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Summary 

Gene therapy depends on viral and non-viral delivery systems to ferry nucleic acids into target 

cells 1,2. In recent years, gene insertion and interference therapies have made a ground breaking impact 

in the treatment of rare inherited diseases, neurological disorders, cardiac diseases, and cancer 3. 

Several disadvantages associated with viral vectors, such as high toxicity and immunogenicity, 

limitation in size of transgenic DNA, and high manufacturing cost have triggered the rapid expansion 

of non-viral delivery systems including peptide-based vectors 4.  The advantages of peptides are not 

only their biocompatibility and biodegradability, but sheer limitless possible combinations and 

modifications of amino acid residues that are able to promote the assembly of modular, multiplexed 

delivery systems 5. With the advantages of peptides in mind, we looked into the potential of peptide-

based nanoassemblies in developing a non-viral gene delivery system. The thesis is structured to 

successively address (i) the design and development of purely amphiphilic peptides self-assembling 

into multicompartment micelles (MCMs), (ii) the efficient DNA cargo entrapment up to 100 

nucleotides in length into self-assembled peptide MCMs and the delivery thereof, and (iii) targeting of 

oligonucleotides to the nucleus via a nuclear localization signal (NLS) integrated in the peptide-based 

carrier. The challenge was to rationally design the peptides and identify the proper conditions in which 

the DNA entrapment does not interfere with multicompartment micellar self-assembly. In addition, to 

fulfil the prerequisites of a successful gene delivery system that overcomes cellular barriers, we 

incorporated biologically active amino acids in our peptide sequences. A systematic characterization 

of the physicochemical features of the peptidic nanostructures was carried out to gain insight into the 

mechanism underlying self-assembly and to shed light on ways to tune these features for prospective 

biomedical applications. Taking into account our findings on how the size/type of genetic payload 

together with the peptide amphiphile’s charge and length impact the self-assembly process, we 

successfully established a non-toxic, purely peptidic delivery system that serves as a cornerstone for 

developing oligonucleotide therapy platforms.   
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1 Introduction  

This chapter1 first provides a general overview of the principal of amphiphile self-assembly 

with a special focus on amphiphilic peptides. Then, the concept is expanded to how, like letters forming 

different words, the immense variety of amino acid combinations into distinct sequences allows for 

tailoring molecules for specific structures and functions. Special emphasis is placed on the importance 

of developing nanoscale supramolecular structures from pure peptides. The chapter then accentuates 

combining advantageous properties offered by peptides with the concept of self-assembly to design 

a nanosized peptide-based carrier with improved properties and functionality for gene delivery. 

Finally, a brief introduction to solid phase synthesis of peptides used in this thesis as building blocks 

for supramolecular nanostructures is presented. 

1.1 Principle of Amphiphile Self-Assembly 

Amphiphiles are natural or synthetic molecules comprising hydrophilic and hydrophobic 

blocks that can self-assemble into a variety of structures including micelles, vesicles, nanofibers 

and nanotubes. The thermodynamic incompatibility between the hydrophilic and hydrophobic 

blocks causes the formation of ordered morphologies with novel structural features at nanoscale 6.  

Amphiphile assembly is driven by weak forces such as hydrogen bonds, steric effects, and 

hydrophobic and electrostatic interactions. Although these noncovalent interactions govern the 

self-assembly process, their overall effect is sufficient to stably hold the amphiphilic molecules 

together 7. From a thermodynamic point of view, highly ordered self-assembled structures have 

 
1 Parts of this chapter have been modified and adapted from the following publications:  
S. Tarvirdipour, Xinan Huang, Voichita Mihali, C. A. Schoenenberger, C. G. Palivan. (2020), "Peptide-based 
nanoassemblies in gene therapy and diagnosis: paving the way for clinical application", Molecules, 25(15), 3482. 
https://doi.org/10.3390/molecules25153482 
S. Tarvirdipour, M. Skowicki, C. A. Schoenenberger, C. G. Palivan. (2021), in preparation 
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lower entropy compared to their free components in the surrounding. In other words, a minimum 

energy configuration at equilibrium is prerequisite to develop self-assembled structures 8,9. 

Notably, the structural variety of self-assemblies results from the inherent molecular curvature of 

the building blocks which in turn, originates from the size difference between the hydrophilic and 

hydrophobic blocks 10. Thus, by specifically tailoring the chemical composition, a wide range of 

macromolecular nanostructures with different shapes and functionalities can be generated. 

Self-assembly is a prominent phenomenon in nature that inspired scientists to exploit 

corresponding processes in the creation of advanced biomaterials with tunable properties. 

Amphiphile self-assembly has been widely used to mimic biological systems and obtain highly 

specific cellular functions 11,12. This has led to extensive applications of amphiphile self-assembly 

in material science, drug and gene delivery 13. In particular, amino acids as the natural building 

blocks of peptides and proteins with self-assembling properties are widely exploited to produce 

novel functional biomaterials 14.  

1.1.1 Self-assembly of Amphiphilic Peptides 

Peptide self-assembly has emerged as a promising research field in nanomedicine due to 

the many advantages associated with multifunctional well-defined peptide-based nanoassemblies 

15–18. Common amphiphilic peptides yielding supramolecular assemblies for biomedical 

applications include linear, ionic complementary, long-chain alkylated and lipo-peptides 19. To 

accomplish certain functions in biological systems, the side chain properties of amino acids 

including hydrophilicity, hydrophobicity, charge, and polarity play a key role 20. In addition, a 

family of membrane active peptides are inherently capable of conferring targeting or membrane 

translocating properties upon different bioactive cargoes 21,22.  
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The main driving force for the self-assembly are non-covalent interactions including 

hydrophobic and ionic interactions, van der Waals forces, hydrogen bonds, and π-π stacking 23. 

For example, π-π stacking contributes to the self-assembly of peptides mainly via aromatic 

residues, whereas hydrogen bonding has a key role in the formation and stabilization of secondary 

structures 24. Lateral connections between peptides with stable β-strand conformations induce 

extended β-sheet structures that were recognized as basis for nanofiber and nanotube formation. 

In the β-sheets, the peptides are ordered such that the hydrophobic side-chains point in one 

direction and the polar side-chains in the other 25. Peptides with α-helical structure resulting from 

hydrogen bonding between the carbonyl group of one amino acid and the amino group 4 residues 

further down the peptide, are governing micelle and vesicle assembly, as the side chains of the 

amino acids stick outward from the α-helix and thus, are free to interact 26. 

Self-assembly of peptides into supramolecular structures takes place when adequate non-

covalent interactions between peptide chains occur. Several other factors including concentration, 

buffer composition (pH, ionic strength), and temperature also influence the self-assembly process 

24. Significant progress has been made in the field of self-assembly and a large variety of peptide-

based supramolecular structures with customized properties have been reported 20,27. The ease of 

“bottom-up” fabrication through rational design of amino acid sequences offers infinite smart 

nanoscale architectures with sizes ranging from few to hundreds of nanometers 28.  

1.1.2 Gramicidin  

Gramicidin, also called gramicidin D is a channel-forming antibiotic obtained from the soil 

bacterium Bacillus brevis that functions as an ionophore. It consists of 15 L- and D-amino acids 

[HCO-L-Val1-Gly2-L-Ala3-D-Leu4-L-Ala5-D-Val6-L-Val7-DVal8-L-Trp9-D-Leu10-L-Trp11-D-Leu12-

L-Trp13-D-Leu14-LTrp15-NHCH2CH2OH]. Gramicidin is a heterogeneous mixture of gramicidin 
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A, B and C, that interchanges the tryptophan at position 11 with either phenylalanine or tyrosine. 

Isomers with isoleucine in position one also exist 29.  

In the membrane, this polypeptide forms small pores that allow transport of monovalent 

cations but exclude anions 30. Ion channel formation occurs via a unique tertiary β-helix structure, 

causing two gramicidin molecules to dimerize and span a cellular lipid bilayer 31. The hydrophobic 

alternating D, L configuration plays an important role in helix formation and shields the peptide’s 

backbone from its surrounding. Various types of dimerization exist including double helical 

dimers, single-stranded helical dimers, in parallel and antiparallel, as well as in left- and right-

handed orientations 32.  

Gramicidin A (gA) which constitutes about 80% of gramicidin, is the most frequently 

occurring isomer. It can assemble and form stabilized inter- and intra-molecular structures via π-π 

stacking of the tryptophan-rich domains 33. A truncated gramicidin (gT) derived from gA, 

comprising only the L-tryptophan-D-leucine repeating units ([-LW-DL]n-W-NH2) was extensively 

studied by our group as an effective hydrophobic part in amphiphilic peptides that drives the self-

assembly of various structures such as micelles, reverse micelles and multicompartment micelles 

34–37. The hydrophobic LW-DL repetitive units are responsible for distinct phi and psi angles of the 

peptide backbone and hide the backbone inside a β-helical secondary structure 38.  

1.2 Peptide-based Supramolecular Nanoassemblies 

Recent developments in nanoscience provide unique and new opportunities for developing 

complex, hierarchical nanostructures through merging simple amphiphile assembly with the 

advanced concept of supramolecular self-assembly 6. Consistent with this notion, peptides have 

several advantages that make them highly attractive building blocks for tailoring nanoassemblies 

to biomedical applications 21,39,40. Besides biocompatibility and biodegradability, the sheer 
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limitless combinations and modifications of amino acid residues are an immense asset when it 

comes to the assembly of modular, multiplexed delivery systems. Moreover, functions that nature 

encoded in peptides such as their ability to target molecular recognition sites can be emulated 

repeatedly in nanoassemblies 5. Compared to individual peptides, peptide self-assemblies offer 

several unique features, like multivalent binding, dynamic control of cargo interactions, 

responsiveness to environmental and cellular cues, and long circulation times in vivo 41. Various 

peptide-based supramolecular architectures such as micelles, vesicles, nanofibers, or nanotubes 

can be generated via a rational design of the molecular building blocks (Figure 1.1) 26. As polar 

and nonpolar regions coexist in amphiphilic peptides, self-assembly can be readily accomplished 

through microphase separation 23,42. Moreover, the hydrophilic-hydrophobic balance, commonly 

indicated as hydrophilic weight fraction, fw (wt %: 100MWhydrophilic/MWtotal) plays a key role in 

driving self-assembly towards various supramolecular structures and morphologies 43,44. 

Therefore, a specific morphology can be predicted by fine-tuning the weight fractions of the 

hydrophilic and hydrophobic domains 45,46. 

 

Figure 1.1: Supramolecular nanoassemblies based on amphiphilic peptides. 



 

 
9 

1.2.1 Micelles 

Peptide-based micelles, probably the most prominent self-assembly nanostructures in 

biomedicine, are closed monolayers consisting of a hydrophobic inner core surrounded by a 

hydrophilic outer shell (Figure 1.1). The spontaneous formation of these well-ordered 

supramolecular spherical structures with narrow size distribution occurs above a critical micellar 

concentration (CMC) and can be governed by temperature 37,47,48. Direct dissolution and solvent 

switch are the two most common methods for micelle preparation 49.  

1.2.2 Vesicles  

Peptide vesicles are spherical, bilayer-delimited hollow assemblies made from one or more 

types of amphiphilic molecules (Figure 1.1) 50. Hydrophilic domains are exposed to the inner and 

outer aqueous environments, whereas hydrophobic residues pack together between hydrophilic 

interfaces 51.  Accordingly, vesicles are capable of encapsulating hydrophilic molecules in the 

aqueous interior and hydrophobic molecules in the hydrophobic parts of the bilayer 52. The vesicle 

size can be tuned by adjusting the composition and chain length of the building blocks 53,54.   

Self-assembly of pure amphiphilic peptides55 and diblock copolypeptides56,57 resulted in 

vesicle formation  in aqueous solution. The hydrophobicity of the peptide’s tail largely determines 

whether the peptides assemble into vesicles or nanotubes (see below). Furthermore, surfactant-like 

peptides with a hydrophilic head domain that consisted of aspartic acid residues, and a hydrophobic 

tail made of 4−10 glycine residues were shown to self-assemble into vesicles of about 30–50 nm 

in diameter 33,58.  

Due to the intrinsic chemical and biological properties of peptides, peptide-based 

nanovesicles offer several advantages over liposomes such as better membrane fluidity, targeting, 

biocompatibility and stability 59–61. 
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1.2.3 Nanofibers  

Nanofibers are cylindrical structures with a length up to microns and a width typically 

between 5 to 20 nm (Figure 1.1). The high surface to volume ratio provides nanofibers with a 

large capacity for loading various bioactive molecules including nucleic acids 62,63. Amyloid 

peptides, ionic self-complementary peptides, collagen-like triple helical peptides, and amphiphilic 

peptides are able to self-assemble into nanofibers 64. 

Secondary structure and side-chain interactions are widely perceived to play a crucial role 

in the self-assembly of nanofibers. While adapting the hydrophobic-hydrophilic balance 

accordingly, amino acid sequences can be tailored to promote nanofiber formation 65. For example, 

nanofiber self-assembly based on short amphiphilic peptides primarily relies on highly 

hydrophobic amino acids (Ile or I) and their propensity for β-sheet structuring 66. By adopting a β-

sheet secondary structure, these peptides elongate into ordered nanofibers 67. Besides sheet 

formation, the collapse of hydrophobic alkyl chains also promotes nanofiber assembly 68. 

Accordingly, amphiphilic peptide nanofibers (PNFs) for gene delivery are composed of three main 

domains: (1) a hydrophobic tail, predominantly an alkyl chain, (2) a β-sheet forming peptide 

sequence capable of intermolecular hydrogen bonding, and (3) a hydrophilic head composed of 

basic amino acids that are positively charged under physiological conditions 69. Provided the 

hydrophilic head is located at the exterior of the nanofibers, bioactive molecules can be entrapped 

within the network as the self-assembly process occurs 65. Thus, PNF self-assembly and 

functionality greatly depend on all three peptide domains 70. 

1.2.4 Nanotubes  

Peptide nanotubes (PNTs) are three-dimensional, highly organized systems that maintain 

a well-defined hollow cylindrical shape by molecular interactions of the amphiphilic building 
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blocks (Figure 1.1) 71. PNTs provide numerous possibilities for smart and/or repetitive 

functionalization, for example at the head group of the peptide amphiphiles, and thus these 

versatile structures are candidates for a broad range of applications 72. Considering that the 

hydrophobic tails predominantly composed of the alkyl chains orient towards the core and the 

amino acid residues to the outer surfaces, the functional groups appear on the outer surfaces of 

PNTs 73. However, PNTs represent relatively a new concept in nanomedicine and therefore only 

few examples have been reported so far 74. 

PNT formation is mainly governed by the peptide sequence and the ensuing intermolecular 

hydrogen bonds between amino acid residues 73. PNT formation from amphiphilic peptide-derived 

monomers naturally progresses according to well-established phase diagrams for nanotube 

assemblies 75. Notably, the solution pH and hydrophobicity of peptide monomers are the prominent 

factors in determining PNT formation and dimensions 68,76. 

1.3 Stimuli Responsive Peptides 

Stimuli-responsive peptides for biomedical application have gained broad attention due to 

their propensity of imparting desirable bioactive properties while being biocompatible and 

biodegradable 77. Peptides multi-stimuli responsiveness that triggers conformational changes, can 

be rationally designed by choosing appropriate amino acid sequences and peptide secondary 

structural domains 78. Non-covalent interactions between amino acids side chains lead to the 

formation of highly ordered structures such as α-helices, β-sheets, and β-turns. These non-covalent 

interactions are sensitive to slight environmental changes causing the transformation of the 

secondary conformation and subsequent changes in peptide structure, bioactivity and functionality 

79,80. Therefore, stimuli-responsive peptides are easily customized by introduction of a functional 

moiety responding to a desirable stimulus. Stimuli-responsive peptides can respond to specific 
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stimuli including pH, temperature, redox-potential, light, enzymes and change their chemical or 

physical properties 77,78. 

1.3.1 Thermo-responsive Peptides 

Temperature has been extensively explored as stimulus to trigger structural changes in 

peptides 81,82. The conformational change in response to different temperatures varies with the 

molecular weight of the peptide, the solvent composition and salt concentration 38. Temperature-

dependent control over the construction or destruction of self-assembly structures is of particular 

interest in the triggered release of the encapsulated payloads 38. In addition, slight changes in 

temperature can result in unfolding of the higher-order structure of peptides with remarkable 

effects on their solubility which results in inadequate functioning 78,83. This property of both natural 

and synthetic peptides has been exploited in a wide variety of structures including fibrous 

hydrogels, micelles, cross-linked micelles and vesicles to achieve a sustainable payload release at 

physiological temperature  79,84,85. 

1.4 Gene Therapy 

Gene-based therapy where genetic material is transferred into specific cells is a form of 

advanced molecular medicine that avoids pharmaceutical compounds and thus eliminates their 

adverse side effects 86. Recent molecular technology approaches allow the precise manipulation  of 

the human genome either by genome editing, gene expression or gene silencing 87,88. Gene therapy 

is of particular significance in the treatment of inherited diseases, neurological disorders and 

cancer 3. Maximizing the potential benefits of gene therapy requires efficient and sustained 

therapeutic gene expression in the target cells, low toxicity, and a high safety profile 89. In other 

words, achieving a successful therapeutic response primarily depends on the efficiency of the 

vectors used to deliver genetic payloads. The development of appropriate transfection vectors 
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which are effective, specific, long-term, nontoxic (safe), easy to use, and inexpensive poses a major 

challenge. Various approaches have been explored to improve the delivery of genetic material to 

target cells (Figure 1.2). For the most part, viral and non-viral delivery systems are used to 

introduce exogenous nucleic acids into target cells. Besides, several physical methods utilizing 

different administration routes were developed to facilitate genetic material transfer. Non-viral 

vectors are based on lipids, polymers, peptides or combinations thereof. Currently, many 

modifications leading to the generation of the hybrid vectors are being explored in order to 

optimize the transfection efficiency of non-viral vectors.  

 

Figure 1.2: Summary of gene delivery methods. 

 
Non-viral gene delivery systems (nVGDS) have several advantages over viral delivery 

including lower immunogenicity and toxicity, better cell specificity, extensive design flexibility 

with the option of large-scale production at comparatively low cost 89. While a few viral-based 

gene therapy products have been approved by regulatory agencies, an impressive increase in non-
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viral products entering various stages of clinical trials has occurred since 2010. Currently, at least 

40 nanoparticle-based gene therapy-oriented systems are applied in clinics 90. 

1.4.1 Non-viral Gene Delivery  

The drawbacks associated with a viral strategy such as high immunogenicity, mutagenicity, 

limitation in size of transgenic DNA, low availability of suitable vectors, and high development 

and manufacturing cost, led to a boost of non-viral systems 90–92. Subsequently, strategies based 

on the encapsulation/entrapment of DNA within nanometer size systems (micelles, vesicles, 

nanofibers, nanotubes and nanoparticles) moved into the limelight 5,90. So far, several types of 

nanoparticles have been studied for DNA delivery, for example quantum dots, carbon nanotubes, 

gold nanoparticles, silica nanoparticles, and polymer-, lipid- or peptide-based nanoparticles 93. 

While remarkable progress has been made in the field of non-viral delivery systems, fundamental 

limitations concerning the ability of vectors to safely and precisely introduce genetic material into 

cells remain. Peptide-based vectors hold promise to overcome these limitations due to their 

exceptional properties such as the propensity for cellular targeting and promoting membrane 

fusion. This has led to an extensive exploration of peptide-based vectors compared to other non-

viral gene delivery systems 94.  

