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Principle of gene therapy 

Although the objectives and principles of gene therapy have been well-defined over the last 

decades, its application as a versatile, therapeutically successful approach has not yet met 

expectations. At the onset, the primary goal of gene therapy was to replace a deficient gene 

in a genetically inherited disease with a normal copy, thereby restoring production of a 

functional protein. Soon afterwards, this goal was extended to include genetic defects 

beyond inherited disorders, since modulation of the regulation of gene expression was also 

involved in numerous acquired diseases. The potential of gene therapy for therapeutic 

applications thereby grew with the comprehension of mechanisms of diseases and the 

implication of genes in these events. Nowadays, it is clear that gene therapy not only may 

lead to its primary goal of replacing a deficient gene, but it could also lead to a modulation 

of the expression of genes acting on the physiology of malignant cells. Furthermore, by 

means of gene therapy, functions might be integrated into cells that are not originally present 

and that could serve a therapeutic purpose. Thus in a modern concept, gene therapy refers to 

the potential use of nucleic acids, irrespective of whether it concerns plasmid DNA, 

antisense oligonucleotides or siRNA, to modulate in any kind of way the expression of genes 

in cells for therapeutic purposes. 

Viral and non-viral gene delivery 

Depending on the vectors used for nucleic acid transfer, gene delivery is roughly divided 

into two main categories: viral and non-viral gene delivery. The first vectors developed were 

based on using viruses or pseudo-viral particles, exploiting their ability to penetrate the cell 

for intracellular delivery of their genome in order to use the host machinery for the 

production of viral proteins. Because of their immunogenicity and potential oncogenicity, 

possibly resulting from mutational insertion defects when the viral genome integrates into 

the host genome, viral vectors may pose serious problems in terms of safety, thus 

jeopardizing their use as therapeutic drugs. Cationic lipids and cationic polymers can be used 

as well to complex nucleic acids, thereby forming so-called lipoplexes and polyplexes, 

respectively, and these complexes have been shown to similarly deliver genes into the cells. 

As opposed to the viral vectors, these systems are collectively known as non-viral gene 

delivery systems. Moreover because they are immunologically inert these vectors are 

thought to be safer in vivo. In contrast to viral particles they are not limited to the delivery of 

coding nucleic acids but can accommodate a greater variety of cargo, including antisense 



Introduction 
 

 
13 

ODNs, siRNAs and entire genes. Finally, non-viral vectors are easier to produce and better 

amenable to chemical modifications for the purpose of effectuating therapeutic applications. 

However the major drawback of non-viral vectors is a lower efficiency in transfection, 

especially in vivo, that hinders their use for in vivo therapeutic applications. Therefore, a 

better knowledge of the mechanism of transfection mediated by non-viral vectors will allow 

the development of more efficient non-viral vectors for gene therapy applications. 

Scope of the thesis 

This thesis focuses on the biophysical parameters that govern the transfection efficiency of 

lipoplexes prepared from different classes of cationic lipids, the molecular mechanisms 

involved in the transfection process and the potential of these novel vectors for in vivo gene 

therapy. Chapter 2 is reviewing biophysical parameters that influence lipoplex assembly, 

interaction of lipoplexes with cells, and intracellular delivery of nucleic acids. In the 

experimental chapters of this thesis we particularly focused on the mechanisms of 

transfection, mediated by two cationic lipid systems. In chapters 3 and 4 the focus was on 

the synthetic amphiphile SAINT-2, used in combination with DOPE, to deliver antisense 

ODNs. In chapter 3 the effect of PEG-lipid analogues on the delivery of antisense ODNs by 

SAINT-2/DOPE lipoplexes was studied. We demonstrated that the exchangeable properties 

of the PEG-lipid analogues were instrumental in obtaining effective and functional delivery 

of antisense ODNs into cells. In chapter 4, in a perspective of non-invasive antisense therapy 

to the brain, the interaction of lipoplexes with an in vitro model of the blood-brain barrier, in 

terms of toxicity and eventual transport, was examined. A detailed account is presented on 

the validity of the polarized cell model used for transcellular transport of lipoplexes. In 

chapter 5 and 6, the use of a new class of pH-sensitive sugar-based gemini surfactants as 

cationic lipids for gene delivery was assessed. In chapter 5 a study is described of five 

different sugar-based gemini surfactants and their transfection efficiency in vitro and in vivo. 

In chapter 6, the mechanism of transfection, mediated by the two most potent gemini 

surfactants, was investigated and the effect of the pH on the phase behavior of these 

lipoplexes in mediating gene delivery by their capacity to disrupt endosomal membranes, is 

highlighted. Finally, in chapter 7, the work presented in this thesis is summarized and 

discussed in light of near-future perspectives in the development of cationic lipids for gene 

delivery purposes. 
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Abstract 

As a consequence of several set backs encountered by viral technology in achieving efficient 

and safe gene therapy in clinical trials, non-viral gene delivery vectors are considered to date 

as a valuable alternative and to hold promise for future therapeutic applications. 

Nevertheless, the transfection efficiency mediated by these non-viral gene delivery vectors 

has to be improved, especially in vivo, to benefit fully from their advantages. Cationic 

lipid/nucleic acid complexes or lipoplexes have been the subject of intensive investigations 

in recent years to understand the parameters governing the efficiency of transfection. 

Specifically, the comprehension of such mechanisms, from the formation of the complexes 

to their intracellular delivery, will lead to the design of better adapted non-viral vectors for 

gene therapy applications. Here, we will discuss some recent developments in the field on 

the structure/function relationship of cationic lipids in the mechanism of transfection, and 

where appropriate, we will make a comparison with mechanisms of viral and polyplex-

mediated gene delivery. Cationic lipids are often used in combination with helper lipids such 

as DOPE or cholesterol. The effect of DOPE on lipoplex assembly and the relevance of the 

structural properties of the lipoplexes in destabilizing endosomal membranes and mediating 

endosomal escape of DNA will be discussed. 
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Introduction 

Over the last decades, the principle of gene delivery for therapeutic purposes has been well 

established. However, several shortcomings in the development of devices employed for 

effective delivery have frustrated ground breaking progress in this area [1]. Thus, although 

viral vectors, compared to non-viral vectors such as lipoplexes and polyplexes, are far more 

efficient in bringing about cellular transfection, innate immunity issues compromise their 

productive use in vivo [2]. Additional hazards include mutational insertion risks, potentially 

leading to oncogenicity [3,4], while large scale production of viral vectors as such might also 

constitute an obstacle. Although being less efficient, particularly in vivo [5], both lipoplexes, 

consisting of a complex of nucleic acids and cationic lipids, and polyplexes, composed of 

cationic polymers and nucleic acids, are thought to be immunologically inert, and potentially 

more safe than viral vectors for in vivo use. Since they are also relatively easy to produce 

and to modulate chemically for improvement of transfection efficiency, research efforts in 

this particular area have drastically increased in recent years [6]. Thus, numerous cationic 

devices have been synthesized and for rational development structurally modified in a 

systematic manner in order to correlate structure with transfection activity. In addition, non-

viral vector performance might also be optimized by their targeting to particular cell types 

and into a distinct cellular internalization pathway, taking into account the possibility that 

not every pathway may be equally effective in releasing DNA into the cytosol, an important 

step in the eventual expression of the genes [7-10]. Indeed, a number of potentially rate 

limiting steps in the process of non-viral-mediated gene delivery have been identified, which 

include the efficiency of cell surface association, internalization, release of genes from 

intracellular compartments such as endosomes, transfer via the cytosol to and translocation 

into the nucleus and transcription efficiency. Insight into molecular features of each of these 

steps is essential in order to determine their effectiveness as a barrier and to identify means 

of overcoming these hurdles. From such studies it is also becoming apparent that it is 

important to obtain quantitative insight into these processes such as, for example, concerning 

the amount of DNA present in endosomes, following internalization of non-viral vectors by 

endocytosis, the efficiency of actual escape of the genes and the number of copies that arrive 

and are expressed in the nucleus. Only such knowledge will provide an exact appreciation of 

the relevance of each of the supposed (intra)cellular barriers. Thus one of the reasons for a 

low gene transfer efficiency by cationic lipids has been suggested to relate to insufficient 
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DNA protection against intracellular nucleases [11]. However, by using a novel strategy 

based on a combined approach of PCR and confocal-image-assisted three dimensionally 

integrated quantification (CIDIQ), Hama et al. [12], were able to obtain quantitative insight 

into the amount of DNA present in the endosomal track relative to that in the nucleus, and 

their study suggested that transcription rather than delivery might be a crucial rate limiting 

step in non-viral gene delivery. 

Size and charge of the non-viral vector are important parameters but their precise role 

remains unclear. Often, larger particles show a higher transfection efficiency than smaller 

particles, which has been attributed to an enhanced sedimentation of the former onto the 

cells [13]. However, others [14] have shown that lipopolyplexes (consisting of a mixture of 

cationic lipid and polymers) of medium size particles with diameters of 140-220 nm may 

transfect cells as effectively as 1 µm large aggregated lipopolyplexes. Whether this 

difference reflects differences in complex stability and/or size-driven differences in cellular 

processing remains to be determined, but better insight into such parameters is essential for 

the rational development of non-viral vectors and improvement of their transfection 

efficiency. Here we will briefly review some (recent) work in the field of lipoplex-mediated 

gene delivery to accomplish that goal. In particular we will focus on in vitro studies and limit 

this overview to lipoplex assembly and structure, and highlight some aspects of their 

mechanism of cellular internalization and the intracellular dissociation of nucleic acid from 

the lipoplex, a prerequisite for eventual delivery to the nucleus for transcription. For in vivo 

application, the reader is referred to some recent excellent reviews in this area, as published 

elsewhere [15,16]. 

 

Cationic lipids - properties and structure 

Cationic lipids are amphiphilic molecules, implying that they consist of a hydrophilic and a 

hydrophobic region, i.e., a (charged) cationic (amine) headgroup, attached via a linker (for 

example glycerol) to a usually double hydrocarbon chain or a 
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cholesterol derivative (Fig. 1). An important property of the amphiphile, with regard to its 

application as a vector, is its geometry. Like any amphiphile, when suspended in an aqueous 

environment, cationic lipids can adopt various structural phases, including the micellar, 

lamellar, cubic and inverted hexagonal phase (Fig. 2). The type of structure can be predicted 

by a factor known as the packing parameter, P. This packing parameter, P = v/alc , is defined 

as the ratio of the hydrocarbon volume, v, and the product of the effective head group area, 

a, and the critical length of the lipid tail, lc [17]. In short, the correlation emphasizes the 

Figure 1. Chemical structures typical of some cationic lipids used in transfection; DOTAP, 
SAINT-2, DC-Chol and GS1. DOTAP contains a quaternary ammonium polar head group, a 
glycerol linker, and two oleoyl chains as hydrocarbon tail. SAINT-2 consists of a pyridinium base 
with a quaternary amine whose cationic charge is delocalized over the pyridinium ring; it has two 
oleyl chains as hydrophobic tail. DC-Chol is typified by a charged head group attached to 
cholesterol as hydrophobic tail. GS1 is a sugar-based gemini surfactant, which consists of two 
single-tail surfactants with a reduced glucose and a pH dependent amino moiety in the headgroup 
and an oleyl chain as hydrocarbon tail linked via an ethylene oxide spacer. 
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relevance of the ratio of the area occupied by the hydrophobic region versus that of the 

hydrophilic region (Fig. 2). Thus, when P exceeds the value of 1, i.e. the area occupied by 

the hydrocarbon chains is much larger than that of the head group, the lipid tends to adopt 

the inverted hexagonal phase, which in essence is a bilayer destabilizing structure, and as 

will be discussed below, adoption of this phase appears an important step in the mechanism 

by which genes or oligonucleotides (ODNs) are delivered into the cytosol, following 

lipoplex internalization. For transfection application, cationic lipids are often mixed with so-

called helper lipids, like dioleoylphosphatidylethanolamine (DOPE) or cholesterol, both 

lipids potentially promoting conversion of the lamellar lipoplex phase into a non-lamellar 

structure, which presumably rationalizes their ability to often improve cationic lipid 

mediated transfection efficiency. 

The structure of cationic lipids is readily amenable to chemical modification [18] 

allowing attachment of other functional groups like polyethylene glycol (PEG; [19-21]), thus 

conveying so-called stealth properties to cationic vectors, which precludes their rapid 

Figure 2. Schematic representation of the phase structure of cationic lipids as a function of their 
packing parameter. The geometry of the amphiphile, defined by the packing parameter P, 
determines the organization of self-assembled cationic lipids. For P< ½ it is predicted that a cone-like 
shaped monomer will assemble into structures with positive curvature corresponding to a micellar 
phase (spherical micelles, wormlike or cylindrical micelles or non-inverted hexagonal HI phase). 
When P is between ½ and 1 the curvature of the self-assembled amphiphiles is close to 0 leading to 
the lamellar phase (bilayers). For P >1 the structures formed display a negative curvature leading to 
inverted phases (inverted micelles or inverted hexagonal HII phases). For futher details, see text. 

P < ½  

½ < P ≤ 1 

P > 1 
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elimination from the blood circulation by macrophages, upon injection in vivo [22]. By 

attachment of sugar residues, sugar-linked biosurfactants have been prepared, thereby 

providing targeting properties to particular cellular receptors, thus promoting cell type-

dependent vector specificity and a potential enhancement of its cellular internalization. Thus 

inclusion of a sugar-linked biosurfactant into dimethylaminoethane carbamoyl cholesterol 

(DC-Chol)/DOPE based lipoplexes improved the transfection efficiency of the lipoplex due 

to an enhancement of cell attachment and subsequent internalization [23]. It also follows that 

an enhanced internalization in this case presumably also led to an increase in gene delivery 

to nucleus, but it should be stressed that both events are not necessarily directly related [24]. 

Importantly, the presence of such functional groups may preclude extensive interactions 

between lipoplexes, thus avoiding particle clustering. As a result, the average diameter of the 

ensuing lipoplex particles will be smaller and may be differently processed by cells than 

larger complexes, as will be discussed below.  

When knowledge advanced that endocytosis played a major role in the mechanism of 

lipoplex-mediated gene delivery, acidification of the endosomal compartment has been 

exploited to design specific cationic lipid systems that will only be destabilized at acidic pH, 

thus providing pH-sensitive drug delivery vectors facilitating endosomal escape. These 

systems are assembled from pH sensitive cationic lipids like DC-Chol or sugar-based gemini 

surfactants [25-29]. Gemini surfactants are obtained by connecting two single-tailed 

surfactants via a spacer at the level of the headgroups (Fig. 1). They usually posses a lower 

critical micellar concentration and a higher ability to decrease the surface tension of water, 

when compared to the parent surfactant.  

The mildly acidic properties of endosomes have also been exploited to eliminate the 

interference of PEG-linked lipid analogues, intercalated into lipoplexes for the purpose of 

conveying stealth properties, with lipoplex-endosomal membrane interaction. Thus 

PEGylated derivatives have been synthesized in which the PEG moiety is cleaved off when 

exposed to mildly acid pH. Accordingly, at neutral pH these compounds will stabilize 

lipoplexes by precluding particle clustering, which would be detrimental for in vivo 

application, and/or interaction with serum proteins which precludes rapid elimination by 

macrophages. However, once in the endosomal compartment, the analogue will be cleaved 

off and released when exposed to the mildly acidic environment, thus allowing 

destabilization of the lipoplexes, necessary for disruption of the endosomal membrane and 

concomitant dissociation and release of the plasmid (see below and [30]).  
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With the aim of exploiting the mechanism of polyplex-mediated gene delivery, more 

recently a polycationic sphingolipid analog, containing a spermine as its headgroup has been 

synthesized. Interestingly, it was shown that the capacity of this compound in delivering 

ODNs into cells, as reflected by an efficient anti-bcl-2 antisense effect, was superior to that 

of vectors prepared from DOTAP or DC-Chol [31]. However, in comparing amphiphiles per 

se, it is also relevant to take into account a number of other determining parameters, such as 

concentration, charge ratio, and size of the liposomes used for lipoplex preparation, and the 

size of the assembled complex, which are also of importance, emphasizing the complexity of 

defining proper conditions for optimizing gene and/or ODN delivery. 

 

Interaction of DNA with cationic lipid vesicles: Lipoplex assembly 

Lipoplexes are self-assembling nanosystems and their formation entails a multistep 

mechanism as revealed by detailed studies employing monolayers, atomic force microscopy 

and cryo electronmicroscopy [32-34]. In a millisecond first step electrostatic interactions 

between phosphate (DNA) and the positively charged amine headgroup of the cationic lipid 

occur, the one-sided DNA-liposome surface interaction presumably giving rise to packing 

constraints in the bilayer, the defects triggering extensive interactions between adjacent 

bilayers as reflected by extensive lipid mixing [33-35] and concomitant release of vesicle 

contents, indicating the rupture of the membrane structure [32-34,36]. Rupturing presumably 

causes exposure of hydrophobic edges that may serve as nucleation sites for interaction with 

similar adjacent structures leading to further membrane merging, lipid mixing and aggregate 

growth. Compared to addition of DNA to vesicles, the reverse slows down the complex 

assembly process, indicating that DNA-mediated vesicle-vesicle interaction is instrumental 

in destabilization rather than DNA-vesicle interaction per se [33,34]. Eventually, the cationic 

lipids are wrapped entirely around the plasmids and the surfaces of the assembled complex 

show a smooth appearance implying proper DNA packaging. At that stage, the tendency of 

adjacent complexes to further undergo extensive lipid mixing largely ceases [32,33], since 

potential interaction sites are blocked.  

Obviously, effective DNA compaction and elasticity of the cationic lipid for packaging 

is important. In fact, those amphiphiles that are easily hydrated, form fluid aggregates, and 

undergo a transition to the inverted hexagonal phase in the presence of plasmid DNA at 

physiological ionic strength are often most favorable for obtaining effective transfection 
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[37]. In terms of chemical structure of the cationic lipids, these requirements involve the 

presence of unsaturation in the alkyl or acyl tails and a chain length of 16-18 carbon atoms. 

Saturated long tails often display relatively strong attractive intermolecular interactions, 

accompanied by a low propensity for hydration and mixing with helper lipids like DOPE. 

The introduction of double bonds leads to less compact crystal packing and consequently to 

easier dispersal in water, and the increase in the volume of the acyl chains favors the HII 

phase (c.f. Fig. 2). Thus such parameters should be considered when synthesizing and 

applying particular amphiphiles. Hydrocarbon tail length and saturation will thus affect 

lipoplex intradynamics and thereby the packing efficiency of the DNA. Rigid assemblies of 

cationic lipids preclude efficient recruitment of cationic lipid by the DNA, causing DNA 

aggregation of larger particles to sizes of several microns, resulting in lower transfection 

efficiency, presumably caused by a reduced internalization of complexes by the cells. 

Counterion release from cationic lipid and DNA, a concomitant decrease in hydration 

and the resulting increase in entropy is the driving force for assembly of the lipoplex [34,38]. 

DOPE decreases the surface potential in many cationic lipid systems [39] and causes a more 

ready release of counter ions from the lipid surface by DNA [40] and its presence diminishes 

the state of hydration of the lipid surface, properties that are also instrumental in promoting 

the lamellar to hexagonal phase change [17,41]. An enhanced ionic strength will reduce the 

extent of counter ion release from DNA and cationic lipid, and thus affect the intimacy of 

DNA-cationic lipid interaction, which decreases [34,39]. It is therefore anticipated that an 

increase in ionic strength will have a pronounced effect on the morphology of the 

aggregates. During the electrostatic interaction between the positively charged vesicles and 

the negatively charged phosphate groups, the cooperative collapse of the DNA structure 

occurs, known as condensation or compaction, in such a way that the DNA is effectively 

shielded by the lipids. 

Apart from the physicochemical properties of the amphiphile, there are a number of 

parameters that determine the final outcome of the assembly process in terms of lipoplex 

structure and stability, which obviously translate into transfection capacity of a given 

lipoplex. Thus, the nature of the initial liposome preparation and plasmid size may determine 

overall transfection efficiency by modulating lipoplex instability defects [31] and lipoplex 

size [36,42]. Also the role of inclusion of helper lipids in cationic vectors is of importance. 

DOPE, which in isolation prefers the inverted hexagonal phase, is not required for lipoplex 

assembly but this lipid may strongly facilitate this process, as opposed to the bilayer 

structure preferring (saturated) dipalmitoylphosphatidylethanolamine (DPPE), which 
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negatively interferes with the wrapping of DNA into such complexes [43]. Specifically, 

plasmid DNA injected into the subphase of mixed cationic lipid/DPPE monolayers remains 

attached to the monolayer, while lipoplexes form, and dissociate into the subphase when the 

plasmid interacts with cationic lipid/DOPE monolayers, indicating that in the former case the 

plasticity of the DPPE containing monolayer is insufficient to wrap around the plasmid 

structure. Thus charge and membrane flexibility in terms of structural dynamics of the PE 

species drive the packaging of DNA into a lipoplex. 

 

Structural phases of lipoplexes; role of DOPE 

DOPE profoundly affects the polymorphic features of lipoplexes in that it may promote the 

transition from a lamellar to a hexagonal phase, and its presence causes neutralization of 

cationic charges by the negatively charged phosphodiester of DOPE [39,44-46]. This 

feature, in conjunction with the presence of NaCl, presumably brings about a decrease of the 

surface potential of the complexes, thereby facilitating intermembrane interactions, leading 

to phase changes. In fact, the presence of DOPE in lipoplexes may lead to a looser binding 

of the cationic lipid to the DNA, compared to DOPE-devoid complexes, as reflected by 

ethidium bromide intercalation into the DOPE-containing complexes even upon complete 

DNA binding [47], and the direct binding of DOPE to DNA [40] likely plays a role in this 

regard. This molecular parameter will thus be important for DNA dissociation and hence 

eventual transfection efficiency. 

Lamellar phase forming cationic lipids do not necessarily undergo an inverted 

transition when DOPE is included in such bilayers. However, upon charge neutralization by 

NaCl or upon ion pairing with anionic phospholipids such as phosphatidylserine (PS), 

thereby decreasing the mean surface charge of the membrane, a marked enhancement in 

non-lamellar phase forming propensity is observed, even though both PS and the cationic 

lipid per se might be lamellar phase forming lipids [41,43,48]. 

Interestingly, plasmid is usually not needed for the transition of the lipid phase of the 

vector from a lamellar to a hexagonal phase, i.e., an increase in ionic strength to 

physiological values often suffices to promote the HII phase. However, recently certain 1,4-

dialkylpyridinium amphiphiles [47], which display a very large surface area of the 

hydrophobic tails giving rise to a P >> 1, have been shown to adopt a cubic phase prior to 

their transition to a hexagonal HII phase, which only occurs after DNA complexation. 



Intracellular delivery of genes 

25 

Binding of DNA generally affects the main phase transition temperature of the carrier 

mixture and the mixing with the helper lipid.  

Cationic complexes are usually prepared at low ionic strength which avoids their 

clustering seen upon mixing the complexes at physiological conditions. Indeed, in water, 

SAINT-2/DOPE complexes exist in a lamellar phase, as revealed by SAXS and NMR 

measurements. However, when suspended in a salt solution of physiological concentration, 

the system converts quantitatively from a lamellar Lα to a thermally highly stable non-

lamellar HII phase [37,46], in which there is a homogeneous mixing of the unsaturated 

cationic lipid and DOPE. Eliminating head group repulsion of the cationic heads by charge 

screening at physiological ionic strength, will increase the packing parameter P, thus 

resulting in the observed shift to the hexagonal phase. Interestingly, decreasing the mole 

ratio of DOPE from 50 to 20 mol % leads to the formation of the more strongly curved cubic 

phase in this cationic lipid system [37], emphasizing that DOPE is instrumental in promoting 

the transiton to the hexagonal phase of the lipoplex, the cubic one being a transition stage 

from the lamellar to the hexagonal HII phase [49]. 

As noted above, the rate of lipoplex assembly is affected by the order of addition of 

DNA and liposomes which may be of consequence for the eventual efficiency of 

transfection. Thus, the kinetics of complex formation may bring about the coexistence of 

structures with different sizes, possibly reflecting differences in particle stability which in 

turn could be a reflection of different structural phases. Different coexisting phases may also 

arise when cationic lipids and helper lipids poorly mix, which often results in assembly of 

poorly stabilized complex with low transfection efficiency [34,47]. 

More importantly and less well addressed is the issue whether the kinetics and 

efficiency of complex assembly could affect the structural integrity of the plasmid DNA and 

thereby transfection efficiency. Such effects could be two-fold. Improper packaging may 

relate to inefficient wrapping of plasmid into the cationic lipid shell, causing protrusions that 

affect the interaction of lipoplexes with cell surfaces [24]. In addition, it is not unlikely that 

the transcription quality of the gene has become greatly diminished under such 

circumstances. In this context, it is becoming apparent that condensation and compaction 

may well be as yet poorly characterized but decisive factors, particularly in light of a recent 

report [12] in which viral versus non-viral gene delivery were compared. In this study, a high 

lipoplex-mediated delivery of genes to the nucleus was accomplished, compared to an 

adenovirus system, yet a very poor transcription was obtained in the former case. It remains 

to be determined whether DNA conformational defects could be attributed to the poor 
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lipoplex performance. However, a variety of structural conformational changes of plasmid 

DNA have been noted such as a change from native B-DNA into highly condensend ψ-DNA 

in cationic [50] and Z-DNA in ternary anionic lipoplexes [51]. The precise effects of such 

changes on DNA dissociation from lipoplexes, their transport into the nucleus and 

transcription efficiency require further investigations. 

Having thus identified a number of parameters that influence lipoplex assembly and 

structural features of the eventually formed complex, the next issue is how these features 

may affect initial processing of lipoplexes by the cells, taking into account the various steps 

that are relevant to ultimate transfection. 

 

Mechanism of lipoplex-mediated transfection 

Endocytosis of lipoplexes 

The initial event in the transfection process, i.e. lipoplex - cell surface interaction, is driven 

by electrostatic interactions, unless the lipoplex contains a specific targeting compound, 

which is specifically recognized by a cell surface receptor. However, to completely eliminate 

the dominant charge driven interactions of lipoplexes, it is important to take appropriate 

precautions that preclude such non-specific cell surface interaction, requiring a diminishment 

of the charge ratio and the presence of PEG-analogues that convey stealth properties to the 

complex [21,52-56]. Importantly, the phase of the lipoplexes is not relevant to internalization 

as lamellar lipoplexes are as efficiently internalized as those adopting the HII phase [43]. 

Rather, lamellarity would favor the stable protection of DNA and from that point of view 

might be advantageous. 

As revealed by electron and fluorescence microscopy, following an incubation with 

cultured cells, lipoplexes can be detected in intracellular vesicles beneath the cell membrane 

[57,58], suggesting that lipoplexes enter cells by endocytosis (Fig. 3). Eukaryotic cells 

exploit various endocytic pathways involving clathrin-mediated endocytosis via coated pits, 

or endocytic internalization independent of clathrin, which includes phagocytosis, 

macropinocytosis and caveolae-mediated endocytosis [59-61]. The relative contribution of 

either pathway in lipoplex internalization has been poorly defined [62-65]. Except for uptake 

in specialized cells, like macrophages, monocytes and neutrophils, phagocytosis is likely to 

be excluded as a significant mechanism of lipoplex uptake in normal cells. Recently, the 

potential entry of octaarginine modified liposomes via macropinocytosis has been described 
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[66], yet little is known thus far as to the relative importance of this pathway in transfection 

mediated by cationic lipoplexes. However, clathrin-dependent endocytosis of lipoplexes 

leading to transfection has been demonstrated for several cationic lipid systems and for 

different cell types. Thus an inhibition of transfection is seen upon treatment of the cells with 

specific inhibitors of the clathrin-mediated pathway such as chlorpromazin, [67,68], but 

more convincingly, also overexpression of a dominant negative mutant of Eps15, a protein 

necessary for the formation of coated pits, leads to an effective inhibition of internalization 

of the lipoplexes and hence transfection efficiency [67]. Moreover, filipin III a specific 

inhibitor of caveolae-mediated endocytosis, only slightly (10-20 %) reduced transfection 

efficiency [67], suggesting that in this case (transfection of COS7 or HepG2 cells by SAINT-

2/DOPE lipoplexes) entry via caveolae-mediated endocytosis is not a major pathway. 

Interestingly, using cytochalasin B as inhibitor, such a caveolae-mediated pathway was 

Figure 3. Internalization pathways of lipoplexes. Three endocytotic routes for internalization of 
lipoplexes are shown: (1) clathrin-mediated endocytosis, (2) caveolae-mediated endocytosis and (3) 
macropinocytosis. The clathrin-mediated pathway for endocytosis of lipoplexes has been described 
for several formulations. This pathway delivers the lipoplexes to early endosomes (EE) and 
subsequently to late endosomes (LE). To avoid degradation by the lysosomal compartment (LY), the 
endpoint of this pathway, release of nucleic acid should occur from the endosomal compartments. 
Endocytosis via caveolae (2) has been described for some polyplexes and less commonly for 
lipoplexes. Potential entry via macropinocytois (3) has been poorly characterized thus far. 
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suggested to represent a prominent pathway of entry for human serum albumin coated 

DOTAP/DOPE lipoplexes [69]. This pathway may well have been triggered by an effect of 

albumin in targeting the lipoplexes to caveolae, since human serum albumin can trigger 

transcytosis across capillary endothelial cells via a caveolar pathway [70]. Importantly, for 

all such studies it is very relevant to directly correlate the pathway of entry with transfection 

efficiency in order to appreciate the relative contribution of a given pathway to productive 

transfection. 

