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Abstract Non-viral vectors such as cationic lipids
are capable of delivering nucleic acids, including
genes, siRNA or antisense RNA into cells, thus poten-
tially resulting in their functional expression. These
vectors are considered as an attractive alternative for
virus-based delivery systems, which may suffer from
immunological and mutational hazards. However, the
efficiency of cationic-mediated gene delivery, although
often sufficient for cell biological purposes, runs seriously
short from a therapeutics point of view, as realizing this
objective requires a higher level of transfection than
attained thus far. To develop strategies for improve-
ment, there is not so much a need for novel delivery
systems. Rather, better insight is needed into the mech-
anism of delivery, including lipoplex—cell surface inter-
action, route of internalization and concomitant escape
of DNA/RNA into the cytosol, and transport into the
nucleus. Current work indicates that a major obstacle
involves the relative inefficient destabilization of mem-
brane-bounded compartments in which lipoplexes
reside after their internalization by the cell. Such an
activity requires the capacity of lipoplexes of undergoing
polymorphic transitions such as a membrane destabi-
lizing hexagonal phase, while cellular components may
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aid in this process. A consequence of the latter notion
is that for development of a novel generation of deliv-
ery devices, entry pathways have to be triggered by
specific targeting to select delivery into intracellular
compartments which are most susceptible to lipoplex-
induced destabilization, thereby allowing the most
efficient release of DNA, a minimal requirement for
optimizing non-viral vector-mediated transfection.
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DOTAP N-(1-(2,3-dioleoyloxy)propyl,N,N,
N-trimethylammonium chloride)

DOPE 1,2-dioleoyl-sn-glycerol-3-
phosphatidylethanolamine

DOTMA N-(1-(2,3-dioleyloxy)propyl)-N,N,
N-trimethylammonium chloride

HSPG Heparin sulfate proteoglycans

PEI Polyethylenimine

SAXS Small angle X-ray scattering

NMR Nuclear magnetic resonance

SAINT-2 N-methyl-4(dioleyl)
methylpyridiniumchloride

Introduction

Cationic lipids (Niculescu-Duvaz et al. 2003), such as
DOTMA (Felgner etal. 1994) and its ester analogue
DOTAP (Simberg etal. 2004), or SAINT-2 (van der
Woude et al. 1997), are amphipatic structures that in sev-
eral respects display physicochemical properties, which
are also commonly observed for natural phospholipids.
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Thus when dispersed in an aqueous solution they
spontaneously form bilayers, the core structure of
membranes. Polymorphic lamellar-to-non-lamellar
transitions of cationic lipid-containing membranes
can occur, depending on composition and environ-
mental factors, such as salt and temperature, and
these features are instrumental in biologically relevant
processes like membrane fusion or other (transient)
membrane-perturbing processes that often depend on
a dynamic interplay between lipids and proteins. Evi-
dently, cationic lipids, usually bearing a charged
amine group, differ in charge from natural phospho-
lipids which are either zwitterionic or (net) nega-
tively charged. As such, liposomes prepared from
cationic lipids readily interact with negatively
charged compounds. Thus when mixed with nucleic
acids, i.e., entire genes or oligonucleotides [including
antisense oligonucleotides or small interference
RNA (siRNA)], so-called lipoplexes are formed
instantaneously (ms scale), driven by electrostatic
interaction forces. Importantly, in contrast to such
complexes formed with liposomes prepared from
phospholipids, which relies on entrapment rather
than that effective electrostatic interactions between
DNA and bilayers occur, lipoplexes display the
capacity to relatively efficiently deliver genes or
nucleotides into cells, a feature that likely relates to
the aforementioned polymorphic properties. Hence,
from both a fundamental perspective, i.e., as a model
for understanding membrane dynamics, and the
application point of view, i.e., in the case of gene
delivery for therapeutic or cell biological reasons,
vectors based upon cationic lipids are of interest.
Here, we will focus on recent progress made in
understanding mechanisms relevant to their capacity
as delivery vehicle, a feature that may also inherently
improve our insight into the dynamics of biological
membranes, acting as lipoplex targets. Where relevant
for advancing insight into cationic lipid-mediated
gene transport, a comparison will be made with current
views on the mechanisms by which gene complexes
prepared from polymers, the so-called polyplexes,
enter cells. Progress discussed here is largely based
on in vitro studies. However, from a therapeutic
point of view such in vitro studies have their own
merit for ex vivo gene therapy, in which patient-
derived cells are transfected in vitro followed by
their re-implantation. Furthermore, in vitro experi-
ments are indispensable in optimizing lipoplex for-
mulations for in vivo application relying on systemic
administration, for example in terms of targeting, lip-
oplex stability and delivery efficiency, but evidently
not all parameters can be appropriately simulated,
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including e.g. effects of serum. For more detailed
accounts of in vivo application, the reader is referred
to reviews published elsewhere (Audouy and Hoek-
stra 2001; Conwell and Huang 2005; Dass and
Choong 2006; Huynh et al. 2006; Evans et al. 20006).

Interaction of lipoplexes with the cell surface
and initial processing

Since extensive mixing of lipids occurs when cationic
lipid vesicles are mixed with DNA, and since this process
was taken as a reflection of the occurrence of mem-
brane fusion, it was initially thought that lipoplexes
readily delivered their DNA into cells by a fusion event
between lipoplexes and the plasma membrane (for a
review and references: Zuhorn and Hoekstra 2002).
However, more recently it has been firmly established
that endocytosis acts as the major path of entry, as
revealed and inferred from data that include evidence
from electron microscopy (Friend et al. 1996; El Oua-
habi et al. 1997), the use of mutant cell lines defective
in endocytosis (Zuhorn et al. 2002a), the role of tem-
perature dependence (endocytosis being effectively
inhibited at temperatures below approximately 15°C),
and the application of a host of inhibitors (although
one should be aware of toxic side effects in this case,
often leading to a contradictory outcome) and, much
more reliable, co-localization experiments with mark-
ers for labeling-specific endocytic compartments (for
recent reviews: Medina-Kauwe et al. 2005; E1 Ouahabi
and Ruysschaert 2005; Khalil et al. 2006). From a
mechanistic point of view, endocytosis, rather than
fusion at the plasma membrane is of obvious advan-
tage for lipoplex-mediated transfer of the gene since
it carries the plasmid nearer to the site where its
transcription and replication occurs, i.e., the nucleus,
thereby also shortening the plasmid’s residence time
in the cytosol thus avoiding inactivation by cytosolic
nucleases or otherwise. Importantly, this mechanism
also allows easy passage of barriers like cortical actin
filaments, localized just underneath the plasma mem-
brane.

