated TP10, also named PepFect3 
(PF3), efficiently vectorized SCO and these complexes facilitated splice 
correction at low SCO concentrations (50). Furthermore, PF3 proved to be 
efficient vector for pDNA not only in vitro, but also in vivo (51). Stearylation of 
TP10 backbone has paved the way to the development of PepFect family of 
peptides in our group. PF6, contains chloroquine derivative trifluoromethyl-
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quinoline (52), in PF14 lysines were replaced with ornithine residues (53) and 
in PF15 both the above mentioned modifications have been utilized (54). 
NickFects, a novel family of CPPs that is the main subject of the current thesis, 
is also designed on the backbone of stearyl-TP10 (55, 56). 
 

1.3.3. Secondary structure 

The secondary structure of CPPs has mainly been studied with model 
membranes. Still, the impact of the secondary structure of the peptide is not 
clear and its correlation to transduction properties is controversial. For example, 
in contact with model membranes penetratin obtains α-helical secondary 
structure. However, it has been shown that this α-helical structure is not 
important for the membrane interaction and internalization route (30). Relaying 
on structural and biophysical studies of CADY, MPG and PEP complexes with 
various cargos, Deshayes et al. pointed out the importance of carrier structural 
polymorphism in triggering cellular uptake (57). Comparative analysis of 10 
well-known CPPs also confirmed the importance of structural plasticity, which 
determines their ability to interact with phospholipid membranes and route of 
internalization (58). The importance of structural polymorphism correlates with 
the fact that the peptides have to interact with different lipid environments, and 
therefore to adapt needed conformation (30). 
 
 
1.4. Peptide modifications to promote endosomal escape 

CPPs utilize mainly endocytic pathways to gain access to the cells and this leads 
to the entrapment of CPP-cargo complexes in endosomal vesicles. The 
endosomal escape of the therapeutic macromolecules is critical for obtaining the 
desired biological effects. Without reaching their target in cytosol or in nucleus 
they cannot exert their function and prolonged stay in the endosomes increases 
the risk of degradation by the lysosomal enzymes (59). This has led to intense 
investigations to overcome this limitation and a myriad of strategies have been 
developed, e.g. pore formation in the endosomal membrane, pH-buffering effect 
of protonatable groups and fusion into lipids bilayer of endosomes (60).  

In in vitro settings, endosomal entrapment can be overcome with the use of 
lysosomotropic agents, e.g. chloroquine, ammonium chloride and methylamine, 
which accumulate in endosomal vesicles in unprotonated form. In acidic 
environment they become protonated, unable to escape from endosomes and so 
cause destabilization of endosomal membranes (61). Although enhancement of 
biological response in co-treatment with chloroquine has been reported 
repeatedly (62–64), the strategy is not suitable for in vivo applications due to the 
toxicity of chloroquine. On the other hand, this fact clearly indicates that escape 
from endocytotic organelles to the cytosol is a limiting step for efficient 
transfection. 
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Bacteria and viruses are pathogens that use different mechanisms to facilitate 
their infection into the host cells and simulation of these functions can be used 
in bioactive macromolecule delivery systems. Small peptide domains from viral 
proteins have been identified that are responsible for endosomal escape. For 
example, the second subunit of haemagglytinin (HA) protein of influenza virus, 
HA2, has shown fusogenic activity. At low pH, the protonation of glutamic acid 
and aspartic acid residues changes conformation of the peptide. This facilitates 
fusogenic activity and subsequent insertion of the peptide into the endosomal 
membrane, resulting in membrane destabilization. In order to promote 
endosomal release, in several studies HA2 has been used together with CPPs 
(65, 66). In addition, glutamic acid enriched analogue of HA2 peptide, INF7, 
with the ability to induce more potent pH-sensitive membrane perturbations, has 
been used with cationic liposomes and polymers (67). Furthermore, the design 
of novel peptides with endosomes destabilizing properties (KALA, GALA), 
was based on HA2 sequence. Similarly to virus-derived peptides, the 30 amino 
acid long synthetic GALA peptide contains repeated sequence of Glu-Ala-Leu-
Ala, to mimic viral fusion protein segments. The GALA peptide converts its 
structure from random coil to helical at pH 5 and this leads to the destabilization 
of the membranes (68). GALA peptide has been utilized as a coating to 
liposomes and in multifunctional envelope-type nanodevice (MEND) (67). 
Fusion strategy is also utilized by several liposome formulations that contain a 
specific phospholipid, phosphatidylethanolamine (PE). At low pH, PE changes 
its structure from lamellar to inverted micelles, which allows fusion of 
liposomal and endosomal membranes and results in destabilization of 
endosomes (69). 

Histidine-rich peptides have been used in several studies for endosomal 
escape purposes (70–73). The imidazole ring of histidine has a pKa ~6.5. 
Therefore, it can be protonated into positive charge in the acidic environment, 
while it remains lightly negatively charged at normal physiological conditions. 
Protonation of imidazole groups in acidic endosomal compartments leads to 
osmotic swelling, followed by rupture of endosomes and release of the cargo 
(74). Relaying on that property, different pH-sensitive peptides with cell-
penetrating and membrane-lytic properties have been developed. Histidine 
residues have been inserted into various CPPs, e.g. MPG, penetratin, R9 andTat 
(73, 75, 76). 

In addition, photosensitizers and light sources for their excitation have been 
used to enhance the diffusion of molecules from endosomes into the cytosol 
(77). However, this strategy may not be practical for therapeutic applications 
because the phophosensitizer may exhibit a distribution differing from the 
CPP/siRNA complex in vivo (78). Besides that, photoinduced endosomal escape 
has been used, where fluorescent dyes were covalently linked to CPPs (Tat, 
penetratin, polyarginine) and cytosolic diffusion was observed after photo-
stimulation (79). 
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Furthermore, hydrophobic modifications of CPPs, e.g. stearylation, has been 
shown to enhance endosomal escape (80, 81). For instance, stearylation of TP10 
resulted in higher luciferase expression level, while the uptake of CPP-cargo 
complexes was similar to the uptake TP10, suggesting endosomal release of the 
complexes (51). Thereafter, a successive endosomolytic modification was 
accomplished in stearyl-TP10, where trifluoromethyl- quinoline derivative was 
added to the backbone. The novel TP10 analog, PF6 proved to be highly 
effective delivery vector for siRNA both in vitro and in vivo (52).  
 
 

1.5. CPPs for the delivery of nucleic acids 

Gene therapy approaches can be roughly classified according to their pharmaco-
logical effect: 1) restoration of lost gene function by gene delivery; 2) silencing 
disease-causing genes by RNA interference (RNAi) approaches; 3) modification 
of gene function by interfering with the splicing machinery. All these 
approaches are based on nucleic acids, e.g. pDNA, short siRNA, SCO. In order 
to reveal its biological activity, nucleic acids have to reach their target site 
inside the cells, either in the nucleus or in the cytoplasm.  

The ability to transport cargoes over the cellular plasma membrane makes 
CPPs promising vehicles for macromolecules-based drugs. Numerous groups 
have reported efficient intracellular delivery of nucleic acids, either covalently 
or non-covalently linked to CPPs. Since the initial publication of non-covalent 
complex for the delivery of ONs by the group of Giles Divita (23), this strategy 
has been utilized with several well-known CPPs. Furthermore, a large number 
of novel CPPs have been developed specifically with complex formation and 
transfection properties. All these studies have uncovered that certain chemical 
modifications in the CPPs help to enhance efficient complex formation, cellular 
uptake and further endosomal escape. The most often exploited modifications 
are C-terminal cysteamidation (23, 28, 82, 83) or introduction of fatty acid 
residue to the N-terminus (47, 50, 83), and incorporation of endosome 
disruptive moieties to the backbone of the peptide (52, 73). Short overview of 
CPP-mediated ON cellular delivery is presented in Table 2. 
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Tabel 2. Examples of CPP-mediated nucleic acids intracellular delivery 

CPP Modification Cargo Biological effect Reference 

MPG Cysteamidation pDNA Luciferace expression (84) 

Stearyl-Arg8 Stearylation pDNA, 
siRNA

Luciferace expression; GFP 
and MAP2b knock-down 

(27, 85) 

Stearyl-(RxR)4 Stearylation pDNA, 
SCO 

Luciferace and EGFP 
expression, Hela pLuc 705 
model- luciferase 
expression 

(86) 

Stearyl-TP10 Stearylation pDNA, 
SCO 

Luciferace expression, Hela 
pLuc 705 model- luciferase 
expression 

(50, 51) 

Stearyl-NLS-
Arg8 

Stearylation, NLS pDNA Luciferace expression (87) 

C-5H-Tat-5H-C His, Cys pDNA Luciferace expression (73) 

PF14 Stearylation, Orn SCO, 
siRNA

Hela pLuc 705 model- 
luciferase expression, 
HPRT1 mRNA knock-down 

(81, 88) 

PF6 Stearylation, QN siRNA Luc, EGFP, HPRT1, Oct-4, 
GAPDH knock-down 

(52) 

CADY Cysteamidation siRNA GAPDH knock-down (28) 

Chol-Arg9 Cholesterylation siRNA VEGF knock-down (49) 

MPG-8 Cholesterylation siRNA Cyc B1 knock-down (83) 

NF1 Stearylation, 
phosphorylation 

SCO, 
pDNA 

Hela pLuc 705 model- 
luciferase expression; 
luciferace expression 

(56, 89) 

NF51 Stearylation, Orn, 
branched 

pDNA, 
SCO, 
siRNA

Luciferace and EGFP 
expression; 
Hela pLuc 705 model- 
luciferase expression; EGFP 
knock-down 

(55, 89) 

EGFP, enhanced green fluorescent protein; stearyl, stearic acid moiety; GFP, green fluorescent 
protein; MAP2b, microtubule-associated protein; NLS, nuclear localization signal; His, histidine 
residues; Cys, cysteine residues; Orn, ornithine residues; HPRT1, hypoxanthine phosphoribosyl 
transferase; QN, trifluoromethylquinoline derivative; Luc, luciferase; Oct-4, octamer-binding 
transcription factor4; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; chol, cholesteryl 
moiety; VEGF, vascular endothelial growth factor; Cyc B1, cyclin B1 protein 
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1.6. Attachment of cargo to CPPs 

For the intracellular delivery, CPPs can be linked to ON either covalently or 
non-covalently. Covalent conjugation results in a chemical compound, where 
the molecule of CPP is conjugated via covalent bond to the molecule of 
bioactive cargo. The well defined conjugate can be easily verified by mass-
spectrometry analysis and the structure-activity relationships are straightforward 
to interpret (10, 90). Still, covalent conjugation is often complicated and laborious 
chemical synthesis where high concentrations of compounds are needed. 
Furthermore, it is not suitable for large nucleic acids delivery, e.g. pDNA. For the 
design of CPP-cargo conjugates several critical factors have to be considered. 
Effective dose ratio between the CPP and cargo, steric hindrance, suitable linker, 
conjugation site in the backbone of CPP, are just some of them (10). 