Depending on the endocytotic machinery of the cell it can be expected that nature and 

efficiency of endocytosis of lipoplexes can be cell type dependent. An important factor in 

determining the nature of the entry pathway by endocytosis can also be the size of the 

lipoplexes. The effect of different inhibitors and cholesterol depletion on the internalization 

of fluorescent beads of various sizes by non phagocytic B16 cells was shown to depend on 

the size of the particles [71]. The particles of sizes up to 250 nm were preferably and almost 

exclusively endocytosed via clathrin coated pits, while particles of 500 nm were endocytosed 

via caveolae. However, while polyplexes of sizes exceeding 500 nm, like latex beads of such 

a size, may be internalized by caveolae [68], no data have been reported thus far as to 

whether such a pathway is also operating for a size dependent internalization of lipoplexes. 

On the other hand, as we discussed elsewhere [65], proper quantitation of different endocytic 

pathways for internalization and in particular their relative contribution to eventual 

transfection, has been scanty thus far [64,72]. 

 

Release of lipoplex cargo from endosomes 

Once in the endocytic pathway, the plasmid may become degraded when reaching the 

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

access at an earlier stage, presumably by escape from (early) endosomal compartments. In 

this process, the hexagonal structure of the lipoplex is thought to play a crucial role, and in 

this regard a parallel can be drawn with the mechanism by which adenovirus particles 

transfect cells. This virus, also a popular tool in gene delivery, enters cells via clathrin-

mediated endocytosis and macropinocytosis [73] and the actual escape into the cytosol 

involves lysis of the endosomal membrane structure [74]. Evidently, the lipoplex lacks a 

protein machinery to destabilize the endosomal membrane. However, under conditions 

where inverted and micellar structures could arise or integrate within a membrane, including 

the endosomal membrane, destabilization of that membrane structure likely occurs. Such an 

interaction between the bilayer-departed lipoplex structure with the endosomal membrane 
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could thus promote gene translocation. Among others, this is dictated by the notion that 

those lipoplexes adopting such phases in isolation are most effective in transfection 

[45,46,75]. However, mechanism and molecular details of the process itself are largely 

lacking because of difficulties in properly simulating such an event in vitro. Yet, an 

important role of the phospholipid phosphatidylserine (PS), localized in the outer leaflet of 

the endosomal membrane has been proposed in this process, initially as a means of releasing 

DNA from the lipoplex, following its flip-flop to the inner leaflet of the endosomal 

membrane, thus allowing its interaction with the net positively charged lipoplex [11]. More 

recently a prominent role of PS in (further) promoting hexagonal phase formation by ion 

pairing with cationic lipids in lipoplexes, even in those that adopt a lamellar phase in 

isolation, has also become apparent [41,43,48]. PS is not likely promoting the hexagonal 

phase by undergoing a lamellar to hexagonal transition itself, as this only occurs below pH 

4.0, a pH the lipid is not likely to encounter in eukaryotic cells [76]. Rather, mixtures of 

cationic lipids and anionic phospholipids can adopt an inverted HII phase that can be 

rationalized by molecular shape arguments, electrostatic interactions neutralizing charges 

and repelling hydration and hence decreasing monolayer curvature [41,48]. Importantly, 

these data also imply that a lamellar complex may only be converted to a non-lamellar 

hexagonal phase within cells, following translocation of acidic phospholipids into the 

complex. This process of phase conversion from a lamellar to a non-lamellar phase, which 

may include the hexagonal HII or HI phase as well as the micellar cubic phase, also seems to 

be instrumental in causing the efficient dissociation of the DNA from the lipoplex, necessary 

for release into the cytosol [29,43,75,77]. Interestingly, the stability of such phases may 

possibly depend on the nature of the acidic phospholipid and cationic lipid involved [75]. 

This was suggested by revealing a stable highly curved micellar cubic phase, induced in 

lipoplexes consisting of a cationic phospholipid analogue, upon their interaction with 

phosphatidylglycerol or cardiolipin-containing bilayers. At these conditions, the highest 

DNA dissociation was obtained as opposed to a lower dissociation upon interaction with PS-

containing bilayers, which showed a transient formation of the micellar cubic phase. 

Similarly, cubic phase adopting cationic lipid systems expressed the highest transfection 

activity as opposed to mixtures giving rise to less curved phases such as the hexagonal HII 

phase. 

A tight intermembrane interaction between lipoplex surface and endosomal membrane 

is crucial for effective nucleic acid release into the cytosol. Thus PEG-lipid analogues, 

included in lipoplexes to avoid early capture by macrophages upon in vivo application, 
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should dissociate from the complex, once localized within the endosome, which is 

accomplished by including either exchangeable PEG-lipid analogues [20,21,53,56] or 

cleavable, pH-sensitive PEG analogues, as decribed above. Presumably, the PEGylated 

analogues stabilize the lamellar phase by sterically interfering with apposed intermembrane 

interactions, needed for structural conversion to the hexagonal phase. In this context, it 

would also appear necessary to design targeting devices on lipoplexes such that they do not 

interfere with close intermembrane interactions, once the complex reaches the endosomal 

compartment. By way of example, Igarashi et al., recently accomplished targeting of 

lipoplexes that contained sugar-derivatized amphiphiles [23]. These lipoplexes were smaller 

than ligand-devoid lipoplexes (170 vs 270 nm), suggesting less clustering (like PEG-

stabilization of lipoplexes) and, accordingly, were internalized more rapidly and to a higher 

extent than control complexes, consistent with a size-dependent processing. However, like 

stabilized PEGylated lipoplexes, these sugar-derivatized lipoplexes showed a relatively poor 

delivery capacity, in spite of improved targeting, as the nucleus was poorly accessed by the 

ODNs [23], suggesting a poor escape from the endosomal compartment, presumably due to 

their interference with the membrane destabilization induced by lipoplex-endosomal 

membrane interaction. 

In an interesting study Schwille and colleagues [78] recently monitored the interaction 

of lipolexes with giant unilamellar vesicles (GUV), using laser scanning imaging in 

conjunction with fluorescence cross-correlation analysis. The GUV system, with vesicle 

diameters that may vary between 5 and 50 µm, provides the unique opportunity to directly 

visualize its membrane for structural examination during intermembrane interactions, for 

example in case of membrane fusion with reconstituted membrane vesicles [79], or as occurs 

during endosome-lipoplex interaction. Interestingly, binding of DOTAP/DOPE lipoplexes to 

GUVs composed of PS/PE/phosphatidylcholine induced vesiculation at the surface of the 

GUV, but no rupture of the vesicles was observed. Importantly, vesiculation might be 

indicative of lipid translocation to the outer leaflet of the bilayer [80], as has been proposed 

to occur for PS translocating from outer to inner leaflet within the endosomal compartment 

[11]. During lipoplex-GUV interaction, polynucleotides with a length of 66 base pairs were 

effectively delivered inside the GUV, delivery being enhanced when the GUV contained 

increasing levels of PS and DOPE, i.e., lipids which are facilitating release (PS) of 

nucleotides by charge neutralization of the cationic lipid and destabilize membranes (PE) by 

promoting hexagonal phases. Moreover, by fluorescence cross correlation spectroscopy 

diffusion rates of the polynucleotides were obtained consistent with diffusion of 
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polynucleotides that were no longer associated with the lipoplex, suggesting that lipoplexes 

per se were not delivered into the GUV via a fusion event of the outer layer of the 

lipoplexes, ejecting the remainder into the GUV lumen, thereby paralleling a mechanism that 

has been proposed to occur in cells [77]. Evidently, this system may be of great value as a 

mimic in further characterizing and understanding the nature of the interaction of lipoplexes 

with endosomal target membranes. By employing asymmetrically labeled GUV, exploiting 

properties of fluorescently tagged PS, direct evidence for PS translocation might be 

obtained, while labeling of the lipid phase of lipoplexes could provide further insight into the 

role of membrane fusion in DNA release, DNA translocation across a perturbed bilayer 

and/or issues of ‘escape’of cationic lipids/lipoplexes into the cytosol. Also, thus far this work 

has only been carried out with polynucleotides, rather than with plasmids, thus issues of 

efficiency of nucleic acid translocation might be similarly mimicked in this system.  

In this context it also of interest to note that membrane insertion of a mixture of 

cationic lipid (SAINT-2) and DOPE followed by a brief pulse of ultrasound allowed, in a 

time-restricted manner, the passage of an artificial chromosome with a size of approx. 1 µm 

in diameter across the plasma membrane of cultured cells [81]. Since insertion of the 

cationic lipid alone was ineffective, these data were taken to suggest that the cationic lipid 

/DOPE mixture destabilized the plasma membrane of cells, presumably relying on the ability 

of the mixture to adopt the hexagonal phase, thereby providing a transient pore that allowed 

the passage of the artificial chromosome, while subsequent lateral diffusion determined the 

life span of the process. However, whether transient pores are also instrumental in plasmid 

release from endosomes, or whether the endosome is completely ruptured, remains unclear. 

Yet, the fact that additional tools that promote destabilization of the endosomal membrane, 

such as pH-sensitive polymers or peptides [82-84] with a detergent like mechanism of 

action, or osmotic rupture of endosomes [43] promote transfection would indicate that 

efficient escape of plasmid from endosomes represents a major hurdle in lipoplex-mediated 

gene delivery.  

Given the relevance of the lipoplex phase structure on overall transfection efficiency, it 

is finally of interest to briefly consider the potential role of exogenous factors such as serum 

on such properties. Serum has been shown to diminish or even completely eliminate cation-

lipid-mediated gene or ODN delivery [24,36,85,86]. Negatively charged serum components 

may simply bind to the lipoplex surface and thereby interfere with the efficiency of cell 

surface interactions. In fact, binding of albumin can induce charge reversal of the complex 

[87]. Also, it has been proposed that serum may penetrate into lipoplexes, and interfere with 



Chapter 2 
 

32 

the packaging of DNA causing unfolding of the nuclei acid and its protrusion at the lipoplex 

surface thus potentially interfering with lipoplex-cell surface interaction [24]. However, 

given the relevance of the structural phase of lipoplexes, it is also possible that serum could 

interfere with lipoplex polymorphism. In this regard, it has been recently shown [88] that 

lipoproteins such as LDL and HDL effectively interact with lipoplexes consisting of 

vectamidine or DOTAP, as a result of which lipoprotein lipids may mix with the cationic 

lipids, as revealed by a lipid mixing assay. Moreover, although lysoPC, due to its positive 

bilayer curvature inducing properties (see Fig. 2, P < 1/2 ) effectively inhibited lipid mixing, 

lipoplexes containing this lipid transfect cells as efficiently as lysoPC-devoid lipoplexes. In 

case non-bilayer phases would be important for release of DNA from endosomes, this 

observation is somewhat puzzling, as cone-shaped lysoPC would stabilize the bilayer 

structure, unless the lyso-lipid dissociates from the complex, once localized in the 

endosomal compartment. Whether this occurs, will require further work and is of obvious 

relevance in the context of optimization of lipoplex formulations. 

Concluding remarks and perspective 

In recent years considerable progress has been made in defining conditions that favor or 

promote lipoplex-mediated transfection, particularly with regard to the structural features of 

the lipoplex/cationic lipid per se. It is thus becoming apparent that such structural features, 

i.e., non-lamellar phases including cubic and hexagonal HII phases, in conjunction with 

cellular lipids such as PS, and perhaps PG, play a major role in destabilizing intracellular 

membranes, which allow the escape of nucleic acids into the cytosol. Whether endosomes 

are the sole intracellular organelles involved remains to be determined, as well as whether 

lipoplexes can be targeted into other internalization pathways such as via caveolae, which 

would avoid their capture into lysosomal compartments and thus possibly improve chances 

for and efficiency of nucleic acid escape into the cytosol. With regard to advancing our 

insight into the molecular mechanisms involved in membrane destabilization, nucleic acid 

dissociation and release of DNA into the cytosol, further progress might benefit from novel 

model systems such as the use of giant unilamellar vesicles, but other more biologically 

relevant model membranes (erythrocyte ghosts) could be equally relevant. These systems 

should also be helpful in clarifying as to whether or not part of the lipoplex itself is released 

into the cytosol, accomplished via initial fusion of its outer membrane boundary. This aspect 

will be relevant to a better understanding of intracellular dissociation of the nucleic acid 
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cargo, an important aspect of overall transfection. Indeed, once in the cytosol, the plasmid or 

ODN requires transfer to and translocation into the nucleus for transcription or blockage of 

mRNA processing, respectively. Whereas oligonucleotides acquire readily and efficiently 

access to the nucleus (see e.g. [62]), which given the nuclear pores and ODN size is not 

unexpected, the efficiency of plasmid translocation is generally thought to be extremely poor 

(see for example [72]) and efforts to improve this include coupling to nuclear localization 

signals. Indeed, in this context it is generally assumed that the efficiency of release of DNA 

from endosomes represents a major hurdle in gene delivery. Accordingly, alternative entry 

pathways via targeting or an improved efficiency of endosomal release, aided by pH 

sensitive devices such as polymers or peptides linked to lipoplexes, would be directions for 

optimizing delivery. However, very recently Hama et al. [12] made a comparison between 

the tranfection efficiency of adenoviral and lipoplex systems and determined by a novel 

quantitative fluorescence microscopical approach in conjunction with PCR, that DNA 

release via endosomes into the cytosol occurred as efficiently via lipoplexes as it did via 

adenoviral particles. Remarkably, about 3 orders of magnitude more intracellular gene 

copies per cell were needed when delivered by lipoplexes (Lipofectamine plus) in order to 

accomplish a comparable level of gene expression when compared to the number of copies 

delivered by adenovirus. Similarly, the efficiency of transcription for polyplex delivered 

DNA has been shown to be much less efficient than that obtained via viral particle-mediated 

gene delivery [89]. Thus, the superior transfection efficiency of viral genes, in spite of an 

orders of magnitude lower delivery efficiency, suggests that viral factors (proteins) may 

positively affect transcription by modulating efficiency and/or (nuclear) stability. Obviously, 

these kinds of factors are lacking in case of cationic lipid delivered plasmid DNA. Thus, 

these studies not only emphasize the need for better quantitation of delivery, but also that 

transcription efficiency and not necessarily differences in intracellular trafficking could be a 

major hurdle in lipoplex-mediated gene delivery. This issue thus raises questions of the 

relevance of employing nuclear localization signals per se to promote nucleic acid delivery 

to the nucleus. Rather, issues related to the effect of cationic lipids on compaction and 

condensation of genes, their stability in the cytosol and ensuing effects on transcription 

efficiency, which include effects of DNA condensation on intra-nuclear transcription [90] 

need to be included in future studies that aim at improvement of cationic lipid-mediated gene 

delivery. 
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Abbreviations 

DNA, deoxyribonucleic acid; ODN, oligonucleotides; PEG, poly(ethylene glycol); PEI, 

polyethylenimine; lysoPC, lysophosphatidylcholine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOTAP, N-

[1-(2,3-dioloeyl)propyl]-N,N,N-trimethylammonium chloride; SAINT-2, N-methyl-4-

(dioleyl)methylpyridinium; PS, 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine]; DC-Chol, 3β-

[N-(N′,N′-dimethylaminoethane)-carbamoyl] cholesterol; GUV, giant unilamellar vesicles; 

P-NMR, phosphorus nuclear magnetic resonance; P, packing parameter; Lα, lamellar phase; 

HII, inverted hexagonal phase; HI, non-inverted hexagonal phase.  
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Abstract 

Cationic liposomes are applied to transfer oligonucleotides (ODNs) into cells to regulate 

gene expression for gene therapeutic or cell biological purposes. In vivo, poly(ethylene 

glycol) (PEG)-lipid derivatives are employed to stabilize and prolong the circulation lifetime 

of nucleic acid-containing particles, and to improve targeting strategies. In this study, we 

have studied the effect of PEG-lipid analogues, i.e. PEG coupled to either 

phosphatidylethanolamine (PE) or ceramide, on cationic lipid/DNA complex (‘lipoplex’) 

assembly and the mechanism of cationic lipid-mediated delivery of ODNs in vitro. Inclusion 

of 10 mol % PEG-PE in ODN lipoplexes inhibited their internalization in Chinese hamster 

ovary cells by more than 70 %. The intracellular fraction remained entrapped in the 

endosomal/lysosomal pathway and no release of ODNs was apparent. Similar observations 

were made for complexes prepared from liposomes that contained PEG-ceramides. 

Interestingly, delivery resumed when lipoplexes had been externally coated with PEG-

ceramides. In this case, the kinetics of delivery was dependent on the length of the ceramide 

acyl chain, consistent with a requirement for the PEG-lipid to dissociate from the complex. 

Moreover, although the chemical nature of the PEG-ceramides distinctly affected the net 

internalization of the complexes, impediment of delivery was largely related to an inhibitory 

effect of the PEG-lipid on the release of ODNs from the endosomal compartment. Cryo-

electron microscopy and small angle X-ray scattering revealed that the PEG-lipids stabilize 

the lamellar phase of the lipoplexes, while their acyl-chain-length-dependent transfer from 

the complex enables adaptation of the hexagonal phase. Within the endosomal compartment, 

this transition appears to be instrumental in causing the dissociation and cytosolic release of 

the ODNs for their nuclear homing. 

 

Keywords: antisense, gene therapy, lipoplex, hexagonal phase 
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Introduction 

Short single-stranded DNA fragments like oligonucleotides (ODNs) provide a means for 

modulating gene expression, following their appropriate targeting to and hybridization with 

a given gene sequence. Both gene therapeutic and cell biological approaches will benefit 

from such applications. With the development of suitable delivery systems, the delivery 

efficiency of ODNs, which spontaneously translocate across the plasma membrane barrier 

very poorly if at all, has been greatly improved [1,2]. Although readily applicable in vitro, a 

programmable or controllable mode of delivery is particularly crucial for in vivo application, 

which demands stringent requirements for particle stability during circulation, and specific 

delivery to selected target tissue and/or cells. 

Cationic lipid-DNA complexes (‘lipoplexes’) have been successfully used for gene 

delivery, and also cellular delivery of ODNs can be greatly improved in this manner, 

although the overall mechanism of delivery is still poorly defined. To overcome such 

drawbacks as relatively short circulation time in vivo, unspecific binding of serum 

components or an undesired interaction with non-target cells [3,4], lipoplexes are often 

coated with polymers, such as poly(ethylene glycol) (PEG) [5-7]. However, little insight is 

available as to how ‘PEGylation’ affects the overall cationic lipid-mediated delivery of a 

gene or ODNs into cells. In this regard, highly relevant issues concern the effect of the 

polymer on the physical properties of the lipid-DNA or lipid-ODN complex, and how such 

properties as well as the presence and membrane-anchorage of PEG as such, affects the 

(intra-)cellular interactions and processing, relevant to the eventual delivery of plasmid or 

ODN. Recent work has emphasized the close relationship between structure and function 

(i.e., transfectability) of lipid-DNA complexes. Thus the evidence indicates that the lipid-

DNA complexes are highly ordered structures, and that an inverted hexagonal phase of the 

complexes strongly promotes transfection efficiency [8,9]. By contrast, a lamellar phase of 

the complexes correlates with stable particles, displaying substantially lower transfection 

potency. However, it is not unlikely that the additional inclusion of distinct lipids in the 

lipoplex, including the incorporation of PEGylated lipid may perturb the delicate balance of 

the transfection-supporting phase [10]. In addition, the bulky presence of PEG at the 

interface of interacting membranes will also pose as a steric barrier, which could, among 

others, frustrate the lamellar to hexagonal phase transition by precluding tight interaction of 

opposed membranes, necessary for such a transition to occur [11]. Accordingly, the PEG-

lipid derivatives should eventually depart from the lipoplexes, when the complex has 
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reached the desired site of delivery. Such a dissociation could be accomplished, for example, 

when the polymer is ‘attached’ to membranes either via cleavable bonds, such as an S-S 

bond, or via lipid anchors, which in a time-dependent manner can exchange out of the 

lipoplexes. The latter class of lipids include ceramide-PEG, which in studies largely based 

on the use of liposomes, displayed exchange properties, the kinetics of which were governed 

by the length of the acyl chain [12]. 

In the present work we have examined the structural and functional consequences of 

incorporating PEG-lipids in cationic lipid/ODN complexes, and the ensuing effect on 

cellular interaction and processing of such complexes, including ODN delivery. As 

demonstrated by small angle X-ray scattering and cryo electron microscopy, the presence of 

PEG-lipids interferes with the phase properties of the lipoplexes by stabilizing a lamellar-

like morphology. This phase displays an inherent particle stability that strongly impedes 

intracellular ODN release, leading to particle entrapment in the endo/lysosomal pathway 

without cellular transfection. 

Materials and methods 

Materials 

Poly(ethylene glycol) (PEG), Mw 2000 D, covalently attached to distearoyl-

phosphatidylethanolamine (DSPE) [DSPE-PEG 2000], was obtained from Avanti Polar 

Lipids (Alabaster, AL, USA), and dioleoyl-phosphatidylethanolamine (DOPE) and N-

(lissamine rhodamine sulphonyl)phosphatidylethanolamine (N-Rh-PE) were purchased from 

the same source. Ceramide-C8-PEG, ceramide-C14-PEG and ceramide-C20-PEG (Mw PEG 

is 2000 D) were obtained from Northern lipids (Vancouver, Canada). The cationic lipid 

SAINT-2 [N-methyl-4(dioleyl)methylpyridinium chloride] was synthesized as described in 

detail elsewhere [13]. Antisense ODN complementary to the mRNA of the corticotrophin-

releasing factor receptor (CRF-R; GeneBank accession no. L25 438) targeted to bp 473-490 

(sequence 5’GGA TGA AAG CCG AGA TG 3’), and a 17-mer randomized-sequence of 

ODN (sequence 5’-ACT ACG ACC TAC GTG AC-3’) were designed and manufactured by 

Biognostik (Göttingen, Germany). The randomized ODN sequence, labeled at the 5’-end 

with FITC, was used for cellular binding and uptake studies. All ODNs were thioated and 

purified by high performance liquid chromatography, cross-flow dialysis and ultrafiltration. 

All chemicals were from Sigma (Missoursi, USA), unless stated otherwise. 
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Cell culture 

Chinese hamster ovary (CHO) cells, stably expressing the CRF receptor under the control of 

CMV promoter were kindly provided by Solvay Pharmaceuticals (Weesp, The Netherlands). 

The cells were grown in CHO-S-SFM medium (Gibco) supplemented with 10 % heat 

inactivated fetal calf serum, 2 mM L-glutamine and penicillin (50 U/ml) /streptomycin (50 

µg/ml) under the selection of 0.5 mg/ml geneticin in 5 % CO2/95 % air at 37ºC. 

Preparation of lipid vesicles and ODN-containing lipoplexes 

The lipids were dissolved in chloroform/methanol (1:1, volume ratio). SAINT-2 and DOPE 

(1:1, molar ratio) with or without various lipid-PEG analogues (at concentrations of 1, 5 or 

10 mol %, relative to the total lipids) were mixed, and the solvent was removed by 

evaporation under a stream of nitrogen, followed by placing the vial under vacuum for at 

least 1 h. The lipids were then resuspended in Millipore water at stock concentrations of 1 or 

0.5 mM, and sonicated to clarity in a bath sonicator in a closed vial. When required for 

monitoring the (intra)cellular fate of the lipoplexes by fluorescence microscopy, 0.5 mol % 

N-Rh-PE was included in the lipid mixture. Insertion of the PEG-lipids into the lipoplexes 

was accomplished by two procedures. In procedure I, lipoplexes were prepared with PEG-

lipid-containing SAINT-2/DOPE liposomes and ODNs as follows: 20 nmol of PEG-lipid-

containing liposomes, suspended in 200 µl CHO-SFM medium (Life Technology, Breda, the 

Netherlands), were mixed with 0.1 nmol ODNs, diluted in 200 µl of the same medium. After 

20 min at room temperature, the mixture was diluted with 600 µl pre-warmed medium, and 

added to the cells. Alternatively in procedure II, preformed lipoplexes of SAINT-2/DOPE 

and ODNs were coated with PEG (lipid-PEG coating). In this case 20 nmol SAINT-2/DOPE 

liposomes and 0.1 nmol ODNs were mixed in 100 µl CHO-SFM medium and incubated for 

20 min at room temperature. Then 2 nmol lipid-PEG was added and the mixture was 

incubated at 60ºC for 1 h, cooled to 37ºC, and diluted with 900 µl medium prior to addition 

to the cells. Following lipoplex assembly, the packing efficiency of the ODNs was examined 

by determining ODN accessibility towards Oligreen, using the Oligreen ssDNA Quantitation 

kit (Molecular probe, OR, USA). The assay was performed according to instructions 

provided by the manufacturer. 

ODN release assay 

Lipoplexes were prepared as follow: 20 nmol of liposomes (with or witout PEG-lipid, see 

above) were mixed with 0.1 nmol of ODNs in 120 µl 150 mM NaCl /10 mM Hepes, pH 7.4, 
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and incubated for 20 min at room temperature. The lipoplexes were then diluted in 880 µl of 

an Oligreen solution 1X (Molecular Probe, OR, USA). Fluorescence was subsequently 

monitored at excitation and emission wavelengths of 485 and 520 nm, respectively. After 

100 s, 100 nmol of vesicles consisting of DOPE/dioleoylphosphatidylcholine (DOPC) and 

dioleoylphosphatidylserine(DOPS), molar ratio 2:1:1, were added to trigger ODN release. 

After 400 s Triton X-100 was added at a final concentration of 0.2 %, reflecting the level of 

fluorescence obtained after complete dissociation. Data of release were calculated from the 

fluorescence level obtained at 400 s, corrected for the background value obtained prior to 

addition of anionic vesicles, relative to the fluorescence obtained upon total release (Triton 

value). 

Fluorescence microscopy studies with FITC-dextran and fluorescently labeled lipid-ODN 

complexes 

The (intra)cellular fate of ODNs and lipoplexes was determined by monitoring the fate of 

FITC-labeled ODNs and N-Rh-PE labeled lipoplexes by epifluorescence or confocal laser 

scanning microcopy. CHO cells were grown on coverslips in 6-well plates and treated with 

various lipoplexes as described, and incubated during a time interval as indicated. The cells 

were rinsed twice with HBSS, and analyzed directly or fixed for 10 min in 2.5 % 

paraformaldehyde in PBS, washed and mounted on microscope slides for examination. 

The endosomal/lysosomal pathway in living CHO cells was labeled with FITC-dextran 

(MW 71,600, Sigma) by a 12 h incubation with the probe at 2 mg/ml. Subsequently, the cells 

were washed and incubated with N-Rh-PE-labeled lipid-ODN complexes for 5 h at 37ºC. 

Fluorescence microscopic examination of the samples was carried out using a TCS Leica 

SP2 confocal laser scanning microscope (Leica, Wetzlar, Germany). 

Antisense assay 

The antisense effect of ODNs delivered by SAINT-2/DOPE with or without lipid-PEGs was 

examined by Western immunoblot. Approx. 106
 CRF-R-expressing and control CHO cells 

were seeded in 10 cm dishes and grown for 24 h. The cells were then treated with the various 

complexes (5 nmol ODNs/100 nmol lipid) for 5 h, after which period the complexes were 

removed and fresh medium was given. The cells were harvested 72 h after ODN treatment, 

lysed, and the membranes were isolated as described [14]. Samples (25 µg of protein) were 

then analyzed on 12.5 % SDS-PAGE (Bio-Rad, Hercules, CA), blotted on pure 

nitrocellulose membrane (Trans-Blot Transfer medium, Bio-Rad, Hercules, CA) and probed 
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with goat anti-rat CRF-R (1:500, Santa Cruz), followed by horseradish peroxidase conjugate 

rabbit anti-goat antibody (Sigma, Steinheim, Germany). The blot was processed with ECLTM 

(Amersham Pharmacia Biotech) according to the manufacturer’s instructions. 

Turbidity measurements 

An aliquot of 87.5 nmol of SAINT-2/DOPE (1:1 molar ratio) or SAINT-2/DOPE/5 mol 

%DSPE-PEG was mixed with HBS (10 mM HEPES, 150 mMNaCl, pH 7.4) and 0.875 nmol 

ODNs in a final volume of 875 µl. The turbidity was measured at room temperature at a 

wavelength of 350 nm in a UVIKON 930 spectrophotometer. 

Cryo-EM of lipoplexes 

The morphology of lipid-ODN complexes was determined by transmission cryo-EM. 

Portions of 2 µl of the various samples, indicated in the legends, were applied on glow 

discharged holey carbon-coated grids, and the excess of liquid was blotted away by 

Waterman paper. The specimen was frozen in liquid ethane and then mounted in a GatAn 

(mol 626) CRYO-STAGE and examined in a Philips CM 120 cryo-electron microscope, 

operating at 120 kV. 

Small angle X-ray scattering (SAXS) analyses 

To determine the lipoplex structure, SAXS measurements of PEG-devoid lipoplexes and 

PEG-containing lipoplexes were performed at 25ºC using a NanoStar device (Brucker AXS 

and Anton Paar) with a ceramic fine-focus X-ray tube, operating in a point focus mode. The 

tube was powered with a Kristalloflex K760 generator at 35 kV and 40 mA. The primary 

beam was collimated using cross-coupled Göbel mirrors and a 0.1-mm pinhole providing a 

CuKα radiation beam (λ = 0.154 nm) with a full-width at half-maximum of about 0.2 mm in 

diameter at the sample position. The sample-detector distance was 0.65 m. The use of a Hi-

Star position-sensitive area detector (Siemens AXS) allowed recording the scattering 

intensity in the q-range of 0.5 to 3.5 nm-1. The scattering vector q is defined as q = (4π/λ) · 

sin(θ/2), where θ is the scattering angle. The measurements of the samples were performed 

using a sample cell of 2 mm thickness covered by two thin kapton films. For sample 

preparation, 1000 nmol SAINT-2/DOPE were gently mixed with 5 nmol ODNs in 60 µl of 

150 mM NaCl/10 mM HEPES. After 20 min at room temperature, the samples were 

analyzed by SAXS. 
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Results 

DSPE-PEG inhibits cellular delivery and prevents intracellular dissociation of ODNs 

from lipoplexes 

As demonstrated previously [1], after internalization of SAINT-2/DOPE lipoplexes, the 

associated ODNs readily dissociate and accumulate in the nuclei. Thus in the absence of 

PEG-lipid, effective delivery of the FITC-labeled ODNs is observed, following an 

incubation for either 5 (Fig. 1A) or 24 h (not shown). Note that at these conditions ODNs 

and the lipids, marked by N-Rh-PE-labeling (red), become separated (insert Fig. 1A). A 

virtually identical image was obtained (not shown; cf Fig. 1A) when 10 % DSPE-PEG was 

included in the medium. By contrast, when 10 % DSPE-PEG had been incorporated into the 

lipoplexes by exogenous addition (procedure II, coating), the ODNs were mostly seen 

associated with the plasma membrane, often showing a clustered appearance, whereas 

nuclear staining was virtually negligible (Fig. 1B). When lipoplexes were used prepared 

from liposomes that contained 10 % DSPE-PEG (procedure I), the uptake of ODNs was 

similarly strongly inhibited (Fig. 1C). However, rather than a localization at the cell surface, 

in this case a fine punctate distribution was seen, largely limited to intracellular 

compartments that are clearly distinguishable from the nucleus. Interestingly, the uptake 

increased when the DSPE-PEG concentration was reduced to 5 %, but no shift in 

intracellular ODN distribution was observed (Fig. 1D). In fact, even at a density as low as 1 

mol % DSPE-PEG nuclear accumulation of ODNs was still effectively prevented (not 

shown). Accordingly, the presence of the PEGylated lipids had two effects. First, in a PEG-

lipid concentration dependent manner, the net uptake of lipoplexes was inhibited. Secondly, 

once intracellular, the presence of the PEG-lipids effectively inhibited complex dissociation. 