The extent to which cellular parameters affect the
efficiency of interaction of lipoplexes with cell surfaces,
as the first step in entry, is of obvious relevance for
optimizing target properties of lipoplexes and/or
exploiting cellular properties of a given cell type.
Indeed, it has been well established that cell type-
dependent differences in transfection efficiency are
obtained, which, in part, have been attributed to effects
of cell cycle and cell division frequency, but also to
endocytic capacity (Audouy and Hoekstra 2001;
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Simberg et al. 2004). However, whether specific cellular
molecules are involved in the processing of lipoplexes
in terms of trafficking is still largely obscure. Clearly,
consistent with a requirement for a net positive charge
of a lipoplex for productive transfection, electrostatic
interactions are involved in the initial binding of lipo-
plexes to the cell surface, such interactions (and hence,
eventual transfection) being essentially negligible for
“neutral” lipoplexes (Lenssen etal. 2002; Wasungu
et al. 2006b).

The potential involvement of “specific” cell surface
receptors in lipoplex—cell interaction has been poorly
addressed thus far, although it is apparent that cell sur-
face molecules like (negatively charged) heparin sul-
fate proteoglycans (HSPG), which mediate the entry of
pathogens (Sawitzky 1996; Finlay and Cossart 1997,
Dehio et al. 1998), can also facilitate internalization of
cationic lipo- and polyplexes (Mislick and Baldeschwieler
1996; Kopatz et al. 2004; Simberg et al. 2004). Interest-
ingly, these membrane-anchored proteins, which func-
tion as specific growth factor receptors, also physically
interact with cytoskeletal components, thereby convey-
ing cytoskeletal reorganization properties to HSPGs
that are of potential relevance for endocytic internali-
zation of pathogens (Freissler et al. 2000; Pelkmans
and Helenius 2003), and a similar mechanism was
recently proposed for cellular entry of polyplexes
(Kopatz et al. 2004).

Negatively charged proteoglycans are likely, but
presumably not exclusively, involved in the binding of
lipoplexes (and polyplexes). This may be inferred from
the notion that it is not a single, but rather a variety of
endocytic pathways that have been claimed to be involved
in lipoplex internalization, including phagocytosis (which
is, however, a rare event in cells other than professional
phagocytes such as macrophages), macropinocytosis,
clathrin-mediated and non-clathrin-mediated endocytosis,
and entry via caveolae (for a recent review see Khalil
et al. 2006). Importantly, these pathways need not nec-
essarily be mutually exclusive and in that regard it will
be important to precisely define which entry pathway is
actually involved in mediating productive transfection,
i.e., gene expression. Thus (the extent of) internalization
per se does not necessarily correlate with transfection
efficiency (Zuhorn et al. 2002b), and not every pathway
may necessarily lead to productive transfection, as
recently suggested for polyplex-mediated transfection
(Rejman et al. 2005).

Once bound to the cell surface, lipoplex internaliza-
tion is not instantaneous, as is commonly observed for
endocytosis of single, molecular ligands. This suggests
that additional events may be required such as recep-
tor-driven clustering, reflected by surface aggregation

of polyplexes (Godbey et al. 1999) and lipoplexes (Rej-
man et al. 2004a), into particular lateral domains of the
plasma membrane, capable of invagination, like clathrin
coats or caveolae, or at domains enabling membrane
ruffling to engulf particles for internalization via macr-
opinocytosis. These “additional events” should also be
considered in the context of the often relatively large
size of the lipoplexes, which may vary between 150 and
1,000 nm that needs to be internalized. In that sense it
is quite remarkable that the clathrin-mediated pathway
is capable of internalizing lipoplexes with an average
size of 150-200 nm (Zuhorn et al. 2002a) or polyplexes
of similar size (Grosse et al. 2005), taking into account
the restricted size of “regular” clathrin-coated vesicles,
which is around 100 nm, imposed by the likely relative
rigidity of the clathrin basket. Similarly, it is puz-
zling how to reconcile that polyplexes with a size as
large as 700-800 nm can be internalized via caveolae,
thus reaching caveosomes (Rejman etal. 2005),
whereas the size of the omega-shaped invaginations
seen on the cell surface are often about an order of
magnitude less in diameter. Indeed, uptake of smaller
polyplexes (<100 nm) via this pathway (Grosse et al.
2005) would be more consistent with caveolar vesicle
size. Nevertheless, the cell surface seems to display a
considerable degree of flexibility, and thus appears to
be capable to adjust and extend existing machineries,
such as caveolae- and clathrin-mediated endocytosis,
for particle size-dependent engulfment and internaliza-
tion (Rejman et al. 2004b). Possibly, this may involve a
merging of several microdomains, harboring the
required machinery and normally operating for pro-
cessing of smaller, molecular entities. Indeed, although
caveolae are often visualized on the cell surface as flask-
shaped invaginations with a diameter of 50-100 nm, flat-
tened caveolin domains may act as precursor domains for
such invaginations (Gumbleton etal. 2003). In fact,
analogies may exist with clathrin domains where sub-
strates bound to distinct receptors are clustered in such
domains, as observed for caveolae-mediated internali-
zation of Simian Virus 40 (SV40; Pelkmans et al. 2001;
Empig and Goldsmith 2002), followed by signal-driven
invagination. Thus, the internalization of caveolae is a
triggered event, in which a substrate like a lipoplex or
polyplex could interact with a lipid raft component,
moving laterally along the plasma membrane until
trapped in caveolae domains in a size determining
manner. In the case of SV40 internalization, actin is
recruited to the virus-loaded caveolae (Pelkmans et al.
2001) from where it radiates tail-like wise, which seems
important for the mechanism of invagination. In this
regard, a gradual electrostatic zippering of the plasma
membrane onto lipoplexes or polyplexes, as recently
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proposed (Kopatz etal. 2004), mediated by a lateral
diffusion and clustering of particular HSPGs in the lateral
plain of the plasma membrane, is reminiscent of such a
mechanism. As noted, clustering of several of such
domains may thus be required for processing of large
lipoplexes or polyplexes, which is not unprecedented
as suggested by the entry of (opsonized) bacteria and
viruses along the same pathways (Shin et al. 2000; Shin
and Abraham 2001). In fact, within cells cavernous
structures of interconnected caveolae, which may bud
as such from the plasma membrane, have been noted
(McIntosh et al. 2002).

