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Abstract 

The	   ability	   of	   cell-‐penetrating	   peptides	   to	   cross	   plasma	   membranes	   has	   been	  
explored	   for	  various	  applications,	   including	   the	  delivery	  of	  bioactive	  molecules	   to	  
inhibit	   disease-‐causing	   cellular	   processes.	   The	   uptake	  mechanisms	   by	  which	   cell-‐
penetrating	  peptides	  enter	  cells	  depend	  on	  the	  conditions,	  such	  as	  the	  cell	  line	  the	  
concentration	   and	   the	   temperature.	   To	   be	  used	   as	   therapeutics,	   each	  novel	   cell-‐
penetrating	   peptide	   needs	   to	   be	   fully	   characterized,	   including	   their	  
physicochemical	   properties,	   their	   biological	   activity	   and	   their	   uptake	  mechanism.	  
Our	  group	  has	  developed	  a	  series	  of	  highly	  performing,	  non-‐toxic	  cell-‐penetrating	  
peptides,	  all	  derived	  from	  the	  original	  sequence	  of	  transportan	  10.	  These	  analogs	  
are	  called	  PepFects	  and	  NickFects	  and	  they	  are	  now	  a	  diverse	  family	  of	  N-‐terminally	  
stearylated	  peptides.	   These	  peptides	  are	   known	   to	   form	  noncovalent,	  nano-‐sized	  
complexes	  with	  diverse	  oligonucleotide	  cargoes.	  One	  bottleneck	  that	  limits	  the	  use	  
of	   this	   technology	   for	   gene	   therapy	   applications	   is	   the	   efficient	   release	   of	   the	  
internalized	  complexes	  from	  endosomal	  vesicles.	  

The	   general	   purpose	   of	   this	   thesis	   is	   to	   reveal	   the	  mechanisms	   by	   which	   our	   in	  
house	   designed	   peptides	   enter	   cells	   and	   allow	   the	   successful	   transport	   of	  
biofunctional	  oligonucleotide	   cargo.	   To	   reach	   this	   goal,	  we	  used	  both	  biophysical	  
and	  cell	  biology	  methods.	  We	  used	  spectroscopy	  methods,	  including	  fluorescence,	  
circular	   dichroism	   and	   dynamic	   light	   scattering	   to	   reveal	   the	   physicochemical	  
properties.	  Using	  confocal	  and	  transmission	  electron	  microscopy	  we	  observed	  and	  
tracked	  the	   internalization	  and	   intracellular	   trafficking.	  Additionally	  we	  tested	  the	  
biological	  activity	  in	  vitro	  and	  the	  cellular	  toxicity	  of	  the	  delivery	  systems.	  

We	   conclude	   that	   the	   transport	   vectors	   involved	   in	   this	   study	   are	   efficient	   at	  
perturbing	   lipid	   membranes,	   which	   correlates	   with	   their	   remarkable	   capacity	   to	  
transport	   oligonucleotides	   into	   cells.	   The	   improved	   and	   distinct	   capacities	   to	  
escape	  from	  endosomal	  vesicles	  can	  be	  the	  result	  of	  their	  different	  structures	  and	  
hydrophobicity.	   These	   findings	   extend	   the	   knowledge	   of	   the	   variables	   that	  
condition	  intracellular	  Cell-‐penetrating	  peptide	  mediated	  transport	  of	  nucleic	  acids,	  
which	   ultimately	   translates	   into	   a	   small	   step	   towards	   successful	   non-‐viral	   gene	  
therapy.	  
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1. INTRODUCTION 

A new class of potential therapeutics based on biomolecules can offer 
solutions to unsolved medical needs. However the therapeutic use of 
macromolecules such as proteins or oligonucleotides is limited by their poor 
penetration in tissues and their inability to cross the cellular membrane. 
Oligonucleotides like plasmid DNA (pDNA), small interfering RNA (siRNA) 
and splice correcting oligonucleotides (SCO) are among the candidates and 
represent three different processes to manipulate gene expression. These 
processes occur by the introduction of an exogenous gene (pDNA) that can 
substitute a missing or mutated gene, by directly shutting off a disease-
causing gene through RNA silencing (siRNA) and by changing the RNA 
splicing process via SCOs. 

The druglikeness of these highly negatively charged macromolecules is 
limited since they violate most of the criteria of Lipinski’s rule of five1 by 
having more than 5 hydrogen bond donors, not more than 10 hydrogen bond 
acceptors and molecular masses higher than 500 daltons. All these 
molecules need to enter cells to produce their therapeutic effect and this 
represents an additional challenge for their therapeutic usage. It is obvious 
that to take advantage of their potential, they need the help of molecular 
carriers that can effectively translocate them through cellular membranes 
into the cytoplasm or the nucleus. 

Cell-penetrating peptides (CPPs) are a class of molecular carriers capable 
of crossing the plasma membrane barrier and translocate macromolecular 
cargoes such as oligonucleotides into cells, with high efficiency and low 
toxicity. They are short peptide sequences of less than 30 amino acids, 
mostly poly-cationic and/or amphipathic in nature2. The internalization of 
CPPs and macromolecular cargoes is a complex process. It involves 
interaction with the membrane surface or directly with the phospholipid 
bilayer, producing local membrane disturbance and intracellular processes 
that can lead to further changes in the membrane shape or structure and to 
internalization into the cytosol or endosomes3. 
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1.1. The plasma membrane barrier 

The plasma membrane protects cells from harmful external influences by 
sealing them from their surroundings. They also delimit local intracellular 
environments inside organelles and vesicles. Biological membranes are 
composed of different lipids and proteins. Depending on the lipid 
composition and on the attached proteins, membranes have different fluidity. 
The lipid composition of the plasma membrane makes it strongly 
hydrophobic and impermeable for large, hydrophilic molecules. These 
molecules need to be actively transported across the plasma membrane, 
thus several different membrane transport proteins exist, which can be 
activated or inactivated in demand of the occurring cellular processes.  