1.4.2 Peptide-based Nanoassemblies for Gene Delivery 

Peptides as non-viral gene delivery vectors are particularly attractive as they offer nearly 

limitless design options, higher biocompatibility and biodegradability, high binding affinities and 

increased cellular penetration 95. Playing an important role as modulators of many cellular 

functions 96, peptides are exploited for successful gene delivery 21,22. For example, there is 

increasing evidence for the incorporation of peptides as recognition/targeting moieties and gene 

delivery modules in a broad range of biomedical applications 97. However, studies involving the 
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self-assembly of supramolecular nanoparticles from pure peptides for DNA delivery delivery are 

rare 98,99. To the best of our knowledge, parameters conductive to the entrapment and delivery of 

DNA molecules have so far not been systematically investigated for pure peptide nanoassemblies. 

Well-defined pure peptide-based nanoassemblies for gene delivery consist of three basic 

components, (i) hydrophobic amino acids governing the self-assembly process through 

intermolecular noncovalent interactions and the subsequent formation of secondary structures, 

and, (ii) hydrophilic amino acid residues to stabilize the specific structure in a biological 

environment, and (iii) positively charged amino acid residues to interact electrostatically with 

negatively charged DNA. Various cationic peptides comprising different combinations of lysine, 

arginine and histidine residues have been exploited for nucleic acid condensation 100. Another 

attractive feature of peptide assemblies for gene delivery is that multiple functions can be 

integrated into an individual peptide chain, such as a DNA-condensing domain and a receptor-

targeting domain. The design flexibility and potency of peptides make them potent tools for 

mediating intracellular DNA delivery. Membrane active peptides for cell-specific targeting, 

promoting endosomal escape or nuclear translocation open a new era in the field of non-viral gene 

delivery. 

1.4.3 Membrane Active Peptides 

The incorporation of membrane-active peptides, i.e. peptides that exert their biological 

activities by interacting with the cellular membranes, into gene delivery systems has been found 

to enhance the translocation of therapeutic nucleic acids into target cells 101,102. The degree of 

enhancement depends on the characteristics of both, delivery system and membrane-active peptide 

103. A targeting peptide has to serve at least two major functions: (i) targeting to specific cell types 

and (ii) promoting intracellular delivery 104. In nanomaterials engineering, a large variety of 
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membrane-active peptides including tumor-targeting-, cell-penetrating-, nuclear localization 

signal- (NLS) and  fusogenic peptides have shown great promise in developing accurate and highly 

targeted delivery systems (Figure 1.3) 105–108. 

 

Figure 1.3: Schematic illustration of (A) Tumor-targeting principles of nanocarriers (reproduced with 

modification from ref. 105 published by Frontiers), B) CPPs intracellular pathways (reproduced with 

modification from ref. 106 published by Elsevier), (C) Active nucleus translocation of nanocarriers 

(reproduced with modification from ref. 107 published by American Chemical Society), (D) FP and CPP-

mediated delivery (reproduced with modification from ref. 108 published by Elsevier). 
 

1.4.3.1 Tumor-targeting Peptides 

Despite great advances in the development of cancer nanotherapeutics over the past few 

years, there is still a pressing need for efficient methods to overcome the drawbacks of currently 
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available intracellular delivery mechanisms 109. The aberrant proliferation of tumor cells and the 

up-regulation of their molecular markers result in high levels of specific receptors in the tumor and 

its microenvironment 110. Selective targeting of these tumor-specific markers promises the accurate 

targeting of dysregulated signaling pathways (Figure 1.3A) 111. Although the use of antibodies to 

target tumors has become highly successful both in tumor diagnosis and therapy, some deficiencies 

associated with antibodies such as inadequate pharmacokinetics and tissue accessibility as well as 

impaired interactions with the immune system hamper their clinical application. Compared to 

antibodies and other tumor-targeting ligands, peptides offer better cell/tissue penetration and 

improved pharmacokinetics by chemical modifications besides exhibiting high affinity and 

targeting specificity, low immunogenicity and high stability 112.  

1.4.3.2 Cell-penetrating Peptides 

The cell-penetrating capacity of specific peptides provides the opportunity for therapeutic 

molecules to pass through the cell membrane which leads to an enhanced intracellular distribution 

and thus, a larger therapeutic window (Figure 1.3B) 113. Cell‐penetrating peptides (CPPs) have 

been successfully used for intracellular delivery of a wide variety of cargos including nucleic acids 

and imaging agents 114,115. Genetic materials can be conjugated to CPPs either by non-covalent 

complex formation or by covalent bonds 116. Penetration of nucleic acids across the cell membranes 

paves the way for efficient gene therapy which is a key step in gene delivery 117. Therefore, the 

translocation properties of CPPs give rise to development of new, potent imaging tools and non-

viral vectors for cell transfection 118–121. CPPs either correspond to parts of naturally occurring 

proteins or are entirely synthetic 122. Moreover, CPPs can be classified as cationic, amphipathic, 

and hydrophobic  according to their physical-chemical properties which relate to the type of cell-

membrane interactions and uptake mechanisms 123. 
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1.4.3.3 Nuclear Localization Signal  

Over the past years, researchers have realized that one of the major impediments to 

effective non-viral gene delivery is nucleocytoplasmic transport 124,125. For the majority of nucleic 

acids, once they penetrate across the plasma membrane, they must translocate into the nucleus 

where they can be either transcribed into the messenger RNA (mRNA) 126,127 or interfere with 

transcription and RNA processing. Short peptide motifs called nuclear localization signal (NLS) 

are able to deliver foreign macromolecules into the nucleus 128. Active transport of 

macromolecules to the nucleus is mediated by NLS interactions with importin receptors 

(karyopherins) at the nuclear pore complexes (NPCs) (Figure 1.3C) 129. To initiate active 

importin-mediated nuclear transfer, a complex of karyopherin-β and karyopherin-α with bound to 

NLS-cargo interacts with specific proteins of the nuclear pore complex 130. 

Considering the fact that the nuclear membrane is a major barrier restricting transgene 

expression for most non-viral vectors, gene therapy is the obvious application field for these 

versatile peptides 131. The significance of incorporating NLS peptides into non-viral delivery 

systems to favor release of genetic materials into the nucleus is illustrated by expanding case 

studies 124,132. For gene delivery purposes, positively charged NLS peptides can either 

electrostatically interact with negatively charged DNA or covalently couple to the condensing 

agent of the non-viral vector or to the phosphate backbone of the DNA 131. 

1.4.3.4 Fusogenic peptides 

One of the popular strategies to promote endosomal escape and enhance gene delivery 

efficiency is functionalizing the non-viral vectors with fusogenic peptides. Fusogenic peptides are 

a class of short peptides with the potential to cause membrane destabilization and thereby support 

the delivery of genetic material to the cytosol and/or nucleus 120. Fusogenic peptides with 
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hydrophilic and hydrophobic domains are able to form helical structures at endosomal pH which 

allow for direct interactions with the endosomal membrane. The resulting conformational changes 

first induce pore formation in the membrane, ending in the disruption of the endosomal 

compartment which allow the vectors to escape the endolysosomal network and release their 

cargos (Figure 1.3D). This process presents a remarkable approach to overcome gene delivery 

barriers, i.e. the endosome, in order to facilitate DNA delivery to the site of action, namely the 

nucleus 117. However, before integrating fusogenic peptides into gene delivery systems, the cellular 

uptake mechanism should be considered. Since the fusogenic activity of these peptides is due to a 

pH-dependent conformational change, non-acidic endocytosis pathways such as caveolae-

mediated endocytosis and macropinocytosis will withstand their membrane lytic activity 133. 

Fusogenic peptides are either derived from the transduction domains of proteins that interact with 

cell membranes such as HA2, INF7, or melittin peptides or are synthetic amphipathic peptides 

shown to traverse membranes, for example GALA, KALA, RALA, and JTS-1 101,133.  

1.5 Peptide Synthesis 

The covalent connection of 2 amino acids (AAs) through an amide bond where the a-

carboxyl group of one AA forms a bond with the a-amino group of the adjacent AA, also referred 

to as peptide bond, leads to peptide formation 134. Peptide synthesis for research and development 

purposes is predominantly based on the successive coupling of AAs according to a defined 

sequence on a solid state. Solid phase peptide synthesis (SPPS) reported in 1963 by B. Merrifield 

was a major breakthrough in peptide chemistry and became increasingly prevalent in commercial 

applications 135,136. 
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1.5.1 Solid Phase Peptide Synthesis 

Solid phase peptide synthesis (SPPS) is the stepwise linking of a defined AA chain that is 

covalently attached to the functional beads of an insoluble resin beads, the so-called solid phase 

(Figure 1.4). The elongation of the peptide up to a maximum length of ~50 AA is followed by 

cleavage of the final peptide from the resin 137. The major advantage of SPPS is that intermediate 

by-products can easily be removed by washing and filtration steps 138. 

 

Figure 1.4: General scheme of SPPS.  
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 The Boc-strategy was the first SPPS method that protected the individual AA with a Boc-

protective group. To couple the next amino acid, first the N-terminal amine has to be deprotected 

with trifluoroacetic acid (TFA) followed by several neutralization and washing steps, and then, in 

the presence of a suitable activator, the amide bond between the two AAs is formed. After 

repeating the deprotection and coupling cycles until the desired peptide sequence is generated, the 

final cleavage from the resin is performed with highly toxic hydrogen fluoride (HF). The crude 

peptide in the cleavage cocktail is then filtered from the resin, precipitated in organic solvent and 

collected by centrifugation 139. Fifteen years later, the Boc-strategy was replaced with the less 

dangerous Fmoc-strategy for the protection of amino acids which since then became the most 

common SPPS strategy 140.   
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2 Aim of the Thesis 

 
Promising results in basic and clinical research over the past decade have led to substantial 

financial investments in developing oligonucleotide therapeutics. Although viral vectors were 

established as promising gene delivery platforms, safety concerns associated with these systems 

called for novel approaches with the potential to overcome this hurdle. In the past few years, non-

viral vectors became widely used tools for safe and effective delivery of genetic materials. 

However, the inherent complexity of non-viral vector behavior in biological systems, which is 

mainly related to their physical and chemical properties, impede their advancement. The 

physicochemical properties of vectors can profoundly influence their cellular delivery, organ 

distribution and ultimate transfection efficiency. Clearly, these are strong incentives for 

scrutinizing the development of a well-characterized, safe and efficient non-viral delivery system. 

Among non-viral vectors, peptides have received increasing attention due to their propensity to 

overcome biological barriers through cell specific interactions, in addition to their biocompatibility 

and biodegradability. 

For the above-mentioned reasons, the aim of this thesis was to elaborate on criteria and 

features associated with the design and synthesis of amphiphilic peptides as building blocks of 

self-assembling nanoparticles for gene delivery applications. Peptide amphiphiles offer a wealth 

of options for developing self‐assembled nanostructures with high level of precision and vast 

diversity in biochemical (specificity, intrinsic bioactivity, biodegradability) and physical (small 

size, conformation) properties. While there are numerous peptides incorporated as functional 

motifs into non-viral gene delivery systems 4,5,101, the number of purely peptidic nanoassemblies 

for nucleic acid delivery reported, is limited 141. So far, the only purely peptidic nanoassemblies 

studied in vivo are peptiplexes 142. 
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The urgent need for a versatile non-viral delivery system with advanced physicochemical 

properties that allows for the efficient incorporation of DNA other than single-stranded short 

antisense oligonucleotides (ASO) motivated us to develop a purely peptidic DNA delivery system. 

The first goal was to assess the capability of rationally designed peptide amphiphiles for efficient 

entrapment of oligonucleotides larger than the average ASO while being able to self-assemble. 

Knowing that the success of non-viral gene delivery systems to a large extent is limited by multiple 

extracellular and cellular barriers, our focus was on developing peptidic DNA carriers without 

cytotoxic effects which are readily taken up by cells.  The nuclear envelope as one of the major 

cellular barriers that non-viral vectors have to overcome, directed our attention to targeting 

peptidic DNA nanocarriers to the nucleus with the objective to improve transfection efficiency. 

To reach these specifications in our peptide designs, we aimed to combine desired functions with 

the physicochemical principles of self-assembly. By the systematic characterization of peptidic 

vectors and subsequent cell studies we wanted to gain a deeper understanding of their self-

assembling behavior, genetic payload entrapment and intracellular localization. With this thesis, 

we seek to provide first cues for the successful application of our purely peptidic nanoassemblies 

in gene therapy and vaccination.  
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3 Self-Assembled Peptide Multicompartment Micelles 

Entrapping and Delivering DNA up to 100 Nucleotides in 

Length2 

Supramolecular self-assembly is a ubiquitous process which offers “bottom-up” 

fabrication of a wide variety of complex structures with remarkable simplicity instead of involving 

multi-step long chemical reactions 143. By selecting appropriate building blocks prone to self-

assembly and integrating desired functionalities, well-defined supramolecular structures can be 

readily obtained 144–147,56. While there are many non-viral nanosystems that are able to deliver 

plasmid DNA (pDNA) based on conjugation or complex formation of the pDNA with lipids 148,149, 

polymers 150,151, and peptides 18,152–154, there are very few examples based on the directed self-

assembly of supramolecular nanostructures. Peptides as non-viral gene delivery vectors are 

particularly attractive as they offer nearly limitless design options, higher biocompatibility and 

biodegradability, high binding affinities and increased cell penetration 95. However, studies 

involving the self-assembly of supramolecular nanoparticles from pure peptides as a gene delivery 

vector are rare 98,99 and to best of our knowledge, parameters conducive to the entrapment and 

delivery of DNA molecules have so far not been systematically investigated.  

Antisense oligonucleotides (ASOs), i.e. synthetic, single-strand oligodeoxynucleotides that 

can alter RNA processing and thereby reduce, restore, or modify protein expression represent an 

outstanding therapeutic platform. To take advantage of the vector properties offered by peptides, 

 
2 The results of this chapter have been reprinted and modified from the following publication:  
S. Tarvirdipour, C. A. Schoenenberger, K. Benenson, C. G. Palivan. (2020), “A self-assembling amphiphilic peptide 
nanoparticle for the efficient entrapment of DNA cargoes up to 100 nucleotides in length", Soft Matter, 16(6), 1678-
1691. 
https://doi.org/10.1039/C9SM01990A 
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and at the same time, start closing the gap in cargo size between ASOs and pDNA, we intended to 

establish a purely peptidic, self-assembling delivery system that lends itself to the incorporation of 

single- and double-stranded DNA segments that are larger than the average ASO. In this chapter, 

we investigated the relationship between the DNA size/type and the self-assembly of peptide 

nanoparticles and the physicochemical properties of the resulting structures.  

 

 

3.1 Abstract 

To overcome the low efficiency and cytotoxicity associated with most non-viral DNA 

delivery systems, we developed a purely peptidic self-assembling system that is able to entrap 

single- and double-stranded DNA of up to 100 nucleotides in length. We rationally designed a 

peptide, (HR)3gT, which comprises a hydrophilic domain prone to undergo electrostatic 

interactions with DNA cargo, and a hydrophobic domain at a ratio that promotes self-assembly 

into multi-compartment micellar nanoparticles (MCM-NPs). Self-assembled (HR)3gT MCM-NP 

sizes range between 100 to 180 nm which is conducive to a rapid and efficient uptake by cells. 
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(HR)3gT MCM-NPs had no adverse effects on HeLa cell viability. In addition, they exhibit long-

term structural stability at 4 °C, but at 37 °C, the multi-micellar organization disassembles 

overtime, reflecting thermo-responsiveness. The comparison of (HR)3gT to a shorter, less charged 

H3gT peptide indicates that the additional arginine residues result in the incorporation of longer 

DNA segments, an improved DNA entrapment efficiency and an increase in cellular uptake. Our 

unique non-viral system for DNA delivery sets the stage for developing amphiphilic peptide 

nanoparticles as candidates for future systemic gene delivery. 

3.2 Introduction 

Due to numerous disadvantages associated with viral strategies 2, non-viral delivery 

systems emerged as a new breakthrough and have entered various stages of clinical trials since 

2010 90–92. The advantages of non-viral DNA delivery systems include lower immunogenicity, 

biosafety risk and toxicity, better cell specificity, and ease of large-scale production at low cost. 

Moreover, they can be synthesized and chemically modified to exhibit physicochemical properties 

that are tailored to the target disease. Nevertheless, there are major hurdles associated with these 

systems including inadequate pharmacokinetic properties and clinical efficacy (off-target effects) 

155,156. Peptides as non-viral gene delivery vectors are particularly attractive as they might 

overcome these hurdles apart from the aforementioned advantages 95. 

A large number of non-viral gene-therapy systems focus on the delivery of antisense 

oligonucleotides (ASOs) 157–160. These 20 to 40 nucleotide single-stranded DNAs (ssDNAs) can 

be designed to mediate target RNA degradation, modify RNA splicing, or block the translation of 

a specific mRNA 161. Nevertheless, pro-inflammatory effects, inadequate pharmacokinetic 

properties, off-target effects, and preclinical toxicological challenges are often associated with 

these systems and represent hurdles that impede their clinical application. Off-target effects are 
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particularly critical but may be reduced by increasing the length of the ASOs and thus the 

specificity 162. Despite a number of non-viral systems that deliver ASOs, the ability to entrap DNA 

sequences larger than 50 nucleotides in length, either single- or double-stranded, has not been 

systematically explored so far.  Evidently, a better understanding of the physico-chemical 

interactions between the DNA and the carrier would facilitate advancing non-viral ASO delivery 

systems with regard to incorporation of longer DNA segments. For self-assembling peptide 

delivery systems, it is vital to systematically assess if and how the type of DNA (ss/ds) and 

increasing its size will affect the self-assembly of the peptidic nanoparticle.  

Here, we report a novel amphiphilic peptide, henceforth called (HR)3gT, that is designed 

to self-assemble into multi-compartment micellar nanoparticles (MCM-NPs). Compared to H3gT, 

a previously published amphiphilic peptide that forms MCM-NPs 37, we significantly modified the 

design by adding charged amino acid residues to allow for more electrostatic interactions between 

peptide and DNA. Specifically, we designed (HR)3gT to include a combination of arginine and 

histidine residues which was found to boost the cell penetration ability of nanoparticles (NPs) and 

thus, improve transfection efficacy 163. Numerous studies document the merits of the superior cell 

penetrating ability of positively charged arginines compared to lysine 133,164. Alongside with the 

extension of the hydrophilic domain, the hydrophobicity of the peptide was increased to sustain its 

ability to self-assemble into micelles.  

The impact of the modifications incorporated in the design of (HR)3gT was systematically 

analysed via testing self-assembly in the absence and presence of single- and double-stranded 

DNA (ssDNA/dsDNA) of 22 and 100 nucleotides in length. Specifically, we examined how the 

altered physicochemical properties affected the loading efficiency of a 22-nucleotide ssDNA 

segment. By dissecting the relationship between the type and length of the DNA segment and the 
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multi-compartment nanoparticle formation, we demonstrate that (HR)3gT NPs can accommodate 

longer DNA payloads. While emphasizing the importance of the physicochemical properties of 

peptide nanoparticles in generating a safe and efficient DNA-delivery system, our results pave the 

way to incorporate protein-coding sequences in peptide assemblies for an efficient gene-based 

therapy.   

3.3 Results and Discussion 

3.3.1 Design, Synthesis and Purification of Peptide Amphiphiles  

To systematically explore the molecular parameters associated with producing a purely 

peptidic DNA-delivery system, we designed a 19 amino acid amphiphilic peptide henceforth 

termed (HR)3gT (Figure 3.1). The core of the peptide is based on the 10 amino acid amphiphilic 

H3gT peptide which has previously been shown to self-assemble into multicompartment micellar 

nanoparticles (MCM-NPs) when employing the solvent exchange method 37.  

 

Figure 3.1: The amphiphilic peptides (HR)3gT and H3gT comprise a hydrophilic (green) and hydrophobic 

(purple) domain. 
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To accommodate the negative charge of DNA segments during self-assembly, the positive 

charge of the hydrophilic domain was increased by adding an arginine residue after each histidine. 