Evidently, to further clarify the internalization
mechanism, it will also be necessary to take into
account the extent to which the cationic charges them-
selves may govern invagination, for example by modu-
lating plasma membrane curvature, a parameter that
obviously will facilitate internalization (Hagerstrand
et al. 1999), and in which cholesterol, its depletion elimi-
nating invagination, may play a role as a (co-)regulator
of membrane curvature (Rodal et al. 1999; Huttner
and Zimmerberg 2001; Zuhorn etal. 2002a), i.e.,
different from its role as raft stabilizer (Kopatz et al.
2004).

Targeting of lipoplexes, involving coupling of specific
antibodies or specific ligands directed toward cell sur-
face receptors potentially provides options to improve
delivery (Medina-Kauwe et al. 2005 and references
therein). However, as noted, delivery per se needs not
necessarily improve transfection implying that target-
ing devices directing lipoplexes into a distinct and in
terms of transfection, most susceptible endocytic
pathway may be more beneficial. Furthermore, lipo-
plex charge often obscures the specificity of such inter-
actions, requiring additional precautions to accomplish
receptor specificity, for example by charge diminish-
ment in conjunction with inclusion of PEGylated lipid
derivatives that may convey stealth properties to such
complexes (Harvie et al. 2000; Song et al. 2002; Shi
et al. 2002; Rejman et al. 2004a). In addition, it is not
always apparent that receptor-mediated endocytosis of
a given ligand (e.g. transferrin) will also lead to effec-
tive endocytosis of the same ligand when coupled to a
particle, orders of magnitude larger in size, which as
such may be handled differently by cells (cf. Simoes
et al. 1999).

Lipoplex entry versus transfection efficiency
Although binding of lipoplexes to the cell surface is

an obvious prerequisite for subsequent internaliza-
tion, the process as such is not predictive for transfec-
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tion efficiency, neither needs this to be the case for
the efficiency of lipoplex internalization per se.
Intriguingly, more recently evidence has become
available that might suggest that the nature of the
internalization pathway may determine transfection
efficiency, implying distinct properties of intracellular
compartments that allow faster or slower release of
plasmid across their membranes, which furthermore
seems to depend on the physicochemical properties
and possibly the size of the delivery vehicle, although
the correlation as such, being of great potential inter-
est (Rejman et al. 2004b), is still obscure (cf. Fig. 1).
For example, Rejman et al. (2005) have reported that
PEI polyplexes can be internalized by both clathrin
and caveolae-mediated mechanisms. Intriguingly,
inhibitor studies revealed that only the caveolae-med-
iated pathway led to productive transfection. The par-
ticle size in this study varied between 200 and 800 nm
and the smaller particles may have entered the cells
by clathrin-mediated endocytosis, although Grosse
et al. (2005) noted that particularly ligand-derivatized
PEI, in contrast to unsubstituted complexes, enter via
this pathway. The separate effectiveness of transfec-
tion of the PEI particles along this pathway was not
established, although a diminished nuclear gene
delivery via this route was suggested. However, parti-
cles with sizes exceeding 200 nm transfected cells fol-
lowing internalization via macropinocytosis, rather
than via a caveolae-mediated pathway (Grosse et al.
2005). Whether derivatization of the polymer or cell
type differences may underlie the differences in inter-
nalization pathway in either study remains to be
determined, but evidently, a pathway-dependent
transfection susceptibility is highlighted, and the
efficiency of particularly larger PEI particles in bring-
ing about transfection would be in agreement with
previous observations (Ogris et al. 2001b).

Careful analyses of DOTAP lipoplex data have
revealed that in fact size is more critical to transfection
efficiency than lipoplex charge or the zeta potential,
and in analogy to size-dependent effects of polyplex
transfection efficiency, for DOTAP lipoplexes 500 nm
particles were shown to be more effective in transfecting
cells in culture than 100 nm lipoplexes (Fig. 1; Kawaura
et al. 1998; Trubetskoy et al. 2003; Simberg et al. 2004).
Interestingly, by preparing DOTAP lipoplexes at
different cationic lipid/DNA ratios, Sakurai et al.
(2000) obtained particles of different sizes displaying
differences in transfection efficiency, the highest activ-
ity occurring with lipoplex particles of the largest diam-
eter (approximately 1,000 nm) in caveolae-enriched
HUVEC cells, when compared with the other cell
lines. However, no evidence was provided in these
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Fig.1 Cellular processing of lipoplexes by endocytosis. Follow-
ing attachment to the cell surface, lipoplexes are internalized by
endocytosis, the efficiency of which is not necessarily dependent
on the structural phase of the lipoplex (Zuhorn et al. 2002b), which
can be lamellar, with DNA sandwiched between the lamellae, or
hexagonal (Hy;), the latter phase being required for efficient re-
lease of the DNA from an (early) endosomal compartment. Note
that given the average size (approximately 200 nm) of lipoplexes,
only a few of such complexes likely tightly fit within an endosomal
compartment. Intermingling of the lipid phase of the lipoplex

studies as to the exact intracellular localization of these
complexes. Nevertheless, these data would argue in
favor of better defining the potential role of size in gov-
erning the route of cellular entry of lipoplexes, i.e., the
nature of the intracellular compartment for nucleic
acid cargo escape and thereby potential transfection
efficiency.

