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The potential of gene therapy to treat genetic disorders relies strongly on the 

efficiency of delivery vectors. The failure of viral gene therapy clinical trails due to 

toxicity, immunogenicity and carcinogenicity raised serious safety concerns and strongly 

motivated a non-viral approach. However, non-viral gene delivery, mainly based on 

lipids and polymers, is currently ineffective for in vivo applications due to poor structural 

control of their DNA complexes and lack of serum stability.  

The research conducted for this thesis was aimed at the design and synthesis of 

unsymmetrical bolaamphiphiles as a new family of non-viral vectors. For this purpose, 

several new bolaamphiphiles (bolas) were obtained by multi-step organic synthesis, 

bearing neutral sugar residue (mannoic, gluconic, lactonic acid or PEG group) and mono- 

or oligo-cationic ammonium-based headgroups, connected by different hydrophobic 

spacers. Within this design, a positively charged headgroup is expected to bind DNA, the 

hydrophobic spacer should drive the formation of a monolayer membrane shell around 

DNA, while the neutral group is to be exposed outside that will prevent further 

aggregation of the complexes. Our different structural characterization measurements 

showed that the self-assembly of bola, their interaction with DNA and the morphology of 

the bolaplexes depend strongly on the bola structure. While the first two generations of 

bolas lack the essential features of nonviral vectors, the final third generation was found 

highly promising. The latter showed strong interaction with DNA and formation of small 

DNA complexes (~100 nm) at low N/P, while at higher N/Ps it was significantly larger 

due to neutralization of their surface charge. Atomic Force Microscopy studies revealed a 

rod shaped or spherical nano-structural morphology of the bolaplexes. Their transfection 

efficiency and intracellular trafficking were tested in different cell lines. Significant 

transfection efficiency was observed in the presence of helping agents like DOPE or 

chloroquine suggesting that the key barrier for their internalization is the endosomal 

escape. Some bolaplex formulations showed transfection efficiency comparable to the 

best commercial transfection agents. Finally, all bolas showed low cytotoxicity. Thus, the 

present work validates a new concept for construction of nonviral vectors featuring 

controlled small size, high efficiency and low cytotoxicity. 

We believe that the bola structure could be further modified to enhance transfection 

efficiency by favouring endosomal escape without use of any helping agent.  
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ASGPR  Asialoglycoprotein receptors 

BC   Bicinchoninic Acid 

BOP (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 

hexafluorophosphate 

bp   Base pair 

CAR   Coxsackie and Adenovirus Receptor 

Cbz   Benzyloxy Carbonyl  

Ch   Cholesterol 

      CMC   Critical micelle concentration 

CT-DNA   Calf Thymus DNA 

DIEA   N,N-Diisopropylethylamine 

DLS   Dynamic Light Scattering 

DMEM   Dulbecco’s modified eagle’s medium 

DMF   Dimethyl formamide 

DMSO   Dimethyl sulfoxide  

DOPC   Dioleoylphosphatidylcholine 

DOPE    Dioleoyl phosphatidylethanolamine 

EtBr  Ethidium bromide 

EM  Electron Microscopy 

FBS  Fetal bovine serum 

HCl   Hydrochloric acid 

HIV   Human Immunodeficiency Virus 

HOBt   1-hydroxybenzotriazole 

HSV   Herpes simplex virus  

kb   Kilo base 

kbp   Kilo base pair 

Luc   Luciferase 



Abbreviations 
 

 8

LL   Lactonolactone 

LUV   Large unilamellar vesicles 

LC-MS   Liquid chromatography-mass spectrometry 

MES   2-(N-morpholino)-ethane sulphonic acid 

MLM   Monolayer membrane 

MS   Mass Spectrometry 

MTT   3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide 

NLS   Nuclear localization signal 

NMR   Nuclear Magnetic Resonance 

Opti-MEM  Reduced Serum Media 

PAM   Polyamidoamine 

PBS   Phosphate buffer saline 

pCMV-Luc Plasmid encoding the photinus pyralis luciferase gene under the 

control of the cytomegalovirus promoter 

pDNA Plasmid DNA 

Pd Palladium 

Pd-C Palladium on carbon 

PE Posphatidylethanolamine 

PEG Polyethylene glycol 

PEI Polyethylenimine 

PLL Poly(l-lysine) 

RLU Relative light units 

RME   Receptor-mediated endocytosis 

RT   Room Temperature 

TAE   Tris-acetate-ethylenediaminetetraacetic acid buffer 

TFA   Trifluoroacetic acid 

TfR   Transferrin receptor 

THF   Tetrahydrofuran 

YOYO-1 1,1’-(4,4,8,8-tetramethyl-4,8 diazaundecamethylene)bis[4-[[3-

methylbenz-1,3-oxazol-2-yl]methylidine]-1,4 dihydroquinolinium] 

tetraiodide 



General Introduction 
 

9 

GENERAL INTRODUCTION 
 

Gene therapy is a rapidly developing area of research representing a fundamentally 

new way to treat a disease. Genetic material (genes) used in such a therapy should 

express a protein or interfere with its synthesis inside the cell. Replacing a defective gene 

with a normal gene and thus restoring the lost gene function in the patient’s body is the 

essence of gene therapy. 

The success in gene therapy strongly relies on the efficiency of delivery vectors. An 

ideal vector should be able to protect gene from all cellular barriers for effective delivery 

to the nucleus, should have the ability to regulate expression of the gene of interest and 

minimize toxicity by targeting specific cells. A variety of gene delivery vectors, viral and 

non-viral vectors, have been developed in past decades. Although viral vectors are highly 

efficient in transfecting cells, there are several concerns that limit their use to deliver 

DNA therapeutics in humans. The major concern is the toxicity of the viruses and their 

potential for generating a strong immune response. All these concerns make non-viral 

vectors, based on lipids and polymers, an attractive alternative. Their key advantages 

over viral vectors are: simplicity of use, large-scale production, ability to carry DNAs of 

large size, and lack of immune response. Their complexes with DNA (lipoplexes and 

polyplexes, respectively) show high efficiency in vitro, though their application for gene 

therapy in vivo remains a challenge. One of the key problems with these vectors is the 

poor structural control of their complexes with DNA.  

The vast majority of natural and synthetic lipids studied so far are “monopolar” 

amphiphiles, i.e. molecules presenting one polar headgroup and generally two 

hydrophobic chains. However, bipolar amphiphiles, which are analogues of lipids 

presenting polar groups at the two opposite sides of the hydrophobic chain(s), so-called 

bolaamphiphiles (bolas), became the matter of intensive research only in the recent years. 

A remarkable feature of bolas is that, in contrast to bilayer membranes formed by lipids, 

they can form monolayer membranes due to the presence of membrane-spanning 

hydrophobic chains responsible for enhanced physical stability of bola membranes. In 

nature, they are mainly present in archaebacteria and ensure the integrity of the bacterial 

membrane at critical temperature and pH. In this context, unsymmetrical bolas, bearing 
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two different polar headgroups, can assemble in a parallel fashion to form asymmetric 

membranes (in form of vesicles or nanotubes) that will present different functional 

groups on each side.  

In the case of membranes generated by unsymmetrical bolas bearing positively 

charged inner and neutral outer headgroups, the inner surface can be used to wrap the 

DNA molecule. While the outer surface, being inert to DNA, would prevent further 

oligomerization of the complex and could be utilized for efficient exposure of the 

biological signal for specific targeting. However, only a few reports have used this 

approach until now. Though the design of organic molecules forming nanotubes is well 

developed, only limited attempts have been made to use these nanostructures as gene 

delivery vehicles. Thus, in line with their ability to interact with DNA, these bola-

molecules can be used as gene delivery vectors, a domain for which “monopolar” 

cationic lipids and other cationic agents are currently maintaining a dominant position. 

In this project, we synthesized several new bolaamphiphiles, bearing neutral sugar and 

positive amine headgroups, connected by different hydrophobic spacers. Self-assembly of 

these bolaamphiphiles in aqueous solutions were determined by a number of physico-

chemical methods: Dynamic Light Scattering (DLS), Gel Electrophoresis, Atomic Force 

Microscopy (AFM), Electron Microscopy and Fluorescence Microscopy. In addition, 

transfection efficiency and cytotoxicity was evaluated in vitro 

Thus, this work introduces new bolaamphiphile-based non-viral vectors and 

provides interesting insights for further improvements of their efficiency. 
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1. GENE THERAPY 
 

1.1 Overview and Historical Prospective 
  

The double-helix model of DNA proposed by ‘Watson and Creek’ in 1953 (1) and 

the concepts of chromosomes, genes, etc., opened a whole new vista of permutations and 

combinations in the treatment of various hereditary diseases. Rapid developments of 

recombinant DNA technology permitted the preparation of large quantities of therapeutic 

proteins. However, after the discovery of nucleic acids by Miescher, and other important 

findings - like  the search for transforming factors (2) and chemical analysis of DNA, it 

was realized that genetic information is transferred via DNA and not by genetic proteins 

or complex polysaccharides. The transfer of this genetic material to a target cell in order 

to achieve a clinical benefit is termed as “Gene Therapy” and was first proposed by 

Friedman and Roblin in 1972 (3).  

Gene therapy brings about tremendous potential in the treatment of various diseases 

and disorders as the defective or absent genes, responsible for the disease, are removed or 

replaced with a 'healthy' or working gene so that the enzyme or protein requirement of the 

body is fulfilled, resulting in elimination of the disease (4). Originally conceived as an 

approach to treat autosomal recessive Mendelian disorders, it is now being applied to a 

broad range of diseases such as cancers, infections and degenerative disorders (5). After 

diagnosis of the problem and construction of appropriate plasmids, gene therapy requires 

effective and safe transfection and gene expression. Transfection describes the transfer of 

genetic material into the cell nucleus, and gene expression indicates the subsequent 

synthesis of the encoded protein by the cell. Due to safety, legal and ethical issues, gene 

transfer in humans is presently permitted only in somatic cells and not in germline cells. 

In more general terms, Gene therapy can be redefined as a method which provides, 

to patient’s somatic cells, the genetic information required for producing specific 

therapeutic proteins to correct or modulate diseases. It involves the three independent 

steps of administration, delivery and expression (6). Introduction of DNA into the body 

refers to administration while delivery consists of the translocation of genetic material 

from the site of administration to the nucleus of the target cell. Finally, expression 
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determines the production of the therapeutic protein in the cell. The purpose of somatic 

gene therapy is to overcome the limitations associated with direct administration of 

therapeutic proteins, including low bioavability, systemic toxicity, instability and high 

cost of manufacturing. 

This research has gained significant attention over the past two decades as a 

potential method for treating genetic disorders such as severe combined 

immunodeficiency (7), cystic fibrosis (8) and Parkinson’s disease (9), as well as an 

alternative method to traditional chemotherapy used in treating cancer (10). Early gene 

therapy studies represented the feasibility of genetic manipulation as a novel treatment 

for disease. The first experiments on cloning of mammalian genes in the late 1970s and 

early 1980’s are commonly seen as the precursors of gene therapy resulting in the first 

human gene therapy trial in 1989 (11). A major setback for gene therapy was the death of 

Jesse Gelsinger in 1999 during a clinical trial due to an adenovirus-based gene vector 

(12). Another unfortunate case occurred in 2002 when two children, treated for X-linked 

severe combined immunodeficiency (SCID-X1), developed leukemia (13). However, the 

treatment was successful in seven other patients. Most recently, a clinical trial on retinal 

dystrophy was performed and improved visual function was observed (14, 15). So far, 

more than 1500 clinical trials have been conducted in humans, where cancer related 

diseases account for the largest number (~65%) of all clinical trials treated by gene 

therapy (Figure 1.1). Cardiovascular diseases are the most common cause of death in 

western countries and 9% of all the clinical trials have been directed against these 

diseases and 8 % against monogenic diseases. 

 

 

 

 

 

 

 

Figure 1.1. Indication addressed by gene therapy clinical trials (2010) modified from 

(http://www.wiley.co.uk/genetherapy/clinical/). 
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 The two different strategies, in vitro and in vivo, for delivering therapeutic 

transgene will be discussed in the following section.  

 

1.2 In Vitro (or Ex-Vivo) and In Vivo Gene Therapy  
 

In vitro gene therapy involves removing tissues from the patient, transfecting (or 

virally-infecting) the cells in culture, and then reimplanting the genetically altered cells to 

the patient. This delivery strategy is more common, but at the same time problematic, 

since it requires (i) a mitotic cell population; (ii) a tissue culture method and (iii) a cell 

transplantation technology. However, this approach has several advantages: (i) gene 

transfer efficiency is generally high; (ii) the transduced cells can be enriched if the vector 

has a specific marker gene and (iii) transduction efficiency can be assessed before re-

implantation. 

On the other hand, in vivo gene therapy requires the transgene to achieve specific 

cell targeting, either through direct tissue injection (brain tumors) and biolistics (dermal 

DNA vaccination) or by receptor-mediated processes (cell specific DNA carriers), within 

the body.  

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Strategies for delivering therapeutic transgene into patient.  
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Importantly, none of these strategies involves reproductive germline cells, therefore 

the genetic alteration will not be transmitted to the next generation. At present, gene 

therapy strategies, both in vitro and in vivo, are mainly focused on the development of 

transgene carrier with less toxicity and prolonged and controlled expression, thereby 

widening the potential application of the therapy to a high spectrum of medical fields. 

However, several barriers need to be overcome for successful application of gene therapy 

into efficient therapeutics. These barriers will be discussed briefly in the next section. 

 

2. GENE DELIVERY BARRIERS 
 

Circumventing the biological barriers to gene delivery is a considerable challenge, 

as it requires the successful transport of the transgene from the site of administration to 

the nucleus of the target cells where it becomes available to the transcription machinery 

or capable of blocking the expression of the defected genes (16). The biodistribution or 

pharmacokinetics of a gene is determined by its interaction with the body, a factor that 

relies on both physicochemical and biological properties. Although efficient and target-

specific gene transfer is difficult to achieve, the route of administration determines the 

number of barriers that need to be overcome for successful gene transfer. These barriers 

fall into two main classes known as extracellular barriers and intracellular barriers.  

 

 

 

 

 

 

 

 

 

Figure 1.3. Multiple barriers for targeted gene expression. 
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2.1 Extracellular Barriers 
 

Successful in vivo gene transfer could be achieved by overcoming the extracellular 

barriers. These biodistribution barriers for systemic gene delivery include physiochemical 

hindrances (such as particle size and surface charge), interaction with blood components, 

recognition by immune system and nonspecific uptake.  

Once in blood stream, transgene is exposed to serum inactivation and degradation 

by nucleases. Therefore, some carrier molecules should be used to encapsulate DNA 

which are capable of protecting and rendering DNA inaccessible to these degradative 

enzymes. Protection could also be achieved by encapsulation in protein capsules, by 

condensation of DNA using cationic carrier system or by entrapping in controlled release 

hydrogels. Thus, steric stabilization can be achieved by creating a ‘brush’ layer of 

“carriers” on the surface of gene, thereby decreasing non-specific interactions.  

Control of size and surface charge play an important role for in vivo gene transfer. 

The structure of the blood capillary wall varies among organs and tissues like in 

discontinuous capillaries of the liver, spleen, and bone marrow sinusoid, large inter-

endothelial junctions, where fenestrations are of up to 150 nm (17). Moreover, strong 

positive charge on the particles facilitates non-specific interactions to the extracellular 

matrix, cell surfaces and plasma proteins (all negatively charged), whereas strong 

negative charge can cause scavenging by phagocytosis via the macrophage polyanion 

receptor.  

Additionaly, nonspecific uptake need to be reduced by attaching  targeting ligands 

such as antibodies (18) and peptides (19) to the surface of the DNA delivery carrier. 

Therefore, the stabilization of genome by a carrier molecule should allow specific cell 

types to be targeted by utilizing the interactions between surface receptors and ligand-

containing gene delivery carrier systems. These ligands can be small molecules (e.g. 

folate, galactose, etc.) or peptides and proteins (e.g. transferrin and antibodies). 
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Thus, the most essential need for efficient gene delivery is to provide steric 

stabilization of gene (as mentioned above), i.e. by controlling the size and surface charge, 

for extended circulation time (20) and to minimize the nonspecific interactions (21, 22) 

and a requirement to place the targeting ligand at the surface of the particle to provide for 

effective and specific binding to cell surface receptors. 

In the following section, various ligands for specific targeting with respect to their 

advantages and mechanism of gene delivery will be reviewed. 

 

2.1.1 Specific targeting 
 

An encouraging technique to achieve specific, efficient and safe gene delivery 

involves binding of targeting gene delivery vehicle to a cell-specific receptor or surface 

marker for subsequent uptake and transport to the nucleus for expression and thus 

permitting selective delivery directly to the patient’s cells in vivo. This concept of 

targeted delivery was proposed by Paul Ehrlich at the end of the 20th century and was 

named as the “magic bullet” concept. Based on the various specific interactions 

discovered in biology, several antibodies or ligands have been investigated to achieve 

active targeting effect to the corresponding antigen- or receptor-overexpressing organs, 

tissues, or cells (23-27).  

Specific targeting may be achieved in two ways: First, tissue or tumor-specific 

promoters may be engineered into the expression vector carrying the gene of interest to 

ensure site-specific expression. Second, the vector-containing vehicle may be constructed 

to deliver the exogenous DNA to the target cells (28, 29).  

Specificity of gene vectors in recognizing the target cells only and exploiting the 

proper intracellular trafficking routes are the key issues in their optimization. In this 

respect, ligand-receptor mediated delivery systems that have the potential to direct cell-

specific gene transfer have received major attention in the past few years, as the naturally 

occurring ligands and their receptors are not only able to achieve site-specific targeting to 

ligand-specific biosites, but they are also biodegradable, non-toxic and non-immunogenic 

(30). Coupling of such growth factors, antibodies or antibody-fragments to DNA 
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complexes not only offers the possibility to deliver gene to the targeted cell, but also 

facilitates internalization of the complexes via receptor-mediated endocytosis (RME).  

The most widely used preexisting targeting ligands are based on endogenous 

molecules, which are already present in the body. Preexisting ligands are often relatively 

easily available and the receptor and its distribution are fairly well studied (31). The use 

of the vitamin folic acid as a ligand is an example of the effective use of the natural 

receptor substrate for targeting. The receptor for folic acid is overexpressed in a number 

of human tumors, including cancers of the ovary, kidney, uterus, testis, brain, colon, lung, 

and myelocytic blood cells (32).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Functions facilitating transport of DNA across cellular barriers: ligands 

interacting with cell surface receptors facilitate target-cell specific uptake via receptor-

mediated endocytosis. In the low pH environment of the endosomal compartment an 

endosomolytic activity mediates the release of the DNA complex into the cytosol. Active 

nuclear transport mechanisms could enhance transfection efficiency and allow successful 

gene transfer in non-dividing cells. These activities might be attached to DNA complexes 

individually or reside in distinct functional domains of chimeric DNA-carrier proteins 

(33). 
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Moreover, Transferrin receptor (TfR) has been used as a target to deliver a wide 

range of therapeutic agents (26, 34). Other ligands that have been examined in this regard 

include insulin (35, 36), asialoorosomucoid (37), and many others (38). The 

asialoorosomucoid receptor, the earliest lectin exploited for this purpose, is expressed in 

hepatocytes (39) and in the model human hepatocellular carcinoma cell line HepG2 

where each cell displays around 200,000 receptors (40). Wu and co-workers were the 

first to couple asialoorosomucoid to PLL for receptor-mediated gene delivery to 

hepatocytes (37, 41). This approach was extended by utilizing a large number of different 

ligands (42).  

At the last, targeting the delivery system have been extensively proposed using 

macromolecular carriers with monoclonal antibodies (43) or carbohydrates (44, 45) as 

target signals. Since the feasibility of using carbohydrate as a ligand to target protein 

receptors at sites of localization, termed 'glycotargeting', was first demonstrated in 1971 

(46), the potential of using carbohydrates to create a truly targeted (or actively-targeted) 

delivery system became more clear. Among them, carbohydrate receptors in the liver, 

i.e., asialoglycoprotein receptors (ASGPR) in hepatocytes and mannose receptors in 

Kupffer and liver endothelial cells were reported by Ashwell and Harford (47). Several 

other macromolecular carriers like galactose (48, 49) have been developed as a targetable 

moiety for liver-specific chemical agent delivery (50, 51). Moreover, lactose has also 

been proposed for specific interaction with the asialoglycoprotein (ASGP) receptors over-

expressed on hepatocyte membranes (52-54) and several other sugar-containing 

conjugates have been used as a target permitting organ specific therapy of liver diseases 

(55).  

After successful gene transfer through extracellular barriers, the gene reach to the 

second class of barriers, known as intracellular barriers, which need to be overcome by 

both in vivo and in vitro gene delivery systems. 
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2.2 Intracellular Barriers 
  

 Cell surface and its interior acts as intracellular barriers for successful transgene 

expression, which need to be overcome in order to develop regulated transport of relevant 

molecules to the cell interior and then towards the nucleus. 

 

Various intracellular barriers will be discussed in this section. 

 

2.2.1 Cellular uptake and endosomal escape 
     

     Cell is the basic functional unit of life and an elaborate structure of barriers that 

serve to maintain its delicate homeostasis. It is defined by a plasma membrane composed 

of a phospholipid bilayer and proteins, containing different cell organelles. One of its 

major characteristics is the separation of genetic material from the rest of the cell, called 

the cytoplasm, by a nuclear membrane. The nuclear envelope is composed of double 

lipidic bilayer membrane which fuses at regular intervals, forming nuclear pores, and thus 

allowing nucleus-cytoplasm trade in both directions. Thus, cell acts as is a system of 

walls and doorways for foreign intruders, like transgene. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Basic structure of eukaryotic cell. 
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Considering the cellular features, the interaction of DNA with the cellular 

membranes is typically very low due to their relatively high negative charge density (56). 

Therefore, steric stabilization of the gene by a cationic carrier could result in its binding 

to the negatively charged cellular membrane. Moreover, eukaryotic cells uptake 

molecules of the outside world by a variety of different mechanisms and target them to 

specific organelles within the cytoplasm. These processes are collectively termed as 

endocytosis. Cells use three major types of endocytosis: phagocytosis, pinocytosis and 

receptor-mediated endocytosis (RME) (Figure 1.6). 

 

 

 

 

 

 

 

 

Figure 1.6. Cellular uptake by endocytosis (Cell Biology Wiki, 2009 Lecture 6, 

http://php.med.unsw.edu.au/cellbiology/index.php?title=2009_Lecture_6).  

 

 Phagocytosis (or "cellular eating") involves uptake of large particles while 

pinocytosis (or "cellular drinking") involves the ingestion of fluid and solutes via small 

vesicles. Some specific molecules are often transported through receptor-mediated 

endocytosis. In this case, the molecules first bind to the specific receptors on the plasma 

membrane where the interior portion of the receptor protein is embedded. The protein 

clathrin then coats the inside of the membrane in the area of the pit. When an appropriate 

collection of molecules gathers in the coated pit, the pit deepens and seals off to form a 

coated vesicle, which carries the molecule into the cell. This is the best-characterized 

mechanism for gaining entry into the cell. After internalization, these molecules are 

delivered to early endosomes, where efficient sorting occurs (57). Some of the molecules, 

in particular recycling receptors, are rapidly recycled back to the plasma membrane for 

reutilization. However, the inability to escape the endosomal compartment presumably 
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results in trafficking via late endosomes to lysosomal compartments where the DNA is 

eventually degraded. Thus, including the uptake of extracellular nutrients, the endocytic 

mechanisms serve other important cellular functions like regulation of cell-surface 

receptor expression, maintenance of cell polarity, and antigen presentation. However, 

efficient endosomal escape is necessary for effective delivery (56). 

 

2.2.2 Cytosolic mobility and nuclear entry 
 

On endosomal escape, DNA must cross the cytosol and nuclear membrane to gain 

access to the transcriptional machinery of the nucleus. The high viscosity of cytosol leads 

to a decrease of plasmid mobility (58). Moreover, the diffusion coefficient of DNA in the 

cytoplasm is inversely related to the size of the plasmid, suggesting that smaller plasmids 

may easily transport to reach nucleus. 

There are three possible routes for DNA transport to the nucleus: 1. it can pass into 

the nucleus through nuclear pores, 2. it can become physically associated with chromatin 

during mitosis when the nuclear envelope breaks down or 3. it could traverse the nuclear 

envelope. Of these three possibilities, the latter seems to be least favorable with no 

experimental support (56). Transport of plasmid DNA by nuclear pores has been 

implicated in numerous studies, particularly when the plasmid contains specific 

sequences recognized by host cell transcription factors (59). Nuclear pores are embedded 

in the nuclear envelope at high surface densities (3000–4000 pores/nucleus) (60)and exist 

in at least two conformational states. The closed state permits the passive diffusion of 

molecules of < 9 nm in diameter, whereas the open state facilitates transport of particles 

of size < 26 nm (61, 62).  

Covalent modification of DNA by the attachment of nuclear localization sequence 

or signal (NLS) has been demonstrated to increase nuclear translocation of DNA (63). 

The use of peptide nucleic acids to non-covalently attach NLS by the formation of site-

specific DNA triplexes has also been reported (64). The most widespread mechanism by 

which DNA is thought to gain access to the nucleus is by association with nuclear 

material on breakdown of the nuclear envelope during mitosis. Thus, the dividing cells 
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often exhibit higher transfectability than non-mitotic cells, indicating that plasmid DNA 

can reach the nucleus during nuclear envelope disassembly (65).  

 

3. GENE DELIVERY VECTORS 
 

The susceptibility of DNA and other nucleic acids to nuclease degradation and the 

unknown abundance of nucleases present in the pathway of in vitro or in vivo 

administered genes generally call for a delivery vector/system that will provide an initial 

packaging. Thus, the main objective in gene therapy is the development of efficient and 

non-toxic gene carriers that can encapsulate and deliver foreign genetic materials into the 

specific cell types. In this quest, the use of nucleic acid as drugs for gene therapy purpose 

has led to the development of sophisticated and efficient DNA carriers, called gene 

delivery vectors. These packaging vectors should not only protect the genes through the 

delivery process, but also preserve the activity of the nucleic acid drugs. 

Thus, an ideal vector should have: 1. low antigenic potential, high capacity and high 

transduction efficiency; 2. allow controlled and targeted transgene expression; 3. of a 

reasonable expense and 4. be safe for both patients and the environment. 

In the following sections gene delivery vectors has been categorised, with respect to 

their advantages as well as disadvantages and the mechanism of gene delivery, as viral 

and non-viral vectors. 

 

3.1 Viral Vectors 
 

Viruses are intra-cellular parasites that infect cells, often with great specificity to a 

particular cell type. Viral vectors are biological systems derived from those naturally 

evolved viruses capable of transferring their genetic materials into the host cells. These 

are one of the major vehicles used in gene therapy to get their carrier sequences 

expressed in the proper host. The recombinant viral vectors can transduce the cell type it 

would normally infect, by replacing genes that are needed for the replication phase of 

viral life cycle (the non-essential genes) with foreign genes of interest. The modification 
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of viruses for the delivery of exogenous genes was first reported in 1968 using the 

tobacco mosaic virus. To produce such recombinant viral vectors the non-essential genes 

are provided in trans, either integrated into the genome of the packaging cell line or on a 

plasmid.  

Nowadays, viruses are employed in more than 60 % of human clinical gene therapy 

trials worldwide. Gene therapy using viral systems has made significant progress for the 

treatment of diseases, such as cancer (66), AIDS (67), and dystrophy (68). The most 

commonly used gene transfer vehicles in clinical trials are adenovirus and retrovirus 

vectors (Figure 1.7). 

 

 

 

 

 

 

 

 

Figure 1.7. Vectors used in gene therapy clinical trials (2010) modified from 

(http://www.wiley.co.uk/ genetherapy/clinical/) 

 

Though a number of viruses have been developed as gene delivery vectors, only 

retrovirus, adenovirus, adeno-associated virus and herpes simplex virus based vectors 

will be discussed in the following sections. 

 

3.1.1 Retrovirus (including lentivirus) 
 

Retroviruses are enveloped single-stranded RNA viruses, with wide applications in gene 

transfer protocols. The ability of retroviral vectors to successfully deliver foreign genetic 

materials was first described in 1981 (69, 70). The most commonly used retroviral 

vectors are based on the moloney murine leukaemia virus (Mo-MLV) and have varying 
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cellular tropisms, depending on the receptor binding surface domain (SU) of the envelope 

glycoproteins. Their structure consists of a diploid genome of about 7-10 kb, composed 

of four gene regions known as gag, pro, pol and env encoding the structural proteins, 

viral protease, integrase and viral reverse transcriptase, and envelope glycoproteins, 

respectively. Following entry into the target cells, the RNA genome is reversed-

transcribed into a double-stranded DNA proviral genome, which further forms a pre-

integration complex with the viral integrase and transported to nucleus (71). Inside 

nucleus, proviral genome is integrated into the host chromosomal genome, where the 

host’s transcriptional machinery gives rise to expression of viral genes. 

The advantages of retroviral vectors include the ability to transduce dividing cells, 

the inability to express any immunogenic viral proteins and long-term transgene 

expression in humans (72). On the other hand, their disadvantages are the random 

insertion into the host genome, which could possibly cause oncogene activation or tumor-

suppressor gene inactivation; the limited insertion capacity (8 kb); the inability to 

transduce non-dividing cells and their inactivation by human complement (73).  

To overcome the drawbacks of retroviruses, vectors derived from lentivirus have 

been constructed as they have the ability to infect and express their genes in both mitotic 

and post-mitotic cells. Additionally, they have two virion proteins (matrix and Vpr) that 

can transport the pre-integration complex across the nuclear membrane in the absence of 

mitosis (74). The most commomly used lentivirus is the human immunodeficiency 

viruses (HIV) that possess all the advantages of retroviral vectors alongwith the 

additional ability to transduce post-mitotic cells. 

 

 

 

 

 

 

 

 

Figure 1.8. Basic Structure of retroviral particle.  
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3.1.2 Adenovirus 
 

Adenoviruses are non-enveloped double-stranded DNA viruses (36 kb) that can 

infect both dividing and non-dividing cell (75, 76).  They are infectious human viruses 

(77), which often cause mild respiratory illness, kerato-conjunctivitis or gastroenteritis. 

Their structure consists of icosahedral capsids composed of 240 hexon capsomeres 

forming the 20 triangular faces of the icosahedron, and 12 penton capsomeres with spike-

shaped protrusions located at the 12 vertices (Figure 1.9). Histon-like viral core proteins 

are associated with the DNA package within the capsid (78, 79). 

The process of virus entry into the cell is mediated by the attachment of the fiber 

knob protein to a high-affinity cell-surface receptor called the Coxsackie and Adenovirus 

Receptor (CAR) (80) and then further progressed by an interaction between cell-surface 

integrins with the capsid (81). The adenovirus virion is endocytosed and a subsequent 

decrease in endosomal pH causes a conformational change to the virion capsid proteins, 

resulting in the release of the capsid into the cytoplasm. The capsid is then transported to 

the nucleus and the genome is released which further undergoes replication and 

transcription. Adenoviral vectors have been widely used for cancer therapy (82-84). 

Adenoviruses vectors present other additional advantages like a relatively large 

transgene capacity and a high efficiency of gene transfer without integration into the host 

genome supplemented by easy manipulations. However, the durations of in vivo 

transgene expression and immunogenicity are limited. 

 

 

 

 

 

 

 

 

 

Figure 1.9. Basic structure of adenovirus particle (85).  
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3.1.3 Adeno-Associated viruses 
 

Adeno-associated viruses (AAVs) are human parvoviruses that normally require a 

helper virus, such as adenovirus, to mediate a productive infection (86). Their structure 

consists of a short, linear, single-stranded DNA genome (87) composed of two open 

reading frames (ORFs), rep (regulation) and cap (structure), and two small (145 bp) 

inverted terminal repeats (ITRs) (88). Similar to adenoviruses, AAVs can infect both 

dividing and non-dividing cells. Their DNA, however, integrate into the host cell genome 

in a similar way as retroviruses (89).  

The main drawback, however, is the need for helper viruses for their production (90, 91) 

which may result in contaminated AAV vectors during preparation. This disadvantage 

was overcame by inducing viral replication through genotoxic stimuli such as heat shock, 

chemicals or irradiation (92). In fact, AAV-mediated gene transduction and antitumor 

effects in vitro and in vivo were significantly enhanced when combined with UV and 

gamma radiation treatments (93-95). In addition to replication difficulties, the packaging 

capacity of this vector is very limited (< 5.0 kb) (96), which is a major limitation of this 

vector system.  

 

3.1.4 Herpes simplex virus  
 

HSV-1 is an enveloped, double-stranded DNA virus with a genome of 152 kb 

encoding more than 80 genes. The virus genome is almost 15 and 4 times bigger than that 

of lentivirus and adenovirus respectively, ranking at the top of viral vector’s capacity. 

These features provide multiple sites of foreign gene insertion, making HSV a large 

capacity vector capable of harboring at least 30 kb of non-HSV sequences representing 

large single genes or multiple transgenes that may be coordinately or simultaneously 

expressed (97). HSV vectors have been used to infect a wide variety of cell types, 

including neurons (98, Lowenstein, 1995 #155, 99), muscle (100), brain tumours (101), 

liver (102), pancreatic islets (103) and pituitary cells (104).  
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A most attractive feature is the efficient infectivity of HSV for a large number of 

cell types, which results in efficient gene transduction. Limitations of these vectors 

include the lack of experience with recombinant herpes viruses in patients, difficulties 

related to long-term transgene expression in certain tissues including brain and 

difficulties related to vector targeting, since the mechanism of HSV attachment and entry 

is complex, involving multiple viral envelope glycoproteins (105). Although recent 

vector modifications have made HSV vectors less toxic (106, 107), the potential 

therapeutic application of HSV vectors, except for cancer gene therapy (108), may be 

limited. 

 

3.2 Non-Viral Vectors 
 

Although viral vectors have demonstrated excellent gene transfer and expression, 

there are several concerns regarding the use of viruses to deliver DNA therapeutics in 

humans. The limitations associated with viral vectors in terms of their limited capacity of 

transgenic materials, induction of strong immune response, inability to transfect non-

dividing cells and significant toxicity (89, 96) have led to the search for alternative 

approaches.  Thus, the transfer of genetic material using viral- based vectors is followed 

by the development of non-viral systems. Non-viral vectors, also called non-biological 

gene delivery systems, can be traced back to the work of Avery, MacLeod, and 

McCarthy, in 1944 which showed that genes were transferred by nucleic acids (109). 

Several studies in the early 1960s reported changes in cellular phenotype following 

exogenous DNA exposure.  