The extension of the hydrophilic domain was compensated by increasing the hydrophobic domain 

of H3gT from three to six repetitive L-tryptophan-D-leucine [LW-DL] motifs in (HR)3gT (Figure 

3.1), as the ratio of hydrophilic to hydrophobic domain is a critical determinant for the assembly 

of micelles 165,166. The newly designed (HR)3gT peptide and the 10 amino acid H3gT (for 

comparison) were synthesized using standard Fmoc-based solid phase peptide synthesis and 

purified by RP-HPLC. MALDI-TOF mass spectrometry confirmed the expected molecular mass 

of 2878 g mol−1 for purified (HR)3gT and 1512.7 g mol−1 for purified H3gT (Figure 3.2).  
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Figure 3.2: MALDI-TOF mass spectrum for (A) H3gT and (B) (HR)3gT peptides. 
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3.3.2 DNA 

 

Figure 3.3: 5% MetaPhor agarose gel showing single-stranded and double-stranded 22nt and 100nt DNA 

fragments. Ds DNA was obtained by annealing complementary oligonucleotides: 10mM sense and 

antisense oligonucleotides in Tris-HCl/1mM EDTA, pH 8 supplemented with 50 mM NaCl were heated to 

95°C and gradually cooled down to 10°C over 50min. 

 
3.3.3 Self-assembly of Peptide Nanoparticles 

Previous studies from our group have shown that the micelle and MCM self-assembly 

process is a function of temperature and solvent composition. 35 They demonstrated that there is 

an equilibrium between individual peptides, micelles and MCMs, and once the MCMs are formed, 

they exhibit high mechanical stability and preserve their shape and dimensions. To investigate the 

solvent conditions on the ability of (HR)3gT to form nanoparticles, we tested the self-assembly of 

the peptide at different ethanol concentrations. Notably, the weight ratio between hydrophilic and 
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hydrophobic domains in (HR)3gT was designed to be similar to that of H3gT, the latter being 

prone to micelle formation. 

3.3.3.1 Solvent Effect on Self-assembly 

To choose the solvent concentration which is conducive to MCM formation in the presence 

of DNA by solvent exchange method 36, (HR)3gT and 22 nt ssDNA were dissolved at different 

final ethanol concentrations (20, 35 and 50wt%) and dialysed against milli-Q water at 4 °C. Once 

solvent exchange was completed, samples were examined by transmission electron microscopy 

(TEM) (Figure 3.4).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Self-assembly process of (HR)3gT with 22nt ssDNA dissolved at 20%, 35%, and 50% final 

ethanol concentrations. Scale bars = 200nm. 

Ethanol Concentration (%) 

Solvent effect on self-assembly of (HR)3gT peptide and 22nt ssDNA 

20 35 50 

22nt ssDNA 
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Formation of MCM-NPs was observed at final concentrations of 35% and 50% ethanol, 

while at 20% ethanol, predominantly individual micelles and smaller MCM-NPs were detected. 

with few contaminants of un-assembled peptide. However, at 50% ethanol concentration, the 22 

nt single stranded DNA precipitated rather than being entrapped into the MCM-NPs as revealed 

by fluorescently labeled DNA at the bottom of the dialysis tube. Hence, 35% ethanol was chosen 

as a final solvent concentration to produce self-assembled MCM-NPs and allow DNA 

incorporation into them.  

 

3.3.4 Characterization of Peptide Nanoparticles  

3.3.4.1 Morphology  

The ultrastructure of nanoparticles (NPs) resulting from (HR)3gT self-assembly by solvent 

exchange at 35 wt% ethanol was examined by TEM. An overview micrograph in the absence of 

DNA revealed round particles ranging in size in the tens of nanometers (Figure 3.5A). At higher 

magnification, TEM indicated a multicompartment organization of the NPs corresponding to the 

schematic drawing of multi-compartment micellar nanoparticles (MCM-NPs) (Figure 3.5B). A 

comparison of (HR)3gT and H3gT NPs showed that both peptides self-assembled into NPs with a 

similar multicompartment micellar morphology (Figure 3.5 C). Intriguingly, (HR)3gT MCM-NPs 

appeared smaller than H3gT MCM-NPs in negatively stained specimens.  
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Figure 3.5: Ultrastructural morphology of peptide nanoparticles. (A) Overview TEM micrograph of 

(HR)3gT MCM-NPs, scale bar = 500 nm. (B) Schematic representation and high magnification image of 

self-assembled multi-compartment micelle nanoparticles in the absence of DNA, scale bar = 100 nm.  (C) 

TEM micrographs of (HR)3gT and H3gT MCM-NPs. Scale bars = 200 nm.  

 
 

In the presence of 22 nt ssDNA, ultrastructural analysis by TEM showed that the newly 

designed (HR)3gT peptide assembled NPs with a multi-compartment micellar architecture similar 

to that of H3gT MCM-NPs (Figure 3.6 upper panel). To test the ability of (HR)3gT to entrap 

dsDNA, we examined (HR)3gT self-assembly in the presence of 22 bp dsDNA and compared it 

to H3gT (Figure 3.6 lower panel). 
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Figure 3.6: TEM micrographs of (HR)3gT and H3gT MCM-NPs in the presence of 22 nt ssDNA (upper 

panels) and 22 bp dsDNA (lower panels). Scale bars = 200 nm. 

 
In contrast to H3gT, the newly designed (HR)3gT peptide was able to form spherical 

MCM-NPs also in the presence of double-stranded 22 bp DNA. Conceivably, the higher positive 

charge of (HR)3gT in comparison to H3gT results in an increased electrostatic interaction between 

the negatively charged DNA and positively charged peptide. In addition, because dsDNA is more 

rigid than ssDNA and has double the amount of negatively charged phosphate in its backbone, it 

is likely to require a higher driving force, i.e. more positive charges that are available for the 

electrostatic interactions needed to condense the stiffer dsDNA.  

To bridge the gap in DNA loading between existing non-viral systems that deliver short 

single-stranded antisense oligonucleotides and those that are based on complex formation to 

transfer entire genes, we assessed the self-assembly process of (HR)3gT in the presence of single- 

and double-stranded DNA sequences of 100 nucleotides in length (Figure 3.7). 
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Figure 3.7: TEM micrographs of (HR)3gT and H3gT MCM-NPs in the presence of 100 nt ssDNA (upper 

panels) and 100 bp dsDNA (lower panels). Scale bars = 200 nm. 

 
While (HR)3gT entrapped both 100 nt ssDNA and 100 bp dsDNA during self-assembly, 

the shorter, less charged H3gT peptide was not able to self-assemble into MCM-NPs in the 

presence of the longer DNA segments. In the self-assembly solution at pH 7.1, the net charge of 

the (HR)3gT peptide is +3 whereas H3gT has a net charge of +0.3 with regard to their isoelectric 

point. Therefore, H3gT peptide does not provide adequate positive charge to enable electrostatic 

forces that condense the longer ss/dsDNA. Thus, increasing the positive charge of the hydrophilic 

domain by arginine residues in (HR)3gT is essential for the entrapment of the longer DNA in 

MCM-NPs. Although the hydrophilic to hydrophobic weight ratio in (HR)3gT is slightly higher 

than in H3gT (44.6% compared to 38.4%), it is still within the range where micelles form. Our 

data suggest that optimizing the charge and tuning the ratio of hydrophilic to hydrophobic domains 

are key parameters in the development of DNA delivery systems based on peptidic MCM-NPs. 
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3.3.4.2 MCM-NP Size 

Size analysis of DNA-free nanoparticles by DLS showed a hydrodynamic diameter (DH) 

of 112 ± 21 nm for (HR)3gT and 211 ± 46 nm for H3gT (Table 3.1).  The decrease in MCM-NP 

diameter for (HR)3gT is consistent with the smaller size observed by TEM (Figure xy). For DNA-

loaded (HR)3gT assemblies, the scattered intensities measured by DLS demonstrated a narrow 

size distribution in the range of 100–180 nm for all DNA payloads (Figure 3.8 A-D).  It is 

noteworthy that the average size for 22 nt ssDNA-loaded (HR)3gT NPs was smaller than the 

corresponding H3gT NPs (160 ± 18 nm versus 241 ± 73 nm in diameter) (Figure 3.8 A). This can 

be attributed to the higher charge interaction between (HR)3gT and DNA resulting in more 

compacted NPs. 

 

Figure 3.8: DLS of (HR)3gT MCM-NPs. (A) 22 nt ssDNA-loaded (HR)3gT compared to H3gT MCM-

NPs, (B) 22 bp dsDNA-, (C) 100 nt ssDNA- and (D)100 bp dsDNA-loaded (HR)3gT MCM-NPs. 
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Furthermore, increasing the length of the entrapped DNA sequence from 22 nt/bp to 100 

nt/bp did not significantly affect the average size of (HR)3gT NPs. It is widely accepted that 

particle size plays a critical role in developing successful therapeutic delivery systems  167,168. For 

example, size is one of the most crucial determinants of nanoparticle half-life. In order to decrease 

the likelihood of liver or splenic trapping and increase systemic circulation time, a particle size 

below 200 nm is desired for in vivo applications of non-viral delivery systems 169. Thus, keeping 

the particle size below 200 nm independent of whether 22 nt/bp or 100 nt/bp were entrapped 

represents an important advance of the (HR)3gT peptide towards an efficient DNA delivery 

system. Moreover, as the upper size limit for a clathrin-mediated endocytosis is 200 nm 170,171, the 

characteristic average size of our newly generated DNA-loaded (HR)3gT MCM nanoparticles 

makes them well-suited for cellular uptake. DLS and TEM also demonstrated that (HR)3gT NPs 

with and without DNA do not tend to aggregate over time. This represents another advantage over 

H3gT peptide nanoparticles which tend to aggregate 37.  

We employed FCS, NTA and DLS to determine the size and polydispersity index (PDI) of 

(HR)3gT MCM-NPs that had entrapped either single- or double-stranded DNA sequences of 

different lengths. A comparison of the corresponding measurements is presented in Table 3.1. 

From the FCS measurements, we determined the hydrodynamic radius of NPs from Eq. (4) 

(see Methods) and extracted the diffusion time by solving Eq. (2), using the hydrodynamic 

diameter and the known diffusion coefficients of ss/dsDNA of different size 172.  
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Table 3.1 Characterization of (HR)3gT and H3gT MCM-NPs, suspended in water, at pH 7. 

MCM-NPs PDI DH 
(DLS-nm) 

DH 
(FCS-nm) 

DH 
(NTA-nm) 

H3gT NPs 0.32±0.024 211±46 NA* 236±57 
(HR)3gT NPs 0.19±0.024 112±21 NA* 102±6 

22nt ssDNA loaded H3gT NPs 0.34±0.027 241±73 242±12 233±29 
22nt ssDNA loaded (HR)3gT NPs 0.23±0.026 160±18 144±58 151±12 

22bp dsDNA loaded (HR)3gT NPs 0.22±0.023 115±19 124±62 129±10 
100nt ssDNA loaded (HR)3gT NPs 0.28±0.021 176±11 186±78 164±4 

100bp dsDNA loaded (HR)3gT NPs 0.27±0.02 165±12 174±99 150±11 
*not applicable 

 

 

A PDI ≤ 0.3, which for polymer-based nanosystems implies a relatively monodisperse 

system, was obtained by DLS measurements of DNA-free and DNA-loaded (HR)3gT MCM-NPs 

173,174. It is noteworthy that (HR)3gT MCM-NPs (DNA-free and DNA-loaded) had a lower PDI 

than corresponding H3gT MCM-NPs (Table 3.1). The mean diameter obtained by NTA was 

similar to that determined by DLS for each kind of (HR)3gT MCM-NPs (Table 3.1). The 

respective sizes were further corroborated by average sizes calculated from FCS measurements 

(Table 3.1). Indeed, FCS is a suitable method for characterizing the size of fluorescent NPs if the 

number of fluorescent species is ≤3 and the particle size <500 nm 175. In contrast to the 

hydrodynamic diameters of (HR)3gT MCM-NPs loaded with different DNAs, which were all 

below 200 nm, H3gT MCM-NPs loaded with 22 nt ssDNA were above 200 nm in diameter (Table 

3.1), which also limited their cellular uptake (see below; Figure 3.15). It has been reported that 

nanoparticles above 200 nm may be excluded from cellular internalization altogether 176,177.  
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3.3.4.3 Surface Charge 

The surface charge of nanoparticles is known to play a key role in cellular uptake. In many 

instances, positively charged particles were shown to be efficiently endocytosed due to their 

interactions with the negatively charged cell membrane 178,179. As expected, in the absence of 

DNA, (HR)3gT MCM-NPs displayed a higher zeta potential than H3gT MCM-NPs due to the 

extra arginines included in the hydrophilic domain of (HR)3gT (Table 3.2). With a surface charge 

of 2.8 ± 3.35 mV, 22 nt ssDNA-loaded (HR)3gT MCM-NPs experience repulsion forces between 

each other that hinder their aggregation and support their stability while 22 nt ssDNA-loaded H3gT 

MCM-NPs are neutral (0.6 ± 2.3 mV) and thus, tend to aggregate after formation. 

 

Table 3.2 Surface charge of (HR)3gT and H3gT MCM-NPs, suspended in water, at pH 7. 

MCM-NPs Zeta potential 
(mV) 

H3gT NPs 3.42±3.62 
(HR)3gT NPs 8.2±2.1 

22nt ssDNA-loaded H3gT NPs 0.6±2.3 
22nt ssDNA-loaded (HR)3gT NPs 2.8±3.35 

22bp dsDNA-loaded (HR)3gT NPs 3.67±3.11 
100nt ssDNA-loaded (HR)3gT NPs 3.46±3.87 

100bp dsDNA-loaded (HR)3gT NPs 4.18±3.36 
 

Moreover, to study the effect of DNA entrapment on the surface charge of MCM-NPs, the 

zeta potential of NPs loaded with different DNAs was measured (Table 3.2). With the entrapment 

of negatively charged DNA in self-assembling (HR)3gT, the surface charge of the resulting MCM-

NPs was not significantly decreased compared to DNA-free NPs. These data support the presence 

of corresponding DNA payload between individual micelles of the multi-compartment rather than 



 

 
41 

its accumulation on the NP surface (Table 3.2) because the latter would lead to a larger decrease 

of the zeta potential. A positive surface charge has been shown to be advantageous for delivering 

DNA in a number of NP systems 180. For example, PEGylated DNA/transferrin–PEI complexes 

bearing a positive charge of only +4 mV, were found to be the most efficient gene delivery system 

among other positively charged complexes 181. In another study on 140 distinct polymer 

compositions, DNA-loaded NPs bearing a charge of +1.8 mV demonstrated the third highest 

uptake and best overall transfection of a luciferase plasmid in NIH 3T3 cells 182. Accordingly, the 

overall positive charge of +2mV to +4 mV of (HR)3gT MCM-NPs loaded with different DNAs is 

expected to be conducive to an efficient DNA delivery. Thus, the modifications of our newly 

designed (HR)3gT peptide which led to MCM-NPs below 200 nm with a slightly positive surface 

charge, represent a crucial advance in fulfilling the physiochemical criteria required for generating 

successful therapeutic nanosystems. 

 

3.3.5 Quantification of DNA Entrapment into Nanoparticles 

3.3.5.1 FCS method 

The incorporation of different sizes and types of DNA into (HR)3gT MCM-NPs was 

examined by FCS using Atto550-labeled DNAs. Diffusion time (τD) and count per molecule 

(CPM) of free Atto550 dye, Atto550-DNA in solution, and of Atto550-DNA-loaded (HR)3gT 

MCM-NPs were calculated by fitting the experimental autocorrelation curves (Figure 3.9) to a 

two-component fit (Eq. (1)).  
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Figure 3.9: Normalized FCS autocorrelation curves showing incorporation of (A) Atto550-labeled 22 nt 

ssDNA in (HR)3gT MCM-NPs (light green), (B) Atto550-labeled 22 bp dsDNA in (HR)3gT MCM-NPs 

(light blue), (C) Atto550-labeled 100 nt ssDNA in (HR)3gT MCM-NPs (orange), (D) Atto550-labeled 100 

bp dsDNA in (HR)3gT MCM-NPs (pink). Atto550 free dye is shown in red in all panels. 

 
Subsequently, the number of DNA molecules per particle was calculated by dividing the 

CPM of DNA-loaded (HR)3gT MCM-NPs to the corresponding free Atto550-DNA in solution 

(Table 3.3). The significant increase in the diffusion time of all Atto550-DNA-loaded NPs 

compared to free Atto550-labeled DNA reflects that the DNA is entrapped in (HR)3gT MCM-

NPs.  
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Table 3.3 Quantification of DNA loading in to (HR)3gT MCM-NPs by FCS. 

Fluorescent species  Diffusion time (μs) DNA/particles 

Atto550 fluorescent dye 48±3 N/A 
Atto550 labeled 22nt ssDNA 139±5 N/A 

Atto550-labeled 22bp dsDNA 157±9 N/A 
Atto550-labeled 100bp dsDNA  283±12 N/A 

22nt ssDNA-loaded H3gT NPs 5322±382 3.95±2.39 
22nt ssDNA loaded (HR)3gT NPs 3894±1337 19.9±13.7 

22bp dsDNA loaded (HR)3gT NPs 3235±1607 11.7±7.2 
100nt ssDNA loaded (HR)3gT NPs 3875±1778 2.01±2.43 

100bp dsDNA loaded (HR)3gT NPs 3553±1900 1.47±1.12 
 

For (HR)3gT MCM-NPs, we calculated 19.9 ± 13.7 22 nt ssDNA molecules per particle 

while the H3gT peptide was able to entrap only 3.95 ± 2.39 22 nt ssDNA per particle. Although 

22 nt ssDNA-loaded (HR)3gT MCM-NPs had entrapped five times more 22mer ssDNA than H3gT 

MCM-NPs, their average size is significantly smaller (160 ± 18versus 241 ± 73 nm, Table 3.1, p ≤ 

0.05) (Table 3.3). The enhanced positive charge of (HR)3gT peptide compared to H3gT peptide 

results in increased electrostatic interactions between DNA and peptide and thus more compact 

assemblies. Consequently, the nanoparticle size remains smaller than the corresponding H3gT 

MCM-NPs despite more DNA and a longer peptide (19 versus 10 amino acids). For (HR)3gT 

MCM-NPs loaded with double-stranded 22 bp DNA, the average diffusion time of 3235 ± 1607 

μs indicated that the number of DNA molecules per particle is approximately half the number of 

corresponding ssDNA per particle (Figure 3.9B and Table 3.2). Considering that electrostatic 

interactions between DNA and peptide are responsible for the DNA entrapment during the self-

assembly process, doubling the amount of negatively charged phosphates in the backbone of the 
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double-stranded DNA may explain why the entrapment is reduced by half. In addition, the higher 

rigidity of the 22 bp dsDNA may interfere with entrapment.  

Likewise, for the longer DNA segments (100 nt/bp ss/dsDNA), the number of DNA 

molecules incorporated into (HR)3gT MCM-NPs decreased compared to both, single- and double-

stranded 22 nucleotide-long DNA (Figure 3.9C, D and Table 3.2). (HR)3gT with an isoelectric 

point of 12.4 (versus 7.61 for H3gT) has a charge of +3 compared to 0 for H3gT at neutral pH. 

Because more electrostatic interactions that drive the DNA incorporation can occur, (HR)3gT is 

able to condense longer DNA segments (100 nt and 100 bp).  

 

3.3.5.2 NTA method 

In addition, the total concentration of particles in solution and the percentage of loaded 

particles were determined by nanoparticle tracking analysis (Table 3.4).  

 

Table 3.4 Nanoparticle tracking analysis of DNA-free and DNA-loaded (HR)3gT MCM-NPs. 