To support the latter notion, PEGylated lipoplexes were prepared that contained both 

fluorescently-tagged ODN (FITC) and N-Rh-PE (0.5 mole %), as a marker of the lipoplex 

lipid phase. The merged pictures revealed (Fig. 1E) that dissociation of the complex does not 

take place (c.f. Fig. 1A), even at DSPE-PEG concentrations as low as 1 mole %. Thus escape 

of ODNs from lipoplexes was abolished when DSPE-PEG was present. 
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The distribution pattern of the internalized complexes, seen in Fig. 1C and 1D, 

suggests that the ODNs are trapped in the endo/lysosomal pathway. Indeed, when loading 

this pathway with FITC-Dextran (Fig. 1F), followed by Rh-PE-labeled complexes, a 

colocalization of both probes was observed, implying that the particles are processed 

towards lysosomes, which typically localize in perinuclear regions of the cells. Apparently, 

Figure 1. Intracellular localization of ODNs delivered by DSPE-PEG containing lipoplexes. 
CHO cells were incubated with FITC-labeled ODN containing lipoplexes, with or without DSPE-
PEGs for 5 h. The ODN localization was visualized by the confocal laser scanning microscopy. A. 
Cells were incubated with FITC-ODN containing SAINT-2/DOPE lipoplexes. Note that most ODNs 
were seen in the nuclei (bright green), while the carrier, marked by N-Rh-PE, remained localized in 
the perinuclear region (insert). B. Cells were incubated with DSPE-PEG coated SAINT-
2/DOPE/ODN complexes (procedure II, using 10 mole % PEGylated lipid). Note the virtual absence 
of ODN nuclear localization in this case. C. Cells were incubated with FITC-ODNs complexed with 
SAINT-2/DOPE/10 mol %DSPE-PEG liposomes (procedure I). D. Cells were incubated with FITC-
ODNs complexed with SAINT-2/DOPE/5 mol % DSPE-PEG. Note the absence of nuclear 
localization of ODNs. E. Cells were incubated as D. The lipid phase of the complex was visualized 
by including 0.5 mol % N-Rh-PE (red). Note that the ODNs and lipids were colocalizing in the 
cytosol (yellow dots), but the dissociation of ODNs (green) and lipids (red) was not apparent. F. Cells 
were pre-incubated with FITC-Dextran (green) to mark the endosomal-lysosomal pathway. After 
washing, the cells were incubated with N-Rh-PE-labeled ODN-containing lipoplexes (red) that had 
been prepared from DSPE-PEG (5 mole %)-containing SAINT-2/DOPE liposomes (procedure I). 
Note that the complexes are mostly colocalizing with dextran at the perinuclear region. See appendix 
for color pictures. 
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the hydrolytic activity of the lysosomes did not suffice to release ODNs or fragments thereof 

after long incubation times, since as noted above, even after 24 h the distribution of the 

FITC-labeled ODNs was identical to that observed after 5 h (not shown; c.f. Figures 1D and 

F). 

These data indicate that although DSPE-PEG may represent a useful tool for inhibiting 

ODN-lipoplex interaction with cells (thereby prolonging the circulation time of particles in 

vivo), the lipid analogue is not suitable for targeting (by coupling of tissue-specific 

antibodies) or controlled delivery of the therapeutic cargo. Thus, once reaching the cellular 

destination, the PEGylated lipid remains firmly associated with the lipoplex, which 

precludes ODN release and causes the complex to be processed into the degradation 

compartment. This notion emphasizes the need for exchangeable derivatives. In this regard, 

claims have been made [12] that, depending on the length of their fatty acyl chain, 

PEGylated ceramides may display the desired exchange properties, necessary for the process 

that eventually leads to a destabilization of the lipoplex structure that favors ODN release. 

Dissociation of PEGylated lipids is required for nuclear delivery of ODNs 

Lipids may display facilitated exchange when the length of one of their acyl chains is 

shortened [15]. This will diminish hydrophobic interactions within the lipidic core of a 

membrane and cause an increase in their relative water solubility. 

Therefore, we next examined the effect on delivery when the ceramide-PEGs were 

inserted exogenously. Thus, 10 mole % ceramide-C8-PEG, ceramide-C14-PEG or ceramide-

C20-PEG was incorporated exogenously into preformed lipoplexes, as described in the 

Materials and methods section (procedure II), and the PEGylated lipoplexes were incubated 

with cells for 2 h, 5 h and overnight. The presence of ceramide-PEGs affected the net cell-

association of the lipoplexes, similarly as observed for DSPE-PEG. The highest uptake was 

seen for short-chain ceramide-containing lipoplexes, suggesting that uptake efficiency might 

be related to the relative differences in the kinetics of ceramide-PEG exchange, i.e. with 

more rapid exchange (occurring during the incubation of the lipoplexes with the cells) 

leading to a higher uptake. In this case nuclear accumulation of ODNs was seen after 2 h for 

control lipoplexes and for lipoplexes coated with ceramide-C8-PEG. With the ceramide-C14 

and C20 derivatives, complexes could only be detected in close association with the plasma 

membrane (data not shown). As demonstrated in Fig. 2, when extended to a 5 h incubation, 

the nuclear labelling of cells treated with control (Fig. 2A) and ceramide-C8 lipoplexes (Fig. 

2B) was prominently apparent, it gradually appeared in cells treated with ceramide-C14-
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PEG complexes (Fig. 2C), whereas for ceramide-C20 complexes, the ODNs were still 

largely associated with internalized and cell surface-bound complexes (Fig. 2D). After an 

overnight incubation (Fig. 2E-H), effective nuclear delivery of ODNs was seen for both the 

ceramide-C8 and ceramide-C14 derivatives, whereas some delivery was apparent in case of 

complexes that contained the ceramide-C20 derivative. The time and ceramide-PEG species 

dependence of nuclear delivery implied a chain-length dependent dissociation of the 

ceramide-PEG from the lipoplexes, thereby activating the capacity of lipoplex-mediated 

delivery of ODNs. 

This possibility was next examined by simulating such a release by incubating 

PEGylated ODN lipoplexes with anionic lipid vesicles [16]. 

Figure 2. Effect of exogenous coating of lipoplexes with ceramide-PEG on ODN Delivery. CHO 
cells were incubated with SAINT-2/DOPE-FITC-ODN complexes (A, E) which had been coated 
(procedure II) with 10 mol % ceramide-C8-PEG (B, F), ceramide-C14-PEG (C, G) or ceramide-C20-
PEG (D, H). After 5h (A-D) or an overnight (O/N) incubation (E-G), the localization of ODNs was 
visualized by fluorescence microscopy (right panel). The left panel shows the corresponding phase 
contrast images. 
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PEG-lipids modulate the release of ODN from lipoplexes 

As shown in table 1 the presence of PEG-lipids prevents the release of the ODNs from the 

lipoplexes, induced by the interaction of anionic vesicles with the lipoplexes. In a density-

dependent manner, the presence of DSPE-PEG effectively prevents the release of ODNs 

upon addition of anionic vesicles, irrespective of whether the PEGylated lipid was 

incorporated in vesicles prior to lipoplex assembly or when pre-assembled lipoplexes had 

been coated subsequently. Note that addition of free DSPE-PEG did not affect the release. 

Also coating (procedure II) or prior incorporation of PEG-ceramide derivatives (procedure I) 

effectively prevented ODN release. Interestingly, in the presence of non-incorporated 

ceramide analogues, effective inhibition of release was also observed when either ceramide-

C 8 or C14 was included in the mixture, but not in case of the ceramide-C20 analogue. These 

differences very likely reflect differences in the transfer properties as free monomers of the 

short chain derivatives (C8 and C14) versus the essentially non-exchangeable properties of 

the C20 and DSPE-PEG derivative [12], which leads to rapid integration into the lipoplex of 

the former, but not of the latter. 

PEGylation interferes with functional delivery of ODNs into eukaryotic cells 

The data thus far demonstrate that PEGylated lipids inhibit or delay lipoplex interaction with 

cell surfaces and/or intracellular delivery of ODNs. To correlate the intracellular localization 

of ODNs with their potential antisense effect, the efficiency of down-regulation of CRF 

overexpression in CHO cells (see the Materials and methods section) was examined by 

Table 1: Effect of PEGylated lipids on the release of ODNs from lipoplexes in the presence of 
anionic vesicles. PEG-coated lipoplexes were incubated with anionic vesicles (DOPE/DOPC/DOPS, 
2/1/1). The release of ODNs (expressed as percentage) was monitored by measuring fluorescence 
arising when Oligreen binds to the liberated ODNs, as described in the Materials and methods 
section. For calibration, the 100 % value was set to the fluorescence obtained upon total disruption of 
the complexes with Triton X-100. The percentage of release is expressed as the ratio of fluorescence, 
measured after 5 min of incubation with anionic vesicles, relative to total release. With control, PEG-
lipid devoid complexes, a release of 95% was obtained. 
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Western immunobloting. As shown in Fig. 3, down regulation of CRF-R expression was 

seen when antisense ODNs were delivered with SAINT-2/DOPE, compared to the levels of 

expression seen in untreated cells, cells treated with complexes containing mismatch ODNs 

or in cells treated with antisense ODNs alone. When the same amounts of antisense ODNs 

were delivered with 5 mol % DSPE-PEG containing complexes, the antisense effect on 

CRF-R was completely abolished, consistent with the observation that no ODNs were 

released from lipoplexes in this case. 

As demonstrated above, the delivery of fluorescently tagged ODNs was time-

dependent, when they were entrapped in complexes coated with PEG-ceramides of different 

fatty acyl chain lengths. Thus, after a 5 h incubation, ODN delivery was largely restored 

when complexes had been coated (procedure II) with ceramide-C8-PEG, partly restored 

when coated with ceramide-C14-PEG, whereas nuclear delivery still did not occur after this 

time interval in case of ceramide-C20-PEG. Consistently, as shown in Fig. 3, the antisense 

effect of ODN in down-regulating CRF-R expression was inversely proportional to the fatty 

acyl chain length of the employed PEG ceramide (Fig. 3B). Thus relative to untreated cells 

Figure 3: Down-regulation of CRF-R expression by antisense ODN, delivered by lipoplexes, with 
or without lipid-PEGs. CHO cells, stably expressing CRF-R (lane 5, ‘untreated cells’), were treated 
with antisense-containing lipoplexes, containing the various PEGylated lipid derivatives. The antisense 
effect was evaluated by Western immunoblotting. The cells were incubated with lipoplexes or free 
antisense ODNs for 5 h. Then fresh serum-containing medium was added and after 72 h CRF-R 
expression was examined. The cell membranes were isolated, and proteins were separated on PAGE 
and probed with goat anti-CRF-R and then with horseradish peroxidase-conjugated rabbit anti-goat 
antibodies. The blot was processed by ECL. In (A), reduced CRF-R expression is seen following 
lipoplex-mediated antisense delivery (lane 1; AS + S/D). The antisense effect was abolished when non-
exchangeable DSPE-PEG was included in the lipoplex formulation (lane 2; AS + S/D/DSPE-PEG). 
MAS + S/D (lane 3) reflects treatment of the cells with mismatch antisense, while AS (lane 4) indicates 
treatment with free antisense ODN. In (B), the effects of PEG-ceramides on lipoplex-mediated 
antisense delivery was examined. Antisense ODNs were associated with cationic lipids (lane 1; AS + 
S/D) or ceramide-PEG-coated complexes [lane 2 – 4; (AS + S/D)-Cer-C8-PEG, (AS + S/D)-Cer-C14-
PEG, (AS + S/D)-Cer-C20-PEG, respectively]. Note that the degree of down-regulation is correlated 
with the length of the ceramide acyl chain length. 
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(lane 5) and ODN treatment by delivery in PEG-devoid complexes (lane 1), an effective 

reduction of CFR-R expression was seen with ceramide-C8-PEG-coated complexes. The 

efficiency was diminished when employing ceramide-C14-PEG-coated complexes, whereas 

no significant effect was seen with ceramide-C20-PEG coated complexes. These functional 

data are therefore fully consistent with the observations on the effectiveness of ODN 

delivery when employing fluorescently tagged markers to monitor the effect of PEGylated 

lipids on the (intra)cellular processing of ODN-containing lipoplexes (see Fig. 2). An 

identical trend as with transfection efficiency was observed when ODNs were replaced by a 

reporter gene, pGFP (plasmid encoding enhanced green fluorescent protein; Clontech) 

(results not shown). 

In spite of the presence of PEGylated lipids such as DSPE-PEG or ceramide-PEG, 

lipoplexes are (at least partly) internalized by cells, implying that the presence of PEG does 

not necessarily prevent lipoplex-cell membrane (receptor) interaction, necessary for 

endocytic internalization, the pathway along which SAINT-2-containing lipoplexes deliver 

plasmids [17]. However, once internalized, this interaction apparently does not suffice for 

ODNs to be released and requires the dissociation of the PEGylated lipid from the complex, 

implying that additional factors must be involved, like the intimacy of complex-endosomal 

membrane interaction (as noted above), and in addition lipid structural requirements (e.g. the 

lamellar to hexagonal phase changes) that may codetermine overall nucleic acid release 

efficiency [8,9]. The effect of PEGylated lipids on lipoplex structure was therefore examined 

next. 

Figure 4: Effect of DSPE-PEG on vesicle 
aggregation in water and physiological 
salt solutions. SAINT-2/DOPE (S/D) and 
SAINT-2/DOPE/5 mol % DSPE-PEG 
(S/D/DSPE-PEG) vesicles, prepared in 
water, were suspended in salt solutions 
(HBS), and then mixed with ODNs. 
Turbidity was monitored as a function of 
time at a wavelength of 350 nm. The 
maximal turbidity levels obtained were 
plotted, and the time required to reach this 
plateau value is indicated on top of the 
bars. 
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The presence of PEGylated lipids stabilized the lamellar phase of ODN complexes 

In recent years it has become apparent that the lipid phase of lipoplexes may play an 

important role in bringing about lipoplex-mediated transfection. Specifically, lamellar-phase 

complexes bind stably to membranes while hexagonal-phase complexes are unstable and 

such features are thought to be instrumental in productive transfection [8,9]. Accordingly, 

this could imply that lipoplexes prepared from PEG-liposomes and ODNs display a lipid 

phase that lacks the ability to disturb the endosomal membrane and/or to release ODNs. As 

shown previously [9], in water SAINT-2/DOPE liposomes appear as unilamellar vesicles 

with a diameter of 100-200 nm. However, when suspended in salt, a transition from the 

lamellar to the hexagonal phase takes place. As shown in Fig. 4, the turbidity of a suspension 

of SAINT-2/DOPE vesicles in water increased more than 20-fold upon addition of salt, 

reflecting vesicle clustering upon charge neutralization and a concomitant transition to the 

hexagonal phase upon membrane-membrane interaction [9]. The presence of ODNs did not 

interfere with this transition. However, when 5 mol % DSPE-PEG was present in the 

SAINT-2/DOPE vesicles under otherwise the same conditions, the aggregation of the lipid 

vesicle was evidently prevented. Accordingly, since the hexagonal phase transition requires 

close interactions between opposed membranes, the data suggest that the PEGylated lipid 

stabilizes the lamellar phase by preventing such interactions. 

 To further clarify and support these observations, the morphology of cationic lipid-

ODN complexes was investigated by cryo-EM and SAXS. Control SAINT-2/DOPE-ODN 

complexes appeared as fingerprint-like structures initially showing particles with a diameter 

of 100-200 nm, which cluster into larger complexes as a function of time (> 15 min; Figures 

5A and B). The finger-print structure is typical of the hexagonal phase. To support this 

conclusion, we analyzed the samples by SAXS. As shown in Fig. 6A, three diffraction 

maxima were apparent at q = 0.105, 0.181 and 0.201(Å)-1, implying that the location of the 

peaks is in the ratio of 1:√3: √4, i.e., fully consistent with a hexagonal morphology. The 

periodicity of the phase is about 7 nm (Fig. 6 A). By contrast, the morphology of DSPE-

PEG-containing complexes is different. Cryo-EM revealed the presence of small 

homogenous complexes with a diameter of 30-50 nm, which did not display a tendency to 

aggregate (Figures 5 C and D). The structures appeared less densely packed than PEG-

devoid complexes, as reflected by a less electron-dense appearance of the images, while 

often only a few membrane layers were seen, surrounding an aqueous volume, i.e., an 

internal space lacking significant internal structure. These structures more closely resemble a 
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lamellar than a hexagonal organization. Indeed, as shown in Fig. 6B, the SAXS diffraction 

pattern differed considerably from that obtained for the non-PEGylated complexes (Fig. 6A). 

Only one peak at q = 0.111 (Å)-1
 was obtained, corresponding to a distance of 5.6 nm. This 

distance is compatible with a lamellar phase of similar periodicity, observed for lamellar 

complexes obtained for plasmid-containing lipoplexes [8,9]. A similar periodicity was 

obtained when ODNs were substituted for plasmid or when the concentration of DSPE-PEG 

was reduced from 5 to 1 mole %. 

When 10% DSPE-PEGs was incorporated into preformed SAINT-2/DOPE-ODN 

complexes, their presence evidently controlled the size of the complexes by preventing 

clustering, observed to occur for complexes devoid of PEG-lipid. The PEG-lipid being 

restricted to the outer periphery of the complex, the typical fingerprint structure was largely 

maintained in this case (Figures 5E and F). However, as shown above (Fig. 1), in line with 

the impeding effect of externally exposed non-exchangable PEG-lipid, such complexes give 

rise to poor release of ODNs. 

Figure 5: Morphology of ODN lipoplexes as revealed by cryo-EM. The various ODN lipoplexes 
were investigated by cryo-EM, as described in the Materials and methods section. In (A) and (B), 
control complexes consisting of SAINT-2/DOPE/ODN are shown. Note the striated structures 
which are typical for the hexagonal morphology. These complexes tended to aggregate and the 
average size was approx. 100-200 nm. In (C) and (D), DSPE-PEG-containing complexes 
(procedure I) are shown. These appeared as small and round particles with an average size of 30-50 
nm. Striated structures were far less frequent and often particles were seen with a few lamellae 
(arrow). Such complexes did not tend to aggregate. In (E) and (F), preformed SAINT-
2/DOPE/ODN complexes were coated with 10 mol % DSPE-PEG (Procedure II). Most complexes 
showed the striated structures typically seen prior to coating, as in (A) and (B). In (G), SAINT-
2/DOPE/DSPE-PEG vesicles in water are shown, revealing a mixture of particles with different 
sizes with little if any electron dense material inside. When 150 mM NaCl/10 mM HEPES, pH 7.4 
was added, in (H) the giant liposomes disappeared and the unilamellar liposome and particles with 
invaginations co-existed. Clearly there was no appearance of a hexagonal texture. Bars are 100 nm. 
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To further define the effect of the PEGylated lipid on hexagonal phase formation, we 

examined the lipid phase of SAINT-2/DOPE/5 mol % DSPE-PEG vesicles in water, which 

consist of a mixture of particles of various sizes and shapes, as shown in Fig. 5G. Following 

their incubation in a physiological salt environment, the transition into a hexagonal texture 

was not seen (Fig. 5H). Rather, vesicles in salt appeared as well defined unilamellar 

liposomes and particles with invaginations, indicating that DSPE-PEG apparently prevents 

the SAINT-2/DOPE from adopting a hexagonal morphology by interfering with the close 

approach of opposed membranes. 

Discussion 

The present work demonstrates that as a function of their structure, PEGylated lipid 

analogues can strongly interfere with the functional properties of lipoplexes, in terms of 

antisense or gene delivery. This interference is only partly due to an inhibition of complex 

internalization by cells, which has prompted their development and application in the first 

place. Rather, our data reveal that PEG-lipid analogues strongly interfere with structural 

features of the complex, involving a stabilization of the lamellar phase and precluding an 

intimate interaction with the endosomal membrane, thereby impeding cytosolic release of 

ODN or genes. The latter was apparent from the marked abrogation of down-regulation of a 

Figure 6. Structure of cationic-lipid-ODN complexes, determined by SAXS. The cationic-lipid-
ODN complexes were prepared as described in the Materials and methods section, and the 
structures of the complexes were determined by SAXS. (A) Diffraction pattern of control SAINT-
2/DOPE-ODN complexes, revealing three peaks at q = 0.105, 0.180 and 0.210 (Å)-1 , which 
indicate a hexagonal morphology with a periodicity of 7.0 nm. (B) Diffraction pattern obtained 
with SAINT-2/DOPE/DSPE-PEG-ODN complexes. In this case only 1 peak at q = 0.111 (Å)-1 was 
obtained . This peak corresponds to a distance of 5.7 nm. 
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target membrane receptor and a decrease in expression of a reporter gene. Clearly, the 

bilayer organization per se does not affect particle internalization, but non-bilayer features 

appear crucial in events that subsequently govern intracellular release of ODNs or reporter 

genes, events that appear to be triggered when the complexes are processed along the 

endosomal track [18,19]. Importantly, the capacity to release ODN or plasmid does not 

solely rely on the fact that the lipoplexes have overall adopted the hexagonal phase, and that 

they have acquired access into the endosomal compartment. Thus our data suggest (Figures 

5E and F) that direct membrane-membrane interactions between such complexes and the 

endosomal membrane are necessary, a step which is prevented when PEGylated lipids are 

present. In that case, the complexes arrive in the lysosomal compartment, without the 

occurrence of cytosolic release of ODN or plasmid. 

Currently, two procedures have been described for the incorporation of PEGylated 

lipids into gene delivery complexes. One involves prior incorporation of lipid-PEGs into 

liposomes, i.e. before lipoplex assembly triggered upon addition of DNA [20,21]. 

Alternatively, lipid-PEGs are inserted into the preformed lipoplexes or liposomes [22-24]. 

Upon exogenous addition the PEGylated lipid was limited to the outer periphery of the 

complex, and only such PEGylated complexes appear to display a fertile use in delivery, 

provided that the PEG-lipids are exchangeable. Thus even when exchangeable C8-ceramide 

is contained in the entire complex, i.e. when using PEGylated liposomes for lipoplex 

assembly, no delivery is observed and the lipoplexes reach the lysosomes, which correlates 

well with a rapid processing of relatively small particles, as obtained by this procedure, 

along the endocytic pathway [25]. 

When located in the periphery of the complex following exogenous insertion, 

ceramide-PEG derivatives may still inhibit cellular association of the complexes. Yet the 

efficiency of inhibition clearly showed a dependence on the kinetics of PEG-ceramide 

exchange, and in parallel to that the ceramide-PEG-lipid dependent down-regulation of 

CRF-R expression (Fig. 3). Thus C8-ceramide-PEG displayed little if any inhibition of both 

parameters while with increasing fatty acyl chain length the effective inhibition increased, 

and became compatible with effects of the non-exchangeable DSPE-PEG in case of 

ceramide-C20-PEG. The data suggest that, soon after the onset of the incubation, C8-

ceramide-PEG readily transfers from the complex to, presumably, the cell surface, since 

substantial nuclear accumulation of ODNs was apparent after only two hours. 

The present work indicates that electrostatic interactions between the complexes and 

the cell surface need not necessarily be prevented by the presence of moderate 
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concentrations of PEGylated lipids (up to 10 mol %), which is in line with similar 

observations reported by others [7,26]. Indeed, the primary and secondary energy minimum 

for such interactions, taking place when membranes come in close proximity, are localized 

in the range of distances of 3-10 nm [27]. For non-lamellar transitions to take place, possibly 

occurring when the lipid phase of the lipoplex interacts with the endosomal membrane, the 

inter-membrane distance should likely not exceed a distance of 1 nm; this event appears to 

be precluded by the steric interference of the PEGylated lipid. It is in this context 

particularly interesting to note that the release of ODNs from PEGylated lipoplexes is also 

inhibited when adding anionic liposomes (table 1), a feature that might mimic the 

mechanism involved in nucleic acid release from lipoplexes in the endosomal compartment 

[28]. This observation could suggest that a simple flip-flop and electrostatic displacement of 

ODNs following their substitution by PS in the cationic lipid complex does not occur or, 

alternatively, that such a translocation requires the complex to adopt the non-lamellar phase 

at the complex surface as well, a lamellar phase being stabilized when coated with 

PEGylated lipid (Figures 5 and 6).  

Rather, the present work emphasizes an absolute requirement for dissociation of the 

PEG-lipid analogue to abrogate its effect on the ability of cationic lipids in conjunction with 

DOPE to adopt non-bilayer phases of the lipoplex that promote ODN or plasmid 

dissociation. 

Abbreviations 

ODNs, oligonucleotides; lipoplexes, cationic lipid-DNA complexes; CHO, Chinese hamster 

ovary; HII, inverted hexagonal phase; Lα, Lamellar phase; PEG, poly(ethylene glycol); 

SAINT-2, N-methyl-4-(dioleyl)methylpyridinium; DSPE, distearoyl-

phosphatidylethanolamine; DOPE, dioleoyl-phosphatidylethanolamine; CRF-R, 

corticotropin releasing factor receptor; SAXS, small angle X-ray scattering. 
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Abstract 

The efficient translocation of drugs across the blood-brain barrier (BBB) with the aim of 

achieving an effective therapeutic effect in the brain compartment still constitutes a 

considerable challenge. Previously, it was shown that the cationic lipid SAINT-2, in 

combination with DOPE, forms complexes with antisense ODNs, so-called lipoplexes, 

and that this formulation mediates efficient delivery of ODNs into neuronal cells, as 

reflected by an antisense effect [Shi et al. Exp. Cell Res. 2003, 291(2), 313-325]. The 

possibility that such lipoplexes might also transfer ODNs across the BBB was examined 

in the present work. For this purpose, an in vitro model of the BBB was adapted and 

characterized, and the interaction of lipoplexes with the endothelial cell barrier, in terms 

of toxicity and transport, was subsequently investigated. The lipoplexes exhibited no 

toxicity towards the cell monolayer and did not increase paracellular leakage of [3H]-

sucrose, suggesting maintenance of the permeability barrier. However, despite the 

cationic nature of the lipoplexes, adsorption-mediated transcytosis, that would facilitate 

the transcellular crossing of the lipoplexes, was not observed. To explore the possibility 

of receptor-mediated transcytosis, the effect of the coupling of a model protein, bovine 

serum albumin, to these cationic lipoplexes was studied. However, coupling greatly 

impaired the encapsulating capacity of SAINT-2/DOPE. The data indicate that 

alternative strategies are needed to accomplish effective translocation of lipoplexes 

across the BBB. 

 

Keywords: cationic lipid, blood-brain barrier, transcytosis, in vitro model 
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Introduction 

Efforts of developing drug therapies for brain diseases are by definition confronted with 

the challenge of crossing the Blood-Brain Barrier (BBB). Indeed, in vivo the homeostasis 

of the brain is highly regulated, and essentially prevents exogenously administered 

molecules from reaching the brain compartment spontaneously. The physical relevance 

of the BBB is the highly specialized endothelial cell layer that forms the brain capillaries. 

Several elements contained in this layer are crucial to its barrier function. One important 

element is the low endocytic activity of the endothelial cells at the BBB, a property that 

strongly diminishes potential transcellular transport of molecules [1,2]. Additionally, the 

expression of an efflux pump, the P-glycoprotein (P-gp), contributes to maintenance of 

this fence by preventing the crossing of lipophilic compounds by means of active 

expulsion [3,4]. Finally, tight junctions in between endothelial cells maintain an efficient 

gate in the paracellular pathway, preventing free diffusion of polar solutes via this route 

[5]. Nevertheless some substances, like for example nutrients, are needed in the brain 

compartment and therefore specific transporters are present at the BBB to promote the 

crossing of these substances [6]. Three different types of tranporters can be distinguished, 

i.e. Carrier-Mediated Transporters (CMT), which include glucose or amino acid carriers, 

Active Efflux Transporters (AET), like the P-glycoprotein efflux pump, and Receptor-

Mediated Transporters (RMT), such as insulin, transferrin or leptin receptor carriers[7]. 