1.2. Endocytosis 

Large macromolecules (e.g. proteins, viruses) require more complex 
mechanisms to traverse membranes, and are transported into and out of 
cells selectively via endocytosis and exocytosis (secretion). Endocytosis is a 
fundamental transport process in all cells. It mediates interaction of the cell 
with its surroundings allowing the regulation of processes like nutrient 
uptake, signaling, synaptic transmission and several others. Endocytosis 
can be receptor mediated, triggered by electrostatic interactions with the cell 
surface negatively charged proteoglycans or by direct interaction with the 
plasma membrane. Endocytosis pathways are divided into clathrin-mediated 
endocytosis (CME), caveolae-mediated endocytosis, macropinocytosis and 
phagocytosis4 (Figure 1).  

 

Figure 1| The process of endocytosis includes a number of different mechanisms such 
as phagocytosis, macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated 
endocytosis, and clathrin- or caveolae-independent endocytosis. Adapted from5. 
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In CME, which is probably the most studied of these processes, the cellular 
membrane forms pits coated by clathrin, which separates from the plasma 
membrane and encapsulate their cargo, forming endocytic vesicles6, 7. The 
separation of these vesicles from the plasma membrane requires the action 
of dynamin, which buds the coated vesicles from the plasma membrane. 

For caveolae-mediated endocytosis, the formed membrane pits are coated 
by the protein caveolin1, which produces flask-shaped invaginations in the 
plasma membrane. Clathrin- and caveolin-coated vesicles are a few 
hundred and 50-80 nm in diameter, respectively8, 9. Uptake of larger portions 
of membrane usually involves the process of macropinocytosis. This is an 
actin dependent endocytotic route, which involves the inward folding of the 
outer surface of the plasma membrane, resulting in the formation of vesicles 
called macropinossomes. They are surrounded by a membrane similar to 
the cell membrane and are 1-5 µm larger than the other endocytotic 
vesicles9. CPPs do not use only a single route for entry. They are capable of 
using many different endocytic pathways simultaneously, making the study 
of the entry mechanism complex10. 

1.3. Endosomal escape 

The endocytic pathway of internalization of [CPPs:cargo] complexes always 
ends up with their entrapment inside endosomes. Depending on the 
pathway, the complexes can recycle back to the plasma membrane or get 
degraded in late endosomes and further in lysosomes4. It is absolutely 
necessary that the complexes are efficiently released from endosomes so 
they can reach the cytoplasm and perform their biological effect. Endosomal 
escape constitutes a major challenge for intracellular delivery and is 
believed to be the limiting step for most cargo attached to CPPs11. Different 
modification strategies have been proposed to facilitate the escape of CPPs 
from endosomes, ranging from buffering of endosomal vesicles to adding 
endosome-disruptive sequences	   12, to the inclusion of molecules, such as 
stearic acid11 or chloroquine (CQ) analogs (trifluoromethylquinoline, QN)13 to 
the CPP sequence. 

1.4. Gene therapy 

Vectors facilitate the introduction of gene-based therapeutics into cells. The 
therapeutic purpose of inserting nucleic acids into cells is to alter gene 
expression in order to prevent, halt or reverse a pathological process. Gene 
therapy can happen through three different routes - gene addition, gene 
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correction/alteration and gene knockdown, which are sometimes used in 
combination14. 

Gene addition is used to provide therapeutic benefit or to supply a protein 
that is missing owing to a genetic mutation. Gene correction/alteration are 
used to alter genomic sequences to correct a mutation or create a mutation. 
It can also be accomplished through non-coding RNAs that change or 
restore a particular protein function by altering splicing (for example through 
exon skipping15). Gene knockdown allows the modulation of single genes or 
complex gene networks. It can be mediated by the microRNA (miRNA) gene 
regulation circuits or by eliminating a gene product using siRNA. 

1.5. Therapeutic oligonucleotides 

Early attempts to silence specific genes using antisense oligonucleotides 
date back to 1980s but these aspirations were mostly extinguished by the 
unexpected complexity of oligonucleotide pharmacology. In 1978 Zamecnik 
and Stepheson suggested that oligonucleotides could be used 
therapeutically16, 17. In their pioneer work they reported that oligonucleotides 
complementary to the terminal repeat sequences of the Rous sarcoma virus 
could inhibit its replication. This finding generated little interest at the time 
and it was not until the appearance of the first automated DNA synthesizer 
and the emergent AIDS problem, that companies started to develop 
modified oligonucleotides (phosphorothioates and methylphosphonates) as 
drugs18. These “antisense” oligonucleotides were designed to bind 
complementary to sequences in either viral or messenger RNAs. While 
conventional drugs bind directly to proteins, antisense oligonucleotides block 
the action of proteins by stopping translation.  

The study of individual antisense oligonucleotides revealed that they do not 
all behave similarly. They can affect cellular processes in several different 
ways: 

• A complementary oligonucleotide can bind mRNA and block translation 
initiation or elongation; 

• A complementary oligonucleotide can bind mRNA and recruit RNAse H; 
• siRNA cell internalization can lead to one strand binding to the mRNA 

and triggering RISC-dependent RNA cleavage;  
• A complementary oligonucleotide can bind to the sense strand of a 

miRNA and block RISC activation;  
• An oligonucleotide can mask the miRNA binding site on the mRNA and 

prevent RISC-mediated mRNA degradation or translation inhibition;  
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• A splice site can be masked on the mRNA, which results in exon 
exclusion;  

• A splice site can be masked on the mRNA, which results in exon 
inclusion. 

