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Recently, there has been a flurry of experimental work on
understanding the supramolecular assemblies that are formed
when cationic liposomes (CLs) are mixed with DNA. From a
biomedical point of view, CLs (vesicles) are empirically known
to be carriers of genes (sections of DNA) in nonviral gene
delivery applications. Although viral-based carriers of DNA are
presently the most common method of gene delivery, nonviral
synthetic methods are rapidly emerging as alternative carriers,
because of their ease of production and nonimmunogenicity
(viral carriers very often evoke an undesirable and potentially
lethal immune response). At the moment, cationic-lipid-based
carriers have emerged as the most popular nonviral method to
deliver genes in therapeutic applications, for example, CL
carriers are used extensively in clinical trials worldwide.
However, because the mechanism of transfection (the transfer
of DNA into cells by CL carriers, followed by expression) of
CL–DNA complexes remains largely unknown, the measured
efficiencies are, at present, very low. The low transfection
efficiencies of current nonviral gene delivery methods are the
result of poorly understood transfection-related mechanisms at
the molecular and self-assembled levels. Recently, work has
been carried out on determining the supramolecular structures
of CL–DNA complexes by the quantitative technique of
synchrotron X-ray diffraction. When DNA is mixed with CLs
(composed of mixtures of cationic DOTAP and neutral DOPC
lipids), the resulting CL–DNA complex consists of a
multilamellar structure (Lα

C) comprising DNA monolayers
sandwiched between lipid bilayers. The existence of a different
columnar inverted hexagonal (H II

C) phase in CL–DNA
complexes was also demonstrated using synchrotron X-ray
diffraction. Ongoing functional studies and optical imaging of
cells are expected to clarify the relationship between the
supramolecular structures of CL–DNA complexes and
transfection efficiency. 
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Abbreviations
AFM atomic force microscopy
bp base pair
CL cationic liposome
DOPC di-oleoyl phosphatidylcholine
DOPE di-oleoyl phosphatidylethanolamine 
DOTAP di-oleoyl trimethylammonium propane
HAC human artificial chromosome
SAXS small-angle X-ray scattering
XRD X-ray diffraction

Introduction
The entire field of gene therapy based on nonviral synthetic
delivery systems has recently undergone a renaissance
[1,2••,3,4] since the initial landmark studies by Felgner
et al. [5] and Li and Huang [1]. This work was soon to be
followed by numerous groups demonstrating gene expression
in vivo in targeted organs [6,7] and by human clinical trials
[8,3]. Felgner et al. [5] discovered that cationic liposomes
(CLs), closed bilayer membrane shells of lipid molecules,
when mixed with DNA to form CL–DNA complexes with
an overall positive charge, enhance transfection (i.e. the
transfer of DNA into cells followed by expression). They
hypothesized that this was because CL–DNA complexes
adsorbed more effectively to the anionic plasma membrane
of mammalian cells via electrostatic interactions. Compared
with other nonviral delivery systems, including anionic
liposomes that encapsulate nucleic acid and the use of
polycationic reagents such as polylysine, CLs tend to
mediate a higher level of transfection in the majority of cell
lines studied to date. Some of the advantages of using
nonviral vectors for gene delivery are the absence of viral
genes to cause disease and the nonimmunogenicity of
synthetic carriers due to a lack of exposed proteins.

Without doubt, one of the principal and most exciting
advantages of synthetic over viral methods of gene delivery
is the potential to transfer and express (transfect) large
pieces of DNA into cells. The proof of this concept
was clearly demonstrated when partial sections of first-
generation human artificial chromosomes (HACs) of
order 1 Mbp were transferred into cells with CLs,
although extremely inefficiently [9,10•]. The future
development of HAC vectors will be extremely important
for gene therapy applications; because of their very large
size, HAC vectors would have the ability to deliver not
only entire human genes (in many cases exceeding
100 kbp), but also their regulatory sequences, which are
needed for the spatial and temporal regulation of
expression. Viral vectors have a maximum gene-carrying
capacity of 40 kbp [11]. 