Elsewhere we have shown that antisense ODNs can be effectively delivered into 

neurons, which results in a specific and effective down regulation of specific targets in 

these cells [8]. In principle, this approach could thus be exploited in devising novel 

strategies for treatment of brain disorders, provided that successful crossing of the BBB 

can occur. Thus far there have been very few clinical trials, using antisense molecules, 

designed for brain disorders. Only two such studies have been reported [9,10] and only 

one of these studies concerned non-invasive intravenous administration of antisense 

ODNs [10]. In this study, the effect of aprinocarsen, an antisense phosphorothioate 

oligonucleotide against PKC-α [11], was examined for treatment of recurrent 

astrocytomas. Unfortunately, no clinical benefit was detected. In the database of the Gene 

Therapy Clinical Trials Worldwide (http://www.wiley.co.uk/genmed/clinical/) ten studies 

could be retrieved dealing with antisense therapy. Only one of these clinical trials 

concerned a brain disease, i.e. glioblastoma, and involved retroviral transfection of a 

gene coding for an antisense, i.e. no direct delivery of antisense oligonucleotides (access 

ID: US-052, Phase I). 
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Evidently, therapeutic antisense strategies to the brain with the aim to deliver 

ODNs to neurons will face in the first place the challenge of overcoming the BBB. The 

cationic lipid SAINT-2 [12] in combination with the helper lipid DOPE has been shown 

to efficiently deliver antisense ODNs to cells, including neurons [8,13]. In this context, a 

non invasive lipoplex-based antisense therapy to the brain would therefore require the 

ability to carry entire lipoplexes across the BBB, and their subsequent transport to the site 

of neuronal destination. 

Several in vitro models of the BBB are available to assess the transport of 

therapeutic drugs across the endothelial monolayer. Such models consist of the co-culture 

of capillary endothelial cells and primary astrocytes or astrocyte-derived cell lines. The 

advantages and drawbacks of several in vitro BBB models have been reviewed by 

Gumbleton and Audus [14]. Different types of polarized cells are suitable for such 

models, including (i) primary or low passage brain capillary endothelial cell lines, (ii) 

immortalized capillary endothelial cell lines and (iii) polarized epithelial cell lines of 

non-cerebral origin that also form a tight monolayer. Primary or low passage endothelial 

cells seem to more accurately mimic the in vivo situation, since they retain several 

characteristics of in vivo cells, while they also express various markers, typical of the 

BBB. In culture, they also display lower permeability towards [3H]-sucrose, a marker of 

paracellular diffusion, suggesting formation of a tight monolayer. 

In this work we adapted an in vitro model of the BBB, based on cloned primary 

bovine brain capillary endothelial cells, developed by Cecchelli et al. [15,16]. The 

interaction of SAINT-2/DOPE/ODN- lipoplexes with these cells was investigated. To 

assure that the model would be suitable for transport studies, some morphological 

characterization, sucrose permeability and tight junction functionality studies were 

carried out. Our results show that lipoplexes are not toxic to the cell monolayer and do 

not provoke an increase in paracellular leakage. However, significant transcytosis of 

lipoplexes, irrespective of specific targeting, was not observed, although translocation of 

free ODNs was detected. 

Materials and methods 

Cell culture 

Bovine Brain Capillary Endothelial cells (BBCE cells) were isolated as previously 

described [15]. The endothelial cells were split and multiplied once and the cells at 

passage 1 were kept in stock. For the experiments, cells were thawed and grown to 

confluency in 60-mm dishes and then plated on filters (25 mm and 10 mm diameter; 

NUNC), using a ratio of one 60-mm dish for 25 filters with a diameter of 25 mm, and 60 
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filters with a diameter of 10 mm. The cells were grown in Dulbecco’s modified Eagle 

medium DMEM (Gibco) supplemented with Glutamax I (Gibco), 10 % heat-inactivated 

horse serum (Kraeber GMBH & Co Pharmazeutische, Rohstoffe), 10 % heat-inactivated 

new born calf serum (Gibco), 50 U/ml penicillin and 50 µg/ml streptomycin. Cells were 

maintained in a humidified incubator at 37°C, under a 5 % CO2 atmosphere. 

Astrocytes were obtained from forebrains of new born Wistar rats [17]. The 

homogenates forebrains were collected and cultured for 10–14 days on poly-L-lysine-

coated (5 µg/ml) cell culture flasks (Nalge Nunc, Naperville, IL, USA) in DMEM 

(Gibco, Paisley, UK) containing 10% FCS, L-glutamine, and penicillin/streptomycin 

(Gibco). The culture was enriched in astrocytes that were obtained by a shake-off 

procedure, a process that allows the separation of oligodendrocytes from astrocytes, 

which remain attached to the bottom of the flask [18]. Cells were grown in DMEM 

supplemented with 10 % heat-inactivated fetal calf serum, 2 mM L-glutamine, 50 U/ml 

penicillin and 50 µg/ml streptomycin. Cells were maintained in a humidified incubator at 

37°C and 5% CO2 atmosphere. After three weeks the astrocyte-enriched cultures were 

trypsinized and plated in 6- and 24-wells plates. The cells were then allowed to stabilize 

for another week. Thereafter the astrocytes could be used for co-culture with the 

endothelial cells. 

Immmunocytochemistry 

Endothelial cells, grown on filters, were washed three times with HBSS and fixed in 2 % 

paraformaldehyde for 20 min at room temperature. The cells were then permeabilized in 

0.1 % Triton-X100 for 20 min at room temperature. Subsequently the filters were washed 

three times for 5 min in HBSS and after blocking with 1 % bovine serum albumin (BSA) 

in phosphate-buffered saline (37°C; 1 h), the cells were incubated with primary antibody 

(anti-ZO-1, Chemicon International, Inc. and anti-MDR1, Signet Laboratories, Inc.) for 1 

h at room temperature. After washing (three times for 5 min), cells were incubated with 

the fluorescent secondary antibody (Molecular Probes), anti-rat for ZO-1 staining and 

anti-mouse for MDR1 staining. 

[3H]-sucrose permeability assay 

The permeability assay for [3H]-sucrose was carried out as described previously [16]. All 

measurements were performed in HEPES buffered Ringer’s (RH) solution at 37°C. An 

aliquot of 1 ml of a 5 µCi/ml [3H]-sucrose solution was applied to the luminal chamber of 

25-mm filters coated with collagen and plated with endothelial cells. Measurements on 

control filters, without cells, but coated with collagen, were also carried out. Every 10 
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min during the first half hour of the incubation, and every 30 min thereafter, the filter 

was placed in a new well containing 2 ml of pre-warmed RH medium. Aliquots were 

collected from the abluminal chamber for each time interval corresponding to 10, 20, 30, 

60, 90 and 120 min. Permeability for [3H]-sucrose was calculated using the clearance 

principle as described previously [16]. 
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Equation (1) expresses the Clearance of sucrose (Cl) from the luminal to the 

abluminal compartment as the quotient of the amount of sucrose in the abluminal 

chamber (Qablum) and the concentration of sucrose in the luminal chamber. The curve of 

the clearance as a function of time allows calculations of the apparent permeability 

coefficient (PSt for filters alone, and PSf for filters with cells) as the slope of the linear 

regression. PSe, the real permeability coefficient of the endothelial monolayer is 

calculated from equation (2). The final permeability coefficient Pe, independent of the 

surface of the filters, is calculated from equation (3). 

Transcellular electrical resistance (TER) measurements 

Resistance of the cell monolayer on 10-mm polycarbonate filters was measured using a 

Millicell-ERS (Electrical Resistance System) ohmmeter (Millipore). 10-mm filters were 

placed in an Endohm resistance measurement chamber (World Precision Instruments) in 

2 ml DMEM, pre-warmed at 37°C. 250 µl of pre-warmed DMEM were added in the 

luminal compartment. 

Back-exchange of fluorescent lipids with BSA 

The principle of BSA back-exchange of fluorescent lipids was described previously [19]. 

Briefly, C6-NBD-SM was inserted into the plasma membrane of the cells and following 

an incubation surface-accessible lipids were back-exchanged, using BSA as a scavenger. 

For cell labeling, C6-NBD-SM, solubilized in chloroform/methanol, was dried under a 

stream of nitrogen and the lipid film was further dried for 30 min under vacuum. The 

film was then dissolved in pure ethanol (volume corresponding to 0.5 % of the final 

volume of solution) and diluted in cold HBSS to a final concentration of 4 µM. The cells 

were incubated for 30 min on ice with 500 µl of the fluorescent lipid solution, suspended 
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in either the luminal or abluminal chamber. After removal of non-inserted lipids by 

washing, the cells were incubated at the indicated temperature, and the remaining lipids 

were back-exchanged with BSA. A solution of BSA (50 mg/ml, pH 7.4) was applied in 

either one of the chambers to remove surface localized C6-NBD-SM. The presence of 

residual fluorescent lipid was then visualized by confocal fluorescence microscopy. 

Preparation of lipid vesicles 

SAINT-2 and DOPE in chloroform/methanol were mixed (molar ratio 1:1) and the 

solvent was evaporated under a stream of nitrogen. The lipid film was dried for 30 min 

under vacuum and re-suspended in water at a final lipid concentration of 1 mM. The 

vesicles were then sonicated until the turbid lipid solution turned clear. 

Coupling of BSA with DPPE-PEG succinimidyl carbonate 

4.5 µmol of DPPE-PEG succinimidyl carbonate (Northern Lipids, Inc.) in methanol were 

dried under a stream of nitrogen and subsequently under vacuum for 30 min. The lipid 

film was then dissolved in 50 µl of dimethylformamide (DMF) and this solution was 

added under stirring to 1 ml of a solution of BSA (1 mg/ml) in NaHCO3 (0.1 M; pH 8.3). 

This solution was incubated overnight at 4°C under gentle stirring. Free BSA that did not 

react with the functionalized PEG-lipid was filtered out through a Centricon 100 

centrifugation column (Millipore). Centrifugation was carried out at 500g for 4 min. 

DPPE-PEG-BSA was added to a SAINT-2/DOPE (1:1) lipid film and freeze-dried for 1 

h. Liposomes were formed by re-hydrating the dried lipids. 

Transport experiments 

ODNs were labeled at the 5’end with [32P] using a Ready-To-Go T4 Polynucleotide 

Kinase kit (Amersham Biosciences). 4.5 nmol of ODNs were mixed with 5 µl of [32P]-

ATP (10 µCi/µl) in the kit tube and incubated in a waterbath at 37°C for 1 h. The [32P]-

labeled ODNs were then purified from free unreacted [32P]-ATP by gel-exclusion 

(sephadex) on a MicroSpin G-25 column (Amersham Biosciences). The centrifugation 

column was pre-spun for 1 min at 800g. After sample addition the column was spun for 

another 2 min at 800g and the purified ODNs were eluted. The final concentration of 

ODNs was calculated according to the volume eluted from the column and the measured 

yield of the purification (approx. 80 %). 

Lipoplexes were prepared by mixing 0.1 nmol of [32P]-labeled ODNs with 20 nmol 

of SAINT-2/DOPE (molar charge ratio +/- 2.5 to1) in NaCl/Hepes (150 mM/10 mM) and 

further incubation for 20 min at room temperature. Lipoplexes or free ODNs were then 

diluted in 1 ml HBSS and applied to the luminal chamber of the filter-grown endothelial 
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cells. Aliquots were collected from the abluminal chamber after 120, 240, 360 and 390 

min at 37°C or 4°C and [32P]-radioactivity was measured with a microplate scintillation 

counter (Packard Instrument Company - Meriden, USA). Transport of ODNs or 

lipoplexes was expressed as a percentage of radioactivity that appeared in the abluminal 

chamber, relative to the total amount of added radioactivity. 

DNA protection measured by the Oligreen assay 

SAINT-2/DOPE lipoplexes or DPPE-PEG-BSA containing SAINT-2/DOPE lipoplexes 

were prepared as described above and diluted after a 20-min incubation at room 

temperature in 1 ml HBSS (final volume) containing Oligreen (1/200 dilution; Molecular 

Probes). The fluorescence (excitation and emission wavelengths were set at 490 and 520 

nm, respectively) was monitored for 900 s. BSA or H2O was added after 200 s and Triton 

X-100 detergent was added after 700 sec to determine the maximal fluorescence (100 % 

release). 

Cryo-transmission electron microscopy of the lipoplexes 

Lipoplexes containing DPPE-PEG-BSA were prepared as described above. The 

morphology of the lipid-ODN complexes was determined by cryo-EM. Portions of 2 µl 

of the samples were applied on glow discharged holey carbon-coated grids. After blotting 

away the excess liquid, the specimens were frozen in liquid ethane and then mounted in a 

Gatan (model 626) cryo-stage and examined in a Philips CM 120 cryo-electron 

microscope, operating at 120 kV. Micrographs were recorded under low-dose conditions 

with a slow scan CCD camera. 

Results 

The endothelial cells express the ZO-1 protein, a constituent of the tight junction, and 

the drug efflux protein P-gp, a marker of the BBB 

The in vitro BBB model used in this study consists of the co-culture of semi-primary 

endothelial cells from Bovine Brain Endothelial Capillaries (BBCEC) and primary 

astrocytes [16]. The endothelial cells are plated on polycarbonate filters while primary 

astrocytes are plated on the bottom of the wells (Figure 1). In this manner both the 

luminal and abluminal sides of the cells are accessible to compounds and the transport 

from luminal to abluminal compartment can be studied. The astrocytes are required for 

secreting factors, allowing the endothelial monolayer to establish barrier properties [20]. 

To characterize the system as applied here for its polarized and barrier features, cells 

were stained for the ZO-1 protein, a constituent of tight junctions and for MDR1 or P-
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glycoprotein (P-gp), the drug efflux protein, a marker of the BBB (Figure 2). As shown 

in Fig. 2A the ZO-1 protein was well expressed and ideally located at the periphery of the 

cell body. The P-gp was expressed in a punctate pattern, distributed at or near the apical 

membrane of the cells (Fig. 2D). In XZ projections the ZO-1 protein can be found in 

between the cells (Fig. 2C, arrows), while P-gp was found primarily on the cell surface 

(Fig. 2F, arrows). Note that the XZ sections illustrate the peculiar shape of the cells in 

that the large nucleus seems to protrude from the cell body. This shape is consistent with 

in vivo observations, obtained by electron microscopic examination of rat brain 

capillaries that show a massive nucleus, barely surrounded by cytoplasm and a flat cell 

body forming the wall of the capillaries [21]. Figure 3 depicts a schematic representation 

of the cell and the organization of the cell monolayer. 

Figure 1. Schematic representation of an in 
vitro BBB model. The semi-primary endothelial 
cells (EC) are grown on insert filters that separate 
a luminal and abluminal chamber. Cells are co-
cultured with astrocytes (AS), plated at the 
bottom of the well that produce essential factors 
for acquiring barrier properties. 

Figure 2. BBCE cells express ZO-1 and P-gp. 
BBCE cells, grown on filters as described in Fig. 
1, were stained for ZO-1 (A, B, C) or P-gp (D, E, 
F) in combination with staining for the nucleus 
(Hoechst) and the actin network (Rhodamine-
Phalloidin). In (A) and (D) the green and blue 
channel (UV) of the confocal microscope 
horizontal (X-Y ) sections are shown, the green 
staining corresponds to the protein, ZO-1 (A) or 
P-gp (D) and the blue channel corresponds to the 
nucleus. To reveal the shape of the cells the red 
and blue channels in horizontal (X-Y) sections are 
shown in (B) and (E), red correspond to the actin 
network stained with rhodamin-phalloïdin and 
blue shows the staining of the nucleus. All 
channels of the confocal microscope are merged 
in the vertical (X-Z) sections in (E) and (F); the 
arrows indicate the relative position of ZO-1 (E) 
and P-gp (F). See appendix for color pictures. 
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[3H]-Sucrose permeability and transcellular electrical resistance (TER) of the 

endothelial monolayer 

In order to analyze the transport of lipoplexes across the BBB model it was essential to 

ascertain the integrity of the monlolayer, i.e., that the paracellular permeability was 

minimal. To this end, the permeability coefficient, Pe, of [3H]-sucrose, as a marker of the 

tightness of the cell monolayer, was determined at 3, 6, 9, 12 and 14 days after seeding 

the cells on the filter (Table 1). The Pe values are calculated from the graph of the 

clearance of [3H]-sucrose as a function of time (Fig. 4), as described in the Materials and 

Figure 3. Morphology of the endothelial 
cells, grown on filters. A. Schematic 
drawing of a single cell where Ap represents 
the apical membrane, Bl represents the basal 
membrane and ZO-1 is the contact zone for 
the tight junctions between the cells. B. 
Organization of the cells in the monolayer, 
cultured on collagen coated filters. 

Figure 4. Paracellular permeability of the cell monolayer. The permeability to [3H]-sucrose 
was measured at different days after plating. Clearance is shown as a function of time for the 
filters coated with collagen (without cells) and for filters plated with cells, that were cultured for 
3, 6 and 9 days (day 3, day 6 and day 9). The slope of the linear regression corresponds to the 
apparent permeability coefficient PSf for the filters coated with collagen, and PSt for the filters 
with cells. Note that with increasing culture time the slope decreases, implying a decrease in 
paracellular permeability. Optimal sealing of the cell layer was obtained after the cells had been 
cultured for 9 days. 
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methods. The results in Tab le 1 indicate that the permeability to [3H]-sucrose decreases 

until day 9, when it reaches a minimum of 0.62.10-3 cm/min. On the following days, 

permeability to [3H]-sucrose increases again, suggesting that after around 9 days in 

culture an optimum is reached for the tightness of the monolayer. Consistently, TER 

measurements (Figure 5), determined at various days after plating the cells, showed the 

same optimum for the tightness of the monolayer after approx. 9 days in culture, 

resulting in a maximal TER value of 37.5 ohms.cm2. For comparison, when carrying out 

similar measurements for polarized, i.e., filter-grown epithelial cells (MDCK) a TER 

value of approx. 65 ohms.cm2 is determined. Given the apparent optimal conditions of 

the cell layer, reached after approx. 9 days, in terms of its barrier properties, all 

experiments were carried out on cells nine days after plating.  

The tight junctions in between the endothelial cell monolayer are functional 

Expression and localization of the ZO-1 protein indicated that organized tight junctions 

are present in the cell monolayer. Nevertheless, it was important to test whether these 

Table 1. Permeability coefficient to [3H]-
sucrose. The permeability coefficient PSe is 
calculated as described in the “Materials and 
methods” with equation (2). PSf and PSt, are 
the apparent permeability coefficient for the 
filters or the cell monolayer, respectively, and 
are derived from the data in Fig. 4. The 
paracellular permeability of sucrose, Pe, that is 
independent of the surface of the filters, is 
calculated with equation (3) (see Materials and 
methods). The table summarizes the Pe values 
for cells 3, 6, 9, 12 and 14 days after plating. 

Figure 5. Transendothelial electrical 
resistance (TER) of the cell 
monolayer. The electrical resistance 
between the luminal and the abluminal 
compartment was measured at 2, 4, 7, 
9 and 14 days after plating (day 2, 4, 
7, 9 and 14). Note that the maximum 
value for the TER is reached approx. 9 
days after plating. 
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tight junctions are fully functional i.e, whether the tight junction acted as a proper fence 

to molecules, localized in t he outer leaflet of either membrane domain separated by the 

tight junction complex. Therefore, a fluorescent sphingomyelin analogue, C6-NBD-SM, 

was incubated at 4oC either on the luminal or abluminal side of the cells (Fig. 6), 

allowing its insertion into the outer leaflet of either the apical or basolateral plasma 

membrane domain. To determine whether luminal-inserted lipid could laterally diffuse to 

the abluminal surface, which would be indicative of a defect in the tight junction 

structure, the abluminal surface was exposed to a BSA-containing solution, BSA acting 

as a scavenger for C6-NBD-lipid arriving at the abluminal surface. All experiments were 

carried out at 4°C for an extended period of time so as to allow ample time for potential 

lateral diffusion but preventing intracellular trafficking of the lipids [19,22] that could 

have carried lipid via transcytosis from one surface to the other. As shown in Fig. 6, 

effective removal of C6-NDB-SM only occurred when the BSA had been applied in the 

same chamber as the lipids (luminal chamber Fig. 6 A, B and C and abluminal chamber 

D, E and F), implying that after insertion in a given surface domain, significant 

translocation to the other did not take place. Moreover, fluorescent lipids could not be 

retrieved when BSA was included in medium, facing the non-labeled surface. These 

results thus suggest that the tight junctions are functional, preventing substantial lateral 

diffusion of the lipid analogue through the tight junctions. 

Figure 6. The tight junctions expressed by the 
endothelial cells are fully functional. The ability 
of the tight junctions to prevent lateral diffusion of a 
fluorescent lipid and migration of BSA in between 
the cells was determined with a BSA back exchange 
assay. C6-NBD-SM was incubated with the cells at 
4°C on the apical (A, B and C) or basal (D, E and F) 
side to allow proper membrane insertion. Excess 
lipid was removed by extensive washing. The back 
exchange assay is based on the property of BSA to 
extract accessible lipids from the cell membrane. In 
A and D no BSA was incubated with the cells. In B 
and E, BSA was incubated in the apical chamber 
while in C and F it was in the basal chamber. Note 
that the fluorescent lipids can only be extracted 
from the cell membrane when BSA is incubated on 
the same side as the lipids. 
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Transport studies of lipoplexes across the endothelial monolayer 

Prior to carrying out transport 

experiments with lipoplexes, it was 

essential to determine whether the 

ODNs or the lipoplexes were toxic 

to the cells, as a result of which 

paracellular leakage could be 

induced. To verify this possibility 

the permeability to sucrose in the 

presence of ODNs or SAINT-

2/DOPE lipoplexes was 

determined. The results are 

summarized in table 2 and the data 

reveal that in the presence of 

neither ODNs nor lipoplexes the permeability coefficient to sucrose is affected and that it 

is identical to that of control cells. We therefore conclude that under the incubation 

conditions, lipoplexes are not toxic to the cells and do not induce paracellular leakage in 

the in vitro model. 

To study the transport of lipoplexes across this in vitro BBB model, complexes were 

prepared with radiolabeled ODNs and were subsequently incubated with the cells at 37 or 

4°C (Fig.7A). Following addition at the luminal side, the appearance of radiolabeled 

ODNs was determined at the abluminal side, as described in the Materials and methods. 

After 2 h at 37°C 2.5 ± 0.5 % of the radioactivity is retrieved in the abluminal chamber 

and after 6 h and 30 min 13 ± 2.5 %. At 4°C, where transcytotic transport is inhibited, the 

transport was reduced to 0.8 ± 0.1 % and 6.7 ± 0.2 % after 2 and 6.5 h, respectively. 

Since at these conditions only translocation of the radiolabelled nucleic acid was 

monitored, no conclusions can be drawn as to the fate of the carrier. To obtain such 

insight, the experiments were repeated using lipoplexes in which the lipid phase was 

labeled with N-Rh-PE. When such complexes were incubated with the cells at 37oC for 2 

h, only 0.14% of the lipids (versus 2.5 % radiolabeled ODNs) were retrieved in the 

abluminal chamber after 2 h (not shown). Hence these data would suggest that the 

observed difference in transport of ODNs versus lipid marker probably reflects the 

occurrence of transport of free ODNs that dissociated from the complexes during the 

incubation and/or might have been expelled by the cells, following lipoplex 

internalization. To verify whether free ODNs could be translocated across the monolayer, 

Table 2. The ODNs and lipoplexes do not increase 
the paracellular permeability. The effect of the 
lipoplexes and ODNs on endothelial cell monolayer 
integrity was tested by determining the permeability to 
[3H]-sucrose in their presence. “Control” refers to 
cells without treatment. “ODNs” and “lipoplexes” 
refer to cells incubated with free ODNs and SAINT-
2/DOPE lipoplexes, respectively. 
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transport of free ODNs was analyzed at 37 and 4°C. The results, shown in Fig. 7B, 

indicate that free ODNs can cross the in vitro BBB model and after 2 and 6.5 h 20 ± 3.2 

% and 58 ± 3.4 %, respectively, of the initial radioactivity is recovered from the 

abluminal chamber. This transport is reduced at 4°C but not abolished, since after 6.5 h 

still 28 ± 2.5 % of the radioactivity is retrieved in the abluminal chamber, suggesting that 

at least part of the overall transport of ODNs is accomplished by paracellular 

translocation/diffusion.  

Protein-coupling to lipoplexes  

To investigate whether a targeting approach, addressing receptors known to be involved 

in transcytotic transport across the endothelial barrier, might improve lipoplex transport 

across the endothelial monolayer, the following experiments were carried out. First we 

examined the possibility for coupling a protein to the lipoplexes. In anticipation of 

coupling a more specific ligand, like an antibody against the transferrin receptor, BSA 

was used as model protein to develop a technical protocol for successful coupling. A 

functionalized PEG-lipid with a succinimidyl carbonate group was used to couple DPPE-

PEG with BSA. As illustrated in Fig. 8 the functionalized DPPE-PEG is designed to react 

with amino groups of a protein thus giving rise to a free N-hydroxysuccinimide (NHS) 

and the DPPE-PEG coupled with the molecule of interest [23,24]. In this manner DPPE-

PEG-BSA was prepared and incorporated into liposomes to form lipoplexes with ODNs. 

The stability of these DPPE-PEG-BSA containing lipoplexes was tested, using an 

Figure 7. Transport of lipoplexes 
and free ODNs across the cell 
monolayer. A. Lipoplexes containing 
radiolabeled [32P]-ODNs were 
incubated in the luminal chamber and 
the percentage of radioactivity 
reaching the abluminal compartement 
was measured after 2, 4, 6 and 6.5 h. 
Measurements were performed at 4ºC 
(open circle) and 37ºC (closed circle). 
B. The same experiment was carried 
out with free ODNs. 

A 

B 

A 
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Oligreen assay. The fluorescence of the oligreen probes, which depends on the presence 

of free ODNs, was monitored as a function of time for both normal lipoplexes and 

DPPE-PEG-BSA containing lipoplexes. When oligreen was incubated with the latter, a 

constant increase in fluorescence indicated that the protein-coated lipoplexes were 

insufficiently protecting ODNs, when compared to normal SAINT-2/DOPE lipoplexes 

and in time, a large amount of ODNs became accessible for labeling.  

To further characterize the protein-coated lipoplexes, the DPPE-PEG-BSA containing 

lipoplexes were examined by cryo-EM. As shown in Fig. 9B, typical striated hexagonal 

structures of lipoplexes were not detected, but rather vesicular structures were apparent, 

Figure 8. Coupling of BSA to a 
functionalized PEG-lipid. BSA 
was incubated with DPPE-
PEG(2000) succinimidyl carbonate. 
The succinidimyl carbonate group 
can react with the amine groups of 
the protein (-NH2) thus leading to 
protein coupling to the PEG-lipid 
(DPPE-PEG-BSA) and a free N-
hydroxyl succinimide, NHS. 

Figure 9: DPPE-PEG-BSA containing lipoplexes are unstable; enhanced ODN accessibility. 
A. An Oligreen assay was performed with SAINT-2/DOPE/DPPE-PEG-BSA lipoplexes (I) and 
SAINT-2/DOPE lipoplexes (II). The accessibility of free ODNs is monitored in time as the 
appearance of fluorescence. B. Cryo-EM pictures of lipoplexes prepared with liposomes containing 
DPPE-PEG-BSA. 

DPPE-PEG(2000) succinimidyl carbonate 

+ R-NH2 Protein 

NHS 

DPPE-PEG-coupled Protein

B A 
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which could be indicative of a lack of effective ODNs sequestering by the lipids (Fig. 

9B). Thus in these preparations, primarily liposomal structures were seen with various 

diameters (Fig. 9B insert).  

Discussion 

Endothelial cells 

In this study an effort was made to adapt an in vitro model of the blood-brain barrier for 

the study of transport of lipoplexes. The BBB model showed proper expression of 

established BBB markers, such as ZO-1 and P-gp, while the tightness properties of the 

monolayer appeared adequate. P-gp is an essential marker of the BBB, acting as a barrier 

towards lipophilic drugs [3,4]. The expression of P-gp and its localization at the luminal 

side of the endothelial cells is in accordance with the polarized properties of the system, 

desirable for an in vitro model matching physiological conditions as closely as possible. 

Additionally, the endothelial cells also expressed the ZO-1 protein, an essential 

constituent of the tight junctions. Moreover, the functionality of these tight junctions was 

also demonstrated by their ability to prevent lateral diffusion to the basal domain of a 

fluorescent lipid analogue, initially inserted into the outer leaflet of the apical membrane 

domain. 

An assessment of the tightness of the monolayer is given by the permeability 

coefficient of the endothelial monolayer for sucrose (Pe). Gumbleton and Audus 

compared several permeability coefficients for sucrose for in vitro models of the BBB 

[14]. They report that for the various models based on primary or low passage bovine 

brain capillary endothelial cells, the permeability coefficient Pe ranges from 10 to 24 (x 

10-6 cm.s-1). Translating these values to conditions that apply to the system employed in 

the present study, the range of Pe can be recalculated as to extend from 0.6 to 1.44 (x 10-3 

cm.min-1). The Pe measured in our work is exactly in this range, and is also similar to or 

even less than the values reported before for the same model, i.e., 0.63 x 10-3 cm.min-1 

[25]; 0.75 x 10-3 cm.min-1 [16]; and 1.05 x 10-3 cm.min-1 [26]. Together these results 

indicate that we successfully adapted the endothelial model to potentially serve as a 

realistic model for polarized transport events, mimicking transport across the blood-

brain-barrier. Moreover, we also demonstrated that the Pe of sucrose was not affected by 

the presence of either the lipoplexes or the free ODNs, implying that the compounds of 

interest did not perturb the system by inducing toxic effects. 