 
Like proteins, single stranded nucleic acids can adopt complex and varied 
secondary and tertiary structures. This can complicate the pharmacology of 
these compounds, leading to unexpected effects. The discovery of natural 
functions of short nucleic acids sequences, especially small interfering RNA 
(siRNA) increased the number of pharmacological effects that might be 
expected from exogenous oligonucleotides, turning the drug development 
more difficult. Translation of RNA may now be interrupted by siRNAs, 
ribozymes and DNAzymes in addition to the original antisense 
oligonucleotides.  

The discovery of new ways for using oligonucleotides gave rise to a new 
generation of compounds and companies. Arrowhead Research, Isis 
Pharmaceuticals, Regulus Therapeutics, Sarepta Therapeutics and Alnylam 
Pharmaceuticals are examples of active companies in the field.  

Common to all oligonucleotide types is their need to be delivered into cells 
and tissues efficiently in order to carry out their biological functions. Some 
types, such as those containing both phosphorothioate (PS) and certain 
sugar modifications19 are capable of entering cells in vivo (such as 
hepatocytes or kidney cells) in a naked form, but bioavailability at the right 
location may still be limited by poor cell trafficking and endosomal 
entrapment. For many cell types, cell targeting and entering is found to be 
poor for most naked oligonucleotide types, or their ability to reach the 
desired tissue is limited3. To overcome these limitations, it became 
necessary to search for new delivery systems that could enhance tissue 
penetration, improve cell entry as well as enhance intracellular bioavailability 
at the desired target. The most prevalent delivery systems for 
oligonucleotides and siRNA are still cationic liposomes and other 
nanoparticle delivery systems20. However, simpler methods have been 
utilized to enhance cell delivery of these biomolecules, among which are 
cationic peptide vectors, commonly referred as cell-penetrating peptides 
(CPPs). 

	    



	  6	  

1.6. Cell-penetrating peptides 

1.6.1. Discovery and classification 

The discovery of proteins with the ability to enter cells was first reported in 
the late eighties, contradicting the established understanding that the 
plasma membrane is impermeable to hydrophilic molecules21. Originally, this 
property was found for the antennapedia homeodomain protein and for the 
HIV-1 trans-activator of transcription (TAT), as proteins with the capacity to 
enter cells22, 23. These findings lead to the isolation of specific domains 
responsible for cellular uptake and allowed the emergence of a new group of 
transfection molecules, known as CPPs or protein transduction domains 
(PTDs). 

The field of CPPs evolved rapidly since the first sequences were described. 
The number of different CPPs is now in the order of several hundreds24, 
which makes difficult to establish a general definition covering all their 
characteristics. CPPs are usually short (< 30 residues) positively charged 
peptides, which can ubiquitously cross cellular membranes with low toxicity, 
usually via an energy dependent mechanism. A primary or secondary 
amphipathic character can also be required for internalization21. 

The classification of CPPs can be made based on their origin, where it is 
possible to distinguish three main classes: protein derived, chimeric that are 
formed by the fusion of two natural sequences, and synthetic which are 
rationally designed sequences sometimes based on structure-activity 
studies. Table 1 summarizes some examples of cell-penetrating peptides. 

Table 1| Origin and sequences of some selected CPPs. Adapted from21. 

Peptide  Origin Sequence Ref. 
Protein-derived 
Penetratin Antennapedia (43–58) RQIKIWFQNRRMKWKK 25 
Tat peptide Tat (48–60) GRKKRRQRRRPPQ 26 
pVEC Cadherin (615–632) LLIILRRRIRKQAHAHSK 27 
Chimeric 
Transportan Galanin/Mastoparan GWTLNSAGYLLGKINLKALAALAKKIL 28 
MPG HIV-gp41/SV40 T-

antigen 
GALFLGFLGAAGSTMGAWSQPKKK
RKV 

29 

Pep-1 HIV-rev transc./SV40 
T-antigen 

KETWWETWWTEWSQPKKKRKV 30 

Synthetic 
Polyarginines Based on Tat peptide (R)n; 6 < n < 12 31, 32 
MAP de novo KLALKLALKALKAALKLA 33 
R6W3 Based on penetratin RRWWRRWRR 34 
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1.6.2. CPPs as cargo delivery complexes 

CPPs are capable to facilitate the transport of a variety of covalently or non-
covalently attached cargo to the interior of cells. This has been 
demonstrated in a variety of complexes: from nanoparticles35, peptides35, 36, 
proteins37, 38, antisense oligonucleotides37, 39, siRNAs40, double stranded 
DNA36 and liposomes36. Successful transport from the smallest cargo to the 
large 120 kDa proteins has been accomplished both in vitro41, 42 and in 
vivo43-45. 

1.7. CPP-oligonucleotide complexes 

1.7.1. Structure  

Peptide secondary structure is believed to play a major role in CPP cellular 
internalization capacity46. Overall secondary structure is defined by the 
charge, the hydrogen bonds and the helical properties of the peptide. A 
peptide can adopt different conformations when in solution or when 
interacting with the cellular plasma membrane46. This often results in high 
membrane-permeation capacity but also high cytotoxicity, as for TP10 and 
MAP. The α-helical content of a peptide, after interaction with the cellular 
membrane, measured as percentage of helicity, can be related to its efficacy 
in perturbing lipid membranes47. Additionally, oligonucleotide cargo, like 
pDNA can mask the secondary structure of the peptide carrier, decreasing 
its lipid membrane perturbation capacity48. 