Non-Viral vectors are particularly suitable with respect to simplicity and ease of 

large scale production. Moreover, they lack innate immune response with certain 

exceptions (110). The first non-viral technique to gain wide acceptance was calcium 

phosphate-mediated transfection. This system has undergone little change since being 

well characterized in the early 1970s. It was not until the advent of cationic liposomes in 

1988 that non-viral vectors offered an efficient means to transfer genes into cells.  
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In the past decade, non-viral gene transfer vectors have been actively studied in 

order to obtain structural entities with minimum size and defined shape. The final size of 

a gene transfer vector did not depend on the plasmid DNA length, while the gene transfer 

capacity is said to be effected (111). Moreover, non-viral systems are cationic in nature. 

They interact with negatively charged DNA through electrostatic interactions. The total 

charge however maintains a positive net value, enabling the carrier to efficiently interact 

with the negatively charged cell membranes and internalize into the cell, which occurs 

mainly through the endocytosis pathway (112).   

 

Non-viral gene delivery systems consist of following categories: 

 

3.2.1 Naked DNA 
 

Simple injection of plasmid DNA directly into a tissue without additional help from 

either a chemical agent or a physical force is able to transfect cells. In 1990, Wolff and 

colleagues were the first to report effective expression of intramuscularly injected naked 

plasmid DNA in myofibers (113). The level of gene expression, although relatively low, 

was sufficient for vaccination. Local injection of plasmid DNA into the muscle (113), 

liver (114-116), skin (117), or airway instillation into the lungs (118) leads to low-level 

gene expression. Nevertheless, gene transfer with naked DNA is attractive because of its 

simplicity and lack of toxicity. Practically, airway gene delivery and intramuscular 

injection of naked DNA for the treatment of acute diseases and DNA-based 

immunization, respectively, are the two areas that are likely to benefit from naked DNA-

mediated gene transfer, provided that further improvements are made in delivery 

efficiency and duration of transgene expression (119).  

A broad application of naked DNA-mediated gene transfer may not be conceivable 

because DNA, being large in size and highly hydrophilic, is efficiently kept out of the 

cells by several extracellular and intracellular barriers. Therefore, various manipulations 

have been used to improve the efficiency of the method and several physical methods like 

electroporation, gene gun, ultrasound, high pressure injection, etc. have been established. 

In this section, I will focus mainly on the methods of electroporation and gene gun. 
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3.2.2 Electroporation                                                                                                              
 

Electroporation is the application of high voltage to a mixture of DNA and cells in 

suspension and was first described in 1960s (120). The cell-DNA suspension is placed 

between two electrodes and subjected to an electrical pulse. In this case, DNA enters the 

cells through holes formed in the cellular membrane during the electrical pulse and gets 

trapped within the cytoplasm upon termination of the electrical pulse. For efficient gene 

transfer, electroporation depends upon the nature of the electrical pulse, the distance 

between the electrodes, the ionic strength of the suspension buffer, and the nature of the 

cells. Best results have often been obtained from rapidly proliferating cells. 

Electroporation is a versatile method that has been extensively tested in many types of 

tissues in vivo (121, 122), among which skin and muscles are the most extensively 

investigated, although the system should work in any tissues into which a pair of 

electrodes can be inserted. Because of the necessity of using electrodes, electroporation is 

difficult to be designed for in vivo applications. However, in the recent years, DNA 

electrotransfer to muscle tissue has reached clinical advancement with 8 on-going clinical 

trials (123).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Basic steps involved in electroporation  

(http://www.inovio.com/images/IMG_how_ep_delivers.gif). 
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Major drawbacks of electroporation for in vivo applications are: 1. limited effective 

range of ~1 cm between the electrodes, which makes it difficult to transfect cells in a 

large area of tissues; 2. a surgical procedure is required to place the electrodes deep into 

the internal organs; 3. high voltage applied to tissues can result in irreversible tissue 

damage as a result of thermal heating (124).  For example, electroporation of mammalian 

cells is an inefficient technique since many cells do not survive the high voltage nature of 

this procedure. However, some of these concerns may be solved by optimizing the design 

of electrodes, their spatial arrangement, the field strength, and the duration and frequency 

of electric pulses. 

 

3.2.3 Gene gun 
 

Particle bombardment through a gene gun is an ideal method for gene transfer to 

skin, mucosa, or surgically exposed tissues within a confined area (125). DNA is 

deposited on the surface of gold particles, which are then accelerated by pressurized gas 

and expelled onto cells or tissues. The momentum allows the gold particles to penetrate a 

few millimeters deep into a tissue and release DNA into cells on the path (119). Further 

improvements could include chemical modification of the surface of the gold particles to 

allow higher capacity and better consistency for DNA coating, and fine-tuning of the 

expelling force for precise control of DNA deposition into cells in various tissues (126). 

The major advantage of gene-gun mediated gene transfer is that it does not require the 

use of complex delivery systems. However, a disadvantage is the shallow penetration of 

DNA into the tissues. 
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3.2.4 Cationic lipid based vectors 
 

Felgner pioneered gene delivery using cationic lipids in 1987 (127) and since their 

introduction as gene carriers, cationic liposomes have become one of the most studied 

non-viral vectors. The idea was to neutralize the negative charge of plasmids with 

positively charged lipids to capture plasmids more efficiently and to deliver DNA into the 

cells. The ability to chemically synthesize a wide variety of liposomes have resulted in a 

highly adaptable and flexible system capable of gene delivery both in vitro and in vivo. 

Since the liposome technology is better understood, it should be possible to produce 

vectors with improved in vivo gene delivery for specific targeting. Studies involving 

protein-DNA-liposome complexes were already showing promise in the ability to target 

DNA into the specific cells. However, compared to viral vectors, they demonstrate 

decreased transgene expression, and are relatively transient due to cellular degradation 

and a lack of stable integration into the host genome (128).  

In aqueous media, cationic lipids are assembled into a bilayer vesicular-like 

structure (liposomes). Liposomes are first arranged into multilamellar vesicles, while 

unilamellar vesicles could be obtained by sonication (129), detergent removal (130) or 

extrusion through porous membranes (131, 132). However, more recently, cationic lipid 

emulsions have been described and evaluated as possible non-viral gene carriers (133, 

134).  

One of the most frequently cited cationic lipids “lipofectin”, is commercially 

available and first reported by Felgner in 1987 to deliver genes in vitro. Lipofectin is a 

mixture of N-[1-(2, 3-dioleyloyx) propyl]-N-N-N-trimethyl ammonia chloride (DOTMA) 

and DOPE (a helper lipid) with 100% loading efficiency of its DNA complexes. The lipid 

:DNA ratio and overall lipid concentrations used in forming these complexes are 

extremely important for efficient gene transfer. It has been used to deliver linear DNA, 

plasmid DNA, and RNA to a variety of cells in vitro. Following intravenous 

administration of lipofectin-DNA complexes, both the lung and liver showed marked 

affinity for uptake of these complexes and transgene expression. Moreover, a large 

number of other cationic lipids have been synthesised and studied for gene delivery (135-

141). In the series of various of cationic lipids, DC-Chol, N-[1-(2,3-
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dimyristyloxy)propyl]-N,N-dimethyl-N-(2-hydroxyethyl) ammonium bromide and 

N,N,N-trimethyl-2-bis[(1-oxo-9-octadecenyl)oxy]-(Z,Z)-1propanaminium methyl sulfate 

have been used in human clinical trails by local injection (142).  

 

Due to the close correlation between the structure and related biological activity of 

the cationic lipids as gene delivery vectors, their structure, complexes with DNA, effect 

of helper lipid in transgene delivery and structure/activity relationship will be 

summarized in the following sections. 

 

3.2.4a Structure of cationic Lipid 
 

Their structure is composed of three basic domains: a hydrophobic anchor 

(consisting of one or two fatty acid side chains), a linker and a positive charged 

headgroup thus making them amphiphilic molecules.  

 

 

 

 

 

 

 

Figure 1.11. Schematic presentation of a cationic lipid (143). 

 

For example 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), a commonly 

used cationic lipid for gene delivery, consists of two unsaturated diacyl side chains 

(oleoyl), ester linker and propyl ammonium headgroup (144).   
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Figure 1.12. DOTAP lipid with its three basic domains (89). 

 

A) Hydrophobic anchor 

 

There are two major types of hydrophobic moieties, namely aliphatic chains and 

cholesterol-based derivatives. For aliphatic chains, single-tailed cationic lipids are more 

toxic and less efficient than their double-tailed counterparts (145).  

Single-chain hydrocarbons, like cetyl trimethylammonium bromide (CTAB) and  

6-lauroxyhexyl ornithinate (LHON) are better known as surfactants because of their 

ability to form micelles in solution. Studies revealed that CTAB/DNA complexes remain 

trapped on the external plasma membrane surface, which is a major limiting step in 

transfection. However, their interaction with anionic vesicles, that mimic the cytoplasmic 

facing monolayer of plasma membrane, showed a high transfection efficiency due to 

destabilization of endosomal membrane by cationic surfactants (146). Their use in gene 

therapy is limited due to their toxicity (145). 

The majority of synthesized cationic lipids, like DOTMA and DOTAP, contain 

double chain hydrocarbons. Oleoyl chain (C18:1) is the most frequently used unsaturated 

acyl chain, whereas C14, C16 and C18 are the commonly used saturated hydrocarbon 

chains. The importance of the alkyl chain length in transfection activity was studied in 

vitro by Felgner at al (135), who varied the alkyl chain length in a homologous series of 

hydroxyethyl quaternary ammonium derivatives. It was observed that the alkyl chain 

length can influence the transfection activity. Usually, double-chain hydrocarbons are 

capable of forming liposomes by themselves, but they are often used with helper 

phospholipids, like DOPE, in cationic lipid transfection formulations. 

DOTAP 
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Figure 1.13. Chemical structures of CTAB, DOTMA and LHON. 

 

B) Linker 

 

The linker represents any chemical part between the hydrophobic anchor and the 

headgroup. It ensures the optimal contact between the cationic headgroup and the 

negatively charged phosphates of the DNA. Most of the linker bonds are ether, ester or 

amide bond. Although compounds with ether linker render better transfection efficiency, 

they are too stable to be biodegraded thus causing toxicity. Cationic lipids with ester 

bonds such as DOTAP in the linker zone are more biodegradable and associated with less 

cytotoxicity in cultured cells (147-149), but those with amide linkers are liable to 

decompose in the circulation system.  

 

C) Headgroup 

 

The cytotoxic effect is associated with the cationic nature of the vectors, which is 

mainly determined by the structure of its hydrophilic headgroup. The headgroup often 

consists of primary, secondary, tertiary amines or quaternary ammonium salts, but 

guanidino and imidazole groups have also been tried (150).  

To improve the transfection efficiency, chemical modifications of the headgroup 

were performed by several groups. Felgner et al (135) synthesized a series of 2,3-
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dialkyloxy quaternary ammonium compounds containing a hydroxyl moiety on the 

quaternary amine. These compounds are more efficient in transfection than DOTMA, 

which lacks a hydroxyl group on the quaternary amine. This suggests that the hydroxyl 

group could improve the compaction of DNA. Moreover, DNA can form hydrogen bonds 

with the lipid, and the hydroxyl group can enhance the membrane hydration. Meanwhile, 

by varying the chain length of the hydroxyl-alkyl moiety, keeping the remaining structure 

unchanged, the activity of lipid decreases with the increase in the hydroxyl-alkyl chain 

length. It was speculated that an increase in the number of carbon atoms in the hydroxyl-

alkyl chain, providing more flexibility to the terminal hydroxyl group, could lead to an 

inefficient interaction with DNA. To design lipids containing a headgroup well adapted 

for interacting with the phosphate groups of DNA, Vigneron et al (151) synthesized 

divalent cationic cholesterol derivatives like bis-guanidinium cholesterol, which are able 

to form hydrogen bonds with nucleic acid bases. These compounds were found to be very 

efficient to transfect a variety of mammalian cell lines.  

 

3.2.4b Structure of cationic lipid/DNA complexes 
 

Characterization of the structure of the lipid/DNA complex (lipoplex) is gaining 

more interest, based on the idea that a better understanding of the molecular assembly of 

DNA and cationic lipids should help to establish correlations with their biological 

activity. Indeed, the transfection efficiency of a given lipoplex highly depends on its 

structural and physicochemical properties.  

Lipoplexes form spontaneously when cationic liposomes are mixed with DNA. The 

process involves an initial rapid association of polycationic liposomes and polyanionic 

DNA through electrostatic interaction (152), followed by a slower lipid rearrangement 

process. The structure of lipoplexes is influenced by multiple factors, including the 

charge ratio, the concentration of individual lipids and DNA, the structure of the cationic 

lipid and the helper lipid, the physical aggregation state of the lipids (multilamellar, 

unilamellar liposomes, or micelles), the salt concentration, and the method of preparation 

(153-155). Lipoplexes were then described as aggregates of cationic liposomes 

surrounding DNA molecules that coexist with tubular structures composed of DNA 
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molecules coated by lipid bilayers, giving rise to the so-called “spaghetti-meatballs” 

model.  

However, liposomes composed of DOPC (a helper lipid) and DOTAP (1:1) mixed 

with plasmid DNA revealed that liposomes and DNA are rearranged in a multilamellar 

structure, with DNA intercalated between the bilayers. The mixture of cationic liposomes 

with DNA results in a topological transition from the liposomal structure to a liquid-

crystalline, condensed and globular structure, consisting of DNA monolayers, 

characterized by a uniform interhelical spacing, which are sandwiched between cationic 

lipid bilayers. This structure was designated the Lα
C structure. Dan (156) was able to 

predict the interhelical spacing of complexed DNA molecules by using a simple 

theoretical model that allows the identification of the forces governing DNA adsorption 

on cationic lamellae, and thus provide some support to the experimental observations 

made by Rädler. 

The replacement of DOPC by DOPE in DOPC/DOTAP liposomes leads to a 

transition from the multilamellar structure (Lα
C) to an inverted hexagonal phase (HII

C) 

which consists of DNA coated by cationic lipid monolayers arranged on a two-

dimensional hexagonal lattice (157). This inverted hexagonal structure was in close 

agreement with studies performed by May and Ben-Shaul (158) suggesting that the so-

called “honeycomb” structures consisting of a bundle of plasmid DNA. 

In conclusion, the final structure of the lipoplexes seems to depend on the liposome 

composition. Despite the various morphologies for the lipoplexes presented in the 

literature, it is not yet possible to accurately define the conditions or factors that 

determine each of them. In fact, it could not be excluded that the different structures 

coexist in the same preparation and that the differences involved in the complex 

preparation, which may result from the various techniques that have been used to study 

the lipid bilayers and thus to assess the lipoplexes morphology. 
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Figure 1.14.  Multilamellar and hexagonal arrangement of lipids with DNA. Lα
C: 

lamellar phase; HII
C: columnar inverted hexagonal phase; a: unit cell spacing; δm: bilayer 

thickness; δw: water gap; dDNA: interaxial DNA-DNA spacing (157, 159). 

 

3.3.4c Effect of helper lipid/co-lipid 

 

Co-lipids, also called helper lipids, are in most cases required for stabilization of 

liposome complex by facilitating membrane fusion and help to destabilize the endosome 

(135, 160). Inclusion of these neutral lipids, like dioleoylphosphatidylcholine (DOPC), 

dioleoylphosphatidylethanolamine (DOPE) (161, 162) and cholesterol (Chol) (163, 164), 

into the cationic liposomes has been a common practice in cationic liposome-mediated 

transfection (127, 135, 165-167). 

Spontaneous mixing between cationic lipids and cellular lipids in the membrane of 

the endocytic vesicles is crucial to the endosome-releasing process. Spontaneous lipid 

mixing in endosomes becomes more profound when a non-bilayer-forming lipid such as 

DOPE is used as the helper lipid, rather than a bilayer-forming lipid, DOPC. In many 

cases, an equimolar mixture of a cationic lipid and DOPE ensures an efficient 

transfection (135). 

 

 

(a) (b) 
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Inclusion of DOPE is believed to increase membrane fluidity and facilitate lipid 

exchange and membrane fusion between lipoplexes and the endosomal membrane (162, 

168). A high local concentration of DOPE, which has a strong tendency to form an 

inverse hexagonal phase, may lead to a nonbilayer lipid structure and cause membrane 

perturbation and endosome destruction. However, some multivalent lipids present an 

intrinsic transfection activity, and a helper lipid does not have a major impact on overall 

transfection activity, indicating that multivalent cationic lipids work on a different 

mechanism. In addition, several studies have also shown that inclusion of cholesterol into 

cationic liposomes can enhance the transfection activity at lower cationic lipid to DNA 

ratios (144, 163, 164, 169). Despite the fact that DOPE is found to be effective in 

enhancing the transfection activity of liposomes in vitro, the same may not be efficient 

for systemic gene delivery indicating that the optimal composition of DNA/liposome 

complexes is likely to be condition dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15. Chemical structure of commonly used helper lipids, DOPE, DOPC and 

cholesterol.  
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3.2.4d Structure/activity relationship 
 

Due to the complex factors affecting gene transfer, no clear conclusions have been 

obtained about the possible relationship between cationic lipid structure/composition and 

lipoplex transfection activity (89). The levels of transfection among different cell lines, 

for example, may significantly vary with the same lipoplex formulations (170). More 

importantly, the correlation between in vitro and in vivo experiments is not always 

obtained (171, 172). However, the addition of helper lipids increases the transfection 

ability of lipoplexes both in vitro and in vivo. Among the most commonly used colipids, 

DOPE is more efficient in vivo, while Cholesterol enhances in vitro lipoplex transfection 

(as discussed in Section 3.3.4c).  

Moreover, the transfection efficiency of lipoplexes is affected by physicochemical 

parameters like the size and structure of the cationic lipid, the charge ratio between the 

cationic lipid and the DNA, the structure and proportion of the helper lipid in the 

complexes (119).  

 

3.2.5 Polymer based vectors 
 

Despite the cationic liposomes are the most probable alternative to viral delivery 

systems and their application for gene delivery, they cannot condense DNA efficiently, 

especially those composed of monovalent cationic lipids, resulting in a heterogeneous 

size distribution of the complex. Thus, the major disadvantage of cationic liposomes as 

gene delivery systems is their relatively low transfection efficiency. As an alternative, 

cationic polymers at physiological pH can be combined with DNA to form complexes, 

polyplexes, capable of gene transfer into the targeted cells (89). This DNA packaging 

could be achieved by electrostatic interaction, encapsulation or adsorption (Figure 1.16) 

The most obvious difference between cationic polymers and cationic lipids is that 

they do not contain a hydrophobic moiety and are completely soluble in water (173). 

Compared with cationic liposomes, they have the advantage of compressing DNA 

molecules to a relatively small size (174, 175), which can be crucial for gene transfer as 

small particle size may be favorable for improving the transfection efficiency.  
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Figure 1.16. Gene packaging: The three main strategies employed to package DNA are 

via (1) electrostatic interaction, (2) encapsulation within or (3) adsorption onto 

biodegradable nano or microspheres (176). 

 

Polyplexes based transfection systems have advantages, but they are not ideal as 

these systems suffer from problems in the control of their molecular weight distribution, 

their dispersity, and other quality control issues (177) resulting in low transfection 

capabilities. Moreover, some polymers have inherent potent pharmacological properties 

that make them unfavourable for human use (178). However, modifications to these 

polymers such as molecular weight, geometry (linear vs. branched) and ligand attachment 

can be easily achieved (173), opening the way to extensive structure/function relationship 

studies. 

 

The most widely studied polymers for gene delivery vectors include poly(L-lysine) 

(PLL), poly (ethylenimine) (PEI) and biodegradable polycations.  
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3.2.5a Poly(L-lysine)-based vectors  
 

Poly-L-lysine (PLL) polymers are one of the first cationic polymers employed for 

gene transfer (37). They are linear polypeptides with amino acid lysine as the repeating 

unit, thus possessing a biodegradable nature which is a useful property for in vivo 

applications. However, once into the circulatory system, PLL polyplexes are rapidly 

bound to plasma proteins and hence cleared from the circulation resulting in lower 

transfection efficiency.  

The gene transfer activity of PLL polyplexes without the use of receptor-mediated 

strategies is poor (179) unless endosomolytic or lysosomotropic agents, like chloroquine, 

are added (180, 181). 

          

 

 

 

 

 

Figure 1.17. Chemical structure of Chloroquine. 

 

Chloroquine (CQ), N'-(7-chloroquinolin-4-yl)-N,N-diethyl-pentane-1,4-diamine, 

was discovered in 1934 by Hans Andersag and co-workers. Is a weak base with two pK 

values (10.2 and 8.1) (182). Owing to this property, it passes through the plasma 

membrane and accumulates in acidic compartment in a pH dependent manner (183). It 

raises the pH of acidic compartments of endocytotic pathway, inducing a reduction of the 

delivery to lysosomes and of the intravesicular degradarion of endocytosed material 

(184). This addition, however, causes an increase in toxicity.  

 

The necessity of using chloroquine for PLL-based gene delivery is an important 

drawback with respect to the cationic lipids. Many PLL polymers with different 

molecular weights were tested and evaluated for gene transfer (185-187). It has been 

shown that DNA condensation and transfection efficiency increased with increase in 



Bibliographic Review 

 
 

 43

molecular weight of PLL, but alongwith undesired enhanced toxicity (188). Okuda et al 

(189, 190) reported high transfection efficiency of dendritic poly(L-lysine) of the 6th 

generation (KG6), without significant toxicity or cell specificity.  

Earlier experiments with complexes of lipidic PLL and DNA have been found to be 

more efficient in vitro than the cationic liposomes (191, 192). Moreover, the creation of 

amphiphilic PLL, by linking both PEG and palmitoyl groups to the polymer, reduced 

toxicity without compromising the gene delivery efficiency (179). Cellular uptake and 

gene transfer in the presence (193) or absence (181) of targeting ligands is however still 

dependant on the presence of a positively charged polyplex (193), presumably to allow 

interaction with the negatively charged cell surface and subsequent endosomal uptake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18. Chemical structures of PLL-based gene carriers. PEG, polyethyleneglycol; 

AWBP, arterial wall binding protein; LDL, low-density lipoprotein. 
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3.2.5b Polyethylenimine-based vectors 
 

Polyethylenimine (PEI), a commercially available cationic polyamine first 

introduced by Boussif et al. (194), is one of the most successful and widely studied gene 

delivery polymers (195-197) with high transfection efficiency, but together with high 

cytotoxicity (198). PEI polymers can have linear or a branched topology (Figure 1.19) 

and are available in a wide range of molecular weights.  

 

 

 

 

 

 

Figure 1.19. Structure of linear and branched PEI. 

 

Unlike PLL, this polymer shows efficient gene transfer without the need for 

endosomolytic or lysosomotropic agents. PEI is endocytosed by cells and is also believed 

to facilitate endosomal escape (199, 200). Alongwith the requirement of positive charge 

for a transgene vector, many other factors affect the efficiency/cytotoxicity profile of PEI 

polyplexes such as molecular weight, degree of branching, ionic strength of the solution, 

zeta potential and particle size (196, 201). One study, for instance, showed that low 

molecular weight (10 kDa), moderately branched polymer resulted in efficient delivery 

with low toxicity in comparison with commercial high molecular weight PEI (202). 

Godbey et al. (195) reported that there were mainly two types of cytotoxicity 

associated with PEI-mediated cell transfection, immediate toxicity in case of free PEI and 

delayed toxicity in the cellular processing of PEI/DNA complexes (203). When 

administered in the circulatory system, the free PEIs interacted with negatively charged 

serum proteins (such as albumin) and red blood cells, precipitated in huge clusters and 

adhered to the cells surface (202). This effect could destabilize the plasma-membrane and 

induces immediate toxicity. But, this toxicity decreases when PEI form complexes with 

DNA. The delayed toxicity by PEI/DNA complex can be related to the release of DNA 
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and restoration of free PEI during internalization into the cell's cytoplasm. In cell culture, 

free PEI interacts with cellular components and inhibits normal cellular process that 

causes several changes to cells, like cell shrinking, reduced number of mitoses and 

vacuolization of the cytoplasm. 

 However, higer transfection efficiency with low cytotoxicity can be achieved by 

using targeting ligands, like polyethylene glycol (PEG). For instance, Kircheis et al. (201) 

showed that PEGylated PEI polyplexes attached to tumor-specific ligand transferrin 

resulted in five-fold increase in the transfection efficiency with lower toxicity in 

comparison with PEGylated (transferrin free) PEI polyplexes.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.20.  Chemical structures of polyethylenimine (PEI)-based gene delivery vectors. 
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Han et al. synthesized a water soluble PEI-Chol lipopolymer for gene delivery to 

combine the advantages of both cationic polymer and liposome (204). PEI-Chol is an 

amphiphilic lipopolymer due to hydrophilic and hydrophobic nature of PEI and 

cholesterol, respectively. It may form micelles or micellar aggregates at higher 

concentrations, depending on the hydrophilic–hydrophobic balance between the cationic 

headgroup and the lipid tail. This lipopolymer was found to be non-toxic to a variety of 

cells (205, 206). 

 

3.2.5c Biodegradable polycations 
 

The backbone linkages of most polymeric gene carriers consist either of –C–C– or 

amide bonds, which are not degraded in physiological conditions. Consequently, these 

non-viral carriers are not easily removed by physiological clearance systems and, 

therefore, can possibly accumulate within cells or tissues to elicit further cytotoxicity. To 

address the problems, several biodegradable polycations have been synthesized and 

evaluated as potential gene carriers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.21. Gene carriers based on degradable cationic polymers. 
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In this context, several of these polycations like poly(α-[4-aminobutyl]-L-glycolic 

acid) (PAGA) (207), poly (β-amino ester)s (208), poly(2-aminoethyl propylene 

phosphate) (PPE-EA) (209), DSP, dithiobis(succinimidylpropionate) and degradable 

PEIs (198, 210) were investigated. Generally, the biodegradable polycations showed 

much less cytotoxicity and higher (or comparable) transfection efficiency compared to 

unmodified polycations, such as PLL or PEI (211). 

 

4. Intracellular Trafficking of Lipoplexes and Polyplexes 
 

While the first generation of cationic lipids was already highly efficient in vitro, the 

cationic polymers became popular only after introduction of a second generation of 

cationic polymers, such as polyethylenimines. Starting with a relatively low cationic 

lipid- and polymer-mediated transfection, significant progress was achieved over the past 

decade regarding their complex formation, binding and entry into the cells, and 

transportation of the plasmid DNA into the nucleus.  

In this section, I will focus on the gradual progress of both lipoplexes and 

polyplexes in the elucidation of cellular pathways and the steps that lead to transgene 

expression. At each step, both vectors will be compared and their differences will be 

highlighted. 

 

4.1 Cellular Binding and Uptake 
 

The cell membrane is negatively charged owing to its high content of glycoproteins 

and glycolipids containing negatively charged sialic acid residues that can display various 

types of receptors and antigens, depending on the function of the cell. It is generally 

accepted that interaction of lipoplexes or polyplexes with cells in culture, in the absence 

of serum, is non-specific and involves mainly electrostatic interactions between the 

positively charged complexes and the negatively charged cell surface (Figure 1.22). 

However, only few data on the possible roles of the different cell surface components 

(cell matrix components, phospholipids, glycoproteins) are available.  
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Endocytosis has been established as the main mechanism allowing internalization 

of the lipoplexes and polyplexes inside the cell. The role of this clathrin-mediated 

pathway in the internalization was evidenced by microscopy analysis using endocytosis-

interfering drugs (212, 213). Nevertheless, the exact nature of the endocytotic vesicles 

and the influence of serum and extracellular matrix components on the type of 

endocytosis involved are still a matter of debate.  

Moreover, another study revealed that the direct fusion with the cell membrane and/or 

fluid phase endocytosis may also contribute to the cellular uptake of the lipoplexes (212) 

(Figure 1.24). However, this fusion results in the exclusion of the DNA at the cell surface 

and thereby does not result in its entry into the cell (214).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22. Summary of the steps involved in lipoplex- and polyplex-mediated 

transfection. Lipoplexes and polyplexes are represented by a disc and an ellipse, 

respectively, of red (representing lipid or polymer) and green (representing plasmid 

DNA) (173).  
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4.2 Endosomal Escape 
 

The endocytic pathway for lipoplexes and polyplexes entry into the cells raises the 

question of the mechanisms responsible for the release of the complexes into the cytosol, 

a step that precedes nuclear localization of DNA. Endosomes undergo a relatively rapid 

maturation ending by fusion with lysosomes, an issue which is not expected to be 

productive for transfection. The plasmid may become degraded while reaching the 

lysosomes. Accordingly, for productive transfection, the plasmid needs to acquire an 

access to the cytosol at an earlier stage, presumably by escaping from (early) endosomal 

compartments. The chemical structure of the vector plays a crucial role in this endosomal 

escape. 

 

4.2.1  Lipoplexes 
 

The fusion of the lipoplexes with the endosomal membranes results in the release of 

DNA into the cytoplasm, which was evidenced by several studies (162, 168, 214, 215), 

and a mechanism for this fusion has been proposed by Xu and Szoka (216), on the basis 

of the established ability of membrane phospholipids to flip from one bilayer leaflet to 

the other. In this model (Figure 1.23), the endosomal membrane enveloping a cationic 

lipoplex becomes destabilized by the complex, thus enabling anionic lipids facing the 

cytoplasmic side of the membrane to flip and face the endosomal lumen. These anionic 

lipids mix with the cationic lipids of the lipoplex, laterally diffuse into the complex and 

form charge neutral ion pairs with the lipids of the complex. This process displaces the 

transgene from the cationic lipids, and releases the transgene into the cytoplasm. 

 However, DOPE-containing lipoplexes present a transition from bilayer to inverted 

hexagonal structures (157, 217), which, due to their instability, rapidly fuse to anionic 

vesicles in the membrane and release DNA. Several studies have questioned the role of 

fusion in transfection, however, no obvious correlation was found between fusion of 

lipoplexes with cells and transfection efficiency (214, 215). Moreover, the role of the 

fusogenic helper lipid DOPE was not limited to fusion but also concerned the cellular 
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uptake of lipoplexes and the dissociation of transgene from lipids (218). This role of the 

helper lipid can also vary depending on the cationic lipid and the target cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23. Proposed mechanism of endosomolysis by lipoplex.  Flip-flop. The lipoplex 

becomes endocytosed (1), and destabilizes the membrane, inducing flipping of anionic 

lipids from the cytoplasm to face the endosomal lumen (2). The anionic lipids form 

charge neutral ion pairs with cationic lipids of the complex (3), thus displacing the DNA 

and releasing it into the cytoplasm (4) (219). 

 

Considering the large surface occupied by the cationic lipid bilayer over the endosome 

membrane surface, most of the cationic charges could not be neutralized and the 

transgene would be expected to be only partially released into the cytoplasm. In 

agreement, undissociated lipoplexes were observed in the cell cytosol by electron 

microscopy(220, 221). This leads Ruysschaert and colleagues (222) to propose that 

lipoplexes escape from endosomes into the cell cytosol by a detergent-like destabilization 

mechanism of the endosomal membranes. Once released into the cytosol, the lipoplexes 

dissociate after interaction and/or fusion with the cytosolic membrane network, i.e., the 

endoplasmic reticulum, Golgi, mitochondria, and nuclear membrane to release transgene. 
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4.2.2 Polyplexes 
 

Cationic polymers are devoided of a hydrophobic domain and therefore cannot 

fuse/destabilize the endosome by direct interaction with the endosomal membrane as it is 

the case for cationic lipids. Behr and colleagues proposed a “proton sponge” hypothesis 

that lead to endosomal disruption and the high transfection efficiency in case of 

polyamidoamine (PAM) (223) and PEI (194) probably due to incorporated titratable 

amines into these branched polymers. This hypothesis (Figure 1.26) postulates that at 

physiological pH one upon six nitrogen atoms are protonated, while the proportion 

increases upon lowering the pH, e.g. in endosomes, and generates a charge gradient, 

which induces a Cl– influx. The increase in Cl– concentration induces a water influx and 

ultimately an endosomal swelling and rupture. Indirect evidence that supported their 

hypothesis included the remarkable decrease in the transfection efficiency of PEI 

containing polyplexes when the cells were treated with drugs that prevent endosome 

acidification, such as chloroquine (200, 224). Subcellular fractionation and confocal 

analysis applied to a pancreatic carcinoma cell line incubated with PEI/DNA polyplexes 

revealed that the polyplexes accumulated mainly in the lysosomes (225). Studies also 

revealed that these polyplexes attach themselves to the surface of the lysosomal 

membrane, from which they succeed to enter into the cytoplasm through local membrane 

damage and thus supporting the idea that the transit of PEI polyplexes in an acidic 

compartment is a prerequisite to their escape into the cytoplasm. In another study, the 

effects of the polymers PEI and PAM (containing protonable amines) to those of PLL 

(which is devoid of protonable amines) on pH, Cl– concentration, and volume of 

endosomes after transfection of CHO cells was compared (226). Whereas PEI and PAM 

induced a remarkable increase in the Cl– concentration and volume of the polyplex-

containing endosomes, PLL had no significant effect thus confirming the “proton 

sponge” hypothesis.  
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Figure 1.24.  Proton sponge hypothesis. The polyplex considerably favours proton 

accumulation in the endosome (1), inducing a passive chloride influx (2), and causing an 

osmotic swelling and an endosomal rupture (3) (219). 

 

In fact, the first generation of cationic polymers, such as polylysine or polyarginine, 

was quite inefficient in terms of endosomal escape and transfection efficiencies. This led 

to the development of strategies that enhance the endosomal destabilization by 

polyplexes, like co-incubation of adenovirus particles and polyplexes with the cells to be 

transfected (227). Adenovirus has intrinsic endosomal rupture properties that allow it to 

escape from endosomes with a high efficiency. This allowed an increase in the 

transfection efficiency but required the use of a large number of adenovirus particles per 

cell, eventually causing high toxicity. To circumvent this limitation, adenovirus was 

coupled directly to the cationic polymers via enzymatic or biochemically-based linkage 

(228, 229). However, the use of this method in vivo was again limited by the toxicity and 

immune response toward adenovirus particles. 
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4.3 Nuclear Entry 
 

 Once released into the cytoplasm, the DNA has to move into the nucleus to be 

transcribed. Several studies established that among cells showing cytoplasmic plasmid 

delivery only those with the evidence of nuclear plasmid localization resulted in efficient 

transgene expression (230-232). The narrow functional diameter of the nuclear pores (~ 

25 nm) limits the nuclear translocation of plasmid DNA. Moreover, the stability of the 

DNA in the cytoplasm is compromised by the cytoplasmic nucleases. For instance, the 

half-life of DNA in the cytoplasm of HeLa cells was estimated to be 90 min (233, 234). It 

is not surprising that the nuclear translocation efficiency of plasmid DNA has been 

estimated to be about 1/1000 (235). 