Adsorption-mediated transcytosis 

An increasing number of drugs is based on macromolecular structures (proteins, 

antibody) or on multi-component macromolecular complexes (gene therapy vector, 
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lipoplexes), rather than on single small molecules. Consequently, to benefit from all the 

advances in the development of new therapeutics, the crossing of the BBB by these 

complexes in a non-invasive way, either via a paracellular or a transcytotic mechanism, 

constitutes a major challenge. Lipoplex transport via adsorption-mediated or receptor-

mediated transcytosis involves endocytosis of the lipoplex and proper routing to a 

transcytotic intracellular pathway [27]. Adsorption-mediated transcytosis has been 

reported for cationized albumin or cationized antibodies [27-29], including cationized 

albumin-coated liposomes [30]. The mechanism envisioned for this adsorption-mediated 

transcytosis is a non-specific but saturable electrostatic interaction with the membrane of 

the cell, promoted by the positive charge of the proteins, followed by endocytosis. In this 

study, we observed however that despite the cationic nature of SAINT-2/DOPE 

lipoplexes, adsorption-mediated transcytosis did not take place as revealed by the low 

amount of lipoplexes retrieved in the abluminal chamber (as monitored by both 

radiolabeled ODNs and fluorescent lipids). Moreover, transport of the N-Rh-PE marked 

lipoplexes was not inhibited in the presence of filipin III (1 µg/ml), an inhibitor of 

caveolae-mediated endocytosis, suggesting that, indeed, caveolae-mediated transport of 

lipoplexes by adsorptive transcytosis did not occur (not shown). Accordingly, the 

positive charge of a particle does not necessarily guarantee adsorption-mediated 

transcytosis. This result is consistent with another study, using the same model system, 

demonstrating that the crossing of nanoparticles with a polysaccharide core was 

accomplished more easily for neutral particles than for positively or negatively charged 

particles. Moreover, the coating of charged particles with a neutral phospholipid bilayer 

restored their transport to the level obtained for the neutral particles [31]. However 

concerning the mechanism of adsorption-mediated transcytosis, little is known about 

how non-specific endocytosis at the luminal side of the cells could trigger specific sorting 

and exocytosis at the abluminal side of the cells. A possible explanation could be that 

lipoplexes are non-specifically endocytosed at the site of a transcytotic carrier, but fail to 

undergo subsequent (specific) sorting into the transcytotic pathway. 

Receptor-mediated transcytosis 

To trigger transcytosis, coupling of the lipoplexes with an antibody directed against a 

transcytotic receptor is a more elaborate strategy. Receptor-mediated transcytosis has 

been described for transferrin , an iron transporter , and its receptor TfR, which mediates 

specific iron transport to the brain [21]. Coupling monoclonal antibodies, directed against 

the TfR, to liposomes has been reported to promote receptor-mediated transcytosis of the 

liposomes [32,33]. Thus, succesful transport into rat brains has been demonstrated of 

drug substances encapsulated into neutral lamellar liposomes (DSPC/DSPE/cholesterol), 
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using coupling to an OX26 monoclonal antibody directed against the TfR [32]. In mice, 

the delivery of a β-galactosidase gene to the brain was reported using PIL, PEGylated 

immunoliposomes, coupled to the 8D3 monoclonal antibody that recognizes mice TfR. 

Specific expression of β-galactosidase was achieved by placing the gene under the 

control of the GFAP promoter, a brain specific promoter [33]. The immunoliposomes 

used in the study by Shi et al., only contained 2% of the cationic lipid 

dimethyldioctadecylammonium bromide, DDAB, and the plasmid DNA was 

encapsulated inside a bilayer-forming liposome. This encapsulation of nucleic acid is 

essentially different from the approach carried out in the present study. The cationic 

charge of the amphiphile in SAINT-2/DOPE liposomes is necessary for lipoplex 

assembly with ODNs. However, after coupling with a model protein, BSA, we found that 

the SAINT-2/DOPE liposomes, adopting a hexagonal phase, were no longer able to form 

lipoplexes with ODNs (see Fig. 9) precluding further targeting experiments with an 

antibody directed against the TfR. Consequently, more work will be needed to achieve an 

efficient coupling of an antibody to the cationic lipoplexes, avoiding impediment of their 

capacity to complex nucleic acids. Recently, a new class of cationic lipids, the pH-

sensitive sugar-based gemini surfactants, was synthesized that at neutral pH form 

lamellar lipoplexes with plasmid DNA[34,35]. These new gemini surfactants could be 

the cationic lipids of choice for the development of new coupling strategies for cationic 

lipoplexes. 

Translocation of free ODNs across endothelial cells 

In this work we observed that free ODNs are able to cross the cells in the in vitro BBB 

model. (Fig.7). This observation contradicts the commonly assumed behavior of ODNs 

in vivo, since due to their charge and size it is thought that antisense molecules do not 

cross the BBB. Nevertheless the possibility of oligonucleotides to cross the BBB in vivo 

seems to some extent controversial. For example, the presence of phosphorothioate 

ODNs in the brain has been reported after intravenous injection in a mouse model for 

Alzheimer’s disease SAMP8 [36]. The intravenously injected dose of antisense, directed 

against the amyloid β protein, has been shown to reverse the learning and memory 

deficits of aged SAMP8 mice. However, it cannot be excluded that the disease itself may 

alter the barrier properties of the BBB [37], sufficient to allow penetration of antisense 

molecules. Other studies have pinpointed the necessity of targeting of an antisense 

peptide nucleic acid, PNA, by its coupling to an antibody directed against the TfR in 

order to promote transcytosis across the BBB [38,39]. In our in vitro study we 

nevertheless found that ODNs could cross the BBB model, which appeared temperature-

dependent but transport was not abolished at low temperature, suggesting that a 
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paracellular mechanism might be partly involved. However, given that a substantial part 

of the transfer could not be explained by such a transfer event, these observations warrant 

further studies. 

Abbreviations 

BBB, blood-brain barrier; DNA, deoxyribonucleic acid; ODNs, oligodeoxynucleotides; 

lipolex, complex of DNA or ODNs and cationic lipids; TfR, transferrin receptor; P-gp, P-

glycoprotein; ZO-1, zonula occludens 1 protein, BSA, bovine serum albumin; TfR, 

transferring receptor, PEG, poly(ethylene glycol); C6-NBD-SM, N-(N-[6-[(7-nitrobenz-

2-oxa-1,3-diazol-4-yl)amino]caproyl])- sphingosine-1-phosphocholine; DOPE, 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DSPC, 

1,2-distearoyl-sn-glycero-3-phosphocholine; SAINT-2, N-methyl-4-

(dioleyl)methylpyridinium; NHS, N-hydroxysuccinimide, HEPES, N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid; HBSS, Hank’s Balanced Salt Solution; 

BBCE cells, bovine brain capillary endothelial cells; CHO cells, Chinese hamster ovarian 

cells; cryo-EM, cryo-electron microscopy; TER, transcellular electrical resistance. 

References 

 [1] T. S. Reese and M. J. Karnovsky, Fine structural localization of a blood-brain barrier to exogenous 
peroxidase, J. Cell Biol., 34 (1967) 207-217. 

 [2] R. D. Broadwell and M. Salcman, Expanding the definition of the blood-brain barrier to protein, 
Proc. Natl. Acad. Sci. U. S. A, 78 (1981) 7820-7824. 

 [3] J. van Asperen, U. Mayer, O. van Tellingen, and J. H. Beijnen, The functional role of P-glycoprotein 
in the blood-brain barrier, J. Pharm. Sci., 86 (1997) 881-884. 

 [4] A. Tsuji, P-glycoprotein-mediated efflux transport of anticancer drugs at the blood-brain barrier, 
Ther. Drug Monit., 20 (1998) 588-590. 

 [5] U. Kniesel and H. Wolburg, Tight junctions of the blood-brain barrier, Cell Mol. Neurobiol., 20 
(2000) 57-76. 

 [6] D. J. Begley, Delivery of therapeutic agents to the central nervous system: the problems and the 
possibilities, Pharmacol. Ther., 104 (2004) 29-45. 

 [7] W. M. Pardridge, The blood-brain barrier: bottleneck in brain drug development, NeuroRx., 2 
(2005) 3-14. 

 [8] F. Shi, W. H. Visser, N. M. de Jong, R. S. Liem, E. Ronken, and D. Hoekstra, Antisense 
oligonucleotides reach mRNA targets via the RNA matrix: downregulation of the 5-HT1A receptor, 
Exp. Cell Res., 291 (2003) 313-325. 

 [9] D. W. Andrews, M. Resnicoff, A. E. Flanders, L. Kenyon, M. Curtis, G. Merli, R. Baserga, G. 
Iliakis, and R. D. Aiken, Results of a pilot study involving the use of an antisense 
oligodeoxynucleotide directed against the insulin-like growth factor type I receptor in malignant 
astrocytomas, J. Clin. Oncol., 19 (2001) 2189-2200. 



Chapter 4 

82 

 [10] S. A. Grossman, J. B. Alavi, J. G. Supko, K. A. Carson, R. Priet, F. A. Dorr, J. S. Grundy, and J. T. 
Holmlund, Efficacy and toxicity of the antisense oligonucleotide aprinocarsen directed against 
protein kinase C-alpha delivered as a 21-day continuous intravenous infusion in patients with 
recurrent high-grade astrocytomas, Neuro. -oncol., 7 (2005) 32-40. 

 [11] M. Lahn, K. Sundell, and S. Moore, Targeting protein kinase C-alpha (PKC-alpha) in cancer with 
the phosphorothioate antisense oligonucleotide aprinocarsen, Ann. N. Y. Acad. Sci., 1002 (2003) 
263-270. 

 [12] I. van der Woude, A. Wagenaar, A. A. Meekel, M. B. ter Beest, M. H. Ruiters, J. B. Engberts, and 
D. Hoekstra, Novel pyridinium surfactants for efficient, nontoxic in vitro gene delivery, Proc. Natl. 
Acad. Sci. U. S. A, 94 (1997) 1160-1165. 

 [13] F. Shi, A. Nomden, V. Oberle, J. B. Engberts, and D. Hoekstra, Efficient cationic lipid-mediated 
delivery of antisense oligonucleotides into eukaryotic cells: down-regulation of the corticotropin-
releasing factor receptor, Nucleic Acids Res., 29 (2001) 2079-2087. 

 [14] M. Gumbleton and K. L. Audus, Progress and limitations in the use of in vitro cell cultures to serve 
as a permeability screen for the blood-brain barrier, J. Pharm. Sci., 90 (2001) 1681-1698. 

 [15] M. P. Dehouck, S. Meresse, P. Delorme, J. C. Fruchart, and R. Cecchelli, An easier, reproducible, 
and mass-production method to study the blood-brain barrier in vitro, J. Neurochem., 54 (1990) 
1798-1801. 

 [16] R. Cecchelli, B. Dehouck, L. Descamps, L. Fenart, V. Buee-Scherrer, C. Duhem, S. Lundquist, M. 
Rentfel, G. Torpier, and M. P. Dehouck, In vitro model for evaluating drug transport across the 
blood-brain barrier, Adv Drug Deliv Rev, 36 (1999) 165-178. 

 [17] O. Maier, T. van der Heide, R. Johnson, H. de Vries, W. Baron, and D. Hoekstra, The function of 
neurofascin155 in oligodendrocytes is regulated by metalloprotease-mediated cleavage and 
ectodomain shedding, Exp. Cell Res., 312 (2006) 500-511. 

 [18] K. D. McCarthy and J. de Vellis, Preparation of separate astroglial and oligodendroglial cell cultures 
from rat cerebral tissue, J. Cell Biol., 85 (1980) 890-902. 

 [19] S. C. van IJzendoorn, M. M. Zegers, J. W. Kok, and D. Hoekstra, Segregation of glucosylceramide 
and sphingomyelin occurs in the apical to basolateral transcytotic route in HepG2 cells, J Cell Biol, 
137 (1997) 347-357. 

 [20] M. Boveri, V. Berezowski, A. Price, S. Slupek, A. M. Lenfant, C. Benaud, T. Hartung, R. Cecchelli, 
P. Prieto, and M. P. Dehouck, Induction of blood-brain barrier properties in cultured brain capillary 
endothelial cells: comparison between primary glial cells and C6 cell line, Glia, 51 (2005) 187-198. 

 [21] R. L. Roberts, R. E. Fine, and A. Sandra, Receptor-mediated endocytosis of transferrin at the blood-
brain barrier, J. Cell Sci., 104 ( Pt 2) (1993) 521-532. 

 [22] O. Maier, V. Oberle, and D. Hoekstra, Fluorescent lipid probes: some properties and applications (a 
review), Chem. Phys. Lipids, 116 (2002) 3-18. 

 [23] S. Zalipsky, Functionalized poly(ethylene glycol) for preparation of biologically relevant 
conjugates, Bioconjug. Chem., 6 (1995) 150-165. 

 [24] T. Miron and M. Wilchek, A simplified method for the preparation of succinimidyl carbonate 
polyethylene glycol for coupling to proteins, Bioconjug Chem, 4 (1993) 568-569. 

 [25] M. P. Dehouck, P. Jolliet-Riant, F. Bree, J. C. Fruchart, R. Cecchelli, and J. P. Tillement, Drug 
transfer across the blood-brain barrier: correlation between in vitro and in vivo models, J 
Neurochem, 58 (1992) 1790-1797. 

 [26] S. Hamm, B. Dehouck, J. Kraus, K. Wolburg-Buchholz, H. Wolburg, W. Risau, R. Cecchelli, B. 
Engelhardt, and M. P. Dehouck, Astrocyte mediated modulation of blood-brain barrier permeability 
does not correlate with a loss of tight junction proteins from the cellular contacts, Cell Tissue Res., 
315 (2004) 157-166. 



Lipoplexes and blood-brain barrier 

83 

 [27] U. Bickel, T. Yoshikawa, and W. M. Pardridge, Delivery of peptides and proteins through the blood-
brain barrier, Adv Drug Deliv Rev, 46 (2001) 247-279. 

 [28] A. K. Kumagai, J. B. Eisenberg, and W. M. Pardridge, Absorptive-mediated endocytosis of 
cationized albumin and a beta-endorphin-cationized albumin chimeric peptide by isolated brain 
capillaries. Model system of blood-brain barrier transport, J. Biol. Chem., 262 (1987) 15214-15219. 

 [29] J. Girod, L. Fenart, A. Regina, M. P. Dehouck, G. Hong, J. M. Scherrmann, R. Cecchelli, and F. 
Roux, Transport of cationized anti-tetanus Fab'2 fragments across an in vitro blood-brain barrier 
model: involvement of the transcytosis pathway, J Neurochem, 73 (1999) 2002-2008. 

 [30] M. Thole, S. Nobmanna, J. Huwyler, A. Bartmann, and G. Fricker, Uptake of cationzied albumin 
coupled liposomes by cultured porcine brain microvessel endothelial cells and intact brain 
capillaries, J. Drug Target, 10 (2002) 337-344. 

 [31] A. Bragonzi, A. Boletta, A. Biffi, A. Muggia, G. Sersale, S. H. Cheng, C. Bordignon, B. M. Assael, 
and M. Conese, Comparison between cationic polymers and lipids in mediating systemic gene 
delivery to the lungs, Gene Ther., 6 (1999) 1995-2004. 

 [32] J. Huwyler, D. Wu, and W. M. Pardridge, Brain drug delivery of small molecules using 
immunoliposomes, Proc Natl Acad Sci U S A, 93 (1996) 14164-14169. 

 [33] N. Shi, Y. Zhang, C. Zhu, R. J. Boado, and W. M. Pardridge, Brain-specific expression of an 
exogenous gene after i.v. administration, Proc Natl Acad Sci U S A JID - 7505876, 98 (2001) 
12754-12759. 

 [34] M. Johnsson, A. Wagenaar, M. C. A. Stuart, and J. B. F. N. Engberts, Sugar-based gemini 
surfactants with pH-dependent aggregation behavior: vesicle-to-micelle transition, critical micelle 
concentration, and vesicle surface charge reversal, Langmuir, 19 (2003) 4609-4618. 

 [35] L. Wasungu, M. Scarzello, G. van Dam, G. Molema, A. Wagenaar, J. B. F. N. Engberts, and D. 
Hoekstra, Transfection mediated by pH sensitive sugar-based gemini surfactants; potential for in 
vivo gene therapy applications, J. Mol. Med., (2006). 

 [36] W. A. Banks, S. A. Farr, W. Butt, V. B. Kumar, M. W. Franko, and J. E. Morley, Delivery across 
the blood-brain barrier of antisense directed against amyloid beta: reversal of learning and memory 
deficits in mice overexpressing amyloid precursor protein, J. Pharmacol. Exp. Ther., 297 (2001) 
1113-1121. 

 [37] M. Ujiie, D. L. Dickstein, D. A. Carlow, and W. A. Jefferies, Blood-brain barrier permeability 
precedes senile plaque formation in an Alzheimer disease model, Microcirculation., 10 (2003) 463-
470. 

 [38] N. Shi, R. J. Boado, and W. M. Pardridge, Antisense imaging of gene expression in the brain in 
vivo, Proc. Natl. Acad. Sci. U. S. A, 97 (2000) 14709-14714. 

 [39] T. Suzuki, Y. Zhang, Y. F. Zhang, F. Schlachetzki, and W. M. Pardridge, Imaging gene expression 
in regional brain ischemia in vivo with a targeted [111in]-antisense radiopharmaceutical, Mol. 
Imaging, 3 (2004) 356-363. 

 





 

 

 

CHAPTER 5 

 

Transfection mediated by pH sensitive sugar-based 

gemini surfactants; potential for in vivo gene therapy 

applications 
 

Luc Wasungu1, Marco Scarzello2, Gooitzen van Dam3, Grietje Molema4, Anno 

Wagenaar2, Jan BFN. Engberts2 and Dick Hoekstra1 

 
1 Department of Cell Biology/Section Membrane Cell Biology, University Medical 

Center Groningen, A. Deusinglaan 1, 9713 AV Groningen, The Netherlands. 
 2 Physical Organic Chemistry Unit, Stratingh Institute, University of Groningen, 

Nijenborgh 4, 9747 AG Groningen, The Netherlands  
3 BioOptical Imaging Center, Department of Surgery, University Medical Center 

Groningen, The Netherlands. 
4 Department of Pathology & Laboratory Medicine, Medical Biology Section, 

University Medical Center Groningen, The Netherlands. 

 

Journal of Molecular Medicine, 84 (2006), 774-784 

 



Chapter 5 

86 

Abstract 
In this study the in vitro and in vivo transfection capacity of novel pH sensitive sugar-based 

gemini surfactants was investigated. In an aqueous environment at physiological pH these 

compounds form bilayer vesicles, but they undergo a lamellar-to-micellar phase transition in 

the endosomal pH range as a consequence of an increased protonation state. In the same way 

lipoplexes made with these amphiphiles exhibit a lamellar morphology at physiological pH 

and a non-lamellar phase at acidic pH. In this study we confirm that the gemini surfactants 

are able to form complexes with plasmid DNA at physiological pH and are able to transfect 

efficiently CHO cells in vitro. Out of the five compounds tested here, two of these 

amphiphiles, GS1 and GS2, led to 70% of transfected cells with a good cell survival. These 

two compounds were tested further for in vivo applications. Because of their lamellar 

organisation, these lipoplexes exhibited a good colloidal stability in salt and in serum at 

physiological pH compatible with a prolonged stability in vivo. Indeed, when injected 

intravenously to mice, these stable lipoplexes apparently did not substantially accumulate as 

inferred from the observation that transfection of the lungs was not detectable, as examined 

by in vivo bioluminescence. This potential of avoiding 'preliminary capture' in the lungs may 

thus be further exploited in developing devices for specific targeting of gemini lipoplexes. 

 

Keywords: transfection, gene therapy, cationic liposomes, gemini amphiphiles, pH sensitive, 

bioluminescence. 
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Introduction 
Although viral vectors display a highly effective gene delivery and transfection efficacy in 

vivo, these systems nevertheless suffer from several drawbacks, particularly with regard to 

biohazard and safety [1,2]. Consequently, further research in the development of improved 

non-viral vectors for therapeutic applications appears justified, since these nanocarriers often 

show negligible immunogenicity. In addition, the synthetic organic compounds, constituting 

the carriers' core, are readily chemically modified for targeting purposes, while they can also 

accommodate a wide variety of cargo, ranging from small interfering RNA, plasmid DNA, 

antisense oligodesoxynucleotides to proteins [3-10]. For decades, cationic lipids have been 

exploited as non-viral DNA vectors ('lipoplexes'), and have been shown to give rise to good 

transfection efficiency in vitro; however, they mostly failed to sustain this efficiency in vivo 

[11,12]. 

One of the major hurdles for cationic lipid-based gene delivery in vivo is the 

interaction of the lipoplexes with serum and their uncontrolled and avid interaction with 

cellular surfaces. Both electrostatic neutralization and the presence of negatively charged 

proteins can affect the colloidal stability of lipoplexes. It is commonly observed for cationic 

entities that aggregation and interaction with blood components results in a relatively 

enhanced gene expression in the lungs compared to other organs [13-16]. This is due to the 

fact that after intravenous injection lipoplexes first encounter the pulmonary capillary, where 

the aggregated complexes are effectively retained [17]. 

PEGylation of cationic lipoplexes, relying on mixing of lipids coupled with 

poly(ethylene glycol) (PEG-lipids) with cationic lipids, is often used to minimize the 

interaction with blood components, thereby reducing aggregation and accumulation in the 

lungs [18,19] and concomitantly extending the circulation time. Indeed, we and others have 

previously shown that PEG-lipids act via stabilizing the lamellar phase of the lipoplex lipid 

phase while this relatively hydrophilic coating to the lipoplex shields it from interactions 

with protein or other blood components [20-23]. Nevertheless, the presence of a lamellar-

phase stabilizing PEG coating can impair intracellular gene delivery by frustrating 

endosomal release of the cargo from cationic lipoplexes [21,24]. Consequently, strategies 

have been developed to trigger the timely removal of this PEG coating in order to 

accomplish effective cellular transfection. These strategies involve release of either the PEG 

group via pH sensitive cleavage [25-27] or the PEG-lipids as such, relying on acyl chain 

length-dependent lipid exchange [28,29]. 
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However, the application of a novel class of pH sensitive sugar-based gemini 

surfactants may provide a simpler and better programmable alternative for the use of a 

multicomponent PEGylated lipoplex for in vivo gene delivery. Such gemini surfactants [30] 

do not require helper lipids, as is the case for numerous cationic lipid-based systems and 

most importantly, liposomes prepared from such surfactants show a pH-dependent transition 

from the lamellar to a micellar phase [30-32]. In fact, helper lipids, like DOPE frustrate this 

transition, thus causing a relative stabilization of the bilayer structure and emphasizing the 

membrane destabilizing micellar phase as a prerequisite for cytoplasmic DNA release [33]. 

The potential of the gemini surfactant systems for gene delivery in vitro has been 

demonstrated [34,35]. 

The present work was undertaken to investigate the mechanism of gemini-mediated 

transfection, i.e., whether lipoplex destabilization follows a similar pH sensitive pattern as 

observed for liposomal bilayers. If so, we would anticipate an enhanced stability of such 

complexes in vivo, endosomal membrane destabilization being particularly favored at mild 

acidic pH, following cellular internalization. Our data show that distinct gemini surfactants 

can be prepared which meet these criteria, showing no massive aggregation and hence 

accumulation in lung tissue. The observed transfection in vivo of the oral tract may 

potentially open new applications for sugar-based gemini surfactants. 

Materials and methods 

Cell culture 

CHO-K1 cells were grown in Dulbecco’s Modified Eagle medium (Gibco) supplemented 

with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 50 U/ml penicillin and 50 

µg/ml streptomycin. Cells were maintained in a humidified incubator at 37°C and 5% CO2 

atmosphere. 

Preparation of lipid vesicles 

The sugar-based gemini surfactants were synthesized as previously described [30,31]. 

Liposomes were prepared one day prior to the experiment. Briefly, the appropriate amount 

of lipids in methanol for a final concentration of 1mM in aqueous suspension was pipetted 

into a glass tube. The methanol was evaporated under a stream of nitrogen and the lipid film 

was further dried under vacuum for 4 h. Subsequently, the film was resuspended in a buffer 
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containing MES, HEPES and sodium acetate at 5 mM each, pH 6.5. The obtained liposomal 

suspension was then freeze-thawed 5 times and sonicated for 5 min in a bath sonicator. 

Transfection in vitro 

The plasmid DNA used is pEGFP-N1 from Clontech laboratories, which contains a 

luciferase reporter gene, inserted at the multiple cloning site. The plasmid, which codes for 

both the Green Fluorescent Protein (GFP) and the luciferase enzyme, was propagated in 

Escherichia Coli strains, and plasmid DNA was extracted using a genelute plasmid midi-

prep kit from Sigma. 

For transfection, cells were plated in 6-wells plate at a density of 3 x 105 cells per well 

18 h prior to transfection. For one well, transfection medium was prepared as follows: 1 µg 

of plasmid was mixed with 25 nmol of gemini surfactant vesicles, prepared as described 

above, in an equal volume of serum free medium. The medium was supplemented with 25 

mM HEPES and filtered after adjustment to pH 7.0. The molar ratio of positive charges to 

negative charges was 8 to 1. After 15 min of incubation at room temperature, the lipoplexes 

were incubated with the cells for 4 h at 37°C. Subsequently, the transfection medium was 

removed and fresh medium containing 10% fetal calf serum was added to the cells. 24 h 

after initiating transfection, the cell medium was refreshed again and after 48 h the 

expression of the reporter gene GFP was measured with a flow cytometer Epics Elite from 

Beckman Coulter. Transfection efficiency is expressed as the percentage of GFP-positive 

cells on the total of surviving cells. Potential toxicity and cell survival were estimated by 

counting the number of surviving cells on a photograph of the cell monolayer and comparing 

it to untreated cells. 

Transfections carried out with lipofectamine 2000 reagent were done according to the 

manufacturer's specifications. 

Cellular uptake of N-Rh-PE-labeled gemini lipoplexes 

To determine the cellular uptake of lipoplex particles, lipoplexes were prepared with lipid 

vesicles containing 0.1% N-(lissamine rhodamine B sulphonyl)phosphatidylethanolamine 

(N-Rh-PE; Avanti Polar Lipids, Inc). N-Rh-PE-labeled lipoplexes were incubated with the 

cells exactly as described for the ‘Transfection in vitro’ protocol. After 4 h incubation at 

37°C the external fluorescence of non-internalized lipoplexes was quenched with a 0.4 % 

trypan blue solution, thus allowing an accurate determination of genuinely internalized 
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complexes. Rhodamine-positive cells were then sorted by FACS and the average 

fluorescence intensity per cell was measured. 

Gel retardation assay for lipid/DNA interaction 

0.5 µg of plasmid was mixed with 12.5 nmol of gemini surfactant vesicles in 5mM 

MES/HEPES/Sodium Acetate pH 7.4. The lipoplexes were then treated or not with Triton X-

100 (1% final concentration). Subsequently, after addition of 3 µl of 30% glycerol, the 

samples were loaded on a 1% agarose gel containing 1.25 mM ethidium bromide. A voltage 

of 50 V was applied over the gel, immersed in a 1x TAE buffer, for 30 min. The DNA was 

then visualized by UV illumination. 

Small angle X-ray scattering (SAXS)  

To determine the lipoplex structure, SAXS measurements of gemini lipoplexes were 

performed at 25 °C using a NanoStar device (Brucker AXS and Anton Paar) with a ceramic 

fine-focus X-ray tube, operating in a point focus mode. The tube was powered with a 

Kristalloflex K760 generator at 35kV and 40mA. The primary beam was collimated using 

cross-coupled Göbel mirrors and a 0.1-mm pinhole providing a CuKα radiation beam 

(wavelength λ=0.154 nm) with a full-width at half-maximum of about 0.2 mm in diameter at 

the sample position. The sample-detector distance was 0.24 m. The use of a Hi-Star position-

sensitive area detector (Siemens AXS) allowed recording the scattering intensity in the q-

range of 0.5 to 8.5 nm-1. The scattering vector q is defined as q = (4π/λ ) sin(θ/2), where θ is 

the scattering angle. The measurements of the samples, prepared by mixing gemini 

liposomes (2.4 µmol) and plasmid DNA solution (100 µg, charge ratio +/- = 8), were 

performed in flame-sealed quartz capillaries with a diameter of 1 mm. The measuring time 

was 9 h. 

Determination and visualization of colloidal stability of liposomes and lipoplexes 

Turbidity of liposome and lipoplexes, as a measure of their colloidal stability, was monitored 

as a function of time on a Perkin Elmer LAMBDA 25 UV/Vis spectrometer at a wavelength 

of 350 nm. The final concentration of lipids was 0.1 mM and the molar (+/-) charge ratio 

was 8 to 1. As a reference, SAINT-2/DOPE (1:1) lipoplexes at a 2.5 to 1 molar (+/-) charge 

ratio were used [21,36]. The kinetics were measured as follows: vesicles were added to the 

buffer at t=1 min and plasmid DNA, in the case of lipoplexes, at t=5 min. To determine the 

effect of serum, lipoplexes were made in salt and incubated for 15 min at room temperature, 
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after which serum was added to final concentration of 10 and 50 %. For each compound, the 

stability at five different conditions was tested: i.e., that of surfactant vesicles, prepared in 

MES/HEPES/sodium acetate buffer at pH 7 or in salt solution (HBS: 10mM HEPES, 150 

mM NaCl pH 7), and that of lipoplexes, suspended in HBS with or without addition of 10% 

or 50% serum. In all cases, the initial kinetics of turbidity were monitored, which leveled off 

after approximately 15 min. 

Lipoplex samples examined by light microscopy were prepared as described for the 

turbidity measurements and incubated at room temperature for 24 h. When applicable, the 

final concentration of serum was 10%. 

Transfection in vivo 

All animal studies were performed after receiving approval of the Animal Experimentation 

Committee of the University of Groningen. Studies were performed on male Balb/c nude 

mice (8 to 10 weeks of age). For in vivo experiments the plasmid DNA was freed from 

endotoxin, which was done by extraction, using the EndoFree Plasmid Maxi Kit from 

Qiagen. 200 µl of lipoplexes were injected via the penile vein under anesthesia and the 

samples were prepared as follows: 40 µg of plasmid DNA were mixed with 0.5 µmol of 

gemini surfactant in a 20% sucrose solution. This sucrose solution was prepared in HBS at 

pH 7.4. 24 h after injection and 10 min before measurement, the mice were anaesthetized 

with 2.5% isoflurane gas in oxygen flow (1,5 L/min), and kept at 37 °C body temperature. 