1.7.2. Complexation  

CPPs and oligonucleotide cargo can bind covalently or form non-covalent 
complexes. Covalent conjugation with positively charged CPPs usually 
requires neutral cargo like phosphorodiamidate morpholino oligomers 
(PMO), peptide nucleic acids (PNA) or small drug molecules, which are 
usually coupled via a disulfide bond or an amide bond.  

Non-covalent complexes are formed through electrostatic interactions 
between negatively charged oligonucleotide cargo (siRNA, pDNA, SCO) and 
positively charged peptides. This method requires only mixing of the CPP 
and cargo to form a complex, followed by incubation with the target cells49. 
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1.8. Uptake mechanisms of CPPs 

There are several independent mechanisms used by CPPs to translocate 
into cells, yet they can occur simultaneously (Figure 2). The route that is used 
depends on the type of CPP, cell line, cargo, the applied concentration, 
temperature, and time of incubation50, 51.  

 

Figure 2| Uptake mechanisms and intracellular trafficking of CPPs. Adapted from 52 

It has been found that the distinct secondary structures of CPPs, e.g. α-helix 
or β-sheet, can in combination with hydrophobic interactions also trigger 
different uptake mechanisms of internalization. Although the information 
about the mechanism of internalization of CPPs is often related to the 
protein or peptide from which they derive, certain CPPs have unknown 
uptake mechanisms. 

More generally, different types of membrane receptors can be involved in 
the internalization process. Chemokine receptor CXC type 453, scavenger 
receptor types SCARA 3 and SCARA 554 and neuropilins55 are examples of 
receptors shown to mediate CPP internalization. 

Different cells have varying lipid, phospholipid, and protein composition in 
their membranes, resulting in different uptake mechanisms and uptake 
efficiencies. Regardless of all the differences in membrane structure and 
composition, CPPs can penetrate eukaryotic cells such as mammalian cells, 
nerve cells, immune cells, and plant cells, as well as some prokaryotic cells. 
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1.8.1. Binding to the cell membrane 

Short, positively charged CPPs interact electrostatically with the negatively 
charged cell membrane. The initial peptide-lipid interaction is a fast process 
driven by electrostatic interactions52. This interaction often involves the CPP 
basic amino acids and the negatively charged proteoglycans, mainly 
substituted with anionic heparan sulphate associated with arginine-rich 
peptide. In contrast, electrostatic interactions are not involved in nonspecific 
fluid-phase endocytosis, where only CPP proximity with the cell membrane 
seems to be required for uptake56.  

1.8.2. Translocation through the cell membrane 

The translocation of an amphipathic peptide across a membrane is by far 
less understood than the binding step. First, charged molecules are not 
supposed to permeate lipid bilayers. Second, the initial state of the peptide, 
if and when it begins to cross the membrane, is not well characterized. Here 
the work of Paulo Almeida57 is remarkable by proposing and testing the 
hypothesis that peptide translocation across a membrane is determined by 
its Gibbs energy of insertion (ΔGins). 

1.8.3. Release from endosomes 

Some CPPs, when bonded to small cargoes, can directly translocate across 
the plasma membrane58. However, when coupled to macromolecules or at 
low concentrations, CPPs enter cells using the endocytic pathway39, 50, 59. 
CPPs can take over or induce one or more endocytic mechanisms and, as a 
result, CPP-cargos tend to rapidly accumulate inside endocytic organelles 60, 

61. Certain CPPs have shown to be able to promote the release of molecules 
trapped inside endosomes, an essential process for successful intracellular 
delivery. It is important to realize that cargoes that remain entrapped within 
endosomes, cannot reach their cytosolic targets and perform their intended 
biological processes62. If no escape occurs the cargo fate is the degradation 
by the acidic pH or hydrolases as they traffic into late endosomes or 
lysosomes63. Strategies to provoke the release from endosomes include the 
addition of auxiliaries such as chloroquine60, 64 or its more strongly active 
trifluoromethyl quinoline13, 65, wortmannin66, Ca ions67, and biopolymers such 
as low molecular PEI68. These compounds destabilize endosomes or inhibit 
their formation. 
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2. METHODS 

The detailed description of all methods used for this thesis can be found in 
the included papers. In this section theoretical background of the methods 
will be provided. 

2.1. Solid phase peptide synthesis 

All peptides used were synthesized using solid phase peptide synthesis 
(SPPS). This is the most common method for producing peptides, both for 
research and therapeutic purposes. Merrifield69 established the fundaments 
of SPPS in 1963. The technique consists on a repetitive cycle of operations: 
coupling, washing, deprotection and washing. The peptide is attached to an 
insoluble resin at its C-terminus and grows stepwise towards the N-terminus. 
All byproducts that result from the coupling and deprotection reactions are 
filtrated during the washing steps. Amino acids used in SPPS contain 
protecting groups at their α-amino group and at their reactive side chains. In 
each step the carboxylic group of the new amino acid is activated, which 
allows a nucleophilic attack by the amino group of the previously coupled 
amino acid. In order to make the reaction specific the protection group 9-
fluorenylmethyl-oxocarbonyl (Fmoc) keeps the α-amino group protected. 
The Fmoc group protection is easily removed by the addition of a weak base 
like piperidine. After the assembly of the peptide and possible modifications, 
like addition of fluorophores, are complete, the peptide is cleaved from the 
resin and all side-chain protecting groups are removed. In Fmoc chemistry 
the cleavage reaction uses a mixture composed of concentrated 
trifluoroacetic acid (TFA) and low amounts of scavengers, such as water and 
triisopropylsilane that react with the released side-chain protecting groups. 
Next step consists on the precipitation of the peptide using cold diethyl 
ether. 