On the other hand, non-covalent strategy, which is applicable only for 
negatively charged ONs, is easy to perform, cost-efficient and low concent-
rations of compounds can be utilized. The main drawback of non-covalent 
strategy is the difficulty in generating and characterizing homogenous nano-
particles. 
 
 

1.7. Characterization of the nanoparticles 

The stable complex formation is an important prerequisite for the therapeutic 
application of nucleic acids using non-covalent complexation strategy with 
carrier vectors. The formed complex has to meet certain criteria to master all the 
obstacles before reaching the target. First, the complex has to overcome 
extracellular barriers: it has to avoid particle clearance mechanisms, to target 
specific cells or tissues and to protect nucleic acid from enzymatic degradation 
by nucleases in blood circulation. Thereafter, the complex has to master the 
cellular barriers, i.e. cellular uptake, endosomal escape, nuclear entry and 
nucleic acid release (91, 92).  

Negative charges in the backbone of nucleic acids allow their electrostatic 
interaction with cationic polymers or peptides, to form nanoparticles. Due to 
condensing, DNA is able to assemble into nanostructures, which are smaller in 
size (30–100 nm) than naked DNA (up to 1000 nm). Furthermore, condensing 
interactions are not only of electrostatic nature, as hydrophobic interactions also 
take place between the DNA and the delivery vector (93). 

The size of the nanoparticles plays an important role regarding in vivo and in 
vitro applications and can influence the mechanisms and specificity of uptake 
by different organs and cells and also passive tumor targeting (92). Receptor-
mediated endocytosis has been shown to be a powerful method for specific 
delivery of nucleic acids to certain cell types or tissues. Due to the size of 
endocytotic vesicles, nanoparticles should be small enough to be taken up by 
this mechanism (94). Ideally, they should be less than 200 nm in diameter to 
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ensure optimal endocytotic uptake and diffusion through tissue in vivo by 
enhanced permeation and retention effect (95).  

Nanoparticle size can be influenced by many factors, including medium 
composition. For instance, investigations of DNA/PEI nanoparticles showed 
that they formed large aggregates in physiological salt concentrations. But the 
presence of fetal bovine serum in the culture medium hampered the growth of 
the particles, plausibly due to the adsorption of serum proteins on the particle 
surface and so preventing particle-to-particle interaction (96). Similar results 
were obtained with CPP-siRNA nanoparticles. The presence of physiological 
salt concentration resulted in more loosely packed and bigger particles, 
probably due to the formation of salt bridges between the particles. In contrast, 
the addition of serum yielded smaller complexes (97). Interestingly, the small 
DNA/PEI complexes were taken up rapidly in human erythromyeloid leukemia 
cells, while big aggregated complexes mainly stuck on the cell surface. 
Nevertheless, large aggregates showed higher luciferase gene-transfer level 
compared to small nanoparticles. The lower transfection level of small particles 
could result from reduced cell association and endosomolytic activity (96). This 
data shows vividly the importance of environment for the complex formation 
and transfection. However, in in vivo applications, especially intravenous 
administration, the nanoparticles should be small and preferably uncharged to 
prevent aggregation, plasma interaction and to prolong circulation in the blood 
stream (96). 

Besides the size, the stability of the nanoparticles is also crucial for the 
successful delivery. During circulation in blood or tissue’s infiltration, nano-
particles interact with serum proteins and encounter polyanions, e.g. heparan 
sulfates on the cell surface. These interactions may result in premature cargo 
release from the nanoparticle (97). On the other hand, after reaching the target, 
cargo should be released from the complex for subsequent functions. The 
interaction between the cargo and the delivery agent has to be balanced in order 
to provide stability as well as to enable dissociation of the nucleic acid to exert 
its activity (91, 98). Various strategies have been applied for nanoparticles 
stabilization. For example crosslinking with disulphide- and iminothiolane-
crosslinks or inserting hydrophobic domains in polyplexes or stearylation of 
CPPs (92). Besides stearylation, in paper II and III NickFect/pDNA nano-
particles stability was altered by the replacement of lysine in the backbone of 
TP10 with ornithine. This replacement was based on earlier reports, showing 
that polyornithine formed more stable particles with pDNA and demonstrated 
superior transfection efficacy than polylysin (99, 100). 

The surface charge, characterized by zeta potential, determines the mode of 
interaction of the nanoparticle with the cell surface. Zeta potential is greatly 
affected by the dispersion medium, especially by the pH and ion concentration. 
For that reason, it is highly important to measure zeta potential of nanoparticles in 
relevant medium. The positive surface charge is commonly believed to allow 
interaction with polyanionic glycosaminoglycans on the cell surface (97). 
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Recently, it was shown that CPP-ON nanoparticles obtain negative surface charge 
in the presence of serum proteins and their uptake is mediated by scavenger 
receptors (101). Acquisition of negative zeta potential in serum-containing 
medium was also measured for arginine-rich peptides, although the negative 
surface charge was weaker compared to TP10 analogues. Furthermore, a linear 
correlation between the zeta potential under the serum conditions and the sensi-
tivity to serum was observed. The complexes with the most negative potential 
were also the most stable in the presence of serum. It is still unclear whether the 
high negative surface charge protects the nanoparticles from the interaction with 
serum components, or alternatively, induces the formation of a protective layer 
of serum proteins that protects the nanoparticles from degradation (97).  

 
 

1.8. Cell surface binding of CPP-cargo complexes 

Initial step of internalization requires the interaction of the CPP-cargo complex 
with the plasma membrane. From the structural point of view, CPPs share a 
high content of basic amino acids and are positively charged at physiological 
pH. This property confers them the ability to bind electrostatically membrane 
constituents such as anionic lipids and glycosaminoglycans (GAGs) (35). 
Several reports confirm the affinity of CPPs towards negatively charged lipids 
that may assist the anchoring of the peptide to the membrane surface and might 
afford a passive translocation of the peptide across the membrane (35, 102). On 
the other hand, CPPs bind with higher affinity to the proteoglycans than anionic 
lipids, the content of which in membranes is about 10% and that are mainly 
localized in the cytosolic leaflet (35). As a consequence the direct peptide 
interaction with lipids is quite rear.  

Acidic polysaccharides, GAGs, which are expressed ubiquitously on the cell 
surface, provide high charge density and due to the far-extending side-chains 
exhibit supreme potential for electrostatic interactions. CPPs bind GAGs with 
high affinity that increases as a function of sulphate content and chain length of 
GAGs (35). Increasing number of work validate the importance of arginine-rich 
peptides interaction with membrane associated proteoglycans, including hepa-
ran or chondroitin sulphate proteoglycans (103–105). The ability of arginine to 
form bidentate hydrogen bonds with sulphate, phosphate and carboxylate 
groups is likely important not only for binding, but also for membrane trans-
location (104). Several studies suggest that cell surface heparan sulphate chains 
of proteoglycans are essential for Tat binding, leading to Rac1 activation, which 
triggers membrane reorganization and internalization by macropinocytosis (103, 
106). On the other hand, glycans have been shown to form a pool of negative 
charge that Tat binds on the cell surface, but this binding is independent of Tat-
mediated transduction by macropinocytosis (107). More evidence is required to 
conclude that these proteoglycans are actual receptors that can induce macro-
pinocytosis, as proteoglycans can often couple with other receptors and activate 
them (108). 
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Recently, Ezzat et al. showed that PF14-SCO complexes obtained negative 
surface charge in bio-relevant conditions, which excludes their possibility to 
interact with negatively-charged cell surface constituents due to electrostatic 
repelling. This finding lead to a hypothesis that particular receptors may 
mediate negatively charged nanoparticles interactions with cell surface. Further 
experiments proved that a group of cell surface receptors, scavenger receptors 
were involved in the uptake of PF14-SCO complexes (101). Later, the impact of 
scavenger receptors was also shown in the uptake of PF14-pDNA nanoparticles 
(109). 

Lately, Futaki and co-workers reported that chemokine receptor (CXCR4) 
stimulates the uptake of arginine 12 mer peptide (R12) (108). CXCR4 is also a 
co-receptor for HIV-1 infection. Binding R12 to CXCR4 stimulates actin 
organization and macropinocytosis. Interestingly, R8 and Tat, other typical 
arginine-rich CPPs that are also reported to use macropinocytosis, did not 
significantly activate CXCR4-mediated uptake pathway. Higher internalization 
efficacy of R12 and higher valency of guanidine groups, resulting in greater 
interaction with cell surface, was suggested as an explanation (108). 
 
 

1.9. Scavenger receptors 

Scavenger receptors (SR) were discovered in 1979 by M. Brown and 
J. Goldstein, who found that acetyl-low density lipoprotein (acLDL) can 
accumulate in macrophages in atherosclerotic plaques of patients lacking LDL 
receptors (110). Scavenger receptors were named after their role of scavenging 
modified forms of LDL. SRs comprise a structurally diverse group of soluble 
and membrane bound proteins, divided into 8 classes (A-H). Despite the lack of 
sequence similarity or identity, SRs retain the capacity to bind modified LDL 
particles and other polyanionic ligands (111). The range of ligands that SRs 
bind is extremely diverse and includes microbial structures as well as an array 
of endogenous molecules (111). Following ligand binding, SR can mediate 
ligand internalization and/or activate signalling cascades leading to diverse 
cellular functions including lipid peroxidation, apoptosis, endothelial cell 
dysfunction, monocyte attachment and differentiation leading to foam cell 
formation (112). 

Besides the function in LDL metabolism, SRs are pattern recognition 
receptors that play an important role in innate immunity by the identification and 
endocytosis of wide variety of pathogen-associate molecules. SRs are highly 
expressed in macrophages and involved in several immune responses (113).  
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1.9.1. SCARAs 

Class A scavenger receptors (SCARAs) are characterized by the presence of 
collagen-like domain and to date 5 different subtypes have been identified:  
SR-A I/II/III (SCARA1), MARCO (SCARA2), CSR1 and CSR2 (SCARA3), 
SRCLI and SRCLII (SCARA4) and SCARA5 (111, 114–116). SCARAs have 
similar domain structure. Being trimeric type II transmembrane glycoproteins, 
they consist of cytoplasmic tail, transmembrane domain, spacer region and 
collagenous domain. Still, SCARA2 and SCARA4 do not contain α-helical 
coiled-coil domain (111). All characterized SCARA ligands are polyanionic 
(e.g. dextran sulfate, polyinosinic acid), although many polyanions with similar 
chemical structure (e.g. chondroitin sulphate, polycytidylic acid) fail to bind 
SCARAs (117). 