MCM peptide NPs Total concentration 
(particles/ml) 

Concentration of 
labeled particles 

(particles/ml) 

Loaded 
particles 

(%) 

22nt ssDNA loaded (HR)3gT NPs 5.57 e+08 ± 7.03e+07 3.82 e+08 ± 2.29e+07 68.5 
22bp dsDNA loaded (HR)3gT NPs 3.02 e+08 ± 3.06e+07 2.87 e+08 ± 3.10e+07 95 
100nt ssDNA loaded (HR)3gT NPs 3.29 e+08 ± 7.65e+07 2.25 e+08 ± 1.10e+07 68.3 
100bp dsDNA loaded (HR)3gT NPs 3.34 e+08 ± 8.64e+07 2.74 e+08 ± 1.52e+07 82 

 
 

The concentration of MCM-NPs formed in the presence of 100 nt long sequences was 

similar for single- and double-stranded DNA (3.29 × 108 ± 7.65 × 107 mL−1 and 3.34 × 108 ± 8.64 

× 107 mL−1, respectively), and comparable to that of NPs assembled in the presence of 22 bp 

dsDNA (3.02 × 108 ± 3.06 × 107 mL−1). Significantly higher numbers of MCM-NPs (5.57 × 108 ± 

7.03 × 107) were obtained when (HR)3gT was assembled with 22 nt ssDNA. For all types of DNA, 
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more than 60% of the MCM-NPs were loaded with DNA whereby the percentage of loaded 

particles for dsDNA (22 bp and 100 bp) was clearly higher than for ssDNA (22 nt and 100 nt). 

Considering the FCS data presented above, which show that (HR)3gT MCM-NP entrap 

approximately twice as many ssDNA as dsDNA molecules, the overall amount of loaded DNA is 

higher for ssDNA compared to dsDNA MCM-NPs. Thus, while the total concentration of particles 

is similar for 100 nt ssDNA and 100 bp dsDNA MCM-NPs, the overall amount of entrapped DNA 

is higher with single-stranded than with double-stranded DNA despite the lower percentage of 

loaded particles (68.5% versus 82%). Similarly, the percentage of loaded particles for the 22 nt 

long DNA was 68.5% for ssDNA versus 95% for dsDNA (3.82 × 108 ± 2.29 × 107versus 2.87 × 

108 ± 3.10 × 107). Due to the significantly higher concentration of MCM-NPs that self-assemble 

in the presence of 22 nt ssDNA, the difference in the amount of entrapped DNA between single- 

and double stranded is higher for 22 nucleotide long DNA sequences than for 100 nucleotide 

sequences.  

In conclusion, the modifications of the (HR)3gT peptide, in particular the enhanced 

positive charge over H3gT, conveys not only the ability to entrap longer single- and double-

stranded DNA upon nanoparticles but also the potential to more efficiently incorporate higher 

amounts of 22 nt ssDNA. Generating (HR)3gT MCM-NPs with improved DNA loading and 

smaller particle size compared to H3gT represents a significant progress towards developing an 

efficient and functional DNA delivery system. 

 

3.3.6 Stability of Peptide Nanoparticles 

To obtain insight on the stability of DNA-free and DNA-loaded (HR)3gT NPs, we 

analyzed the size of NPs stored at 4 °C by DLS over time (Figure 3.10A).  
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Figure 3.10: Stability of (HR)3gT MCM-NPs at 4°C. From top to bottom: (A) DH by DLS over 150 days, 

(B) Corresponding TEM after 150 days for (HR)3gT MCM-NPs, 22 nt ssDNA-loaded (HR)3gT MCM-

NPs, 22 bp dsDNA-loaded (HR)3gT MCM-NPs, 100 nt ssDNA-loaded (HR)3gT MCM-NPs, and 100 bp 

dsDNA-loaded (HR)3gT MCM-NPs. Scale bars = 200 nm. 
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Nanoparticle size measurements recorded every 30 days indicated that the average 

hydrodynamic diameter of DNA-free and DNA-loaded (HR)3gT MCM-NPs did not change over 

five months. TEM analyses of empty and DNA-loaded (HR)3gT MCM-NPs after 5 months 

(Figure 3.10B) showed that nanoparticles retained their initial multi-compartment micellar 

architecture. In contrast, H3gtT MCM-NPs, especially when loaded with 22 nt ssDNA, aggregated 

due to their neutral surface charge 37.  

 

3.3.7 Thermo-responsiveness of Peptide Nanoparticles 

To assess thermo-responsiveness, DNA-free and DNA-loaded (HR)3gT MCM-NPs were 

incubated at 37 °C for 5 h and 24 h. Ultrastructural analysis by TEM revealed that compared to 

the MCM structure of NPs at 4 °C, (HR)3gT MCM-NPs disassembled into smaller MCMs and/or 

individual micelles after 5 h at 37 °C (Figure 3.11A). The tendency to disassembly increased over 

time and after 24 h at 37 °C (Figure 3.11B), only few MCM-NPs were detected.  
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Figure 3.11: TEM micrographs of (HR)3gT MCM-NPs with different DNA loads after (A) 5 h incubation, 

and (B) 24 h incubation at 37°C. Scale bars = 200 nm. 

 

When kept at 37 °C, all peptide MCM-NPs exhibited a similar trend in the change of their 

structure and size, independent of the length and type (single or double stranded) of the entrapped 
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DNA, whereas at 4 °C, (HR)3gT MCM-NPs remained stable for as long as 5 months (Figure 

3.10). Likewise, H3gT MCM-NPs demonstrated a similar disassembly behaviour in response to 

temperature (Figure 3.12). Our data are consistent with the study by Schuster et al. who reported 

that the formation of MCM peptide NPs occurs as a function of temperature and solvent 

composition 35.  

 

 

Figure 3.12: TEM micrograph of (A) H3gT NPs, and (B) 22nt ssDNA-loaded H3gT NPs after 5h incubation 

at 37°C. Scale bars=200nm.    

 
 

3.3.8 Effect of Peptide Nanoparticles on Cell Proliferation 

In order to assess the cytotoxicity of our non-viral DNA delivery system, MTS cell 

proliferation assays with HeLa cells and different concentrations of DNA-loaded and DNA-free 

(HR)3gT MCM-NPs (up to 1550 μg mL−1) were performed (Figure 3.13A).  
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Figure 3.13: HeLa cell viability (MTS assays). Cells treated for 24 h with (HR)3gT MCM-NPs (pink), 22 

nt ssDNA-loaded (HR)3gT MCM-NPs (green), 22 bp dsDNA-loaded H3gT MCM-NPs (blue), 100 nt 

ssDNA-loaded (HR)3gT MCM-NPs (orange), 100 bp dsDNA-loaded (HR)3gT MCM-NPs (purple). Cell 

viability was normalized to untreated HeLa cells (negative control, 100% viability). All data presented as 

the mean ± SD (n = 3). 
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The data showed that after 24 h of incubation at 37 °C, DNA-loaded and DNA-free 

(HR)3gT MCM-NPs up to a concentration of 1550 μg mL−1 had no toxic effects on HeLa cells. 

It is noteworthy that 22 nt ssDNA-loaded (HR)3gT MCM-NPs had no significant inhibitory effect 

on cell proliferation even though they are loaded with a 5-times higher amount of 22 nt ssDNA 

compared to corresponding H3gT MCM-NPs (Figure 3.13B) These findings suggest that the 

viability of cells remains largely unaffected not only by the MCM-NP concentration but also by 

the amount of entrapped DNA. Based on the apparent biocompatibility, (HR)3gT MCM-NPs are 

a viable candidate for a further development of a safe gene delivery systems.  

 

3.3.9 Cell Uptake of Peptide Nanoparticles 

The cellular uptake of peptide MCM-NPs loaded with different fluorescently labeled 

Atto550-DNA was examined in H2B-GFP expressing HeLa cells by confocal laser scanning 

microscopy (CLSM). Before evaluating the ability of (HR)3gT NPs to mediate cellular uptake of 

DNA and thus find out about potential of this gene delivery system, we studied the cellular uptake 

of free Atto550-labeled single- and double-stranded 22 and 100 nucleotide sequences as a control 

(Figure 3.14). 
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Figure 3.14: CLSM merged images (GFP and Atto550) of H2B-GFP expressing HeLa cells treated with 

free Atto550-labeled DNAs. Images are recorded under the same conditions as in Figure 3.15. Scale bars = 

20µm. 

 
Then we compared cells that were treated with 22 nt ssDNA-loaded (HR)3gT or H3gT 

MCM-NPs (Figure 3.15). Confocal images of cells incubated with NPs for 24 h revealed that at 

similar cell density, a significantly higher number of cells had taken up 22 nt ssDNA-loaded 

(HR)3gT MCM-NPs. 
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Figure 3.15: CLSM merged images (GFP and Atto550) of H2B-GFP expressing HeLa cells treated with 

Atto550-22nt ssDNA-loaded H3gT (left) and (HR)3gT MCM-NPs (right) for 24h. Scale bars = 20µm. 

 
Besides the higher rate of uptake, the fluorescence signal in cells that had taken up 22nt 

ssDNA-loaded (HR)3gT MCM-NPs was considerably stronger than in cells containing H3gT 

MCM-NPs under identical imaging conditions. Also, after 48 h of NP incubation, the uptake 

efficiency for 22 nt ssDNA-loaded (HR)3gT was higher than for H3gT MCM-NPs (Figure 3.16).  
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Figure 3.16: CLSM merged images (GFP and Atto550) of H2B-GFP expressing HeLa cells treated with 

Atto550-22nt ssDNA-loaded H3gT and (HR)3gT MCM NPs for 48h. Scale bars = 20µm. 

 

Several properties of NPs assembled from the newly designed (HR)3gT peptide could 

account for the higher uptake efficiency of 22 nt ssDNA-loaded (HR)3gT MCM-NPs versus 22 nt 

ssDNA-loaded H3gT MCM-NPs. Nanoparticle size, shape, surface charge, and surface 

functionality are known to affect cellular uptake 182,183. Based on literature reports, the optimal size 

for NP uptake, especially in cancer treatment, is between 70–200 nm and ideally close to 100 nm. 

However, for specific applications, slightly larger particle sizes may be more advantageous 184–

188. Accordingly, the mean diameter of 22 nt ssDNA-loaded (HR)3gT MCM-NPs (160 ± 18 nm) 

is in an optimal range promoting uptake whereas on average, 22 nt ssDNA-loaded H3gT MCM-

NPs (241 ± 73 nm) are big for efficient uptake. Furthermore, the increased cellular uptake could 

be facilitated by other internalization mechanisms because of the arginine–histidine repeating units 

that are exposed on the hydrophilic surface of the (HR)3gT MCM-NPs. Numerous studies report 

that arginine residues promote cell penetration and increase internalization efficiency in the 
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delivery of therapeutic macromolecules, in particular nucleic acids 189–196. For example, using a 

multifunctional envelope-type nanodevice (MEND) that comprises an octa-arginine as gene 

delivery system resulted in a 300-fold improvement in gene expression compared to unmodified 

MEND 197. Besides a larger number of nanoparticles taken up per cell, the 5 times higher amount 

of 22 nt ssDNA loaded per particle compared to H3gT MCM-NPs also contribute to the increased 

fluorescence intensity.  

Cellular uptake assays with (HR)3gT MCM-NPs loaded with 22bp dsDNA and longer 

sequences (100nt/bp) revealed a similarly high uptake efficiency for all (HR)3gT MCM-NPs 

(Figure 3.17).  

 

Figure 3.17: CLSM merged images (GFP and Atto550) of H2B-GFP expressing HeLa cells treated with 

Atto550-22bp and 100nt/bp ss/dsDNA-loaded (HR)3gT NPs after 24h. Imaging conditions were as in Fig. 

3.16. Scale bars = 20µm. 

 
As previously mentioned, the number of incorporated dsDNA molecules/particle is 

approximately half compared to the number of ssDNA molecules in corresponding (HR)3gT 

MCM-NPs. Thus, under identical imaging conditions, one can expect a lower fluorescence signal 

for dsDNA-loaded peptide NP uptake. However, CLSM images showed no significant difference 

between 22bp dsDNA and 22mer ssDNA-loaded (HR)3gT MCM-NPs (compare Figure 3.17 and 
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3.15), and between 100bp dsDNA and 100mer ssDNA-loaded MCM-NPs (Figure 3.17). It is 

possible that small differences in size and surface charge between MCM-NPs loaded with dsDNA 

versus ssDNA (see Table 3.1) lead to an increase in cellular uptake and thus, account for the 

greater fluorescence signal. Furthermore, a time-dependent increase of intracellular fluorescence 

from 1 to 13 h for 100bp dsDNA-loaded (HR)3gT MCM-NPs is shown in Figure 3.18.  

 

As previously mentioned, the number of incorporated dsDNA molecules/particle is 

approximately half compared to the number of ssDNA molecules in corresponding (HR)3gT 

MCM-NPs. Thus, under identical imaging conditions, one can expect a lower fluorescence signal 

for dsDNA-loaded peptide NP uptake. However, CLSM images showed no significant difference 

between 22bp dsDNA and 22mer ssDNA-loaded (HR)3gT MCM-NPs (compare Figure 3.17 and 

3.15), and between 100bp dsDNA and 100mer ssDNA-loaded MCM-NPs (Figure 3.17). It is 

possible that small differences in size and surface charge between MCM-NPs loaded with dsDNA 

versus ssDNA (see Table 3.1) lead to an increase in cellular uptake and thus, account for the 

greater fluorescence signal. Furthermore, a time-dependent increase of intracellular fluorescence 

from 1 to 13 h for 100bp dsDNA-loaded (HR)3gT MCM-NPs is shown in Figure 3.18.  

 

 

Figure 3.18: Time course of Atto550-100bp dsDNA-loaded (HR)3gT MCM NP uptake. Scale bars = 20µm. 
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Although in vitro analysis of thermo-responsiveness showed a disassembly of MCM-NPs 

after 5h, earlier time points, i.e., 1 and 2 h, revealed that the multicompartment micellar 

architecture of 100bp dsDNA-loaded (HR)3gT NPs was still intact (Figure 3.19A).  Moreover, 

the analysis of cells incubated with dsDNA-loaded (HR)3gT NPs showed that uptake occurred 

within an hour (Figure 3.19B) which suggests that at least some of the MCM-NPs are taken up 

before disassembly. Conceivably, the time-course of MCM-NP thermo-responsiveness adds to the 

release of DNA inside the cell.   

 

Figure 3.19: (A) TEM images of 100bp dsDNA-loaded (HR)3gT MCM-NPs after 1h (left) and 2h (right) 

incubation at 37°C. Scale bars = 200nm. (B) CLSM merged images (GFP and Atto550) of H2B-GFP 
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expressing HeLa cells treated with 100bp dsDNA-loaded (HR)3gT MCM NPs for 1h (left) and 2h (right). 

Scale bars = 40µm. 

 
Our data suggest that the type of the DNA sequence (i.e., single-stranded or double-

stranded) and the length (22 or 100 nucleotides) affect the assembly of MCM-NPs and 

consequently their cellular uptake properties. Thus, to ultimately achieve a safe and efficient 

delivery system for protein encoding genes, the size of the DNA will need to be successively 

increased and tested for its effects on the self-assembly behavior of the (HR)3gT peptide. It is 

possible that further modifications of the peptide design might be necessary to accommodate for 

longer DNA sequences. 

3.4 Conclusion 

In this study, we addressed the challenge of developing an efficient and safe non-viral 

delivery system for DNA sequences larger than the average antisense oligonucleotide. 

Specifically, we established for the first time a purely peptidic self-assembling MCM-NP that is 

able to entrap single- and double-stranded DNA of 100 nucleotides/base pairs. We rationally 

designed and synthesized the amphiphilic (HR)3gT peptide where we significantly modified a 

short H3gT peptide by (i) increasing the charge of the hydrophilic domain and (ii) extending the 

hydrophobic domain to achieve a ratio that typically leads to the self-assembly of micellar 

nanostructures. The comprehensive analysis of the physicochemical characteristics of (HR)3gT 

MCM-NPs in the presence of different DNA cargoes indicates that the entrapment is primarily 

governed by electrostatic interactions between DNA and peptide, and the solvent conditions used 

for self-assembly. Based on the amino acid modifications, (HR)3gT peptide was able to entrap 

single- and double-stranded DNA sequences of 100 nucleotides whereas the short H3gT MCM-

NPs could only entrap 22 nt ssDNA. A thermodynamically stable system was obtained, in which 
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the sum of different factors including chain stretching, interfacial tension, and repulsive 

interactions between hydrophilic domains, especially in the presence of negatively charged DNA 

are minimized. Moreover, the addition of arginine residues facilitated the crossing of biological 

barriers which points to a great potential of (HR)3gT MCM-NPs for non-viral gene-delivery 

applications. (HR)3gT MCM-NPs with different DNA loads maintained a stable size and multi-

compartment micellar structure over five months at 4 °C, but disintegrated into smaller MCMs 

and/or individual micelles at 37 °C. The thermo-responsiveness, together with the low cell toxicity 

and rapid cellular uptake constitute essential features in the efficient delivery of the entrapped 

DNA. In addition, the possibility of chemical modification by variation of the amino acid sequence 

and composition renders peptide nanoparticles easily tunable compared to lipid nanoparticles. 

Taking into account these advantages, our (HR)3gT non-viral DNA delivery system provides the 

first stepping stone towards developing a purely peptide-based self-assembling nanostructure for 

the delivery of entire genes. Future designs will need to address several parameters, for example 

nuclear targeting, to optimize the delivery efficiency of peptidic MCM-NPs for medical 

applications. 
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4 Self-Assembled Peptide Nanoparticles Targeting DNA to the 

Nucleus3  

The nucleus controls DNA replication and RNA transcription processes which makes it a 

prominent functional target in gene therapy 198. In order to treat diseases associated with genetic 

disorders, therapeutic DNA must be delivered to the cell nucleus. Being negatively charged, DNA 

by itself cannot easily cross cellular membranes without an appropriate delivery system 199. 

Accordingly, considerable research efforts have been directed toward tailoring non-viral gene 

delivery systems to overcome these barriers, in particular the plasma and nuclear membrane 200,201. 

Nevertheless, the transport of non-viral delivery systems to the nucleus is considered to be a rate-

limiting step in the gene delivery process and thus remains a major challenge 102.  

Limitless combinations of amino acid sequences and diverse secondary structures in 

peptides offer many options for targeted delivery and enhanced internalization approaches 202,203. 

Peptides can potentially overcome biological barriers by targeting cell-surface receptors, 

membrane disruption or nuclear import 204. In particular, targeting of non-viral delivery systems 

by a nuclear localization sequence (NLS), typically one or more short sequences of positively 

charged lysines or arginines,  is a widely exploited strategy for achieving selective nuclear delivery 

205. To combine the advantages of vector properties offered by peptides with utilizing NLS-

mediated targeting, we designed a novel peptide aimed to self-assemble into a nanocarrier that 

promotes the translocation of oligonucleotides into the nucleus. 