Even though, two main mechanisms were proposed to explain how plasmid DNA 

(released either from a lipoplex or from a polyplex) enters into the nucleus: (1) a passive 

DNA entry into the nucleus during cell division when the nuclear membrane is 

temporarily disintegrated; (2) an active transport of the DNA through the nuclear pores. It 

should be emphasized that these two mechanisms are not mutually exclusive in a given 

cell type. 

 

4.3.1 Lipoplexes 
 

As with the other steps involved in intracellular gene delivery by lipoplexes, the 

knowledge of DNA trafficking to the nucleus is still scarce. Assuming that DNA is lipid-

free, a rapid movement to the nucleus appears to be required in order to avoid its 

degradation by nucleases, as indicated by the finding that free DNA microinjected into 

the cytoplasm is degraded within a short time (236).  

In the absence of cell division, whether DNA penetrates the nuclear membrane 

through pores by a passive diffusion process or through active transport mechanisms 

involving, for example, its non-specific association with receptors for NLS, remains to be 

clarified. The former mode of entry by a passive diffusion process is unlikely to occur, 

since pores act as a size exclusion sieve avoiding the free exchange of macromolecules 

larger than 70 kDa, which is significantly lower than the molecular weight of DNA. It 
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seems that partial coating of DNA with lipid would be advantageous at this stage, not 

only to reduce the size of the plasmid but also to ensure its protection against cytoplasmic 

nucleases. Moreover, it can be speculated that traces of cationic lipid still associated with 

DNA may play a role in the destabilization of the nuclear membrane. However, so far no 

evidence has been reported to support this hypothesis. Studies showed that microinjection 

of free plasmids into the nucleus results in gene expression, whereas microinjection of 

lipoplexes does not, suggesting that total lipid coating of DNA inhibits transcription 

(237). Therefore, it would be highly favourable to have a complete DNA uncoating at the 

interface of the nuclear membrane, just prior to DNA injection into the nucleus. 

 

4.3.2 Polyplexes 
 

Although the transport of the polyplexes through the cytoplasm to the nucleus is 

poorly understood, there is some evidence that polycations protect DNA from cytosol 

nucleases thus resulting in a higher probability for nuclear entry (238). Intact PEI/DNA 

polyplexes were found in the nucleus, indicating that it may not be necessary for the 

polycation to separate from DNA prior to nuclear entry (195, 225, 239). Due to efficient 

nuclear transport, modifications of polycations with NLS or the inclusion in the plasmid 

of nucleotide sequences presenting an affinity for cellular proteins, such as transcription 

factors, greatly enhanced the transfection efficiency (240-242). 
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5. BOLAAMPHIPHILE-BASED VECTORS  
 

5.1 General Introduction 
 

As discussed above, synthetic cationic lipids and polymers became acceptable 

alternatives to viruses as DNA carrier and transfection agents due to their low 

immunogenicity and higher cargo carrying capacity. Furthermore, they can be readily 

prepared and handled. However, they lack sufficient stability for in vivo applications. 

Since the discovery of the DOTMA and its in vitro transfection ability, a large array of 

molecules has been developed to improve the low transfection rates, usually observed in 

vivo by using synthetic carriers. This loss of activity is in part due to the extra- and intra-

cellular barriers that have to be by-passed to induce the final gene expression.  

Thus, a promising alternative consists in using unsymmetrical bolaamphiphiles that 

form monolayer membrane, which are potentially more stable than conventional 

liposomes and are less likely to fuse with each other due to reduced lipid exchange 

(Figure 1.25) (243, 244). 

 

  

 

 

 

 

 

 

 

Figure 1.25. Schematic representation of a polyfunctionalized bolaplex (bola-DNA 

complex) (245).  
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Bipolar amphiphiles, which are the analogues of lipids presenting polar groups at 

the two opposite sides of the hydrophobic chain(s), called bolaamphiphiles (bolas), have 

progressively gained importance in recent years because of their ability to provide well-

defined supramolecular structures and advanced biomaterials. They are also known as 

“bolaform amphiphiles” or “bolaphiles”. 

 

 

 

 

 

 

 

Figure 1.26. Schematic presentation of a bolaamphiphile (bola). Green and blue coloring 

indicates hydrophobic and hydrophilic parts respectively (246). 

 

Heteroditopic 1,ω-bipolar amphiphiles, so-called unsymmetrical bolaamphiphiles, 

in which two different hydrophilic end groups are connected by a hydrophobic spacer 

that has one or two alkyl chains, are one of the cell membrane components of 

thermophilic and acidophilic Archaebacteria (Fig. 1.27) (247, 248). These organisms can 

sustain harsh environments such as high salt concentrations, extreme temperatures or 

very acidic environments (249-251). The archaebacteria bolaamphiphiles are composed 

of acid-stable ether linkages letting them to survive in acidic media; chiral methylated 

centers inducing twisting to form helical structures; pseudo-rotating cyclopentane units 

replacing the chemically sensitive cis-double bonds responsible for higher growth 

temperature adaptation, by providing necessary rigidity and stability of the membrane 

(246). In addition to that, they have been known to form highly stable monolayer lipid 

membranes (MLMs) (246, 252, 253). These advantageous properties of bipolar 

membrane-spanning lipids make them attractive candidates as delivery vector systems 

(254) or supported membrane biosensor devices (255).  
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Figure 1.27. (a) Structural formula of typical bolas from archaebacteria (246). (b) 

Conformation of bolas in the membrane of Archaea; (c) illustration of structure of bolas. 

The skeleton structures represent symmetrical bolas with flexible single, double, half-

loop (left column top down), rigid (right upper), spacer chain, and asymmetrical 

headgroups (right down) (256). 
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5.2 Self-Assembly of Bolaamphiphiles 
 

Molecular self-assembly and self-organization are becoming increasingly 

significant in the elucidation of life processes, and to the generation of new 

supramolecular structures and molecular materials. As a consequence, the most important 

inspirations for the conceptual development of such structures and materials are those 

provided by biological cells, which exemplify the assembly of a variety of different sizes 

and functions (257). In this respect, archaebacteria, which proliferate under extreme 

conditions, provide a rich source of inspiration.  

However, archaebacteria bolaamphiphiles are both difficult to isolate and difficult 

to synthesize. To overcome these limitations, many different synthetic analogs have been 

prepared and studied. These analogs comprise a hydrophobic skeleton, consisting of one, 

two or three alkyl chains, a steroid, or a porphyrin, and two water-soluble groups, one at 

each end (246). Among the different approaches that have been used to synthesize 

bolaamphiphiles are condensation and substitution reactions of commercial α,ω-diols, -

dihalides, and -diamines with dicarboxylates.  

For example, Okahata and Kunitake (1979) succeeded in preparing vesicle with 

monolayer membranes from a single-chain bipolar ammonium salt. Other symmetrical 

bolaamphiphiles have been synthesized with two viologen headgroups (244). The 

synthesis of bipolar amphiphiles with cyclic structures that aggregated into vesicles has 

also been described. Depending on the molecular parameters, bolaamphiphiles can form 

micelles, multilayered sheets, vesicles, rings, or a variety of microstructures with 

cylindrical geometry, such as rods, tubules, ribbons, and helices (258). Recent studies 

have shown that in aqueous solution some single chain bolaamphiphiles form spherical 

vesicles (259)  but others form tube-like vesicles (260) or fibrous (261) structures.  
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Figure 1.28. Proposed molecular model for the self-assembly of the bolaamphiphile. 

Single peptide molecules (a) aggregate together in the form of a micelle (b) and self-

assemble into cylindrical (c) or spherical (d) nanostructures with a hydrophilic core and 

surface (262). 

 

Unsymmetrical bola lipids with polar headgroups of different sizes may exhibit an 

unsymmetrical or a symmetrical type arrangement depending on a parallel or antiparallel 

molecular packing within the monolayer as shown in Figure 1.29 (263).  Great emphasis 

has been aimed to control the polymorphism of bolaamphiphiles because the molecular 

packing affects not only the self-assembled morphologies like solid fibers and tubes, but 

also their dimensions from nanometers to micrometers (258, 260, 264, 265). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.29. Formation of monolayer lipid membranes (MLMs) from unsymmetrical 

bolaamphiphiles and resultant structures formed by the stacking of the MLMs (265).  
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5.3 Effect of Hydrophobic Spacer Chain Length and Headgroup 
 

Over the past decade, the results obtained from synthetic bola molecules have 

demonstrated the existence of complex relationships between spacer’s chain composition 

and headgroups that considerably influence the structure of their supramolecular 

aggregates (257, 266, 267). Consequently, the rational design of well-defined functional 

bolaamphiphiles continues to be challenging in order to analyze the mechanisms involved 

in molecular self-assembly and to develop new advanced materials. The major 

contribution of bolas to supramolecular chemistry lies in the combination of asymmetric 

arrangements of α,ω-headgroups and the formation of cooperative hydrogen-bond or п-п 

interaction chains. The headgroups differentiate between binding to a solid surface and 

interactions with solvents or solutes, while the internal connectivity provides the 

chemical and physical stability of solid surfaces (246).  

Shimizu suggested the odd-even effect on the self-assembly morphology of bolas, 

as the hot aqueous solutions of even-numbered 1(n) compounds (n= 14, 16, 18 and 20) 

became slightly opaque and viscous upon cooling indicating their self-assembly, while on 

the other hand, the odd numbered compounds 1(13) yielded only colorless crystalline 

solids (Figure 1.30) (268, 269). 

 

 

 

 

 

Figure 1.30. Synthetic unsymmetrical bolaamphiphiles 1(n) with an oligo-methylene 

chain having a 1-glucosamide moiety and a carboxylic acid headgroups (265). 

 

  Transmission electron microscopic (TEM) observations revealed nanotube 

formation by the former compounds. Moreover, the bola 1(12) packs into a symmetrical 

MLM, but 1(14) packs into an unsymmetrical MLM with a head-to-tail interface, as 

determined by single-crystal structure analysis. Importantly, the diameter of the obtained 

MLM tubular structures correlated well with the lengths of the alkyl chain. XRD pattern 
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further indicated the effect of chain length on the MLM polymorph of the tubular 

assemblies due to the difference in membrane fluidity. Although, shortening the 

oligomethylene chain increases the molecular fluidity, it transforms into a random 

orientation for very short chain lengths, as found for the shortest-chain 1(12) nanotube 

(Figure 1.31a). Alternatively, the molecule forms a symmetrical MLM, as in the 1(12) 

crystal, in which antiparallel packing best compensates for the dipole moment and the 

void arising from the bulky headgroup (Figure 1.31b). Thus, the chain length effects 

MLMs formation, as in the case of 1(n).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.31. (a-d) Schematic illustration of the effect of the chain length on molecular 

packing in tubular assemblies and crystals of unsymmetrical bolaamphiphiles. (e) 

Schematic models of unsymmetrical bolaamphiphiles 1(n) with a short and a long 

oligomethylene chain and the tubular assemblies from each model (265). 

 

Additionaly, bolaamphiphiles with an electroneutral and an electropositive 

headgroup can present several key advantages as coating amphiphiles for negatively 

charged polyelectrolytes such as nucleic acids. However, cationic DNA carriers suffer 

from severe limitations due to their rapid clearance from the blood together with their 

strong cytotoxicity particularly of a hepatic nature (238, 270, 271). In the case of the 

unsymmetrical bolaamphiphiles, one may assume that if the bolaplexes are endowed with 

a non-ionic outer surface, then their non-specific interactions as well as cytotoxicity, 

would be reduced, hence enhancing their transfection efficiency particularly for in vivo 

applications. 

 

(e) 
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Figure 1.32. Bolas with an electroneutral and a positively charged headgroup may be 

used to neutralize surface charges of polyelectrolytes or colloids as anticorrosive 

monolayers or a solvent for hydrophobic molecules (246). 

 

Carbohydrate residue was probably the most well-established neutral headgroup 

used for bolaamphiphiles. Unsymmetrical bolas with D-glucose and carboxylic acid 

headgroups are known to form nanotube structures (265). Use of electroneutral ligands 

like mannose (272-274), lactose (275) and various carbohydrates (276-278) can induce 

receptor mediated endocytosis.  Various other sugar residues have also been used as a 

functional group for gene transfer (279). 

 

5.4 Bolas as Gene Delivery Vectors 
 

Aiming at the goals of efficient delivery of genetic material to target specific cells 

and its effective expression within the cell, bolaamphiphiles could be an attractive 

alternative to existing non-viral vectors. One approach that would allow to complex DNA 

and to functionalize the surface carrier through membrane targeting or crossing agents 

lies in using dissymmetric (unsymmetrical) bolaamphiphiles. Since they are known to 

self-organize as monolamellar membranes likely to close up as vesicles, thus a parallel 

assembly of that bolas around the DNA might be expected for instance, by using a 

cationic polar head (dedicated to the complexation of nucleic acids) and a second non-

ionic glycosylated polar head. Moreover, the application of an adapted formulation 

composed of bolaamphiphiles first functionalized with targeting or membrane crossing 

agents would improve the in vivo efficiency of these DNA carriers.  
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The potentialities of this family of compounds in DNA vectorization technologies 

have been studied, but none of them studied the correlations between their structures, 

phase behaviour and DNA complexation and transfection activities (280-286). 

So far, α-galacto-ώ-polycationic bola (Gal-CLs) were reported (285) to mediate a 

specific gene transfer, in vitro, into cells expressing ASGP (human HepG2 and murine 

BNL-CL2 hepatocytes). Various cell-targeting ligands, including galactosylated residues, 

were conjugated to the DNA complexes in order to trigger receptor-mediated gene 

delivery.  

Recently, a series of dissymmetric hemifluorocarbon bolaamphiphiles were 

evaluated for DNA complexation as well as in vitro gene transfer carrier (245). These 

compounds showed remarkable modularity which favours variations in a number of their 

structural subunits: (i) a cationic polar head derived from amino acids such as lysine or 

histidine to complex DNA by electrostatic interactions, (ii) a glycosylated non-ionic polar 

head made of galactosyl or lactobionamide units to ensure surface neutrality of the 

complex and the possible targeting of membrane cells bearing specific lectins (in 

particular hepatocytes membranes) (283) and (iii) a hemifluorinated hydrophobic part 

linked to two polar caps through amide bounds.  

α-galacto-ώ-spermine bolas (GalSper) has also been reported for effective receptor-

mediated gene transfer (284). Moreover, Galactose-spermine double-chain asymmetric 

bolaamphiphiles have been synthesized for gene delivery and C6, C7, C8, and C10 amide 

dispermine bolaamphiphiles have been synthesized as inhibitors of spermidine transport 

in breast cancer cells (287). Spermine bolaamphiphiles may thus have important 

biomedical applications yet their self-assembly has not been sufficiently studied. While 

the C8 and C10 alkyl spermine bolaamphiphiles of the current report did not self-

assemble in aqueous media, the C12 compound self-assembled into particulate structures 

of 20 nm (288). 

In the present work, we synthesized a new series of such bolaamphiphile molecules, 

optimized to enhance the solubility and DNA coating efficiency, in order to form stable 

nano-structures with possible applications in gene delivery. The positive charge on one 

end of the bola should tightly bind to the poly-anion in aqueous solution. Therefore, we 

selected ammonium headgroups as they are common in biological systems. In addition to 
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that, an electroneutral, water soluble headgroup on the other end should prevent 

precipitation, which is invariably observed with α,ω-dicationic bolaamphiphiles (289, 

290). Moreover, the coated nucleic acid should be useful in transfection, since the 

vesicles with neutral surface should pass biological membranes. Considering all these 

factors, sugar acid residues like gluconic, mannoic and lactose were used as neutral 

headgroups, as several biological systems are known to contain carbohydrate selective 

receptors.  

 

6. IDEAL VECTOR 
 

Although many advances have been achieved in the field of gene transfer, the 

ability to deliver recombinant DNA both selectively and efficiently to a specific cell-type 

in vivo still remains a big challenge. Thus the development of gene therapy vector with 

sufficient targeting ability, transfection efficiency and safety must be achieved before its 

routine application in humans. 

The potential applications of gene therapy in the treatment of disease are currently 

limited by the inability to adequately deliver genes to target tissues and to maintain their 

expression. Because different tissues have diverse biological properties, and since even 

the most developed of vector systems has its limitations, it is unrealistic to imagine that 

one vector will eventually emerge as the most suitable for all gene therapy applications. 

Rather, successful gene therapy likely lies with the ability to create highly specialized 

“designer” vectors that safely incorporate specific advantageous characteristics from 

several viruses to address specific features of a disease and the target tissue for treatment. 

 

Therefore, an ideal vector system should have at least the following characteristics: 

(i) specificity for the targeted cells; (ii) resistance to metabolic degradation and/or attack 

by the immune system; (iii) safety, i.e., minimal side effects; and (iv) ability to express, 

in an appropriately regulated fashion, the therapeutic gene for as long as required. 
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1. Synthesis of Bolaamphiphiles 
 

All chemicals and solvents were purchased from Sigma-Aldrich. Mass spectra were 

measured using Mass Spectrometer Mariner System 5155. LC-MASS was performed on 

Agilent, 1956 B/MSD.  1H-NMR spectra were recorded on Bruker 300 MHz 

spectrometer.  

 

1.1 First Generation Bolas 
 

A) Synthesis of M-C8-C12-EDA 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1. Synthesis of M-C8-C12-EDA. 

 

8-tert-Butoxycabonylamino-octanoic acid (1A). Amino group of  8-aminooctanoic acid 

(31.4 mmol, 5 g) was protected by Boc using di-tert-butyl dicarbonate (34.6 mmol, 7.54 

g) in the solution of DMF (30 ml) and dichloromethane (40 ml).Then, DIEA (94.2 mmol, 

16.38 ml) was added and the reaction mixture was stirred for 20 h at RT. The solvent was 

evaporated and product was crystallized from dichloromethane. The precipitate was 

vii

Reagents: (i) Boc2O, DMF, CH2Cl2, 20 h; (ii) SOCl2, MeOH, 20 h; (iii) BOP, HOBt, DIEA, DMF, CH2Cl2, 24 h; 
                 (iv) NaOH, EtOH, 24 h; (v) TFA, CH2Cl2, 4 h; (vi) Mannoic acid lactone, MeOH, DIEA, 70 °C, 24 h; 
                 (vii) C5H5N, (CH3CO)2O, 45 h; (viii) N-Boc-ethylenediamine, BOP, HOBt, DIEA, DMF, CH2Cl2, 20 h; 
                 (ix) NaOH, EtOH, 20 h;  (x) TFA, CH2Cl2, 2 h.
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filtered off and dried to give compound 1A (7.5 g, 92 %). 1H NMR (CDCl3, 300 MHz): δ 

4.55 (s, 1H), 3.07 (t, 2H), 2.3 (t, 2H), 1.67-1.5 (t, 4H), 1.56-1.37 (t, 9H), 1.37-1.21 (m, 

6H). 

12-Amino-dodecanoic acid methyl ester (1B). Thionyl chloride (103.4 mmol, 7.5 ml) 

was added drop-wise to 100 ml of methanol at 0 °C and the mixture was stirred for 

another 20 min. Then, 10 g of 12-aminododecanoic acid (46.5 mmol) was added and 

reaction mixture was stirred for 20 h at RT. The solvent was evaporated and product was 

crystallized from heptane to give compound 1B (10 g, 94 %). 1H NMR (DMSO, 300 

MHz): δ 7.89 (s, 2H), 3.68 (s, 3H), 2.75 (t, 2H), 2.28 (t, 2H), 1.58-1.15 (m, 18H). 

12-(8-Tert-Butoxycarbonylamino-octanoylamino)-dodecanoic acid methyl ester 

(1C). Compound 1B (6.5 mmol, 1.5 g) was coupled with 1A (7.2 mmol, 1.87 g) using 

BOP (7.2 mmol, 3.18 g), HOBt (8.9 mmol, 1.2 g) and DIEA (25.9 mmol, 4.5 ml) in DMF 

(15 ml) and dichloromethane (30 ml). The reaction mixture was stirred for 24 h at RT. 

Then the solvents were evaporated and product was crystallized from ethyl acetate : 

heptane (8:2). The precipitate was filtered off and dried to give compound 1C (2.5 g, 81 

%). 1H NMR (CDCl3, 300 MHz): δ 5.41 (s, 1H), 4.48 (s, 1H), 3.65 (s, 3H), 3.21 (t, 2H), 

3.08 (t, 2H), 2.29 (t, 2H), 2.13 (t, 2H), 1.69-1.15 (m, 39H). LC-MS: (m/z) Found [M+1] + 

= 371.2 (calcd for C26H50N2O5
+ - C10H18O4 (2Boc) = 371.2). 

12-(8-Amino-octanoylamino)-dodecanoic acid (1D). Methyl ester of 1C (4.3 mmol, 2 

g) was hydrolyzed using 1 M NaOH (70 mmol, 1.3 ml) in 50 ml of ethanol. Solvent was 

evaporated after 24 h of stirring and water was poured into the reaction flask. Then the 

pH was neutralized using 1 M HCl and the resultant precipitate was filtered, dried and 1 g 

(2.2 mmol) of the obtained crystals was further reacted with 5 ml of TFA in 5 ml 

dichloromethane for removal of Boc. Solvents were evaporated after 4 h of stirring to 

obtain compound 1D (0.71 g, 91 %). 

12-[8-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-octanoylamino]-dodecanoic acid 

(1E). 0.3 g (0.84 mmol) of 1D was mixed with L-mannoic-γ-lactone (1.1 mmol, 0.21 g) 

in 15 ml of methanol. Then, DIEA (8.5 mmol, 1.5 ml) was added and the reaction 

mixture was stirred at 70°C for about 24 h. Solvent was removed and the product was 

crystallized from ethanol, filtered off and dried to obtain compound 1E (0.32 g, 71 %). 
1H NMR (DMSO, 300 MHz): δ 7.85 (d, 1H), 7.72 (d, 1H), 4.77-4.32 (m, 3H), 3.9 (d, 
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1H), 3.67-3.6 (d, 2H), 3.59-3.52 (m, 1H), 3.5-3.42 (m, 2H), 3.1-2.94 (m, 4H), 2.19 (t, 

2H), 2.02 (t, 2H); 1.55-1.33 (m, 8H), 1.31-1.13 (m, 18H). 

Acetic acid 2,3,4,5-tetraacetoxy-5-{7-[11-(2-tert-butoxycarbonylamino-ethylcarbam 

oyl)-undecylcarbamoyl]-heptylcarbamoyl}-pentyl ester (1F). All sugar hydroxyl 

groups of 1E (0.28 mmol, 0.15 g) were acetylated using acetic anhydride (6.4 mmol, 0.6 

ml) in the presence of pyridine (12 mmol, 1 ml). After 45 h of stirring at RT, the solution 

was poured in water and the product was extracted with ethyl acetate and dried with 

sodium sulfate. 0.1 g (0.13 mmol) of the obtained acetylated compound was further 

coupled with Boc-ethylenediamine (0.16 mmol, 26 mg) using BOP (0.15 mmol, 65 mg), 

HOBt (1.9 mmol, 25 mg) and DIEA (0.54 mmol, 0.093 ml) in DMF (3 ml) and 

dichloromethane (5 ml). The reaction mixture was stirred 20 h at RT. Then the solvents 

were evaporated and product 1F (0.1 g, 84 %) was purified by column chromatography 

using dichloromethane : methanol (9:1). 1H NMR (CDCl3, 300 MHz): δ 6.34 (s, 1H), 6.2-

6.14 (t, 1H), 5.66-5.43 (m, 3H), 5.14-5.06 (m, 2H), 3.35-3.12 (m, 6H), 2.16-1.92 (m, 

18H), 1.6-1.44 (m, 4H), 1.43-1.35 (m, 9H), 1.34-1.08 (m, 24H).  

12-[8-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-octanoylamino]-dodecanoic acid (2-

amino-ethyl)-amide (M-C8-C12-EDA). Deacetylation of 1F (0.03 mmol, 50 mg) was 

done using 1 M NaOH (13 mmol, 0.25 ml) in 2 ml of ethanol. After 20 h of stirring at 

RT, the solvent was removed and obtained reaction mixture was further reacted with 1 ml 

TFA in 1 ml of CH2Cl2 to remove Boc group. Solvent was evaporated after 2 h of stirring 

at RT to afford the final product M-C8-C12-EDA (25 mg, 77 %). LC-MS: (m/z) Found 

[M+1] + = 577.5 (calcd for C28H56N4O8
+ = 577.4). 
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B) Synthesis of G-C12-EDA 

 

 

 

 

 

 

 

 

 

 

Scheme 1.2. Synthesis of G-C12-EDA. 

 

12-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-dodecanoic acid (1G). Amino group of 

12-Amino-dodecanoic acid (0.93 mmol, 0.2 g) was coupled with δ-gulonic-γ-lactone (1.1 

mmol, 0.2 g) in 10 ml methanol. Then DIEA (4.65 mmol, 0.8 ml) was added and solvent 

was evaporated after 20 h of stirring at 70 °C. Water was poured in to the reaction flask 

and was further acidified by 1 M HCl, where precipitate was formed. Then, it was filtered 

out and dried to obtain compound 1G ( 0.25 g, 68 %). 1H NMR (DMSO, 300 MHz): δ 

7.71 (s, 1H), 3.91 (d, 1H), 3.67-3.52 (m, 3H), 3.49-3.31 (m, 2H), 3.09 (t, 2H), 2.18 (t, 

2H), 1.57-1.37 (m, 4H), 1.33-1.17 (m, 14H). 

12-(2,3,4,5,6-Pentaacetoxy-hexanoylamino)-dodecanoic acid (1H). All sugar hydroxyl 

groups of 1G (0.25 mmol, 0.1 g) were acetylated using acetic anhydride (2.6 mmol, 0.25 

ml) in the presence of pyridine (12 mmol, 1 ml). After 20 h of stirring at RT, the solution 

was poured in water and the product was extracted with ethyl acetate and dried over 

sodium sulfate. Then the solvent was removed to obtain product 1H (0.11 g, 72 %). 1H 

NMR (CDCl3, 300 MHz): δ 6.18 (s, 1H), 5.73-5.41 (m, 3H), 5.23 (d, 1H), 4.26 (t, 1H), 

4.02 (t, 1H), 3.26 (t, 2H), 2.4-2.3 (t, 2H), 2.18-1.92 (m, 15H), 1.7-1.1 (m, 18H). 

Acetic acid 2,3,4-triacetoxy-1-acetoxymethyl-4-[11-(2-tert-butoxycarbonylamino-

ethylcarbamoyl)-undecylcarbamoyl]-butyl ester (1I). Acetylated compound 1H (0.09 

mmol, 55 mg) was coupled with Boc-ethylenediamine (0.1 mmol, 0.017 g) using BOP 
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(0.09 mmol, 41 mg), HOBt (0.1 mmol, 15 mg) and DIEA (11 mmol, 2 ml) in DMF (1 ml) 

and dichloromethane (5 ml). The reaction mixture was stirred for 10 h at RT. Then the 

solvents were evaporated and product 1I (64 mg, 94 %) was purified by column 

chromatography using ethyl acetate. 1H NMR (CDCl3, 300 MHz): δ 6.19 (t, 2H), 5.74-

5.45 (m, 3H), 5.22 (d, 1H), 4.95 (s, 1H), 4.30-4.25 (m, 1H), 4.13-3.98 (m, 4H); 3.37-3.19 

(m, 4H), 2.17-1.97 (m, 15H), 1.65-1.45 (m, 4H), 1.44-1.37 (m, 9H); 1.33-1.22 (m, 14H). 

12-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-dodecanoic acid (2-amino-ethyl)-amide 

(G-C12-EDA). Deacetylation of 1I (0.07 mmol, 50 mg) was done using 1 M NaOH (30 

mmol, 0.55 ml) in 5 ml of ethanol. After 8 h of stirring at RT, the solvent was removed 

and obtained reaction mixture was further reacted with 5 ml TFA in 5 ml of CH2Cl2 for 

Boc removal. Solvent was evaporated after 2 h of stirring at RT to afford the final 

product G-C12-EDA (21 mg, 72 %). 1H NMR (CD3OD, 300 MHz): δ 4.23 (d, 1H), 4.09 

(s, 1H), 3.86-3.58 (m, 5H), 3.49-3.4 (t, 2H), 3.25-3.17 (t, 2H), 3.05-2.99 (t, 2H), 2.31-

2.16 (t, 2H), 1.69-1.44 (m, 4H), 1.39-1.23 (m, 14H). LC-MS: (m/z) Found [M+1] + = 

436.3 (calcd for C20H41N3O7
+ = 436.3). 

C) Synthesis of M-C12-EDA 

 

 

 

 

 

 

 

 

 

Scheme 1.3. Synthesis of M-C12-EDA. 

 

12-Tert-Butoxycabonylamino-dodecanoic acid (1J). Amino group of 12-Amino-

dodecanoic acid (9.3 mmol, 2 g) was protected by Boc using di-tert-butyl dicarbonate (10 

mmol, 2.2 g) in solution of DMF (10 ml) and dichloromethane (20 ml). Then, DIEA (5.8 

mmol, 1 ml) was added and the reaction mixture was stirred for 20 h at RT. The solvent 
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was evaporated and product was crystallized from dichloromethane. The precipitate was 

filtered off and dried to give compound 1J (2.2 g, 75 %). 1H NMR (CDCl3, 300 MHz): δ 

4.49 (s, 1H), 3.14-3.01 (m, 2H), 2.47-2.38 (t, 2H), 1.7-1.56 (m, 2H), 1.46-1.4 (m, 9H), 

1.36-1.19 (m, 16H). 

[11-(2-Benzyloxycarbonylamino-ethylcarbamoyl)-undecyl]-carbamic acid tert-butyl 

ester (1K). Boc protected 12-amino-dodecanoic acid (1J) (1.3 mmol, 0.4 g) was coupled 

with (2-amino-ethyl)-carbamic acid benzyl ester (4) (1.5 mmol, 0.3g) using BOP (1.4 

mmol, 0.62 g), HOBt (1.8 mmol, 0.24 g) and DIEA (5.2 mmol, 0.9ml) in DMF (5 ml) 

and dichloromethane (10 ml). The reaction mixture was stirred for 24 h at RT. Then the 

solvents were evaporated and product was crystallized from ethyl acetate. The precipitate 

was filtered off and dried to get compound 1K (0.46 g, 73 %). 1H NMR (CDCl3, 300 

MHz): δ 7.37-7.3 (m, 5H), 6.11 (s, 1H), 5.25 (s, 1H), 5.08 (s, 2H), 4.48 (s, 1H), 3.4-3.25 

(m, 4H), 3.06 (d, 2H), 2.17-2.1 (t, 2H), 1.66-1.54 (m, 4H), 1.50-1.35 (m, 9H), 1.32-1.16 

(m, 16H). 

 {2-[12-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-dodecanoylamino]-ethyl}-carbamic 

acid benzyl ester (1L).  Boc group of 1K (0.61 mmol, 0.3 g) was removed using 2 ml 

TFA in 2 ml of dichloromethane for 4 h at RT. The solvent was evaporated and 0.15 g 

(0.38 mmol) of the obtained deprotected amine was mixed with L-mannoic- γ-lactone 

(0.5 mmol, 90 mg) in 20 ml of methanol. Then, DIEA (3 mmol, 0.52 ml) was added and 

the reaction mixture was stirred at 70°C for about 24 h. Precipitate was formed during the 

reaction. It was filtered off and dried to obtain compound 1L (0.15 g, 68 %). 1H NMR 

(CD3OD, 300 MHz): δ 7.74 (d, 2H), 7.46-7.33 (m, 5H), 5.48 (s, 1H), 5.04 (s, 2H), 4.56-

4.45 (m, 3H), 3.97-3.76 (m, 2H), 3.2-3.02 (m, 6H), 2.12-2 (t, 2H), 1.58-1.38 (m, 4H), 

1.35-1.17 (m, 14H). 

12-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-dodecanoic acid (2-amino-ethyl)-amide 

(M-C12-EDA). Cbz group was removed from 70 mg (0.12 mmol) of 1L using 50 mg of 

Pd-C (10%) in 12 ml of methanol and 8 ml of formic acid (methanol : formic acid = 3 : 2) 

for 2 h at 70 °C. Then the reaction mixture was filtered to remove Pd and the solvent was 

removed in vacuo. Product was crystallized from ethanol and the precipitate was filtered 

off and dried to afford the final product M-C12-EDA (38 mg, 71 %). 1H NMR (CD3OD, 

300 MHz): δ 8.06 (s, 1H), 4.14 (d, 1H), 3.98 (d, 1H), 3.84-3.58 (m, 4H), 3.48-3.4 (t, 2H), 
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3.28-3.21 (t, 2H), 3.07-3.01 (t, 2H), 2.27-2.17 (t, 2H), 1.67-1.47 (m, 4H), 1.39-1.24 (m, 

16H).LC-MS: (m/z) Found [M+1] + = 436.3 (calcd for C20H41N3O7
+ = 436.3). 

 

D) Synthesis of G-C8-C12-EDA 

 

 

 

 

 

 

 

Scheme 1.4. Synthesis of G-C8-C12-EDA. 

 

{7-[11-(2-Benzyloxycarbonylamino-ethylcarbamoyl)-undecylcarbamoyl]-heptyl}-

carbamic acid tert-butyl ester (1M). Methyl ester of 1C (1.5 mmol, 0.7 g) was 

hydrolyzed using 1 M NaOH (90 mmol, 1.86 ml) in 20 ml of ethanol. Solvent was 

evaporated after 24 h of stirring and water was poured into the reaction flask. Then the 

pH was neutralized using 1 M HCl and the resultant precipitate crystals were filtered and 

dried. 0.4 g (0.88 mmol) of the obtained product was reacted with (2-amino-ethyl)-

carbamic acid benzyl ester (4) (1 mmol, 0.2 g) using BOP (0.97 mmol, 0.43 g), HOBt 

(1.2 mmol, 0.16 g) and DIEA (3.5 mmol, 0.61 ml) in DMF (5 ml) and dichloromethane 

(10 ml). The reaction mixture was stirred for 24 h at RT. Then the solvents were 

evaporated and product was crystallized from ethyl acetate. The precipitate was filtered 

off and dried to give compound 1M (0.48 g, 87 %). 1H NMR (CDCl3, 300 MHz): δ 7.4-

7.29 (m, 5H), 6.11 (s, 1H), 5.45 (s, 1H), 5.29 (s, 1H), 5.08 (s, 2H), 4.51 (s, 1H), 3.38-3.31 

(m, 4H), 3.25-3.18 (m, 2H), 3.07 (d, 2H), 2.15-2.08 (t, 4H), 1.65-1.5 (m, 8H), 1.46-1.4 

(m, 11H), 1.3-1.15 (m, 20H). 