SCARA1 and SCARA2 are largely expressed on macrophages. Additionally, 
SCARA1 isoforms can be detected on endothelial and smooth muscle tissues 
and SCARA2 on splenic dendritic cells (114). The main functions of SCARA1 
and 2 are binding to modified LDL, and bacteria. SCARA1 functions in ligands 
uptake and degradation rather than intracellular signalling. SCARA2 may act as 
cell-surface sensor (115). SCARA3, named after cellular stress response (CSR), 
was detected in normal fibroblasts by the property of scavenging oxidative 
molecules or harmful products of oxidation (118). SCARA4 is scavenger re-
ceptor with C-type lecithin (SRCL) and has at least 2 isoforms. This membrane-
expressed receptor is found on the surface of endothelial cells but not on the 
surface of macrophages and may be involved in innate immune response against 
fungal infections (112, 119). SCARA5 is expressed on plasma membrane of 
selected epithelial cells, especially in testis, trachea, lung and bladder, but not in 
macrophages. This expression pattern has prompted researchers to postulate a 
role of this receptor in epithelial homeostasis. SCARA5 binds ferritin, which is 
followed by endocytosis into an acidic compartment and incorporation of iron 
into the cell, supporting cell survival. Whether ferritin binds to other scavenger 
receptors or uniquely to SCARA5, is still a pending issue. SCARA5 has been 
reported to act as a tumor suppressor. Its lower-expression decreases tumor 
growth and inhibits metastasis (116, 120). Differently from original macro-
phage, scavenger receptors from class A (SR-A and MARCO) that were 
determined by investigating acLDL binding, SCARA4 and 5 do not bind 
acLDL. The ability of SCARA3 to bind acLDL has to be elucidated (114). 

SCARAs that are expressed in a broad variety of cells have been shown to 
participate in the uptake of nucleic acids and different anionic nanoparticles. 
They are involved in the uptake of single-stranded RNA, like poly I and poly G 
(121), as well as synthetic double-stranded RNA, such as poly IC (114). Lately, 
it was shown that SCARAs are responsible for the detection of virus infections. 
They bind extracellular, viral dsRNA and mediate its entry into the cell, where 
it is delivered to other intracellular sensors that activate antiviral responses 
(114). SRs mediate cellular uptake of oligonucleotide-functionalized gold 
nanoparticles (122), polymer-functionalized iron oxide nanoparticles (123), 
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silver and polystyrene nanoparticles (124, 125). The ability of SCARAs to bind 
and mediate the uptake of CPP-nucleic acid nanoparticles was first reported by 
K. Ezzat (101) and is particularly important for this thesis. 

SR-ligand complexes can undergo receptor-mediated endocytosis, traffic-
king trough the endosome-lysosome system leading to degradation or 
accumulation of ligand. It is likely that after endocytosis, many SRs are 
recycled back to the plasma membrane, where they mediate further ligand 
binding, clearance or accumulation (112). Different mechanisms of endocytosis 
have been postulated for SR and several publications demonstrate that multiple 
pathways are active simultaneously (123, 124, 126, 127). 

 

1.10. Endocytosis 

Cell membranes display a tremendous complexity of lipids and proteins 
designed to perform the functions cell require. The outer leaflet of the plasma 
membrane is the surface through which each cell communicates with the 
environment. In order to appropriately respond or affect its environment, cell 
membrane composition must be tightly regulated by the cell. Endocytotic 
mechanisms control the lipid and protein composition of the plasma membrane, 
thereby controlling cells/ environment interaction (128). During endocytosis, 
the extracellular material is engulfed by the invagination of the plasma 
membrane to form a small vesicle. Each vesicular trafficking event involves 
membrane budding formation of spherical vesicles from flat membrane areas, 
typically followed by its regulated transport (129). Endocytosis can be classified 
into two broad categories: phagocytosis that only occurs in certain cell types 
(e.g. macrophages) and pinocytosis that occurs in all cells (130). Therefore, 
endocytosis and pinocytosis are often considered synonymous. At least four 
morphologically distinct endocytotic pathways have been characterized: 
clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis, macro-
pinocytosis, and clathrin/caveolae-independent endocytosis. They differ in the 
composition of the coat, in the size of the detached vesicles, and in the fate of 
internalized particles (131). The main endocytotic pathways and intracellular 
routing of endocytosed material are presented on Figure 1. 
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Figure 1. Schematic illustration of the main enocytotic pathways and intracellular 
routing of endocytosed material. A – clathrin-dependent, B – caveolin-mediated,  
C – clathrin- and caveolin- independent endocytosis, D–macropinocytosis. Endosomal 
trafficking routes are indicated by arrows. 
 
 

1.10.1. Clathrin-mediated endocytosis 

Clathrin-mediated endocytosis (CME), the major and best-characterized 
endocytotic pathway, occurs constitutively in all mammalian cells and carries 
out the continuous uptake of essential nutrients, antigens, growth factors, and 
pathogens (132). Low-density proteins with their receptors, transferrin and 
hormones use CME (133). In CME, a wide variety of transmembrane receptors 
and their ligands are packed with the use of cargo adaptors into clathrin coated 
vesicles (CCVs) (128). The binding of a ligand to a specific cell-surface 
receptor results in clustering of the receptor-ligand complex in coated pits of 
plasma membrane, which are formed by the assembly of cytosolic coat proteins, 
mainly clathrin. The coated pits invaginate and pinch of the plasma membrane, 
aided by dynamin, to form intracellular CCVs, usually 100–150 nm in diameter 
(131). Clathrin coat then depolymerizes, resulting in early endosomes (EE), 
which join with each other to form late endosomes (LE) that fuse with 
lysosomes. Molecules entering by this pathway experience a drop in pH from 
neutral to pH 5.9 in EE, with further reduction to pH 5 in lysosomes (131). 
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Clathrin itself binds neither membranes nor cargo, but specific adaptor 
proteins (e.g. AP-2 complex) recruit it to the membrane. However, clathrin is 
absolutely required for the budding and in the absence of clathrin plasma 
membrane remains flat and endocytosis does not take place (129). The GTPase 
dynamin is required for CME and the self-assembly of dynamin functions to 
constrict the neck of invaginated coated pits (131). By many accounts also 
cholesterol is important for CME, although this pathway is less sensitive to 
cholesterol depletion than most coat-independent budding pathways (134). 
 

1.10.2. Caveolae-mediated endocytosis 

Caveolae are 60–80 nm in size, hydrophobic membrane microdomains that are 
rich in cholesterol and glycosphingolipids (135). They reside only in the strictly 
ordered membrane microdomains called lipid rafts (136). Lipid rafts are 
dynamic nanoscale assemblies enriched in sphingolipid, cholesterol, and 
glycosylphosphatidylinositol-anchored proteins (137). Caveolae are flask-
shaped invaginations of the plasma membrane characterized by their association 
with a family of cholesterol-binding proteins, called caveolins. There are three 
mammalian caveolin proteins: caveolin1 and 2 that are found widely in almost 
all cells, lacking only in neurons and leukocytes, and caveolin 3 that is muscle 
specific (128). Caveolins are pentahelical proteins. Two of the helices insert 
deeply into the membrane, while the other three helices are amphipathic and are 
thought to wedge themselves into the interfacial region of the membrane (138). 
Caveolae contain a quantified number of caveolin molecules (~ 144), which 
suggests the formation of highly organized coat (139). They are highly stable 
and are internalized slowly (131). Cholesterol is required for caveolar uptake 
and drugs that bind cholesterol pertube internalization through caveolae (140). 
Caveolae also depend on the actin cytoskeleton, and drugs that cause the 
depolymerisation of the actin cytoskeleton (e.g. cytochalasin D) can inhibit 
caveolae uptake. 

Caveolae are present in many cell types and are especially abundant in 
endothelial cells (130). They are involved in several cellular processes, in-
cluding cholesterol homeostasis, glycosphingolipid transport, endocytosis/ 
transcytosis of certain viruses, bacteria and toxins (131). It is generally belived 
that caveolar uptake does not lead to lysosomal degradation of internalized 
material (135, 141). Therefore, this pathway may be advantageous in terms of 
DNA delivery and has shown to be involved in Tat-mediated DNA uptake 
(141). From the gene delivery point of view the main drawback is that caveolae 
are slowly internalized and their fluid volume is small. Still, this is a promising 
gene delivery strategy, if the internalization can be increased, for example 
through the use of specific receptors for caveolae (131).  
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1.10.3. Macropinocytosis 

Macropinocytosis describes a form of larger-scale internalization that frequently 
involves protrusions from the plasma membrane that subsequently fuse with 
each other or with the plasma membrane, resulting in the uptake of extracellular 
components (128). In this actin-driven evagination large endocytotic vesicles of 
irregular size and shape are formed (142). Macropinocytosis usually 
accompanies cell surface ruffing that is induced in many cell types upon 
stimulation of growth factors or other signals (130). A ruffle is formed by a 
linear band of outward-directed actin polymerization near the plasma membrane 
that lengthens into a planar extension of cell surface. After stimulation by 
mitogenic factor, the ruffles enlarge and finally close into macropinosomes 
(143). Macropinosomes have no coat nor specific receptors and their size varies, 
up to 5 µm (131). The directed actin polymerization is stimulated by small 
GTPases, e.g. Rac1, that regulate the advancement of protrusion and the 
formation of pinocytic cap (144). Macropinocytosis is cholesterol dependent, 
which is required for anchoring the activated Rac1 to the sites of premature 
macropinosome (145). 

The unique feature that distinguishes macropinocytosis from the other 
endocytotic pathways is the variation of the ultimate fate of the macropinosome 
in different cell types. In macrophages, they move towards the center of the cell, 
shrink due to loss of water, become acidified and fuse to lysosomal compart-
ments (146). On the other hand, in human A-431 and NIH-3T3 cells they 
remain relatively isolated from the rest of endosomal system, interact only with 
other macropinosomes and finally fuse back with the plasma membrane (143, 
147). Although the pH of macropinosomes decreases, they do not fuse into 
lysosomes in this case (131). Furthermore, macropinosomes are thought to be 
inherently leaky compared to other types of endosomal vesicles (66, 148, 149). 
Originating from that, macropinocytosis provides several advantageous aspects 
for drug delivery: high volume uptake of macromolecules, the avoidance of 
lysosomal degradation and relatively leaky nature of macropinosomes, which 
enables endosomal escape (131). 
 