Synthetic peptides have been purified through reverse-phase high 
performance liquid chromatography (RP-HPLC). In HPLC the solvent is 
pumped at high pressure through a silica column. In the case of RP-HPLC 
for purification of peptides the most used columns are packed with octadecyl 
silane (C18) or octylsilane (C8).  These constitute a non-polar stationary 
phase through which a polar solvent containing the sample flows. 
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Finally, the identity of the peptide was confirmed by Matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF). The 
sample for MALDI is uniformly mixed with a large quantity of matrix. The 
matrix absorbs laser UV light and converts it to heat. A small part of the 
matrix heats fast and is vaporized, together with the sample. The matrix is 
then ionized and part of its charges are transferred to the sample, 
generating ions of the sample. These ions travel due to a potential difference 
V0, which is constant with respect to all ions. The velocity of the attracted 
ions can be determined by the law of conservation of energy.  Ions with 
smaller mass-to-charge ratio (m/z) value (lighter ions) and more highly 
charged ions move faster. Consequently, the time of ion flight differs 
according to m/z value of the ion. 

Table 2| CPPs used in this thesis 

CPP Sequence Ref. 
TP10 AGYLLGKINLKALAALAKKIL-NH2 28 
Stearyl-TP10, PF3 stearyl-AGYLLGKINLKALAALAKKIL-NH2 64  
NickFect1, NF1  stearyl-AGY(PO3 )LLGKTNLKALAALAKKIL-NH2 70  
NickFect 51, NF51 (stearyl-AGYLLG)δ-OINLKALAALAKKIL-NH2 71 

2.2. Model membranes 

The amphipathic nature of phospholipids makes them prone to aggregate 
when in contact with a polar solvent, forming ordered structures like 
vesicles. The formed vesicles have a spherical structure consisting of one 
(unilamellar) or several (multilamellar) lipid bilayers, which form a barrier that 
separates the inside from the outside solution. Lipid bilayers are able to 
entrap different solutes while they form relatively impermeable vesicles. The 
vesicles used for this thesis were large unilamellar vesicles (LUVs) with a 
diameter of approximately 100 nm. LUVs are considered good as 
biomembrane model systems for biophysical studies. They have a small 
surface curvature and high encapsulation efficiency, which better mimic the 
biological cell membrane72. 

2.3. Extrusion method 

A common procedure for vesicle preparation, the extrusion method 
produces LUVs with a narrow size distribution73. Vesicles can be made from 
saturated and unsaturated phospholipids, as long as the temperature is 
above the gel-fluid transition temperature. With this method it is possible to 
produce relatively homogenous solutions of unilamellar vesicles without 
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requiring any organic solvent or detergent. Additionally, LUVs are usually 
prepared from dried lipids with minimal dilution. Under these circumstances 
LUVs can mimic biological membranes in size and packing density. 

2.4. Fluorescence spectroscopy 

Fluorescence spectroscopy can be used in biophysical studies to provide 
information about peptide-lipid membrane interactions, protein folding, 
peptide and protein binding kinetics and membrane dynamics. A fluorescent 
molecule or fluorophore, after being excited by absorption of light, returns to 
the ground state by emitting light, which can be measured by fluorescence 
spectroscopy74. 

Fluorescence is a form of luminescence with two general stages: excitation 
and emission. In a first stage the fluorophore absorbs radiation of 
appropriate wavelength and is excited. This results in a transition from the 
ground state (S0) to vibrationally different singlet excited states (S1 or S2). 
After a definite time, defined as the fluorescence lifetime, the molecule 
returns to the ground state by emitting a lower energy photon (Stokes shift). 
The fluorescence will always occur from the lowest vibrational level of the 
excited state (Vavilov’s law). The transition should occur between two singlet 
states74. 

Fluorescence intensity of a species depends on the light absorption 
efficiency of the fluorophore, given from the molar extinction coefficient (ε) 
and the quantum yield (Q). The quantum yield is the reason between the 
number of emitted photons and the number of absorbed photons. 

The rate constant for depopulation from the excited state is given by: 

𝐾 = 𝐾! + 𝐾!     (1) 

Kf is the fluorescence rate constant and Ki is the rate constant for all other 
non-radiative process. The quantum yield is given by: 

𝑄 =
!!
!

      (2) 

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

𝐼! = Ψ. 𝐼!.𝑄       (3) 

Where Ψ is the instrumental correction factor and IA is the initial population 
of the excited state74. 
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2.5. Membrane leakage - calcein dequenching 

The leakage assays with model membranes (LUVs) give an indication of the 
degree of membrane perturbation caused by different molecules. In the 
particular case of CPPs, the perturbation effect is related to their penetration 
or endosomal escape capacity75, 76. 

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

 

Figure 3| Calcein molecular structure. 

Adding a membrane-perturbing peptide leads to the release of the dye out of 
the vesicles. Its dilution into the much larger extravesicular volume results in 
increased fluorescent signal intensity. 

The relative membrane leakage (Frel) induced by the CPP can be calculated 
according to 

F!"# =
!!""!!!
!!"#!$%!!!

     (4) 

where F0, FCPP and Ftriton denote the initial (quenched) fluorescence, 
increased fluorescence after CPP addition, and maximum fluorescence after 
triton addition, respectively. The percentage of dye release according to (4) 
relies on a linear relation between dye concentration and fluorescence 
intensity. This is valid only when the fluorescence is not quenched, i.e., at a 
concentration below the concentration for maximum fluorescence77. 

2.6. Circular dichroism spectroscopy 

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

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

The peptide bond constitutes the main chromophore in a protein or peptide. 
Each type of secondary structure gives different spectra in the far UV range 
(250 – 190 nm), with specific maxima and minima. Figure 4 shows typical CD 
spectra for different secondary structures including α-helix, β-sheet and 
random coil78. 

 

Figure 4| Typical CD spectra for different secondary structures, based on the CD spectra 
of polylysine78. 