With increasing charge ratio (+/—), the size of the
lipoplexes decreases, and the particles are more sta-
ble (less contents are released from initial liposomes)
(Simberg et al. 2004). For instance, for lipoplexes
such as DOTAP/DOPE and SAINT-2/DOPE the
highest instability is expected at a charge ratio of 2:1,
just above neutrality, where the highest transfection
efficiency of these complexes is seen (Simberg et al.
2004; van der Woude et al. 1997). Instability is refl-
ected by particle size, usually growing with increasing
instability, which, in turn, is often a reflection of the
polymorphic dynamics of the lipid phase (Shi et al.
2002), and, as will be discussed below, likely plays an
important role in destabilizing the endosomal mem-
brane. Thus size, known as an important parameter
in transfection (Kircheis et al. 2001) but not prop-
erly defined thus far, may trigger uptake via a dis-
tinct transfection-efficient pathway, while size may
also be a reflection of structural instability, needed for

= endosomal escape
of genetic cargo

® D genetic cargo, e.g. pDNA

with (cellular) acidic phospholipids within this compartment can
(still) trigger or further promote a non-lamellar transition within
the lipoplex, allowing endosomal membrane destabilization and
concomitant release of the genetic cargo. Smaller complexes and
those of which the lamellar phase is stabilized are transfection-
wise less productive, as the majority of these complexes will reach
the lysosomes, prior to the effective release of DNA. Following
release into the cytosol, DNA is transferred to and into the nucle-
us, needed for eventual transcription and translation. For further
details see text

perturbing intracellular membrane barriers to allow
cytosolic escape of DNA.

However, it is apparent that no consensus has been
reached yet with regard to the size-dependent entry of
DNA complexes, but the appreciation of its role is
often complicated by subtle, yet apparently highly rele-
vant changes in the chemical nature of a given com-
pound (Grosse etal. 2005; Mennesson et al. 2005).
Thus, whereas PEI, substituted with a lactosyl group
primarily enters the clathrin-coated pathway, unsubsti-
tuted PEI does not (Grosse et al. 2005). Using linear
PEI, Mennesson et al. (2005) produced particles with a
size of 250-300 nm in salt-free media, the uptake of
which was partly inhibited upon blocking clathrin-
mediated endocytosis, the efficiency being, moreover,
dependent on cell type. Since no direct correlation was
established between the pathway of entry and transfec-
tion efficiency, it is difficult to precisely determine,
whether the clathrin-dependent pathway was also
transfection effective in this case.

Taken together, these studies underscore that if
further insight is to be obtained into the mechanism
of transfection by non-viral vectors with the aim of
improving therapeutic impact, it is essential to better
define the correlation between size and internalization
mechanism. This insight requires a careful quantitative
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analysis of the mechanism of entry, defining the rela-
tive contribution of each pathway as such, rather than
conclusions that rely on the involvement of “a major
pathway” in lipoplex (or polyplex) uptake. In addition,
a given pathway of entry and ensuing transfection
efficiency by non-viral vectors requires verification in
several cell types in order to appreciate the general
significance. Finally, instructive in this context could
also be some recent observations on the intracellular
uptake of differently sized and shaped colloidal gold
particles, the kinetics of which were shown to be highly
dependent on the physical dimension of the nanoparti-
cles (Chithrani et al. 2006), spherical particles being
internalized better than rod-shaped particles. This fur-
ther suggests that a careful control of particle shape
and size of poly- and lipoplexes, allowing correlations
to be drawn between size and shape, pathway of entry
and the efficiency of transfection accomplished via a
given pathway, will be highly desirable in the rational
development of gene delivery devices.

Lipid shape and lamellar-hexagonal transitions

To clarify the mechanistic role of cationic lipids in gene
delivery, apart from their role in serving as an efficient
template for lipoplex assembly, an understanding of
their properties in terms of the so-called packing
parameter P has proven highly useful. P is defined as
the ratio of the cross-sectional areas of the hydrophobic
hydrocarbon chains and the polar head group (Israe-
lachvili et al. 1980). Cationic lipids with a relatively
small head group and unsaturated alkyl- or acyl hydro-
carbon chains, occupying an extended area in a wedge-
like manner, have a tendency to adopt the inverted
hexagonal Hy; phase. A similar cone-shaped structure
is preferred by the phospholipid DOPE (P> 1), as
opposed to the lamellar L structure, adopted by most
other phospholipids species, which show a cylindrical
shape (P =1). In contrast, micellar (non-inverted)
structures are preferred by lipids with a head group
that occupies a relative large surface area as compared
to the cross-sectional area taken by the hydrophobic
chains (P < 1), such as for example in the case of lyso-
phospholipids.

DOPE is often included in cationic lipid mixtures as
a so-called “helper lipid” because in the case of many
but not all cationic lipid systems, inclusion of DOPE
has been shown to promote transfection efficiency.
Above pH 9.0, DOPE is negatively charged and adopts
a lamellar phase, but when lowering the pH to near
neutral or acidic pH (Siegel and Epand 1997) the lipid
becomes zwitterionic. Thus, around neutral pH, when
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P>1, DOPE in isolation undergoes a lamellar to Hy;
phase transition, which occurs at temperatures above
10-15°C.

Cationic lipids like DOTAP and SAINT-2 prefer a
bilayer organization. However, mixing with DOPE will
affect the packing parameter and when this additive
average packing parameter becomes sufficiently large
(>1), the system will revert to an hexagonal phase as
observed for DOTMA (Mok and Cullis 1997),
DOTAP (Koltover et al. 1998; Simberg et al. 2001) and
SAINT-2 (Smisterova et al. 2001) when mixed with an
equimolar amount of DOPE. Within the hexagonal
phase adopting lipoplexes, lipid-coated DNA strands
are arranged on a hexagonal lattice, contrasting the
sandwich organization of DNA between lipid bilayers
for lipoplexes in a lamellar organization (see Fig. 1;
Koltover et al. 1998).

The efficiency of DOPE to promote the hexagonal
phase in cationic lipid containing systems may depend
on conditions. Thus for the cationic lipid SAINT-2,
which is in the lamellar phase at pH 7.4 in water, addi-
tion of DOPE facilitates the conversion to an Hy
phase, which is further promoted when the system is
suspended in a physiological salt solution (Smisterova
et al. 2001). In this context, it is also relevant to note
that inclusion of other lipids, such as PEGylated lipid
analogues, in cationic lipid/DOPE mixtures may
strongly affect lamellar to hexagonal phase transitions.
Thus with increasing head group size, relative low
amounts of PEG-lipids (2-3 mol %) already suffice to
stabilize the bilayer structure (Johnsson and Edwards
2001), presumably by short-range interference of
bilayer—bilayer interactions, necessary for triggering
the transition from the lamellar to hexagonal phase.
This approach is often taken to “stabilize” lipoplexes,
providing stealth properties that preclude (extensive)
clustering of the complexes, which is obviously unde-
sirable for in vivo application of these devices.