1.10.4. Clathrin- and caveolin-independent endocytosis 

In addition to CME, caveolin-mediated endocytosis and macropinocytosis, 
other, so-called clathrin- and caveolin-independent endocytosis pathways exist 
in mammalian cells that have been less studied. In non-clathrin and non-
caveolar endocytosis the formed vesicles do not possess a coat and have been 
shown to display a rather diverse array of carrier morphology, i.e. small 
uncoated vesicles, ring-shaped structures or large tubular carries (150, 151). 
These pathways can be further subdivided into dynamin-dependent and 
independent routes. Similarly to caveolin-dependent endocytosis, lipid rafts are 
required for these internalization routes. For example internalization of 
interleukin-2 receptors into lymphocytes is suggested to use clathrin-inde-
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pendent endocytosis (152). These pathways are also required for high and 
sustained synaptic activity, and for rapid endocytosis by neuroendocrine cells 
(130, 153). 
 
 

1.11. Uptake of CPP-cargo complexes 

In 1990s, most CPPs were presumed to enter cells by directly crossing the 
cellular membrane in energy- and temperature-independent manner (19). 
However, in 2003 Lundberg et al. showed that the experimental basis for this 
proposition was redistribution artefact caused by fixation before microscopy 
(154). This led to a rush of studies re-examining how CPPs enter the cells.  

In general, CPPs can convey their cargo into the cells by two principally 
different mechanisms- endocytosis and direct penetration. The direct 
penetration mechanism constitutes the interaction of positively charged CPP 
with the negatively charged components of the membrane, causing transient or 
stable destabilization of the membrane associated with folding of the peptide on 
the lipid membrane (155). Direct penetration is most probable at high peptide 
concentrations (156–158). Still, it is not the prevailing mechanism for the 
majority of CPP-cargo complexes. Nevertheless, this pathway cannot be 
excluded, as it is occasionally reported for certain CPPs and cargos. For 
example it was recently proved that CADY peptide complexes with siRNA 
utilize direct penetration (159). 

Internalization via some pathways of endocytosis has been shown for most 
CPP-cargo complexes. To pinpoint the certain internalization pathway is a 
difficult task, as several endocytotic routes can be utilized in parallel (160) and 
down-regulation of specific path may lead to the up-regulation of some 
alternative pathways. For Tat and other arginine-rich peptides-nucleic acids 
complexes, macropinocytosis accompanied by actin reorganization, has been 
shown to be the main endocytosis pathway (161). However, in the case of Tat, 
also caveolae-mediated endocytosis has been reported (162). TP10-protein 
complexes use simultaneously at least 4 pathways: macropinocytosis, CME, 
caveolae-mediated endocytosis and clathrin- and caveolae-independent 
endocytosis (163). PF6/ON complexes are mainly taken up by clathrin-coated 
pits (32). 

It is important to emphasize that the uptake mechanism of CPP-cargo 
complex depends in addition to the properties of the CPP on numerous other 
parameters and conditions. Utilized concentrations and properties of the cargo, 
variations in membrane composition, cell type and experimental conditions, are 
just some of them. 
 
 



33 

1.12. Intracellular trafficking and endosomal release 

After budding from the plasma membrane, the CPP-cargo complexes are 
confined in endocytotic vesicles. Despite the existence of numerous inter-
nalization routes, early endosomes (EE) serve as a focal point of the endocytic 
pathways. Sorting events initiated at this compartment determine the subsequent 
fate of the internalized material, destining them either for recycling to the 
plasma membrane, for degradation in lysosomes or for delivery to the trans-
Golgi network (164). The quick sorting is accomplished through the formation 
of distinct microdomains within EEs. Besides the primary function, sorting, EEs 
are responsible for the initial dissociation of receptor-ligand complexes. 
Although the pH in EEs is only slightly acidic (pH 6.3–6.8), it is still sufficient 
to result in the dissociation of ligands from receptors. For instance transferrin or 
low-density lipoprotein receptor slated for recycling from EEs, whereas low-
density lipoprotein and the ligand-bound epidermal growth factor receptor are 
transported to late endosomes/lysosomes for degradation (164). The multi-
vesicular parts of EEs lead to the formation of globular multivesicular bodies 
(MVBs). Precisely, MVBs evolve from the early endosomal compartment by 
forming intraluminal vesicles from the limiting membrane of the compartment 
(129). Although, endocytotic organelles can be devided into early and late 
endosomes (LEs), these types of endosomes do not exist as distinct stable 
organelles, but instead undergo a maturation process by changing their 
repertoire of membrane proteins. For example losing the Rab5, prevalent in 
EEs, and gaining the Rab7 in LEs (165).  

The transfer of material from EEs to LEs involves the dissociation of 
vacuolar elements from EE network and their subsequent migration on micro-
tubules to the perinuclear cytoplasm where they fuse to LEs (166). Late endo-
somes are enriched in lgp/LAMP-s, Rab7, Rab9. They also contain hydrolyti-
cally active lysosomal hydrolases, and are therefore sometimes referred as pre-
lysosomal compartments (166). Lysosomes are acidic organelles (pH 4.5–5) 
that contain a high number of soluble lysosomal hydrolases with each having a 
specific substrate (167). The relationship between LEs and lysosomes is 
dynamic and not easily defined. Still lysosomes can be distinguished from LEs 
as the lysosomes have higher density in Percoll. Although in transmission 
electron microscopy or fluorescence microscopy EEs and lysosomes are often 
labeled simply on morphological appearance, intracellular position and morpho-
logy are often very different in each cell type, making this kind of assumption 
unhelpful. It is important to identify subcellular compartments using specific 
markers, e.g. Rab5 for EE and Rab7 for LE/lysosomes (168). 

To avoid degradation of the cargo by enzymes in lysosomes or recycling of 
it back to the cell surface, the release from endosomes is essential for the 
efficient transfection. Compared to cell membrane translocation, the concent-
ration of CPP-cargo complexes in the endosomal lumen extensively elevates the 
local concentration of the peptide per unit area of the membrane. At high 
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concentration, the peptide accumulates and clusters on the membrane, thus 
interfering with the regularity of its packing and inducing its subsequent 
leakage. Such destabilization and pore formation has been shown for TP10 
(169) and arginine-rich peptides (170). The liberation of CPP-cargo complexes 
from endosomes thereby occurs via destabilized and leaky endosomes, as seen 
in the electron microscopy images (171). Still, the exact amount of escaped 
complex is complicated to define. In paper III fractioning of endosomal 
compartments with Percoll gradient was used to study the amount of complexes 
in early endosomes and late endosomes/lysosomes. 

Lysosomotropic agent chloroquine (CQ) has been used to promote the 
escape of complexes from endosomal compartments. CQ accumulates in 
endosomal vesicles, buffers the pH and prevents the fusion with lysosomes. 
Furthermore, CQ destabilizes endosomal membranes, converts them leakier and 
penetrable for complexes (13). Albeit improved transfection in the presence of 
CQ has been reported frequently (50, 86, 172, 173) , this compound is toxic at 
higher concentrations and not suitable for in vivo applications (66).  

Therefore, modification of carrier vectors in order to improve their 
endosomolytic properties is highly important and this is discussed in more 
details in chapter 1.4. 
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2. AIMS OF THE STUDY 

The main target of this thesis was to design novel efficient peptide-based 
vectors that can be utilized for the intracellular delivery of nucleic acids via 
non-covalent nanoparticle formation strategy. The impact of different chemical 
modifications in the backbone of the parental peptide was correlated to the 
transfection efficacy of nucleic acids and biological activity. 
 
Paper I: To study if the insertion of phosphoryl-group in the backbone of 
stearyl-TP10 improves the delivery and endosomolytic properties of the peptide 
to be used for SCO intracellular delivery. 
 
Paper II: To evaluate the impact of two novel modifications, insertion of a kink 
and substitution of L-lysine with L-ornithine. To study the potential of the novel 
peptides for the delivery of pDNA, SCO and siRNA. Moreover, to evaluate the 
applicability of the novel peptide NF51 in protein production technology. 
 
Paper III: To investigate two novel cell-penetrating peptides NF1 and NF51, 
with superior delivery properties according to paper I and paper II. To study 
their complex formation activity, uptake mechanism, intracellular trafficking 
and determine the impact of different internalization steps on the biological 
activity in gene delivery for successive development of these delivery vectors 
and their further in vivo applications. 
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3. METHODOLOGICAL CONSIDERATIONS 

3.1. Design of peptides 

In the current thesis a novel family of peptides, named NickFects, was designed. 
Previous studies of our group have proved that addition of stearyl-group to the 
N-terminus of TP10 significantly improved the transfection efficacy and 
endosomal release of CPP/ON complexes (50, 51). Hence, we designed all the 
NFs as modifications of stearylated-TP10. 

Paper I describes two new CPPs, NF1 and NF2. With the design of these 
CPPs, we aimed to enhance interactions of the peptide with intracellular and 
endosomal membranes. Phospholipids are the main component of plasma 
membrane. Moreover, most liposome formulations that are utilized as transport 
vectors for nucleic acids, contain phospholipid PE. Relaying on that, we added 
phosphoryl-group to the backbone of stearyl-TP10. Earlier study about cationic 
α-helical peptides, including mastoparan, indicates that hydrophobicity balance 
of the peptide affects its complex formation with DNA (174). To change the 
hydrophobicity of NickFects, we replaced Ile8 in the TP10 sequence with more 
hydrophilic amino acid, threonine. With these modifications, we reduced the net 
positive charge and increased hydrophilicity of the peptide, and obtained  
pH-dependent vectors NF1, NF2 (56). 

In paper II, we modified Lys7, which is the linker between neuropeptide 
galanin motif and mastoparan residues in stearyl-TP10 sequence. The first 
modification was inspired by poly-L-ornithine’s higher ability to condense 
DNA and this lead to superior transfection efficacy compared to corresponding 
poly-L-lysine-based systems (99). Moreover, non-coded amino acid ornithine 
has shown higher resistance to serum proteases and should increase the stability 
of the peptide. Furthermore, recently a novel CPP named PF14, was developed 
in our group, where lysines were replaced with ornithines. PF14 proved to be 
highly efficient transport vector for nucleic acids (81). In order to improve the 
serum stability of the peptide and enhance its transfection efficacy for pDNA, 
we replaced Lys7 with ornithine in NF53. 