 
3 A publication based on the data discussed in this chapter is Submitted:  
S. Tarvirdipour, M. Skowicki, C. A. Schoenenberger, L. Kapinos, R.Y. H. Lim, K. Benenson, C. G. Palivan, (2022), 
Submitted. 
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4.1 Abstract 

Gene delivery systems encounter several cellular barriers on their way to successful gene 

therapy. Once inside the cell, non-viral vectors have to overcome the nuclear membrane to finally 

deliver DNA to the nucleus. To take this hurdle, we developed a novel nuclear targeting vector 

based on the self-assembly of an amphiphilic peptide comprising a nuclear localization signal 

(NLS). The NLS-peptide was produced by introducing KRKR residues at the amino-terminus of 

the hydrophilic domain of (HR)3gT peptide. While the NLS functionality of KRKR has been 

established, to the best of our knowledge, it has not been exploited for the nuclear targeting of 

nanoparticles so far. In order to promote self-assembly of the NLS-peptide into multi-compartment 

micelles (MCMs), the weight ratio of the hydrophilic to hydrophobic domain was kept similar to 

that of the precursor peptide (HR)3gT. Self-assembled ordered nanostructures of NLS-peptide 

were prepared by rapid and scalable solvent exchange method. Electrostatic interactions between 

negatively charged DNA cargoes and the positively charged NLS-peptides led to DNA entrapment 

in MCMs. The initial average size of NLS-MCMs was 90nm, but was reduced after 24h incubation 

at 37°C which further facilitated their nuclear translocation. Similar to (HR)3gT MCMs, NLS-
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MCMs did not affect the viability of HeLa cells. However, detailed chemical, biophysical, cellular 

and ultrastructural analyses demonstrated that NLS-MCMs have higher cellular and nuclear uptake 

efficiency than (HR)3gT MCMs lacking an NLS. Statistical analysis confirmed that NLS-MCMs 

successfully enter the cell nucleus through the nuclear pore complex. Our findings highlight the 

propensity of this unique, purely peptidic nanovector to efficiently entrap and deliver 

oligonucleotides directly into the cell nuclei. 

4.2 Introduction 

The nucleus is key to all diseases derived from gene mutations, e.g. neurodegenerative 

diseases, heart dysfunction and muscular dystrophy, both at the level of transcription regulation 

and/or RNA processing  206–208. The importance of delivering genetic material into the nucleus for 

the purpose of treating human diseases gave rise to advanced non-viral delivery systems 209–211. 

However, non-specific uptake, insufficient targeting, inability to escape endosomes, and 

inefficient nuclear delivery of non-viral delivery systems limit their applications 212.  To overcome 

cellular barriers and translocate therapeutic DNA to the site of action, substantial attempts have 

been directed toward specific engineering non-viral delivery systems 201,213.  

Nuclear pore complexes (NPCs) represent the only selective gateway to and from the 

nucleus. Generally, molecules smaller than 40-60 kDa passively diffuse through the NPC to the 

nucleoplasm while larger molecules require sorting signals termed nuclear localization signals 

(NLS) for nuclear import 198. NLS are usually short stretches of amino acids recognized by nucleo-

cytoplasmic transporters (karyopherins or kaps) that promote active transport of proteins into the 

nucleus 214. 

The NPC is a large proteinaceous structure composed of about 30 different proteins termed 

nucleoporins (Nups), of which about one third contain numerous phenylalanine–glycine (FG)-
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repeat motifs. These FG-Nups are subdivided into cytoplasmic, nucleoplasmic and symmetric 

subtypes. The FG-repeat regions of the symmetric Nups face the NPC central channel where they 

are thought to form a network of filaments that presumably forms the permeability barrier of the 

NPC 215.  

Nuclear targeting and efficient translocation through the NPC mediated by NLS involves 

complex formation with karyopherins, predominantly kapβ and kapa 209.  Kapβ1 makes 

multivalent binding interactions with FG Nups while establishing a heterodimer with a Kapα 

which in turn, acts as import receptor for NLS 216.  Once the ternary import complex importin 

β/α/NLS interact with the FG-repeats of Nups, nuclear transport occurs in a RanGTP-regulated 

manner 217. 

Taking advantage of peptides, alone or as components of  hybrid materials, is  a widely 

utilized strategy to increase transfection efficiency of non-viral delivery systems 218,219. Almost all 

attempts to specifically improve nuclear entry of DNA using non-viral vectors involve NLS 

peptide motifs 200. Four basic residues (KRKR), which are found in many NLS sequences, play a 

crucial role in nuclear targeting and possibly act as a monopartite NLS motif 220–222. Notably, the 

optimal consensus patterns required for high-affinity binding to import receptors were found to be 

KR(K/R)R and K(K/R)RK 129. Several pieces of evidence indicate that KRKR by itself is an 

authentic NLS 223–225.  

Here we set out to develop a novel, targeted nanoassembly made of pure peptides that is 

able to deliver DNA to the nucleus. In the design of the amphiphilic (KR)2(HR)2(WL)7W peptide 

we considered that it should (i) comprise a nuclear targeting moiety, (ii) condense nucleic acids 

via electrostatic interactions and (iii) self-assemble into multi-compartment micelles (MCMs).  To 

favour self-assembly, the hydrophobic to hydrophilic weight ratio of the peptide was kept similar 
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to our recently published (HR)3gT peptide which forms multi-compartment micelles (MCMs) 141. 

Because this is the first time a purely peptidic nano-vector is functionalized with the minimal, 

classical NLS via the extension of the hydrophilic domain with KRKR residues, the morphology 

and physicochemical properties of the self-assembly structures were systemically investigated. In 

particular, we examined the incorporation of oligonucleotides into the nanoassemblies and the in 

vitro interactions of the DNA-loaded nanoassemblies with components of the nuclear translocation 

machinery. To resolve the nuclear targeting ability of self-assembled NLS-MCMs, biophysical, 

ultrastructural, and cellular studies with statistical analysis of DNA delivery to the nucleus were 

carried out and compared to corresponding MCMs lacking an NLS. Our study revealed that owing 

to the intrinsic targeting properties, in addition to the propensity for self-assembly and efficient 

DNA entrapment of the peptide, our NLS-MCMs represent an excellent DNA delivery system 

with little cell toxicity but great power in overcoming biological barriers, resulting in an enhanced 

cellular uptake and nuclear localization. Our findings unveil the purely peptide-based nano-vector 

as a promising candidate for nuclear-targeted gene delivery applications. 

4.3 Results and Discussion 

4.3.1 Design, Synthesis and Self-Assembly of Peptide Amphiphiles  

Despite an increasing number of non-viral delivery systems, strategies tackling 

intracellular targeting, in particular targeting the nucleus, remain in demand 217,218102,128,200. We 

aimed at responding to this demand by rationally designing an amphiphilic peptide that promotes 

nuclear translocation of oligonucleotides via an NLS incorporated into the peptide backbone. The 

23 amino acid amphiphilic peptide (KR)2(HR)2(WL)7W, henceforth termed NLS-peptide, is 

based on the recently studied (HR)3gT peptide which was able to self-assemble into multi-

compartment micelles (MCMs) in the presence of DNA (Figure 4.1). The hydrophilic, nucleotide 
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condensing histidine-arginine repeats of (HR)3gT were extended by a lysine-arginine tandem 

repeat (KRKR) which constitutes the shortest functional NLS sequence 225. To  maintain a 

hydrophilic to hydrophobic weight ratio conducive to the assembly of micelles 226, the extension 

of the hydrophilic domain was compensated by increasing the repetitive tryptophan leucine 

residues in the hydrophobic domain of  (HR)3gT.  

 

 

Figure 4.1: Amino acid sequence of the amphiphilic NLS-peptide ((KR)2(HR)2gT) and its precursor 

(HR)3gT.  

 
 

The NLS-peptide was synthesized using standard Fmoc-based solid phase peptide 

synthesis and purified by RP-HPLC. The expected molecular mass of 3455 gmol-1 was confirmed 

by MALDI-TOF mass spectrometry (Figure 4.2).  
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Figure 4.2: MALDI-TOF mass spectrum of NLS-peptide. 

 
 

Self-assembly of NLS-peptide in the presence of a 22-nucleotide single strand DNA (22nt 

ssDNA) was performed by solvent exchange using dialysis against water for approximately 24h 

at 4°C, with two changes of water. The hierarchical self-assembly process of the NLS-peptide into 

micelles and subsequently into spherical MCMs in the presence of short ssDNA is outlined in 

Figure 4.3. The short ssDNA is entrapped between individual micelles of the MCM as a result of 

electrostatic interactions between the positively charged peptide and negatively charged DNA227. 
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Figure 4.3: Sequential self-assembly process of NLS-peptide in the presence of short ssDNA. 

 
4.3.2 Characterization of NLS-MCMs 

4.3.2.1 Morphology 

Ultrastructural analysis of NLS-peptide self-assembled in the presence of 22nt ssDNA by 

electron microscopy (Figure 4.4) revealed a spherical morphology and multicompartment 

architecture of DNA-loaded NLS-MCMs similar to that observed for (HR)3gT-MCMs, henceforth 

termed nonNLS-MCMs. 

 

Figure 4.4: Morphology of 22nt ssDNA-loaded NLS-MCMs. (A) TEM, (B) Cryo-EM. Scale bars 100nm. 
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In the absence of DNA, NLS-MCMs showed a similar architecture (Figure 4.5). 

 
Figure 4.5: TEM image of DNA-free NLS-MCMs, Scale bar = 200nm. 

 
4.3.2.2 Size 

NLS-MCMs have a hydrodynamic diameter, DH of 94±8 nm as measured by DLS (Figure 

4.6A) with a polydispersity index (PDI) of 0.18. Consistent with DLS measurements, 

DH determined by NTA was 91± 2 nm (Figure 4.6B).  

 

Figure 4.6: Hydrodynamic diameter of 22nt ssDNA-loaded NLS-MCMs. (A) DLS, (B) NTA. 

DNA-free NLS-MCMs had the same PDI (0.18) as their DNA-loaded counterpart but 

exhibited a larger hydrodynamic diameter of 145±4 nm (Figure 4.7). The NLS-MCM size 
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reduction by DNA incorporation is consistent with our previously reported observation that 

electrostatic interactions between DNA and peptide lead to more compact assemblies 227. 

 

 

Figure 4.7: DLS of DNA-free NLS-MCMs 

 
4.3.2.3 Surface charge 

Zeta potential measurements showed that the surface charge of NLS-MCMs decreased 

from 45±7mV to 20±5mV when negatively charged DNA was entrapped (Figure 4.8).  

 

Figure 4.8: Zeta potential of NLS-MCMs with (red) or without 22nt ssDNA (blue). 
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These data support that the majority of DNA molecules are entrapped between the 

individual micelles rather than being merely accumulated on the NLS-MCM surface which would 

yield a more negative zeta potential. The zeta potential of 20±5 mV reflects the physical stability 

of NLS-MCMs due to the electrostatic repulsion forces between NLS-MCMs which hinder their 

aggregation. In addition, a zeta potential of ± 20 mV was shown to be advantageous for an effective 

accumulation of non-viral vectors in target cells 228. 

 

4.3.3 Quantification of DNA Entrapment into Nanoparticles 

The incorporation of DNA into NLS-MCMs was elicited by FCS using Atto550-labeled 

22nt ssDNA. Diffusion times (tD) of free DNA and DNA-loaded NLS-MCMs in solution are 

displayed by fitting the experimental autocorrelation curves to the one- and two-component fit, 

respectively, where tD of the free DNA was fixed as the first component (Figure 4.9) 227.  

 

Figure 4.9: Normalised FCS autocorrelation curves of Atto550-labeled 22nt ssDNA-loaded NLS-MCMs 

(red) and Atto550-labeled 22nt ssDNA (green). Dotted lines represent experimental auto correlation curves 

and solid lines are fitted curves. 
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The increased tD of DNA-loaded NLS-MCMs (3778±1505 μs) compared to free 22nt 

ssDNA (138±8 μs) is indicative of DNA entrapment by nanoparticles. Moreover, the number of 

22nt ssDNA molecules per particle was calculated to be 14.3±4.4 based on the count per molecule 

(CPM) ratio of DNA-loaded NLS-MCMs to free DNA. 

 

4.3.4 Thermo-responsiveness of NLS-MCMs 

To assess thermo-responsiveness, NLS-MCMs with and without DNA were incubated at 

37 °C, and the hydrodynamic diameter and ultrastructure was examined by DLS and TEM, 

respectively, after 8, 24, 48 and 60 h. The DLS and TEM analyses revealed no change in the size 

and morphology of MCMs after 8 h at 37 °C. However, after 24 h at 37°C, NLS-MCMs with and 

without DNA started to disassemble and this temperature response continued over time (Figure 

4.10). DLS and TEM revealed the gradual formation of two populations consisting of either 

dispersed or clustered smaller MCMs and individual micelles. The appearance of individual 

micelles at 24 h resulted in a small shoulder around twenty nanometers in the DLS intensity 

distribution which increased over time. When kept at 37 °C, the trend to disassemble (change in 

size and structure) was faster in NLS-MCMs (Figure 4.10A) compared to DNA-loaded NLS-

MCMs (Figure 4.10B), suggesting that the presence of DNA affected the disassembly behavior. 

It is conceivable that the electrostatic interactions between negatively charged DNA entrapped 

between positively charged micelles hold micelles together more tightly in DNA-loaded MCMs, 

resulting in a more compact MCM structure which takes longer to disassemble in response to 

temperature. 
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Figure 4.10: TEM and DLS of (A) NLS-MCMs without DNA, (B) 22nt ssDNA-loaded NLS-MCMs after 

24, 48 and 60 h incubation at 37°C. Scale bars = 200 nm. 

 

4.3.5 Nuclear Translocation of NLS-MCMs 

The successful transport of biomolecules across the selective NPC requires their interaction 

with different disordered phenylalanine-glycine-rich nucleoporins (FG-Nups) that act as a 

molecular filter229,230. Most cargo molecules delivered to the nucleus do not interact directly with 
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FG Nups but require specific transport receptors, predominantly members of the karyopherin beta 

protein family (Kapβs) such as Kapβ1. Cargoes possessing an NLS can interact with Kapβ1 

directly or via an adaptor protein, e.g., karyopherin alpha (Kapα) to enable transport through the 

NPC. To do so, Kapβ1 forms a heterodimer with Kapα which can then directly bind to NLS-cargo 

and facilitate its import (Figure 4.11). Ran guanosine triphosphate (RanGTP) gradients control 

the directionality of transport by triggering the release of cargo inside the nucleus231. As the 

number of Kaps by far exceeds the number of NPCs in the cell, there is a high likelihood that the 

pores are always populated by Kaps, but also that Kapβ1transport complexes are formed in close 

vicinity of the NPCs 229. In addition, high binding affinity towards FG Nups is neceassary for NLS-

cargo-Kapα-Kapβ1 ternary complexes to mediate cargo transport 229,232. Therefore, the bigger the 

cargo, the more transport receptors might be required to enable translocation through the NPC 233. 

 

Figure 4.11: Selective nuclear transport of NLS-MCMs facilitated by Kaps.(I) and nuclear localization (II) 

of NLS-MCMs (created with BioRender.com). 
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To examine whether NLS-MCMs follow a corresponding nuclear translocation 

mechanism, we measured the binding of Kapβ1•Kapα and Kapβ1•Kapα•NLS-MCM complexes to 

the FG Nup layer formed on a sensor chip by either cytoplasmic Nup214 or central channel Nup62, 

by surface plasmon resonance (SPR) (Figure 4.12A). Langmuir isotherm analyses using a two-

component fit (Figure 4.12A) demonstrate that there is no significant difference (within error 

limits) in the apparent equilibrium dissociation constants (KD1 and KD2) obtained for the stand-

alone Kapα•Kapβ1 and Kapα•Kapβ1•NLS-MCMs complexes with Nup214 or Nup62 (see Table 

4.1). Since the Kapα•Kapβ1 complex by itself is already multivalently interacting with FG Nups, 

it is expected that the measured apparent KDs would be very similar also for Kapβ1•Kapα•NLS-

MCMs, because the equilibrium dissociation constants approximate very similar values for the 

multivalent binding species, when the number of the binding pockets starts to exceed 10 (e.g. for 

Kaps) 234. Obviously, no difference is expected in the presence of nonNLS-MCMs, which do not 

interact with the Kapα•Kapβ1 and as such do not interfere at all with the Kapα•Kapβ1 binding to 

FG Nups. In Table 4.1, the equilibrium dissociation constants are listed together with the maximal 

SPR binding responses (Rmax1 and Rmax2 in resonance units [RU]) for the binding components with 

KD1 and KD2, respectively.  



 

 
75 

 

Figure 4.12: SPR sensograms resolve the binding interactions of Kapα•Kapβ•NLS-MCMs, 

Kapα•Kapβ1•nonNLS-MCMs, and standalone Kapα•Kapβ1 to Nup214 and Nup62. (A) Langmuir 

isotherms using two-component fit, (B) Langmuir isotherm fits (solid lines) yielding the maximal response 

signal (Rmax; circles). NLS-MCM binding response measured by SPR elicited the highest FG Nup-binding 

response (blue).  NonNLS-MCMs (green) do not bind to the Nup 214 while they demonstrate binding to 

Nup 62, still lower than NLS-MCMs. Standalone Kapα.Kapβ1 binding is shown in red. 
 

Table 4.1 Maximal SPR response signals and equilibrium dissociation constants of nanoparticles/ 

karyopherin complexes to Nups. 

  KD1 (nM) KD2 (nM) Rmax1 (RU) Rmax2 (RU) 

Kapα•Kapβ1•NLS-MCMs 
Nup214 28.2+4.7 1183.5+652 3352.3+373 7599.7+1840 

Nup62 36.7+7.4 3387.6+4190 2967.6+399 16295+1470 

Kapα•Kapβ1•nonNLS-MCMs 
Nup214 23.2+5.5 954.8+647 2723.3+415 5711.8+1480 

Nup62 20.8+2.4 1423+332 2057.2+140 10201+1260 

Kapα•Kapβ1 
Nup214 19.4+4.8 1028.1+779 2672+387 5711.4+1850 

Nup62 22.4+5.7 1077.3+477 1895+229 7495.2+1420 
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Interestingly, an increase of 680 and 1888 RU was detected in the binding to Nup214 

responses (Rmax1 and Rmax2) of Kapα•Kapβ1•NLS-MCMs compared to standalone Kapα•Kapβ1, 

respectively. Notably, the binding of Kapα•Kapβ1•NLS-MCMs to Nup62 led to a much bigger 

increase of 1072 and 8800 RU in the maximal binding responses. In contrast, in the presence of 

nonNLS-MCMs, no (in case of Nup214) or a much smaller (in case of Nup62) increase in the 

maximal binding response was observed for the Kapα•Kapβ1 binding to the corresponding Nup 

which confirms that the observed extra response in case of Kapα•Kapβ1-NLS-MCMs could be 

attributed to the additional NLS-MCMs mass in the binding complex. While compared to NLS-

MCMs, the increase observed for binding of Kapα•Kapβ1 to Nup62 in the presence nonNLS-

MCMs is significantly lower, it can be attributed to the presence and binding affinity of histidine 

arginine repeats on the surface of nonNLS-MCMs. Arginine-rich regions are prone to interact 

with binding sites of Kapα 235,217,236. Nevertheless, our results demonstrate that the HRHRHR 

residues of nonNLS lack the ability to act as NLS due to the marginal binding affinity for Nup62. 

In addition, to compare the NLS functionality in self-assembled MCM nanoparticles to that 

of free NLS-peptide, the binding of both species to FG Nups was determined (Figure 4.13). The 

maximal response signal (Rmax1 and Rmax2) and the equilibrium dissociation constants (KD1 and 

KD2) are summarized in Table 4.2. 
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Figure 4.13: Langmuir isotherm fits (solid lines) for Kapα•Kapβ1•NLS-MCMs elicit the highest FG Nup-

binding response compared to free NLS-peptide as measured by SPR. 

 
 
Table 4.2 Maximal SPR response signals and equilibrium dissociation constants of free peptide/ 

karyopherin complexes to Nups.  