 (2-{12-[8-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-octanoylamino]-dodecanoyl 

amino}-ethyl)-carbamic acid benzyl ester (1N). Boc group of 1M (0.47 mmol, 0.3 g) 

was removed in dichloromethane (3 ml) in the presence of 3 ml of TFA for 4 h at RT. 

The solvent was evaporated and 0.2 g (0.38 mmol) of the obtained deprotected amine was 

i

Reagents: (i) NaOH, EtOH, 24 h; (ii) C10H14N2O2, BOP, HOBt, DIEA, DMF, CH2Cl2, 24 h; (iii) TFA, CH2Cl2, 4 h; 
                 (iv) Gluconic acid lactone, MeOH, DIEA, 70 °C, 24 h; (v) Pd-C, MeOH/HCOOH (3/2, v/v), 2 h.
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mixed with δ-gulonic-γ-lactone (0.53 mmol, 95 mg) in 20 ml of methanol. Then, DIEA 

(3 mmol, 0.543 ml) was added and the reaction mixture was stirred at 70°C for about 24 

h. Precipitate was formed during the reaction. It was filtered off and dried to obtain 

compound 1N (0.2 g, 75 %). 1H NMR (DMSO, 300 MHz): δ 7.77-7.54 (m, 3H), 7.36-

7.27 (m, 5H), 5.32 (d, 1H), 4.89 (s, 2H), 4.52-4.28 (m, 4H), 3.97-3.84 (m, 2H), 3.59-3.40 

(m, 3H), 3.13-2.93 (m, 8H), 2.07-1.92 (t, 4H), 1.54-1.28 (m, 8H), 1.26-1.12 (m, 20H).  

12-[8-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-octanoylamino]-dodecanoic acid (2-

amino-ethyl)-amide (G-C8-C12-EDA). Cbz group was removed from 0.14 g (0.2 

mmol) of 1N using 100 mg of Pd-C (10%) in 18 ml of methanol and 12 ml of formic acid 

(methanol : formic acid = 3 : 2) for 2 h at 70 °C. Then the reaction mixture was filtered to 

remove Pd and the solvent was removed in vacuo. Product was crystallized from ethanol 

and the resultant precipitate was filtered off and dried to afford the final product G-C8-

C12-EDA (80 g, 70 %). 1H NMR (CD3OD, 300 MHz): δ 4.24 (d, 1H), 4.1 (s, 1H), 3.85-

3.61 (m, 5H), 3.51-3.44 (t, 2H), 3.27-3.19 (m, 2H), 3.18-3.07 (m, 4H), 2.29-2.14 (m, 4H), 

1.68-1.44 (m, 8H), 1.39-1.23 (m, 20H). LC-MS: (m/z) Found [M+1] + = 577.4 (calcd for 

C28H56N4O8
+ = 577.4). 

 

E) Synthesis of M-C6-C8-C12-EDA 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.5. Synthesis of M-C6-C8-C12-EDA. 
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Reagents: (i) TFA, CH2Cl2, 4 h; (ii) C11H21NO4, BOP, HOBt, DIEA, DMF, CH2Cl2, 24 h; (iii) NaOH, EtOH, 24 h; 
                 (iv) TFA, CH2Cl2, 4 h; (v) Mannoic acid lactone, MeOH, DIEA, 70 °C, 24 h; (vi) C5H5N, (CH3CO)2O, 48 h; 
                 (vii) N-Boc-ethylenediamine, BOP, HOBt, DIEA, DMF, CH2Cl2, 20 h; (viii) NaOH, EtOH, 20 h;  (ix) TFA, CH2Cl2, 2 h.
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12-[8-(6-tert-Butoxycarbonylamino-hexanoylamino)-octanoylamino]-dodecanoic 

acid methyl ester (1O). Boc group of 1C (2.1 mmol, 1 g) was removed using 5 ml of 

TFA and 5 ml of dichloromethane for 4 h at RT. The solvent was evaporated and  the 

resulting deprotected amine (2.2 mmol, 0.8 g) was coupled with 6-tert-

butoxycarbonylamino-hexanoic acid (2.6 mmol, 0.6 g) using BOP (1.4 mmol, 1 g), HOBt 

(3 mmol, 0.42 g) and DIEA (11.6 mmol, 2 ml) in DMF (10 ml) and dichloromethane (20 

ml). The reaction mixture was stirred 24 h at RT. Then the solvents were evaporated and 

product was crystallized from ethyl acetate : heptane (8 : 2). The precipitate was filtered 

off and dried to give compound 1O (0.84 g, 85 %). 1H NMR (CDCl3, 300 MHz): δ 5.66 

(s, 1H), 4.6 (s, 1H), 3.64 (s, 3H), 3.25-3.16 (m, 4H), 3.13-3.03 (m, 2H), 2.32-2.24 (t, 2H), 

2.18-2.1 (m, 4H), 1.7-1.55 (m, 6H), 1.51-1.37 (m, 15H), 1.34-1.15 (m, 22H).  

12-[8-(6-Amino-hexanoylamino)-octanoylamino]-dodecanoic acid (1P). Methyl ester 

of 1O (1.2 mmol, 0.7 g) was hydrolyzed using 1 M NaOH (42 mmol, 0.8 ml) in 20 ml of 

ethanol. Solvent was evaporated after 24 h of stirring and further reacted with TFA (3 ml) 

in 3 ml of dichloromethane to remove Boc group. Solvents were evaporated after 4 h of 

stirring at RT, to obtain compound 1P (0.5 g, 89 %). 

12-{8-[6-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-hexanoylamino]-octanoylamino}-

dodecanoic acid (1Q). L-Mannoic-γ-lactone (1.1 mmol, 0.2 g) was added to a solution of 

1P (0.64 mmol, 0.3 g) in 10 ml of methanol. Then, DIEA (5 mmol, 0.9 ml) was added 

and the reaction mixture was stirred at 70°C for about 24 h. Solvents was removed and 

the product was crystallized from ethanol. It was filtered off and dried to obtain 

compound 1Q (0.3 g, 72 %).   

Acetic acid 2,3,4-triacetoxy-1-acetoxymethyl-4-(5-{7-[11-(2-tert-butoxycarbonyl 

amino-ethylcarbamoyl)-undecylcarbamoyl]-heptylcarbamoyl}-pentylcarbamoyl)-

butyl ester (1R). All sugar hydroxyl groups of 1Q (0.23 mmol, 0.15 g) were acetylated 

using acetic anhydride (6.4 mmol, 0.6 ml) in the presence of pyridine (12.4 mmol, 1 ml). 

After 48 h of stirring at RT, the solution was poured in water and the product was 

extracted with ethyl acetate and dried with sodium sulfate. Then the solvent was removed 

and 0.1 g (0.12 mmol) of the obtained acetylated compound was further coupled with 

boc-ethylenediamine (0.16 mmol, 26 mg) using BOP (0.15 mmol, 65 mg), HOBt (0.2 

mmol, 25 mg) and DIEA (0.6 mmol, 0.1 ml) in DMF (2 ml) and dichloromethane (5 ml). 
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The reaction mixture was stirred for 20 h at RT. Then the solvents were evaporated and 

the product 1R (0.1 g, 86 %) was purified by column chromatography using ethyl acetate. 
1H NMR (CDCl3, 300 MHz): δ 6.48 (s, 1H), 6.38-6.32 (t, 1H), 5.9-5.77 (m, 2H), 5.53-

5.44 (t, 2H), 5.24-5.07 (m, 3H), 4.25-4.03 (m, 2H), 3.36-3.14 (m, 8H), 2.69-2.53 (m, 

18H), 1.72-1.54 (m, 8H), 1.48-1.37 (m, 9H), 1.35-1.19 (m, 30H).  

12-{8-[6-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-hexanoylamino]-octanoylamino}-

dodecanoic acid (2-amino-ethyl)-amide (M-C6-C8-C12-EDA). Deacetylation of 1R 

(0.1 mmol, 0.1 g) was done using 1 M NaOH (16 mmol, 0.3 ml) in 5 ml of ethanol. After 

8 h of stirring at RT, the solvent was removed and obtained reaction mixture was further 

reacted with 5 ml of TFA in 5 ml of CH2Cl2 to remove Boc group. Solvent was 

evaporated after 2 h of stirring at RT to afford the final product M-C6-C8-C12-EDA (50 

mg, 72 %). 1H NMR (CD3OD, 300 MHz): δ 4.13 (d, 1H), 4.00 (d, 1H), 3.8 (d, 1H), 3.77-

3.59 (m, 4H), 3.47-3.41 (t, 2H), 3.28-3.23 (m, 4H), 3.19-3.1 (t, 6H), 3.08-3.00 (t, 2H); 

2.24-2.11 (m, 6H), 1.52-1.42 (m, 4H), 1.4-1.23 (m, 30H). LC-MS: (m/z) Found [M+1] + = 

690.5 (calcd for C34H67N5O9
+ = 690.5). 
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1.2 Second Generation Bolas 
 

A) Synthesis of Orn-C8-C12-G/Orn-C8-C12-L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1. Synthesis of Orn-C8-C12-G and Orn-C8-C12-L. 

 

12-[8-(2,5-Bis-tert-butoxycarbonylamino-pentanoylamino)-octanoylamino]-dodecan 

oic acid methyl ester (2A). Boc group of 1C (2.13 mmol, 1 g) was removed in 

dichloromethane (3 ml) in the presence of 2 ml of TFA for 1 h at RT. The solvent was 

evaporated and 1 g (2.1 mmol) of the obtained deprotected amine was coupled with 2,5-

bis-tert-butoxycarbonyl amino-pentanoic acid (2.2 mmol, 0.72 g) using BOP (2.4 mmol, 

1.04 g), HOBt (2.96 mmol, 0.4 g) and DIEA (8.63 mmol, 1.5 ml) in DMF (5 ml) and 

dichloromethane (15 ml). The mixture was stirred overnight at RT. Then solvent was 

evaporated and product 2A (1.3 g, 92 %) was crystallized from acetonitrile. 1H NMR 

(CDCl3, 300 MHz): δ 6.46 (s, 1H), 5.56 (s, 1H), 5.2 (s, 1H), 4.73 (s, 1H), 4.17 (s, 1H), 

3.65 (s, 3H), 3.28-3.04 (m, 6H), 2.28 (t, 2H), 2.13 (t, 2H), 1.66-1.19 (m, 50H). LC-MS: 

(m/z) Found [M+1] + = 585.4 (calcd for C36H68N4O8
+ - C10H18O4 (2Boc) = 585.4). 
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(1-{7-[11-(2-Amino-ethylcarbamoyl)-undecylcarbamoyl]-heptylcarbamoyl}-4-tert-

butoxycarbonylamino-butyl)-carbamic acid tert-butyl ester (2B). The methyl ester 

2A (1.75 mmol, 1.2 g) was reacted with ethylenediamine (150 mmol, 10 ml) for 72 h at 

70°C. Then the excess of ethylenediamine was evaporated, the water was added and the 

product 2B was filtered (1.2 g, 96 %). 1H NMR (CD3OD, 300 MHz): δ 3.99 (s, 1H), 3.28-

3.13 (m, 6H), 3.06 (t, 2H), 2.73 (t, 2H), 2.24-2.15 (m, 4H), 1.67-1.28 (m, 50H). LC-MS: 

(m/z) Found [M+1] + = 713.4 (calcd for C37H72N6O7
+ = 713.4). 

[4-tert-Butoxycabonylamino-4-(7-{11-[2-(2,3,4,5,6-pentahydroxy-hexanoylamino)-

ethylcarbamoyl]-undecylcarbamoyl}-heptylcabamoyl)-butyl]-carbamic acid tert-

butyl ester (2C). δ-Gulonic-γ-lactone (0.95 mmol, 0.17 g) was added to solution of 2B 

(0.56 mmol, 0.4 g) in 30 ml of methanol. Then, DIEA (5.64 mmol, 0.98 ml) was added 

and the reaction mixture was stirred at 70°C for about 24 h. Solvents were evaporated in 

vacuo. The obtained compound was crystallized from methanol to get product 2C (0.15 

g, 88 %). 1H NMR (DMSO, 300 MHz): δ 7.83-7.61 (m, 4H), 6.8-6.64 (m, 2H), 5.35 (d, 

1H), 4.57-4.26 (m, 5H), 4.0-3.75 (m, 3H), 3.61-3.38 (m, 6H), 3.22-2.81 (m, 11H), 2.06-

1.95 (m, 4H), 1.54-1.37 (m, 10H), 1.36-1.32 (m, 18H), 1.31-1.11 (m, 24H). LC-MS: 

(m/z) Found [M+1] + = 891.6 (calcd for C43H82N6O13
+ = 891.6). 

{4-tert-Butoxycarbonylamino-1-[7-(11-{2-[2,3,5,6-tetrahydroxy-4-(3,4,5-trihydroxy-

6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-hexanoylamino]-ethylcarbamoyl}-

undecylcarbamoyl)-heptylcarbamoyl]-butyl}-carbamic acid tert-butyl ester (2D). 

Lactonolactone (5) (1 mmol, 0.33 g) was added to solution of 2B (0.4 mmol, 0.3 g) in 20 

ml of methanol. Then, DIEA (6 mmol, 1.05 ml) was added and after 24 h of stirring at 

70°C, the solution was poured into water. The product was extracted with butanol and 

dried with sodium sulfate. Then the solvent was removed to obtain compound 2D (0.4 g, 

91 %). 

12-[8-(2,5-Diamino-pentanoylamino)-octanoylamino]-dodecanoic acid[2-(2,3,4,5,6-

pentahydroxy-hexanoylamino)-ethyl]-amide (Orn-C8-C12-G). Boc was removed 

from 0.1 g (0.11 mmol) of 2C using 1 ml of TFA with 3% of H2O. After 1h, the solvent 

was evaporated in vacuo to afford the final product Orn-C8-C12-G (0.095 g, 92 %). MS: 

(m/z) Found [M+1] + = 691.5 (calcd for C33H67N6O9
+ = 691.5). MS: (m/z) Found [M+1] + 

= 691.5 (calcd for C33H67N6O9
+ = 691.5). 
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12-[8-(2,5-Diamino-pentanoylamino)-octanoylamino]-dodecanoic acid {2-[2,3,5,6-

tetrahydroxy-4-(3,4,5-trihydroxy-6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-

hexanoylamino]-ethyl}-amide (Orn-C8-C12-L). Boc was removed from 0.1 g (0.095 

mmol) of 2D using 1 ml of TFA with 3% of H2O. After 1h, the solvent was evaporated in 

vacuo to afford the final product Orn-C8-C12-L (75 mg, 92 %). MS: (m/z) Found [M+1] 

+ = 853.5 (calcd for C39H76N6O14
+ = 853.5). 

 

B) Synthesis of G-C8-C12-DPTA/L-C8-C12-DPTA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.2. Synthesis of G-C8-C12-DPTA and L-C8-C12-DPTA. 

 

(7-{11-[3-(3-Amino-propylamino)-propylcarbamoyl]-undecylcarbamoyl}-heptyl)-

carbamic acid tert-butyl ester (2E). Methyl ester 1C (6.4 mmol, 3 g) was substituted 

with bis(3-aminopropyl)amine (0.18 M, 25 ml) for 72 h at 70°C. Precipitate was formed 

during the reaction. It was filtered off and dried to get the product 2E (3.2 g, 88 %). 1H 

NMR (CD3OD, 300 MHz): δ 3.24-3.17 (t, 2H), 3.17-3.09 (t, 2H), 2.72-2.64 (t, 2H), 2.63-

2.53 (m, 4H), 2.19-2.1 (m, 4H), 1.73-1.44 (m, 12H), 1.43-1.27 (m, 9H), 1.36-1.23 (m, 

22H). 
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[7-(11-{3-[Benzyloxycarbonyl-(3-benzyloxycarbonylamino-propyl)-amino]-

propylcarbamoyl}-undecylcarbamoyl)-heptyl]-carbamic acid tert-butyl ester (2F). 

The solution of 2E (1.75 mmol, 1 g) in 35 ml of THF and 2 ml DIEA (11.5 mmol) was 

cooled to 0 °C followed by dropwise addition of benzyl chloroformate (8.4 mmol, 1.2 

ml). After 4 h of stirring, water was poured into the solution and the product 2F was 

extracted with ethyl acetate and further purified by column chromatography using 

dicholoromethane : methanol (95:5) (1 g, 71 %). 1H NMR (CDCl3, 300 MHz): δ 7.52-

7.19 (m, 10H), 6.56 (s, 1H); 5.78 (s, 1H); 5.67 (s, 1H); 5.2-5.0 (m, 4H), 4.6 (s, 1H), 3.41-

2.96 (m, 12H),  2.24-2.04 (m, 4H), 1.78-1.66 (m, 4H), 1.64-1.41 (m, 8H), 1.38-1.19 (m, 

22H). 

(3-Benzyloxycarbonylamino-propyl)-(3-{12-[8-(2,3,4,5,6-pentahydroxy-hexanoyl 

amino)-octanoylamino]-dodecanoylamino}-propyl)-carbamic acid benzyl ester (2G). 

Boc group of 2F (0.84 mmol, 0.7 g) was removed using 2 ml of TFA in dichloromethane 

(2 ml) for 4 h at RT. The solvent was evaporated and 0.3 g (0.4 mmol) of the obtained 

deprotected amine was mixed with δ-gulonic-γ-lactone (0.73 mmol, 0.13 g) in 20 ml of 

methanol. Then, DIEA (4 mmol, 0.7 ml) was added and the reaction mixture was stirred 

at 70°C for about 24 h. Precipitate was formed during the reaction. It was filtered off and 

dried to obtain compound 2G (0.3 g, 81 %). 1H NMR (CD3OD, 300 MHz): δ 7.4-7.23 (m, 

10H), 5.12-5.01 (m, 4H), 4.18 (s, 1H), 4.08 (s, 1H), 3.8-3.58 (m, 4H), 3.25-3.18 (m, 4H), 

3.17-3.04 (m, 6H), 2.1-2.04 (m, 4H), 1.78-1.66 (m, 4H), 1.64-1.41 (m, 8H), 1.38-1.19 (m, 

22H). 

(3-Benzyloxycarbonylamino-propyl)-[3-(12-{8-[2,3,5,6-tetrahydroxy-4-(3,4,5-

trihydroxy-6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-hexanoylamino]-

octanoylamino}-dodecanoylamino)-propyl]-carbamic acid benzyl ester (2H). Boc 

group of 2F (0.84 mmol, 0.7 g) was removed using 2 ml of TFA in dichloromethane (2 

ml) for 4 h at RT. The solvent was evaporated and 0.42 g (0.57 mmol) of the obtained 

deprotected amine was mixed with lactonolactone (5) (1 mmol, 0.33 g) in 20 ml of 

methanol. Then, DIEA (5.8 mmol, 1 ml) was added and after 24 h of stirring at 70°C, the 

solution was poured in water. The product was extracted with butanol and dried with 

sodium sulfate. Then the solvent was removed to obtain compound 2H (0.5 g, 81 %). 
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12-[8-(2,3,4,5,6-Pentahydroxy-hexanoylamino)-octanoylamino]-dodecanoic acid [3-

(3-amino-propylamino)-propyl]-amide (G-C8-C12-DPTA). Cbz was removed from 

0.1 g (0.1 mmol) of 2G using 100 mg of Pd-C (10%) in 12 ml of methanol and 8 ml of 

formic acid (methanol : formic acid = 3 : 2) for 2 h at 70 °C. Then the reaction mixture 

was filtered to remove Pd and the solvent was removed in vacuo to afford the final 

product G-C8-C12-DPTA (0.065 g, 92 %). MS: (m/z) Found [M+1] + = 648.4 (calcd for 

C32H65N5O8
+ = 648.4). 

12-{8-[2,3,5,6-Tetrahydroxy-4-(3,4,5-trihydroxy-6-hydroxymethyl-tetrahydro-

pyran-2-yloxy)-hexanoylamino]-octanoylamino}-dodecanoic acid [3-(3-amino-

propylamino)-propyl]-amide (L-C8-C12-DPTA). Cbz was removed from 0.2 g (0.19 

mmol) of 2H using 200 mg of Pd-C (10%) in 24 ml of methanol and 16 ml of formic acid 

(methanol : formic acid = 3 : 2) for 2 h at 70 °C. Then the reaction mixture was filtered to 

remove Pd and the solvent was removed in vacuo to afford the final product L-C8-C12-

DPTA (0.14 g, 93 %). MS: (m/z) Found [M+1] + = 810.4 (calcd for C38H75N5O13
+ = 

810.4). 
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1.3 Third Generation Bolas 
 

A) Synthesis of Orn-C16-G/Orn-C16-L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.1. Synthesis of Orn-C16-G and Orn-C16-L. 

 

N-Boc-4-aminophenol (3A). 4-Aminophenol (4 g, 36.7 mmol) and Boc2O (8 g, 36.7 

mmol) were dissolved in 30 ml of THF and left stirring overnight. Then water was added 

and the product was extracted with ethyl acetate and further dried with sodium sulfate. 

After solvent evaporation in vacuo the crude product 3A was used without further 

purification. 

16-(4-Tert-butoxycarbonylaminophenoxy)-hexadecanoic acid methyl ester (3B). 

Boc-protected 4-aminophenol (3A) (1.8 g, 8.6 mmol) and 16-bromohexadecanoic acid 

methyl ester (3 g, 8.6 mmol, prepared by methylation of the acid in methanol and thionyl 

chloride) were dissolved in 10 ml of DMF and supplemented with 1.8 g (13 mmol) of 

potassium carbonate. After 12 h of stirring at RT, the solution was poured in water and 

the product was extracted with dichloromethane and dried with sodium sulfate. Then the 
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solvent was removed and the product was recrystallized from ethanol to obtain product 

3B (1.6 g, 40 %). 1H NMR (CDCl3, 300 MHz): δ 7.24 (d, 2H), 6.82 (d, 2H), 6.4 (s, 1H), 

3.91 (t, 2H), 3.67 (s, 3H), 2.31 (t, 2H), 1.82-1.58 (m, 4H), 1.55-1.48 (m, 9H), 1.46-1.2 

(m, 24H). LC-MS: (m/z) Found [M+1] + = 378.2 (calcd for C28H47NO5
+ - C5H9O2 (Boc) = 

378.3). 

16-[4-(2,5-Bis-tert-butoxycaronylamino-pentanoylamino)-phenoxy]-hexadecanoic 

acid methyl ester (3C). Boc was removed from 3B (3.14 mmol, 1.5 g) by treating with 5 

ml of TFA with 3% H2O for 1 h at RT. The solvent was evaporated and 1.54 g (3.1 

mmol) of the obtained de-protected amine was coupled with 2,5-bis-tert-butoxycarbonyl 

amino-pentanoic acid (3.57 mmol ,1.15 g) using BOP (3.44 mmol, 1.52 g), HOBt (4.3 

mmol, 0.58 g) and DIEA (12.6 mmol, 2.2 ml) in DMF (15 ml) and dichloromethane (30 

ml). The mixture was stirred overnight at RT. Then solvent was evaporated and product 

was crystallized from acetonitrile. The precipitate was filtered off and dried to give 

compound 3C (1.6 g, 76 %). 1H NMR (CDCl3, 300 MHz): δ 8.41 (s, 1H), 7.41 (d, 2H), 

6.81 (d, 2H), 5.25 (s, 1H), 4.73 (s, 1H), 4.39 (s, 1H), 3.9 (t, 2H), 3.65 (s, 3H), 3.4 (s, 1H), 

3.09 (s, 1H), 2.28 (t, 2H), 1.83-1.69 (m, 4H), 1.67-1.53 (m, 4H), 1.47-1.38 (m, 18H), 

1.37-1.16 (m, 22H). LC-MS: (m/z) Found [M+1] + = 491.2 (calcd for C38H65N3O8
+ - 

C10H18O4 (2Boc) = 491.2). 

(1-{4-[15-(2-Amino-ethylcarbamoyl)-pentadecyloxy]-phenylcarbamoyl}-4-tert-

butoxycabonylamino-butyl)-carbamic acid tert-butyl ester (3D). Methyl ester 3C (0.7 

mmol, 0.5 g) was substituted with ethylenediamine (150 mmol, 10 ml) for 72 h at 70°C. 

Then the excess of ethylenediamine was evaporated, the water was added and the product 

3D was filtered (0.45 g, 87 %). 1H NMR (CDCl3, 300 MHz): δ 8.45 (s, 1H), 7.42 (d, 2H), 

6.82 (d, 2H), 6.05 (s, 1H), 5.30 (s, 1H), 4.75 (s, 1H), 4.37 (s, 1H), 3.91 (t, 2H), 3.42-3.25 

(m, 3H), 3.16-3.02 (m, 1H), 2.84 (t, 2H), 2.17 (t, 2H), 2.06-1.92 (m, 4H), 1.79-1.7 (m, 

2H), 1.67-1.54 (m, 4H), 1.48-1.37 (m, 18H), 1.37-1.20 (m, 20H). LC-MS: (m/z) Found 

[M+1] + = 720.4 (calcd for C39H69N5O7
+ = 720.4). 

[4-tert-Butoxylamino-4-(4-{15-[2-(2,3,4,5,6-pentahydroxy-hexanoylamino)-

ethylcabamoyl]-pentadecyloxy}-phenylcarbamoyl)-butyl]-carbamic acid tert-butyl 

ester (3E). δ-Gulonic-γ-lactone (0.23 mmol, 0.04 g) was added to solution of 3D (0.11 

mmol, 0.1 g) in 15 ml of methanol. Then, DIEA (1.4 mmol, 0.24 ml) was added and 
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reaction mixture was stirred at 70°C for about 24 h. Solvents were evaporated in vacuo. 

The obtained compound was crystallized from methanol to get product 3E (0.09 g, 90 

%). 1H NMR (CD3OD, 300 MHz): δ 7.42 (d, 2H), 6.87 (d, 2H), 4.21 (s, 1H), 4.18-4.06 

(m, 2H), 3.96 (t, 2H), 3.83-3.6 (m, 5H), 3.09 (t, 2H), 2.19 (t, 2H), 1.86-1.54 (m, 10H), 

1.48-1.41 (m, 18H), 1.39-1.26 (m, 22H). LC-MS: (m/z) Found [M+1] + = 898.57 (calcd 

for C45H79N5O13
+ = 898.57). 

{4-tert-Butoxycarbonylamino-4-[4-(15-{2-[2,3,5,6-tetrahydroxy-4-(3,4,5-trihydroxy-

6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-hexanoylamino]-ethylcabamoyl}-

pentadecyloxy)-phenylcarbamoyl]-butyl}-carbamic acid tert-butyl ester (3F). 

Lactonolactone (5) (0.24 mmol, 0.08 g) was added to solution of 3D (0.14 mmol, 0.1 g) 

in 20 ml of methanol. Then, DIEA (1.4 mmol, 0.24 ml) was added and the reaction 

mixture was stirred at 70°C for about 24 h. Solvents were evaporated in vacuo and water 

was poured into the reaction flask. The product 3F (0.12 g, 81 %) was extracted with 

butanol and the solvent was evaporated in vacuo. 1H NMR (CD3OD, 300 MHz): δ 7.43 

(d, 2H), 6.84 (d, 2H), 4.49-4.39 (m, 4H), 4.21 (d, 2H), 3.98-3.64 (m, 10H), 3.64-3.42 (m, 

4H), 3.08-3.02 (t, 3H), 2.26-2.17 (t, 2H), 1.76-1.5 (m, 8H), 1.48-1.35 (m, 18H), 1.35-1.16 

(m, 24H). LC-MS: (m/z) Found [M+1] + = 1060.62 (calcd for C51H89N5O18
+ = 1060.62). 

16-[4-(2,5-Diamino-pentanoylamino)-phenoxy]-hexadecanoicacid[2-(2,3,4,5,6-

pentahydroxy-hexanoylamino)-ethyl]-amide (Orn-C16-G). Boc was removed from 50 

mg of 3E using 0.5 ml of TFA with 3 % H2O. After 1 h the solvent was removed to 

obtain the final product Orn-C16-G (27 mg, 90 %). LC-MS (Bruker, HTCultra): (m/z) 

Found [M+1] + = 698.4 (calcd for C35H64N5O9
+ = 698.4). 

16-[4-(2,5-Diamino-pentanoylamino)-phenoxy]-hexadecanoicacid{2-[2,3,5,6-tetra 

hydroxy-4-(3,4,5-trihydroxy-6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-hexanoyl 

amino]-ethyl}-amide (Orn-C16-L). Boc was de-protected from 50 mg of 3F using 1 ml 

of TFA and 2 ml CH2Cl2. After 1 h the solvent was removed to obtain the final product 

Orn-C16-L (37 mg, 91 %). LC-MS: (m/z) Found [M+1] + = 860.2 (calcd for 

C41H73N5O14
+ = 860.2). 
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B) Synthesis of Orn-C20-G/Orn-C20-L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2. Synthesis of Orn-C20-G and Orn-C20-L. 

 

Eicosanedioic acid monomethyl ester (3G). Eicosanedioic acid (14.6 mmol, 5 g) was 

dissolved in 300 ml of ethylene chloride at 85°C. Methanol (7.4 mmol, 0.59 ml) was 

added to the clear solution, then H2SO4 (1.4 ml) was cautiously added, and the reaction 

was left to reflux overnight at 85°C. The mixture was concentrated and water was added. 

Three phases were obtained: aqueous, organic and slurry. To the organic phase, which 

contained mainly di- and mono-esters, carbon tetrachloride was added and placed in a 

separate funnel. The organic layer was washed with water, then dried over MgSO4 and 

evaporated. Product was subjected to column chromatography, where di-ester was eluded 

with dichloromethane and the monoester 3G with ethyl acetate (25 % yield). 1H NMR 

(CDCl3, 300 MHz): 3.65 (s, 3H), 2.36-2.26 (m, 4H), 1.65-1.56 (m, 4H), 1.39-1.19 (m, 

28H). 

19-(2-tert-Butoxycarbonylamino-ethylcarbamoyl)-nonadecanoic acid methyl ester 

(3H). N-Boc-ethylenediamine (1 mmol, 0.162 g) was coupled with mono-methyl ester 

3G (0.84 mmol, 0.3 g) using BOP (0.93 mmol, 0.41 g), HOBt (1.2 mmol, 0.16 g) and 
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DIEA (3.4 mmol, 0.6 ml) in DMF (5 ml) and dichloromethane (20 ml). The mixture was 

stirred overnight at room temperature. Then the solvent was evaporated and the product 

was crystallized from acetonitrile to give product 3H (0.3 g, 72 %). 1H NMR (DMSO, 

300 MHz): 7.62 (s, 1H), 6.61 (s, 1H), 3.58 (s, 3H), 3.05 (t, 2H), 2.97 (t, 2H), 2.27 (t, 2H), 

2.03 (t, 2H), 1.57-1.42 (m, 4H), 1.4-1.33 (m, 9H), 1.32-1.17 (m, 28H). LC-MS: (m/z) 

Found [M+1] + = 399.2 (calcd for C28H54N2O5
+ - C5H9O2 (Boc) = 399.3). 

19-[2-(2,5-Bis-tert-butoxycarbonylamino-pentanoylamino)-ethylcarbamoyl]-

nonadecanoic acid methyl ester (3I). Boc group was removed from 3H (0.54 mmol, 

0.27 g) by treating with 1 ml of TFA with 3% H2O for 1 h at RT. The solvent was 

evaporated and obtained de-protected amine was coupled with 2,5-bis-tert-

butoxycarbonyl-aminopentanoic acid (0.62 mmol, 0.207 g) using BOP (0.93 mmol), 

HOBt (1.2 mmol) and DIEA (3.4 mmol, 0.6 ml) in DMF (10 ml) and dichloromethane 

(10 ml). The mixture was stirred overnight at 40 °C. Then the solvent was evaporated and 

the product was crystallized from ethyl acetate. The precipitate was filtered off and dried 

to give crystals of compound 3I (0.34 g, 70 %). 1H NMR (CDCl3, 300 MHz): 6.95 (s, 

1H), 6.39 (s, 1H), 5.18 (s, 1H), 4.76 (s, 1H), 4.17 (s, 1H), 3.65 (t, 3H), 3.4-3.2 (m, 5H), 

3.11-2.99 (m, 1H), 2.28 (t, 2H), 2.15 (t, 2H), 1.87-1.7 (m, 2H), 1.67-1.5 (m, 8H), 1.46-

1.38 (m, 18H), 1.34-1.17 (m, 30H). LC-MS: (m/z) Found [M+1] + = 613.4 (calcd for 

C38H72N4O5
+ - C5H9O2 (Boc) = 613.4). 

(1-{2-[19-[2-(2-Amino-ethylcarbamoyl)-nonadecanoylamino]-ethylcarbamoyl}-4-

tert-butoxycarbonylamino-butyl)-carbamic acid tert-butyl ester (3J). Methyl ester 3I 

(0.4 mmol, 0.3 g) was reacted with ethylenediamine (150 mmol 10 ml) for 72 h at 70°C. 

Then the excess of ethylenediamine was evaporated and water was poured into the 

reaction flask. Formed precipitate was filtered off to give compound 3J (0.29 g, 93 %). 
1H NMR (CD3OD, 300 MHz): 3.96 (s, 1H), 3.05 (t, 2H), 2.73 (t, 2H), 2.23-2.16 (m, 4H), 

1.67-1.5 (m, 8H), 1.46-1.44 (m, 18H), 1.39-1.23 (m, 30H).  LC-MS: (m/z) Found [M+1] + 

= 741.4 (calcd for C39H76N6O7
+ = 741.5). 

[4-tert-Butoxycabonylamino-4-(2-{19-[2-(2,3,4,5,6-pentahydroxy-hexanoylamino)-

ethylcarbamoyl]-nonadecanoylamino}-ethylcabamoyl)-butyl]-carbamic acid tert-

butyl ester (3K).  δ-Gulonic-γ-lactone (0.23 mmol, 0.04 g) was added to solution of 3J 

(0.13 mmol, 0.1 g) in 10 ml of methanol. Then, DIEA (1.4 mmol, 0.24 ml) was added 
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and reaction mixture was stirred at 70°C for about 24 h. Solvents were evaporated in 

vacuo. The obtained compound was crystallized from methanol to give product 3K 

(0.095 g, 95 %). 1H NMR (CD3OD, 300 MHz): 4.21 (s,1H), 4.1 (s, 1H), 3.98 (s, 1H), 

3.84-3.59 (m, 5H), 3.07 (t, 2H), 2.25-2.12 (m, 4H), 1.68-1.49 (m, 8H), 1.49-1.4 (m, 18H), 

1.4-1.21 (m, 30H). LC-MS: (m/z) Found [M+1] + = 919.6 (calcd for C45H86N6O13
+ = 

919.6). 