The second modification was based on an earlier study comparing α- and  
ε-lysine systems. Polylysine, where Lys residues were linked via side chain  
ε-amino group, had more flexible backbone and the ε-peptide bond was more 
resistant to protease degradation. ε-polylysine condensed DNA into smaller 
particles than ordinary α-polylysines and these particles exposed lower 
cytotoxicity and higher transfection efficacy in vivo (175). Relaying on that, we 
utilized side chain ε-amino group of Lys7 for subsequent synthesis and gained 
NF61. In the third novel peptide, NF51, we implemented these above-
mentioned modifications simultaneously. We replaced Lys7 with ornithine and 
continued synthesis by coupling Gly to the δ-amino group of ornithine (55). 
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3.2. Peptide synthesis  

All peptides were synthesized by solid-phase peptide synthesis (SPPS), a 
strategy introduced by Bruce Merrifield in 1963 (176). The SPPS is based on 
anchoring the growing peptide chain onto an insoluble solid polymer and amino 
acids are attached in a step-wise manner without purification between coupling 
and deprotection cycles. Two alternative strategies according to temporary 
protecting group on α-amino group of amino acid prevail in SPPS: tert-
butyloxycarbonyl (t-Boc) and 9-fluorenylmethoxycarbonyl (Fmoc) strategy. 
The difference between these two strategies is that t-Boc group can be removed 
by strong acid, while Fmoc group is removed by strong base. This enables to 
combine these two chemistries when orthogonal deprotection of specific side 
chain is necessary, e.g. in NF51 synthesis orthogonal deprotection strategy was 
utilized. The side chain amino groups of amino acids are protected with 
permanent protective groups that are removed during final cleavage of the 
peptide from the solid support. 

Throughout this thesis, peptides were synthesized on an automated peptide 
synthesizer or manually using Fmoc chemistry (177) by assembly of protected 
amino acids to Rink-amide methylbenzylhydrylamine (MBHA) resin to obtain 
C-terminally amidated peptides. The final cleavage was performed with 
trifluoroacetic acid (TFA), 2.5% triisopropylsilane and 2.5% water. Peptides 
were purified by reversed-phase high-performance liquid chromatography 
(HPLC) and analyzed using matrix-assisted laser desorption-ionization/time of 
flight (MALDI-TOF) mass spectrometry. The peptides used in this thesis are 
presented in Table 3. 
 
Table 3. CPP sequences used in the thesis. 

CPP Sequence Ref. 

Stearyl-TP10, PF3 stearyl-AGYLLGKINLKALAALAKKIL-NH2 (55, 56) 

p-Pepfect3, p-PF3 stearyl-AGY(PO3)LLGKINLKALAALAKKIL-NH2 (56) 

NickFect1, NF1 stearyl-AGY(PO3)LLGKTNLKALAALAKKIL-NH2 (56, 89) 

NickFect2, NF2 stearyl-AGYLLGKT(PO3)NLKALAALAKKIL-NH2 (56) 

NickFect3, NF3 stearyl-AGY(PO3)LLGKT(PO3)NLKALAALAKKIL-
NH2 

(56) 

NickFect11, NF11 stearyl-AGYLLGKTNLKALAALAKKIL-NH2 (56) 

NickFect 51, NF51 (stearyl-AGYLLG)δ-OINLKALAALAKKIL-NH2 (55, 89) 

NickFect 53, NF53 (stearyl-AGYLLG)ε-KINLKALAALAKKIL-NH2 (55) 

NickFect 61, NF61 stearyl-AGYLLGOINLKALAALAKKIL-NH2 (55) 

Stearyl, stearic acid moiety; PO3, phosphoryl group 
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3.3. Non-covalent nanoparticle formation 

In general, two main strategies can be utilized to associate CPPs to different 
cargos: non-covalent complex formation or covalent conjugation, where the 
cargo is linked to the CPP via covalent bond. The non-covalent strategy that 
relies on complex formation between the CPP and cargo due to electrostatic and 
hydrophobic interactions was first demonstrated by the group of G.Divita for 
linking pDNA (23). Thereafter non-covalent complex formation strategy has 
been successfully employed for different ON delivery (24, 50, 178).  

In the current thesis nanoparticles of CPPs and ON-based cargo, i.e. pDNA, 
SCO, siRNA, were formed by mixing CPP with cargo molecules and co-
incubating for 45 min at the room temperature for spontaneous complex 
formation. 

To characterize the amount of CPP over cargo the charge ratio (CR) for 
pDNA and the molar ratio (MR) for siRNA and SCO were used. CR was 
calculated theoretically, taking into account positive charges of the peptide and 
negative charges of the plasmid while MR is a ratio between the amount of 
moles of CPP and cargo.  
 
 

3.4. Nanoparticle characterization 

The physico-chemical properties of the nanoparticles significantly affect 
pharmacokinetics and biological activity of the cargo. A variety of methods that 
characterize the size, surface charge and stability of the nanoparticles were 
utilized in the current thesis. 
 

3.4.1. Dynamic light scattering and zeta potential 

Dynamic light scattering (DLS) is a spectroscopic technique mainly used to 
determine the particle size and polydispersity in solution. Nanoparticles in 
solution can be regarded as a colloidal dispersion system where molecules 
undergo random movement called Brownian motion. The Brownian motion of 
particles in suspension causes laser light to be scattered at different intensities. 
In DLS the time-dependent fluctuations in the scattered light are measured by a 
fast photon counter. The fluctuations are directly related to the rate of diffusion 
of the molecule through the solvent, which is related to the hydrodynamic 
diameter of the nanoparticles (179).  

Charged particles, e.g. peptides, suspended in a solution attract ions of 
opposite charge to their surface. The liquid layer surrounding the particle exists 
in two parts: an inner region, called the Stern layer, where the ions are strongly 
bound and an outer, diffuse, region where ions are less firmly attached to the 
particles. Within the diffuse layer, there is a notional boundary inside which the 
ions and particles form a stable entity. The potential that exists at this boundary 
is known as the zeta potential. This potential is calculated by the electrophoretic 
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 3.5. Cell cultures 

In the current thesis, several cell lines have been used. Most of them are 
commonly used in CPP field and enable comparisons of previously published 
data. 

HeLa cells are an immortalized cell line derived from cervical cancer cells 
taken from Henrietta Lacks in 1951. Since then this rapidly growing and robust 
cell line has been used in many research areas. In paper III, HeLa cells and in 
paper I and II, HeLa pLuc 705 cells were utilized. HeLa pLuc 705 cells are 
stably transfected with luciferase-encoding gene interrupted by a mutated intron 
2 derived from β-globin gene that carries a cryptic splicing site resulting in 
aberrant and non-functional luciferase. Masking the cryptic splice site with SCO 
enables the redirection of splicing and production of functional luciferase 
protein. Thus using these cells vectors ability to transfect SCO can be evaluated 
by luciferase activity. 

In paper II, regular adherent cell lines e.g. Chinese hamster ovary (CHO) 
cells, human embryonic kidney (HEK293) cells and cancer cells, namely human 
osteosarcoma (U2OS) and human glioblastoma (U87) cells were used to screen 

mobility of the particles in solution, measuring intensity fluctuation of scattered 
light (180). Zeta potential correlates the surface charge of the particle in a 
current medium (181). That is why it is highly important to carry zeta potential 
measurements in a biorelevant medium. 

Throughout the current thesis CPP-ON nanoparticles hydrodynamic dia-
meter, polydispersity index that characterizes the homogeneity of nanoparticles 
and zeta potential were measured using a Zetasizer Nano ZS apparatus. 
Measurements were conducted in water, in serum-free and serum-containing 
media. In Paper III, an automated in-place titration device of the apparatus was 
used to mimic the physiological conditions in endosomal compartments and 
evaluate the stability of the nanoparticles in acidic environment. 
 

3.4.2. Heparin displacement assay 

The interaction between the delivery agent and the cargo in nanoparticle should 
be balanced to provide stability and protection of the cargo from degradation, 
and at the same time to allow the dissociation of the nucleic acid to exert its 
activity when reached the target (91). Heparin sodium salt is an anionic 
molecule that has higher binding affinity to the delivery vector than nucleic 
acid, and the concentration of heparin needed to dissociate CPP-nucleic acid 
complex characterizes the stability of the nanoparticles. In paper III, the heparin 
displacement assay was utilized. The complex stability was assessed by 
electrophoresis or by fluorimeter, capturing the amount of released pDNA. 
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the potential delivery vehicles. CHO-K1 cells are subclones from parental cell 
line initiated from a biopsy of an ovary of adult Chinese hamster. The HEK293 
cell line was generated by adenoviral transformation of normal human 
embryonic kidney cells. U87 cells are human glioblastoma-astrocytoma cells 
with epithelial morphology, obtained from a stage IV cancer patient and U2OS 
cell line was derived from the bone tissue of a fifteen-year-old human female 
suffering from osteosarcoma. To evaluate siRNA-mediated gene silencing we 
used CHO cells stably expressing EGFP. 

In paper II, we also utilized more refractory primary mouse embryonic fib-
roblasts (MEFs) and lymphocyte suspension cells Jurkat and A20. Pluripotent 
MEF cells are often used as “feeder cells” in human embryonic stem cells 
research. The Jurkat cell line was established in the late 1970s from the 
peripheral blood of a 14-year old boy with T cell leukemia. Jurkat is an IL-2 
producing T lymphocyte cell line, commonly used to study T cell signaling. The 
A20 is immortalized B-cell lymphoma cell line derived from a spontaneous 
reticulum cell neoplasm found in mouse.  

Additionally, in paper II, we employed U2OSEBNALTD3 and CHOEB-
NALT85 cell lines to study the applicability of NF51 for protein production. 
U2OSEBNALTD3 and CHOEBNALT85 are stable cell lines derived from 
U2OS and CHO-S, respectively. These cells stably express mouse polyoma-
virus large T antigen and Epstein-Barr virus (EBV) EBNA-1 protein for stable 
replication and maintenance of QMCF plasmids containing polyomavirus 
minimal origin and FR element with EBNA-1 binding sites. 
 
 

3.6. Transfection experiments 

The efficacy of the designed CPPs to deliver nucleic acids was examined by 
using various reporter systems, such as luciferase- or EGFP-encoding plasmids, 
EGFP-silencing RNA or pLUC 705 SCO. 
 

3.6.1. pDNA delivery 

To evaluate pDNA transfection efficacy we utilized luciferase-encoding pGL3 
plasmid. Luciferase is an enzyme that catalyzes the conversion of luciferin into 
oxyluciferin that produces bioluminescence, which can be measured by 
luminometer. To be transcribed, the plasmid has to reach the nucleus. Assess-
ment of pGL3 plasmid delivery efficacy is a widely used positive read-out 
method and it was used in papers II and III. 