  KD1 (nM) KD2 (nM) Rmax1 (RU) Rmax2 (RU) 

Kapα•Kapβ1•NLS  
(free peptide) 

Nup214 14.6+2.5 1574.6+1340 3282.8+286 7809.3+3870 

Nup62 17.7+3.4 1396.3+990 2706+283 7122+2700 

Kapα•Kapβ1•nonNLS  
(free peptide)  

Nup214 14.1+3.6 878.8+637 2814.9+384 5748.8+1690 

Nup62 14.5+3.2 637.2+216 1804.6+226 4764.2+485 

Kapα•Kapβ1 
Nup214 19.4+4.8 1028.1+779 2672+387 5711.4+1850 

Nup62 22.4+5.7 1077.3+477 1895+229 7495.2+1420 
 

 

NLS-MCM binding to Nup214 and Nup62 provoked a maximal binding response that was 

approximately ∼ 0.5 and 1 kRU higher than free NLS-peptide. This data corroborates that when 

self-assembled into MCMs, NLS-peptides, particularly at higher concentrations, more efficiently 

expose binding sites for karyopherin complex formation that is required for the interaction with 

FG Nups. Thus, the high surface to volume ratio offered by nanoparticles represent an attractive 
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approach to substantially enhance the interactions of biomolecules with their microenvironment 

and modulated the physicochemical properties with regard to the original molecule237,238.  

 

4.3.6 Effect of NLS-MCMs on Cell Proliferation 

To evaluate the cytotoxicity of our peptidic DNA delivery platform, we measured cell 

proliferation/viability of MCF-7 cells treated for 24 and 48 h with different types of MCMs (Figure 

4.14) at a peptide concentration of 0.75 mg/ml. Without DNA cargo, the NLS-MCMs and the 

nonNLS-MCMs did not affect cell viability after 24 h or 48 h of incubation, showing that the 

platform by itself is not cytotoxic, also at higher peptide concentrations (Figure 4.15). 

 

 
Figure 4.14: Effect of DNA-free and 22nt ssDNA-loaded NLS-MCMs on cell proliferation at a peptide 

concentration of 1500µg/ml compared to lipofectamine complex with corresponding 22nt ssDNA 

concentration after 24 h of exposure. 

 
Similarly, both NLS- and nonNLS-MCMs loaded with control 22nt ssDNA, scrambled 

oligonucleotide or ASO had no toxic effects on cell viability after 24 h of exposure. In contrast, 

lipofectamine-mediated transfection of 22nt ssDNA at the same concentration used for 
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incorporation into NLS-MCMs (96ng) demonstrated a 40% lower cell viability compared to non-

transfected cells (Figure4.15A). 

 

 

Figure 4.15 A) Effect of DNA-free and 22nt ssDNA-loaded NLS-MCMs on MCF-7 cell proliferation at 

different peptide concentrations after 24 h of exposure. Comparison at 1500µg/ml peptide concentration to 

lipofectamine complex with corresponding 22nt ssDNA concentration. B) lipofectamine-mediated 

transfection of scrambled oligonucleotides and G339-GAP ASO after 48 h of exposure. 

 
After 48 h, however, cells treated with G3139-GAP loaded NLS-MCMs demonstrated a 

reduced cell viability of 65±6%. Conceivably, this reduction is caused by G3139-GAP delivery 

since G3139 ASO was shown to reduce Bcl-2 expression which was associated with apoptosis and 

a decrease in cell proliferation 239–242. Whereas scrambled oligo loaded NLS-MCMs had no toxic 

effects (Figure 4.14), using lipofectamine reagent to transfect scrambled oligonucleotides revealed 

a 20±3% decrease in cell viability after 48 h (Figure4.15B). The apparent absence of cytotoxicity 

renders our peptidic platform a promising candidate for therapeutic applications. 
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4.3.7 Cell Uptake of NLS-MCMs 

Uptake of NLS-MCMs loaded with fluorescent DNA in H2B-GFP expressing HeLa cells 

was examined by CLSM after 5 and 24 hours. The efficiency of 22nt ssDNA uptake at both time 

points was significantly higher for NLS- than for nonNLS-MCMs (Figure 4.15).   

 

 

Figure 4.16: CLSM merged images of H2B-GFP expressing HeLa cells recorded after 5 h and 24 h 

incubation with DNA-loaded nonNLS-MCMs and NLS-MCMs. Scale bars, 20µm. 

 

In addition to the enhanced uptake, we observed an increased translocation of NLS-MCMs 

into the nucleus compared to nonNLS-MCMs. The enhanced cellular uptake can be attributed to 

different properties conferred upon MCMs by the new NLS-peptide. The KR repeats comprising 
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the NLS sequence afford the cell penetrating properties and when exposed on the surface of NLS-

MCMs, aid in overcoming biological barriers243. Many studies firmly support the significance of 

various combinations of lysine and arginine residues in boosting the ability of nanoparticles to 

enter cells 218,244,245. Moreover, the higher positive surface charge (+20 mV versus +3 mV) and 

smaller size (90 nm versus 160 nm) of NLS-MCMs compared to nonNLS MCMs play a crucial 

role in the enhanced uptake 246. 

 

4.3.8 Uultrastructural Localization of NLS-MCMs in Cells 

To reveal the fate of MCMs inside the cell at the ultrastructural level, ultrathin serial 

sections of cell pellets were prepared from HeLa-GFP treated with NLS-MCMs and nonNLS-

MCMs, and examined by electron microscopy (Figure 4.16). Electron micrographs showed that 

NLS-MCMs accumulate at the cytoplasmic face of the nuclear envelope (Figure 4.16A) where 

some of them are associated with NPCs. Nanoparticles were frequently detected at NPCs and 

inside the nucleus, confirming transport through the NPC (Figure 4.16a-d). In contrast, nonNLS-

MCMs were mainly distributed throughout the cytoplasm. Despite the occasional vicinity of 

nonNLS particles to the nuclear membrane, a clear association with the NPC was not evident 

(Figure 4.16B). 
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Figure 4.17: Ultrastructural localization of DNA-loaded NLS-MCMs and nonNLS-MCMs in cells. (A, a-

d), Electron micrographs reveal NLS-MCMs accumulation at the nuclear envelope, associated with NPCs, 

and inside the nucleus. (B) Particles assembled from nonNLS-peptide are occasionally detected near the 

nuclear envelope. (C) Untreated HeLa-GFP cells. Scale bars, 1µm. 

 
This data provides further evidence that the KRKR residues at the hydrophilic end of the 

(HR)3gT peptide serves as functional NLS sequence, able to mediate trafficking of micellar 

particles to the nucleus. Furthermore, the data are consistent with our SPR results which revealed 

no (in case of Nup214) or much smaller (in case of Nup62) binding response for nonNLS-MCMs 
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compared to NLS-MCMs. The presence of histidine-arginine residues on the surface of nonNLS-

MCMs appears to also support transport through NPCs but to a significantly lower extent.  

 

4.3.9 Statistical Analysis of Nuclear Localization of NLS-MCMs 

Because nonNLS-MCMs also appeared to be entering the nucleus to a limited extent, we 

statistically investigated HeLa-GFP cells treated with NLS-MCMs or nonNLS-MCMs loaded with 

fluorescently labeled 22nt ssDNA. Multiple z-stacks of cells were recorded by confocal 

microscopy at 5, 10, 36, and 48 h of MCM incubation and used for 3D reconstructions based on 

which the number of MCMs associated with the nuclear membrane and inside the nuclei were 

determined (Figure 4.17).  

 

 

Figure 4.18: Nuclear accumulation of peptide nanoparticles. Imaris 3D reconstructions from multiple 

confocal sections of HeLa-GFP cells treated for 10h with (A) DNA-loaded nonNLS-MCMs, and (B) DNA-
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loaded NLS-MCMs. MCMs are represented by red dots and the nuclear boundaries as green ‘surfaces’, 

based upon the fluorescence of the corresponding dyes. Displayed spots are at a distance below 0.1 µm to 

the nuclear membrane and are considered to be inside the nucleus.  Dots are displayed in a center point 

mode.  

 
Statistical analysis of 3D reconstructions at different time-points (5, 10, 36, and 48 h) 

demonstrated that there is a significant difference in nuclear localization of DNA-loaded NLS-

MCMs compared to nonNLS-MCMs (Figure 4.18). The average number of DNA-loaded NLS-

MCMs inside the nucleus as well as at the nuclear membrane was at least double the number of 

nonNLS-MCMs (α=0.05, P < 0.01). The ability of DNA-loaded nonNLS-MCMs to enter the 

nucleus can be attributed to the surface-exposed arginine–histidine repeating units which have 

been shown to promote charge interactions with the membrane163. The statistical analysis of 

MCMs in individual cell nuclei confirmed that NLS-MCMs accumulate in the nucleus over time. 

These results suggested that NLS-MCMs are a promising nanocarriers for the delivery of antisense 

oligonucleotides targeting pre-mRNA in the cell nucleus.  
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Figure 4.19:  Statistical evaluation of NLS- compared to nonNLS-MCMs localized inside the nucleus and 

at the nuclear membrane at different time-points by Imaris. Bars represent number of MCMs per nucleus.  

Top, MCMs detected within a distance of ± 0.1 µm to the nuclear membrane were considered on the 

membrane. Bottom, MCMs at a distance below – 0.1 µm to the nuclear membrane were considered inside 

the nucleus. The differences for each time-point were statistically significant between NLS- and nonNLS-

MCMs (p < 0.01) on both graphs. Error bars represent standard error of the mean (SEM). The number of 

analyzed nuclei for 5, 10, 36 and 48 h timepoints were 38, 44, 78, 98 and 41, 41, 78, 116 for nonNLS- and 

NLS-MCMs, respectively. 
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4.4 Conclusion 

In this part of the Thesis, we developed DNA-loaded MCMs to direct DNA delivery to the 

cell nucleus. To this end, we integrated KRKR amino acid residues as NLS targeting moieties in 

the rational design of the amphiphilic (KR)2(HR)2gT peptide. Purely peptidic nanoparticles with 

a positive surface charge of +20 mV and an average diameter of 90 nm had no toxic effect on HeLa 

cells which points to a great potential of NLS-MCMs for a safe delivery of genetic materials to the 

nucleus. Our SPR results confirmed that Kapα•Kapβ1 authenticates and binds NLS-MCMs and 

subsequently facilitates their binding to specific FG Nups in order to efficiently transport particles 

through the NPC. Moreover, molecular and cellular studies together with statistical analysis 

demonstrated that KRKR residues mediate trafficking of micellar particles to the nucleus. TEM-

based ultrastructural results verify that while the majority of NLS-MCMs were detected at the 

nuclear membrane or about to enter the NPC, nonNLS-MCMs were much less abundant in the 

vicinity of the nuclear envelope and showed no apparent association with the NPC. Notably, 

MCMs are thermo-responsive and start to dissociate to smaller micellar structures and/or 

individual micelles after 24 h at 37°C. The ease of producing targeted peptide-based vectors 

through one-step self-assembly besides the countless variations of their amino acid sequence make 

peptides an attractive platform for delivering diverse genetic payloads. Future in vivo 

biodistribution and pharmacokinetic studies are required to explore the biocompatibility and 

stability of peptidic MCM-NPs in model organisms and to optimize their delivery efficiency for 

medical applications. 
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5  NLS-MCMs for the delivery of antisense oligonucleotides 

directed against Bcl-24 

 

 

 

Antisense oligonucleotides (ASOs) are synthetic DNA oligomers who's potential as 

therapeutic agents has been extensively explored 247,248. ASOs modulate the stability, processing, 

or activity of RNA by various mechanisms. In the cytoplasm, ASO are designed to bind to a target 

mRNA which can lead to a steric block of the translation machinery, and more importantly, recruit 

ribonuclease H (RNase H), a ubiquitous endonuclease specific for DNA-RNA heteroduplexes that 

will cleave or degrade the RNA. Once the mRNA is degraded, the ASO is recycled for another 

 
4 A publication based on the data discussed in this chapter is Submitted:  
S. Tarvirdipour, M. Skowicki, C. A. Schoenenberger, L. Kapinos, R.Y. H. Lim, K. Benenson, C. G. Palivan, (2022), 
Submitted. 
 



 

 
88 

base-pairing with any available target mRNA molecule. The overall effect of this procedure is a 

sustained decrease in target mRNA translation and subsequent reduction of the corresponding 

protein level 249,250. In the nucleus, ASO mainly hinder mRNA maturation by inhibiting 5’-mRNA 

cap formation, by RNA splice modulation, and RNase H-mediated pre-RNA cleavage 251. RNase 

H found both in the cytoplasm and the nucleus although it enriches in the nucleus, where it is 

involved in DNA replication 252. Cleavage of mRNA by RNase H is the most validated ASO 

mechanism, widely used for mRNA knockdown 253.  

G3139 is an 18nt phosphorothioate ASO (Genasense®), complementary to the first six 

codons of Bcl-2 mRNA, resulting in the inhibition of mRNA translation and triggering RNase H 

dependent mRNA degradation 254. The Bcl-2 gene product is an integral membrane protein that 

inhibits apoptosis. It has been implicated in the growth of a variety of solid tumors including breast, 

lung, renal, ovary, prostate and skin cancers (melanomas), and has been reported to promote 

chemo- and radiotherapy resistance 255. There are several phase I to III clinic trials investigating 

different ASOs that target bcl-2 256. The aim in G3139 gene therapy is that by downregulating Bcl-

2, a pro-apoptotic effect is achieved that counteracts the cancer cell's ability to evade programmed 

cell death. Although G3139 functions both in the cytoplasm and nucleus, the different subcellular 

localization in particular nucleus affect its therapeutic potency 257,258. Notably, it was shown that 

accumulation of G3139 in the nucleus following cationic lipid transfection correlates with Bcl-2 

down-regulation brought about by the enrichment of RNase-H in the nucleus 259.  

Given peptides unique properties and straightforward production, finetuning functional 

peptides opens multi-faceted avenues in a variety of complex applications including antisense 

oligonucleotide therapies 260,218. The studies described in chapter 4 revealed that ssDNA-loaded 

NLS-MCMs were efficiently internalized into the cytoplasm and trafficked to the nucleus with no 
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cytotoxic effect. To take advantage of these vector properties, we aimed for loading NLS-MCMs 

with G3139, a RNase-H dependent ASO 250 and testing the effect of G3139 delivery on Bcl-2 

expression. Notably, Cheng et al. developed a lipid nanoparticle formulation to deliver chemically 

modified G3139 for lung cancer treatment 261. Their findings suggested that the gapmer version of 

G3139 (G3139-GAP) containing additional 2’-methoxyethyl (2’-MOE) substitutions at the 5' and 

3' end of the ASO, more efficiently downregulated Bcl-2 in A549 lung cancer cells compared to 

the early-generation phosphorothioate G3139 261. 

In this chapter, as a proof of concept we address the potential of NLS-MCM platform as a 

non-viral delivery vector in ASO therapy. In this regard, we investigated the incorporation of 

G3139-GAP and G3139 into NLS-MCMs by characterising the morphology and physicochemical 

properties of ASO-loaded NLS-MCMs. Then, cell studies were performed to evaluate the ability 

of G3139-GAP-loaded MCMs to deliver functional G3139-GAP that can modify Bcl-2 mRNA 

and reduce overall Bcl-2 levels.  

 

5.1.1 Morphology of ASO-loaded MCMs 

The ultrastructure of nanocarriers resulting from NLS- and nonNLS-peptide self-assembly 

in the presence of G3139-GAP, G3139 and scrambled non-specific oligonucleotides was examined 

by TEM (Figure 5.1). High magnification TEM micrographs indicated multi-compartment 

micellar nanostructure formation in the presence of all three oligonucleotides similar to that 

previously observed in the presence of the 22nt ssDNA (Figure 4.4). A comparison of NLS- 

(Figure 5.1A) and nonNLS-peptide nanoassemblies (Figure 5.1B) showed that both peptides self-

assembled into MCMs with a similar multicompartment micellar morphology though G1339-GAP 

loaded NLS-MCMs appeared to form large numbers of smaller MCMs. 
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Figure 5.1: TEM micrographs of (A) NLS-MCMs and (B) NonNLS-MCMs loaded with different 

oligonucleotides. Scale bars = 100 nm. 

 
5.1.2 Size of ASO-loaded MCMs 

The scattered numbers measured by DLS demonstrated a narrow size distribution below 

100 nm for all oligonucleotide payloads (Figure 5.2), consistent with DLS measurements obtained 

for the 22ss DNA shown in chapter 4 (Figure 4.6). Size analysis of G3139-GAP loaded NLS-

MCMs by DLS showed a hydrodynamic diameter (DH) of 48±12nm (Figure 5.2A). The 

physicochemical properties of gene delivery assemblies, notably size have a great impact on 

cellular uptake which, in turn may influence the intracellular mobility and stability of 

nanoassemblies and thus, affect transfection efficiency 262. It is noteworthy that an average size 

below 100 nm showed maximum cellular uptake regardless of the nanoparticle core composition 

or surface charge 263. 

 



 

 
91 

 

Figure 5.2: DLS measurements revealing the hydrodynamic diameter of (A) NLS-MCMs and (B) NonNLS-

MCMs loaded with different oligonucleotides.  

 
5.1.3 Charge of ASO-loaded MCMs 

 Zeta potential measurements showed that the surface charge of 25±6 mV for G3139-GAP 

loaded NLS-MCMs (Figure 5.3) is similar to the surface charge of 20±5mV for NLS-MCMs after 

loaded with 22ss DNA. As expected, due to the extra arginines and lysines included in the 

hydrophilic domain of the NLS-peptide, the surface charge of NLS-MCMs loaded with ASOs was 

higher than for corresponding nonNLS-MCMs. A summary of the mean hydrodynamic diameters 

(DH), polydispersity indices (PDI) and zeta potentials for the corresponding MCMs is presented in 

Table 5.1. 
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Figure 5.3: Zeta potential of (A) NLS-MCMs and (B) NonNLS-MCMs loaded with G3139-GAP or G3139. 

 
 
Table 5.1 Characterization of NLS- and nonNLS-MCMs loaded with different oligonucleotides, suspended 

in water, at pH 7. 

MCM-NPs PDI DH 
(DLS-nm) 

Zeta potential 
(mV) 

G3139-GAP loaded NLS-MCMs 0.26 48±12 25±6 
G3139-GAP loaded nonNLS-MCMs 0.28 52±14 10±4 

G3139 loaded NLS-MCMs 0.21 79±7 23±5 
G3139 loaded nonNLS-MCMs 0.23 47±12 9±3 

Nonspecific oligo loaded NLS-MCMs 0.19 76±2 NA* 
Nonspecific oligo loaded nonNLS-MCMs 0.18 58±8 NA* 

*Not Applicable 
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5.1.4 Cellular uptake of ASO-loaded MCMs 

The cellular uptake of NLS- and nonNLS-MCMs loaded with fluorescently labeled 

Atto550-G3139-GAP and Atto550-G3139 was examined in HeLa, PMA-stimulated THP-1 and 

MCF-7 cells by confocal laser scanning microscopy (CLSM). Comparing the confocal images of 

different cells incubated with NPs for 24 h revealed that for all cell lines, significantly higher 

numbers of ASO-loaded NLS-MCMs were internalized compared to nonNLS-MCMs (Figure 

5.4).  However, CLSM images showed no major difference between G3139-GAP and G3139 

payloads. As detailed in chapter 4 for NLS-MCMs, the higher uptake efficiency of ASO-loaded 

NLS-MCMs can be largely attributed to surface-exposed NLS functional groups consisting of 

arginine–lysine repeating units which also contribute to the higher positive surface charge of NLS-

MCMs. The cell penetration properties of arginine, lysine and histidine have been extensively 

utilized to translocate payloads across biological membranes 244. 
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Figure 5.4: CLSM merged images of A549, THP-1stimulated with PMA and MCF-7 cells recorded after 

24 h incubation with G3139-GAP- and G3139-loaded NLS- and nonNLS-MCMs. Scale bars, 50µm. 