{4-tert-Butoxycabonylamino-4-[2-(19-{2-[2,3,5,6-tetrahydroxy-4-(3,4,5-trihydroxy-

6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-hexanoylamino]-ethylcarbamoyl}-

nonadecanoylamino)-ethylcabamoyl]-butyl}-carbamic acid tert-butyl ester (3L).  

Lactonolactone (5) (0.23 mmol, 0.078 g) was added to solution of 3J (0.14 mmol, 0.1 g) 

in 20 ml of methanol. Then, DIEA (1.4 mmol, 0.24 ml) was added and reaction mixture 

was stirred at 70°C for about 24 h. Solvents were evaporated in vacuo and water was 

poured into the reaction flask. The product 3L (0.11 g, 75 %) was extracted with butanol 

and the solvent was evaporated in vacuo. 1H NMR (CD3OD, 300 MHz): 4.49 (s,1H), 4.36 

(s, 1H), 4.22 (s, 1H), 3.95-3.67 (m, 8H), 3.61-3.47 (m, 3H), 3.06-3.02 (t, 2H), 2.21-2.15 

(t, 4H), 1.61-1.51 (m, 8H), 1.44-1.43 (m, 18H), 1.42-1.28 (m, 32H).  LC-MS: (m/z) 

Found [M+1] + = 1081.68 (calcd for C51H96N6O18
+ = 1081.68). 

Eicosanedioic acid [2-(2,5-diamino-pentnoylamino)-ethyl]-amide[2-(2,3,4,5,6-

pentahydroxy-hexanoylamino)-ethyl]-amide (Orn-C20-G). 40 mg of 3K was treated 

with 0.4 ml of TFA with 3 % H2O to remove Boc group. After 1 h the solvent was 

removed to obtain final compound Orn-C20-G (27 mg, 90 %). LC-MS: (m/z) Found 

[M+1] + = 719.5 (calcd for C35H71N6O9
+ = 719.5). 

Eicosanedioic acid [2-(2,5-diamino-pentnoylamino)-ethyl]-amide{2-(2,3,5,6-

tetrahydroxy-4-(3,4,5-trihydroxy-6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-

hexanoylamino]-ethyl}-amide (Orn-C20-L). 50 mg of 3L was treated with 1 ml TFA 

and 2 ml CH2Cl2 to remove Boc group. After 1 h the solvent was removed to obtain final 

compound Orn-C20-L (38 mg, 93 %). LC-MS: (m/z) Found [M+1] + = 881.58 (calcd for 

C41H80N6O14
+ = 881.58). 
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C) Synthesis of Orn-C12-C16-G 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.3. Synthesis of Orn-C12-C16-G. 

 

16-[4-(12-tert-Butoxycarbonylamino-dodecanoylamino)-phenoxy]-hexadecanoic id 

methyl ester (3M). Boc was removed from 3B (3.14 mmol, 1.5 g) using 5 ml of TFA 

with 3% H2O for 1 h at RT. The solvent was evaporated and 0.2 g (0.53 mmol) of the 

obtained de-protected amine was coupled with 12-tert-butoxycarbonylamino-dodecanoic 

acid (0.48 mmol ,0.15 g) using BOP (0.45 mmol, 0.2 g), HOBt (0.6 mmol, 0.08 g) and 

DIEA (1.7 mmol, 0.3 ml) in DMF (5 ml) and dichloromethane (10 ml). The mixture was 

stirred overnight at RT. Then solvent was evaporated and the product was crystallized 

from acetonitrile. The precipitate was filtered off and dried to give compound 3M (0.31 

g, 86 %). 1H NMR (DMSO, 300 MHz): δ 9.51 (s, 1H), 7.45 (d, 2H), 6.82 (d, 2H), 3.94-

3.87 (t, 2H), 3.58 (s, 3H), 2.93-2.83 (m, 2H), 2.33-2.2 (m, 4H), 1.72-1.62 (m, 2H), 1.6-

1.45 (m, 4H), 1.38-1.35 (m, 9H), 1.32-1.29 (m, 22H). 

16-{4-[12-(2,5-Bis-tert-butoxycarbonylamino-pentanoylamino)-dodecanoylamino]-

phenoxy}-hexadecanoic acid methyl ester (3N). Boc was removed from 3M (0.37 

mmol, 0.25 g) using 3 ml TFA with 3 % H2O for 1 h at RT. The solvent was evaporated 

and 0.22 g (0.38 mmol) of the obtained de-protected amine was coupled with 2,5-bis-tert-

butoxycarbonyl amino-pentanoic acid (0.39 mmol ,0.13 g) using BOP (0.38 mmol, 0.17 

g), HOBt (0.48 mmol, 65 mg) and DIEA (1.4 mmol, 0.24 ml) in DMF (5 ml) and 

Reagents: (i) TFA, H2O, 1 h; (ii) C17H33NO4, BOP, HOBt, DIEA, DMF, CH2Cl2, 24 h; (iii) TFA, H2O, 1 h; (iv) Boc2-Ornithine-OH, BOP, HOBt, 
                 DIEA, DMF, CH2Cl2, 24 h, 40 °C; (v) C2H8N2, 70 °C, 72 h; (vi) Gluconic acid lactone, MeOH, DIEA, 70 °C, 24 h; 
                 (vii) TFA, H2O/CH2Cl2, 1 h.
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dichloromethane (10 ml). The mixture was stirred overnight at 40 °C. Then solvent was 

evaporated and product was crystallized from acetonitrile. The precipitate was filtered off 

and dried to give compound 3N (0.3 g, 88 %). 1H NMR (CDCl3, 300 MHz): δ 7.38 (d, 

2H), 6.82 (d, 2H), 6.43 (s, 1H), 5.17 (s, 1H), 4.68 (s, 1H), 4.16 (s, 1H), 3.95-3.85 (t, 2H), 

3.65 (s, 3H), 3.36-2.97 (m, 4H), 2.33-2.24 (m, 4H), 1.81-1.47 (m, 16H), 1.45-1.38 (m, 

18H), 1.37-1.19 (m, 38H). 

[1-(11-{4-[15-(2-Amino-ethylcarbamoyl)-pentadecyloxy]-phenylcarbamoyl}-

undecylcarbamoyl)-4-tert-butoxycarbonylamino-butyl]-carbamic acid tert-butyl 

ester (3O). Methyl ester 3N (0.35 mmol, 0.24 g) was substituted with ethylenediamine 

(150 mmol, 10 ml) for 72 h at 70°C. Then the excess of ethylenediamine was evaporated 

and water was poured into the reaction flask, where the product precipitated. It was 

filtered off and dried to get compound 3O (0.24 g, 97 %). 1H NMR (CD3OD, 300 MHz): 

δ 7.42 (d, 2H), 6.86 (d, 2H), 4-3.9 (t, 3H), 3.28-3.12 (m, 5H), 3.09-3.01 (m, 3H), 2.75-

2.68 (t, 2H), 2.38-2.3 (t, 2H), 2.23-2.16 (t, 2H), 1.8-1.58 (m, 8H), 1.55-1.49 (m, 4H), 

1.47-1.41 (m, 18H), 1.41-1.26 (m, 38H). 

{4-tert-Butoxycarbonylamino-4-[11-(4-{15-[2-(2,3,4,5,6-pentahydroxy-hexanoyl 

amino)-ethylcarbamoyl]-pentadecyloxy}-phenylcarbamoyl)-undecylcarbamoyl]-

butyl}-carbamic acid tert-butyl ester (3P). δ-Gulonic-γ-lactone (0.23 mmol, 41 mg) 

was added to solution of 3O (0.045 mmol, 0.1 g) in 10 ml of methanol. Then, DIEA (1.4 

mmol, 0.24 ml) was added and reaction mixture was stirred at 70°C for about 24 h. 

Solvents were evaporated in vacuo and the product was crystallized from methanol to 

obtain compound 3P (0.1 g, 84 %). 1H NMR (CD3OD, 300 MHz): δ 7.4 (d, 2H), 6.85 (d, 

2H), 4.05-3.92 (m, 3H), 3.87-3.58 (m, 4H), 3.22-3.11 (m, 2H), 3.1-3.02 (t, 2H), 2.39-2.28 

(t, 2H), 2.24-2.12 (t, 2H), 1.8-1.57 (m, 8H), 1.56-1.48 (m, 6H), 1.47-1.41 (m, 18H), 1.41-

1.26 (m, 38H). 

16-{4-[12-(2,5-Diamino-pentanoylamino)-dodecanoylamino]-phenoxy}-hexadecanoic 

acid [2-(2,3,4,5,6-pentahydroxy-hexanoylamino)-ethyl]-amide (Orn-C12-C16-G). 

Boc was removed from 40 mg (0.04 mmol) of 3P using 2 ml of TFA with 3 % H2O. 

After 1 h the solvent was removed to obtain the final product Orn-C12-C16-G (30 mg, 

94 %). MS: (m/z) Found [M+1] + = 895.6 (calcd for C47H86N6O10
+ = 895.6). 
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D) Synthesis of 2(Glu-C16)-Orn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.4. Synthesis of 2(Glu-C16)-Orn. 

 

N-(2-Amino-ethyl)-3,4-dihydroxy-benzamide (3Q). Thionyl chloride (0.15 mmol, 10 

ml) was added drop-wise to 100 ml of methanol at 0 °C and the mixture was stirred for 

another 20 min. Then, 10 g of 3,4-dihydroxy-benzoic acid (65 mmol) was added and 

reaction mixture was stirred for 20 h at RT. The solvent was evaporated and the obtained 

methyl ester (18 mmol, 3 g) was further reacted with ethylenediamine (0.15 mmol, 10 

ml) for 24 h at 70°C. The excess of ethylenediamine was evaporated and the product 3Q 

(3.2 g, 91 %) was crystallized from chloroform. 1H NMR (CD3OD, 300 MHz): δ 7.27 (s, 

1H), 7.2 (d, 1H), 6.77 (d, 1H), 3.45-3.38 (t, 2H), 2.9-2.81 (t, 2H), 2.77-2.71 (t, 2H). 

[2-(3,4-Dihydroxy-benzoylamino)-ethyl]-carbamic acid tert-butyl ester (3R). Amino 

group of 3Q (7.6 mmol, 1.5 g) was protected with Boc group using di-tert-butyl 

dicarbonate (9.1 mmol, 2 g) in the solution of DMF (10 ml). After 20 h of stirring at RT, 
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the solution was poured in water and the product was extracted with ethyl acetate and 

dried with sodium sulphate. Then the solvent was removed to obtain compound 3R (2 g, 

88 %). 1H NMR (CDCl3, 300 MHz): δ 7.98 (s, 2H), 7.48-7.31 (m, 2H); 7.16 (d, 1H); 6.8 

(d, 1H), 5.55 (s, 1H), 4.16-4.05 (m, 2H), 3.56-3.16 (m, 4H), 1.44-1.31 (m, 9H). 

15-[4-(2-tert-Butoxycarbonylamino-ethylcarbamoyl)-2-(14-methoxycarbonyl-

tetradecyloxy)-phenoxy]-pentadecanoic acid methyl ester (3S). 0.7 g (2.4 mmol) of 

3R was coupled with 16-bromohexadecanoic acid methyl ester (4.5 mmol, 1.58 g) using 

K2CO3 (9.5 mmol, 1.31 g) in 10 ml DMF. The reaction mixture was stirred for 20 h at 50 

°C and then water was poured into the reaction flask, where the product precipitated. It 

was filtered out and dried to obtain compound 3S (1.7 g, 89 %). 1H NMR (CDCl3, 300 

MHz): δ 7.43 (s, 1H), 7.31 (d, 1H); 7.11 (s, 1H); 6.85 (d, 1H), 5.02 (s, 1H), 4.11-3.96 (m, 

4H), 3.67 (s, 6H), 3.58-3.49 (t, 2H), 3.45-3.34 (t, 2H), 2.36-2.26 (t, 4H), 1.89-1.76 (m, 

4H), 1.72-1.55 (m, 4H), 1.54-1.4 (m, 9H), 1.34-1.19 (m, 44H). 

15-[4-[2-(2,5-Bis-tert-butoxycarbonylamino-pentanoylamino)-ethylcarbamoyl]-2-

(14-methoxycarbonyl-tetradecyloxy)-phenoxy]-pentadecanoic acid methyl ester 

(3T). Boc group was removed from 1.5 g of 3S (1.8 mmol) using 2 ml of TFA in 3 ml 

dichloromethane for 1 h at RT. The solvent was evaporated and 0.7 g (1 mmol) of the 

obtained deprotected amine was coupled with 2,5-bis-tert-butoxycarbonyl amino-

pentanoic acid (0.9 mmol, 0.3 g) using BOP (0.9 mmol, 0.4 g), HOBt (1.1 mmol, 0.15 g) 

and DIEA (0.04 mmol, 0.6 ml) in DMF (5 ml) and dichloromethane (15 ml). The mixture 

was stirred overnight at 50 °C. Then the solvent was evaporated and product 3T (0.9 g, 

90 %) was crystallized from acetonitrile. 1H NMR (CDCl3, 300 MHz): δ 7.48-7.23 (m, 

3H), 6.75 (d, 1H), 5.42 (s, 1H), 4.9 (s, 1H); 4.11 (s, 1H), 4-3.87 (m, 4H), 3.58 (s, 6H), 

3.5-3.34 (m, 4H), 3.15-2.87 (m, 2H), 2.29-2.16 (m, 4H), 1.83-1.63 (m, 4H), 1.6-1.52 (m, 

4H), 1.48-1.38 (m, 6H), 1.36-1.3 (m, 18H), 1.29-1.15 (m, 42H). 

[1-(2-{3,4-Bis-[14-(2-amino-ethylcarbamoyl)-tetradecyloxy]-benzoylamino}-ethyl 

carbamoyl)-4-tert-butoxycarbonylamino-butyl]-carbamic acid tert-butyl ester (3U). 

Methyl ester 3T (0.3 mmol, 0.3 g) was substituted with ethylenediamine (0.2 mmol, 15 

ml) for 72 h at 70°C. Then the excess of ethylenediamine was evaporated and water was 

poured into the reaction flask, where product precipitated. It was filtered off and dried to 

obtain compound 3U (0.3 g, 95 %). 1H NMR (CD3OD, 300 MHz): δ 7.45 (d, 2H), 6.98 



Materials and Methods 

 
 

 91

(d, 1H), 4.1-4.01 (t, 4H); 3.27-3.19 (m, 4H), 3.05-2.98 (t, 2H), 2.77-2.68 (t, 4H), 2.24-

2.15 (t, 4H), 1.85-1.72 (m, 4H), 1.66-1.47 (m, 10H), 1.46-1.38 (m, 18H), 1.35-1.24 (m, 

46H). 

{4-[2-(3,4-Bis-{15-[2-(2,3,4,5,6-pentahydroxy-hexanoylamino)-ethylcarbamoyl]-

pentadecyloxy}-benzoylamino)-ethylcarbamoyl]-4-tert-butoxycarbonylamino-

butyl}-carbamic acid tert-butyl ester (3V). δ-Gulonic-γ-lactone (0.3 mmol, 55 mg) was 

added to solution of 3U (0.09 mmol, 0.1 g) in 20 ml of methanol. Then, DIEA (0.02 

mmol, 0.32 ml) was added and reaction mixture was stirred at 70°C for about 24 h. 

Solvents were evaporated in vacuo and the product 3V (0.1 g, 75 %) was crystallized 

from methanol. 

N-[2-(2,5-Diamino-pentanoylamino)-ethyl]-3,4-bis-{15-[2-(2,3,4,5,6-pentahydroxy-

hexanoylamino)-ethylcarbamoyl]-pentadecyloxy}-benzamide (2(Glu-C16)-Orn). Boc 

was removed from 50 mg (0.034 mmol) of 3V using 0.5 ml of TFA with 3% H2O. After 

1 h the solvent was removed to obtain the final product 2(Glu-C16)-Orn (40 mg, 93 %). 

MS: (m/z) Found [M/2+1] + = 630.4 (calcd for (C64H114N8O18/2)+ = 630.4). 

 

E) Synthesis of Orn-C16-PEG 

 

 

 

 

 

 

Scheme 3.5. Synthesis of Orn-C16-PEG42/ Orn-C16-PEG9. 
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chromatography using 90:10 CH2Cl2/MeOH to get compound 3W or 3X (700 mg of 3W, 

76% and 260 mg of 3X, 64%). 3W: 1H NMR (CDCl3, 300 MHz): δ 8.56 (s, 1H), 7.42 (d, 

2H), 6.79 (d, 2H), 6.36 (s, 1H), 5.6 (s, 1H), 5.33 (m, 1H), 4.86 (s, 1H), 4.39 (s, 1H), 4.18 

(t, 2H), 3.89 (m, 2H), 3.62 (m, 206H), 3.35 (s, 3H), 3.1 (m, 2H), 2.37 (s, 2H), 2,13 (t, 

2H), 1.41 (d, 18 H), 1.23 (s, 35H). 3X: 1H NMR (CDCl3, 300 MHz):  δ 8.58 (s, 1H), 7.42 

(d, 2H), 6.81 (d, 2H), 6.37 (s, 1H), 5.59 (s, 1H), 5.37 (d, 1H), 4.83 (s, 1H), 4.2 (t, 2H), 

3.91 (t, 2H), 3.64 (m, 36H), 3.37 (m, 9H), 3.11 (m, 2H), 2.15 (t, 4H), 1.43 (d, 18H), 1.25 

(m, 35H). 

(2-{16-[4-(2,5-Diamino-pentanoylamino)-phenoxy]-hexadecanoylamino}-ethyl)-

carbamic acid 2-methoxy-ethyl ester (Orn-C16-PEG42/ Orn-C16-PEG9). Boc was 

removed from 3W or 3X (212 mg of 3W/ 95 mg of 3X, 80.7 μmol) using 2 ml TFA in 2 

ml of CH2Cl2 and 1% H2O, for 1 h at RT. The solvent was evaporated to obtain Orn-

C16-PEG42 (139 mg, 63%) / Orn-C16-PEG9 (62 mg, 75%). C16-PEG42: 1H NMR 

(MeOD, 300 MHz): δ 7.59 (s, 1H), 7.57 (d, 2H), 6.90 (d, 2H), 4.14 (d, 2H), 3.94 (t, 2H), 

3.62 (m, 197H), 3.34 (s, 3H), 3.06 (m, 2H), 2.17 (t, 2H), 2.01 (m, 2H), 1.28 (m, 31H). 

LC-MS: (m/z) Found [M+23] + = 2449.59 (calcd for C115H223N5O47 = 2426.68). Orn-

C16-PEG9: 1H NMR (CDCl3, 300 MHz): δ 9.87 (s, 1H), 7.8 (s, 1H), 7.49 (d, 2H), 6.85 

(d, 2H), 6.49 (s, 1H), 4.91 (m, 8H), 4.21 (m, 3H), 3.98 (m, 3H), 3.62 (m, 36H), 3.36 (m, 

3H), 3.06 (m, 2H), 2.19 (m, 4H), 1.77 (t, 2H), 1.24 (m, 21H). LC-MS: (m/z) Found 

[M+1] + = 973.66 (calcd for C49H91N5O14 = 973.58 

 

1.4 Synthesis of Some Intermediates 
 

A)  

 

 

 

Scheme 4. Synthesis of (2-Amino-ethyl)-carbamic acid benzyl ester (4). 
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(2-Amino-ethyl)-carbamic acid benzyl ester (4). To a solution of ethylene diamine 

(0.96 mol, 64 ml) in dichloromethane (100 ml), at 5 °C, N-(Benzyloxycarbonyloxy) 

succinimide (9 g, 36 mmol) was added dropwise over 4 h. Stirring was continued for 

further 2 h, and then overnight at RT. The resulting mixture was washed with solution of 

NaHCO3 (2 times), Na2SO4 (1 time), dried over anhydrous Mg2SO4 and concentrated in 

vacuo. Diethyl ether was poured into the reaction flask, where di-substituted 

ethylenediamine precipitated and the product remains suspended in the solution. The 

precipitate was filtered off to remove the by-product and the rest of the solvent was 

evaporated to obtain the product 4 (50 %). 1H NMR (CDCl3, 300 MHz): δ 7.45-7.15 (m, 

5H), 5.87 (s, 1H), 5.06 (s, 2H), 3.51-3.04 (m, 3H), 2.82-2.63 (t, 1H), 1.95 (s, 1H), 1.74 (s, 

1H). 

 

B)  

 

 

 

Scheme 5. Synthesis of Lactonolactone (5) (291). 

 

Lactonolactone (5). (using procedure described in literature) Lactose-monohydrate (12 

g, 33 mmol) was dissolved in water (9 ml), diluted with methanol (25 ml) and added to 

an iodine (17.1 g) solution in methanol (240 ml) at 40 °C. Then, 4 % KOH solution in 

methanol (400 ml) was added dropwise for 35 min with continuous stirring until the 

colour of iodine disappeared. After cooling down of solution in ice bath, the precipitated 

crystalline product was filtered, washed with cold methanol (150 ml) and then cold ether 

(150 ml) and recrystallized from a mixture (800 ml) of methanol and water (9/1, v/v). 

The resulting potassium lactonate was then converted to the free acid by passing the 

aqueous solution through a column of Amberlite IR-120B. The acidic elude was collected 

and concentrated in vacuo. Repeated evaporation of methanol and ethanol solution 

converted the lactonic acid into lactonolactone (5) (12 g). 
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C) 

 

 

 

Scheme 6. Synthesis of activated PEG (6 and 7) (292). 

 

Carbonic acid 2-methoxy-ethyl ester 4-nitro-phenyl ester (6/7). (using procedure 

described in literature) Pyridine (1.28 ml, 16.0 mmol) was added to a solution of Poly-

(ethylene glycol) monomethyl ether (4 g, 2.10 mmol), with a peak MW of 1900, in 40 ml 

of CH2Cl2 followed by addition of 4-nitrophenylchloroformate (1.6 g, 8.0 mmol). The 

reaction mixture was stirred at room temperature overnight and then precipitated into 400 

ml of diethylether two times. The product was dissolved in benzene, pyridinium salts 

were filtered off, and the resulting solution was precipitated again into diethylether to 

provide 1.5 g of (6) as a white powder.  

The same protocol was applied to activate Poly-(ethylene glycol) monomethyl ether (2 g, 

5.7 mmol) with a peak MW of 350. But it seems that it is less polar than PEG with MW 

1900, so that it did not precipitate in ether. Therefore, after solvent removal it was 

purified by column chromatography using pure ethyl acetate then CH2Cl2/MeOH 95/5 to 

provide 1.0 g of (7) as a yellow film. 1H NMR (CDCl3, 300 MHz): δ 8.28 (d, 2H), 7.39 

(d, 2H), 4.43 (t, 2H), 3.81 (t, 2H), 3.64 (m, 31H), 3.54 (t, 2H), 3.37 (m, 3H). 
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2. Fluorescent Probes 
 

2.1 Ethidium Bromide  
 

Ethidium bromide (EtBr) is an intercalating agent commonly used as a nucleic acid 

stain in molecular biology for agarose gel electrophoresis (Figure 2.1). It exhibits a bright 

fluorescence upon DNA binding, while its fluorescence intensity is quite low in free-state 

(293). 

In our studies, EtBr was used to stain DNA in gel electrophoresis and to study DNA 

condensation within the bolaplexes. EtBr shows a strong decrease in the fluorescence 

signal, due to its exclusion from DNA intercalation site, upon DNA condensation. For 

ethidium bromide (EtBr) exclusion assay, an aliquot of CT-DNA (final concentration 20 

M) was added to the solution of EtBr (final concentration 0.4 M) in 20mM MES 

buffer at various pH. After 2 min, increasing quantities of the corresponding bola were 

added from stock solutions and fluorescence intensity was recorded at 600 nm (excitation 

at 520 nm) 2 min after each addition. 

 

 

 

 

 

 

 

Figure 2.1. Chemical structure of EtBr (Ex: 520 nm). 
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2.2      1,8-ANS   
 

1-Anilinonaphthalene-8-Sulfonic Acid (Figure 2.2) exhibits high binding affinity to 

the hydrophobic surfaces of proteins. This dye is poorly fluorescent in water while its 

fluorescence intensity increases significantly upon binding to low polarity regions of a 

protein surface. These properties make 1,8-ANS well suited for determining the affinity 

of hydrophobic ligands to their corresponding binding proteins (294-296).  

In this study, 1,8-ANS was used to investigate the critical aggregation concentration 

(CAC) of bolas. Increasing quantities of bola aliquot was added to the solution of 1,8-

ANS (50 nM) in 20mM MES buffer at various pH. Fluorescence intensity was recorded 

at 460 nm (excitation at 375 nm) 2 min after each addition. 

 

 

 

 

 

 

 

 

Figure 2.2. Chemical structure of 1,8-ANS (Ex: 375 nm). 

 

2.3 YOYO-1 
 

YOYO-1 (Molecular Probes, Invitrogen) is a polycyclic +4 cationic bis-intercalator 

(Figure 2.3). It is a dimer of the nucleic acid stain oxazole yellow and is virtually non-

fluorescent in the absence of DNA (297). The dimeric cyanine dye exhibits high affinity 

for nucleic acids, with binding constants between 10-10 and 10-12 M and forms highly 

fluorescent complexes with double-stranded DNA, with a fluorescence enhancement of 

100-1000 fold.  
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In this study, YOYO-1 labeled DNA was used to follow the intracellular pathway 

of bolaplexes by confocal microscopy. For this purpose, YOYO-1 was added to the 

solution of DNA in milli-Q using molar ratio of 1:50 for YOYO-1/DNA phosphate and 

vortexed overnight in dark at 4 °C.  

 

 

 

 

 

 

Figure 2.3. Chemical structure of YOYO-1 (Ex: 480 nm). 

 

3. Plasmids 
 

3.1 Amplification and Purification  
 

The pCMV-Luc (Figure 2.4, 5581 bp) encodes the photinus pyralis luciferase gene 

under the control of the cytomegalovirus promoter (provided by Dr. Guy Zuber).  

 

 

 

 

 

 

 

Figure 2.4. Map of pCMV-Luc plasmid (298).  
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220 rpm. The starter culture 1/500 to 1/1000 was then diluted into selective LB medium. 

The bacteria were further grown at 37 °C for 12-16 h with vigorous shaking (220 rpm).   

Purification of the plasmids was performed using Plasmid Purification Kit (Invitrogen) 

The obtained DNA pellet was dried and suspended in TE buffer (included in the kit), 

followed by its quantification using UV-absorbance spectroscopy. For this purpose, 5 µl 

DNA stock was diluted in 800 µl Milli-Q and absorbance (OD) was recorded at 260 nm 

and 280 nm  

DNA purity was estimated using the protocol from kit, according to which the 

extracted DNA is reasonably clean of proteins (if A260/ A280 ≥ 1.8) and this was further 

confirmed by gel electrophoresis. 

 

3.2 Determination of the Plasmid Concentration 
 

The DNA concentration was determined by absorption spectroscopy, using an 

extinction coefficient of 6600 M-1 cm-1 at 260 nm. 

DNA (µM) = (A260 x dilution factor)/extinction coefficient  

The plasmid integrity was checked by electrophoresis on 0.9 % agarose gel (293).  

 

4. Preparation of Vector/DNA Complexes  
 

4.1 DNA Complexes with Bolas (bolaplexes) 
 

The complexes of bolaamphiphiles with calf thymus DNA (CT-DNA, Sigma) or 

pDNA (pCMV-Luc plasmid) were prepared by mixing equal volumes of DNA and bola 

in 20 mM MES buffer at various pH.  

For this preparation, bola stock (20 mM, prepared in DMF and water mixture at 

various ratios depending on bola solubility) was first diluted in 20mM MES buffer at 

required concentration and pH. This diluted stock was then added to equal volume of 

DNA solution in the same buffer.  The obtained complexes were used after 30 min of 

incubation at RT. The final DNA (phosphate) concentration was kept constant, while the 
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bola concentration was varied to obtain the final N/P ratio. The N/P ratio between bola 

and DNA was expressed as the molar ratio between all the protonable amino groups of 

the bola and the phosphate groups of the DNA, respectively. 

  

4.2 DNA Complexes with Bola:DOPE (1:1) 
 

In some formulations, DOPE (1:1 molar ratio with respect to bola) was used as a 

helper lipid. For this purpose, a mixture of DOPE and bola in ethanol was evaporated in a 

round bottom flask to obtain a film. Then, MES buffer was added and the samples were 

hydrated overnight at RT. Later, the samples were vortexed vigorously for 1 min and 

further sonicated in an ultrasonic bath for 15 min. The obtained suspensions were mixed 

with an equal volume of pDNA in the buffer to obtain a desired N/P ratio. The obtained 

complexes were used after 30 min of incubation at RT. 

 

4.3 DNA Complex with jetPEI 
 

jetPEI (PolyPlus) is a powerful reagent that ensures effective and reproducible 

DNA and oligonucleotide transfection into mammalian cells. It is mainly composed of a 

linear polyethylenimine and has been shown to provide higher in vitro transfection when 

compared to other agents based on cationic lipids and polymers. 

The overall positive charge of the JetPEI/DNA complexes is crucial for efficient 

transfection. To obtain positively charged complexes, an N/P>3 is required. In order to 

calculate the N/P ratio, following formula was used, taking into account the volume of 

JetPEI reagent used for a given amount of DNA. 

 

N/P ratio = 7.5* x μl of JetPEI / 3 x μg of DNA 

 

2 μl JetPEI and 30 μM of DNA were diluted separately in 150 mM NaCl to a final 

volume of 50 μl each. The solution was vortexed briefly. Then, the JetPEI solution was 

added to the DNA solution followed by immediate vortex and 30min incubation at RT. 
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5. Physical Measurements 
 

5.1 Absorption Spectroscopy 
 

Absorption spectra were recorded on a double-beam spectrophotometer Cary 4000 

(Varian). The absorbance is characterized by: 

A =log(I0/I) 

where I0 and I are the incident and transmitted intensities, respectively. 

A correction for the cuvettes also should be done, because the two cuvettes are 

never perfectly identical. To this end, the baseline of the instrument is first recorded (with 

both cuvettes filled with the solvents). Then, the DNA/dye is added into the solvent of the 

sample cuvette and the true absorption spectrum is recorded. 

 

5.2 Steady-State Fluorescence Spectroscopy 
 

Steady-state fluorescence measurements were performed on FluoroMax-3 (Jobin 

Yvon) or Fluorolog (Jobin Yvon) spectrofluorimeters, which are both a photon counting 

devices with a linear response in the range of measurements (< 3 Mcps). The source of 

light is a xenon lamp of 450 watts in fluorolog and 150 watts in fluoromax-3. The 

correction of the excitation beam is performed with a calibrated photodiode. The 

wavelength-dependent correction functions for the excitation-emission monochromators 

and for the photomultiplier response is defined by the manufacturer and is incorporated 

into the FluoroMax-3 and Fluorolog softwares. The fluorescent spectra are automatically 

corrected by these calibration functions.  
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5.3 Dynamic Light Scattering Measurements 
 

Dynamic Light Scattering (DLS) is a technique used for measuring the particle size 

typically in a sub-micron region. It is based on the principle of Brownian motion and 

relates this to the size of the particles. Brownian motion is the random movement of 

particles due to their collision by the solvent molecules that surround them. Normally 

DLS is concerned with measurement of particles suspended within a liquid. The larger 

the particle, the slower the Brownian motion will be. Smaller particles are “kicked” 

further by the solvent molecules and move more rapidly. 

The diameter that is measured in DLS is a value that refers to how a particle 

diffuses within a fluid so it is referred to as a hydrodynamic diameter. The diameter 

which is obtained by this technique is the diameter of a sphere that has the same 

translational diffusion coefficient as the particles. The size of the spherical particle is 

calculated from the translational diffusion coefficient by using the Stokes-Einstein 

equation: 

D

kT
Hd

3
)(                           

where: 

d (H) = hydrodynamic diameter  

D = translational diffusion coefficient 

k = Boltzmann’s constant 

T = absolute temperature 

η = viscosity 

In a dynamic light scattering instrument, a laser is used as the light source to 

illuminate the sample cells. For dilute concentrations, most of the laser beam passes 

through the sample, but some get scattered by the particles within the sample at all 

angles. In common device, a detector measures the scattered light at 90°. The scattering 

intensity signal from the detector is processed by a correlator and then analysized by a 

computer to derive the size information. 
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Intensity, Volume and Number Distributions 

 

 

 

 

 

 

 

Figure 2.5. Number, volume and intensity distributions of a bimodal mixture of 5 nm and 

50 nm lattices present in equal numbers. 

 

A very simple way of describing the difference between the intensity, volume and  

number distributions is to consider a sample that contains only two sizes of particles (5 

nm and 50 nm) but with equal numbers of each size particle (Figiure 2.5).  

In number distribution, the two peaks are of the same size (1:1) as there is equal 

number of particles. While for the volume distribution, the area of the peak for the 50 nm 

particles is 1000 times larger the peak for the 5 nm (1:1000 ratio). This is because the 

volume of a 50 nm particle is 1000 times larger that the 5 nm particle (volume of a sphere 

is equal to 4/3Π(r)3). Intensity distribution shows that the area of the peak for the 50 nm 

particles is now 1,000,000 times larger the peak for the 5 nm (1:1000000 ratio). This is 

because large particles scatter much more light than small particles (the intensity of 

scattering of a particle is proportional to the sixth power of its diameter (Rayleigh’s 

approximation). In general terms: d(intensity) > d(volume) > d(number). 

The basic distribution obtained from a DLS measurement is the intensity and all 

other distributions are generated from this. 

The average size of the bolaplexes was determined with a Zetasizer Nano ZS 

(Malvern Instruments, Paris, France) with the following specifications: sampling time, 30 

s; medium viscosity, 0.8872 cP; refractive index (RI) medium, 1.33; RI particle. 1.59; 

scattering angle, 90° and temperature, 25 °C. The bolaplexes were prepared as discussed 

in section 4.1, however the final DNA concentration used was 20 µM. All experiments 
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were performed using 500 µl of the final volume after 30 min incubation at room 

temperature.  

 

5.4 Zeta Potential Measurements 
 

The zeta potential is a physical property which characterizes any particle in 

suspension, and is of importance to optimize the formulations of suspensions and 

emulsions.  

The liquid layer surrounding a particle can be divided into two parts: an inner region 

(Stern layer), where the ions are strongly bound, and an outer (diffuse) region where the 

ions are less firmly associated. Within the diffuse layer, the ions and particles form a 

stable entity. The potential at this boundary (surface of hydrodynamic shear) is the zeta 

potential (Figure 2.6). 