In paper II, EGFP-encoding plasmid was used to assess the percentage of 
transfected cells using fluorescence-activated cell sorting (FACS). Enhanced 
green fluorescent protein (EGFP) is ideal for subcellular labelling and 
visualization. FACS analysis is a laser-based biophysical technique that is 
employed in cell counting, cell sorting, biomarker detection and protein 
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engineering, by suspending cells in a stream of fluid and passing them by an 
electronic detection apparatus. With FACS we counted the number of EGFP-
transfected cells in comparison to the whole population of viable cells.  
 

3.6.2. SCO delivery 

In paper I and II, we utilized HeLa pLuc 705 cell line-based functional assay 
developed by R. Kole et al. in 1998 (182), which is a widely exploited positive 
read-out method to quantify ON delivery into the nucleus by various delivery 
vectors. Masking the aberrant spice site with SCO redirects splicing towards the 
correct mRNA and restores luciferase activity that can be quantified by 
luminescence. 
 

3.6.3. siRNA delivery 

In paper II we used EGFP-CHO reporter cell line to evaluate the efficacy of 
new vectors to deliver siRNA. The cell populations stably expressing EGFP and 
cell populations where EGFP was downregulated by siRNA/CPP nanoparticles 
were measured by FACS.  
 
 

3.7. Toxicity studies 

The ability of CPPs to translocate through cell membranes can be accompanied 
by toxic effects resulting from membrane perturbation especially at higher 
peptide concentrations. CPP concentrations exceeding a toxic threshold, can 
cause irreversible damage to the cells and cytotoxicity of novel CPPs has to be 
carefully evaluated (10). 

To exclude that the activity of the peptides is associated with toxicity MTS 
assay was utilized in paper I and CytoTox-Glo assay in paper II. MTS assay is a 
tetrazolium salt-based colorimetric method. The amount of metabolizing cells is 
detected by the activity of intracellular enzyme mitochondrial dehydrogenase 
that reduces tetrazolium to formazan dye having adsorbance maximum at 490–
500 nm. CytoTox-Glo assay is based on distinct protease activity associated 
with cytotoxicity and signal of luminogenic peptide substrate (alanyl-
alanylphenylalanyl- aminoluciferin substrate) added to the cells indicates the 
number of cells that have lost membrane integrity. 
 

11



42 

3.8. Methods to study cellular uptake and  
intracellular trafficing 

3.8.1. Inhibition and downregulation of scavenger receptors  

Scavenger receptors are cell-surface receptors that bind with low specificity to 
polyanionic ligands (183). To assess if scavenger receptors type A are involved 
in the uptake of NF/pDNA nanocomplexes we tested the effect of well-known 
specific inhibitory ligands for SCARA (113, 183) polyinosinic acid (poly I), 
fucoidan and dextran sulfate on the pDNA transfection activity mediated by 
NickFects. Structurally similar compounds poly C, galactose and chrondroitin 
sulfate that lack affinity to SCARA were utilized as negative controls. HeLa 
cells were treated for 30 min with inhibitory compounds prior to addition of 
pre-formed NF/pDNA nanocomplexes and bioluminescence was measured 24 h 
after transfection. 

To downregulate scavenger receptors expressed in HeLa cells, SCARA3 and 
SCARA5 siRNAs were used in mixture and scrambled siRNA was used as a 
negative control. The cells were transfected with siRNA using Lipofectamine 
RNAiMAX and NF/pDNA nanocomplexes were added 24 h post-transfection 
with siRNAs. Bioluminescence of luciferase was measured 24 h post-trans-
fection with NF/pDNA nanocomplexes. 
 

3.8.2. Inhibition of endocytosis pathways 

Endocytotic pathway is an energy-dependent mechanism and therefore it can be 
inhibited by lowering the temperature or by the use of metabolic inhibitors to 
deplete the ATP pool (184). An extensively used method to pinpoint the 
particular endocytotic pathways is blocking a certain internalization route with 
pharmaceutical compounds, endocytosis inhibitors. Chloropromazine is a catio-
nic amphipathic drug that causes the dissociation of clathrin lattice and there-
fore inhibits clathrin-mediated endocytosis (185). The main drawbacks using 
chloropromazine are possible insertion into plasma membrane and alteration of 
the membrane fluidity. Besides that it can inhibit phospholipase C, important 
for actin dynamics and macropinocytosis, which can give rise to misinter-
pretations (186). Nystatin that forms large aggregates upon binding to 
cholesterol has been used to inhibit lipid raft caveolae-mediated endocytosis 
(186). Caused changes in caveolar shape and inhibition of lipid raft ligands does 
not affect CME and macropinocytosis. Cytochalasin D that causes the poly-
merization of the actin cytoskeleton and disassembly of the existing actin, 
inhibits membrane ruffling and macropinocytosis. However, affecting actin 
cytoskeleton may partly influence CME and caveolae-mediated endocytosis 
(187). Chloroquine (CQ) is a lysosomotropic compound that can cross the 
membrane of lysosomes in the neutral unprotonated form. As a weak base CQ 
adsorbs protons and inhibits acidification in endosomal compartments and 
endosome/lysosome fusion. While in protonated form CQ, not capable to cross 
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the membrane, accumulates in endosomes, induces their swelling and rupture 
(13, 61). Co-transfection with CQ helps to release the entrapped cargo from 
endosomal compartments and to enhance transfection efficacy (61). 

In paper III we used low temperature, chloropromazine to inhibit CME, 
cytochalasine D known to suppress macropinocytosis and nystatin for caveolin-
associated process. In papers I, II and III, lysosomotropic agent CQ was used to 
evaluate the amount of entrapped CPP/ON nanoparticles in endosomal com-
partments. Gene delivery efficacy was measured and normalized to the control 
experiment performed in the absence of inhibitory compounds.  
 

3.8.3. Confocal and transmission electron microscopy 

Confocal laser scanning microscopy enables live-cell imaging of fluorophore 
labeled CPPs and provides valuable information about their intracellular locali-
zation. In paper III we produced double-labeled complexes, where the peptide 
and plasmid DNA were tagged with different fluorochromes and tracked the 
uptake in real-time using confocal laser scanning microscopy. 

The advantage of transmission electron microscopy (TEM) compared to 
confocal microscopy is high resolution and magnification, although only fixed 
cells can be used. In papers I and III, TEM was utilized to obtain ultrastructural 
analysis of the uptake and intracellular trafficking of NF/ON nanoparticles. 
SCO or pDNA were labeled with nanogold clusters and thereafter complexed 
with respective peptide. After the treatment, the cells were fixed, sectioned and 
examined with transmission electron microscope.  
 

3.8.4. Separation of endosomal compartments 

Microscopy methods enable to visualize the location of nanoparticles, but it is 
complicated to obtain quantifiable data. In order to measure the amount of 
nanocomplexes in early and late endosomal/lysosomal compartments, we 
separated and purified endosomal compartments of transfected cells using 
Percoll-based ultracentrifugation method in paper III.  

Density gradient medium, silica colloid Percoll has often been used to 
separate different cell populations from tissues and organelles of cells (188–
190). According to our knowledge, Percoll has not been used to separate 
endosomal fractions earlier. We fragmented the separated endosomes and 
verified early endosomes and late endosomes/lysosomes containing fractions 
with Western blot analysis using anti-Rab5 and anti-LAMP2 antibodies. 
Quantification of DNA content in these fractions using PCR provided infor-
mation about CPP/pDNA complexes in endosomal compartments at certain 
time points. 
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3.9. QMCF technology 

QMCF technology is a stable episomal expression system that uses mammalian 
cells and appropriate plasmids for expression of biologically active substances, 
e.g. proteins, recombinant antibodies, virus-like particles. Used plasmids 
contain mouse polyomavirus (Py) DNA replication origin and EBV EBNA-1 
protein binding site to ensure the stable propagation of plasmids in the QMCF 
cells. Utilized cells are derived from CHO and U2OS cell lines and support 
stable maintenance and partitioning of QMCF plasmids by combination of two 
proteins EBV EBNA-1 and Py Large-T antigen. QMCF technology enables to 
generate expression cell banks within one week and stable protein production 
cell line in 6–8 months. 

In paper II, NF51 was tested for the applicability as a transfection reagent in 
QMCF technology. 
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4. RESULTS AND DISCUSSION 

Papers I and II in this thesis present the design and transfection efficacy studies 
of NickFects (NFs), the new family of cell-penetrating peptides. All members of 
NickFect family are based on the structure of stearylated TP10 peptide.  

The earlier studies by group show that stearylation of TP10 peptide 
significantly improves the transfection of nucleic acids using non-covalent 
nanoparticle formation strategy (50). Stearyl-TP10, also known as PF3, was 
able to deliver SCO and pDNA into a large variety of cell lines, including hard-
to-transfect mouse embryonic fibroblasts. Furthermore, it also showed potential 
as gene delivery vehicle for in vivo applications (51). Still, the efficacy of 
stearyl-TP10 in the presence of serum remained lower than that of the widely 
used transfection reagent LF2000. Besides that, co-transfection experiments 
with lysosomotropic agent CQ suggested partial endosomal entrapment of 
PF3/ON complexes yielding reduced biological activity. On that basis, we 
designed novel cell-penetrating peptides, named NickFects. 

In paper III we perform a detailed analysis of the physico-chemical 
characteristics and intracellular trafficking of nanoparticles of two NFs with 
plasmid DNA. 
 
 

4.1. NF1 and NF2 for the delivery of SCO (paper I) 

The current study presents NickFect1 (NF1) and NickFect2 (NF2), novel 
phosphorylated analogues of stearyl-TP10.  

In order to enhance the interactions of the peptide with the intracellular 
membrane and induce endosomal release, we incorporated the phosphoryl-
group to the backbone of the original peptide. This modification was inspired by 
the fact that phospholipids are the main components of plasma membrane and 
that most liposomes formulations for nucleic acids transport contain 
phospholipid PE (69). Moreover, we replaced Ile to Thr at the 8th position of 
TP10 sequence. With the above-mentioned modifications we reduced the net 
positive charge and increased hydrophilicity of the peptide, obtaining  
pH-dependent vectors NF1, NF2. Furthermore, our study demonstrated that 
exclusive addition of phosphoryl-group only or Ile/Thr substitution in the 
backbone, resulted in p-PF3 or NF11 respectively that showed less efficacy in 
vitro than NF1 and NF2. On the other hand, NF3 peptide, which contains two 
phosphoryl-groups, formed less stable complexes with SCO probably due to 
repulsion and steric hindrance.  