Intra-endosomal events necessary for nucleic acid
release into the cytosol

Once lipoplexes have been internalized and thus arrive
in an endosomal (or caveolar) compartment (Fig. 1),
two essential processes have to occur: (i) the dissocia-
tion of the nucleic acid from the complex and (ii) the
destabilization of the endosomal (caveolar) membrane
to allow the release of the nucleic acid into the cytosol,
an essential step in making the plasmid accessible for
transport to the nucleus for transcription. Which cellu-
lar components are involved in these steps? And which
molecular properties of lipoplexes could facilitate
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these events? Clearly, several studies indicate that
inclusion of the helper lipid DOPE or cholesterol trig-
gers or promotes the transfection potency of lipoplexes
(Farhood etal. 1995; Hirsch-Lerner and Barenholz
1999; Hafez and Cullis 2001; Smisterova et al. 2001;
Zuhorn et al. 2005), an effect which appears inherently
related to their ability to facilitate a conversion of the
lipoplex structure to adopt an hexagonal Hy; phase.
Moreover, ion pairing of negatively charged cellular
lipids, like PS, with cationic lipids in lipoplexes also
strongly promotes the formation of the hexagonal
phase of lipoplexes (Lewis and McElhaney 2000; Hafez
et al. 2001; Zuhorn et al. 2002c). Of interest, the pres-
ence of the lamellar phase preferring DOPC instead of
DOPE in cationic lipid/PS mixtures inhibits transition
to the Hy; phase, i.e., apparently prevents effective ion
pairing of the cationic lipid and PS (Hafez et al. 2001).
However, simultaneous inclusion of DOPE in such
mixtures triggers again the Hy; phase, emphasizing the
strong facilitating role of DOPE in Hy; phase forma-
tion. Similarly, when lipoplexes are mixed with PS/PE/
PC-containing liposomes an Hj; conversion can be
detected by both SAXS (Zuhorn etal. 2002b) and
NMR (Hafez et al. 2001). In this context it should be
noted that although PS itself can undergo an L, (lamel-
lar) to Hy; (hexagonal) phase transition, the required
pH at which this event occurs is too low (<4.0; Hope
and Cullis 1980) to be of significance in the case of lipo-
plex-mediated transfection. Another important role
for PS stems from in vitro studies, which revealed that
interaction of PS-containing lipid vesicles with lipo-
plexes causes the efficient dissociation of nucleic acid
from the complexes, presumably due to competition
between PS and nucleic acid for binding with the cat-
ionic lipid (Xu and Szoka 1996); see further below). To
envision a role of PS in endosomal escape of lipoplex-
delivered DNA, it is furthermore relevant to bear in
mind that at the plasma membrane, aminophospholipids,
including PS and PE, are restricted to the cytoplasmic
leaflet of the bilayer, the asymmetry being maintained
by an ATP-dependent aminophospholipid translocase
activity. Whether and how PS acquires access to the
luminal lealflet of the endosomal membrane has not
been experimentally resolved thus far. Nevertheless, its
potential translocation into and within the lipoplex
may readily occur when cationic lipid/DOPE domains
that have adopted the hexagonal phase interact with
endosomal membranes (cf. Hoekstra and Martin
1982), while at the same time the reverse process, i.e.,
cationic lipid and DOPE intermingling with endosomal
membrane domains may similarly take place (Fig. 1).
The relevance of this intermingling for obtaining trans-
fection is suggested by observations on the interaction

of lipoplexes, labeled with the fluorescent lipid ana-
logue N-Rh-PE. Thus, laterally diffuse Rh-fluorescence
is only present in endosomal membranes of cells that
were also efficiently transfected, whereas Rh-fluores-
cence appeared as patches, in association with the
endosomal membrane, in cells where uncondensed
DNA protrudes from the lipoplex surface, preventing
intimate contact between lipoplexes and endosomal
membranes, emphasizing the need for such interactions
between lipoplex and endosomal membrane in bringing
about translocation of the plasmid across a perturbed
or disrupted endosomal membrane (Zuhorn and
Hoekstra 2002).

Although the role of DOPE in controlling lipid/DNA
phase behavior by virtue of its ability to promote/facili-
tate non-lamellar phase formation is highly relevant for
eventual transfection, it is also evident that the degree
of phase conversion is not necessarily related to that
measured of the complexes per se. Thus, such a transi-
tion may also be triggered upon interaction at the
level of endosomes following mixing with cellular
lipids such as PS. Hence lipoplexes, displaying after
preparation a predominant lamellar phase, may
adopt (partially) a hexagonal phase following their
interaction with PS-containing lipid vesicles (Hafez
et al. 2001; Zuhorn et al. 2002¢, 2005), thus fulfilling
criteria, minimally required for DNA release/trans-
location.

Besides in complex assembly with nucleic acids and
association with the cell surface, the charge of the
cationic lipids also plays a role in the destabilization
of the endosomal membrane. It has been calculated
that a lipoplex of 90 nm contains sufficient cationic
charges to form ion pairs with all the anionic lipids in
the endosomal membrane and to induce non-bilayer
structures (Lewis and McElhaney 2000). Lipoplexes
with a size between 200 and 400 nm, and a cationic
lipid to DNA charge ratio > 2, are generally most
effective in mediating transfection (Zhdanov et al.
2002; Rakhmanova etal. 2004; Tarahovsky et al.
2004). Lipoplexes with this size, stretching the limit of
clathrin-mediated endocytosis (Rejman et al. 2004b)
totally fill up an endocytic vesicle (Zuhorn et al.
2002a). This occupation of space will obviously
promote intimate intermembrane contact, thereby
facilitating lipid mixing and exchange (Fig.1). An
additional advantage of this “tight fitting” of lipo-
plexes within endosomal compartments could be that
it may slow the kinetics of processing along the endo-
cytic pathway, thus potentially expanding the time
span for accomplishing endosomal destabilization
and/or rupture, necessary to translocate DNA into
the cytosol. Likewise, transferrin-PEI complexes with
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a size of 500 nm were shown to efficiently mediate
transfection (Ogris etal. 2001b), while relatively
small lipoplexes (Zuhorn et al. 2002b) and polyplexes
(Rejman et al. 2004a; Grosse et al. 2005; Mennesson
et al. 2005) are relatively rapidly transported to lyso-
somes. Possibly, the tight electrostatic interactions of
lipoplexes or polyplexes with endosomal membranes
precludes membrane folding necessary for pinching
off vesicles from the filled endosomal compartments
thereby impeding rapid processing into a lysosome-
directed pathway toward the perinuclear region of the
cell (Fig. 1).