Ten minutes before imaging, mice were intraperitoneally injected with D-luciferin (150 

mg/ml, Xenogen, Alameda, CA, USA) the substrate for luciferase. Luminescence emission 

was visualized by a cooled charged coupled device (CCD) camera, IVIS 100 system and 

Living Image Software (Xenogen, Alameda CA, USA). 

Results 

Structure of the sugar-based gemini surfactants 

Five different sugar-based gemini surfactants were employed in this study. Their structural 

characteristics are shown in Fig. 1 and described in table 1. Note that all compounds contain 

(unsaturated) oleoyl hydrocarbon tails. The head group is either a mannose or a glucose, 

which is connected via either an ethylene oxide (EO) spacer [-(EO)2-(CH2)2-] (GS1, GS2 

and GS4) or a C6 aliphatic spacer [-(CH2)6-] (GS3 and GS5). 
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The two amino moieties in 

the head groups of GS1, GS2, 

GS3 and GS5 are weak bases and 

are fully protonated at mild 

acidic pH, whereas the non-

titratable amido linkage in GS4 

gives rise to a net neutral charge. 

Previously, it has been shown 

[30,31] that lipid vesicles 

prepared from gemini surfactants 

such as GS1, GS2, GS3 and GS5 

adopt a micellar structure at 

acidic pH, whereas around pH 7, 

where these gemini surfactants 

are monoprotonated, the bilayer 

structure is maintained in 

aqueous solution. Surfactant-

mediated gene delivery requires a 

membrane destabilization of the 

lipoplexes within endosomal 

compartments, which allows translocation of the gene into the cytosol via an as yet poorly 

defined mechanism [37]. To investigate whether such a destabilization could thus be 

triggered by a mild acidic pH within endosomes after endocytic internalization, subsequently 

giving rise to gene delivery and expression, we next determined the in vitro transfection 

efficiency of lipoplexes prepared from these gemini surfactants.  

In vitro transfection mediated by the sugar-based gemini surfactants 

Obviously, critical to transfection is the ability of the cationic vector to efficiently form 

complexes with plasmid DNA. Hence, this property was determined first for all five sugar-

based gemini surfactants, using a gel retardation assay. Lipoplexes were prepared as 

described in Materials and Methods and samples were subjected to electrophoresis on a 1 % 

agarose gel. In this assay, non-entrapped DNA will migrate freely within the gel while 

complexed DNA will only do so following lysis of the lipoplex with detergent. As shown in 

Fig. 2A, for lipoplexes made with GS4, the plasmid DNA migrates into the gel, irrespective 

Table 1. Characteristics of the gemini surfactants (GS) 1 to 5. 

Figure 1. Structure of the gemini surfactants (GS) 1 to 5. 
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of the presence of detergent, whereas for all other complexes migration of free plasmid was 

only apparent after lipoplex lysis. These data imply that GS4, which is neutral at pH 7.4, 

fails to engage in lipoplex assembly, in contrast to the mono-protonated GS1, GS2, GS3 and 

GS5 derivatives, which at similar conditions effectively complex DNA and thus form 

lipoplexes. The same patterns were found when lipoplexes, prepared at acidic pH 5.5 and 

6.7, were analysed, whereas at pH 8.5 (where the amino groups are no longer protonated) 

none of the gemini surfactants formed complexes with plasmid DNA (data not shown). 

These observations thus properly reflect the charge behavior of the gemini surfactants as 

primary parameter in lipoplex assembly, indicating that neither head group nor spacer 

properties interfered with this propensity. 

A

B

Figure 2. Analysis of lipoplex assembly 
of gemini surfactants and cellular 
internalization of N-Rh-PE-labeled 
lipoplexes by CHO cells. A. Lipoplexes 
were made at pH 7.4 with all five sugar-
based gemini surfactants as indicated. 
The migration of free plasmid DNA with 
(+) or without (-) prior treatment of the 
lipoplexes with the Triton X-100 
detergent was analyzed by agarose gel 
electrophoresis. Note that for all 
surfactants, except GS4, plasmid DNA 
did not migrate in the gel without 
treatment by a detergent. B. N-Rh-PE-
labeled lipoplexes were incubated with 
the cells. After 4 hours, external 
fluorescence of non-internalized gemini 
lipoplexes was quenched with a trypan 
blue solution and the intracellular 
Rhodamine fluorescence as a reflection 
of internalized lipoplexes was measured 
by FACS. 
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Prior to transfection, we then determined the efficiency of interaction of the lipoplexes 

with the cells, using N-Rh-PE labeled lipoplexes. After 4 h of incubation with the cells, non-

bound lipoplexes were removed and the cells were washed with trypan blue to quench the 

fluorescence of attached complexes, non-quenched fluorescence thus representing genuinely 

internalized complexes. As shown in Fig. 2B, GS1, GS2, GS3 and GS5 lipoplexes are taken 

up efficiently by the cells to very similar extents. As expected, the neutral surfactant GS4, 

which also failed to form lipoplexes, was not significantly internalized by the cells. 

Moreover, fluorescence microscopy experiments were carried out in the presence of free 

sugars (0.25 mM mannose or glucose) and the extent of internalization was identical with or 

without sugars (not shown), implying that lipoplex charge rather than sugar specificity is the 

driving force in the interaction of these gemini lipoplexes with the cells. 

Subsequently, CHO-K1 cells were transfected (at pH 7.0) in vitro, using a plasmid 

containing the reporter gene Green Fluorescent Protein (GFP). The transfection efficiency 

was measured by counting the percentage of GFP-positive cells by flow cytometry. To 

determine the optimal conditions for transfection, lipoplexes were prepared at various molar 

(+/-) charge ratios and cells were transfected according to the protocol as described in 

Materials and Methods. In this manner, the highest efficiency was determined at a charge 

Figure 3: Gemini lipoplexes efficiently 
transfect cells in vitro. A. CHO-K1 cells 
were transfected with lipoplexes containing 
a plasmid coding for Green Fluorescent 
Protein (GFP) as described in the Materials 
and Methods. The percentage of GFP-
positive cells as a measure of transfection 
efficiency was determined by FACS for all 
surfactants. FACS analysis of untransfected 
cells (Control) and cells transfected with 
GS1 or GS5 are presented here. The R2 
area is marked for non-transfected cells 
(Control) and the fraction of GFP-
transfected cells is determined from the 
shift into the R2 region (area underneath 
the line marked by R2). In B, the 
percentage of transfected cells for all 
surfactants (GS1, GS2, GS3, GS4 and 
GS5) is summarized. The transfection 
obtained with the commercially available 
Lipofectamine 2000 is shown as reference 
(LF2000). C. Images of the cell monolayer 
were taken 48 hours after transfection and 
control cell and cells transfected with GS2 
and GS3 are shown (Control, GS2 and 
GS3, respectively). 
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ratio of 8 to 1 (+/-), which was then used throughout this study unless indicated otherwise. In 

addition, in contrast to observations made with other cationic systems in which the inclusion 

of the so-called helper lipid DOPE may improve transfection, an inhibition was observed in 

case of mixing the gemini surfactants with this lipid (not shown; see Discussion). Therefore, 

only the pure surfactants were examined for their transfection capacity. Fig. 3A shows the 

FACS analysis for untransfected cells (control) and cells transfected with GS1 or GS5. GFP-

positive cells correspond to the cells in the area below the line marked by R2. Note that this 

analysis is made on living cells only, a first sorting allowing to separate cellular debris from 

normal cells. Fig. 3B summarizes the results for all surfactants. As anticipated, being 

incapable of effectively complexing DNA, GS4 only led to 0.8% of GFP-positive cells. In 

contrast, GS1, GS2 and GS3 displayed transfection efficiencies of 73.9%, 71.2% and 68.9%, 

respectively, of GFP-positive cells. Interestingly, GS5 exhibited lower transfection 

efficiency than the other gemini surfactants, attaining a level of approximately 48% of GFP-

positive cells, which is very similar to the transfection efficiency obtained with 

commercially available lipofectamine 2000 (LF2000). 

Examination of the cell monolayer 48 h after transfection (Fig. 3C) revealed that the 

gemini surfactants affected cell survival to different extents. Commonly, more than 65 % of 

the cells survived when the cells had been transfected with GS2. Cells transfected with GS1 

showed a survival of approximately 40 % of the cells. However, GS3 and GS5, both bearing 

aliphatic C6 spacers, showed the highest toxicity with only 21 and 31 % of cell survival, 

respectively. As a comparison, 52% of cells survived after transfection with lipofectamine 

2000. Taken together, these data indicate that the transfection efficiency of the various 

sugar-based gemini surfactants did not correlate with head group specificity, since both GS1 

and GS2 effectively transfected the cells, consistent with the interaction of the N-Rh-PE 

labeled complexes with the cells. Also, there seems to be no structural preference, as no 

significant differences were seen in transfection efficiency between GS2, which contains an 

ethylene oxide spacer, and GS3, carrying the same head group, but a simple aliphatic C6 

spacer. However, the nature of the spacer markedly affected cell survival, the ones 

containing an ethylene oxide spacer displaying a relatively low toxicity. The following 

experiments were therefore carried out with GS1 and GS2. 

Colloidal stability of gemini surfactants lipoplexes 

Lipoplexes that display a lamellar phase are colloidally more stable in an aqueous 

environment, i.e., they are less prone to aggregation than lipoplexes, which readily revert to 
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an inverted hexagonal HII phase. Particularly in vivo, while circulating in the bloodstream, 

such properties are highly desirable, in that destabilization should preferably only take place 

once the complex has reached its site of destination. Previous work demonstrated that GS1 

lipoplexes, formed at physiological pH, like lipid vesicles of the same compound, displays 

lamellar morphology with a d spacing (d=2π/q001) of 59.8 Å [35]. 

To corroborate this observation for conditions that apply to the present work, we 

therefore analyzed by small angle X-ray scattering (SAXS) the morphology of GS2 

lipoplexes, charge ratio 8:1 at physiological pH. The spectrum obtained for GS2 lipoplexes 

is shown in Fig. 4 and reveals two diffraction peaks at q = 0.1063 Å-1and q = 0.2130 Å-1. 

The ratio between those q values of 1:2 is typical of a lamellar morphology. The calculated 

spacing between the two bilayers was d = 59.1 Å. Consequently, both GS1 and GS2 

lipoplexes have a lamellar morphology at physiological pH, when suspended in an aqueous 

environment.  

However, in the blood circulation, the complexes will be exposed to a higher ionic 

strength and serum proteins, which in turn may also deteriorate colloidal stability.  

To examine this effect, GS1 and GS2 lipid vesicles and lipoplexes, respectively, were 

incubated in buffer of physiological ionic strength and in 10% or 50% serum. As a measure 

of colloidal stability, the intial kinetics (20 min) in turbidity change were determined at pH 7 

(Fig. 5A). GS1 and GS2 were compared to lipid vesicles and lipoplexes, prepared from the 

dialkyl pyridinium surfactant SAINT-2/DOPE (1:1). This system has been shown to 

transform from a lamellar Lα phase to an inverted hexagonal phase HII [36,38], when 

transferred from water to a physiological salt solution, a feature which is accompanied by a 

dramatic enhancement in turbidity (Fig. 5A, tracks VI and VII; Fig. 5B, +NaCl and pDNA). 

Interestingly, in contrast to a pronounced aggregation of SAINT-2/DOPE liposomes and 

Figure 4. GS2 lipoplexes display a lamellar 
Lα phase at physiological pH. GS2 
lipoplexes were made at pH 7.3 as described 
in Materials and Methods and examined by 
SAXS. The diffraction pattern revealed two 
peaks at q = 0.1063 and 0.2130 (Å)-1 and the 
ratio of ½ between these two values is typical 
of a lamellar Lα phase. The bilayer spacing 
(d) was 59.1 Å. 
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lipoplexes, GS1 and GS2 liposomes and lipoplexes, when transferred from a buffer of low 

ionic strength to a HBS solution, exhibited a negligible increase in turbidity when placed in 

HBS solution (Fig. 5A, I, II, III; Fig. 5B,-NaCl, +NaCl and pDNA). This reflects the ability 

of the HII forming SAINT-2/DOPE lipoplexes to rapidly cluster [39] while at the same 

conditions gemini lipoplexes do not aggregate. However, in the presence of serum, GS1 and 

GS2 lipoplexes display a distinct degree of aggregation, which, remarkably, appeared to be 

more pronounced in 10% serum than in 50%, as reflected by an increase of turbidity (Fig. 

5A, IV and Fig. 5B, 10% and 50% serum), although to a lesser extent than that observed for 

SAINT-2/DOPE complexes. 

The long term effect of serum on the lipoplexes was analyzed after 24 h by light 

microscopy (Fig. 6). It should be noted however, that at none of our transfection conditions, 

the complexes were actually exposed to these extreme conditions per se, but such extended 

incubation conditions may be of help to further define the colloidal stability of the 

complexes. Interestingly, after these extended incubation periods, SAINT-2/DOPE 

Figure 5. Effect of salt and 
serum on lipoplexes colloidal 
stability. A. Turbidity changes at 
350 nm for GS1 and SAINT-
2/DOPE liposomes and lipoplexes 
was monitored as a function of 
time. Traces of the kinetics for 
GS1 (I, II, III and IV) and SAINT-
2/DOPE (V, VI, VII and VIII) are 
shown and arrows indicate the 
time where liposomes and plasmid 
DNA were added. Kinetichs for 
GS2, similar to the one of GS1, 
are not presented here. B. The 
maximum turbidity values reached 
for GS1, GS2 and SAINT-
2/DOPE liposomes and lipoplexes 
are summarized. “–NaCl” and 
“+NaCl” refer to the lipids 
without plasmid DNA with or 
without salt, respectively. The 
legend “pDNA” indicates 
lipoplexes in salt solution (HBS); 
“10% Serum” and “50% Serum” 
refer to lipoplexes that were made 
in HBS and which were then 
incubated in the presence of either 
10% or 50% serum. The 
maximum turbidity values are 
indicated on the histogram bars. 
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lipoplexes may grow, in the presence of salt only, to giant complexes of up to 10 µm (Fig. 

6D). Such clustering can be precluded by 'coating' of the lipoplexes with serum proteins, 

since after serum addition the size of the lipoplexes stabilizes at around 0.5 to 2 µm (Fig. 6C, 

c.f. also [40]). As shown above for the turbidity measurements, the behavior of GS1 and 

GS2 lipoplexes is opposite to that of SAINT-2/DOPE lipoplexes. In salt the gemini 

lipoplexes do not aggregate and after 24 h no significant clustering of particles could be 

observed. In 10% serum however, the gemini lipoplexes also aggregate after 24 h, leading to 

particles of around 2 µm (Fig. 6, A and B), implying long-term changes that appear clearly 

different from those seen after relatively short time intervals that are more reminiscent of 

physiologically relevant conditions. Thus after such shorter time intervals the gemini 

surfactants show a superior 'stability' over systems like those of the HII phase adopting 

SAINT-2/DOPE system (Fig. 5A). This relative stability could thus be exploited for in vivo 

purposes in that the low level of aggregation, especially at higher serum concentration, might 

allow the gemini surfactant complexes to circulate for prolonged time intervals rather than to 

accumulate readily in pulmonary capillaries, shortly after administration.  

Transfection in vivo using GS1 and GS2 lipoplexes 

To investigate the potential of GS1 and GS2 lipoplexes for in vivo transfection purposes, a 

plasmid was used that encodes the firefly luciferase enzyme, which emits light in presence of 

its substrate luciferin , oxygen, ATP and magnesium [41,42], thus allowing in situ detection 

of gene expression by luminescence imaging. Three groups of 3 nude mice each were 

transfected using GS1 lipoplexes, GS2 lipoplexes or naked plasmid DNA. Lipoplexes were 

injected intravenously in the penile vein; each mouse received 0.5 µmol of lipids and 40 µg 

Figure 6. Effect of salt and serum 
on lipoplexes colloidal stability 
after 24 hours. The lipoplexes were 
prepared as in Fig. 5. A. GS1 
lipoplexes made in HBS and 10% 
serum was added. B. GS2 lipoplexes 
in HBS, 10% serum was added. C. 
SAINT-2/DOPE lipoplexes in HBS, 
10% serum added. D. SAINT-
2/DOPE lipoplexes in HBS no 
serum added. The bar 
represents 40 µm. 
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of plasmid DNA or only naked plasmid DNA. Consecutive to the injection of lipoplexes and 

naked DNA, the mice experienced a mild discomfort, as shown by a reduced mobility and 

the tendency to nest. Nevertheless, after 24 h all mice recovered perfectly and none of the 

animals died after injection of either lipoplexes or naked DNA. Expression of luciferase was 

examined 24 h after injection of the lipoplexes using a cooled sensitive CCD camera for 

detection of bioluminescence. As shown in Fig. 7, administration of both GS1 (panel GS1) 

and GS2 (panel GS2) lipoplexes suggested expression of luciferase in the living mice. For 

some mice a local expression at the site of injection around the penile vein (Fig. 7; region c 

and e; panel GS1 and GS2) can be observed. However, the expression of luciferase is mainly 

located in the lower abdominal region of the mice (Fig. 7; region a, b and d; panel GS1 and 

GS2).  

Ex-vivo analysis of liver and spleen for luciferase activity confirmed gene expression, 

mediated by both formulations, in these organs, and in case of GS1 a relatively enhanced 

expression was observed in the spleen (data not shown). Consistent with the 

bioluminescence image, neither GS1 nor GS2 lipoplexes led to significant gene expression 

in the lungs. Some expression is found in the mouth of the animal (Fig. 7; region f; panel 

Figure 7: In vivo transfection mediated 
by GS1 and GS2. Male nude mice were 
injected with GS1 or GS2 lipoplexes or 
with naked plasmid DNA. The plasmid 
codes for the luciferase enzyme and its 
activity is visualized by luminescence 
after injection of luciferin using a cooled 
charged coupled device (CCD) camera. 
See appendix for color pictures. 
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GS1 and GS2), which likely results from the animal licking the injection site. Note, 

however, the absence of oral expression in mice treated with naked DNA (Fig. 7; panel 

pDNA). 

Discussion 

The purpose of this work was to investigate the transfection capacity of sugar-based gemini 

surfactants, which are capable of undergoing a pH triggered structural change, i.e., from a 

lamellar phase at physiological pH to a non-lamellar phase at mild acid pH. It was reasoned 

that this property would convey colloidal stability to gemini lipoplexes prior to cellular 

uptake, while exerting destabilizing properties necessary for gene delivery only after 

internalization within mildly acidic endosomal compartments. By the same token, such a 

colloidal stability could likely be exploited in vivo, avoiding massive aggregation of these 

cationic lipids while in the circulation, which would also preclude pulmonary capture, as 

often observed for these systems [13-16]. Our data are consistent with this concept in that 

effective transfection of those gemini surfactants capable of forming DNA-bound lipoplexes 

was observed in vitro. Interestingly, significant transfection was similarly observed in vivo, 

showing gene expression in organs other than lungs, as directly visualized by 

bioluminescence imaging. Thus the present systems should allow the possibility of better 

defining potential correlations between mechanism(s) and transfection efficiency as obtained 

in vitro versus in vivo. Given the apparent colloidal stability of these particles in the 

circulation, it should also become possible to exploit them for targeting purposes. 

This study shows that the sugar-based gemini surfactants GS1, GS2, GS3 and GS5 can 

efficiently form complexes with plasmid DNA and mediate transfection in vitro. The effect 

of the head group, glucose versus mannose, or the effect of the spacer, C6-alkyl versus 

ethylene oxide, does not appear to modulate the level of transfection to a significant extent. 

Indeed GS1, GS2 and GS3 all show a transfection efficiency of approx. 70 %. GS5 showed a 

somewhat lower level of transfection (approx. 50 %), which could suggest that the 

combination of a C6-alkyl spacer and a reduced glucose as head group are less favorable in 

bringing about transfection, although the cellular uptake of all gemini lipoplexes was very 

similar, as determined by marking the complexes with a fluorescent lipid analogue N-Rh-PE, 

allowing to distinguish binding from genuine internalization of the lipoplexes. Apart from a 

less efficient transfection, GS5 also showed a relatively high toxicity, which appears to be 

related to the nature of the spacer as a similar negative effect on cell survival was seen for 

GS3, which shares the aliphatic C6 spacer with GS5. Thus GS1 and GS2, both containing an 
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ethylene oxide spacer appear the gemini's of choice as they displayed both a low toxicity and 

relatively high transfection efficiency. Apparently the nature of the head group, i.e., glucose 

versus mannose, exerts little effect on lipoplex assembly, cell association and eventual 

transfection efficiency.  

The molecular shape of the monoprotonated gemini surfactant is such that it conveys a 

higher colloidal stability than similar complexes formed by different cationic amphiphiles. 

The preferred morphology of the gemini lipoplex at neutral pH is lamellar (ref. Fig. 4). In 

contrast, cationic amphiphiles are often characterized by a packing parameter (relatively 

small head group area versus relative large hydrocarbon tail area) that leads to the formation 

of lipoplexes organized in inverted phases [9]. The HII phase has been widely recognized as 

promoting transfection in vitro [21,36,37,43], however, as noted, such a colloidal 

destabilization prior to reaching the target site could prove disadvantageous, particularly 

upon their administration in vivo. Since lipoplexes with a lamellar organization are less 

prone to aggregation than lipoplexes that have adopted an inverted hexagonal phase, such a 

property would preclude them from accumulating in the lungs as commonly seen for cationic 

delivery vehicles [15,44,45]. Indeed, both GS1 and GS2 lipoplexes are in a lamellar phase at 

physiological pH and following injection in vivo show no transfection in the lungs. In this 

context it is relevant to note that in very recent work, applying a novel and highly sensitive 

assay to monitor lipid phase changes [46], we have determined that upon acidification GS1 

and GS2 lipoplexes undergo a lamellar to a HI non-inverted micellar transition and that this 

transition is impeded when the HII (i.e. inverted) phase preferring DOPE is included (see 

Chapter 6 and [33]). These data thus entirely explain the observation that DOPE inhibits 

rather than promotes transfection of gemini complexes. 

The sensitivity to serum is an important issue when applying cationic lipids for in vivo 

transfection. Two kinds of effects of serum have been reported. One of these effects is on the 

colloidal stability of lipoplexes. Indeed, the presence of serum can cause aggregation and 

size increase of the particles, which leads to pulmonary accumulation [9,13,47]. The second 

effect is a destabilization of the lipoplex structure and lipid/DNA interaction, which may 

result into the destruction of the complexes [9]. This sensitivity to serum can vary according 

to the type of cationic lipids and the type of helper lipids. Thus, SAINT-2/DOPE-mediated 

lipofection has been reported to be serum resistant [48]. In the case of the widely used 

cationic lipid DOTAP it was shown to be sensitive to destabilization by serum proteins when 

used in combination with DOPE but not when used in combination with cholesterol [13]. 

Likewise the use of cholesterol as helper lipid with DOTAP has also been shown to increase 
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the delivery of plasmid DNA to cells in vitro [49]. For DOTAP/DOPE the hexagonal phase 

promoting structure of DOPE has been suggested to facilitate penetration of serum proteins 

into the complex, thus causing their disruption [9]. Clearly, in case of sugar-based gemini 

surfactants the lamellar organization of lipoplexes not only provides an improved colloidal 

stability but would also preclude complex disruption by penetration of serum proteins. 

In this study we observed that serum added to lipoplexes made from gemini surfactants 

provoked a mild aggregation (Fig. 5B). Since these lipoplexes have been shown to be 

lamellar this aggregation is not likely the result of hydrophobic interactions between inverted 

hexagonal particles (as noted above, a non-inverted structure is maintained, also after 

exposure to mild acidic pH) but rather the consequence of charge neutralization at the 

surface of those lamellar lipoplexes. Interestingly, the extent of lipoplex aggregation was 

inversely related to the serum concentration, the aggregation being diminished at a higher 

serum concentration. This effect has been reported before for DOTAP/Cholesterol lipoplexes 

[9], and was proposed to be related to the possibility that a low concentration may cause 

bridging of adjacent lipoplexes whereas an enhanced concentration may uniformly coat 

lipoplexes, thereby preventing clustering. A similar phenomenon could play a role for the 

gemini surfactants as observed in the present study (Fig. 5B). Consisitent with this 

observation is the conspicuous absence of extensive accumulation of lipoplexes in 

pulmonary capillaries, which suggests that in vivo massive clustering of gemini lipoplexes 

did not occur. This potential of avoiding 'preliminary capture' could thus be further exploited 

in developing devices for specific targeting of gemini lipoplexes. Together, these data would 

also argue strongly against the possibility that the lamellar phase as determined in vitro 

would be converted to a non-lamellar phase by serum proteins, following injection into the 

circulation. Moreover, such structural changes in circulating lipo- or polyplexes have not 

been reported thus far, although further work will be required to firmly exclude such a 

possibility. 

Interestingly, in view of the absence of oral expression in mice treated with naked 

DNA (Fig. 7 panel pDNA), and yet the presence of expression on the injection site (Fig. 7; 

region b, c and d, panel pDNA), it seems that the gemini surfactants can play a protective 

role for the DNA, when present in the oral tract. We will therefore further examine the 

interesting option of using the sugar-based gemini surfactants for oral gene therapy. 
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Abbreviations 

DNA, deoxyribonucleic acid; lipoplexes, complexes of DNA and cationic lipids; PEG, 

poly(ethylene glycol); GFP, green fluorescent protein; GS, gemini surfactant; DOPE, 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine; DOTAP, N-[1-(2,3-dioleyl)propyl]-N,N,N-

trimethylammonim chloride; Saint-2, N-methyl-4-(dioleyl)methylpyridinium; N-Rh-PE, N-

(lissamine rhodamine B sulphonyl)phosphatidylethanolamine; FACS, fluorescence-activated 

cell sorting; SAXS, small angle X-ray scattering; HEPES, N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid; MES, 2-[N-morpholino]ethanesulfonic acid; HBS solution, HEPES 

buffered saline solution; CHO cells, Chinese hamster ovarian cells; AU, arbitrary unit. 
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Abstract 

The present study aims at a better understanding of the mechanism of transfection mediated 

by two sugar-based gemini surfactants GS1 and GS2. Previously, these gemini surfactants 

have been shown to be efficient gene vectors for transfection both in vitro and in vivo. Here, 

using Nile Red, a solvatochromic fluorescent probe, we investigated the phase behavior of 

these gemini surfactants in complexes with plasmid DNA, so-called lipoplexes. We found 

that these lipoplexes undergo a lamellar-to-non-inverted micellar phase transition upon 

decreasing the pH from neutral to mildly acidic. This normal (non-inverted) phase at acidic 

pH is confirmed by the colloidal stability of the lipoplexes as shown by turbidity 

measurements. We therefore propose a normal hexagonal phase, HI, for the gemini 

surfactant lipoplexes at acidic endosomal pH. Thus, we suggest that besides an inverted 

hexagonal (HII) phase as reported for several transfection-potent cationic lipid systems, 

another type of non-inverted non-bilayer structure, different from HII, may destabilize the 

endosomal membrane, necessary for cytosolic DNA delivery and ultimately, cellular 

transfection. 

 

Keywords: cationic lipid, gemini surfactant, pH sensitive, transfection mechanism, 

hexagonal phase, Nile Red fluorescence, endosomal release. 
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Introduction 

Because of their low immunogenicity, their relative ease of production and chemical 

modification, cationic lipids are considered a promising alternative to viral vectors for the 

cellular delivery of genes in vitro and in vivo. However, a detailed understanding of the 

mechanisms by which cationic lipids can mediate transfection is of primary importance in 

order to optimize gene delivery per se and to improve their versatility for in vivo 

applications, which are still inferior to those obtained for viral vectors. [1,2]. 

The release of plasmid DNA from the endosomal compartment is a key step in the 

mechanism of transfection, mediated by cationic lipids. However, the mechanism by which 

plasmid DNA can escape from endosomes is still poorly understood. Presumably, lipoplexes 

enter the cells via endocytosis and a subsequent destabilization of the endosomal membrane, 

accompanied by a dissociation of the gene from the carrier, is necessary to allow the release 

of the cargo DNA into the cytoplasm [3]. Using small angle X-ray scattering (SAXS) 

measurements and optical microscopy, Koltover et al. demonstrated that the helper lipid 

DOPE induces the formation of an inverted hexagonal (HII) phase in the widely-used 

cationic lipid-based delivery system DOTAP/DOPE that strongly promotes DNA release [4]. 

The same HII phase was demonstrated to occur in SAINT-2/DOPE mixtures at high salt 

concentrations as demonstrated by NMR-spectroscopy, cryo-transmission electron 

microscopy and SAXS, and evidence was provided that supported the conclusion that HII 

formation is a prerequisite for effective release of DNA and oligonucleotides from 

endosomes [5-7]. 

Depending on the molecular nature of the cationic lipid, the formation of such non-

bilayer structures may be promoted by the presence of non-bilayer-phase promoting helper 

lipids like DOPE, and may therefore be pre-existing, which may cause extensive clustering 

of lipoplexes. However, non-bilayer structures can also be triggered and/or promoted upon 

interaction of SAINT-2 containing lipoplexes with phosphatidylserine (PS)-containing lipid 

vesicles [8], in line with a proposal that PS translocation across endosomal membranes is 

instrumental in the mechanism of lipoplex-mediated transfection [9]. Further support for this 

notion was obtained in studies, using the EDLPC/EDOPC system, in which it was shown 

that DNA dissociation and transfection efficiency correlate with the propensity of 

cationic/anionic lipid mixtures to evolve into highly curved mesomorphic structures, i.e. 

inverted hexagonal or inverted micellar cubic phases [10,11]. Interestingly, besides an 

inverted HII phase, another type of non-inverted hexagonal structures (HI) has been reported 
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for the single-tailed surfactant CTAB [12,13]. X-ray diffraction studies showed that this 

amphiphile in complexes with DNA forms a 2D hexagonal lattice. Concomitant addition of 

sodium 3-hydroxy-2-naphthoate (SHN), which decreases the spontaneous curvature of 

CTAB micelles, has been shown to promote the hexagonal to lamellar transition of CTAB 

lipoplexes, thus revealing that CTAB is arranged in a non-inverted phase [12]. 