The SCO delivery efficacy of NFs was benchmarked to the transfection 
efficacy of the parental peptide stearyl-TP10 and the widely used commercial 
reagent LF2000 in Hela pLuc 705 cells. NF1 and NF2 showed significant 
improvement in splice correction compared to stearyl-TP10. Importantly, they 
surpassed the activity of LF2000 both in serum-free and serum-containing 
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medium. Furthermore, co-transfection of NF/SCO complexes with CQ 
demonstrated that the improvement in transfection efficacy was achieved due to 
the escape of the complexes from endosomal compartments.  

In order to characterize the structure of NF/ON nanoparticles and to gain 
more insight into their internalization process, we performed ultrastructural 
analysis using TEM. Both NF1 and NF2 packed ON into dense and regular 
spherical particles. These particles were efficiently engulfed by cells, retained 
their dense packing inside endosomal vesicles, were able to translocate to 
cytosol where they dissociated into smaller assemblies. Moreover, delivered 
ONs were often detected close to the nuclear membrane and some of them in 
the nucleus. Unlike NickFects, stearyl-TP10 formed heterogenous linear rope-
like assemblies with ON that associated with the cell surface and induced 
invaginations. A large number of the nanoparticles were entrapped in 
endosomal compartments and translocation to the cell nucleus was detected 
very rarely. Furthermore, stearyl-TP10/ON rope-like nanoparticles that were 
able to release from endosomes remained in place rather than dissociated into 
smaller particles. It is reasonable to speculate that NFs form less stable particles 
with ONs probably due to implemented negatively charged phosphoryl-groups 
in the backbone of the peptides. Our findings once more emphasize the 
importance of the shape and properties of CPP/ON nanoparticles. 

DLS analysis showed that NF1 and NF2 condense SCO into nanoparticles 
with 300–500 nm size that, opposite to our expectations, had negative surface 
charge in reduced medium, i.e. in Opti-Mem. Subsequent papers from our group 
confirmed the importance of this finding and shed light to the intracellular 
internalization mechanisms of negatively charged nanoparticles (101). 

The interaction of CPP with the cell membrane may also cause toxicity, 
which should be considered during the selection of novel potent CPP candidates 
(10). Albeit, NFs were able to deliver ONs with higher efficacy than LF2000, 
the high transfection efficacy was not associated with toxicity. On the other 
hand, LF2000 significantly reduced cell viability at concentrations suggested by 
the manufacturer (191). 

Taken together, NF1 and NF2 are very promising vectors for ON delivery. 
As NF1 had a higher transfection efficacy in the presence of serum, it is 
plausible to suggest this peptide for further in vivo applications.  
 
 

4.2. NF51 for the delivery of pDNA, siRNA, SCO and  
for protein production (paper II) 

In paper II, we improved the complex formation activity, stability in the 
presence of serum and endosomolytic properties of stearyl-TP10. We modified 
the Lys7, which in rational design served as a linker between neuropeptide 
galanin motif and mastoparan residues in TP10 peptide sequence. 
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In order to enhance the transfection efficacy and serum stability of the 
NF/ON complex, the Lys7 was replaced with Orn, resulting in NF53. This 
modification was based on poly-L-ornithine´s higher ability to condense DNA 
compared to corresponding poly-L-lysine-based systems (99) and higher 
resistance of ornithine to serum proteases (81). The rationale behind the second 
modification was the higher transfection efficacy of ε-polylysine compared to α-
polylysine. Authors of this earlier study suggest that the linkage of Lys residues 
via side chain ε-amino group created a more flexible backbone of the peptide. 
Nonetheless, the ε-peptide bond was more resistance to protease degradation 
(175). Relaying on that, we used side chain ε-amino group of Lys7 for 
subsequent synthesis to gain NF61. Thereafter, we implemented these above-
mentioned modifications simultaneously. In NF51 we replaced Lys7 with 
ornithine and continued synthesis by coupling Gly to the δ-amino group of 
ornithine. 

All the novel peptides, NF51, NF53 and NF61, condensed pDNA, SCO and 
siRNA into stable nanoparticles with less than 170 nm size in serum-containing 
medium, indicating that they should meet the size criteria for in vivo 
applications (192). Interestingly, all these nanoparticles had negative zeta 
potential in the presence of serum. 

Our results evidenced that both introduced modifications were well-justified 
as all the novel peptides, NF51, NF53 and NF61 surpassed the efficacy of 
stearyl-TP10 in gene delivery efficacy. Remarkably high transfection level was 
achieved with NF51 that mediated pDNA delivery in all tested cell lines, 
including hard-to-transfect cells, such as mouse embryonic fibroblasts, and 
T and B lymphocytes. Moreover, in several cell lines gene expression obtained 
with NF51/pDNA nanoparticles exceeded the level achieved with LF2000. 
Furthermore, NF51 was able to fulfill an important prerequisite for efficient 
delivery vector, to transfect the whole cell population. Importantly, this criterion 
was not feasible for LF2000. Next we showed that besides gene transduction, 
NF51 is also applicable for RNA delivery. NF51 induced higher splice 
correction than LF2000 even in the presence of serum. Moreover, NF51 
facilitated better siRNA delivery than commercial reagent LF RNAi MAX, 
resulting in target gene knockdown at low siRNA (25–50 nM) concentrations. 
Taken together, these results suggest that NF51 efficiently targets intracellular 
machineries both in the nucleus and in cytoplasm. Furthermore, NF51 was not 
toxic even in refractory cells, e.g. MEF and Jurkat. 

Ultrastructural analysis of NF51/SCO trafficking by TEM and NF51/pDNA 
co-transfection experiments with CQ both evidenced the lysosomotropic 
properties of NF51.  

Encouraged by these findings, we took our delivery system a step further by 
testing the applicability of NF51 in protein production system named QMCF. 
This system uses mammalian cells and appropriate plasmids for the expression 
of biologically active substances (i.e. recombinant proteins, recombinant 
antibodies, virus-like particles) and for the generation of cell-based assays for 
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screening of active compounds for drug development. The main advantage of 
QMCF technology is the possibility to generate the expression cell banks within 
2–3 weeks after transfection. Transfection reagent for this system has to 
transfect the whole cell population without causing toxic effects to delicate 
suspension and adherent modified cells. Most chemical reagents that are on 
market today do not fulfil these requirements and so electroporation is 
commonly utilized to provide the most efficient transfection. NF51 effectively 
facilitated pDNA intracellular delivery and 7 days after single treatment almost 
whole cells population was transfected with the gene of interest. Our data 
corroborated the applicability of NF51 in QMCF technology as a safe and 
effective alternative to electroporation.  

We may conclude that the insertion of a kink in the backbone of stearyl-
TP10 has a significant impact on the complex formation and endosomolytic 
properties of the peptide. It has been suggested that the structural polymorphism 
and structural plasticity of the delivery vector determine the ability to interact 
with phospholipid membranes (57, 58). Furthermore, the introduction of 
flexible kink in amphipathic antimicrobial peptide Maximin allowed the adjust-
ment of two helical segments according to local environment and caused 
changes in the properties of α-helical peptide (193, 194). It is plausible to 
speculate that the flexible-kink between galanin and mastoparan segments in 
NF51 sequence is highly important for complex formation and delivery 
properties. 

Conclusively, NF51 is a highly efficient and versatile transfection agent for 
the intracellular delivery of nucleic acids using non-covalent strategy that has 
great potential in gene therapy and in protein production. 
 
 

4.3. Uptake mechanism of NF1 and  
NF51 complexes with pDNA (paper III) 

In the current work we characterized how radical modifications in stearyl-TP10 
peptide, such as introducing a kink in the structure of NF51 or including extra 
negative charge by phospho-tyrosine substitution in NF1 influenced the 
nanoparticle formation, uptake mechanism and intracellular trafficking with 
regard to the biological activity of transfection.  

In water, NF1 and NF51 formed nanoparticles of similar 60 nm size with 
plasmid DNA. For both peptides the nanoparticles obtained negative surface 
charge and remained stable in the presence of serum, although the size of the 
particles gradually increased, probably due to coating of them with serum 
proteins. However, NF51/pDNA nanoparticles were more resistant towards the 
heparin-induced decomplexation compared to NF1/pDNA nanoparticles. These 
differences in decomplexation were corraborated by confocal microscopy 
studies with nanoparticles from fluorescein-labeled CPP and rhodamine-labeled 
DNA. For NF1 fluorescence in both channels was separated to a larger degree 
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than for NF51 substantiating a higher degree of dissociation. Furthermore, for 
NF51, the maintenance of colocalization inside endosomal structures suggests 
trafficking into endosomal compartments that do not undergo acidification. 

Recently, it was demonstrated that stearyl-TP10 analogue PF14 condenses 
SCO into nanoparticles that obtain negative surface charge in biorelevant 
conditions, e.g. the presence of serum proteins and/or isotonic NaCl concent-
rations. The negative charge of the particles suggested that they should repel 
from the cell surface, not interact as expected. Search for plausible cell surface 
receptors led to scavenger receptors that bind with low specificity polyanionic 
ligands and negatively charged particles. The authors demonstrated that 
scavenger receptors from type A, more precisely SCARA5 and SCARA3, 
mediate the uptake of PF14/SCO nanoparticles (101). Later, the involvement of 
these receptors was also shown in PF14-mediated gene delivery (109). 

In order to elucidate whether negatively charged NF/ON nanoparticles also 
exploit scavenger receptors to mediate their intracellular uptake, we used well-
known scavenger receptor ligands for blocking the receptor-binding sites or 
down regulated SCARA3 and SCARA5 receptors with specific siRNAs. Our 
data corroborated the high engagement of SCARA3 and SCARA5 receptors 
both in NF1- and NF51-mediated gene transduction. Furthermore, knocking 
down the two above-mentioned receptor subtypes reduced gene transfection by 
NF1 and NF51 to the level of 15% and 10% respectively from ordinary uptake, 
while in the case of PF14/SCO the subsequent down regulation resulted in a 
decrease up to 45%.  