Aside from the medical and biotechnological ramifications
for gene therapy and gene and drug therapeutics, research
on CL–DNA complexes should also shed light on other
problems in biology. The development of efficient HAC
vectors in the future, which will most probably occur
once efficient synthetic nonviral delivery systems have
been developed, is a long-range goal of studies designed
to characterize chromosome structure and function.
Furthermore, molecular biology studies would benefit
substantially from the ability to transfect hard-to-transfect
cell lines using synthetic delivery systems, for example, in
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studies designed to characterize the structure of promoters
of human genes in the appropriate cell lines. 

Although the transfection efficiency of CL–DNA complexes
is enhanced compared with traditional nonviral delivery
systems, the mechanisms of transfection via cationic
lipids remain poorly understood and are actively being
investigated. At present, hundreds of plasmid DNA
molecules are required for successful gene transfer and
expression. The enhancement of transfection efficiencies
using nonviral methods requires a full understanding of
the supramolecular structures of CL–DNA complexes and
their interactions with cell membranes, and of events
leading to the release of DNA in the cytoplasm for delivery
within the nucleus. We are now beginning to understand
the precise nature of the supramolecular structures of
CL–DNA complexes in different lipid membrane systems
[12–17]. The transfection efficiencies of nonviral 
delivery methods may be improved through insights into
transfection-related mechanisms at the molecular and 
self-assembled levels.

DNA chains dissolved in solution are known to give rise
to a rich variety of condensed and liquid-crystalline phas-
es. Studies show regular condensed DNA morphologies
induced by multivalent cations [18] and liquid-crystalline
phases at high concentrations of DNA [19]. More recently,
there has been a flurry of experimental and theoretical
work on DNA chains mixed with CLs. Oligolamellar
structures had been reported in cryo-transmission
electron microscopy studies by Gustafsson et al. [20]. A
freeze-fracture electron microscopy study by Sternberg et al.
[21] had also observed isolated DNA chains coated with
a lipid bilayer. As I describe in this review, one of the
more commonly occurring supramolecular assemblies,
which forms spontaneously when DNA is complexed
with CLs, is a multilayer assembly of DNA sandwiched
between bilayer membranes, as shown schematically in
Figure 1 [12–15,17]. 

Soon after the initial experimental reports on the
supramolecular structures of CL–DNA complexes [12,17],
a series of theoretical papers investigated the structure
and thermodynamic stability of these complexes [22–28].
Analytical and numerical studies of DNA–DNA interactions
occurring between membranes show the existence of a
novel long-range repulsive electrostatic interaction
[24–26]. Theoretical work on CL–DNA complexes has
also led to the realization of a variety of novel new 
phases of matter in DNA–lipid complexes [27,28]. In
particular, a novel new ‘sliding columnar phase’, which
remains to be discovered experimentally, is predicted, in
which the positional coherence between DNA molecules
in adjacent layers is lost without destroying the orientational
coherence of the chains from layer to layer. This new
phase would be a remarkable new phase of matter if it
exists and shares many fascinating similarities with flux
lattices in superconductors.

The lamellar Lα
C phase of CL–DNA complexes

A recent synchrotron X-ray diffraction (XRD) study of
CL–DNA complexes [12,13] has revealed that the structure
is different from the hypothesized ‘bead-on-string’ structure
originally proposed by Felgner et al. [5] in their seminal
paper, which pictured the DNA strand decorated with
distinctly attached CLs. The addition of linear λ-phage
DNA (48,502 bp, contour length = 16.5 µm) to binary
mixtures of CLs (mean diameter = 70 nm), consisting of
mixtures of neutral (so-called ‘helper-lipid’) DOPC (di-
oleoyl phosphatidylcholine) and cationic DOTAP (di-oleoyl
trimethylammonium propane), induces a topological
transition from liposomes to collapsed condensates in the
form of optically birefringent liquid-crystalline globules
(on the order of 1 µm). Double-fluorescent microscopy of
labeled DNA and lipid also shows the colocalization of
lipid and DNA within the globules [12]. Polarized
microscopy shows that the distinct globules are birefringent,
indicative of their liquid-crystalline nature. 