 The magnitude of the zeta potential gives an indication of the potential stability of 

the colloidal system. If all the particles in suspension have a large negative or positive 

zeta potential then they will tend to repel each other and there will be no tendency for the 

particles to aggregate. However, if particles have a zeta potential value around zero, then 

there will be no force to prevent the particles coming together and flocculating. The 

general dividing line between stable and unstable suspensions is generally taken at either 

+30 or -30 mV. Particles with zeta potentials more positive than +30 mV or more 

negative than -30 mV are normally considered stable.  

The zeta potential is related to the electrophoretic mobility by the Henry equation: 




3

)(2 kazf
U E

  

Where: 

UE  =  electrophoretic mobility of the particles 

z  =  zeta potential of the particles 

ε  =  dielectric constant of the medium 

η  =  viscosity of the medium   

f (κa)  =  Henry’s function 
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In a zeta potential measurement system, a laser is used as the light source which 

splits to provide an incident and reference beam. When an electric field is applied to the 

sample cell, any particles moving through the measurement volume will cause the 

intensity of light detected to fluctuate with a frequency proportional to the particle speed. 

This information is processed by a digital signal processor and a computer.  

 

Figure 2.6.  Schematic representation of zeta potential. 

 

The zeta potential of the bolaplexes was measured with the following 

specifications: sampling time, 30 s; medium viscosity, 0.8872 cP; dielectric constant, 

78.5 and temperature, 25 °C. The bolaplexes were prepared using CT-DNA as discussed 

in section 4.1, however the final DNA concentration used was 30 µM. All experiments 

were performed using 1000 µl of the final volume after 30 min incubation at room 

temperature.  
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5.5 Confocal Laser Scanning Microscopy 
 

Optical sectioning of cells was realized using a BIORAD confocal microscope. The 

system was equipped with a Kr/Ar laser. All observations were carried out with Zeiss 

LSM 510 microscope using a X40/1.4 oil immersion objective and with 0.4 μm z-section 

intervals. Emitted light was detected with two photomultipliers through selected band 

pass filters in specific wavelength bands by the Leica spectral detection system.  

The intracellular trafficking of the bolaplexes was monitored by confocal 

microscopy. For these studies, pDNA was labeled with YOYO-1 (299). All experiments 

were performed in liquid conditions at room temperature on an ibidi dish (µ-Dish35mm, 

ibiTreat, Biovalley). YOYO-1 fluorescence was detected with excitation at 488 nm and 

an emission band pass filter 506-538 nm (green) (146). The intracellular pathway of the 

complexes was followed by incubating labeled bolaplexes with HeLa cells for different 

time at 37 C. 

 

5.6 Atomic Force Microscopy (AFM) 
 

Atomic force microscope (AFM) (Figure 2.7) provides a 3D profile of the surface 

on a nanoscale by measuring forces between a sharp probe (<10 nm) and surface at very 

short distance (0.2-10 nm probe-sample separation). The probe is supported on a flexible 

cantilever. The AFM tip “gently” touches the surface and records the small force between 

the probe and the surface. Attractive or repulsive forces resulting from interactions 

between the tip and the surface show a positive or negative bending of the cantilever. The 

bending is detected by means of a laser beam, which is reflected from the back side of the 

cantilever. The advantages of AFM compared to, for example, electron microscopy are 

the ease of sample preparation and the possibility to image sample in native conditions in 

buffer. 
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AFM measurements were performed using a Solver-Pro-M (NT-MDT) instrument. 

The measurements were done in 20 mM MES buffer at various pH, using the tapping 

mode (37 kHz). Cantilevers were NSG03 (NT-MDT). The samples were prepared as for 

DLS measurements. Then, 100 L of solution was deposited on the freshly cleaved mica. 

In some cases, Mg2+ ions (ca 10 mM) were added to trigger interaction between the 

bolaplexes and the negatively charged mica surface. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. AFM: Schematic presentation and Solver-Pro-M (NT-MDT) instrument.  

 

6. Agarose Gel Electrophoresis 
 

Agarose gel electrophoresis is used in biochemistry and molecular biology to 

separate DNA, RNA or protein molecules according to their size. This is achieved by 

applying an electric field to the gel matrix. The negatively charged DNA fragments are 

repelled by the negative electrode and attracted by positive electrode. Small molecules 

move faster and migrate further than larger ones. Molecular weight markers are used to 

estimate the size of DNA fragment. 

 



Materials and Methods 

 
 

 107

The bolaplexes were prepared at different N/P ratios using 60 M pDNA followed 

by 30 min incubation at RT.  4 µl of loading dye (6x) was added to 20 µl of the prepared 

complexes and then 12 µl of this mixture was loaded on 0.9 % agarose gel prepared with 

0.5x TAE (Tris-acetate-ethylenediaminetetraacetic acid) buffer. Electrophoresis was 

carried out with 0.5x TAE buffer at a constant voltage of 100 mV. DNA bands were 

visualized by UV transilluminator (GeneGenius Imaging System, SYNGENE) after 

coloration with ethidium bromide (0.5 µg/ml) for 15 min.  

 

7. Cell culture and transfection 
 

7.1 General Conditions and Cell Lines 
 

Dubelcco’s modified Eagle medium (DMEM), Opti-MEM, Phosphate-Buffered 

Saline (PBS) and Penicillin-streptomycin were purchased from Gibco-Invitrogen while 

Fetal bovine serum (FBS) from Lonza. 75 cm2 cell culture flasks and 24-well culture 

plates were purchased from NUNC. The cell lines used for experiments were: HeLa, Cos-

7 and HepG2. 

Cells were grown in Dulbecco’s modified Eagle’s medium, supplemented with 10 

% fetal bovine serum and 1 % penicillin-streptomycin (complete growth medium) at 37 

°C in a humidified atmosphere containing 5 % CO2. The density of cells seeded in 24-

well plates containing complete growth media was: Cos-7 cells – 1 x 105 cells/well; HeLa 

cells – 4 x 104 cells/well; HepG2 cells – 8 x 104 cells/well. 
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7.2 Luciferase Assay 
 

The luciferase gene expression was quantified using the Promega’s Luciferase 

Assay System. Light is produced by converting the chemical energy of luciferin 

oxidation through an electron transition, forming the product molecule oxyluciferin. 

Firefly luciferase, a monomeric 61 kDa protein, catalyzes luciferin oxidation using 

ATP·Mg2+ as a co-substrate.  

The luciferase test was performed in the following way. Cells were seeded at above 

mentioned density, 24 h before transfection. Then, the medium was removed and cells 

were washed 1 time with PBS (1x). 100 µl of bola-pDNA (1 μg pDNA/well) complexes 

at different N/P ratios were added to the cells containing 400 µl Opti-MEM or complete 

growth medium for serum-free and with-serum experiments respectively, followed by 3 h 

incubation at 37 °C. Chloroquine (100 M) or DOPE (1:1 equivalent of bola) was used to 

enhance transfection efficiency in some experiments. For chloroquine addition, an aliquot 

(final concentration 100 µM) of its stock solution (10 mM in 20 mM MES buffer pH 7) 

was added to the cells before addition of the complexes. After 3 h, 500 µl of DMEM 

containing 20 % of FBS was added and cells were harvested for another 21 h. However, 

for samples with chloroquine, the media was completely replaced with 1 ml of fresh 

complete growth medium. For 48 h transfection, media was replaced with complete 

growth media after 24 h of incubation, while for 24 h check cells were preceded directly 

for luciferase assay. 

Luciferase gene expression of lysed cells was quantified using a commercial kit 

(Invitrogen) and a luminometer (CentroXS3 LB 960, BERTHOLD Technologies). Before 

this measurement, the media was removed and cells were washed 3 times with PBS (1x). 

Then 100 µl of 1x lysis reagent (diluted in Milli-Q from 5x stock) was added to each well 

followed by 2 min of strong vortex and 30 min incubation at RT. The lysed cells were 

transferred into eppendorfs and vortexed at 13000 rpm for 6 min. 10 µl of the supernatant 

was transferred to a 96-well plate from each eppendorf for luminometer measurement 

(jetPEI sample need to be diluted 10 times before transferring to this plate). Results were 

expressed as relative light units integrated over 10 s per mg of cell protein lysate 

(RLU/mg of protein). 
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7.3 Protein Assay  
 

The bicinchoninic acid (BC) assay is a colorimetric assay, involving the reduction 

of Cu2+ to Cu+ by the peptide bonds of proteins. The BC Assay chelates Cu+ ions with 

very high specificity to form a water soluble purple coloured complex. It quantifies the 

immobilized proteins, for example cells adhering to plates. The reaction should be read at 

defined time and temperature conditions since the purple coloured copper BC assay 

complex will continually develop. However, the development is slow enough to allow the 

processing of numerous samples. The reaction is measured from the optical absorbance 

of the final Cu+ complex at 562 nm. Absorbance is directly proportional to the protein 

concentration, which is then calculated with a reference curve obtained for a standard 

protein. 

Practically, 15 μl of cell lysate was mixed with 1 ml of BC Assay (A/B = 50:1, A 

contains bicinchoninic acid; B contains copper (II) sulphate). Then the solutions were 

incubated at 60 °C for 30 min. All the samples were cooled down to room temperature 

and the optical absorbance (OD) was measured at 562 nm against the blank (15 μl 1x 

lysis buffer + 985 µl BC Assay reagent) using Carry 4000 spectrophotometer. Finally, the 

protein concentration is interpolated from ODs using calibration curve. 

For calibration curve, bovine serum albumin (BSA) standard for protein assay 

(Interchim) was used. 15 μl of 1x lysis buffer was mixed with 1 ml of BC Assay in 6 

eppendorfs and then BSA was added to each of them in increasing quantitites (0, 4, 8, 12, 

16 and 20 µg respectively) followed by 30 min incubation at RT. Absorbance (OD) was 

recorded at 562 nm against the blank (15 μl 1x lysis buffer + 985 µl BC Assay reagent) 

using Carry 4000 spectrophotometer. Finally, calibration curve was plotted for OD562 Vs 

BSA Concentration (µg) and linear regression data was obtained by its linear fit.  
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7.4 MTT Assay (Cell Viability) 
 

Cytotoxicity of bolas was evaluated using 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma-Aldrich) assay. Cells were seeded in 24-well 

plate and after 24 h of incubation at 37 °C supplemented with bolas, at different 

concentrations in serum-free Opti-MEM. After incubation for 3 h at 37 °C, 10 % of FBS 

was added and cells were harvested for another 45 h. Then, the cells were washed with 

Phosphate Buffer Saline (PBS) and incubated with serum free medium containing 0.5 

mg/ml MTT for 3 h at 37 °C. At this step, the yellow MTT is reduced to purple formazan 

in living cells (Figure 2.8).  

Finally, the media was discarded and the obtained formazan crystals were re-

suspended in 0.5 ml MTT solvent (Sigma-Aldrich). Absorbance of formazan solution 

was measured at 570 nm with respect to the background at 690 nm using Cary 4000 

spectrophotometer. Viability was expressed as relative absorbance (%) of the sample vs. 

control cells. 

 

 

 

 

 

 

 

Figure 2.8.  Schematic representation of MTT reduction into formazan.           
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Bipolar amphiphiles, which are the analogues of lipids presenting polar groups at 

the two opposite sides of the hydrophobic chain(s), called bolaamphiphiles (bolas), have 

progressively gained importance in recent years because of their ability to provide 

supramolecular nanostructures. A remarkable feature of bolas is that they can form highly 

stable monolayer membranes due to presence of membrane-spanning hydrophobic 

chains, in contrast to bilayer membranes formed by lipids. One of the interesting 

applications of bolas, which is still in its infancy stage, is gene delivery. In this respect, 

unsymmetrical bolaamphiphiles bearing positively charged and neutral headgroups could 

be an attractive alternative to the cationic lipids based vectors. 

 

 

 

 

Figure 1.33. Molecular model of bolaamphiphiles. 

 

These molecules could generate asymmetric membranes (in form of vesicles or 

nanotubes) having positively charged inner and neutral outer surfaces. In such a case, the 

inner membrane surface can be used to wrap the DNA molecule, while the outer neutral 

membrane surface, being inert to DNA, would prevent further oligomerization of the 

complex and could be utilized for efficient exposure of the biological signal for specific 

targeting.  

 

 

 

 

 

 

 

Figure 1.34. Molecular model of bolaamphiphile assembly. 
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The aim of the presented work was to develop new gene delivery vectors based 

on bolaamphiphiles capable of forming supramolecular nanostructures hosting a 

DNA molecule and characterized by the neutral external surface.  For this purpose 

a variety of unsymmetrical bolaamphiphiles bearing cationic and neutral 

headgroups were synthesized; their self-assembly with DNA was characterized by a 

variety of instrumental techniques and, finally, the transfection efficiency and 

cytotoxicity of their bolaplexes was evaluated in vitro. 
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1. First Generation Bolas: bearing mono-cationic and sugar 

headgroups 
 

Design and Synthesis 

 

The basic design of bolas is based on a positively charged group and a neutral group 

connected by a long hydrophobic spacer. Sugar residues, being biocompatible and 

relatively inert, were used as neutral headgroups while amines were used as cationic 

headgroups for binding DNA. Different hydrophobic linkers were used in order to 

optimize hydrophobic, H-bonding and -stacking interactions on the level of the 

hydrophobic spacer. 

 

Based on this design, five unsymmetrical bolaamphiphiles were synthesized (Fig. 

3.1), bearing either a mannoic or a gluconic acid residue as neutral headgroup and a 

mono-cationic ammonium group as positively charged headgroup, connected by different  

hydrophobic linkers: (a) a mono-peptide composed of end-substituted amino acid of 12-

carbon atoms, M-C12-EDA and G-C12-EDA; (b) a dipeptide composed of end-

substituted amino acids of 8- and 12-carbon atoms, M-C8-C12-EDA and G-C8-C12-

EDA;  (c) a tri-peptide composed of end-substituted amino acids of 6-, 8- and 12-carbon 

atoms, M-C6-C8-C12-EDA.  

This design of bolas should force them to assemble in a parallel fashion forming 

unsymmetrical membranes by favouring intra-molecular hydrogen bonding, where the 

two opposite sides of the monolayer membrane present different functional groups (Fig. 

3.2).  
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Figure 3.1. Chemical structures of 1st generation bolas. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Schematic presentation of membrane formation by the assembly of designed 

bolas. 
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An example of synthesis of M-C8-C12-EDA is presented in Scheme 1.1. Initially, 

the amino group of 8-aminooctanoic acid was protected with Boc-group (1A) and the 

acid group of 12-aminododecanoic acid was protected with methyl ester (1B). Then, the 

two obtained protected compounds (1A and 1B) were coupled (1C) followed by ester 

hydrolysis and Boc removal. The amino group in the obtained conjugate 1D was reacted 

with L-mannoic-γ-lactone and the hydroxyl groups in the sugar conjugate 1E were 

protected by acetylation. The latter was then substituted with N-Boc-ethylenediamine 

followed by deacetylation and Boc-removal, affording final bola M-C8-C12-EDA. The 

yields of the individual steps were systematically >50 % and the obtained final bolas in 

100-200 mg quantities were sufficiently pure according to NMR, LC-MS and HPLC 

techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1. Synthesis of M-C8-C12-EDA. 

 

 

 

 

vii

Reagents: (i) Boc2O, DMF, CH2Cl2, 20h (92%); (ii) SOCl2, MeOH, 20h (94%); (iii) BOP, HOBt, DIEA, DMF, CH2Cl2, 24h (81%); 
                 (iv) NaOH, EtOH, 24h (90%); (v) TFA, CH2Cl2, 4h; (vi) Mannoic acid lactone, MeOH, DIEA, 70°C, 24h; (vii) C5H5N, 
                 (CH3CO)2O, 45 h; (viii) N-Boc-ethylenediamine, BOP, HOBt, DIEA, DMF, CH2Cl2, 20h (81%); (ix) NaOH, EtOH, 20 h;
                 (x) TFA, CH2Cl2, 2 h.
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Characterization of Self-Assembly and Interaction with DNA 

 

The obtained bolas were poorly soluble in water. As a general trend, gluconic acid 

bolas were better soluble in water than mannoic acid bolas. The larger solubility of 

gluconic-bolas is probably connected with larger space taken by its hydroxyl groups 

(300). Moreover, the solubility decreased with increase in the length of the hydrophobic 

spacer.  Due to the poor solubility of bolas in water, their stock solutions were prepared 

in DMF. Our first approach of sample preparation was based on direct addition of bola 

aliquot from the stock solution into 20 mM MES buffer at various pH. The self-assembly 

of bolas using this approach was first characterized by atomic force microscopy (AFM) 

in liquid (buffer) phase on a mica surface. It was observed that M-C8-C12-EDA and M-

C6-C8-C12-EDA form spontaneously monolayers on the mica surface at pH 6 (Fig. 3.3a 

and b respectively). The observed height of the monolayers was close to the lengths of 

the corresponding molecules, i.e. 3.5 and 4 nm for M-C8-C12-EDA and M-C6-C8-C12-

EDA, respectively. These results suggest that bolas pack together perpendicularly to the 

mica surface. Within these monolayers, bola molecules self-assemble in a parallel 

fashion, resulting in unsymmetrical membranes where positive headgroup of the bola 

interacts to the negatively charged mica surface. The monolayer formation is probably 

supported by hydrophobic interactions as well as by hydrogen-bonding (Fig. 3.3c), which 

should favour the hypothesized parallel bola packing. However, M-C12-EDA showed 

fibrous (or tubular) structures (Fig. 3.3d). Absence of membrane structure in this case is 

probably due to the effect of short hydrophobic chain length. Thus, this approach of 

direct addition of the unsymmetrical bolas, bearing positively charged and neutral 

headgroups, generated asymmetric membranes in form of monolayers or fibrous 

structures.  
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Figure 3.3. AFM images of bolas self-assembly at 100 µM on mica surface, by direct 

addition of bola stock to MES buffer (pH 6). a) M-C8-C12-EDA form 3.5 nm high 

monolayer , b) M-C6-C8-C12-EDA form 4 nm high monolayer, c) Model of bola 

assembly for monolayer formation , d) M-C12-EDA form fibrous structures (or flattened 

nanotubes on the mica surface), around 5 nm high and 40 nm wide.  

 

To determine the size of the structures formed by bola-assembly in solution, we 

performed dynamic light scattering (DLS) measurements with M-C8-C12-EDA, using 

the same approach for sample preparation. These studies showed a continuous increase in 

size with time (Fig. 3.4), indicating that this preparation leads to formation of infinite 

large structures. 
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.  

 

 

 

 

 

 

 

Figure 3.4. DLS data of M-C8-C12-EDA at 60 µM with time, prepared by direct 

addition of bola stock to aqueous buffer (pH 6).  

 

Therefore, due to the observed continuous bola aggregation, this approach of direct 

addition cannot be efficient for preparation of small nanostructures and compact 

complexes with DNA. Thus, an alternative methodology of sample preparation was 

designed for further studies. In this new approach, dry film of the bola stock was 

prepared in an eppendorf tube, then suspended in 20 mM MES buffer at pH 7 and kept at 

100 °C for 20 min. Finally, the samples with and without DNA were prepared by diluting 

the hot stock solution in cold buffer. 

  Samples prepared by this new method were first characterized by DLS. These 

studies showed particle size of <300 nm for most of the bolas. The only exception was 

M-C8-C12-EDA showing larger particles (ca 700 nm). Importantly, the size of bola 

nanostructures was relatively stable, indicating that this preparation was more 

appropriate. However, the presence of CT-DNA at N/P 5 (Fig. 3.5) did not modify the 

size of the nanostructure, thus suggesting that these bolas do not interact with DNA or 

DNA does not change bola assembly.  
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Figure 3.5. DLS data of 1st generation bolas (100 µM) and bolaplexes (N/P 5) in aqueous 

buffer (pH 7). The final DNA (phosphate) concentration was 20 µM. 

 

According to AFM measurements on the mica surface, M-C12-EDA formed short 

fibers (or flattened tubes) of ~ 200 nm width and height twice that of the bola molecule, 

while G-C12-EDA and M-C6-C8-C12-EDA formed desecrate monolayer islands (Fig. 

3.6 a1, b1 and c1, respectively). The only exception was M-C8-C12-EDA showing 

continuous network on the surface (Fig. 3.6 d1). Observation of discrete structures on the 

mica surface for other bolas suggests that some relatively small structures were initially 

formed in solution, before their deposition on the mica surface. This conclusion is in line 

with observation of small nanostructures by DLS for all bolas, except M-C8-C12-EDA. 

The obtained results suggest that the second method of preparation allows better control 

of assembly of bola molecules. However, since all the structures observed by AFM were 

flat, we assume that the negatively charged mica surface could destroy the native 

positively charged nanostructures of bolas, originally formed in the solution.  
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Figure 3.6. AFM images of: a) M-C12-EDA, b) G-C8-C12-EDA, c) M-C6-C8-C12-

EDA and d) M-C8-C12-EDA; where 1 represent bola alone (100 µM) and 2 represent 

bolaplexes at N/P 5. Images were obtained by tapping mode. The final DNA (phosphate) 

concentration was 20 µM. 

 

In addition, we studied assembly of M-C8-C12-EDA by film hydration method at 

pH 11. At this pH, amino groups should not be protonated, which may modify 

significantly the assembly. Indeed, we found that in these conditions M-C8-C12-EDA 

forms fibrous structures of about ~ 30 nm diameter and 4 nm height according to AFM 

(Fig. 3.7a). We presumed these fibers as nanotubes being flattened by mica due to the 

strong electrostatic interactions. To verify the assembly of bola without mica surface we 

used electron microscopy. We found that M-C8-C12-EDA form sheets or nanotubes of 

about 30 nm diameter (Fig. 3.7b). These observations confirm that this bola is able to 

form membrane structures. Moreover, these membrane structures can form (with 

relatively low yield) nanotubes. This nanotube formation is commonly known to occur in 

two steps, (i) the formation of intermediate bilayer ribbons in solutions through the 

morphological change of vesicles in a cooling process and (ii) coiling of the solid bilayer 

ribbon into an open helix, which eventually closes to yield nanotubes by widening of the 

tape width and maintaining a constant helical pitch (258) (Fig. 3.7c). 

c2 

a2 

d2 

a1 a2 b1 b2 

c1 d1 c2 d2 
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Figure 3.7. M-C8-C12-EDA (30 µM) assembly in aqueous buffer (pH 11) (a) AFM 

images showing fibrous structures (or flattened tubes) of 30 nm width and 4 nm height, 

(b) Electron microscopy images showing sheets and nanotubular strcuture of 30 nm 

diameters, and (c) Schematic presentation of nanotube formation based on self-assembly.  

 

Then, the samples prepared in the presence of calf thymus DNA (CT-DNA) were 

characterized at pH 7.0. However, as it can be seen from figures 3.6 a2, b2 and c2, the 

presence of DNA did not change the morphology of bola nanostructures. The change in 

morphology in the presence of DNA was observed only for M-C8-C12-EDA, though the 

observed structures were polymorphic (Fig. 3.6d). In addition to the fibers of 3.5 nm 

height and 60 nm width, some complex structures consisting of fibers with varying width, 

300-600 nm, were also observed, thus correlating well with the observed large 

polydisperse structures seen in our DLS measurements. 

 

(b) 

Mechanism of nanotube formation based on self-assembly.  

(c) 

4nm x 30nm  

(a) 
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To further verify the interaction of M-C8-C12-EDA with DNA, gel electrophoresis 

technique was used. It is visible from figure 3.8, that M-C8-C12-EDA form complexes 

with firefly luciferase plasmid DNA (pDNA) only at very high N/P ratios (ratio between 

cationic groups of bola and phosphate groups of DNA), i.e. ~ 20, indicating rather poor 

interaction between this bola and DNA. 

 

 

 

 

 

 

Figure 3.8. Agarose gel electrophoresis (0.9 %) of M-C8-C12-EDA complexed with 

pDNA at different N/P ratios. Band on the left of the gel correspond to 10 kb DNA 

ladder. The final pDNA (phosphate) concentration was 60 µM, while the bola 

concentration was varied to obtain the final N/P ratio. 

 

Transfection Efficiency and Cytotoxicity 

 

  We performed cellular studies only with M-C8-C12-EDA as it showed some 

interaction with DNA, among the various synthesized bolas. However, we observed no 

transfection in HeLa cells after 24 or 48 h, when analysed by luciferase assay. This result 

was further verified by confocal microscopy imaging. It was observed that M-C8-C12-

EDA complexed with YOYO-1 stained pDNA do not internalize after 4 hrs of incubation 

in HeLa cells, despite their binding to cell surface (Fig. 3.9a). However, complexes of the 

commercial transfection agent, jetPEI, with same stained pDNA showed internalization 

within the same incubation time (Fig. 3.9b).  

 

  Finally, we characterized cytotoxicity of M-C8-C12-EDA, which was estimated 

from the total cellular protein measured after transfection with bolaplexes (Fig. 3.9c). The 

obtained results indicated relatively small cytotoxicity of the bolaplexes, which is much 

lower than that of jetPEI.  
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Figure 3.9. (a) Confocal fluorescence image of M-C8-C12-EDA complexes with 

YOYO-1 stained pDNA at N/P 5 after 4 h incubation, (b) Confocal fluorescence image of 

jetPEI complexes with YOYO-1 stained pDNA after 4 h incubation, and (c) Total protein 

concentration from the transfection experiments in HeLa cells for M-C8-C12-EDA 

bolaplexes. Data were normalized to 100% for the control non-treated cells. Cells were 

incubated in serum-free Opti-MEM with a bolaplex composed of plasmid DNA (1 g per 

well) at different N/P ratios. After 3 h, the transfection medium was replaced with fresh 

complete culture medium, and cells were cultured for an additional 45 h. Then cells were 

lysed and the total protein was estimated using BC assay. 
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Conclusions 

 

Five new bolaamphiphiles, bearing sugar and cationic headgroups connected by a 

hydrophobic spacer, were synthesized by multi-step organic synthesis. Due to poor 

solubility of these bolas in water, two approaches for sample preparation was explored: 

(1) direct addition of stock solution of bola in DMF into buffer and (2) preparation of 

bola film, followed by film hydration in the buffer. Self-assembly of bolas using method 

(1) was characterized by AFM. These studies revealed that some bolas self-assemble into 

3-4 nm high monolayer membranes on mica surface, while others form fibers. However, 

according to DLS, nanostructures formed by method (1) in solution are unstable and 

grow continuously. In contrast method (2) gave more stable nanostructures, which were 

observed in AFM as flattened tubes, sheets or fibers. However, these bolas did not 

interact efficiently with DNA according to gel electrophoresis, AFM and DLS data. 

Finally, we observed no transfection of their DNA complexes with Luciferase encoding 

plasmid in HeLa cells, while the cytotoxicity was low. 

 

These results prompted us to make modifications in bola structures in order to 

increase their solubility and achieve better interaction with DNA. One solution could be 

to increase the charge of the cationic headgroup. This modification would increase 

solubility of bolas and may favor their interaction with negatively charged DNA 

molecules. 
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2. Second Generation Bolas: bearing di-cationic and sugar 
headgroups 

 

Design and Synthesis 

 

To overcome the difficulties associated with 1st generation bolas, we substituted, as 

headgroup, the mono-cationic amino group by di-cationic amine residues in order to 

increase the total positive charge. Di-cationic amine residues should improve bolas 

affinity to DNA as well as their solubility in water. For this purpose, we selected 

ornithine and bis(3-aminopropyl)amine residues, featuring two positively charged 

ammonium groups separated by an appropriate carbon atom distance. The di-peptide, 

composed of end-substituted amino acids of 8- and 12-carbon, was used as hydrophobic 

spacer, because it provided the most promising results among all first generation bolas 

tested. Moreover, since the gluconic residue provided higher solubility to bola molecules 

than the mannoic one, the former was used as a neutral headgroup. In addition, to further 

increase the size and hydrophilicity, lactonic acid residue was also selected as a neutral 

group. This residue was also of interest because it may provide specificity to hepatocytes 

by receptor mediated pathway involving the asialoglycoprotein receptors on the hepatic 

(HepG2) cell surfaces (52-54). Based on this design, four bolaamphiphiles were 

synthesized: a) Orn-C8-C12-G, b) Orn-C8-C12-L, c) DPTA-C12-C8-G and d) DPTA-

C12-C8-L (Fig. 3.10).  

 

An example of synthesis of Orn-C8-C12-G is presented in Scheme 2.1. Initially, 

the amino group of 1C (see scheme 1.1) was deprotected and substituted with Boc-

protected ornithine. The obtained conjugate 2A was further reacted with ethylene diamine 

giving 2B. The latter was then reacted with D-gluconic acid -lactone followed by Boc-

removal, affording final bola Orn-C8-C12-G. The yields of the individual steps were 

systematically >50 % and the obtained final bolas in 100-200 mg quantities were 

sufficiently pure according to NMR, LC-MS and HPLC techniques. 
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Figure 3.10. Chemical structures of the 2nd generation bolas. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1. Synthesis of Orn-C8-C12-G.  
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Structural Characterization and DNA Interaction Studies 

 

Bolas of 2nd generation were presenting a significantly better solubility in water, as 

no any sign of precipitation was observed for bola concentrations up to 1 mM. Thus, 

additional cationic group increased strongly their solubility. Therefore, we used the 

previous first method of sample preparation, where stock solution of bola in organic 

solvent (DMF/water mixture) was directly added to the buffer. Gel electrophoresis was 

used to study the interactions of bolas with DNA. It was observed that lactonic-bolas do 

not form complexes with firefly luciferase plasmid DNA (pDNA) (Fig. 3.11 c and d). 

Moreover, gluconic-bola DPTA-C12-C8-G did not show complete complexation even at 

N/P 20, also suggesting a poor DNA interaction efficiency (Fig. 3.11a). Orn-C8-C12-G 

was the most promising bola to form complexes, but only at high N/P ratios (N/P  10), 

which indicates that even with this bola the affinity remains rather weak (Fig. 3.11b). By 

taking into account that all bolas molecules were bearing the same di-peptide 

hydrophobic spacer, the stronger interaction of Orn-C8-C12-G with DNA could 

probably be connected to lower hydrophilicity of its headgroups, which in turn favors 

their self-assembly and their cooperative interaction with DNA. 

 

 

 

 

 

 

Figure 3.11. Agarose gel electrophoresis (0.9 %) of a) DPTA-C12-C8-G, b) Orn-C8-

C12-G, c) DPTA-C12-C8-L and d) Orn-C8-C12-L complexed with pDNA at different 

N/P ratios. Band on the left of each gel corresponds to 10 kb DNA ladder. The final 

pDNA (phosphate) concentration was 60 µM, while the bola concentration was varied to 

obtain the final N/P ratio. 

 

 

 

(a) (b) (d) (c)
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The observed poor DNA interaction of two gluconic bolas, Orn-C8-C12-G and 

DPTA-C12-C8-G, was further verified by ethidium bromide (EtBr) exclusion assay (Fig. 

3.12). Upon DNA condensation, EtBr is expelled from its intercalation site, thus resulting 

in a strong decrease of its fluorescence intensity. Such a decrease in EtBr fluorescence 

was visible only above N/P ratio 20, which confirms a very weak interaction with DNA. 

 

 

 

 

 

 

 

Figure 3.12. Exclusion of EtBr from CT-DNA complexed with bolas at different N/P 

ratios. The final DNA (phosphate) concentration was 20 µM. 

 

Assembly of bolaamphiphiles was further characterized by DLS. It was observed 

that, without DNA, the bolas self-assemble to form structures of ~800 and ~ 400 nm sizes 

for gluconic and lactonic-bolas, respectively (Fig. 3.13). In the presence of DNA, the 

particle size did not change for N/P 5, confirming the absence of interaction with DNA as 

shown by gel electrophoresis. At N/P 10, some decrease in size was observed for most of 

the bolas (except Orn-C8-C12-L). The major problem occurring in these DLS 

measurements were a relatively low light scattering signal for samples either with or 

without DNA, so that the obtained size data were not so reliable. We assume that due to 

their high water solubility, the self-assembly without and with DNA for these compounds 

is rather poor. Then the DNA complexes, even if they are formed, are not very stable due 

to low binding affinity. This instability of complexes was further verified by zeta 

potential measurements. We observed a negative zeta potential for all the studied 

complexes (Fig. 3.13). Its value decreased with the increase of N/P ratio due to DNA 

charge compensation. Among the two tested bolas, Orn-C8-C12-G showed more 

efficient DNA negative charge compensation than DPTA-C12-C8-G, which is in line 

with its stronger interaction with DNA suggested by gel electrophoresis. It can be seen 

0,0

0,2

0,4

0,6

0,8

1,0

40

I/I
0 

(E
tB

r)

 Orn-C8-C12-G

 DPTA-C12-C8-G

Bola/DNA ratio

0 5 20



Results and Discussions 

 
 

 131

that Orn-C8-C12-G was probably able to compensate DNA charge at N/P 10 resulting in 

complex formation, in line with the gel electrophoresis data. 

 

 

 

 

 

 

Figure 3.13. DLS and Zeta potential data of 2nd generation bolas (100 µM) and their 

complexes with DNA at different N/Ps in aqueous buffer (pH 7.4). The final DNA 

(phosphate) concentration was 20 µM for DLS measurements and 30 µM for zeta 

potential measuremetns 

 

Despite of these negative results, we performed structural characterization of bola 

assembly by AFM in liquid (buffer) phase on a mica surface (Fig. 3.14). Orn-C8-C12-G 

alone resulted in spherical structures of 3-10 nm height and 50-100 nm diameter, while 

with DNA it formed larger particles of 50-100 nm height and 100-300 nm diameters. In 

contrast, DPTA-C12-C8-G did not show any assembly by itself, but showed spherical 

morphology in presence of DNA with 10-15 nm height and 100-150 nm diameter. These 

results suggested some interaction of these bolas with DNA. We assume that the 

negatively charged mica surface helps the bola self-assembly, and may fix some transient 

bola-DNA complexes at the surface.  

Thus, according to our data, it is clear that the self-assembly of the second 

generation bolas is rather poor compared with bolas of the first generation, so that they 

could not form stable structures. Moreover, their ability to interact with DNA is also very 

weak. We assume that both results are related to the much higher solubility of the new 

generation bolas due to the additional cationic group. Indeed, the additional positively 

charged group probably shifted the hydrophobic-hydrophilic balance of the bolas towards 

high hydrophilicity, which drastically weakened the hydrophobic interactions between 

bolas and thus compromised their self-assembly. The latter should weaken the 

interactions with DNA, because the formation of cationic amphiphiles is a combination 
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of amphiphile-DNA and amphiphile-amphiphile interactions. For instance it is known, 

that cationic detergents form rather weak complexes with DNA, while cationic lipids or 

oligomeric detergents form highly stable DNA complexes (301). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. AFM images of: a, b) O-C8-C12-G (100 µM) and its complexes with DNA 

at N/P 5 respectively; c, d) DPTA-C12-C8-G (100 µM) and its complexes with DNA at 

N/P 5 respectively. Images were obtained by tapping mode in buffer (pH 7.4). The final 

DNA (phosphate) concentration was 20 µM. 
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Transfection Efficiency and Cell Viability 

 

We analysed transfection efficiency of this generation bolas by using luciferase 

assay, and found no sign of transfection for the bolas, together with high cell viability (> 

80 %), when studied in HeLa and COS-7 cell lines. This negative result was expected 

because of the too low affinity of bolas towards pDNA.  