Transmembrane scavenger receptors, which bind various anionic ligands, 
have been previously shown to utilize different endocytotic pathways. Several 
studies demonstrate that multiple pathways are active simultaneously (123, 126, 
127). Furthermore, it was recently reported that negatively charged silver 
nanoparticles in murine macrophage cells induced gradual clustering of the 
nanoparticles during the uptake and this clustering determines the internali-
zation pathway. For instance, small nanoparticle clusters are taken up via 
clathrin-dependent but actin-independent pathway, whereas, the large clusters 
are engulfed in by actin-dependent pathway (124). Similarly, in our TEM study 
we discovered that NF51/pDNA complexes formed large conglomerates on the 
cell surface, which associated with membrane ruffles or localized in their close 
proximity, referring to macropinocytosis as the prevalent path of cell entry. On 
the other hand, NF1/pDNA complexes associated with the plasma membrane as 
smaller clusters, being simultaneously detected in close proximity to small 
membrane pits and membrane ruffles. These data was supported by the 
experiments with endocytosis inhibitors, suggesting macropinocytosis as the 
prevailing path of uptake for NF51/pDNA complexes. At the same time 
NF1/pDNA complexes were shown to utilize different endocytic pathways in 
parallel.  

After budding from plasma membrane, endocytosed NF/pDNA nano-
particles are confined in endosomal compartments and the subsequent endo-

13
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somal release is highly important to avoid their degradation in lysosomes. Co-
transfection with CQ suggested that NF51/pDNA complexes can disrupt 
endosomal membranes releasing from the vesicles without the support of 
lysosomotropic agent, while large amount of NF1/pDNA complexes were 
entrapped in endosomal compartments. 

In order to quantitatively characterize the amount of NF/pDNA nanoparticles 
in different endosomal-compartments, we followed the kinetics of trafficking 
through early and late endosomes using cell fractionation and a detection of 
recovered DNA by PCR. The obtained data confirmed lysosomotropic pro-
perties of NF51. Lower amount of NF51/pDNA nanoparticles compared to 
NF1/pDNA complexes reached LE/lysosomal compartments, although a totally 
large amount of NF51/pDNA nanoparticles was detected in EEs. To our 
knowledge, this approach has never been used to study CPPs endosomal release 
earlier. Consecutive studies utilizing Percoll gradient provides us quantitative 
information about CPP/ON nanoparticles intracellular trafficking. 

Taken together, we suggest that NF1 and NF51 complexes are passing two 
different bottlenecks for efficient gene expression. High quantity of 
NF51/pDNA complexes rapidly enters the cells, being subsequently released 
from endosomes. Yet, after reaching cytosol densely condensed particles 
hamper pDNA unpacking and biological activity. On the other hand, the uptake 
of NF1/pDNA nanoparticles is slower and a large amount of them are entrapped 
in endosomal compartments. However, these particles are more loosely packed 
and pDNA is released while reached the target. As a result of these two limiting 
processes the gene transfection mediated by NF1 and NF51 is on the same level 
of efficacy. These findings enable further development of these vectors in order 
to achieve higher bioavailability of macromolecule-based drugs and higher 
potency in in vivo applications. 
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5. CONCLUSIONS 

This thesis describes a new family of cell-penetrating peptides – NickFects that 
are applicable for the intracellular delivery of various nucleic acids using non-
covalent strategy. The key findings of this thesis are listed below. 
 
Paper I 
–  Insertion of phosphoryl group and substitution of Ile8 with Thr in stearyl-

TP10 sequence resulted in highly efficient and non-toxic vectors NF1 and 
NF2 for intracellular delivery of splice-correcting oligonucleotides. 

–  NF1 and NF2 form stable nanoparticles with SCOs with negative surface 
charge in Opti-Mem environment. 

–  NF/ON nanoparticles are able to release from endosomal compartments and 
reach the nucleus, as confirmed by TEM analysis and gene expression. 

–  NF1- and NF2-mediated SCO transfection efficacy surpasses activity of 
LF2000 both in serum-free and serum-containing media. 

 
Paper II 
–  Substitution of Lys7 with ornithine and continuing the synthesis through 

using the δ-amino group of ornithine side-chain resulted in highly active and 
non-toxic cell-penetrating peptide NF51, for efficient nucleic acids intra-
cellular delivery. 

–  NF51 condenses pDNA, SCO and siRNA into stable nanoparticles less than 
170 nm in size bearing negative surface charge in serum-containing medium. 

–  NF51 enables highly efficient gene expression, splice correction and gene 
silencing. The achieved transfection levels exceeded frequently the commer-
cial reagents LF2000 and LF RNAi MAX. NF51 is capable of delivering 
pDNA into a large variety of cell lines, including refractory suspension and 
primary cells, e.g. MEF, Jurkat and A20 cells. 

–  Applied modifications in NF51 enhance the endosomolytic properties of the 
peptide.  

–  NF51 as a transfection agent is applicable in QMCF technology for the 
expression and production of recombinant proteins in hard-to-transfect 
suspension cell lines. 

 
Paper III 
–  Dissimilar modifications in stearylated TP10, such as inserting a kink into 

the backbone or including extra negative charge by adding phosphoryl-group 
resulted in NF51 and NF1 respectively. Both peptides form similar low 
nanometer sized and negatively charged nanoparticles with pDNA exhibiting 
equally high gene transfection efficacy.  

–  Different stages at the transfection define the biological activity of NF51- 
and NF1-delivered pDNA. For NF51 the cargo release from the complex is 
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crucial for transfection efficacy, whereas for NF1 escape of the complexes 
from endosomal compartments is the main bottleneck in gene transfection 

–  Scavenger receptors SCARA3 and SCARA5 are highly engaged in the 
uptake of negatively charged NF1/pDNA and NF51/pDNA nanoparticles. 

–  NF51/pDNA nanoparticles are internalized by HeLa cells prevalently via 
macropinocytosis. NF1/pDNA complexes utilize several internalization 
routes simultaneously, i.e. CME, caveolae-mediated endocytosis and 
macropinocytosis. 

–  NF51 has superior lysosomotropic properties compared to NF1 
–  NF51 and NF1 are equally efficient delivery vectors for pDNA delivery 

exploiting different internalization mechanisms, which enables their utili-
zation in different applications. 
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SUMMARY IN ESTONIAN 

NickFecktid – uued rakku sisenevad peptiidid.  
Disain ja sisenemismehanism 

Vajadus uute ja spetsiifilisemate ravimite järgi, kui hetkel kasutatavad madal-
molekulaarsed ravimid, kasvab pidevalt. Nukleiinhapped ja nende analoogid 
omavad väga suurt potentsiaali paljude raskete haiguste raviks. Oma füsiko-
keemilistest omadustest tingituna ei ole nukleiinhapete molekulid võimelised 
iseseisvalt rakku sisenema ja vajavad terapeutilise toimekohani jõudmiseks 
transportvektorite abi. Viirustel põhinevad vektorid on väga efektiivsed, kuid 
nende kasutamisel võivad ilmneda mitmed kõrvaltoimed nagu immunoloogiline 
reakstioon või transporditava DNA insertsioon valesse genoomi piirkonda. 
Sellest tulenevalt keskendutakse üha enam mitteviiruslike vektorite arenda-
misele.  

Rakku sisenevad peptiidid (RSPd) on üks grupp mitteviiruslikke vektoreid, 
mida on laialdaselt kasutatud nukleiinhapete rakku viimiseks nii in vitro kui ka 
in vivo tingimustes. RSPd on lühikesed, 5–30 aminohappe jäägist koosnevad 
katioonsed ja/või amfipaatsed peptiidid, mis on võimelised sisenema rakku ja 
transportima sinna ka endaga seotud lastmolekuli. Lastmolekuli sidumiseks on 
peamiselt kaks moodust: kovalentne, kus lastmolekul seotakse RSPga ko-
valentse sideme kaudu ja mitte-kovalentne, kus kasutatakse elektrostaatilisi ja 
hüdrofoobseid interaktsioone. Antud töös kasutati mitte-kovalentset sidumise 
strateegiat, kus lastmolekulidest ja RSPdest moodustati nanopartiklid. Kuigi 
mitte-kovalentne sidumisstrateegia on palju lihtsam ja odavam kui kovalentne 
strateegia, on selle peamiseks puuduseks moodustunud nanopartiklite ise-
loomustamise keerukus. Seetõttu pöörati antud töös erilist tähelepanu RSP-
nukleiinhapete komplekside omadustele. Moodustunud kompleksid sisenevad 
rakku enamasti endotsütoosi teel, millest tulenevalton suur tõenäosus jääda 
kinni endotsütootilistesse vesiikulitesse. See omakorda vähendab oluliselt last-
molekulide bioloogilist aktiivsust, sest lastmolekulide sihtmärgid asuvad kas 
rakutuumas või tsütoplasmas. RSPde kui transportvektorite kasutamisel on väga 
oluline tagada RSP/lastmolekuli komplekside vabanemine endotsütootilistest 
vesiikulitest ning lastmolekuli jõudmine oma sihtmärgini rakus. 

Käesoleva töö peamiseks eesmärgiks oli disainida uued efektiivsed pep-
tiidsed vektorid, NickFectid (NF), erinevate nukleiinhapete transpordiks rakku. 
Uute vektorite disainil lähtuti stearüleeritud TP10 peptiidist. Disaini eesmärgiks 
oli parandada peptiidse vektori võimet moodustada komplekse lastmolekuliga, 
suurendada komplekside sisenemist rakkudesse ja vabanemist endostütooti-
listest vesiikulitest. 

Esimeses töös kirjeldame NF1 ja NF2. Disanil aluseks võetud peptiidi järjes-
tusse lisame fosforüülrühma ja hüdrofoobsuse muutmiseks asendame isoleutsiin 
treoniiniga. Nimetatud modifikatsioonid parandavad olulisest RSP võimet 
transportida rakkudesse splaissingut-korrigeerivaid oligonukleotiide. 

14
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Teises töös modifitseerime TP10 koostisosi, mastoparaani ja galaniini frakt-
sioone siduvat ühenduslüli ning disainime „kõvera“ peptiid NF51. Saadud pep-
tiid transpordib rakkudesse nii plasmiidset DNAd, splaissingut-korrigeerivaid 
oligonukleotiide kui ka väikseid interfeeruvaid RNAsid. Lisaks näitame, et 
NF51 on kasutatav transfetsiooni reagendina valkude tootmises, antud juhul 
kasutades QMCF tehnoloogiat. 

Kolmandas töös uurime kahe erineva RSP, NF1 ja NF51 omadusi. Näitame, 
et kuigi käesolevad peptiidid omavad erinevat keemilist struktuuri on nende 
võime transportida rakku plasmiidset DNAd sarnane. Võrdleme nende pep-
tiidide ja plasmiidse DNA komplekside omadusi, interaktsiooni rakupinnaga, 
rakku sisenemiseks kasutatavaid endotsütoosi radasid ning rakusisest liikumist.  

Kokkuvõttes on antud töös disainitud peptiidid, NickFectid, on vähe toksi-
lised, sobivad nukleiinhapete transpordiks ja omavad head perspektiivi nii 
geeniteraapias kui valkude tootmises.  
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