The precise structural nature of the CL–DNA complexes
was elucidated by high-resolution synchrotron small-angle
X-ray scattering (SAXS) experiments carried out at the
Stanford Synchrotron Radiation Laboratory [12,13]. Figure 2
shows SAXS scans of dilute DOPC/DOTAP–λ-DNA
mixtures at the isoelectric point of the complex (at which
the cationic charge of DOTAP is equal to the anionic

Figure 1

Schematic of the lamellar Lα
C phase of CL–DNA complexes, with

alternating lipid bilayers and DNA monolayers. The DNA interaxial
spacing is dDNA. The interlayer spacing is d = δw + δm.
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charge of DNA). In these experiments, the total lipid
concentration (L = DOTAP + DOPC) was increased
between lipid/DNA ratios (L/D) from 2.2 to 8.8 (wt/wt) at
the isoelectric point (DOTAP/DNA = 2.20). Equivalently,
the weight fraction of DOPC (ΦDOPC) in the
DOPC/DOTAP CL mixtures increased from 0 to 0.75. We
see in Figure 2 that, at ΦDOPC = 0.5 (L/D = 4.4), two sharp
peaks are evident at q = 0.099 and 0.198 Å–1, which
correspond to the (00L) peaks of a layered structure with
an interlayer spacing d (d = δm + δw) in the range 64 Å.
The membrane thickness and water gap are denoted by
δm and δw, respectively (Figure 1). The middle broad
peak, qDNA, arises from diffraction from the 1D lattice of
DNA chains sandwiched between the lipid bilayers
(Figure 1) and gives dDNA = 2π/qDNA= 39 Å, where dDNA
is the DNA interaxial spacing. Thus, the SAXS data lead
to a model in which the CLs and DNA condense into a
multilayer structure, denoted Lα

C, with DNA sandwiched
between the bilayers (Figure 1).

In the absence of DNA, the lamellar Lα phase of membranes
comprising DOPC and cationic DOTAP (1:1) exhibits

strong long-range interlayer electrostatic repulsions that
overwhelm the van der Waals attraction [29,30]. The
interlayer spacing d is given by the simple geometric
relation d = δm/(1–Φw) (Φw is the volume fraction of
water). From d = 2π/q00L at a given Φw, we obtain δm = 39
± 0.5 Å for membranes with ΦDOPC = 0.5. The DNA that
condenses on the CLs screens the electrostatic interaction
between lipid bilayers and leads to condensed multilayers.
The average thickness of the water gap (δw = d–δm = 64 Å
– 39 Å = 26 Å) is just sufficient to accommodate one
monolayer of B-DNA (diameter ≈ 20 Å), including a
hydration shell consistent with Figure 1. 

The SAXS scans in Figure 2 (arrow points to the DNA
peak) show that dDNA (= 2π/qDNA) increases with lipid
dilution from 24.54 Å to 57.1 Å as the membrane charge
density decreases with increasing ΦDOPC between 0 and
0.75 (or, equivalently, increasing L/D between 2.2 and 8.8).
The most compressed interaxial spacing of 24.55 Å at
ΦDOPC = 0 reflects the short-range repulsive hard-core
interaction of the B-DNA rods containing a hydration layer
[31]. Figure 3a plots d and dDNA as a function of L/D. The
observed behavior is depicted schematically in Figure 3b,
showing that, as we add neutral lipid and lower the
membrane charge density, at the isoelectric point the DNA
chains also decrease their negative charge density by
increasing the DNA interchain spacing. The solid line in
Figure 3a is derived from the simple geometric packing
relationship dDNA = (AD/δm) (ρD/ρL) (L/D), which equates
the cationic charge density (due to the mixture DOTAP+

and DOPC) with the anionic charge density (due to
DNA–). Here, ρD = 1.7 (g/cc) and ρL = 1.07 (g/cc) denote
the densities of DNA and lipid, respectively, δm is the
membrane thickness and AD is the DNA area — AD =
wt(λ)/[ρDL(λ)] = 186 Å2, where wt(λ) is the weight of
λ-DNA = 31.5*106/(6.022*1023) g and L(λ) is the contour
length of λ-DNA = 48502*3.4 Å.