 

5.1.5 Bcl-2 Downregulation by ASO-loaded MCMs 

We first validated the specificity of primary antibodies to Bcl-2 and GAPDH, a reference 

housekeeping protein, in different cell lines (Figure 5.5). After separating equal amounts of total 

protein extract by SDS-PAGE, proteins were transferred to a carrier membrane which was then 

probed with antibodies against GAPDH and Bcl-2. The intensity of the bands detected by the 
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antibody against GAPDH was comparable for all cell lines, confirming that similar amounts of 

protein were loaded. The antibody against Bcl-2 hardly detected any protein in the A549 cell line, 

whereas for all the other cell lines it revealed two bands, one of which most likely represents the 

phosphorylated form of Bcl-2 264–266. Although normalization against GAPDH showed that THP-

1 cells express the highest level of Bcl-2 protein, we chose to test the effect of NLS-MCMs loaded 

with Bcl-2 antisense oligonucleotides in MCF-7 cells as all our uptake studies were done in 

adherent cells. 

 

Figure 5.5: Validation of antibody against (A) Bcl-2, and (B) GAPDH in untreated THP-1, PMA-stimulated 

THP-1, MCF-7, and A549 cell extracts. For immunoblotting, equal amounts of total protein cell extract 

were loaded in each lane of an anykD precast protein gel and separated by SDS-PAGE. 

 
To obtain quantitative data from Western blots, we determined the linear range of signal 

intensities for GAPDH detection by probing increasing dilutions of MCF7 cell lysates and the 

sensitivity of Bcl-2 detection by probing different concentrations of human recombinant Bcl-2 

(Figure 5.6 A and C, respectively). For GAPDH, the linear regression with R2 of 0.98 

reflected that the loading range of 1-15µg of MCF-7 cell lysates is in the linear range (Figure 5.6 

B). Human recombinant Bcl-2 demonstrated a proportional increase in the band intensity in the 

range of 0.25-10ng (Figure 5.6 D). 
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Figure 5.6: Linear relationship between sample concentration and band intensity in Western blot probed 

with (A, B) antibodies against GAPDH, and (C, D) antibodies detecting Bcl-2. 

 
To assess whether NLS-MCMs loaded with ASOs against Bcl-2 had an effect on Bcl-2 

protein levels, MCF-7 cells were treated with equal amounts (7.3×107 ± 9.86×106 NPs/ml) of NLS- 

and nonNLS-MCMs loaded with G3139, G3139-GAP, a scrambled oligo (negative control), and 

with ASO/lipofectamine complexes (positive control) for 48 h. Western blots with 10µg of cell 

lysates probed with antibodies against Bcl-2 and GAPDH revealed a decrease of Bcl-2 in cells 

transfected with NLS-MCMs loaded with G3139-GAP compared to untransfected cells (Figure 

5.7 A, B). Consistent with the study by Cheng et al., our data for NLS-MCMs demonstrated a 

higher reduction in Bcl-2 protein levels for G3139-GAP than G3139  (Figure 5.7) 261. For G3139-

GAP payload, Bcl-2 levels were decreased by 19% in cells transfected with NLS-MCMs whereas 

nonNLS-MCMs appeared to have no effect on Bcl-2 translation. It is possible that decrease 

mediated by NLS-MCMs reflects the increased nuclear localization of the NPs and a 
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corresponding release of the ASO. Transfection with lipofectamine/ASO complex showed a 

stronger decrease in the level of Bcl-2 (33% versus 19%). However, as shown in Figure 4.14, 

lipofectamine complexes exhibit considerable cytotoxicity which overrides the advantage of the 

increased downregulation. 

 
Figure 5.7: Western blot analysis of Bcl-2 proteins in 10µg of MCF-7 cell lysates (A)NLS and nonNLS 

MCMs, (B) lipofectamine (positive control). Relative Bcl-2 protein expression to GAPDH upon treatment 

with (C)NLS and nonNLS MCMs, (D) lipofectamine. 

 
 

In the next step, we assessed the particle-number dose response using the four times higher 

MCM concentrations. Western blots were carried out to quantitatively assess overall BCL-2 levels 
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in cells incubated for 24 and 48 h with equal amounts (2.2×108 ± 2.96×107 NPs/ml) of either 

NLS- or nonNLS-MCMs loaded with G3139-GAP or a scrambled oligonucleotide, with MCMs 

not carrying ASO, and with ASO/lipofectamine complexes, and with untreated control cells 

(Figure 5.8 and Figure 5.9). Blots representing total cell extracts were probed with antibodies 

against BCL-2 and GAPDH as an internal loading control 

 

Figure 5.8: Therapeutic effects of NLS-MCMs delivering G3139-GAP ASO. A) Western blot analysis of BCL-2 

proteins in 6µg of MCF-7 total cell extract after 48 h. GAPDH was used as loading control. B) Quantitative 

densitometry of the immunoblots; nonNLS-MCM-treated (light grey bars), NLS-MCM-treated (dark grey bars), 

untreated (black bar). C) BCL-2 expression levels in cells transfected with G3139-GAP relative to scrambled oligo 

delivered with NLS- or nonNLS MCMs. Data are mean ± s.d. of the relative intensity of the bands from three 

independent assays (not significant (ns) p>0.05, ** p < 0.01 and *** p < 0.001). 

 
Comparison of cells transfected with cargo-free, 'empty' MCMs to untransfected cells 

(control) after 24 and 48 h showed that the nonNLS- and NLS-MCM platforms by themselves had 

no significant effect on BCL-2 levels. In contrast, when NLS-MCM nanocarriers were loaded with 

G3139-GAP, after 24 h, a 57% reduction in BCL-2 levels relative to cells transfected with 
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scrambled oligo-loaded NLS-MCMs was observed (Figure 5.8C). More importantly, after 48 h of 

treatment, nuclear targeting of G3139-GAP by NLS-MCMs led to 86% downregulation of BCL-

2 levels relative to cells transfected with scrambled oligo-loaded NLS-MCMs (Figure 5.8C). In 

contrast, delivery of G3139-GAP by nonNLS-MCMs only reduced BCL-2 levels by 8 (after 24h) 

and 4% (after 48h) relative to cells transfected with scrambled oligo-loaded nonNLS-MCMs. 

These data show that the nuclear targeting of the nanocarriers and a corresponding release of 

G3139-GAP are essential for a significant decrease in BCL-2.  

 

Figure 5.9 Therapeutic effects of cells transfected with lipofectamine/G3139-GAP complex. A) Western 

blot analysis of BCL-2 proteins in 6µg of MCF-7 total cell extract after 48 h. GAPDH was used as loading 

control. B) Quantitative densitometry of the immunoblots. Lipofectamine-treated (light grey bars), NLS-

MCM-treated (dark grey bars), untreated (black bar). C) BCL-2 expression levels in cells transfected with 

G3139-GAP relative to scrambled oligo delivered with NLS-MCMs or lipofectamine complexes. Data are 

mean±s.d. of the relative intensity of the bands from three independent assays. 

 

Notably, when compared to cells transfected with lipofectamine/G3139-GAP complexes 

relative to lipofectamine/scrambled oligo complexes at corresponding ASO concentrations, we 
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observed a more efficient BCL-2 reduction by G3139-GAP loaded NLS-MCMs (57% versus 45% 

after 24 h and 86% versus 63% after 48 h) (Figure 5.9 A,B). In a recent study, cell penetrating 

peptide (CPP) conjugated exosomes (EXOs) were used as a platform for ASO delivery 241. Their 

western blot analysis revealed a decrease of 51.71% and 69.69% in BCL-2 levels by EXO-G3139 

and EXO-R9-G3139 in HepG2 cells. In another example, a 70% downregulation in Bcl-2 mRNA 

was found in MCF-7 cells incubated with self-assembled peptide nanofibers for G3139 delivery 

242. In comparison, our peptidic platform with G3139-ASO payloads for BCL-2 protein 

downregulation displayed stronger downregulation effect after 48 h which suggest that NLS-

MCMs are promising nanocarriers for efficient delivery of therapeutic oligonucleotides to the 

nucleus.   
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6 General Conclusion and Outlook  

In this thesis, cationic amphiphilic peptides were designed for maximizing their potential 

for gene delivery applications. Peptides are particularly attractive building blocks for non-viral 

delivery platforms due to their biocompatibility and biodegradability which are critical properties 

for in vivo applications. Moreover, peptides offer diverse functional properties provided by a 

variety of interactions among the amino acids side chains. The peptide sequences described in this 

thesis combine truncated gramicidin A (gT) repeats as the hydrophobic domain combined with a 

rational design of positively charged amino acids comprising the hydrophilic domain. The gT 

sequence consists of highly hydrophobic L-tryptophan-D-leucine [LW-DL] repeats, displaying a β-

turn secondary structure in aqueous solution. The hydrophilic domain can be tailored to exhibit 

specific properties and/or intended functionalities, e.g by selecting defined combinations of 

positively charged histidine, arginine and lysine residues. Our study demonstrates that the 

combination of positively charged amino acids plays a role not only in the electrostatic interactions 

with oligonucleotides but also strongly influence the performance of non-viral vectors in 

physiologically relevant environments due to their chemical characteristics. 

We first produced purely peptidic nanoparticles that efficiently entrapped single- and 

double-stranded DNA sequences of different lengths. We showed that peptides hierarchically self-

assemble and finally form multicompartment micelles, have the capacity to embed various 

oligonucleotides between their segregated hydrophilic compartments with high loading efficiency. 

By incorporation of histidine-arginine moieties to the hydrophilic domain, the amphiphilic peptide 

(HR)3gT was designed to condense nucleic acid payloads while the hydrophobic core constituted 

the main driving force for self-assembly. Based on rational design of these desired features, 

individual peptide chains were able to form DNA-loaded noncytotoxic peptide nanoparticles by a 
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one-step self-assembly process. Nanoparticles loaded with ssDNA or dsDNA of either 22 and 100 

nucleotides in length ranged between 100-180 nm in diameter and showed good colloidal stability 

at 4°C over months, both of which are essential attributes for biomedical applications.  In addition, 

all types of DNA-loaded nanoparticles demonstrated high loading efficiency and eventually 

released the payloads at 37°C in response to temperature. In addition, by virtue of the (HR)3 

residues, this novel delivery system is prone to be rapidly and effectively taken up by cells.  

The second part of the thesis centers around integrating KRKR, a minimal NLS, into the 

amphiphilic peptide backbone to achieve targeting of genetic materials to the nucleus in addition 

to enhancing cellular uptake efficiency by the extra positive charge. DNA delivery to the nucleus, 

especially when non-viral vectors are used, is a crucial step to ensure genome editing and 

modification of gene expression. The direct integration of (KR)2 in the self-assembling peptide 

represents a novelty in non-viral vector delivery systems. More importantly, introducing the NLS-

targeting moiety as part of the amphiphilic peptide sequence averts additional conjugation steps in 

the preparation of nanoparticles. The successful production of NLS-functionalized, DNA-loaded 

superstructures through a single-step self-assembly process highlights the versatility of 

hierarchical self‐assembly as elegant approach to developing desirable properties and functions. 

Following extensive physicochemical characterization of self-assembled NLS-NPs, we applied 

several state-of-the-art methods to verify that (i) DNA-loaded NLS-NPs are taken up by cells more 

efficiently than corresponding NPs lacking an NLS (non-NLS-NPs), (ii) the NLS mediates 

interactions of the NPs with the nuclear translocation machinery, and (iii) DNA-loaded NLS-NPs 

successfully ferry DNA to the nucleus. In addition, our findings reveal that the NLS-NPs with an 

average size of 90nm, dissociated to smaller multicompartment micelles in response to 

physiological temperature which further facilitated their transport through the nuclear pore. Most 
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importantly, findings with ASO payloads that resulted in up to 86% knockdown of BCL2, an 

inhibitor of apoptosis that is overexpressed in more than half of all human cancers suggest that 

NLS-MCMs are suitable nanovectors for delivering therapeutic oligonucleotides to the nucleus. 

The unprecedented combination of a straightforward manner of production, non-cytotoxicity and 

efficient DNA delivery to the nucleus makes our purely peptidic platform superior to established 

nanocarriers. 

In summary, the present dissertation demonstrates that by rational design of peptides we 

can realize self-assembling multifunctional, biocompatible and biodegradable nanostructures. A 

particular advantage of purely peptidic nanoassemblies is, that functionality can be directly 

integrated in the peptide sequence provided the effect of the functional amino acids on the 

secondary structure and self-assembly behavior are taken into account. Our findings suggest that 

the platform presented in this Thesis has the potential to be further developed for systemic gene 

therapy and vaccination applications. The data from cell studies encourage in vivo studies of the 

the peptidic nanoparticles in order to explore their biological and pharmacological aspects. We 

envisage that our strategy to use self-assembled peptide nanoparticles as DNA carriers can be 

extended to the delivery of the diverse oligonucleotide cargos including mRNA, siRNA and ASO.  

Furthermore, vector functionalities could be broadened by developing a stimuli-responsive peptide 

for triggered delivery of cargo, or by incorporating an MRI contrast agent which converts the self-

assembled nanoparticles from a delivery to a theranostic system. Finally, additional conjugation 

of specific targeting moieties, e.g. antibodies recognizing cell- or tissue-specific markers, to the 

surface of our peptidic nanocarrier would allow targeting and release of payloads at the disease 

site while minimizing off-target effects. A detailed understanding of such purely peptide-based 

platforms is prerequisite for their tuning such as to obtain properties that are desired for biomedical 
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applications, specifically for gene therapy. The presented work unveils the great potential of 

amphiphilic peptide self-assembly into higher ordered nanostructures and functional platforms for 

a broad range of biomedical applications.  
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7 Material and Methods 

7.1 Materials 

Solvents and reagents were purchased from Sigma-Aldrich unless otherwise specified. 

Triisopropylsilane, piperidine and N,N′-diisopropylcarbodiimide (DIC) were of synthesis grade.  

Rink Amide AM resin (0.71 mmol/g) and Fmoc-Trp(Boc)-OH were purchased from IRIS Biotech 

GmbH. All other Fmoc-protected amino acids and ethyl cyano(hydroxyimino)acetate (Oxyma 

Pure) were purchased from Novabiochem. Dimethylformamide (DMF) was purchased from J.T. 

Baker. Dichloromethane (DCM) and acetonitrile (ACN) were purchased from VWR chemical. 

Solvent exchange was performed in dialysis tubes from Spectrum Laboratories (cellulose ester, 

MWCO 500−1000 Da, 3.2 cm/mL). Atto550 was purchased from ATTO-TEC GmbH. Atto550-

labeled and unlabeled 18 nucleotide (nt) G3139, 18nt G3139-GAP, 22nt and 100nt DNA and their 

unlabeled complementary stands and unlabeled scrambled non-specific sequence were purchased 

from Microsynth. The oligonucleotide sequences are provided in Table 6.1. All cysteine-tagged 

FG domains of human nucleoporins, Nup62, Nup214 and exogenous proteins, such as human 

Kapβ1, Kapα, wild-type Ran (RanWT) were provided by Lim Lab after cloning, expression and 

SDS PAGE purification as described previously 267,268. Fetal calf serum (FCS) and phosphate 

buffer saline (PBS) was purchased from BioConcept. Live cell imaging solution was obtained from 

Thermo Fisher Scientific. Dulbecco’s modified eagle medium (DMEM), Opti-MEM, and 

Pen/Strep were obtained from Gibco life technologies. CellTiter 96 AQueous One Solution Cell 

Proliferation Assay (MTS) was purchased from Promega. 
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Table 7.1 Sequence of oligonucleotides.  

 oligonucleotide sequence 

18nt G3139 5′-T*C*T*C*C*C*A*G*C*G*T *G*C*G*C*C*A*T-3′ 

* Fully phosphorothioate substitudes 

For the labeled batch, Atto550 conjugation to the 5′ end 

18nt G3139-GAP 5′-8*6*8*C*C*C*A*G*C*G*T *G*C*G*C*6*5*8-3′ 

* Fully phosphorothioate substitudes 

5 = 2OMeA, 6 = 2OMeC, 8 = 2OMeU 

For the labeled batch, Atto550 conjugation to the 5′ end 

Scrambled non-specific sequence 5′-G*T *G* A*T *A* C*C *T* C*C *G* T*C *C* G*C *C-3′ 

* Fully phosphorothioate substitudes 

22nt ssDNA  5′-TAA CAG GAT TAG CAG AGC GAG G-3′ 

For the labeled batch, Atto550 conjugation to the 5′ end 

22nt ssDNA complementary strand  5′-CCT CGC TCT GCT AAT CCT GTT A-3′ 

100nt ssDNA  5′-AAA CTC CAA CCA AAA CCT CCT CCC CCA CCC TAA 

CTC ATT ATC CCC CCT TAC CCA TTT ACC CCA ACA 

CAC CAA CCT CCC AAC AAC CTC CCT CCA CCA ACC 

A-3′ 

For the labeled batch, Atto550 conjugation to the 5′ end 

100nt ssDNA complementary strand  5′-TGG TTG GTG GAG GGA GGT TGT TGG GAG GTT GGT 

GTG TTG GGG TAA ATG GGT AAG GGG GGA TAA TGA 

GTT AGG GTG GGG GAG GAG GTT TTG GTT GGA GTT 

T-3′ 

 

 

7.1.1 Peptide Synthesis and Purification 

(KR)2(HR)2gT peptide consists of 23 amino acids (AA), H2N‐[K‐R]2‐[H‐R]2‐[W‐DL]7‐

W‐NH2, (with DL = D‐Leucine), (HR)3gT peptide consists of 19 AA , H2N‐[H‐R]3‐[W‐DL]6‐W‐

NH2, and the previously reported H3gT of 10 AA, H2N‐[H]3‐[W‐DL]3‐W‐NH2 50. All peptides 
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were synthesized using Liberty Blue™ automated microwave peptide synthesizer (CEM, Kamp-

Lintfort, Germany). The synthesis was performed on a rink amide resin using standard 

fluorenylmethoxycarbonyl (Fmoc) solid phase peptide synthesizer chemistry and DIC/OXYMA 

coupling protocols. After completing synthesis in the Liberty Blue™ synthesizer, the peptidyl resin 

was collected and washed alternatingly with DMF and dichloromethane. Peptides were manually 

cleaved from the resin by 5 mL trifluoroacetic acid (TFA) under gentle agitation over a period of 

2 h at room temperature in the presence of scavengers (standard cleavage solution: 

TFA/triisopropylsilane (TIPS)/Water 95:2.5:2.5). The cleavage cocktail was filtered and the resin 

was washed with 1 mL cleavage solution. The peptides were precipitated from the combined 

cleavage solution by the addition of 40 mL cold diethyl ether and pelleted by centrifugation at 

4500 rpm for 3 min at 4°C. The pellet together with supernatant were incubated at -20°C for 1 h 

and again centrifuged under the same conditions and supernatant was discarded. The pellet was 

dissolved in ACN/H2O (1:1) and TFA (0.05%, v/v) solution. The crude peptide was filtered and 

lyophilized. 

Purification of the crude (KR)2(HR)2gT and (HR)3gT peptides was carried out by reversed 

phase high performance liquid chromatography (RP-HPLC) (Prominence 20A, Shimadzu, Japan) 

on a C18 (RP18e, 100 mm × 10 mm, Merck Chromolith, Germany) column whereas H3gT peptide 

was purified on a C18-TSE column (VDSpher OptiBio PUR 300 C18-TSE, 20 x 250mm, VDS 

Optilab, Germany). A mobile phase of water and acetonitrile containing 0.1% TFA with a gradient 

of 35-50% ACN over 40 min for (KR)2(HR)2gT, a gradient of 25-60% ACN over 30 min for 

(HR)3gT and 20-65% ACN over 30 min for H3gT was used to separate peptides. Peptide 

purification was monitored at 280 nm. Fractions of purified peptides were collected, lyophilized 

and stored at −20 °C. The molecular mass of each peptide was determined by PerSeptive 
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Biosystems Voyager-DE-PRO time-of-flight mass spectrometer (MALDI-TOF-MS) in positive 

mode.  Peptides were characterized by analytical high performance liquid chromatography 

(HPLC) and (MALDI-TOF) mass spectroscopy before and after purification. 