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

2.7. Dynamic light scattering 

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

𝑟! =   
!"

!!"#
     (5) 

where k is the Boltzmann constant, T is the absolute temperature (K), η is 
the solvent viscosity (mPa.s-1), D is the diffusing coefficient, and rH is 
hydrodynamic radius of the diffusing particles, which are assumed as 
spherical. 

The potential at the interface on the particle surface is known as ζ-potential. 
It can be determined by measuring the differential migration between two 
electrodes, using laser Doppler velocimetry. ζ-potential is a measurement of 
the charge at the interface between the particle and the solvent where it is 
dispersed and not the actual particle charge. The value of ζ-potential is also 
an indicator of the stability of particles in a solution. Potentials between -30 
and 30 mV are an indication of low stability. In this case the electrostatic 
forces between particles drive them to aggregate or flocculate over time. 

2.8. Heparin displacement assay 

The interaction between the CPPs and cargo should be tuned to provide 
stability and protection of the cargo from degradation while at the same time 
it should allow the dissociation of the nucleic acid to exert its activity as it 
reaches the target79. Heparin sodium salt is an anionic molecule with a 
higher binding affinity to the delivery vector than nucleic acid. The 
concentration of heparin needed to dissociate the CPP-nucleic acid complex 
is a measure of the nanoparticles stability. In paper I, the heparin 
displacement assay was used to determine [CPP:pDNA] complex stability, 
using agarose gel electrophoresis and spectrofluorimetry. 
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2.9. Fluorescence activated cell sorting 

Fluorescence Activated Cell Sorting (FACS) is a technique developed in the 
late 1960s by Herzenberg and others80 at Stanford University School of 
Medicine. FACS is a particular form of flow cytometry that enables the 
separation of a population of cells into sub-populations based upon the 
specific light scattering and fluorescent characteristics of each cell. Cells 
stained by a fluorophore (e.g. fluorophore-conjugated antibodies or a 
fluorescently labeled CPP) can be separated from one another depending 
on which fluorophore they have been stained with. 

2.10. Confocal and transmission electron microscopy 

Confocal laser scanning microscopy enables live-cell imaging of fluorophore 
labeled CPPs. The intracellular localization of CPPs is important in the study 
of CPP internalization and endosomal release capacity. Fluorescently 
labeled CPPs and ON cargo can be intracellularly tracked in real-time using 
this technique. 

Transmission electron microscopy (TEM) allows higher resolution and 
magnification but cells need to be fixed. TEM was used in Paper I to obtain 
ultra structural analysis of the uptake and intracellular trafficking of [NF:ON] 
nanoparticles. SCO and pDNA were first labeled with nanogold clusters and 
then complexed with the peptide. After the treatment, cells were fixed, 
sectioned and examined by TEM. 

2.11. Cell cultures 

HeLa cells were used in Paper I. These are cells propagated by the 
researcher George Gey from a cervical cancer patient, named Henrietta 
Lacks, in 1951. It is the oldest and most commonly used human cell line. 
HeLa are robust, fast growing and easy to transfect.  

In Paper II HeLa pLuc 705 cells were used. This cell line is stably 
transfected with a firefly luciferase-encoding gene interrupted by a mutated 
β-globin intron, carrying an aberrant splice site at nucleotide 705, which 
interrupts the coding region of the luciferase reporter gene. This single 
mutation in the intron causes aberrant splicing of luciferase pre-mRNA, 
preventing correct translation of luciferase. Treatment of the cells with 
antisense ON targeted to the mutation site induces correct splicing, restoring 
luciferase activity81. The procedure allows the evaluation of various delivery 
vectors by measuring luciferase activity. 
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2.12. Plasmid (pDNA), SCO and siRNA delivery 

The capacity of the studied CPPs to deliver oligonucleotide cargo was 
examined by using three distinct reporter systems: luciferase-encoding 
plasmid (pGL3), luciferase silencing RNA or pLUC 705 SCO. Delivery of 
these ON cargoes was tested by (1) reading their biological effect and by (2) 
quantifying their internalization via complexation with fluorescent labeled 
peptides. 

pDNA transfection efficacy was tested by using the luciferase encoding 
pGL3 plasmid. Luciferase is the enzyme that catalyzes the conversion of 
luciferin into oxyluciferin, which is bioluminescent. The bioluminescence 
signal was then measured using a luminometer. pGL3 needs to reach the 
nucleus in order to be transcribed. This method gives a positive read-out for 
plasmid delivery. 

HeLa pLuc 705 cell line based assay, developed by R. Kole in 199881 was 
used as a positive read-out method. With this method it is possible to 
quantify antisense oligonucleotide delivery to the nucleus. Masking the 
aberrant splice site with SCO redirects splicing towards the correct mRNA 
and restores luciferase activity that can be quantified by luminescence. 

Anti-luciferase siRNA was used as a negative read out. HeLa cells were first 
transfected with BES PX plasmid, containing luciferase gene. Successfully 
transfected siRNA is able to bind luciferase mRNA and block its translation. 
Knockdown of luciferase gene can be determined by comparing the 
bioluminescence from siRNA treated cells with untreated cells. 

2.13. Cell viability assays 

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

The intention of this thesis is to add knowledge to what is currently known 
about the cellular uptake mechanisms of selected CPPs and oligonucleotide 
complexes with CPPs. By rationally changing variables that influence the 
peptide structures and the nature of the complexes, we intend to uncover 
the laws that rule the efficient transduction of genetic material into cells by 
peptide carriers. The ultimate aim is to achieve a complete characterized 
CPP based drug delivery system that can be translated into a 
pharmaceutical product in the future.  