In addition to the cationic lipid/DNA charge ratio,
the membrane charge density of the lipid component
(i.e., the percentage of cationic lipid relative to total
lipid) can also be a critical parameter in lipoplex-medi-
ated transfection (Lin et al. 2003, Ahmad et al. 2005).
Using newly multivalent lipids, an optimal membrane
surface charge in lamellar lipoplexes, prepared from
these lipids, was shown to result in transfection efficien-
cies that were compatible to those obtained for Hy;
lipoplexes (DOTAP). Thus, at low membrane charge
density, a low transfection efficiency was observed and
the authors (Ahmad et al. 2005) suggested that lipo-
plexes remained trapped in the endosome, while at an
intermediate charge density efficient endosomal escape
and release of DNA occurs. However, at high mem-
brane charge density, endosomal escape is efficient, yet
DNA is not released from the complex, resulting in
suboptimal transfection efficiencies. These data were
taken to suggest (Ahmad et al. 2005) that following
their first encounter with the endosomal membrane,
the lamellar lipoplexes will release only one layer of
DNA, the remaining lamellae of the lipoplexes (at
optimal membrane surface charge density) being
slowly dismantled by sequential peeling upon their
interaction with (macro)molecules in the cytoplasm,
thereby releasing their DNA layer by layer. However,
such a mechanism ignores the fact that by ion pairing
of cationic and (cell-derived) anionic lipids, non-
bilayer phases are readily formed (Lewis and McElha-
ney 2000; Hafez et al. 2001). In fact, it has been shown
that a lamellar lipoplex, as determined in isolation,
may revert to a hexagonal phase upon interaction with
anionic lipids, and mediates the translocation and sub-
sequent nuclear accumulation of oligonucleotides as
efficiently as lipoplexes, which adopt a hexagonal phase
upon (initial) lipoplex assembly (Zuhorn et al. 2002b).
Accordingly, these data strongly suggest that no
predictions can be made on the structural phase of a
lipoplex, solely based upon its structure observed
immediately following assembly, i.e., prior to its inter-
action with (endosomal) target membranes. Thus once
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internalized in cells, it is not apparent that a lamellar
complex will maintain its lamellar phase. Nevertheless,
these data also revive the issue as to the extent to
which cationic lipids per se may become exposed to
cytosolic structures, as it is generally thought that in
contrast to polyplexes, the lipidic part of lipoplexes
does not cross endosomal membranes.

Fusion, endosomal membrane destabilization
or endosomal rupture?

An intriguing issue is whether during or upon Hy;
phase formation, membrane fusion is of relevance in
the process of DNA translocation across the endosomal
membrane. In this context, it has been sown that when
the membrane charge density of oppositely charged
vesicles is sufficiently high, such that it results in high
adhesion strength and flattening of the vesicles, the
vesicles will fuse (Lei and MacDonald 2003). Also, PS
exposure on the cell surface of erythrocytes (by inhibi-
tion of flippase activity), or HeLa cells and Jurkat T
cells (by treatment of the cells with pro-apoptotic
agents, causing the flop of PS) was shown to induce
lipid mixing between lipoplexes and cell surface, lead-
ing to transfection in the latter case (Stebelska et al.
2005, 2006). The latter observation implies that the
lipid asymmetry in unperturbed, natural membranes
apparently prevents intimate interactions between
lipoplexes and plasma membrane, necessary for desta-
bilization and DNA translocation, although as men-
tioned before, a priori direct translocation of plasmid
at the plasma membrane into the cytosol might not be
the most effective path of DNA entry due to the pres-
ence of a cytoskeletal barrier. Yet, these experiments
support the notion of a potential role of PS in mem-
brane destabilization (as reflected by lipid mixing) and
plasmid translocation (as reflected by ultimate trans-
fection). Possibly, loss of ATP-ase activity at the
endosomal level may similarly result in randomization
of anionic lipids, facilitating membrane charge fluctua-
tions, and consequently promote lipid mixing. How-
ever, to claim fusogenic properties upon Hy; conversion
solely based on lipid mixing is unjustified. As noted,
Hy; phases readily and effectively transfer lipids
between bilayers without the occurrence of genuine
fusion (Hoekstra and Martin 1982). Thus, membrane
destabilization need not necessarily be the equivalent
of membrane fusion.

A priori, in cell-free systems membrane fusion, defi-
ned as the concomitant mixing of lipids and entrapped
contents, of lipoplexes is difficult to establish
because of a lack of a well-defined membrane-bounded
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aqueous space (Hafez et al. 2001; Simberg et al. 2004),
let alone to reveal fusion at the level of cells. As others
and we have argued and summarized elsewhere, there
is no apparent correlation between the extent of
fusion, based on lipid mixing, and transfection
efficiency (Zuhorn and Hoekstra 2002; Simberg et al.
2004). Moreover, membrane fusion is very much
dependent on the physical properties of the contacting
membranes and has been proposed to proceed via a
stalk as an intermediate structure (Zimmerberg and
Chernomordik 1999). According to this concept, the
two apposing monolayers of fusing membranes form a
highly bent semi-toroidal lipid structure and the geometry
of this structure favors inclusion of lipids which exhibit
negative bilayer curvature such as DOPE, thereby
promoting membrane fusion. Consistently, fusion is
strongly inhibited by lipids like lysoPC (P < 1), adopt-
ing a micellar phase and exhibiting positive membrane
curvature, which is not compatible with the configura-
tion of the stalk structure. Accordingly, one would
anticipate that micellar phase preferring amphiphiles
would be inhibitory to transfection. Intriguingly, when
such systems are mixed with DOPE, a molecular shape
compatible with a cylindrical shape is obtained and it
would thus be anticipated that transfection is inhibited,
which is indeed observed (Wasungu et al. 2006b). One
would therefore also anticipate that micellar H; phase
adopting amphiphiles in the absence of DOPE, like
pH-sensitive gemini surfactants (Bell etal. 2003;
Wasungu L. etal. 2006a) by virtue of an inherent
lack of fusion susceptibility, should be highly ineffi-
cient transfectants. This appears not to be the case
and they transfect cells as efficiently as Hy; phase
adopting complexes (Wasungu L. et al. 2006a). Thus,
their capacity to adopt a non-bilayer phase, thereby
destabilizing and perturbing a lamellar phase seems
more relevant than so-called “fusion-promoting” Hy;
conditions. Similarly, Ewert et al. (2006) recently
reported the ability of lipoplexes consisting of newly
multivalent lipids and DOPC to adopt a cubic (H;)
phase, capable of bringing about efficient cellular
transfection.