 

Conclusions 

 

In the second attempt, we synthesized four new bolaamphiphiles which presented a 

significant improvement in their water-solubility due to additional cationic charge present 

in the amine headgroup. However, gel electrophoresis data clearly showed poor or even 

no interaction of bolas with DNA. Only one bola, bearing gluconic and ornithine 

headgroups showed some interaction with DNA at high N/P ratios (10). DLS and AFM 

studies suggested that the self-assembly of bolas is very poor compared to the bolas of 

first generation, which appears clearly connected to the additional cationic charge. 

Therefore, it is not surprising that no transfection was observed when studied in HeLa 

and COS-7 cells. Thus, due to their additional cationic group, bolas of second generation 

significantly improved their solubility, but lost their ability to self-assembly and kept a 

poor affinity to DNA.  

 

These results indicated that the bolas structure need to be further improved in order 

to enhance DNA complexation. In this 2nd generation of bolas, the di-cationic positive 

charge might be efficient to bind DNA, but the highly polar amide group present in the 

hydrophobic spacer may decrease the hydrophobic interactions and thus prevent their 

self-assembly. Therefore, a further idea was to enhance hydrophobicity of the spacer by 

removing this amide group. 
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3. Third Generation Bolas: bearing di-cationic & sugar/PEG 
headgroups and varied hydrophobic spacer 

 

Design and synthesis 

 

 Based on the conclusions from the 2nd generation bolas, we need to modify bola 

structure in order to enhance hydrophobic interactions which could result in better self-

assembly and thus enhance DNA interaction efficiency. Considering these properties, 

bolas bearing either gluconic or lactonic neutral sugar residue and di-cationic ornithine 

headgroups were synthesized, where the hydrophobic spacer was modified to increase its 

hydrophobicity. In addition, sugar headgroup was substituted by polyethylene glycol 

(PEG) headgroup (350 and 2000 Da), which is also neutral, biocompatible and highly 

inert.  

 

 Based on this design, eight bolaamphiphiles were synthesized (Fig. 3.15), 

presenting different hydrophobic spacers: (a) a long alkyl chain of C20-carbon atoms, 

Orn-C20-G and Orn-C20-L; (b) a hydrophobic linker composed of an alkyl chain of 

C16-carbon atoms and an aromatic unit, Orn-C16-G, Orn-C16-L, Orn-C16-PEG2000 

and Orn-C16-PEG350; (c) a hydrophobic linker composed of an alkyl chain of C12- and 

C16-carbon atoms on 1,4- C-atoms of an aromatic unit, Orn-C12-C16-G; (d) two C16-

carbon alkyl chains attached through an aromatic unit, (2Glu-C16)-Orn. 
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Figure 3.15. Chemical structures of 3rd generation bolas.  
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The examples of synthesis of Orn-C16-G, Orn-C20-G, Orn-C12-C16-G and 

(2Glu-C16)-Orn are presented below (Schemes 3.1, 3.2, 3.3 and 3.4 respectively). To 

obtain Orn-C16-G, initially, the amino group of 4-aminophenol was protected with Boc-

group (3A) and its hydroxyl was further reacted with methyl 16-bromohexadecanoate. 

Then, the amino group in the obtained conjugate 3B was further deprotected and 

substituted with Boc-protected ornithine. The obtained conjugate 3C was further reacted 

with ethylene diamine giving 3D. The latter was then reacted with D-gluconic acid -

lactone followed by Boc-removal, affording final bola Orn-C16-G (Scheme 3.1). 

For Orn-C20-G, one of the acid groups of eicosanedioic acid was protected with 

methyl group. Then, the obtained mono-methyl ester 3G was coupled with N-Boc-

ethylenediamine. The amino group in the obtained conjugate 3H was deprotected and 

substituted with Boc-protected ornithine. The obtained conjugate 3I was further reacted 

with ethylene diamine giving 3J. The latter was then reacted with D-gluconic acid -

lactone followed by Boc-removal, affording final bola Orn-C20-G (Scheme 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.1. Synthesis of Orn-C16-G. 
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Scheme 3.2. Synthesis of Orn-C20-G. 

 

Synthesis of Orn-C16-L and Orn-C20-L was similar to their corresponding 

gluconic analogues, Orn-C16-G and Orn-C20-G respectively, while at the last steps 

lactonic residue was introduced by reacting corresponding amine (3D or 3J) with 

lactonolactone, followed by the Boc-removal to afford the final bolas. 

Synthesis of Orn-C16-PEG350 and Orn-C16-PEG2000 was also similar to their 

corresponding gluconic analogue, Orn-C16-G, while at the last step a PEG group was 

introduced by reacting corresponding amine (3D) with a reactive derivative of PEG. For 

this purpose, two PEG-monomethyl ethers with different molecular weight (2000 and 

350) were activated with 4-nitrophenyl chloroformate and further reacted with compound 

3D, to afford final bolas Orn-C16-PEG2000 and Orn-C16-PEG350. 
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For Orn-C12-C16-G, amino group of 3B (obtained in scheme 3.1) was deprotected 

and coupled with 12-tert-butoxycarbonylamino-dodecanoic acid. Then, amino group of 

the obtained conjugate 3M was further deprotected and substituted with Boc-protected 

ornithine. The obtained conjugate 3N was then reacted with ethylene diamine giving 3O. 

The latter was then reacted with D-gluconic acid -lactone followed by Boc-removal, 

affording final bola Orn-C12-C16-G (Scheme 3.3). 

For (2Glu-C16)-Orn, free acid group of 3,4-dihydroxy-benzoic was protected by 

methyl group followed by reaction with ethylene diamine. Then, amine group of the 

obtained conjugate 3Q was protected with Boc to get 3R. The two hydroxyl groups of 3R 

were further reacted with 16-bromohexadecanoic acid. Then, the amino group in the 

obtained conjugate 3S was further deprotected and substituted with Boc-protected 

ornithine. The obtained conjugate 3T was further reacted with ethylene diamine giving 

3U. The latter was then reacted with D-gluconic acid -lactone followed by Boc-removal, 

affording final bola (2Glu-C16)-Orn (Scheme 3.4). 

 

The yields of the individual steps were systematically >60 % and the obtained final bolas 

in 100-200 mg quantities were sufficiently pure according to NMR, LC-MS and HPLC 

techniques. 
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Scheme 3.3. Synthesis of Orn-C12-C16-G. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.4. Synthesis of 2(Glu-C16)-Orn. 

Reagents: (i) TFA, H2O, 1 h; (ii)  C17H33NO4, BOP, HOBt, DIEA, DMF, CH2Cl2, 24 h; (iii) TFA, H2O, 1 h; (iv) Boc2Ornithine-OH, BOP, HOBt, 
                 DIEA, DMF, CH2Cl2, 24 h, 40 °C; (v) C2H8N2, 70 °C, 72 h; (vi) Gluconic acid lactone, MeOH, DIEA, 70 °C, 24 h; 
                 (vii) TFA, H2O/CH2Cl2, 1 h.

3M

3N

3O

3P

vii

i
ii

iii

v

iv

Orn-C12-C16-G

O ON
H

O

Boc

H
N

O

O ON
H

OH
N

OHNH
N

O
Boc

Boc

O N
H

N
H

OH
N

OHNH
N

O
Boc

Boc

NH2

O N
H

N
H

OH
N

OHNH
N

O
Boc

Boc
H
N OH

OH

OH

OH

OH

O

O N
H

N
H

OH
N

ONH2
H2N

O

H
N OH

OH

OH

OH

OH

O

vi

3B

O ON
H

OBoc

HO

HO
N
H

O

NH2
COOH

HO

HO

HO

HO
N
H

O H
N

Boc

O

O
N
H

O H
N

Boc

O

OO

O

O

O
N
H

O H
N

O

OO

O
H
N

O

HN

Boc

Boc

O

O
N
H

O H
N

N
H

ON
H

O
H
N

O

HN

Boc

Boc
H2N

H2N

Reagents: (i) SOCl2, MeOH, 20 h; (ii) C2H8N2, 24 h, 70°C; (iii) Boc2O, DMF, 20 h; (iv) C16H31BrO2, K2CO3, DMF, 20 h, 50°C; 
                 (v) TFA, CH2Cl2, 1 h; (vi) Boc2Ornithine-OH, BOP, HOBt, DIEA, DMF, CH2Cl2, 24 h, 50 °C; (vii) C2H8N2,  70°C, 72h; 
                 (viii) Gluconic acid lactone, MeOH, DIEA, 24 h, 70 °C; (ix) TFA, H2O, 1 h.

2(Glu-C16)-Orn

O

O

N
H
H
N

O

O

H
N

N
H

HO

HO

OHOH

O
OOHOH

OHOH

OH OH

N
H

NH
O

H
N

HN
O

Boc

Boc

O

O

N
H
H
N

O

O

H
N

N
H

HO

HO

OHOH

O
OOHOH

OHOH

OH OH

N
H

NH
O

NH2

NH2
O

i

ii
iii

iv

v
vi

vii

viii

3R

3S

3T

3U

3V

3Q

ix



Results and Discussions 

 
 

 140

3.1 Bolas with Gluconic Headgroup 
 

In order to enhance the hydrophobicity and achieve better self-assembly at 

micromolar concentrations, we selected as a hydrophobic spacer a long alkyl chain of 

C20-carbon atoms and a hydrophobic linker composed of an alkyl chain of C16-carbon 

atoms and an aromatic unit. Based on these modifications, two bolas were synthesized 

and characterized: Orn-C20-G and Orn-C16-G (Fig. 3.15). 

According to gel electrophoresis results, these bolas showed an excellent affinity to 

DNA, as complex formation was observed already at N/P 1 (see Fig. 3.16a for the case of 

Orn-C16-G). The results were confirmed by EtBr exclusion assay, where an efficient 

DNA condensation was also observed at N/P close to 1. The size of the bolaplexes 

estimated by DLS was ~100 nm at low N/Ps, but increased significantly at higher N/Ps. 

This unexpected increase in the size with N/P was explained by the charge neutralization 

of the DNA complexes, which was evidenced from zeta-potential measurements. AFM 

studies of the bolaplexes revealed their rod-like or spherical nanostructure. More 

importantly, bolaplexes of Orn-C16-G at N/P  2 showed considerable transfection 

efficiency in COS-7 cells when helping agents like chloroquine or DOPE were used (Fig. 

3.16). The latter results suggested that the key barrier for the internalization of bolaplexes 

is the endosomal escape. In contrast, Orn-C20-G did not show any appreciable 

transfection efficiency in most of the formulations used. The latter we connected with 

larger size of its complexes at high N/P ratio. Finally, both bolas presented low 

cytotoxicity (cell viability >80%).  

 

Thus, gluconic-bolas, particularly Orn-C16-G, are good candidates for construction 

of nonviral gene delivery vectors. However, the further optimization of polar headgroups 

and hydrophobic spacer in these bolas could lead to vectors with more precisely 

controlled properties, particularly related to their size and transfection efficiency. 
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Figure 3.16. (a) Agarose gel electrophoresis (0.9%) of Orn-C16-G complexed with 

pDNA at different N/P ratios. Band at the left of the gel correspond to 10 kbp DNA 

ladder. The final DNA (phosphate) concentration was 60 µM, while the bola 

concentration was varied to obtain the final N/P ratio. (b) Transfection efficiency of the 

Orn-C16-G bolaplexes at different N/P ratios in COS-7 cells without serum. Cells were 

incubated in serum-free Opti-MEM, with a bolaplex composed of plasmid DNA (1 g 

per well), Orn-C16-G and DOPE (when indicated). For some samples the medium 

contained 100 M chloroquine. After 3 h, 10 % of FBS was added, while for all the 

samples with chloroquine the transfection medium was replaced with fresh complete 

culture medium. The luciferase activity quantification was performed after 48 h of 

incubation. Transfection efficiency determined from the luciferase assay was expressed 

as RLU/mg of protein. The negative controls were non-treated cells (pDNA) and those 

transfected with naked pDNA (pDNA). 

 

Other gluconic-bolas, such as Orn-C12-C16-G and 2(Glu-C16)-Orn were also 

characterized. Gel electrophoresis results showed that Orn-C12-C16-G and 2(Glu-C16)-

Orn form complexes with pDNA at low N/Ps (Fig. 3.17 a and b respectively), which 

indicates strong affinity of these bolas towards DNA. In line with the gel electrophoresis 

data, experiments with ethidium bromide (EtBr) exclusion assay showed a sharp decrease 

of EtBr fluorescence at N/P ratio around 2 for both Orn-C12-C16-G and 2(Glu-C16)-

Orn (Fig. 3.17c), thus confirming that these bolas bind strongly to pDNA by showing a 

significant level of DNA condensation.  
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However, DLS studies for these bolas showed the formation of large aggregates. 

Thus, for N/P > 2, both bolas showed very large particles >5000 nm size. The observed 

aggregation with Orn-C12-C16-G bolaplexes could be due to its large hydrophobic 

spacer compared to Orn-C16-G that leads to imbalance between hydrophilic and 

hydrophobic moieties. In the case of 2(Glu-C16)-Orn, where the hydrophobic-

hydrophilic balance should be similar to that of Orn-C16-G, the observed aggregation 

could be related to a different geometry and the presence of two sugar residues. Thus, V-

shaped structure of this bola and additional sugar residue could favor interactions 

between the bolaplexes, leading to strong aggregation. Because of this aggregation 

problem, we did not further characterize Orn-C12-C16-G and 2(Glu-C16)-Orn. 

 

 

 

 

 

 

 

 

Figure 3.17. Agarose gel electrophoresis (0.9 %) of a) Orn-C12-C16-G and b) 2(Glu-

C16)-Orn complexed with pDNA at different N/P ratios. Band on the left of each gel 

correspond to 10 kb DNA ladder. (c) Exclusion of EtBr from CT-DNA complexes with 

bolas at different N/P ratios. The fluorescence intensity was normalized to 100% of the 

initial intensity. The final DNA (phosphate) concentration was 60 µM for gel 

electrophoresis and 20 µM for EtBr exclusion assay, while the bola concentration was 

varied to obtain the final N/P ratio. 
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Supporting information 

 

New unsymmetrical bolaamphiphiles: synthesis, assembly with DNA and 

application for gene delivery 

 

Namrata Jain, Youri Arntz, Valerie Goldschmidt, Guy Duportail, Yves Mely, Andrey S. Klymchenko 

1. Synthesis of Orn-C12-G and Orn-C8-C12-G bolas. 
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Scheme S1. Synthesis of Orn-C20-G. 

Eicosanedioic acid monomethyl ester (6). The procedure was adapted from Ref. (1). Eicosanedioic acid 

(14.6 mmol, 5 g) was dissolved in 300 ml of ethylene chloride at 85°C. Methanol (7.4 mmol, 0.59 ml) 

was added to the clear solution, then H2SO4 (1.4 ml) was cautiously added, and the reaction was left for 

reflux overnight at 85°C. The solvent was concentrated and water was added. Three phases were 

obtained: aqueous, organic and slurry. To the organic phase, which contained mainly di- and mono-esters, 

carbon tetrachloride was added and placed in a separate funnel. The organic layer was washed with water, 

then dried over MgSO4 and evaporated. Product was subjected to column chromatography, where di-ester 

was eluded with dichloromethane and the monoester 6 with ethyl acetate (25 % yield). 1H NMR (CDCl3, 

300 MHz): 3.65 (s, 3H), 2.36-2.26 (m, 4H), 1.65-1.56 (m, 4H), 1.39-1.19 (m, 28H). 

19-(2-tert-Butoxycarbonylamino-ethylcarbamoyl)-nonadecanoic acid methyl ester (7). N-Boc-

ethylenediamine (1 mmol, 0.162 g) was coupled with mono-methyl ester 6 (0.84 mmol, 0.3 g) using BOP 

(0.93 mmol, 0.41 g), HOBt (1.2 mmol, 0.16 g) and DIEA (3.4 mmol, 0.6 ml) in DMF (5 ml) and 

dichloromethane (20 ml). The mixture was stirred overnight at room temperature. Then the solvent was 



 

 

evaporated and the product was crystallized from acetonitrile to give product 7 (0.3 g, 72 %). 1H NMR 

(DMSO, 300 MHz): 7.62 (s, 1H), 6.61 (s, 1H), 3.58 (s, 3H), 3.05 (t, 2H), 2.97 (t, 2H), 2.27 (t, 2H), 2.03 

(t, 2H), 1.57-1.42 (m, 4H), 1.4-1.33 (m, 9H), 1.32-1.17 (m, 28H). LC-MS: (m/z) Found [M+1] + = 399.2 

(calcd for C28H54N2O5
+ - C5H9O2 (Boc) = 399.3). 

19-[2-(2,5-Bis-tert-butoxycarbonylamino-pentanoylamino)-ethylcarbamoyl]-nonadecanoic acid 

methyl ester (8). Boc-group was removed from 7 (0.54 mmol, 0.27 g) by treating with 1 ml TFA and 3% 

H2O, for 1 h at RT. The solvent was evaporated and obtained de-protected amine was coupled with 2,5-

Bis-tert-butoxycarbonyl-aminopentanoic acid (0.62 mmol, 0.207 g) using BOP (0.93 mmol), HOBt (1.2 

mmol) and DIEA (3.4 mmol, 0.6 ml) in DMF (10 ml) and dichloromethane (10 ml). The mixture was 

stirred overnight at 40 °C. Then the solvent was evaporated and the product was crystallized from ethyl 

acetate. The precipitate was filtered off and dried to give solid crystals of compound 8 (0.34 g, 70 %). 1H 

NMR (CDCl3, 300 MHz): 6.95 (s, 1H), 6.39 (s, 1H), 5.18 (s, 1H), 4.76 (s, 1H), 4.17 (s, 1H), 3.65 (t, 3H), 

3.4-3.2 (m, 5H), 3.11-2.99 (m, 1H), 2.28 (t, 2H), 2.15 (t, 2H), 1.87-1.7 (m, 2H), 1.67-1.5 (m, 8H), 1.46-

1.38 (m, 18H), 1.34-1.17 (m, 30H). LC-MS: (m/z) Found [M+1] + = 613.4 (calcd for C38H72N4O5
+ - 

C5H9O2 (Boc) = 613.4). 

(1-{2-[19-[2-(2-Amino-ethylcarbamoyl)-nonadecanoylamino]-ethylcarbamoyl}-4-tert-

butoxycarbonylamino-butyl)-carbamic acid tert-butyl ester (9). Methyl ester 8 (0.4 mmol, 0.3 g) was 

reacted with ethylenediamine (150 mmol 10 ml) for 72 h at 70°C. Then the excess of ethylenediamine 

was evaporated and water was poured into the reaction flask. Formed precipitate was filtered off to give 

compound 9 (0.29 g, 93 %). 1H NMR (CD3OD, 300 MHz): 3.96 (s, 1H), 3.05 (t, 2H), 2.73 (t, 2H), 2.23-

2.16 (m, 4H), 1.67-1.5 (m, 8H), 1.46-1.44 (m, 18H), 1.39-1.23 (m, 30H).  LC-MS: (m/z) Found [M+1] + = 

741.4 (calcd for C39H76N6O7
+ = 741.5). 

[4-tert-Butoxycabonylamino-4-(2-{19-[2-(2,3,4,5,6-pentahydroxy-hexanoylamino)-ethylcarbamoyl]-

nonadecanoylamino}-ethylcabamoyl)-butyl]-carbamic acid tert-butyl ester (10).  δ-Gulonic-γ-

Lactone (0.23 mmol, 0.04 g) was added to solution of 9 (0.13 mmol, 0.1 g) in 10 ml of methanol. Then, 

DIEA (1.4 mmol, 0.24 ml) was added and reaction mixture was stirred at 70°C for about 24 h. Solvents 

were evaporated in vacuo. The obtained compound was crystallized from methanol to give product 10 

(0.095 g, 95 %). 1H NMR (CD3OD, 300 MHz): 4.21 (s,1H), 4.1 (s, 1H), 3.98 (s, 1H), 3.84-3.59 (m, 5H), 

3.07 (t, 2H), 2.25-2.12 (m, 4H), 1.68-1.49 (m, 8H), 1.49-1.4 (m, 18H), 1.4-1.21 (m, 30H). LC-MS: (m/z) 

Found [M+1] + = 919.6 (calcd for C45H86N6O13
+ = 919.6). 

Eicosanedioic acid [2-(2,5-diamino-pentnoylamino)-ethyl]-amide[2-(2,3,4,5,6-pentahydroxy-

hexanoylamino)-ethyl]-amide (Orn-C20-G). 40 mg of the Boc-protected product 10 was treated with 

0.4 ml TFA and 3 % H2O for clean removal of Boc group to get final compound Orn-C20-G (27 mg, 90 

%). LC-MS: (m/z) Found [M+1] + = 719.5 (calcd for C35H71N6O9
+ = 719.5). 
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Scheme S2. Synthesis of Orn-C8-C12-G. 

8-tert-Butoxycabonylamino-octanoic acid (11). Amino group of  8-Aminooctanoic acid (31.4 mmol, 5 

g) was protected by Boc using Di-tert-butyl dicarbonate (34.6 mmol, 7.54 g) in solution of DMF (30 ml) 

and dichloromethane (40 ml).Then, DIEA (94.2 mmol, 16.38 ml) was added and the reaction mixture was 

stirred for 20 h at RT. The solvent was evaporated and product was crystallized from dichloromethane. 

The precipitate was filtered off and dried to give compound 11 (7.5 g, 92 %). 1H NMR (CDCl3, 300 

MHz): δ 4.55 (s, 1H), 3.07 (t, 2H), 2.3 (t, 2H), 1.67-1.5 (t, 4H), 1.56-1.37 (t, 9H), 1.37-1.21 (m, 6H). 

12-Amino-dodecanoic acid methyl ester (12). Thionyl chloride (103.4 mmol, 7.5 ml) was added drop-

wise to 100 ml of methanol at 0 °C and the mixture was stirred for another 20 min. Then, 10 g of 12-

aminododecanoic acid (46.5 mmol) was added and reaction mixture was stirred for 20 h at RT. The 

solvent was evaporated and product was crystallized from heptane to give compound 12 (10 g, 94 %). 1H 

NMR (DMSO, 300 MHz): δ 7.89 (s, 2H), 3.68 (s, 3H), 2.75 (t, 2H), 2.28 (t, 2H), 1.58-1.15 (m, 18H). 

12-(8-tert-Butoxycarbonylamino-octanoylamino)-dodecanoic acid methyl ester (13). Compound 12 

(6.5 mmol, 1.5 g) was coupled with 11 (7.2 mmol, 1.87 g) using BOP (7.2 mmol, 3.18 g), HOBt (8.9 

mmol, 1.2 g) and DIEA (25.9 mmol, 4.5 ml) in DMF (15 ml) and dichloromethane (30 ml). The reaction 

mixture was stirred 24 h at RT. Then the solvents were evaporated and product was crystallized from 

ethyl acetate : heptane (8:2). The precipitate was filtered off and dried to give compound 13 (2.5 g, 81 %). 
1H NMR (CDCl3, 300 MHz): δ 5.41 (s, 1H), 4.48 (s, 1H), 3.65 (s, 3H), 3.21 (t, 2H), 3.08 (t, 2H), 2.29 (t, 

2H), 2.13 (t, 2H), 1.69-1.15 (m, 39H). LC-MS: (m/z) Found [M+1] + = 371.2 (calcd for C26H50N2O5
+ - 

C10H18O4 (2Boc) = 371.2). 



 

 

12-[8-(2,5-Bis-tert-butoxycarbonylamino-pentanoylamino)-octanoylamino]-dodecanoic acid methyl 

ester (14). Boc group of 13 (2.13 mmol, 1 g) was removed in dichloromethane (3 ml) in the presence of 2 

ml of TFA for 1 h at RT. The solvent was evaporated and 1 g (2.1 mmol) of the obtained deprotected 

amine was coupled with 2,5-Bis-tert-butoxycarbonyl amino-pentanoic acid (2.2 mmol, 0.72 g) using BOP 

(2.4 mmol, 1.04 g), HOBt (2.96 mmol, 0.4 g) and DIEA (8.63 mmol, 1.5 ml) in DMF (5 ml) and 

dichloromethane (15 ml). The mixture was stirred overnight at RT. Then solvent was evaporated and 

product 14 (1.3 g, 92 %) was crystallized from acetonitrile. 1H NMR (CDCl3, 300 MHz): δ 6.46 (s, 1H), 

5.56 (s, 1H), 5.2 (s, 1H), 4.73 (s, 1H), 4.17 (s, 1H), 3.65 (s, 3H), 3.28-3.04 (m, 6H), 2.28 (t, 2H), 2.13 (t, 

2H), 1.66-1.19 (m, 50H). LC-MS: (m/z) Found [M+1] + = 585.4 (calcd for C36H68N4O8
+ - C10H18O4 

(2Boc) = 585.4). 

(1-{7-[11-(2-Amino-ethylcarbamoyl)-undecylcarbamoyl]-heptylcarbamoyl}-4-tert-

butoxycarbonylamino-butyl)-carbamic acid tert-butyl ester (15). The methyl ester of 14 (1.75 mmol, 

1.2 g) was reacted with ethylenediamine (150 mmol, 10 ml) for 72 h at 70°C. Then the excess of 

ethylenediamine was evaporated, the water was added and the product 15 was filtered (1.2 g, 96 %). 1H 

NMR (CD3OD, 300 MHz): δ 3.99 (s, 1H), 3.28-3.13 (m, 6H), 3.06 (t, 2H), 2.73 (t, 2H), 2.24-2.15 (m, 

4H), 1.67-1.28 (m, 50H). LC-MS: (m/z) Found [M+1] + = 713.4 (calcd for C37H72N6O7
+ = 713.4). 

[4-tert-Butoxycabonylamino-4-(7-{11-[2-(2,3,4,5,6-pentahydroxy-hexanoylamino)-ethylcarbamoyl]-

undecylcarbamoyl}-heptylcabamoyl)-butyl]-carbamic acid tert-butyl ester (16). δ-Gulonic-γ-Lactone 

(0.95 mmol, 0.17 g) was added to solution of 15 (0.56 mmol, 0.4 g) in 30 ml of methanol. Then, DIEA 

(5.64 mmol, 0.98 ml) was added and the reaction mixture was stirred at 70°C for about 24 h. Solvents 

were evaporated in vacuo. The obtained compound was crystallized from methanol to get product 16 

(0.15 g, 88 %). 1H NMR (DMSO, 300 MHz): δ 7.83-7.61 (m, 4H), 6.8-6.64 (m, 2H), 5.35 (d, 1H), 4.57-

4.26 (m, 5H), 4.0-3.75 (m, 3H), 3.61-3.38 (m, 6H), 3.22-2.81 (m, 11H), 2.06-1.95 (m, 4H), 1.54-1.37 (m, 

10H), 1.36-1.32 (m, 18H), 1.31-1.11 (m, 24H). LC-MS: (m/z) Found [M+1] + = 891.6 (calcd for 

C43H82N6O13
+ = 891.6). 

12-[8-(2,5-Diamino-pentanoylamino)-octanoylamino]-dodecanoic acid[2-(2,3,4,5,6-pentahydroxy-

hexanoylamino)-ethyl]-amide (Orn-C8-C12-G). Boc group of  16 was removed from 0.1 g (0.11 mmol) 

of the compound using 1 ml TFA and 3% of H2O to afford the final product Orn-C8-C12-G (0.095 g, 92 

%). MS: (m/z) Found [M+1] + = 691.5 (calcd for C33H67N6O9
+ = 691.5). MS: (m/z) Found [M+1] + = 

691.5 (calcd for C33H67N6O9
+ = 691.5). 

 



 

 

2. 1,8-ANS fluorescence data. 
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Fig. S1. Fluorescence intensity of 1,8-ANS (50 nM) as a function of Orn-C20-G bola concentration at 

two different pH. 

 

3. Gel electrophoresis data. 

 

 

Fig. S2. Agarose gel electrophoresis (0.9%) of Orn-C16-G/DOPE (1:1) mixture complexed with pDNA at 

different N/P ratios. Bands at the left of the gel correspond to 10 kbp DNA ladder. 



 

 

4. DLS data 
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Fig. S3. Mean diameters as measured by DLS of Orn-C16-G complexes with pDNA (triangle) and CT-

DNA (square) at different N/P ratios. The experiments were performed in MES buffer (pH 7.4) by 

addition of increasing quantities of bola stock solution (in DMF/water) to pDNA solution. Each 

measurement was proceeded 5 min after each addition of bola aliquot. Mean diameters are presented 

based on statistics of scattered intensity (filled symbols) and particle number (open symbols).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

5. Cytotoxicity and total protein assays. 
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Fig. S4. Total protein concentration from the transfection experiments in COS-7 cells for Orn-C16-G (A) 

and Orn-C20-G (B) bolas. The data are normalized to 100% for the control non-treated cells. Cells were 

incubated in serum-free Opti-MEM with a bolaplex composed of plasmid DNA (1 g per well), bola and 

DOPE (when indicated) at pH 7.4. Different N/P ratios were tested. After 3 h, the transfection medium 

was replaced with fresh complete culture medium, and cells were cultured for an additional 45 h. When 

indicated the medium contained 100 M chloroquine. Then cells were lysed and the total protein was 

estimated using BC assay. 
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Fig. S5. Cytotoxicity of bolas based on MTT assay. COS-7 cells were incubated for 48 h with the bolas 

(as described in Fig. S1) at the mentioned concentrations or with JetPEI (150 µM, expressed as 

concentration of nitrogen residues). 
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3.2 Bolas with Lactonic Headgroup  
 

In another set of bolas, namely Orn-C20-L and Orn-C16-L, a lactonic sugar 

residue was used as a neutral group. At first, the lactonic residues being much larger than 

the gluconic ones, should significantly modify the assembly of the bolaplexes. Second, 

the lactonic residues being specific to hepatocytes (HepG2 cells) containing the 

asialoglycoprotein receptors could help to enhance the transfection efficiency through the 

receptor mediated pathway.  

According to gel electrophoresis data, lactonic-bolas formed complexes with DNA 

at significantly higher N/P ratio as compared to their gluconic-bola analogues (Fig. 

3.18a). Similar observation was made from the ethidium bromide exclusion assay, where 

completion of DNA condensation was observed at N/P 5. Nevertheless, similarly to the 

gluconic-bolas, the size of bolaplexes from lactonic-bolas increased at higher N/Ps, 

according to DLS data. This increase was connected with the neutralization of the 

bolaplex charge, as evidenced by zeta-potential measurements. In addition to this trend, 

an abrupt decrease of the bolaplexes size was observed for lactonic bolas at high N/Ps in 

the presence of DOPE, used as a helper lipid, which could be explained by their highly 

positive zeta-potential. AFM data confirmed the small size of the DOPE-containing 

bolaplexes and showed their spherical morphology. Cellular studies showed that the 

lactonic-bolas are capable to transfect efficiently different cell lines like HeLa, COS-7 

and HepG2. Surprisingly, the transfection efficiency in HeLa and COS-7 cells was 

generally higher than in HepG2 cells, so that the lactonic group did not provide 

bolaplexes with specificity to the latter. Both bolas showed a moderate transfection 

efficiency, when used alone at N/P 10. The transfection efficiency of the bolaplexes was 

improved significantly with chloroquine and particularly with DOPE (Fig. 3.18b). 

Importantly, for some formulations with DOPE, the transfection efficiency was close to 

that of commercial agent jetPEI. The positive effects of DOPE and chloroquine further 

confirmed that the key barriers for the internalization of these bolaplexes are membrane 

fusion and endosomal escape, similarly to the gluconic-bolas. Nevertheless, compared to 

the gluconic-bolas, the lactonic-bolas are more efficient with as well as without helper 

agents. However, an adverse effect due to the presence of serum in the transfection 
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medium was observed, though it could not completely abolish the transfection efficiency 

of bolaplexes. Time dependent mediation of transfection was performed and these studies 

revealed that the bolas alone can work efficiently after two repetitive transfections for 24 

h without the use of any helping agent. The intracellular trafficking studies of the 

fluorescently labeled bolaplexes, as performed by confocal microscopy, suggested that 

they were internalized through endocytosis, and then released into cytoplasm by 

endosomal escape. Finally, MTT-based assay showed that the cytotoxicity of the new 

bolas is very low. 

 

 

 

 

 

 

 

 

Figure 3.18. (a) Agarose gel electrophoresis (0.9%) of Orn-C16-L complexed with 

pDNA at different N/P ratios. Band at the left of gel correspond to 10 kbp DNA ladder. 

The final DNA (phosphate) concentration was 60 µM, while the bola concentration was 

varied to obtain the final N/P ratio. (b) Transfection efficiency of the Orn-C16-L 

bolaplexes at different N/P ratios in COS-7 cells without serum. Cells were incubated in 

serum-free Opti-MEM, with a bolaplex composed of plasmid DNA (1 g per well), Orn-

C16-L and DOPE (when indicated). For some samples the medium contained 100 M 

chloroquine. After 3 h, 10 % of FBS was added, while for all the samples with 

chloroquine the transfection medium was replaced with fresh complete culture medium. 

The luciferase activity quantification was performed after 48 h of incubation. 

Transfection efficiency determined from the luciferase assay was expressed as RLU/mg 

of protein. The negative controls were non-treated cells, those transfected with naked 

pDNA and commercial transfecting agent jetPEI.  
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Thus, the present work further improves this new concept for construction of 

nonviral vectors featuring controlled small size, high efficiency and low cytotoxicity. 

However, the remarkable improvement in transfection efficiency observed for lactonic-

bolas compared to their gluconic-bola analogues remains to be understood. 
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3.3 Bolas with PEG Headgroup  
 

Unfortunately, both the gluconic- and the lactonic-bolas, when used alone, showed 

a relatively large size of their bolaplexes at high N/Ps. We hypothesized that sugar groups 

could probably be responsible for aggregation of the bolaplexes at high N/Ps, when the 

complexes become uncharged. Therefore, we thought of changing the sugar group by 

another neutral group, featuring stronger shielding properties. In this respect polyethylene 

glycol (PEG) groups are the most interesting, since they are largely used for shielding 

nanostructures and preventing their aggregation. Therefore in this work, we replaced the 

sugar group by an inert PEG group. Based on this modification, two bolas, bearing PEG 

residues of different lengths, were synthesized and characterized: Orn-C16-PEG2000 

and Orn-C16-PEG350. 