The sugar-based gemini surfactants used in the present study, have been shown to 

display a lamellar phase at neutral pH, whereas a micellar phase can be triggered, in the 

absence of any helper lipid, by a mildly acid pH, as occurs in early endosomes [14-16]. This 

system thus offers the obvious advantage that little particle clustering takes place upon 

lipoplex assembly and when injected into the circulation in vivo [17] and the potential of 

such systems for gene delivery in vitro and in vivo has been demonstrated [17-19]. 

SAXS measurements and cryo-electron microscopy of lipoplexes prepared from one of 

these gemini surfactants (GS1) showed the formation of a hexagonal phase at mildly acidic 

pH, and it was postulated that the DNA could serve as a template for an inverted HII 

columnar phase [19]. 

However, additional work, presented here, led us to propose a different mechanism of 

action and endosomal release mediated by these sugar-based gemini surfactants. Our data 

support a non-inverted micellar organization of the gemini lipoplexes rather than an inverted 

hexagonal organization, as suggested previously. Using a Nile Red-based assay [20], the 

phase behavior of two transfection-potent gemini surfactants was investigated and compared 

to that of SAINT-2/DOPE, a classical HII phase forming system. We demonstrate that these 

gemini lipoplexes undergo a lamellar-to-micellar phase transition in the endosomal pH range.  

Experimental section 

Materials 

The sugar-based gemini surfactants GS1 and GS2 (Fig. 1) were synthesized as previously 

described [14,15]. The plasmid DNA used was pEGFP-N1 from Clontech laboratories. The 

plasmid was propagated in Escherichia Coli strains and DNA was extracted using a genelute 

plasmid midi-prep kit from Sigma. Nile Red was obtained from ACROS (Landsmeer, The 

Netherlands). N-NBD-phosphatidylethanolamine (N-NBD-PE), N-Rhodamin-

phosphatidylethanolamine (N-RH-PE), dioleoylphosphatidylethanolamine (PE), 

dioleoylphosphatidylcholine (PC) and dioleoylphosphatidylserine (PS) were purchased from 

Avanti Polar Lipids (Alabaster, AL, USA).  
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Nile Red assay 

The use of Nile Red as a probe for determining the phase behavior of surfactant aggregates 

has been described by Stuart et al. [20]. In essence, this assay monitors a shift in the 

emission maximum of the Nile Red probe, integrated into the lipid phase of lipoplexes. Thus 

relative to its emission maximum when present in the lamellar phase, this maximum shifts to 

longer wavelengths (more polar) when the system transfers to a micellar phase and to shorter 

wavelengths (more hydrophobic), when the lamellar phase converts into an inverted micellar 

phase. 

The procedure is carried out as follows. Briefly, a 2.5 mM Nile Red stock solution was 

made in ethanol and diluted 2500-fold in the surfactant systems. Nile Red fluorescence was 

measured on an SPF-500c spectrofluorimeter (SLM Aminco) at 25°C. The excitation 

wavelength was set at 550 nm and the fluorescence emission was recorded from 550 to 700 

nm at 5 nm intervals. The wavelength of the emission maximum (λmax emission) of Nile Red 

was calculated using a 4 parameters log-normal fit. Vesicles of the different sugar-based 

gemini surfactants were prepared at pH 6.7 in a 5 mM MES/HEPES/sodium acetate buffer at 

a 0.1 mM final concentration and in a final volume of 4 ml. The lipids (fixed amount of 0.4 

µmoles) were then freeze/thawed 5 times, after which plasmid DNA was added in amounts 

corresponding to different charge molar ratios (+/-), taking into account that one molecule of 

gemini surfactant carries on average one positive charge. The charge ratios investigated were 

8:1, 2:1 and 1:2, corresponding to 16 µg, 64 µg and 256 µg of plasmid DNA, respectively. 

The Nile Red emission maximum was determined at different pH values, using a protocol in 

Figure 1. Chemical structures of GS1 (a) and 
GS2 (b). The basic structures of the sugar-based 
gemini surfactants GS1 and GS2 consist of two 
single-tail surfactants with a reduced sugar and a 
pH sensitive amino moiety in the headgroup and 
an oleyl chain as hydrocarbon tail. Both twin 
structures are linked via an ethylene oxide spacer 
between the two tertiary nitrogens. GS1 (a) and 
GS2 (b) differ by the nature of the reduced sugar, 
glucose and mannose respectively. Note that the 
degree of protonation of the two nitrogens within 
the sugar-based gemini surfactant is dependent on 
pH. Consequently, these amphiphiles are fully 
charged at mildly acidic pH. 
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which the pH was first lowered step by step to acidic pH (approximately pH 3), then raised 

to pH 6.7, and subsequently increased step by step from pH 6.7 to approximately pH 8.5. 

Turbidity measurements 

The turbidity of lipoplex dispersions, providing a measure of their colloidal stability, was 

monitored as a function of time on a Perkin Elmer LAMBDA 25 UV/Vis spectrometer at a 

wavelength of 350 nm. The final concentration of sugar-based gemini surfactants was 0.1 

mM and the (+/-) charge molar ratio was 8 to 1. The colloidal stability was compared to that 

of SAINT-2/DOPE (1:1) lipoplexes at a 2.5 to 1 charge molar ratio (+/-) [5]. Three different 

conditions were tested: in 5 mM MES/HEPES/sodium acetate buffer at pH 7 or in salt 

solution (HBS: 10 mM HEPES, 150 mM NaCl) at pH 5 or 7. The turbidity values reached 

after 15 min of incubation are represented in the graphs (average values from 15 to 20 min). 

Lipid mixing assay 

Lipid mixing was monitored by an assay based on resonance energy transfer between two 

lipid probes as described earlier [21,22]. GS1 liposomes containing 0.5 % N-NBD-

phosphatidylethanolamine (N-NBD-PE) and 0.5 % of N-Rhodamin-

phosphatidylethanolamine (N-RH-PE) were prepared at pH 6.7 in MES/HEPES/sodium 

acetate buffer (5 mM) at 1 mM as described above. Lipoplexes were prepared with 0.1 

µmole of lipid, mixed with 4 µg of plasmid DNA (charge molar ratio 8:1) and diluted in 

MES/HEPES/sodium acetate buffer at pH 6, pH 7 and pH 8 (as indicated) at a final lipid 

concentration of 0.1 mM. Fluorescence development, occurring upon relief of energy 

transfer, was monitored for 500 s on a LS-55 spectrofluorimeter (PerkinElmer); the emission 

and excitation wavelengths were set to 450 and 530 nm respectively. PE/PC/PS (2:1:1) 

vesicles or PC/PE (1:1) vesicles, as indicated, were added after 100 s at a 5 fold excess of 

lipids, compared to the lipoplexes. The maximum level of fluorescence was obtained by 

adding Triton X-100 detergent after 250 s at a final concentration of 0.2%. The percentage of 

lipid mixing was calculated as follows: 

(1) 100
FF

FFMixing Lipid %
0100

0 ×
−

−=  

F0 is the initial fluorescence intensity; F is the fluorescence intensity obtained 

following interaction of the lipoplexes with either PE/PC/PS or PE/PC vesicles; F100 is the 

maximum fluorescence intensity reached upon infinite dilution, obtained after addition of 
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Triton X-100. All values reported were corrected (if necessary) for detergent quenching and 

sample dilution 

Plasmid release assay 

Plasmid release was monitored by a PicoGreen assay (Molecular Probes). Lipoplexes were 

prepared as described for the lipid mixing assay and diluted in a PicoGreen containing 

MES/HEPES/sodium acetate buffer at pH 6 and pH 8 at a final concentration of 0.1 mM. 

The fluorescence of PicoGreen, directly proportional to the presence of accessible plasmid 

DNA, was monitored on a LS-55 spectrofluorimeter; the emission and excitation 

wavelengths were set to 485 and 520 nm respectively. PE/PC/PS (2:1:1) vesicles or PC/PE 

(1:1) vesicles, as indicated, were added after 100 s in a 5-fold excess over the lipoplexes. 

The maximum fluorescence was obtained by adding Triton X-100 at a final concentration of 

0.2 %. The percentage of plasmid DNA release is expressed as follows: 

(2) 100
FF

FFRelease Plasmid %
0100

0 ×
−

−=  

F0 is the initial fluorescence, F is the fluorescence of the sample after addition of 

PE/PC/PS or PE/PC vesicles and F100 is the maximum fluorescence corrected for the 

increase due to the effect of the detergent (as specified by Molecular Probes). 

Results 

Phase transition of GS1 and GS2 lipoplexes upon acidification 

The phase behavior of GS1 and GS2 liposomes and lipoplexes, at molar charge ratios (+/-) 

of 8:1, 2:1 and 1:2, was investigated as a function of pH, employing the Nile Red assay as 

described in the Experimental section. Figure 2a and 2b summarize the results for GS1 and 

GS2, respectively. The λmax emission of Nile Red in pure GS1 aggregates was around 610 

nm at pH values between pH 8 and 9 and increased to 637 nm between pH 3 and 4. Similarly, 

in pure GS2 aggregates the λmax emission of Nile Red increased from 613 nm between pH 7 

and 8 to 638 nm between pH 3 and 4. This reflects a vesicle-to-micelle transition of the pure 

lipids, induced by the lower packing parameter at acidic pH [14]. The phase behavior of GS1 

lipoplexes as a function of pH at an 8 to 1 molar charge ratio (+/-) followed the same trends 

as the pure lipids (Fig. 2a GS1/pDNA 8:1). The plasmid DNA induced a higher λmax 

emission at basic pH compared to the pure lipids, with a value of 615 nm above pH 8. This 

difference most likely reflects an effect of DNA binding to the cationic lipid on the polar 
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environment of the Nile Red probe in a lamellar phase. At more acidic pH values the λmax 

emission increases and reaches an average value of 637 nm between pH 3 and 4. A similar 

trend was seen for GS2 lipoplexes of which, at an 8 to 1 (+/-) molar charge ratio, λmax 

emission increases from approximately 617 nm to 638 nm upon acidification. It should be 

noted that at a molar charge ratio (+/-) of 8 to 1, GS1 and GS2 lipoplexes show optimal 

transfection efficiency, as reported elsewhere [17]. Evidently, at this charge ratio the lipids 

are in excess over plasmid DNA and, consequently, the phase behavior described with Nile 

Red might partly reflect a contribution of free lipids that are not bound in complexes with 

DNA. In order to rule out this possibility, Nile Red assays were also performed with higher 

and excess amounts of plasmid DNA at a molar charge ratio (+/-) of 2:1 and 1:2, 

respectively (Fig. 2). In these cases, the λmax emission of Nile Red for both GS1 and GS2 

lipoplexes increased from approx. 615 nm at alkaline pH to 637 nm at acidic pH. 

Interestingly, upon acidification the transition from a lamellar to a micellar phase seemed to 

occur more readily for lipoplexes than for liposomes. Thus, for GS1 liposomes λmax emission 

of Nile Red at pH 7.0 was 614 nm while for the lipoplexes, irrespective of the charge ratio, 

this value centered around 620 nm. Likewise for GS2 liposomes the λmax emission of Nile 

Red at pH 7.1 is 615 nm, whereas for lipoplexes at similar pH conditions this value is around 

622 nm. Taken together, these results thus indicate that GS1 and GS2 lipoplexes, similarly to 

the liposomes, undergo a bilayer-to-micellar transition at acidic pH values, while the 

presence of plasmid DNA apparently promotes this transition. 

 

Figure 2. Lamellar-to-micellar phase transition of sugar-based gemini liposomes and 
lipoplexes upon acidification. The maximum emission wavelengths (λmax emission) of Nile 
Red in GS1 (a) and GS2 (b) liposomes and lipoplexes were determined as a function of pH. In 
complexes with plasmid DNA, molar charge ratios (+/-) of 8:1 2:1 and 1:2 were tested 
(GS1/pDNA and GS2/pDNA 8:1; 2:1 and 1:2, respectively). Note that upon acidification the 
λmax emission of Nile Red increases consistent with its exposure to a more polar 
microenvironment and the conversion of the gemini lipoplexes to a normal micellar phase. 

pH pH 

ba 



Non-inverted hexagonal phase of gemini lipoplexes 

115 

GS1 and GS2 lipoplexes compared with lipoplexes of known morphology 

In order to distinguish between an inverted and a normal phase of the cationic lipid in GS1 

liposomes and lipoplexes, the phase properties of these systems, as determined with the Nile 

Red assay, were compared to well-documented phase behavior of the gene delivery vector 

SAINT-2/DOPE (1:1). In water, SAINT-2/DOPE lipoplexes and liposomes exhibit a 

lamellar Lα organization, while at physiological salt concentrations they adopt an inverted 

hexagonal HII phase [5,7]. This propensity was then exploited to verify and validate the 

behavior of Nile Red in distinguishing the inverted hexagonal phase from the lamellar phase, 

reflected by a hypsochromic shift in emission maximum. The results, shown in Fig. 3, 

indicate that in water the λmax emission of Nile Red in SAINT-2/DOPE liposomes is 636 nm 

while in a physiological salt solution (HBS) the λmax emission is 632 nm. For SAINT-

2/DOPE lipoplexes the measurements gave a λmax emission of 636 nm in water, and a value 

of 629 nm was obtained for lipoplexes, suspended in HBS (Fig. 3), i.e. conditions at which 

the lipoplexes display an inverted HII phase. Accordingly, these data indicate that in an 

inverted hexagonal phase, λmax emission of Nile Red is lower than that obtained for the 

lamellar phase. For comparison, the Nile Red emission maxima are included in Fig. 3, 

obtained for GS1 liposomes and lipoplexes at pH values representative of the pH range to 

which lipoplexes are exposed when entering the early endosomal pathway (pH 7.5 and pH 

5.4). Consistent with the data in Fig. 2, the λmax emission measured at pH 7.5 and pH 5.4 for 

pure GS1was 610 nm and 630 nm, respectively. Together these data demonstrate that 

lipoplexes undergoing a transition from a lamellar to a hexagonal HII phase (SAINT-

2/DOPE) show a decrease in λmax emission of Nile Red, as opposed to a bathochromic shift 

as seen for GS1 lipoplexes, facing an endosomal pH environment. For GS1 lipoplexes a 

transition from a lamellar to an inverted micellar structure can thus be excluded, and the data 

rather support a non-inverted micellar structure, in line with the established correlation 

between fluorescent and structural properties, detected with this assay (see Experimental 

section; [20]).  

To obtain further support for the notion that GS1 and GS2 lipoplexes may adopt a non-

inverted phase, we next investigated the colloidal stability of the complexes, taking into 

account that those adopting the HII phase, readily aggregate [6].  
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Colloidal stability of GS1 and GS2 lipoplexes 

The colloidal stability of GS1, GS2 and SAINT-2/DOPE lipoplexes was studied by turbidity 

measurements. The turbidity of the lipoplexes reached after 15 min is presented in Fig. 4. 

For SAINT-2/DOPE in salt free buffer at pH 7 the turbidity stayed at a low level of around 

0.02 (arbitrary unit), which was maintained for periods up to at least 24 h. By contrast, in the 

presence of salt, either at pH 5 or pH 7, the turbidity of these lipoplexes increased rapidly 

and after 20 min an almost 25-50 fold increase in turbidity was seen. These observations 

emphasize that lipoplexes, which display a lamellar phase, are colloidally stable, whereas 

conversion to an inverted hexagonal HII phase, as is the case for SAINT-2/DOPE in salt, 

causes rapid aggregation and precipitation. Interestingly, as shown in Fig. 4, the aggregation 

behavior of the lipoplexes prepared from GS1 and GS2 was quite different and, at all 

relevant conditions, such as in the presence or absence of salt and either at mildly acidic 

(‘endosomal’) pH or at neutral pH, no significant clustering of the lipoplexes could be 

detected. Even after 24 hours no precipitates were observed. These results thus suggest that 

GS1 and GS2 lipoplexes are colloidally stable, under conditions where SAINT-2/DOPE 

lipoplexes adopt an HII phase and show extensive clustering. Accordingly, these data for 

GS1 and GS2 would be consistent with a lamellar phase at pH 7 and a normal micellar phase 

at pH 5.  

Figure 3. Phase transition of SAINT-2/DOPE and GS1 lipoplexes as monitored by 
Nile Red. The λmax emission of Nile Red in GS1 lipoplexes at pH 7.5 and 5.4 was 
compared to that in SAINT-2/DOPE lipoplexes in water (H2O) and in salt (HBS). Note 
that a transition from lamellar Lα to inverted hexagonal HII phase, as occurs for SAINT-
2/DOPE lipoplexes, translates into a decrease in λmax emission. In contrast, a transition 
from a lamellar Lα to a normal hexagonal HI phase translates into an increase in λmax 
emission. 
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pH-dependent interaction of GS1 lipoplexes with target membranes; role of PS 

To further corroborate the pH-dependent destabilization properties of these amphiphiles, we 

next investigated the effect of pH on the interaction of GS1 lipoplexes with lipid vesicles, 

taking into account that lipid mixing in particular may reflect such a destabilization process. 

In addition, in the context of a facilitating role of endosomal membrane localized 

phosphatidylserine (PS) in this process [9], including its role in causing DNA release, we 

thus examined the interaction of GS1 lipoplexes with PE/PC/PS (2:1:1) and PE/PC (1:1) 

vesicles. A lipid mixing assay, based on resonance energy transfer was used as described in 

the Experimental section. As shown in Fig. 5a, at pH 6.0 extensive lipid mixing occurs, as 

reflected by the almost instantaneous increase in NBD fluorescence, when PS-containing 

lipid vesicles were incubated with GS1 lipoplexes, whereas a much slower and lesser degree 

of mixing was apparent when PS was omitted from the target membrane vesicles. As 

summarized in Fig. 5b, lipid mixing was particularly prominent at pH values faced by the 

lipoplex when residing in endosomal compartments. As shown in Fig. 5c, when monitoring 

DNA accessibility by monitoring the development of PicoGreen fluorescence, occurring 

when this probe associates with either exposed or released DNA, the fluorescence similarly 

increased when the lipoplexes were interacting at mild acidic pH with PS-containing lipid 

vesicles, little release being apparent at elevated pH or with vesicles devoid of PS (Fig. 5d). 

Accordingly, these data are consistent with a pH-dependent capacity of the gemini GS1 

lipoplexes to cause membrane destabilization and presumably DNA release, particularly at 

conditions that match the endosomal environment.  

Figure 4: Effect of pH and salt on the colloidal 
stability of GS1, GS2 and SAINT-2/DOPE 
lipoplexes. The turbidity of GS1, GS2 and 
SAINT-2/DOPE lipoplexes was monitored at 350 
nm as a function of time. The histogram presents 
the average turbidity value (arbitrary unit) reached 
after 15 min. As indicated in the figure, lipoplex 
stability was determined at three different 
conditions, i.e., in buffer without salt at pH 7, in 
HBS at either pH 5 or pH 7. Note that in salt 
solutions (HBS) the hydrophobic, HII-forming 
SAINT-2/DOPE lipoplexes aggregate as reflected 
by the increase in turbidity. Under all conditions 
the turbidity of gemini lipoplexes remains low, 
consistent with a lamellar Lα organization at pH 7 
and a normal micellar phase at pH 5, irrespective 
of the presence of salt. 
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Discussion 

In the present work we have shown that lipoplexes made from sugar-based gemini 

surfactants GS1 and GS2 undergo a lamellar-to-non-inverted micellar phase transition at 

acidic pH. In contrast, previous work, based on SAXS measurements, led us to conclude that 

GS1 lipoplexes convert from a lamellar to an inverted hexagonal HII phase at mildly acidic 

conditions [19]. It appears that this interpretation was likely biased by the general and widely 

accepted concept that in complexes with DNA a hexagonal structure formed with a cationic 

lipid commonly involves an inverted hexagonal phase. Even more so, this inverted 

hexagonal phase was further rationalized by observations of efficient transfection mediated 

by these lipoplexes, which often correlates well with the ability to form an inverted 

hexagonal ‘lipoplex’ phase [4]. The argument for such an inverted structure of the lipoplexes, 

even though the pure lipids clearly aggregate in micelles at acidic pH, is that the lipids will 

arrange themselves around the DNA, acting as a backbone, creating an inverted hexagonal 

phase. Such a model is reasonable since double-tailed surfactants with a high packing 

Figure 5: pH dependence of lipid mixing and PS-mediated DNA release upon GS1 lipoplex-lipid 
vesicles interaction. In (a) lipid vesicles, consisting of either PE/PC/PS (2:1:1) or PE/PC (1:1), were 
mixed with N-NBD-PE/N-RH-PE-labeled GS1 lipoplexes and lipid mixing was monitored by an 
increase of NBD-fluorescence, occurring upon relief of energy transfer. The interaction was monitored 
at room temperature at pH 6.0, as described in the Experimental section. (b) From traces as those 
obtained in a, the percentage of lipid mixing at pH 6, 7 and 8 were calculated (equation 1 in the 
Experimental section). In (c), the development of PicoGreen fluorescence, reflecting the accessibility of 
DNA upon interaction of the lipoplexes with the lipid vesicles, composed as described in a, was 
monitored at pH 6.0. (d) The percentage of DNA accessibility towards PicoGreen was calculated from 
traces like those shown in c (using equation 2, Experimental section) and the data obtained at pH 6.0 
and pH 8.0, are summarized. 
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parameter and especially when used in combination with DOPE as helper lipid, favor 

negative curvature. However, the results of this study, in which we have used a novel and 

most sensitive assay to monitor both normal and inverted micellar transitions, show that at 

acidic pH a normal phase is formed for gemini lipoplexes as opposed to an inverted phase 

for SAINT-2/DOPE lipoplexes. Accordingly, in conjunction with the observed colloidal 

stability differences between both types of lipoplexes, the data strongly support the notion 

that the hexagonal structure found for the GS1 and GS2 lipoplexes must be a normal 

hexagonal HI phase. Whether these normal structures form strictly ordered hexagonal 

superstructures is not entirely clear yet, since the second- and third-order peaks of the SAXS 

profile of GS1 lipoplexes at acidic pH, as reported previously [19], are somewhat weak. 

However, two pieces of evidence would nevertheless plead for a hexagonal phase, when 

carefully analyzing the previous data. Firstly, the SAXS experiments in this previous study 

were not presented on a logarithmic scale. If so, the second ordered peak is much more 

pronounced and hence makes a more convincing case of a hexagonal phase. Secondly, and 

more importantly, the hexagonal structure was confirmed by the cryo-TEM pictures where 

Fourier transforms of these images (Figs. 2d, e and inset) clearly reveal the hexagonal 

pattern [19]. Nevertheless, the appearance of an HI phase is not unprecedented for these 

systems since it has also been reported for lipoplexes formed from the single-tailed 

surfactant CTAB [12,13,23]. In the study by Krishnaswamy et al. [12], SAXS diffractions 

patterns were compared of CTAB lipoplexes and lipoplexes that also contained the 

hydrotrope SHN, which is known to decrease the spontaneous curvature of CTAB micelles. 

Indeed, the fact that the concentration of SHN needed to provoke the (normal) micellar-to-

lamellar phase transition of CTAB micelles is the same as the concentration needed for 

converting hexagonal CTAB-DNA lipoplexes into lamellar lipoplexes suggests that the 

lipids in the lipoplexes display the same morphology as the micelles of the pure lipids. 

Furthermore, Zhou et al. [24] suggest two possible structural models for the 2D hexagonal 

column phase in CTAB-DNA complexes, as inferred from SAXS measurements. These 

involve a normal HI and an inverted HII phase. However, the authors argue in favor of the 

inverted HII phase as the predominant structure because of the lower intensity of the second-

order scattering peak in the SAXS profile, which is more compatible with an inverted phase. 

Another interpretation could be that if the ordered level of the hexagonal structure is low this 

will also lead to a second- and third-order scattering peak of relatively lower intensity, 

implying that an exclusion of a normal phase is as yet premature.  
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It is not unreasonable to compare the phase behavior of gemini surfactants at acidic pH 

with that of single-tailed surfactants, since their packing parameter is lower than that at 

higher pH values [14,15]. The lipids in the gemini lipoplexes behave like the lipids in the 

liposomal membranes showing that at acidic pH a normal phase is formed. In addition, in the 

case of sugar-based gemini surfactants, plasmid DNA favors the formation of normal 

structures (Fig. 2), as inferred from the observation of an earlier bathochromic shift of the 

emission maximum of Nile Red fluorescence in lipoplexes than in liposomes. By contrast, if 

DNA would have promoted the formation of the inverted HII phase a delay in the transition 

to higher polar aggregates should have been found or no transition at all. Much to the 

contrary it is observed that in the presence of plasmid DNA, the transition to a more polar 

phase occurs at higher pH values, implying that the plasmid DNA promotes the transition 

from a lamellar phase to normal micelles.  

 

Figure 6: Model for the phase transition of lipoplexes formed from sugar-based gemini 
surfactants (a); comparison with SAINT-2/DOPE (b). The model depicted here for the gemini 
lipoplexes (a) illustrates a transition from a lamellar phase Lα to a normal hexagonal HI phase as 
presumably occurs in the endosomal compartment upon acidification. In such a HI phase, the plasmid 
DNA is intercalated between micelles where the polar head group of the amphiphile is exposed on the 
outside, giving rise to externally hydrophilic particles. In (b) the lamellar Lα organization of SAINT-
2/DOPE in the absence of salt and the inverted hexagonal HII phase in its presence is displayed. In 
this HII phase the polar head groups of the amphiphiles interact with the plasmid DNA and the 
hydrophobic tails are exposed on the outside, giving rise to externally hydrophobic particles that will 
tend to aggregate. 
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Fig. 6a shows a schematic representation of the phase transition that presumably occurs 

in the endosomes following internalization of the gemini lipoplexes. Upon acidification, the 

lamellar organization of the lipoplexes switches to a HI phase. This type of hexagonal HI 

phase at acidic pH, with DNA packed in between micelles, differs from the inverted 

hexagonal HII phase described for SAINT-2/DOPE in salt (Fig. 6b). A mechanism based on 

solubilization of the membrane, as reported for detergents [25], can be envisioned for the 

destabilization of the endosomal membrane and the release of plasmid DNA. Indeed, our 

data (Fig. 5) showing extensive lipid mixing and DNA release, particularly at mild acidic pH, 

while simultaneously showing a strong dependence on the presence of PS, are entirely 

consistent with such a notion. This role of PS in the endosomal release of plasmid DNA has 

been described for other cationic lipids as well and likely requires the flip-flop of PS from 

the outer leaflet of the endosomal membrane to the inner leaflet [9,26]. It should be noted 

however, that strictly speaking the PicoGreen assay reports intercalation of the probe into 

accessible DNA. In previous studies we have shown by agarose gel analyses that DNA is 

actually released at these conditions [8]. In a micellar phase the lipid monomers are dynamic 

and will constantly transfer in and out of the micelles. Therefore, a competition can occur for 

the surfactant between binding to the DNA and interacting with the endosomal membrane, a 

process that likely includes translocation of endosomal lipids into the lipoplexes and which 

eventually leads to the release of DNA into the cytosol. 

A potential of such a system for in vivo gene therapy applications can be envisioned 

since at physiological pH gemini lipoplexes have a lamellar organization, that will prolong 

their half time of circulation and hence improve their biodistribution by avoiding capture in 

the lung capillaries, as commonly seen for the HII-forming lipoplexes [27,28]. Indeed, in a 

previous study we showed that following intravenous injection into mice, GS1 and GS2 

lipoplexes did not lead to accumulation in and transfection of the lungs [17]. We propose 

that the application of these sugar-based gemini surfactants could be an alternative for the 

use of lipoplexes coated with PEG-lipids, necessary to stabilize and prevent aggregation of 

lipoplexes in the blood circulation. 

Abbreviations 

DNA, deoxyribonucleic acid; lipoplexes, complexes of DNA with cationic lipids; DOPE or 

PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PC, 1,2-dioleoyl-sn-glycero-3-

phosphocholine; PS, 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine]; DOTAP, N-[1-(2,3-

dioleyl)propyl]-N,N,N-trimethylammonim chloride; CTAB, cetyltrimethylammonium 
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bromide, EDLPC, ethyldilauroylphosphatidylcholine; EDOPC, 

ethyldioleoylphosphatidylcholine; SHN, sodium 3-hydroxy-2-naphthoate; SAINT-2, N-

methyl-4-(dioleyl)methylpyridinium chloride; λmax emission, maximum emission 

wavelength; SAXS, small angle X-ray scattering; HEPES, N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid; MES, 2-[N-morpholino]ethanesulfonic acid; HBS solution, HEPES 

buffered saline solution; Lα, lamellar phase; LI, micellar phase; HII, inverted hexagonal 

phase; HI, normal hexagonal phase 

References 

 [1] A. Hirko, F. Tang, and J. A. Hughes, Cationic lipid vectors for plasmid DNA delivery, Curr. Med. 
Chem., 10 (2003) 1185-1193. 

 [2] A. Mountain, Gene therapy: the first decade, Trends Biotechnol., 18 (2000) 119-128. 

 [3] I. S. Zuhorn, R. Kalicharan, and D. Hoekstra, Lipoplex-mediated transfection of mammalian cells occurs 
through the cholesterol-dependent clathrin-mediated pathway of endocytosis, J. Biol. Chem., 277 (2002) 
18021-18028. 

 [4] I. Koltover, T. Salditt, J. O. Radler, and C. R. Safinya, An inverted hexagonal phase of cationic 
liposome-DNA complexes related to DNA release and delivery, Science, 281 (1998) 78-81. 

 [5] J. Smisterova, A. Wagenaar, M. C. A. Stuart, E. Polushkin, G. ten Brinke, R. Hulst, J. B. F. N. Engberts, 
and D. Hoekstra, Molecular shape of the cationic lipid controls the structure of cationic 
lipid/dioleylphosphatidylethanolamine-DNA complexes and the efficiency of gene delivery, J. Biol. 
Chem., 276 (2001) 47615-47622. 