Whether entire lipoplexes escape from endosomes is
unclear, although some authors have reported the
cytosolic localization of such complexes by electron
microscopy (Zhou and Huang 1994) or fluorescence
microscopy of tagged lipoplexes (El Ouahabi et al.
1999); yet, the resolution is often too low to firmly
establish the appearance of lipoplexes per se, free in
the cytosol. A fusogenic mechanism could, however,
lead to a potential role of intracellular structures other
than endosomal compartments in releasing plasmid
from lipoplexes, such as cytoskeletal elements. But also

in this case, it will be difficult to establish whether this
“release” actually resulted from a fusion event or that
it was due to complete or partial endosomal rupture.

Endosomal rupture by osmotic shock enhances
transfection efficiency of cationic formulations with rel-
atively poor non-bilayer phase forming capacity
(Zuhorn et al. 2005). Less rigorous approaches like the
application of molecular devices that promote destabi-
lization of the endosomal membrane are also benefi-
cial, such as pH-sensitive polymers or peptides (Plank
etal. 1994; Simoes etal. 1999; Wagner 1999; Ogris
et al. 2001a; Li et al. 2004; Kakudo et al. 2004). These
data would suggest that complete rupture of endo-
somes is likely not occurring and/or necessary for plas-
mid release as such, although obviously, complete
rupture would improve the potential extent of cytosolic
delivery. In fact, the ability of a plasma membrane
inserted mixture of the cationic lipid SAINT-2 and
DOPE, capable of maintaining the opening of an ultra-
sound-induced pore for a restricted period of time to
allow passage of an artificial chromosome, would be
compatible with a “channel” function rather than a
lytic activity (Oberle et al. 2004).

Acidic pH and plasmid release from intracellular
compartments

Acidification of lipoplexes within the endosomal com-
partment is not an obvious prerequisite in a model of
hexagonal phase-mediated membrane destabilization,
which may involve charge neutralization via ion pairing
of cationic and cellular acidic lipids. Thus, except for pH
sensitive amphiphiles, synthesized and employed for
that particular purpose, most cationic lipid formulations,
with or without helper lipids, do not require a mild
acidic pH, neither for interacting with the endosomal
target membrane nor for actual release of DNA.
Accordingly, endosomal escape of genetic cargo does
not depend on a drop in pH, implying that gene deliv-
ery as such does not necessarily depend on lipoplex
transport through a compartment of mildly acidic pH.
Indeed, observations on transfection, mediated after
complex internalization by caveolae, must occur in a
pH-independent manner, given that the pH in caveo-
somes is thought to be (near) neutral (Parton and
Richards 2003; Pelkmans and Helenius 2003). If poly-
plexes of certain sizes follow this pathway and more-
over show a transfection dependency of such a
pathway of entry (Rejman et al. 2005), this would
thus raise intriguing questions on their mechanism of
membrane destabilization, which in caveosomes must
then underlie a mechanism that differs from that of
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acidification in conjunction with an osmotic sensitive
step. This latter mechanism is know as “the proton
sponge effect” and considers polymers like PEI to
express endosomolytic activity (Boussif etal. 1995)
upon lowering of the pH in endocytic compartments.
The mildly acidic pH will cause an enhanced proton-
ation of the nitrogen atoms in the polymer, thus creat-
ing a charge gradient, which induces CI~ influx. The
increased Cl~ concentration triggers water influx, pre-
sumably leading to endosomal swelling and rupture.
However, the effectiveness of the buffering capacity of
PEI in the context of its ability to efficiently rupture
endosomal membranes has been questioned (Sonaw-
ane et al. 2003; Forrest and Pack 2002); yet, the follow-
ing considerations may be of interest in this regard. As
noted above, glycosaminoglycans (GAGs) are poten-
tial binding sites for lipoplexes and/or influence lipo-
plex trafficking (Mislick and Baldeschwieler 1996;
Wiethoff et al. 2001; Ruponen et al. 2001). It is there-
fore possible that following internalization, GAGs
could affect lipoplex properties and thereby cationic
lipid-mediated transfection. Ruponen etal. (2001)
showed that cationic lipid/DOPE systems are relatively
unaffected by exogenously added GAGs. However,
carriers with buffering capacity, such as the cationic
polymer PEI are sensitive to their presence. Cationic
polymers, unlike cationic lipids, do not contain a
hydrophobic moiety, and endosomal escape is not
mediated by lipid mixing underlying mechanisms as in
the case of cationic lipoplexes. Possibly, intimate
contact between the polymer and the glycocalix might
displace an amount of bound water, sufficient to cause
a certain degree of local dehydration leading to a
membrane instability, which could eventually allow
complex release. In fact, Bieber et al. (2002) have dem-
onstrated that local membrane damages can be
induced at the plasma membrane by large polyplexes,
without a need for their internalization by cells. Alter-
natively, it cannot be excluded that cationic polymers
per se induce the Hy; phase structure, for example
when interacting with anionic lipids like PS (cf., de
Kruijff and Cullis 1980). These alternative mechanisms
are thus becoming particularly relevant when envision-
ing mechanisms of release, such as those via caveo-
somes, that cannot rely on a mild acidic pH drop,
relevant to the proposed “proton sponge” mechanism
for polyplex entry.