 

Structural Characterization and DNA Interaction Studies 

 

     The ability of PEG bolas, Orn-C16-PEG350 and Orn-C16-PEG2000, to complex 

DNA at different N/P ratios was investigated by gel electrophoresis (Fig. 3.19). It was 

found that both the bolas were able to complex DNA, though the complex formation and 

the mobility of the bolaplexes were influenced by their chemical structure. The short-

PEG-bola, Orn-C16-PEG350, complexed DNA more efficiently than long-PEG-bola 

Orn-C16-PEG2000 since pDNA band for the former disappears at lower N/Ps. It should 

be also noted that for Orn-C16-PEG350 at low N/P ratios (1-3), the complexes moved 

slower on the gel, while at N/P>7 mainly immobile complexes were observed. In 

contrast, for Orn-C16-PEG2000 only complexes that moved slower on the gel were 

observed. These results suggested a significant difference in the size and charge of the 

DNA complexes formed by the two bolas at high N/P ratios. 
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Figure 3.19. Agarose gel electrophoresis (0.9%) of (a) Orn-C16-PEG350 and (b) Orn-

C16-PEG2000 complexed with pDNA at different N/P ratios. Bands at the left of each 

gel corresponds to 10 kbp DNA ladder. The final DNA (phosphate) concentration was 60 

µM, while the bola concentration was varied to obtain the final N/P ratio. 

 

 Ethidium bromide exclusion studies showed that the DNA condensation is more 

efficient for Orn-C16-PEG350, than for Orn-C16-PEG2000 (Fig. 3.20). Indeed, for 

Orn-C16-PEG350 complexes with CT-DNA, the relative fluorescence intensity of EtBr 

drops rapidly at low N/P to reach a stable minimum level (10%) above N/P 10, thus 

indicating an efficient bola-DNA interaction and stong DNA condensation. On the other 

hand, Orn-C16-PEG2000 showed a slower decrease in the fluorescence intensity 

without a clear plateau, as the fluorescence intensity at N/P 30 was still ~15% of the 

initial. 

 

 

 

 

 

 

 

Figure 3.20. Exclusion of EtBr from CT-DNA complexes with PEG-bolas at different 

N/P ratios. The fluorescence intensity was normalized to 100% of the initial intensity. 

The final DNA (phosphate) concentration was 20 µM, while the bola concentration was 

varied to obtain the final N/P ratio.  
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 Particle size measurements by DLS showed that Orn-C16-PEG350 formed 

relatively small complexes at lower N/Ps, while their size increased significantly at 

higher N/Ps (Fig. 3.21). This observation is very similar to those previously made for 

gluconic- and lactonic-bolas. In contrast, Orn-C16-PEG2000 formed small bolaplexes 

for all N/Ps tested and their size decreased at higher N/P (~100 nm for N/P 10). This 

observation is fully in agreement with gel electrophoresis data. Thus, the observation of 

immobile complexes of Orn-C16-PEG350 for N/P>2 is probably connected with the 

large size of the complexes. In contrast, complexes of Orn-C16-PEG2000 are much 

smaller and therefore move on the gel. Formation of small bolaplexes for Orn-C16-

PEG2000 is probably due to the long PEG chain, which provides an efficient shielding of 

the obtained particles preventing their aggregation.  

 The zeta potential of bolaplexes formed by Orn-C16-PEG350 increased with 

increasing N/Ps, reaching neutrality at N/P 10 (Fig. 3.21). This neutralization of Orn-

C16-EG350 bolaplexes explains the observed increase in the bolaplex size for high N/Ps. 

In contrast, the zeta potential of bolaplexes formed by Orn-C16-PEG2000 was close to 

neutrality for all N/Ps studied, indicating an efficient shielding of the bolaplexes by long-

chain PEG groups. 

 

 

 

 

 

 

 

Figure 3.21. DLS and Zeta potential data of 3rd generation PEG-bolas (100 µM) and their 

complexes with DNA at different N/Ps in aqueous buffer (pH 7). The final DNA 

(phosphate) concentration was 20 µM for DLS measurements and 30 µM for zeta 

potential measurements, while the bola concentration was varied to obtain the final N/P 

ratio. 
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 As Orn-C16-PEG2000 provides an efficient shielding of the bolaplexes, allowing 

formation of small-sized particles, we made an attempt to use it to optimize the size of 

bolaplexes of lactonic-bola Orn-C16-L (Fig. 3.22). The latter, being the most efficient 

transfection agent developed in this work, shows relatively large bolaplexes at high N/P 

ratio. Therefore, we prepared bolaplexes of Orn-C16-L at N/P 10, containing different 

molar quantities of Orn-C16-PEG2000. DLS measurements showed a drastic decrease 

in size of Orn-C16-L bolaplexes for these formulations. For example, at 33 mol% of 

Orn-C16-PEG2000 bolaplex size reached ~ 100 nm, which corresponds to that formed 

by neat Orn-C16-PEG2000. Moreover, for formulations containing  33 mol% Orn-

C16-PEG2000 the bolaplex size remained invariant for samples prepared after 10 min, 

30 min and 3 h (data are not shown), indicating a remarkable stability of the bolaplexes 

against aggregation. Thus, addition of 33 mol% of Orn-C16-PEG2000 to Orn-C16-L 

allows reducing size of the bolaplexes by about 20-fold. Thus, we confirmed our 

hypothesis that shielding of bolaplexes of lactonic-bola with PEG group can prevent their 

aggregation allowing formation of small and stable bolaplexes. 

 

 

 

 

 

 

 

 

Figure 3.22. DLS data of complexes formed by the mixture of bola Orn-C16-L (N/P 10) 

and Orn-C16-PEG2000 at different molar ratios with CT-DNA in aqueous buffer (pH 7). 

The final DNA (phosphate) concentration was 20 µM. 
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Transfection Efficiency and Cell Viability 

 

     The transfection efficiency of Orn-C16-PEG350 and Orn-C16-PEG2000 was 

evaluated for different N/P ratios (3, 5 and 10) in COS-7 cells. Helper lipid DOPE and 

endosomolytic reagent chloroquine were used for some formulations. For Orn-C16-

PEG350, no transfection was observed at N/P 3, while for N/P 5 some transfection was 

observed only in the presence of chloroquine. However, at N/P 10 the transfection 

efficiency of Orn-C16-PEG350 was substantially improved. The important property of 

Orn-C16-PEG350 is its considerable transfection efficiency when it is used alone 

without any helping agent (Fig. 3.23). This property was observed so far only for one 

bola, Orn-C16-L. Significantly higher transfection levels were measured for bolaplexes 

in the presence of DOPE or with chloroquine compared to bola alone, which shows that, 

similarly to other bolas, the important barrier for the bolaplexes is fusion with 

biomembranes and endosomal escape. Generally, the results of transfection for Orn-C16-

PEG350 were similar to that of Orn-C16-L, though the efficiency of the former with 

DOPE was found lower. In contrast, Orn-C16-PEG2000 did not show any transfection 

efficiency. This could be explained by relatively weak interaction of this bola with DNA, 

as evidenced by gel electrophoresis and EtBr exclusion assay. In addition the strong 

shielding of the bolaplexes by the long-chain PEG groups, shown by DLS and zeta 

potential measurements may be an additional factor decreasing the transfection efficiency 

of these bolaplexes. 

 

  To estimate cell viability, the total cellular protein was measured after transfection 

with bolaplexes (Fig. 3.23). The obtained results indicated a negligible cytotoxicity of the 

bolaplexes, which appears much lower than that of jet-PEI and even lower than that of 

gluconic- and lactonic-bolas. The fact that PEG group is known to be biocompatible and 

non-toxic may explain the low cytotoxicity that characterizes these compounds. 
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Figure 3.23. Transfection efficiency and cell viability of C16-PEG350 at different N/P 

ratios in COS-7 cells without serum. Cells were incubated in serum-free Opti-MEM, with 

a bolaplex composed of plasmid DNA (1 g per well), Orn-C16-G and DOPE (when 

indicated). For some samples the medium contained 100 M chloroquine. After 3 h, 10 

% of FBS was added, while for all the samples with chloroquine the transfection medium 

was replaced with fresh complete culture medium. The luciferase activity quantification 

and the total protein were estimated after 48 h of incubation. The negative controls were 

non-treated cells (cells) and those transfected with naked pDNA (DNA). Transfection 

efficiency determined from the luciferase assay was expressed as RLU/mg of protein. 

Cell viability determined using BC assay was normalized to 100% for the control non-

treated cells.  
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Conclusions 

 

In conclusion, a 3rd generation of bolaamphiphiles was synthesized, where the 

structure of the hydrophobic spacer and the nature of the neutral headgroup were varied. 

A long alkyl chain of C20-carbon atoms or an alkyl chain of C16-carbon atoms and an 

aromatic unit were used as hydrophobic spacers, while PEG was used as headgroup in 

addition to the sugar residues. We found that the increase in the hydrophilicity of the 

hydrophobic spacer compared to the 2nd generation of bolas improved significantly the 

interaction of bolas with DNA. For most of bolas, the size of bolaplexes increased with 

N/P, which was explained by their neutralization at higher N/Ps. Moreover, the obtained 

bolaplexes of the 3rd generation bolas showed significant transfection efficiency, which 

was further improved by addition of either a helper lipid DOPE or the lysosomolytic 

agent chloroquine. The latter fact suggests that the key transfection barrier for these 

bolaplexes is the fusion with cell membranes and the endosomal escape. When different 

neutral headgroups were compared, we found that the larger lactonic headgroup 

decreased slightly the affinity to DNA, but improved strongly the transfection efficiency 

as compared with the gluconic headgroup. Moreover, PEG of short chain lengths showed 

properties similar to bolas bearing lactonic group. In contrast, bola bearing a long-chain 

PEG group showed a very different behavior as compared to other bolas, as the size of its 

bolaplexes was smaller, especially at higher N/P ratios. This result shows that a long PEG 

group allows efficient shielding of bolaplexes, preventing their aggregation. This bola 

can be used in mixture with other bolas in order to decrease the size of their DNA 

complexes. However, bola bearing a long PEG chain did not show any transfection 

efficiency, probably because of a too efficient shielding of its complexes and rather weak 

interaction with DNA within the complex. Thus, achieving high transfection efficiency 

together with small size of bolaplexes requires a fine optimization of their properties, 

namely the strength of interaction with DNA, the shielding of the bolaplex from 

aggregation and its ability to internalize into the cell. 
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This work presents an innovative direction in the development of non-viral vectors 

using specially designed unsymmetrical bolaamphiphiles. A variety of bolaamphiphiles, 

bearing cationic and neutral groups connected by a hydrophobic spacer, were obtained by 

multi-step organic synthesis. Their characterization by different instrumental techniques 

suggested that the nature of both headgroups and the hydrophobic spacer defines the 

bolas self-assembly, their interaction with DNA and the morphology of the bolaplexes.  

The first generation of bolaamphiphiles presented a poor solubility and an 

inefficient DNA interaction. However, these bolas formed asymmetric membranes in 

form of monolayers or fibrous nano-structures on the surface of mica. These bolas did not 

show any significant transfection efficiency, while the cytotoxicity was low. Further 

improvement of bolas structure resulted in the second generation of bolas, bearing di-

cationic headgroup. Though these bolas showed much higher solubility, compared to first 

generation bolas, they lost their ability to self-assemble and kept a poor affinity to DNA 

resulting in no transfection efficiency together with a maintained low cytotoxicity.   

While the first two generations of bolas lack the essential features of nonviral 

vectors, the final third generation, bearing di-cationic (ornithine) and neutral (sugar or 

PEG) headgroups connected by enlarged hydrophobic spacer, was found highly 

promising. This latter generation showed a strong interaction with DNA and significant 

DNA condensation. These bolas formed small bolaplexes at low N/Ps, showing spherical 

and rod-like structures, while at higher N/P ratio their size increased due to the 

neutralization of the complexes. The only exception was a bola bearing long PEG 

headgroup, which due to the efficient shielding effect of PEG, formed bolaplexes of 

small size at high N/Ps. The bolaplexes were able to transfect different cell lines, and the 

transfection efficiency was significantly improved in the presence of the helper lipid 

DOPE or the endosomolytic agent chloroquine, which suggested that the key barrier for 

their internalization could be membrane fusion and endosomal escape. Some bolaplex 

formulations showed transfection efficiency comparable to the best commercial 

transfection agent jetPEI. Thus, the present work validates a new concept based on 

unsymmetrical bolaamphiphiles for construction of nonviral vectors featuring controlled 

small size, high efficiency and low cytotoxicity.  
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As a future perspective, several aspects should be mentioned. As we found in this 

work, the major barrier for bola-based vectors is endosomal escape, which explains the 

poor transfection efficiency for formulation that did not contain helper lipids. Therefore, 

the next efforts should be focused on modifying the bola structure in order to optimize 

the endosomal escape of their bolaplexes without use of any helping agent. This can be 

achieved by introducing a second hydrocarbon chain within the hydrophobic linker. This 

second chain would promote fusion of the bolaplexes with cell membranes and further 

biomembrane destabilization, similarly to the effect of DOPE. A second possibility is to 

introduce a pH sensitive group in the bola that would trigger change in the bola structure 

inside the endosomes due to lower pH, thus promoting the endosomal escape of the 

bolaplexes. Once the problems above will be appropriately addressed, it will be important 

to provide the bolaplexes with high specificity to a particular biological target. For this 

purpose, the most promising bola-based vectors could be further modified with ligands 

that are specific to receptors of the target cells. Particularly interesting in this respect are 

receptors responsible for endocytosis (like asialoglycoprotein and folate receptors), since 

they will promote ligand driven internalization of the bolaplexes. These studies will be of 

key importance for specific targeting in vivo and future applications of these vectors for 

gene therapy. 
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In addition to my dissertation work, I had the opportunity to collaborate on other 

projects that are presented in papers shortly introduced below: 

 

1) Article “Excited-State Intramolecular Proton Transfer Distinguishes Microenvironm- 
ents in Single-And Double-Stranded DNA”  
 

The development of environment sensitive dyes is one of the main topics of research 

of our research team. The efficient interaction of an environment-sensitive fluorophore 

that undergoes excited-state intramolecular proton transfer (ESIPT) with DNA has been 

studied by conjugation of a 3-hydroxychromone (3HC) moiety with polycationic 

spermine. The designed conjugate exhibits a change of 16-folds in the ratio of the two 

emission bands on binding to double-stranded DNA that suggests an efficient screening 

from the water molecules. On the contrary, only a moderate change is observed on 

binding to a single-stranded DNA, indicating a much higher exposure to water at the 

binding site. Thus, these dyes are promising to monitor the interaction of polycationic 

molecules with DNA and to probe the microenvironment of their DNA binding sites 

 

2) Article “Virus-sized DNA nanoparticles for gene delivery based on micelles of 
cationic calixarenes” 
 

In this work, we characterized the self-assembly of new amphiphilic calixarenes 

(synthesized by Dr. Roman V. Rodik) by fluorescent probes, fluorescence correlation 

spectroscopy, dynamic light scattering, gel electrophoresis and atomic force microscopy. 

We found that, in contrast to short-chain (propyl) analogue, calixarenes bearing long 

alkyl chains (octyl) self-assemble into micelles of 6 nm diameter at low CMC and present 

the unique ability to condense DNA into small nanoparticles of about 50 nm diameter 

which resulted in better gene transfection efficiency in vitro, indicating that gene delivery 

of calixarene/DNA complexes depends strongly on their structure. Moreover, all cationic 

calixarenes studied showed low cytotoxicities. Thus, this work presents a two-step 

hierarchical concept of construction of small DNA nanoparticles for gene delivery based 

on amphiphilic cone-shaped cationic calixarenes. 
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“Vecteurs de Gènes Non-Viraux Basés sur de 
Nouveaux Bolaamphiphiles Dissymétriques” 

 
 
 
  

 
 
 
 
 
 
 
 
 
 



 

 1

INTRODUCTION 
 

La thérapie génique est un domaine de recherches en constant développement et une 
importante promesse thérapeutique pour le futur. Les vecteurs non-viraux basés sur les lipides 
cationiques sont très intéressants, car ils peuvent délivrer une grande quantité de matériel 
génétique et sont faiblement immunogènes. Bien que leurs complexes avec l’ADN 
(lipoplexes) démontrent une forte efficacité de transfection in-vitro, leur application en 
thérapie génique in-vivo reste cependant à confirmer. Notamment, l’un des inconvénients 
majeurs de ces lipoplexes est leur grande variabilité structurelle. 

Les amphiphiles bipolaires appelées bolaamphiphiles (bolas), qui sont des analogues de 
lipides présentant des groupements polaires aux deux extrémités opposées de chaînes 
hydrophobes, ont progressivement gagné en intérêt ces dernières années étant donné leur 
aptitude à former des nanostructures supramoléculaires bien définies. Dans ce contexte, des 
bolas dissymétriques portant des têtes positivement chargées et neutres peuvent s’avérer une 
alternative intéressante aux lipides cationiques pour la délivrance de gènes. 

Le but de cette thèse vise au développement de nouveaux vecteurs non-viraux basés sur de 
tels  bolaamphiphiles dissymétriques. Pour cela, de nouveaux bolaamphiphiles ont été 
synthétisés, leur interaction avec l’ADN a été caractérisée par différentes techniques 
expérimentales et leur efficacité de transfection ainsi que leur trafic intracellulaire ont été 
testés sur différentes lignées cellulaires. 
 
RÉSULTATS 
 
Conception et synthèse des bolaamphiphiles  
 
La conception de nos vecteurs non-viraux est basée sur des bola-molécules portent d’un coté 

un résidu neutre, soit sucre (dérivés du mannose, lactose, glucose) ou PEG et de l’autre un 

groupement mono- ou di-cationique basés sur des groupements amines, reliés par différents 

espaceurs hydrophobes (Fig. 1). Ces molécules peuvent générer des membranes asymétriques, 

en forme de vésicules ou de nanotubes, avec des surfaces interne et externe respectivement 

positivement chargée et neutre. Dans ce cas, la surface interne de la membrane devrait 

envelopper la molécule d’ADN alors que la surface externe neutre, étant inerte vis-à-vis de 

l’ADN, devrait empêcher toute agrégation des complexes et pouvoir être utilisée pour une 

exposition efficace d’un signal biologique pour un ciblage spécifique.  

 
 
 
 
 
 
 
 
Figure1. Représentation schématique d’un bolaamphiphile et de son assemblage. 
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A partir de ce concept, 17 molécules de bolaamphiphiles ont été synthétisées et purifiées. 

Chacune de ces molécules a nécessité de 6 à 9 étapes de synthèse. Leur caractérisation et leur 

pureté ont été confirmées par HPLC, spectrométrie de masse et 1H-NMR. Ces nouveaux bolas 

ont été classés en trois générations, et présentés ainsi dans ce travail.   

 
Caractérisation structurale et études cellulaires 
 
1ère Génération de Bolas portant une tête mono-cationique. 
 
 La première génération de bolas avec une tête mono-cationique (exemple : M-C8-C12-EDA, 

Fig. 2) n’a montré qu’une faible interaction avec l’ADN, ceci par électrophorèse sur gel. En 

outre, les mesures de diffusion de lumière (DLS) ont montré qu’avec ou sans ADN,  la taille 

des nanostructures obtenues n’était pas stable, du fait d’une agrégation continue. La 

microscopie de force atomique (AFM) a révélé que certains bolas s’auto-assemblaient, sur 

une surface de mica, en une monocouche membranaire de 3-4 nm d’épaisseur. Par ailleurs, 

des nanotubes de ~30 nm de diamètre on été observés par microscopie électronique. 

Finalement, les essais de transfection des complexes sur des cellules HeLa (essai à la 

luciférase) se sont révélés inefficaces, avec une faible cytotoxicité. Ces résultats nous ont 

incité à effectuer des modifications de structure pour les bolas afin d’obtenir une meilleure 

interaction avec l’ADN ainsi qu’une meilleure solubilité. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Structures chimiques de la 1ère Génération de bolas-molécules.  
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2nde Génération de Bolas portant une tête di-cationique.  
 
Afin de surmonter les problèmes constatés avec la 1ére génération de bolas, nous avons choisi 

un résidu di-amine (ornithine) en place de l’amine initiale afin d’accroître la charge positive 

de la tête polaire. Cette modification s’est traduite par une augmentation de solubilité aqueuse 

significative et une moindre agrégation des bolas en l’absence d’ADN, ceci à concentration 

micromolaire. En outre, ces bolas ont montré une plus forte interaction avec l’ADN, bien que 

celle-ci ne soit totale qu’à des rapports N/P >7, comme l’ont montré les expériences 

d’électrophorèse sur gel et d’exclusion du bromure d’éthidium. La taille des bolaplexes 

obtenus, mesurés par DLS et AFM, est également moindre. Cependant, malgré ces résultats a 

priori favorables,  cette 2nde génération de bolaplexes, testée sur des cellules HeLa et COS-7, 

ne montre toujours aucune efficacité de transfection. Afin de remédier à cette situation, de 

nouvelles modifications de la structure des bolas sont apparues nécessaires afin d’améliorer 

leur capacité à former des complexes avec l’ADN.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Structures chimiques de la 2nde Génération de bolas-molécules.  
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3ème Génération de Bolas portant une tête di-cationique et une tête sucre ou PEG, avec 
différents espaceurs hydrophobes. 
 
 En dernier lieu, nous avons synthétisé des bolas portant toujours une tête di-cationique 

ornithine, mais dont les espaceurs ont été modifiés afin d’augmenter leur hydrophobicité et 

ainsi d’améliorer leur capacité d’auto-association aux concentrations micromolaires. Par 

ailleurs, les têtes sucres ont dans certains cas été remplacés par une tête polyéthyléne glycol 

(PEG) (300 Da ou 2000 Da), également neutre et biocompatible.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Structures chimiques de la 3ème Génération de bolas-molécules.  
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Ces nouveaux bolas gardent une excellente solubilité aqueuse et, en contraste avec la 2nde 

génération de bolas, leur auto-association conduit à des nanostructures de petite taille (100-

200 nm par DLS) à concentration micromolaire (Tableau 1). Nous privilégierons dans ce 

résumé les résultats obtenus avec les bolas Orn-C16-G et Orn-C20-G (Fig.4, en bleu). 

 

Tableau 1. Mesure de tailles de bolas et de bolaplexes par diffusion de la lumière (DLS) en solution 
aqueuse tamponnée  (pH 7.4). 
 

 

Volume analysis 
Sample Diameter, 

nm 
Amount, 

% 

Number analysis 
Mean diameter, 

nm 

110 88 73 
Bola (100µM) 

1450 12  
Bola/pDNA 

N/P 1.2 (12µM Bola) 109 95 90 

92 45 152 Bola/pDNA 
N/P 2 (12µM Bola) 510 55  

Bola/pDNA 
N/P 2 (20µM Bola) 1550 95 1400 

Orn-C16-G 

Bola/pDNA 
N/P 5 (50µM Bola) 870 100 925 

140 15 110 
Bola (100µM) 

1050 85  
97 20 90 Bola/pDNA 

N/P 1.2 (12µM Bola) 930 80  
Bola/pDNA 

N/P 2 (12µM Bola) 970 100 900 

Bola/pDNA 
N/P 2 (20µM Bola) 1370 100 1200 

Orn-C20-G 

Bola/pDNA 
N/P 5 (50µM Bola) 1090 100 1069 

220 30 140 Bola/DOPE 
(100µM bola) 1120 70  

Bola/DOPE/pDNA 
N/P 2 (20µM Bola) 220 100 218 

200 20 190 Bola/DOPE/pDNA 
N/P 3 (30µM Bola) 800 80  

Orn-C16-G/ 

DOPE (1:1) 

Bola/DOPE/pDNA 
N/P 5 (50µM Bola) 1440 100 1350 

 
 

Les expériences d’électrophorése sur gel et d’exclusion du bromure d’éthidium (Fig. 5) 

indiquent une interaction forte avec l’ADN et une condensation importante de celui-ci.  
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Figure 5. Expériences d’exclusion du bromure d’éthidium sur des complexes d’ADN de thymus de 
veau avec des bolas à différents rapports N/P. L’intensité de fluorescence est normalisée à 100% de 
l’intensité initiale. 
 

Une augmentation en taille des bolaplexes a été observée par DLS aux rapports N/P élevés 

pour la plupart des bolas (Tableau 1), ce qui peut être lié à une neutralisation des complexes, 

en accord avec les mesures de potentiel Zeta (Fig. 6). 

 
 

  

 

 

 

 
 
 
 
Figure 6. Potentiel Zeta de nanostructures formées uniquement de bolas ou de leurs formulations en 
présence de DOPE et d’ADN de thymus de veau à différents rapports N/P (tampon MES, pH 7.4). 
 
 
Une diminution brutale de la taille des bolaplexes a été observée pour les bolas portant un 

dérivé lactose, ceci aux hauts rapports N/P et en présence de DOPE, ce qui a pu être expliqué 

par leur potentiel Zeta positif. Une autre exception concerne les bolas portant une tête PEG-

2000, donnant des complexes de petite taille (ca 100 nm) même aux rapports N/P élevés. Il est 

possible d’en conclure que la présence de ce type de PEG empêche l’agrégation des 

bolaplexes à ces N/P, permettant ainsi un contrôle de leur taille. Afin d’accéder à la structure 

nanoscopique des bolaplexes, nous avons effectué des mesures de microscopie en force 
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atomique (AFM) en phase liquide tamponnée sur une surface en mica. Comme le montre la 

Fig. 7,  les bolaplexes obtenus présentent des structures soit sphériques, soit en bâtonnet, 

selon la formulation du bola utilisé. 

 
 
 

 

 

 

 

 

 

 

 

 
Figure 7. Images d’AFM de bolaplexes de Orn-C16-G (A et B, N/P 2) et de Orn-C20-G (C et D, N/P 
1.2) obtenus avec de l’ADN plasmidique (A and C) et de l’ADN de thymus (B and D). Les images 
sont obtenues par  “tapping mode”. 
 
 

Des études de transfection menées avec cette 3ème génération de bolas se sont révélées 

positives sur différentes lignées cellulaires (HeLa, COS-7 and HepG2). Leur efficacité de 

transfection augmente significativement en présence de DOPE ou de chloroquine, ce qui 

montre que les étapes clefs pour leur internalisation concernent leur fusion avec la membrane 

et leur sortie de l’endosome. Certaines formulations de bolaplexes contenant de la DOPE 

montrent une très forte efficacité de transfection, proche de celle observée pour un vecteur 

commercial tel le jetPEI. Cependant, la présence of sérum diminue significativement (mais 

non totalement) l’efficacité de transfection de ces bolaplexes, les formulations les plus 

sensibles à la présence de sérum étant celles contenant de la DOPE.  
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Figure 8. Efficacité de transfection de bolaplexes d’Orn-C16-G à différents rapports N/P sur des 
cellules COS-7 sans (A) et avec sérum (B). Les cellules on été incubées en serum-free Opti-MEM (A) 
ou en milieu de culture complet, DMEM, contenant 10 % de FBS (B), avec un bolaplexe composé 
d’ADN plasmidique (1 g par puit), d’Orn-C16-G et de DOPE (lorsque indiqué). Pour quelques 
échantillons, le milieu contient 100 M de chloroquine. Après 3 h, 10 % de FBS ont été ajoutés aux 
échantillons serum-free, alors que pour les échantillons avec chloroquine le milieu de transfection a 
été remplacé par du milieu de culture complet. L’activité luciférase a été mesurée après 48 h 
d’incubation. L’efficacité de transfection déterminée par l’essai à la luciférase est exprimée en 
RLU/mg de protéine. Les contrôles négatifs ont été réalisés avec des cellules non traitées (pDNA) et 
des cellules transfectées avec de l’ADN nu (pDNA). Les expériences ont été répétées six fois pour les 
échantillons serum-free (A) et trois fois pour les échantillons avec sérum (B). 

 
 
Les études de trafic intracellulaire de bolaplexes marqués par fluorescence, effectuées par 

microscopie confocale, montrent une internalisation par endocytose suivie d’une sortie des 

endosomes (Fig. 9). Enfin, des tests MTT montrent également une très faible cytotoxicité de 

cette génération de bolas. 

 

 

Figure 9. Images de microscopie de fluorescence obtenues avec des bolaplexes Orn-C16-L + DOPE 
au rapport  N/P = 10 marqués au YOYO-1, pour des cellules HeLa à différents temps d’incubation: 1 
h, 6h et 24 h. 
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CONCLUSIONS 
 
Ce travail présente une alternative originale pour le développement de vecteurs non-viraux 

par l’utilisation de molécules bolaamphiphiles dissymétriques spécialement conçues dans ce 

but. Une grande variété de bolas, portant des groupements cationiques et neutres séparés par 

un espaceur hydrophobe, a été obtenue par synthèse organique multi-étapes. Leur 

caractérisation physicochimique par différentes techniques suggère que la nature de ces 

groupements et de l’espaceur hydrophobe conditionne l’auto-assemblage des bolas, leur 

interaction avec l’ADN et la morphologie des bolaplexes obtenus. Les deux premières 

générations de bolas synthétisés ne sont pas révélées posséder les propriétés nécessaires pour 

générer de bons vecteurs non-viraux. Par contre, la troisième génération s’est révélée très 

prometteuse. En effet, nous avons pu mettre en évidence pour nombre de ces derniers 

bolaamphiphiles une forte interaction avec l’ADN, une formation de bolaplexes de petite 

taille et une bonne efficacité de transfection pour plusieurs lignées cellulaires. L’augmentation 

de cette efficacité de transfection en présence DOPE et/ou de chloroquine indique que les 

étapes clefs de l’internalisation des complexes résident dans la fusion membranaire et la sortie 

de l’endosome. Il est à remarquer que certaines formulations de bolaplexes montrent une 

efficacité de transfection comparable aux meilleurs agents commerciaux. Le présent travail 

valide donc un nouveau concept visant à la construction de vecteurs non-viraux possédant une 

petite taille facile à contrôler, une efficacité élevée et une faible cytotoxicité. 

 

 

PERSPECTIVES 

 

Une modification complémentaire de la structure de ces molécules peut à nouveau s’envisager 

afin d’augmenter l’efficacité de transfection des bolaplexes, ceci en favorisant la sortie de 

l’endosome en l’absence de tout agent facilitateur. Ceci pourrait se réaliser en introduisant 

une seconde chaîne hydrocarbonée dans l’espaceur hydrophobe, afin de favoriser la fusion 

membranaire. Une seconde possibilité pourrait être l’introduction de groupements pH-

sensibles, ce qui modifierait la structure des bolas à l’intérieur des endosomes, déclenchant 

ainsi la sortie de l’ADN. Enfin, les plus prometteurs des vecteurs ainsi obtenus pourront être 

fonctionnalisés par des ligands spécifiques afin de cibler des cellules particulières in vivo, ce 

qui est d’une importance cruciale pour de futures applications en thérapie génique. 
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Résumé 
 
Le succès de la thérapie génique repose sur la découverte de nouveaux et efficaces vecteurs de 
gènes. Les vecteurs non-viraux présentent un intérêt certain, car ils peuvent délivrer du matériel 
génétique en grande quantité et sont faiblement immunogéniques. Dans ce contexte, des 
molécules bolaamphiphiles dissymétriques (bolas) portant deux têtes polaires hydrophiles 
différentes reliées par un espaceur hydrophobe peuvent s’avérer être une alternative intéressante, 
car ils peuvent former des nano-structures supramoléculaires bien définies (nano-vésicules ou 
nanotubes) et plus stables  que celles formées par des lipides. Le but du présent travail fût donc de 
développer de nouveaux vecteurs de transfection basés sur des bolas à même de former de telles 
nano-structures pouvant héberger une molécule d’ADN  et exposer à leur surface externe des 
ligands neutres. Dans ce but, plusieurs types de bolas, portant des groupements cationiques et 
neutres reliés par un espaceur hydrophobe, ont été obtenus par synthèse organique multi-étapes. 
Leur caractérisation par différentes techniques démontre que la nature aussi bien des têtes polaires 
que de l’espaceur hydrophobe conditionne l’auto-assemblage des bolas, leur interaction avec 
l’ADN et la morphologie des complexes obtenus (bolaplexes). Les deux premières générations de 
bolas n’ont pas présentés les caractéristiques essentielles de bons vecteurs non-viraux. La 
troisième génération, au contraire, est apparue très prometteuse. Celle-ci montre une forte 
interaction avec l’ADN, la formation de bolaplexes de petites tailles et une bonne efficacité de 
transfection pour plusieurs lignées cellulaires. L’augmentation de l’efficacité de transfection en 
présence de DOPE ou de chloroquine suggère que l’étape essentielle pouvant limiter leur 
internalisation pourrait être leur fusion avec la membrane ou leur sortie des endosomes. Certaines 
formulations de bolaplexes présentent une efficacité comparable aux meilleurs agents de 
transfection commerciaux. Le présent travail introduit donc une nouvelle classe d’agents de 
transfection efficaces sur la base de bolaamphiphiles dissymétriques. 
 
Abstract  
 
The success in gene therapy relies strongly on new efficient gene delivery vectors. Non-viral 
vectors are highly attractive, since they can deliver large quantities of genetic information and are 
low immunogenic. In this respect, unsymmetrical bolaamphiphiles (bolas) bearing two different 
hydrophilic head-groups connected by a hydrophobic spacer could be an attractive alternative for 
vector design, as they can form well-defined supramolecular nanostructures (nanovesicles and 
nanotubes) that are more stable than those formed with lipids. The aim of the present work was to 
develop new gene delivery vectors based on bolas capable to form such nanostructures hosting a 
DNA molecule and exposing at their external surface neutral ligands. For this purpose, a variety 
of bolas, bearing cationic and neutral groups connected by a hydrophobic spacer, were obtained 
by multi-step organic synthesis. Their characterization by different instrumental techniques 
suggested that the nature of the head groups as well as the hydrophobic spacer defines the bola 
self-assembly, their interaction with DNA and the morphology of their complexes (bolaplexes). 
While the first two generations of bolas lack the essential features of nonviral vectors, the final 
third generation was found highly promising. The latter showed a strong interaction with DNA, 
the formation of small bolaplexes and a good transfection efficiency in different cell lines. The 
increase in transfection efficiency in presence of DOPE or chloroquine suggested that the key 
barrier for their internalization could be the lipid fusion and the endosomal escape. Some bolaplex 
formulations showed a transfection efficiency comparable to the best commercial transfection 
agents. Thus, the present work introduces a new class of efficient transfection agents based on 
unsymmetrical bolaamphiphiles. 
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