 

7.2 Methods 

7.2.1 Self-assembly of Peptide Nanoparticles 

For self-assembly of empty and DNA-loaded peptide nanoparticles, a 1 mg/mL peptide 

stock solution was prepared in 50/50 ethanol/water from the respective lyophilized peptide and 

filtered through a 0.2 μm hydrophilic syringe filter. Self-assembly was achieved via the solvent 

exchange method by dialysing the organic solvent (ethanol) against milli-Q H2O (Merck Millipore, 

Milli-Q Direct 8 water purification system). For loading nanoparticles with DNA, the following 

synthetic DNA cargoes were prepared at a concentration of 100 µM in water: 5'Atto550-labeled 

22nt and 100nt single-stranded DNA (22nt ssDNA / 100nt ssDNA), and 22 and 100 base pair 

double-stranded DNA (22bp dsDNA / 100bp dsDNA) with one 5'Atto550-labeled strand (Table 

6.1). In order to form DNA-loaded peptide nanoparticles, 100 μL of peptide stock solution (1mg / 

mL) were mixed with 3 μg of DNA (100 μM solution). The DNA-peptide mixture was then 

adjusted to a final volume of 500 μL in a final concentration of 35% ethanol and transferred to a 

prewashed 500−1000 MWCO dialysis tube. The self-assembly was induced by dialysis at 4°C for 

approximately 20 h against two changes of 500mL ultrapure DNase/RNase-free distilled water. 

To prepare the control nanoparticles without DNA, peptide solutions were diluted to a 

concentration of 0.2 mg/mL in a corresponding final ethanol concentration and subsequently 

dialyzed under the same conditions. 
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7.2.2 Dynamic Light Scattering 

The mean hydrodynamic diameter (z-average) and polydispersity index (PDI) of the self-

assembled peptide nanoparticles were determined by dynamic light scattering (DLS) at a 

wavelength of 633 nm at 25°C with an angle detection of θ = 173° using a Zeta Sizer Nano ZSP 

(Malvern Instruments Ltd., UK). All measurements were performed in triplicate. 

7.2.3 Zeta-potential 

For measuring the zeta-potential by Zeta Sizer Nano ZSP (Malvern Instruments Ltd., UK), 

500 μL of self-assembled peptide nanoparticles in water were added to a cuvette and the zeta-

potential recorded after each polyelectrolyte deposition. Zeta potential data represent the mean of 

three consecutive measurements. 

7.2.4 Transmission Electron Microscopy 

For transmission electron microscopy (TEM), aliquots of self-assembled peptide 

nanoparticles were deposited on a glow-discharged, carbon-coated, parlodion-(2% in n-butyl 

acetate) copper grid and adsorbed for 2 min. Excess liquid was blotted with a filter paper and grids 

were negatively stained for 10s with 5 μL 2% uranyl acetate, washed 3 times with water and dried.  

Grids were examined with a CM100 transmission electron microscope (Philips, Eindhoven, The 

Netherlands) operated at an accelerating voltage of 80 kV. 

7.2.5 Cryogenic Electron Microscopy 

Four microliters of self-assembled peptide nanoparticles were adsorbed onto glow 

discharged carbon-coated grids (Lacey, Tedpella, USA). Excess sample was blotted off with grade 

1 Whatman filter paper for seconds to produce a thin aqueous film, which is subsequently vitrified 

by plunge freezing. Frozen grids were transferred at −178 °C into a Gatan 626 cryoholder and 

imaged by Talos electron microscope (FEI, USA). Electron micrographs were recorded at an 
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accelerating voltage of 200 kV while keeping the sample at low temperatures. Resulting cryo-EM 

micrographs were recorded on a CETA camera (4096 × 4096 pixels; Thermo Fisher). 

7.2.6 Nanoparticle Tracking Analysis  

Nanoparticle tracking analysis (NTA) was performed using a NanoSight NS 300 

instrument (NanoSight Ltd, Amesbury, UK) equipped with a 532‐nm laser. NTA software 

calculates the size based on tracking the Brownian motion of the particles and using the velocity 

of the particle movement to apply into the 2D Stokes-Einstein equation. Self-assembled peptide 

nanoparticles were diluted 20-fold and delivered to the viewing chamber using a 1 mL syringe. For 

each measurement, three videos of 60 s were captured at room temperature. Particle movement was 

analysed by the NTA software (version 3.4, NanoSight) based on tracking each particle on a frame-

by-frame basis in order to give the mean and median particle size together with the estimated 

concentration of nanoparticles in solution. To determine DNA loading efficiency, NTA data for 

each Atto550-DNA loaded peptide nanoparticles was recorded under scatter and fluorescence 

mode.  The NTA acquisition settings were kept constant between measurements.  

7.2.7 Fluorescence Correlation Spectroscopy 

Fluorescence correlation spectroscopy (FCS) experiments were performed at 20°C on a 

Zeiss LSM 880 laser-scanning microscope equipped with a 40x water immersion objective (C-

Apochromat 40x, NA 1.2) (Carl Zeiss, Jena, Germany). For each measurement, 10 µL of sample 

(Atto550-dye, Atto550-labeled DNA in solution and Atto550-DNA-loaded peptide nanoparticles) 

were placed on a 22 × 50 mm glass slide. Measurements were performed using a helium/neon laser 

for 561 nm excitation, set at 0.25% laser power, a 488/561/633 main beam splitter (MBS), and a 

pinhole size of 40 μm. 
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Fluorescence signals were measured in a real time (5s with 30 repetitions) and 

autocorrelation function was obtained by a QuickFit 3.0 software calculator. For determining the 

DNA entrapment in peptide MCM-NPs, experimental auto correlation curves were fitted to a two-

component model including triplet state with a structural parameter of 5 (Eq. 1) 175,269,270. 
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Where, 𝜏+" and 𝜏+, are the diffusion time and 𝑓" and 𝑓, are the fraction of the 

corresponding component, Atto550-labeled free DNA and Atto550-labeled DNA entrapped inside 

the peptide MCM-NPs, respectively. T is the fraction of fluorophores in triplet state with triplet 

time 𝜏-./0, N is the average number of particles in the confocal volume and R is the structural 

parameter (fixed to 5). 

For the three-dimensional (3D) Gaussian-shaped observation volume (Vobs), identical 

fluorescent species with the volume much smaller than Vobs can move in and out of it. The 

autocorrelation function (𝐺(𝜏)) of the fluorescent specie is determined with Eq.2 175,269,270. 
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where r and l are the radial and axial length of the observation volume, respectively. The diffusion 

time τD of the species can then be related to the diffusion coefficient D by Eq.3175,269,270. 
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With the diffusion coefficient of the fluorescent species and its concentration (N/ Vobs) in a diluted 

sample, finally the hydrodynamic radius (Rh) of the fluorescent species can be calculated using 

the Stokes-Einstein equation175,269,270. 
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where k is the Boltzmann constant, T temperature and 𝜂 the viscosity of the solution. 
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7.2.8 SPR 

Surface Plasmon Resonance (SPR) spectroscopy was used to evaluate Kapα.Kapβ1.NLS-

MCMs interactions with FG Nups (Nup62, Nup214). All SPR binding assays were performed at 

25°C in HEPES (0.025M) with 5mM MgCl2, using a four flow cell BiacoreT200 instrument (GE 

Healthcare), as described previously 267,271. Briefly, HS-(CH2)11-(OCH2-CH2)3-OH (abbreviated 

as PUT, Nanoscience) and cysteine-terminated FG Nups were conjugated to a gold sensor chip in 

cell 1 (as a non-specific reference) and in cell 2 (with the samples). 1% (wt/vol) BSA (Sigma-

Aldrich) solution was prepared in HEPES (0.025M) with 5mM MgCl2, pH 7.2 as a running buffer. 

All proteins and peptide nanoparticles were dialyzed against the same buffer before the 

experiment. Ten titrations at a ratio of 10 to 1 increasing by a factor 2 of Kapα to Kapβ1 to a 

maximum concentration of 400 nM Kapβ1 and 800 nM Kapα were prepared. The ratio of NLS 

and non-NLS peptides to Kapα.Kapβ1 was kept constant by mixing each Kapα.Kapβ1 solution 

with a factor 2 increase, terminating with a maximum concentration of 200 nM of NLS and non-

NLS peptides (for 400 nM Kapβ1 and 800 nM Kapα). Before being injected, buffer solutions were 

filtered (0.22 µm) and degassed and all samples, protein and reagent solutions were centrifuged 

for 15 min at 12000 rpm to remove particles and bubbles. The binding data were analyzed using 

Biacore T200 Control software. 

7.2.9 Thermo-responsiveness of Peptide Nanoparticles 

To analyze the temperature response of self-assembled peptide nanoparticles, 200 μL of 

empty and DNA-loaded peptide nanoparticles were diluted two-fold and incubated at 37 °C for 

the times indicated. Nanoparticles size and morphology were examined by DLS and TEM before 

incubation and at the time points indicated.  
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7.2.10 Cell Culture 

HeLa and Histone H2B-GFP expressing HeLa, and MCF-7 human breast carcinoma cell 

lines were routinely subcultured in DMEM with 1x Glutamax-I (4.5g/L glucose; Gibco) 

supplemented with 10% fetal calf serum (FCS; BioConcept). A549 human lung carcinoma and 

THP-1 human leukemia monocytic cell lines were cultured in RPMI-1640 (BioConcept) 

supplemented with 10% FBS and 1x GlutaMAX (Gibco). All cells were cultured at 37 °C in a 

humidified atmosphere with 5% CO2 up to maximum 25 passages. For incubation with MCMs, 

media were supplemented with 1x Penicillin-Streptopmycin (Gibco). 

7.2.11 MTS Cell Viability Assay 

Cytotoxicity of peptide nanoparticles was evaluated by cell proliferation assays using 

tetrazolium compound-based Cell Titer 96® AQueous One Solution Cell Proliferation (MTS) 

assay (Promega). MTS assays were performed according to the manufacturer’s instructions after 

24 hours of treatment with peptide nanoparticles. In brief, HeLa cells were seeded in a 96-well 

plate at 3x103 cells in 100 μL DFCS/well on the day prior to nanoparticle treatment. Subsequently, 

DNA-loaded H3gT, (HR)3gT and (KR)2(HR)2gT peptide nanoparticles and nanoparticles without 

DNA-payload were added to each well to a final peptide concentration of 50, 300, 550, 800, 1050, 

1300, 1550 μg/ml. In the MTS assay for (KR)2(HR)2gT peptide nanoparticles, lipofectamine-

DNA complex as the gold standard for transfection was included at the highest peptide 

concentration (corresponding to 1550 μg peptide /ml and 96ng DNA) to compare the cytotoxicity. 

Untreated cells were used as a reference value for 100% viability. After 24 h of incubation at 37°C, 

20 µl of MTS solution were added to each well, and the plate incubated for 2 h at 37 °C. The 

absorbance of the plate was then read at λ = 490nm using a Spectramax plate reader (Molecular 

Devices LLC, USA). Background absorbance of wells without cells was subtracted from all test 
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wells.  The viability in treated wells was determined by normalizing the absorbance to that of 

untreated control cells. All experiments were performed in triplicate wells for each condition and 

repeated at least twice. 

7.2.12 Cellular Uptake of Peptide Nanoparticles 

For nanoparticle uptake experiments, 3x104 cells per well were seeded in an eight-well 

glass-bottom µ-slide (Ibidi, Germany) and cultured for 24 h before equal concentrations of H3gT, 

(HR)3gT and (KR)2(HR)2gT peptide nanoparticles (determined by NTA) were added to each 

well, except for THP-1 which were induced to differentiate into macrophages by adding xy ng/ml 

of phorbol 12-myristate 13-acetate (PMA) for 48 h. Cells were imaged on a confocal laser-

scanning microscope (CLSM) (Zeiss LSM 880 880 IndiMo, Carl Zeiss Inc. Thornwood, NY) at 5, 

24 and 48 h using the same image acquisition settings for treated and untreated cells. Furthermore, 

cells treated with 100bp dsDNA were imaged over 42 h under live cell conditions (37°C, 5% CO2). 

7.2.13 Protein Extraction 

1.5x105 cells per well were seeded in a 6-well plate and incubated overnight before after addition 

of ASO-loaded MCMs or control MCMs for 48h. After rinsing cells three times with ice-cold PBS, 

400µl of RIPA buffer (Merck) containing a protease inhibitor cocktail (ThermoFisher) were added 

to each well and cells gently scraped off the surface using a rubber cell scraper. Cell lysates were 

then transferred to 1.5 ml Eppendorf tubes and incubated for 30 minutes at 4 °C with constant 

agitation. The cell lysates were spun for 20 min at 12,000 rpm at 4 °C. The protein containing 

supernatant was gently transferred to a fresh tube. Protein concentrations were determined using 

Pierce™ bicinchoninic acid (BCA) Protein Assay Kit (ThermoFisher). The lysates were aliquoted 

and stored at -80 ºC. 
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7.2.14 Evaluation of Bcl-2 Protein Expression by Western Blotting 

Aliquots of protein extracts normalized for total protein concentration according to the BCA assay 

were denatured in Laemmli sample buffer (ThermoFisher) and loaded onto any kD™ mini-

PROTEAN® TGX™ precast protein gels (Bio-Rad). Proteins were resolved by SDS-polyacryl 

amide gel electrophoresis and electrophoretically transferred onto trans-blot turbo mini prewetted 

PVDF membranes (Bio-Rad) according to the manufacturer’s instructions. The membrane was 

blocked with 3% bovine serum albumin (BSA) in PBS/ 0.1% Tween 20 (PBST) for 2 h at room 

temperature with gentle agitation. The membrane was then incubated with either 1:500 dilution 

monoclonal mouse anti-human Bcl-2 (ThermoFisher; Cat. no. 13-880) or 1:500 dilution polyclonal 

rabbit anti-human Bcl-2 (Bio-Rad; Cat. no. VPA00775) together with 1:1000 dilution polyclonal 

rabbit anti-human GAPDH antibody (Bio-Rad; Cat. no. VPA00187) at 4°C overnight with gentle 

agitation. After washing the blot three times for 5 minutes with TBST, the membranes were probed 

with secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Azure, Cat. no. 

AC2114) or goat anti-mouse IgG (Azure, Cat. no. AC2115) at 1:10,000 dilution for 1 h at room 

temperature. The membranes were then washed three times for 5 minutes with TBST and soaked 

in HRP chemiluminescence substrate (Radience Plus solution, Azure) for 30 seconds to detect the 

secondary HRP conjugates. Western blotting images were acquired on an Azure Sapphire 

Biomolecular Imager. The bands were analyzed by Image Lab software from Bio-Rad. 

7.2.15 Ultrastructural Analysis of Peptide Nanoparticles in Cells 

HeLa cells (8x105 cells) were seeded in 100 mm × 15 mm round culture dishes (Thermo 

Fisher) and grown in DMEM supplemented with 10% FCS. After 24h, 1.28×107 ± 4.28×106 of 

DNA-loaded (KR)2(HR)2gT and (HR)2gT peptide nanoparticles (determined by NTA) were 

added to each culture dishes. One plate was left untreated as control. Cells were incubated for 16 
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h at 37 °C in 5% CO2 and then washed four times with PBS. Cells were fixed with 1:1 (v/v) 

medium-fixative (double strength) mixture (the single strength fixative solution consists of 2.5% 

glutaraldehyde + 2% paraformaldehyde in 0.1M PIPES buffer, pH 7) for 20min at room 

temperature, harvested with cell scraper and pelleted by centrifugation at 300 rpm for 5 min at 

room temperature.  Cell pellets were then suspended in single strength fixative for 1h at 4 °C, then 

washed with 0.1M sodium cacodylate buffer three times and embedded in low melting 2% agarose. 

Once solidified agarose pellets were trimmed into 1-2 mm cubes, they were post-fixed in 1% 

buffered osmium tetroxide for 1h at 4 °C, rinsed in distilled water, and finally stained en bloc with 

aqueous 1% uranyl acetate for 1hr at 4 °C in the dark. Cubes were then dehydrated in an ethanol 

series (30, 50, 75, 95% and 100%). After three changes of absolute ethanol, samples were washed 

in acetone and finally embedded in a mixture of resin (EPON812)/acetone followed by pure Epon 

812 resin. Ultra-thin sections (50-70nm thick) were cut and mounted on grids according to the 

regressive EDTA staining protocol 272. In brief, the ultrathin sections were floated in a 6% aqueous 

uranyl acetate solution for 5 min. Thereafter, sections were rinsed with double distilled water 

(H2Odd) and a second floating step in 0.2 M EDTA in H2Odd, pH 7.0 was performed. The sections 

were rinsed again with H2Odd and stained with lead citrate for 5 min. After the final rinsing step 

with H2Odd, sections were imaged on a FEI Tecnai T12   Transmission Electron Microscope 

operating at an accelerating voltage of 120 kV. Micrographs were recorded using a TVIPS F416 

CMOS digital camera (bottom mounted). 

7.2.16 Statistical Analysis of Localized MCMs under live cell conditions 

Histone H2B-GFP expressing HeLa cells (3x104 cells per well) were seeded in DMEM 

medium supplemented with 10% FCS on an eight-well glass-bottom µ-slide (Ibidi, Germany). 

After culturing for 24h, 3.22×108 ± 6.65×107 of NLS and non-NLS peptide nanoparticles 
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(determined by NTA) were added to each well. The 8-well slide was immediately mounted on a 

microscope stage equipped with CO2 chamber and heating module (37°C, 5% CO2) for live cell 

confocal imaging. Samples were excited with 488 nm (green) and 561 nm (red) laser lines. Images 

were obtained with a C-Apochromat 40x /1.2 NA Korr FCS M27 water-immersion objective at an 

image acquisition resolution of 2048 x 2048 pixels. Pinhole diameters were set to 1 airy unit and 

at each timepoint, Z-stacks were captured the with z-resolution of 0.26 µm. To statistically evaluate 

the NLS-peptide nanoparticle translocation to the nucleus, treated cells were imaged at 5, 10, 36, 

and 48h.  Image stacks were analyzed using IMARIS 9.2 software (Bitplane AG, Switzerland) on 

a per pixel basis.  Accordingly, 3D Imaris reconstructions from multiple Z-stacks were created to 

identify and quantify peptide nanoparticles inside and on the membrane of the nucleus. Based upon 

the fluorescence of the objects, the Atto550-DNA-loaded peptide nanoparticles were identified as 

‘spots’ and Histone H2B-GFP expressing nuclei as ‘surfaces’. Quantification of peptide 

nanoparticles in each image stack was performed using the SPOTS option of the IMARIS software. 

SPOTS option allows the detection and visualization of spherical objects in each image stack 

defining their X, Y and Z axial positions, size and signal intensity 273. Colocalization analysis of 

peptide nanoparticles and nuclei was performed on confocal image Z-stacks using the IMARIS 

distance to surface feature. Nanoparticles detected within ± 0.1 µm distance to the nuclear 

envelope were considered associated with the nuclear membrane. Nanoparticles with a distance 

below 0.1 µm to the nuclear membrane were considered to be inside the nucleus. Student’s two-

tailed t-test was used to demonstrate the significance of the statistical difference between NLS and 

non-NLS nanoparticles. A p value ≤ 0.05 was considered significant. The number of analyzed 

nuclei for 5, 10, 36 and 48 h timepoints were 38, 44, 78, 98 and 41, 41, 78, 116 for non-NLS and 

NLS nanoparticles, respectively. Particle counting was carried out with IMARIS 9.2 software. 
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