3.1. Paper I 

Paper I focuses on the characterization of two novel Cell-penetrating 
peptides, NF51 and NF1, both transportan 10 (TP10) analogs. Complex 
formation with pDNA cargo, internalization mechanisms, intracellular 
trafficking and endosomal escape were studied. The purpose was to get 
insights on how different chemical structures, derived from a common 
backbone, influence the efficiency of transfection.  

3.2. Paper II 

Paper II aimed to investigate the membrane bilayer interaction of three 
different TP10 analogs, PF3, NF1 and NF51, in the presence or absence of 
oligonucleotide cargo. These TP10 analogs have shown different biological 
activities after forming non-covalent complexes with cargo molecules 
(pDNA, SCO and siRNA). We wanted to investigate the variables that drive 
the membrane interaction of CPP and [CPP:cargo] complexes, enhance 
their membrane perturbation capacity and therefore make them more 
efficient delivery vectors. 
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4. RESULTS and DISCUSSION 

Our results suggest that NF1 and NF51 complexes are overcoming some of 
the bottlenecks in CPP mediated ON delivery, namely efficacy at non-toxic 
concentrations and endosomal release. We found a positive correlation 
between the degree of interaction with artificial lipid membranes and the 
capacity to cross the cellular membrane and release functional 
oligonucleotide cargo in the cytoplasm. In the presence of cargo, 
internalization seems to be the rate-limiting step for NF1 and NF51. We 
could also deduce that the hydrophobicity of a peptide is an important 
parameter in endosomal membrane interaction and endosomal escape, 
since the most hydrophobic peptide NF51 showed the highest lipid 
membrane perturbation. The peptides and their complexes also exhibited 
different degrees of electrostatic interaction with the plasma membrane, 
measured by the amount of time each one took to be effectively internalized, 
which is a sign of different mechanisms of cellular uptake. 

4.1. Paper I 

In Paper I the influence of modifications to the chemical structure of stearyl-
TP10 on complex formation, uptake mechanism and intracellular trafficking 
were studied. The peptide analogs used were NF51, which was designed as 
a branched structure and NF1, which includes an extra negative charge due 
to a phosphotyrosine substitution. 

Both NF51 and NF1 peptides formed nanoparticles of approximately 60 nm 
in diameter when in complex with pDNA cargo. CD spectra showed similar 
percentage of helixicity for both peptides when complexed with pDNA.  
Complexes showed negative surface charge and remained stable in the 
presence of serum, although their size increased with time, probably due to 
aggregation or coating with serum proteins. [NF51:pDNA] nanoparticles 
showed to be more resistant to heparin induced de-complexation when 
compared to [NF1:pDNA]. The differences in the extent of de-complexation 
were confirmed by confocal microscopy observations, using fluorescein 
(FAM) labeled CPP and Rhodamine labeled DNA. In both emission 
channels, NF1 fluorescence was separated to a larger extent than NF51, 
confirming a less stable complex. Based on these results we assume that 
[NF1:pDNA] complexes release cargo more easily as they reach the target. 
Additionally, the amount of intact [NF:pDNA] nanoparticles as a function of 
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pH was determined and here also [NF51:pDNA] complexes showed better 
stability under acidic conditions, which mimic the endosome maturation 
process. 

The involvement of SCARA3 and SCARA5 transmembrane receptors in the 
uptake of [NF:pDNA] was investigated. These receptors were found to 
mediate the cellular uptake by other stearyl-TP10 analogues, namely 
Pefect14 (PF14), when in complex with SCO. Our data confirms the high 
engagement of SCARA3 and SCARA5 receptors both in NF1 and NF51-
mediated gene transduction. 

The TEM images revealed that [NF51:pDNA] complexes formed large 
conglomerates on the cell surface, which were found associated with 
membrane ruffles or localized in their proximity. Additionally, [NF1:pDNA] 
complexes showed to be associated with the plasma membrane as small 
clusters and could be detected both in close proximity to small membrane 
pits and membrane ruffles. These facts, together with tests using 
cytochalasine D, a well-known inhibitor of macropinocytosis, prove that 
macropinocytosis is the prevalent path of cell entry for [NF51:pDNA], while 
[NF1:pDNA] use clathrin-mediated endocytosis and macropinocytosis.  

After being endocytosed [NF:pDNA] particles are confined inside endosomal 
compartments. Therefore, it is important that they get released from 
endosomes to avoid lysosomal degradation. Co-transfection with the 
lysosomotropic agent CQ suggest that [NF51:pDNA] complexes are able to 
disrupt endosomal membranes and escape from the vesicles without the 
support of  the 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, the kinetics of trafficking through early and late endosomes 
was studied, using cell fractionation and a detection of recovered DNA by 
PCR. The results confirmed the lysosomotropic properties of NF51. 

4.2. Paper II 

In Paper II we used the calcein leakage experiment to characterize the 
membrane perturbation effects of three different CPPs; PF3, NF1 and NF51 
in the absence and presence of different cargo molecules. The CPPs used 
are TP10 based N-terminally stearylated peptides and they slightly differ in 
their residue composition and chemical structure. In addition, we studied the 
cellular uptake efficiencies of these peptides in the presence and absence of 
ON cargo molecules (pDNA, SCO and siRNA) and compared their biological 
activities. By comparing the stearylated TP10 analogs, we observed that 
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they have different average hydrophobicity and different number of positive 
charges. A clear difference in calcein release was also observed for both 
neutral (POPC) and partially negatively charged (POPG) LUVs treated with 
the TP10 analogs. The highest degree of leakage was observed for NF51, 
the most hydrophobic peptide, which was potent already at a low 
concentration of 2 µM. From these results we suggest that peptide 
hydrophobicity as well as peptide chemical structure are the driving forces in 
membrane perturbation and leakage capacity. Additionally it also indicates a 
correlation between phospholipid membrane perturbation and endosomal 
escape efficiencies. 