Dissociation of plasmid from lipoplexes

The occurrence of hexagonal phase formation is not
only of relevance in the context of endosomal mem-
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brane destabilization, as discussed above. Rather, data
also suggest its role in promoting release of DNA from
lipoplexes, if not a prerequisite for efficient endosomal
escape into the cytosol (Shi et al. 2002; Zuhorn et al.
2005). This can be inferred from observations in which
it was shown that incorporation of only a few mol % of
a PEGylated lipid analogue into lipoplexes suffices to
convey stealth properties to such particles, implying
that their stability in vivo is enhanced by precluding
interaction with serum proteins, thereby prolonging
their blood circulation time and precluding scavenging
by macrophages. Also in vitro, their colloidal stability
is greatly improved. However, quite surprisingly, for
many of such lipoplexes, prepared at a charge ratio of
2-3 (+/—), the particles still interact electrostatically
with the cell surface (Harvie et al. 2000; Shi et al. 2002)
and are efficiently internalized in the endosomal
compartment. Interestingly, however, the inclusion of
2-3 mol % PEGylated lipids into lipoplexes that other-
wise rapidly adopt the hexagonal Hy; phase suffices to
stabilize their lamellar phase (Johnsson and Edwards
2001; Shi et al. 2002), and only after dissociation of the
(exchangeable) PEGylated lipids by monomeric trans-
fer from the lipoplex, conversion of the lamellar to the
Hj; phase occurs, which is accompanied by release and
subsequent nuclear delivery of nucleic acid. In a more
direct manner, it has similarly been shown that plasmid
is only released from lipoplexes displaying a hexagonal
phase structure when incubated with PS-containing
vesicles, but not from lamellar complexes at similar
conditions (Zuhorn et al. 2005). It is highly likely that
for lipoplexes that efficiently transfect cells, both
events, i.e, hexagonal phase-mediated destabilization
of the endosomal membrane and dissociation of plas-
mid happens simultaneously although the “threshold”
for either event to effectively occur, may differ.

A need for the interaction of cellular anionic lipids
with cationic lipids, thereby displacing plasmids from
their binding sites, is thought to be instrumental in this
event. Consistent with this concept, originally pro-
posed by Xu and Szoka (1996), it was recently shown
that the DNA-releasing capacity of a given anionic
lipid depends on the nature of the cationic component
of the lipoplex (Tarahovsky et al. 2004). In essence,
the binding affinity of a negatively charged lipid may
differ for different cationic lipids, thus affecting the
efficiency of DNA dissociation. By the same token,
different negatively charged cellular lipids often dis-
play differences in lateral distribution and may simi-
larly display differences in affinity for cationic lipids
(cf. Xu and Szoka 1996). Accordingly, apart from end-
ocytic internalization of lipoplexes per se, the molecu-
lar composition of a given endocytic compartment may
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possibly (co-)determine the anionic (phospho)lipid-
induced dissociation of the gene from a lipoplex, and
hence the efficiency of cytosolic release.

Concluding remarks and perspectives

It becomes apparent that lipoplexes can be internalized
into eukaryotic cells by a variety of endocytic pro-
cesses. Quantitative knowledge of the relative contri-
bution of each of these internalization pathways is
crucial for designing strategies to direct these com-
plexes into the pathway that leads to the highest trans-
fection efficiency. To this end, insight is needed into
parameters that (i) direct lipoplexes into a given path-
way and (ii) mediate the effective release of DNA from
the endocytic compartment in which the complexes
localize. Lipoplex size is obviously a relevant parameter,
and it is tempting to extrapolate data on the size-
dependent internalization and processing by endocyto-
sis of well-defined latex beads (Rejman et al. 2004b).
However, apart from the fact that size is not likely the
only parameter involved in endocytic processing of
lipoplexes, the size of these particles is also very diffi-
cult to control and it is unclear what the relevance is of
size determinations of the particles per se, given that
lipoplexes may cluster to various degrees when
incubated with cells or when present at the cell surface.
On the other hand, the dynamics of their phase struc-
ture is important for the eventual release of DNA from
intracellular compartments. Clearly, the efficiency of
release seems to depend on the ability of lipoplexes to
undergo a transition to a non-lamellar phase, the Hy;
phase being most frequently detected but clearly not
necessarily the only phase capable of destabilizing
membranes, since systems displaying H; transitions
may also effectively transfect cells (Ewert et al. 2006;
Wasungu L. et al. 2006a). Since the efficiency of trans-
fection is often enhanced when endocytic compart-
ments are completely disrupted by osmotic shock
(irrespective of whether lipoplexes are employed that
underwent a complete non-lamellar transition), it is
apparent that part of the problem of transfection ineffi-
ciency resides in the efficiency of DNA release from
the complex as well as the endosomal compartment.
Thus, the transition from a lamellar to a hexagonal
phase as such seems insufficient in fully disrupting
endosomal membranes. On the other hand, it cannot
be excluded that the kinetics of processing along the
endocytic pathway may also interfere with this pro-
cess, implying that delivery to lysosomes represents a
dead-end trap, the accessible DNA being destroyed in
this compartment. Accordingly, a search for a more

efficient and powerful disrupting capacity is needed,
and in this context it will be of interest to investigate
the possibility that different intracellular compart-
ments could display differences in lipid phase depen-
dent fragility; for example, caveosomes could be
more susceptible to lipoplex-induced fragmentation
than macropinosomes or early endosomes. Exclusive
targeting into a defined pathway will then be a major
challenge.

Evidently, nuclear delivery represents a final and
equally important step in DNA/RNA delivery. Mecha-
nisms involved in this aspect of overall transfection
have been poorly addressed thus far and a detailed
account is considered beyond the scope of this overview.
Both translocation via nuclear pores as well as access of
plasmid after cell division, thereby accomplishing inte-
gration into the nuclear translation and transcription
machinery (Shi et al. 2003), have been proposed, and the
attachment of nuclear localization signals to nucleic
acids has been claimed to improve transfection (for
recent reviews see Medina-Kauwe et al. 2005; Khalil
et al. 2006; and references therein). However, in a study
(Hama et al. 2006) in which DNA delivery and transfec-
tion was compared between a viral delivery system and
lipoplexes, quantitative data revealed that rather than
nuclear delivery per se, the poor transcription efficiency
of the lipoplex-mediated reporter gene should also be
taken into account in efforts aimed at improving lipo-
plex-mediated gene delivery. Thus, the current status of
the field suggests that several issues, as discussed here,
are worth to be explored further as they may provide
clear options for improving the efficiency of gene deliv-
ery by non-viral vectors.
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