 [6] F. Shi, L. Wasungu, A. Nomden, M. C. A. Stuart, E. Polushkin, J. B. F. N. Engberts, and D. Hoekstra, 
Interference of polyethylene glycol-lipid analogues with cationic lipid-mediated delivery of 
oligonucleotides; role of lipid exchangeability and non-lamellar transitions, Biochem. J., 366 (2002) 
333-341. 

 [7] M. Scarzello, V. Chupin, A. Wagenaar, M. C. A. Stuart, J. B. F. N. Engberts, and R. Hulst, 
Polymorphism of pyridinium amphiphiles for gene delivery: influence of ionic strength, helper lipid 
content, and plasmid DNA complexation, Biophys. J., 88 (2005) 2104-2113. 

 [8] I. S. Zuhorn, V. Oberle, W. H. Visser, J. B. F. N. Engberts, U. Bakowsky, E. Polushkin, and D. Hoekstra, 
Phase behavior of cationic amphiphiles and their mixtures with helper lipid influences lipoplex shape, 
DNA translocation, and transfection efficiency, Biophys. J., 83 (2002) 2096-2108. 

 [9] Y. Xu and F. C. Szoka, Jr., Mechanism of DNA release from cationic liposome/DNA complexes used in 
cell transfection, Biochemistry, 35 (1996) 5616-5623. 

 [10] R. Koynova, L. Wang, Y. Tarahovsky, and R. C. MacDonald, Lipid phase control of DNA delivery, 
Bioconjug. Chem., 16 (2005) 1335-1339. 

 [11] R. N. Lewis and R. N. McElhaney, Surface charge markedly attenuates the nonlamellar phase-forming 
propensities of lipid bilayer membranes: calorimetric and (31)P-nuclear magnetic resonance studies of 
mixtures of cationic, anionic, and zwitterionic lipids, Biophys. J., 79 (2000) 1455-1464. 

 [12] R. Krishnaswamy, P. Mitra, V. A. Raghunathan, and A. K. Sood, Tuning the structure of surfactant 
complexes with DNA and other polyelectrolytes, Europhys. Lett., 62 (2003) 357-362. 



Non-inverted hexagonal phase of gemini lipoplexes 

123 

 [13] R. Ghirlando, E. J. Wachtel, T. Arad, and A. Minsky, DNA packaging induced by micellar aggregates: a 
novel in vitro DNA condensation system, Biochemistry, 31 (1992) 7110-7119. 

 [14] M. Johnsson, A. Wagenaar, and J. B. F. N. Engberts, Sugar-based gemini surfactant with a vesicle-to-
micelle transition at acidic pH and a reversible vesicle flocculation near neutral pH, J. Am. Chem. Soc., 
125 (2003) 757-760. 

 [15] M. Johnsson, A. Wagenaar, M. C. A. Stuart, and J. B. F. N. Engberts, Sugar-based gemini surfactants 
with pH-dependent aggregation behavior: vesicle-to-micelle transition, critical micelle concentration, 
and vesicle surface charge reversal, Langmuir, 19 (2003) 4609-4618. 

 [16] M. Johnsson and J. B. F. N. Engberts, Novel sugar-based gemini surfactants: aggregation properties in 
aqueous solution, J. Phys. Org. Chem., 17 (2004) 934-944. 

 [17] L. Wasungu, M. Scarzello, G. van Dam, G. Molema, A. Wagenaar, J. B. F. N. Engberts, and D. 
Hoekstra, Transfection mediated by pH sensitive sugar-based gemini surfactants; potential for in vivo 
gene therapy applications, J. Mol. Med., (2006) in press. 

 [18] M. L. Fielden, C. Perrin, A. Kremer, M. Bergsma, M. C. A. Stuart, P. Camilleri, and J. B. F. N. Engberts, 
Sugar-based tertiary amino gemini surfactants with a vesicle-to-micelle transition in the endosomal pH 
range mediate efficient transfection in vitro, Eur. J. Biochem., 268 (2001) 1269-1279. 

 [19] P. C. Bell, M. Bergsma, I. P. Dolbnya, W. Bras, M. C. A. Stuart, A. E. Rowan, M. C. Feiters, and J. B. F. 
N. Engberts, Transfection mediated by gemini surfactants: engineered escape from the endosomal 
compartment, J. Am. Chem. Soc., 125 (2003) 1551-1558. 

 [20] M. C. A. Stuart, J. C. van de Pas, and J. B. F. N. Engberts, The use of Nile Red to monitor the 
aggregation behavior in ternary surfactant-water-organic solvent systems, J. Phys. Org. Chem., 18 (2005) 
929-934. 

 [21] D. K. Struck, D. Hoekstra, and R. E. Pagano, Use of resonance energy transfer to monitor membrane 
fusion, Biochemistry, 20 (1981) 4093-4099. 

 [22] V. Oberle, U. Bakowsky, I. S. Zuhorn, and D. Hoekstra, Lipoplex formation under equilibrium 
conditions reveals a three-step mechanism, Biophys. J., 79 (2000) 1447-1454. 

 [23] R. Krishnaswamy, V. A. Raghunathan, and A. K. Sood, Reentrant phase transitions of DNA-surfactant 
complexes, Phys. Rev. E. Stat. Nonlin. Soft. Matter Phys., 69 (2004) 031905. 

 [24] S. Zhou, D. Liang, C. Burger, F. Yeh, and B. Chu, Nanostructures of complexes formed by calf thymus 
DNA interacting with cationic surfactants, Biomacromolecules, 5 (2004) 1256-1261. 

 [25] D. Lichtenberg, E. Opatowski, and M. M. Kozlov, Phase boundaries in mixtures of membrane-forming 
amphiphiles and micelle-forming amphiphiles, Biochim. Biophys. Acta, 1508 (2000) 1-19. 

 [26] K. Stebelska, P. M. Dubielecka, and A. F. Sikorski, The Effect of PS Content on the Ability of Natural 
Membranes to Fuse with Positively Charged Liposomes and Lipoplexes, J. Membr. Biol., 206 (2005) 
203-214. 

 [27] R. I. Mahato, K. Anwer, F. Tagliaferri, C. Meaney, P. Leonard, M. S. Wadhwa, M. Logan, M. French, 
and A. Rolland, Biodistribution and gene expression of lipid/plasmid complexes after systemic 
administration, Hum. Gene Ther., 9 (1998) 2083-2099. 

 [28] S. Li, W. C. Tseng, D. B. Stolz, S. P. Wu, S. C. Watkins, and L. Huang, Dynamic changes in the 
characteristics of cationic lipidic vectors after exposure to mouse serum: implications for intravenous 
lipofection, Gene Ther., 6 (1999) 585-594. 





 

 

 

CHAPTER 7 
 

Summary, general discussion and perspectives 
 

 

 

 

 

 

 

 

 

 



Chapter 7 

126 

Summary 

The replacement of a deficient gene by its normal copy has been the basis of the treatment 

envisioned for gene therapy of inherited disorders. With improving and rapidly advancing 

insight, showing that the products of genes and their regulation also play a crucial role in 

many other diseases, including acquired diseases, gene therapy now holds promises and 

expectations for the treatment of numerous disorders that range from cancer to infectious 

diseases like AIDS. The principle of gene therapy has therefore been reconsidered and 

refocused as bearing relevance not only to replacing a potentially deficient gene but also, and 

more importantly, to influencing the physiology and signal transduction in the cell by over-

expressing or down-regulating one or several genes, for example those expressing membrane 

receptors. Down-regulation of a gene can be achieved by the transfer of short antisense 

oligonucleotides (ODNs) into cells or by intracellular delivery of the more recently 

developed small interfering RNA (siRNA). In addition, a gene can be expressed by 

translocating plasmid DNA into cells containing the sequence for a gene of interest under the 

influence of a promotor. 

The methods for delivering nucleic acids (ODNs, siRNA or plasmid DNA) to the cells 

are divided into two groups, i.e., viral and non-viral methods. Viral vectors were developed 

first and take advantage of the natural ability of a virus to penetrate into cells and use their 

machinery for the production of viral proteins. Although very efficient in vitro and in vivo, 

viral vectors may pose problems in terms of safety for the use as therapeutic drugs because 

of their immunogenicity and in some cases the potential risk of insertion of the gene into the 

host genome that can lead to the development of cancer as some recent clinical studies have 

shown [1]. Non-viral vectors that comprise cationic lipids and cationic polymers are thought 

to be safer in vivo because they are immunologically inert. They can also accommodate a 

greater variety of cargo and are not limited to coding sequences of nucleic acid as viral 

vectors but can deliver directly antisense ODNs and siRNA. These vectors are also easier to 

produce and can be readily chemically modified for the purpose of improving therapeutic 

applications. The efficiency of these vectors, however, is lower than that of viral vectors and 

has until now precluded their extensive use for in vivo therapeutic applications. Therefore a 

better understanding of the parameters that govern transfection efficiency of non-viral 

vectors will be crucial for the development of in vivo applications. 

The aim of this thesis was to characterize the mechanisms of transfection mediated by 

lipoplexes prepared from different cationic lipids and to study potential applications of these 
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vectors for gene therapy. Two cationic lipid systems are used in this thesis: the SAINT-2 

cationic lipid system used in combination with dioleoylphosphatidylethanolamine (DOPE) 

for the delivery of antisense ODNs (Chapters 3 and 4) and a cationic lipid system that 

consists of pH sensitive sugar-based gemini surfactants (Chapters 5 and 6). Chapter 2 

presents a review on the use of cationic lipids for gene delivery. The biophysical parameters 

important for the formation of the complexes, interaction with the cell membrane and further 

intracellular delivery of nucleic acids in the cells are discussed in this chapter. It emphasizes 

the importance of structural properties of the lipoplexes in each step of the transfection 

process and discusses the potential role played by a helper lipid, like DOPE. Furthermore 

endocytosis of lipoplexes, mediating cellular entry, and the mechanism of endosomal 

disruption are considered in this chapter. Finally, the important role of non-bilayer phases of 

lipoplexes (inverted hexagonal, hexagonal and cubic micellar phases) in endosomal 

disruption is discussed. 

Poly(ethylene glycol) (PEG)-lipid analogues are used in gene delivery to stabilize 

lipoplexes, thereby preventing interaction with serum components and non-target cells and 

thus promoting a longer blood circulation time of such (PEG-) coated lipoplexes. In chapter 

3, the effect of different PEG-lipid analogues on lipoplex formation with ODNs, the 

structural phases of PEGylated lipoplexes and the efficiency of intracellular delivery of 

ODNs is investigated. The non-exchangeable DSPE-PEG is compared to ceramide-PEG 

analogues of variable chain lengths with correlated variable exchangeable properties. It is 

shown that DSPE-PEG prevents the nuclear translocation of ODNs by preventing their 

release from the endosomal compartment. Because of its higher exchangeability, the short 

ceramide-C8-PEG analogue did not preclude as extensively as DSPE-PEG the release and 

translocation of ODNs to the nucleus. Finally, cryo-EM and SAXS measurements showed 

that DSPE-PEG stabilizes the lamellar phase of lipoplexes. 

In previous work, it was demonstrated that SAINT-2/DOPE-ODN lipoplexes are 

efficient carriers in the delivery of antisense ODNs to neuronal cell lines, leading to an 

effective and functional down-regulation of neuronal membrane receptors [2]. Accordingly, 

we considered the option to exploit the principle of this approach in designing a non-

invasive antisense therapy to the brain, and aimed at the construction of means and devices 

for lipoplexes to cross the blood-brain barrier (BBB). The purpose of the studies described in 

chapter 4 of this thesis was to set up an experimental in vitro model for the BBB in our 

laboratory, to study the interaction of SAINT-2/DOPE-ODN lipoplexes with this BBB 

model, and to investigate lipoplex transport across the cell monolayer. The first part of the 
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chapter describes the successful introduction of this BBB model, including its morphological 

and structural characterization.. Adsorption-mediated transcytosis is a well characterized 

mechanism for cationic entities to cross cell monolayers, but despite the cationic nature of 

the lipoplexes, transcytosis and subsequent secretion at the opposite side of the cells was not 

observed. Furthermore we show in this chapter that coupling of a model protein BSA 

precluded the capacity of SAINT-2/DOPE cationic liposomes to form complexes with ODNs. 

Therefore, coupling strategies for the purpose of triggering receptor-mediated transcytosis, a 

mechanism that has been characterized for transferrin and its receptor, will require 

improvement in order to eventually accomplish successful translocation of lipoplexes across 

endothelial cell layers. 

In chapter 5 mechanistic features and the transfection efficiency of different pH 

sensitive sugar-based gemini surfactants were investigated, both in vitro and in vivo. These 

sugar-based gemini surfactants contain two protonatable amino moieties in the head group, 

the charge of which depends on the pH. Thus, the extent to which the two amino moieties 

are charged will influence the relative size of the head group of the cationic lipid, which is 

reflected by a pH-dependent phase behavior [3,4]. Out of the five compounds examined, two 

surfactants with an ethylene oxide spacer, GS1 and GS2, were found to effectively transfect 

cells in vitro with a relatively low level of toxicity. Both compounds were shown to adopt at 

physiological pH a lamellar phase and to display a good colloidal stability in salt and serum. 

In vivo transfection experiments showed that because of this relative stability at 

physiological pH, both compounds were capable of avoiding ‘preliminary capture’ as large 

clustered complexes in the lung capillaries, as inferred from the absence of transfection in 

the lungs, evidenced by bioluminescence imaging. 

Finally, in chapter 6 a study is presented on the potential mechanism of transfection, 

mediated by the two pH sensitive gemini surfactants, GS1 and GS2. Of particular interest, 

these studies revealed that the gemini lipoplexes undergo a lamellar-to-non-inverted micellar 

(HI) phase transition with decreasing pH as occurs in the endosomal compartment. This 

observation is novel, since it contrasts the common observation reported for numerous other 

lipoplexes, which display a lamellar-to-hexagonal HII transition. A lipid mixing assay and 

plasmid DNA release studies demonstrated that these lipoplexes disrupt model membranes 

particularly at acidic rather than at neutral or basic pH. Furthermore, the presence of PS in 

the target membrane was necessary for disruption to occur. From these studies, we conclude 

that the gemini-based lipoplexes undergo at mild acidic pH a lamellar- to- normal (non-
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inverted) hexagonal HI phase, and that next to complexes that display an HII phase, also the 

HI phase can lead to membrane disruption, endosomal release and subsequent transfection. 

Discussion and perspectives 

We show in this thesis how PEG-lipid analogues, although capable of prolonging the 

circulation time of lipoplexes and preventing interaction with blood components and cells, 

can also negatively affect the effectiveness of intracellular delivery of lipoplex cargo. We 

also show that lipoplexes, formed from pH sensitive sugar-based gemini surfactants mimic 

some of the properties of the PEGylated complexes by similarly displaying a good stability 

at neutral pH, while they are able to disrupt (endosomal) membranes at acidic pH and 

transfect cells. Experiments to determine the circulation time of these lipoplexes in vivo and 

their biodistribution, as compared to PEGylated lipoplexes, would be of interest in order to 

evaluate whether these compounds would be an interesting alternative to the use of 

PEGylated lipids. In addition to maintaining a lamellar phase, PEG-lipids also confer stealth 

property by providing a hydrophilic coating to the lipoplexes and creating a steric barrier. 

With the gemini surfactants this hydrophilic coating is provided by the reduced sugar in the 

head group. For further development, the steric barrier properties of other gemini surfactants 

with longer sugar chains could be tested for their interaction with blood components. 

For targeting purposes, such sugar-based gemini surfactants could be functionalized at 

the level of the head group, involving the coupling of a targeting ligand. The possibility of 

such coupling and the capacity to form efficient lipoplexes should be studied. Evidently, the 

potential spectrum for applications of such targeting strategies would be numerous, ranging 

from the targeting of tumors for cancer gene therapy to the exploitation of receptor-mediated 

transcytosis for strategies of blood-brain barrier crossing. 

On a more fundamental basis, concerning the mechanism of transfection, studies of the 

intracellular fate of gemini lipoplexes could bring more insight into the intracellular 

trafficking of lipoplexes in general. Since the transfection properties of such sugar-based 

gemini surfactants, in contrast to other surfactant systems, is dependent on the pH, caveolae-

mediated endocytosis of these lipoplexes might be induced, for example by further 

manipulating their size, which may serve as a trigger for such an event [5]. Importantly, 

since this mechanism of internalization likely avoids exposure of lipoplexes to a mild acidic 

pH environment, this pathway should not lead to transfection. Accordingly, such 

experiments would allow to sort out whether such a caveolae-mediated pathway is relevant 

to endocytosis of lipoplexes and whether this pathway could be instrumental in transcytosis 
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in endothelial cell crossing, given that this cell type is particularly enriched in caveolae on its 

surface.  

To increase the potential of cationic lipid systems as vectors for the use in gene 

therapy, precise insight is needed into the different barriers involved in eventual expression 

of the delivered gene. In this context, some very recent observations indicate that nucleic 

acid release via endosomes to the cytosol occurs as efficiently with lipoplexes as with 

adenovirus particles [6]. This would suggest that intracellular delivery of nucleic acid is not 

the limiting step in transfection but that other parameters are involved. Studies on the effect 

of cationic lipids on the condensation of genes and their ensuing stability in the cytosol, in 

conjunction with an effect on transcription efficiency, may provide more insight into issues 

such as why viral vectors can be more efficient in transfection, in spite of delivering a 

substantially lower number of gene copies into the nucleus. 

On a more general basis, gene therapy using cationic lipids represents 8.3 % of the 

gene therapy clinical trials worldwide (updated from January 2006 at 

www.wiley.co.uk/wileychi/genmed/clinical/) against 49 % for adenovirus and retrovirus 

systems together. This emphasizes that more insight is needed to address questions as to why 

cationic lipid-mediated transfection is less efficient than virus-mediated transfection, with 

approaches as described above and throughout this thesis. Moreover, in addition to 

developing new cationic lipid vectors, it would be necessary to broaden and diversify 

applications for existing vectors. Testing different cell types and different cargos, and 

exploiting different ways of administration will allow further development of these vectors 

for in vivo applications of gene therapy. 

The resemblance of non-viral vectors with traditional drugs, in the way that they can 

be developed or produced, is their greatest advantage. A specialization of cationic lipids, to a 

disease or to an administration route, might bring more realism in the development of these 

vectors as effective drugs for gene therapy. For example, in case of the pH sensitive sugar-

based gemini surfactants used in this thesis, a non-anticipated observation in the in vivo 

experiments might trigger a new range of applications for these compounds. Thus, in these 

studies, we observed in the mouth of the animal, injected with gemini lipoplexes, expression 

of the reporter gene, suggesting efficient transfection. This probably resulted from ingestion 

of the gemini lipoplexes by the mice, which also might have led to some transfection of the 

gastrointestinal tract. Further experiments with oral delivery of these lipoplexes to verify this 

hypothesis will be needed but could well lead to novel applications in oral gene therapy. For 

instance, oral gene therapy can be considered for the treatment of recurrent or refractory oral 
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cancers, like the oral squamous cell carcinoma [7]. Oral gene therapy could also be an 

alternative in the treatment of type 1 diabetes, such treatment would aim at delegating the 

production and secretion of insulin to the small intestine [8,9]. These approaches represent 

interesting potential therapeutic applications for sugar-based gemini surfactants. 
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De vervanging van een deficiënt gen door het normale exemplaar ervan is de basis van 

de behandeling geweest die voor gentherapie van overgeërfde genetische stoornissen werd 

voorzien. Met verbeterend en snel ontwikkelend inzicht, dat laat zien dat de producten van 

genen en hun regulatie ook een cruciale rol spelen in veel andere ziekten, inclusief niet-

erfelijke ziekten, houdt gentherapie nu beloften en verwachtingen in voor de behandeling 

van talrijke stoornissen die variëren van kanker tot besmettelijke ziekten zoals aids. Het 

principe van gentherapie is daarom opnieuw overwogen en bekeken of zij misschien niet 

alleen van belang kan zijn voor het vervangen van een mogelijk deficiënt gen maar ook, en 

belangrijker, voor het beïnvloeden van de fysiologie en signaaltransductie in de cel door het 

tot overexpressie brengen of omlaag reguleren van een of enkele genen, bijvoorbeeld 

diegene die membraanreceptoren tot expressie brengen. Regulatie omlaag van een gen kan 

door het binnen brengen van korte antisense-oligonucleotiden (ODN’s) in cellen of door 

intracellulaire bezorging van het recenter ontwikkelde kleine verstorende (small interfering) 

RNA (siRNA) worden bereikt. Bovendien kan plasmide-DNA tot expressie worden gebracht 

onder invloed van een al dan niet reguleerbare promotor. 

De methoden voor het bezorgen van nucleïnezuren (ODN’s, siRNA of plasmide-DNA) 

in cellen worden in twee groepen verdeeld, d.w.z. virale en niet-virale methoden. Virale 

vectoren werden eerst ontwikkeld en benutten het natuurlijke vermogen van een virus om 

cellen te penetreren en voor de productie van virale eiwitten van hun machinerie gebruik te 

maken. Hoewel in vitro en in vivo zeer efficiënt, kunnen virale vectoren op het punt van 

veiligheid bij de toepassing als therapeutische geneesmiddelen problemen geven vanwege 

hun immunogeniciteit en in sommige gevallen het mogelijke risico van insertie van het gen 

in het gastheergenoom, wat zoals enkele recente klinische studies hebben aangetoond [1], tot 

de ontwikkeling van kanker kan leiden. Van niet-virale vectoren die kationische lipiden en 

kationische polymeren omvatten, wordt gedacht dat ze in vivo veiliger zijn omdat ze 

immunologisch inert zijn. Ze kunnen ook een grotere verscheidenheid aan ‘vracht’ 

huisvesten en zijn niet tot coderende nucleïnezuursequenties als virale vectoren beperkt maar 

kunnen ook direct antisense-ODN’s en siRNA bezorgen. Deze vectoren zijn ook 

eenvoudiger te maken en kunnen voor het doeleinde van het verbeteren van therapeutische 

toepassingen gemakkelijk chemisch worden gemodificeerd. De efficiëntie van deze vectoren 

is echter lager dan van virale vectoren en heeft tot nu toe hun uitgebreide gebruik voor 

therapeutische toepassingen in vivo verhinderd. Daarom zal een beter begrip van de 

parameters die transfectie-efficiëntie van niet-virale vectoren bepalen, cruciaal voor de 

ontwikkeling van in vivo-toepassingen zijn. 
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Het doel van dit proefschrift was zowel fundamentale aspecten van transfectie, door 

enkele kationische lipiden tot stand gebracht, als mogelijke toepassingen voor gentherapie te 

onderzoeken. In dit proefschrift worden twee kationische lipidesystemen toegepast: het 

kationische lipidesysteem SAINT-2 dat in combinatie met dioleylfosfatidylethanolamine 

(DOPE) voor de bezorging van antisense-ODN’s (hoofdstukken 3 en 4) wordt toegepast en 

een kationisch lipidesysteem dat uit pH-gevoelige, op suikers gebaseerde Gemini-

surfactanten bestaat (hoofdstukken 5 and 6). Hoofdstuk 2 geeft een overzicht over de 

toepassing van kationische lipiden voor genbezorging. In dit hoofdstuk worden de 

biofysische parameters besproken die voor de vorming van de complexen, interactie met de 

celmembraan en verdere intracellulaire bezorging van nucleïnezuren in de cellen belangrijk 

zijn. Het legt de nadruk op het belang van structurele eigenschappen van de lipoplexen in 

elke stap van het transfectieproces en bespreekt de mogelijke rol die door een helperlipide 

wordt gespeeld, zoals DOPE. Verder worden in dit hoofdstuk endocytose van lipoplexen, het 

tot stand brengen van cellulaire opname en het mechanisme van endosomale verstoring 

beschouwd. Ten slotte wordt de belangrijke rol van niet-bilaagfasen van lipoplexen 

(omgekeerde hexagonale, hexagonale en kubische micelfasen) in endosomale verstoring 

besproken. 

Om lipoplexen te stabiliseren, worden in genbezorging poly(ethyleenglycol) (PEG)-

lipideanalogons gebruikt, wat interactie met serumcomponenten en niet-doelwitcellen 

voorkomt en een langere circulatietijd van zulke (met PEG) gecoate lipoplexen bevordert. In 

hoofdstuk 3 wordt het effect van verschillende PEG-lipideanalogons op lipoplexvorming 

met ODN’s, de structurele fasen van verPEGde lipoplexen en de efficiëntie van 

intracellulaire bezorging van ODN’s onderzocht. Het niet-uitwisselbare DSPE-PEG wordt 

met ceramide-PEG-analogons van variabele ketenlengten met gecorreleerde variabele 

uitwisselbare eigenschappen vergeleken. Er wordt aangetoond dat DSPE-PEG de 

translocatie van ODN’s naar de kern voorkomt door hun vrijkoming uit het endosomale 

compartiment te verhinderen. Vanwege hun hogere uitwisselbaarheid voorkwam het korte 

ceramide-C8-PEG-analogon de vrijkoming en translocatie van ODN’s naar de kern niet zo 

efficient als DSPE-PEG. Ten slotte lieten cryo-EM- en SAXS-metingen zien dat DSPE-PEG 

de lamellaire fase van lipoplexen stabiliseert. 

In eerder werk werd aangetoond dat SAINT-2/DOPE-ODN-lipoplexen bij de 

bezorging van antisense-ODN’s naar neuronale cellijnen efficiënte dragers zijn, wat tot een 

effectieve en functionele regulatie omlaag van neuronale membraanreceptoren leidt [2]. 

Daarom beschouwden we de optie om het principe van deze benadering bij het ontwerpen 



Samenvatting in het Nederlands 

136 

van een niet-invasieve antisense-therapie naar de hersenen te benutten en richtten ons op het 

construeren van middelen en trucs om lipoplexen de bloed-hersenbarrière (BBB) te laten 

passeren. Het doel van de in hoofdstuk 4 van dit proefschrift beschreven studies was in ons 

laboratorium een in vitro-proefmodel voor de BBB op te zetten, de interactie van SAINT-

2/DOPE-ODN-lipoplexen met dit BBB-model te bestuderen en lipoplextransport over de 

celmonolaag heen te onderzoeken. Het eerste deel van het hoofdstuk beschrijft de 

succesrijke introductie van dit BBB-model, inclusief de morfologische en structurele 

karakterisering ervan. Om kationische entiteiten celmonolagen te laten passeren, is door 

absorptie tot stand gebrachte transcytose een goedgekarakteriseerd mechanisme, maar 

ondanks de kationische aard van de lipoplexen werd geen transcytose en eropvolgende 

secretie in het medium aan de andere kant waargenomen. Verder laten we in dit hoofdstuk 

zien dat het koppelen van een modeleiwit BSA het vermogen van kationische SAINT-

2/DOPE-liposomen verhinderde om complexen met ODN’s te vormen. Daarom zullen 

koppelingsstrategieën met het doeleinde van het op gang brengen van door receptors tot 

stand gebrachte transcytose, een mechanisme dat voor transferrine en de receptor ervan is 

gekarakteriseerd, verbetering verlangen teneinde uiteindelijk succesrijke translocatie van 

lipoplexen over endotheliale cellagen te bewerkstelligen. 

In hoofdstuk 5 werden mechanistische kenmerken en de transfectie-efficiëntie van 

verschillende pH-gevoelige, op suikers gebaseerde Gemini-surfactanten onderzocht, zowel 

in vitro als in vivo. Deze op suikers gebaseerde Gemini-surfactanten bevatten twee 

protoneerbare aminogroepen in de kopgroep, waarvan de lading van de pH afhankelijk is. De 

mate waarin de twee aminogroepen geladen zijn, zal dus de relatieve grootte van de 

kopgroep van het kationische lipide beïnvloeden, wat door een pH-afhankelijk fasegedrag 

wordt weerspiegeld [3,4]. Van de vijf onderzochte verbindingen bleken twee surfactanten 

met een ethyleenoxidespacer, GS1 en GS2, in vitro met een relatief laag toxiciteitsniveau 

effectief cellen te transfecteren. Beide verbindingen bleken bij fysiologische pH een 

lamellaire fase aan te nemen en in zout en serum een goede colloïdale stabiliteit tentoon te 

spreiden. In vivo-transfectie-experimenten lieten zien dat vanwege deze relatieve stabiliteit 

bij fysiologische pH beide verbindingen niet vroegtijdig uit de circulatie verdwenen als 

gevolg van het ‘wesvangen’ als grote geclusterde complexen door de longcapillairen, zoals 

afgeleid uit de afwezigheid van transfectie in de longen, vastgesteld middels 

bioluminescentiebeeldvorming. 

Ten slotte wordt in hoofdstuk 6 een studie over het mogelijke mechanisme van 

transfectie gegeven die door de twee pH-gevoelige Gemini-surfactanten GS1 en GS2 tot 
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stand wordt gebracht. Van bijzonder belang is dat deze studies aantoonden dat de Gemini-

lipoplexen met afnemende pH zoals in het endosomale compartiment gebeurt een 

faseovergang van lamellaire naar niet-omgekeerde micellen (HI) ondergaan. Deze 

waarneming is nieuw, aangezien zij afsteekt tegen de algemene waarneming die voor talrijke 

andere lipoplexen wordt gerapporteerd en waarbij sprake is van een lamellaire naar 

hexagonale HII-overgang. Een lipidemengtest en plasmid-DNA-vrijkomingsstudies lieten 

zien dat deze lipoplexen modelmembranen eerder bij zure dan bij neutrale of basische pH 

verstoren. Bovendien was om verstoring te laten plaatsvinden, de aanwezigheid van PS in 

het doelwitmembraan noodzakelijk. Uit deze studies concluderen we dat de op Gemini 

gebaseerde lipoplexen bij mildzure pH een lamellaire naar normale (niet-omgekeerde) 

hexagonale HI-fase ondergaan en dat naast complexen die een HII-fase vertonen, ook de HI-

fase tot membraanverstoring, endosomale vrijkoming en eropvolgende transfectie kan leiden. 
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