FACS results showed that NF51 has approximately 2-fold lower cellular 
uptake efficiency compared to NF1 and PF3. This observation reinforces the 
Paper I hypothesis of different mechanisms for peptide cellular 
internalization and endosomal escape. We could also show that decreasing 
the pH outside the LUVs from 7.4 to 5 enhanced the NF1 membrane 
perturbation and leakage. This effect was dominant for NF1 compared to the 
other peptides. A possible explanation is that NF1 has a pH sensitive group 
that destabilizes the vesicle membrane in the acidic environment. 

To address the main question of this study, we investigated the influence of 
electrostatically attached ON cargo, on membrane perturbation capacity. 
Here, we noticed an almost complete inhibition of leakage for [NF1:pDNA] 
and [NF51:pDNA] independently of the membrane charge. This can be due 
to the size and stability of these complexes that limit the peptide direct 
interaction with the membranes. FACS experiments showed no influence of 
pDNA cargo on PF3 uptake but a significant decrease for [NFs:pDNA] 
complexes. From these results we concluded that the rate limiting step for 
[NF:pDNA] cellular transfection is the cellular internalization and not 
endosomal escape. Once the complex is inside the endosome, free NFs are 
able to destabilize the endosomal membrane and promote the endosomal 
escape. In contrast, the translocation of the [PF3:pDNA] through the 
endosomal membrane is the rate limiting step for PF3 bioactivity due to the 
less membrane disruptive effect of PF3. 

The effect of SCO cargo on membrane interaction was small. SCO cargo is 
a small molecule and might not interfere much with the peptide perturbation 
capacity. SCO enhanced the cellular uptake efficiency of NF51, indicating a 
positive effect of this type of cargo on membrane permeation for NF51. 
siRNA showed distinct effects depending on the peptide and membrane 
charge. In the presence of 30% negatively charged POPG LUVs, siRNA 
complexes almost completely inhibited the membrane perturbation of PF3 
however the effect on NF1 potency was not as strong. In contrast, with 
uncharged POPC LUVs, complete leakage inhibition was observed for NFs 
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in complex with siRNA. These observations suggest that electrostatic 
interactions may have an important role in [peptide:siRNA] membrane 
interactions, due to the structural characteristics of siRNA complexes. 

CD spectra of peptides in buffer show that the secondary structure of TP10 
changes in its derivatives. TP10 adopted mainly a random coil structure 
while all stearylated TP10 analogs presented an alpha helical structure in 
phosphate buffer pH 7.4. This structural difference is due to the hydrophobic 
nature of stearylated N-terminus that force the peptide to adopt a helical 
conformation, possibly by forming micelle-like particles. The secondary 
structure changed only slightly for SCO complexes with PF3 and NF1 in the 
presence of LUVs, independently of membrane charge. However, the NF51 
secondary structure changed when it was in complex with SCO in the 
presence of uncharged LUVs. Results for all investigated [peptide:pDNA] 
complexes were different showing a relatively weak helical structure with 
both charged and uncharged vesicles. We suggest that there might be 
equilibrium between an unstructured peptide in complex with the cargo and 
some free peptides, which remain structured. Both CD results for SCO and 
pDNA are in agreement with leakage results showing that SCO has less 
effect on the peptide–membrane perturbation compared to pDNA. The 
weaker influence of SCO compared to pDNA on peptide secondary structure 
as well as leakage could be due to differences in the chemical structure of 
the complex, possibly combined with a higher presence of free peptides for 
the SCO complex. 
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5. CONCLUSIONS 

There is a general agreement that a greater understanding of the 
mechanisms underlying macromolecule transport across cell membranes 
can play dividends in the long term. In this thesis we approached this task by 
studying the lipid membrane interaction of two novel cell-penetrating 
peptides and their non-covalent complexes with oligonucleotide cargo. We 
confirmed that changes in the peptide carrier structure and the type of cargo 
influence the degree of membrane perturbation. The following lists 
summarize the main conclusions of this thesis. 

5.1. Paper I 

• NF1 and NF51 resulted from different modifications in stearylated TP10, 
namely the insertion of a kink into the backbone and including extra 
negative charge by adding phosphoryl-group, respectively;  

• Both peptides form similar nanometer sized and negatively charged 
nanoparticles with pDNA exhibiting equally high gene transfection 
efficacy; 

• Different stages at the transfection define the biological activity of NF1- 
and NF51-delivered pDNA. For NF51 the cargo release from the 
complex is 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 seem to be involved in the 
uptake of negatively charged [NF1:pDNA] and [NF51:pDNA] 
nanoparticles; 

• [NF51:pDNA] nanoparticles are internalized by HeLa cells mostly via 
macropinocytosis. [NF1:pDNA] complexes use more than one 
internalization routes simultaneously, namely caveolae-mediated 
endocytosis and macropinocytosis; 

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

but they explore different internalization mechanisms.	  
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5.2. Paper II 

• NF51 the most hydrophobic peptide, shows highest membrane 
perturbing effect; 

• The chemical structure of a peptide may enhance its membrane 
interaction; 

• Degree of membrane leakage caused by NickFects are in good 
agreement with the endosomal escape efficiency of the peptides: 

• Peptides electrostatically attached to cargo produce different degrees of 
membrane leakage and cellular uptake efficiency; 

• For NickFect peptides, membrane perturbation was reduced in the 
presence of cargoes and this effect was much more pronounced for big 
cargo like pDNA; 

• Cellular internalization is the rate limiting step for NickFects in complex 
with oligonucleotide cargo; 

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

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

.
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