The agreement between the packing relationship (solid
line) and the data over the measured interaxial distance
from 24.5 to 57.1 Å (Figure 3a) is quite remarkable given the
fact that there are no adjustable parameters. The variation in
the interlayer spacing (d = δw + δm) (Figure 3a, open squares)
arises from the increase in the membrane bilayer thickness
(δm) as L/D increases (each DOPC molecule is about 4–6
Å longer than a DOTAP molecule). The observation of a
variation in the DNA interaxial distance as a function of
the L/D ratio in multilayers (Figure 3a) unambiguously
demonstrates that XRD directly probes the DNA behavior
in multilayer assemblies. From the line widths of the DNA
peaks (Figure 2), the 1D lattice of DNA chains is found to
consist of domains extending to near 10 neighboring chains
[13,15]. This is consistent with observations [32,33] by
atomic force microscopy (AFM) imaging of DNA adsorbed
on a cationic solid lipid bilayer supported on freshly
cleaved mica surfaces (Figure 4). The success of these
AFM preparations is in the direct observation of the periodic
helical modulation of the double-stranded DNA molecules,

Figure 2

SAXS scans of CL–DNA complexes at constant DOTAP/DNA = 2.2
(at the isoelectric point) with increasing DOPC/DOTAP, which shows
the DNA peak (arrow) moving towards smaller values of q as L/D (and
ΦDOPC) increases. Adapted from [12–14].
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which was measured to be 3.4 nm, consistent with the
pitch of B-DNA [32,33].

Thus, the CL–DNA complex is self-assembled into a new
‘hybrid’ phase of matter, namely a 2D smectic phase of
DNA chains coupled to a 3D smectic phase of lipid bilayers.
On length scales larger than the finite-sized lattice of DNA
chains, dislocations produce a 2D nematic phase of chains
[27,28]. The DNA–lipid condensation can be understood
to occur as a result of the release of ‘bound’ counterions in
solution. In solution, the distance along the DNA chain
between two negative charges (from the phosphate
groups) is equal to bo = 1.7 Å. This is substantially less than
the Bjerrum length in water, bj = 7.1 Å, which corresponds
to the distance at which the Coulomb energy between two
unit charges is equal to the thermal energy, kBT. A nonlinear
Poisson–Boltzmann analysis shows that counterions will
condense on the DNA backbone until the Manning
parameter, ξ = bj/b′, approaches 1 [34]. (b′ is the renormalized
distance between negative charges after counterion
condensation.) A similar analysis shows that counterions
also condense near the surface of 2D membranes (i.e. within
the Gouy–Chapman layer) [35]. Through DNA–lipid
condensation, the cationic lipid tends to fully neutralize
the phosphate groups on the DNA, in effect replacing and
releasing the originally condensed counterions in solution.
Thus, the driving force for higher-order self-assembly is
the release of counterions, which were one-dimensionally
bound to DNA and two-dimensionally bound to cationic
membranes, into solution.

The inverted hexagonal HII
C phase of CL–DNA

complexes
A commonly used charge-neutral lipid in CL–DNA mixtures
is di-oleoyl phosphatidylethanolamine (DOPE). It is
empirically known that transfection efficiency in mammalian
cells is typically improved using CL–DNA complexes that
contain DOPE instead of DOPC as the helper-lipid [36].

Recent XRD shows that DOPE-containing complexes may
give rise to a completely different columnar inverted
hexagonal HII

C liquid-crystalline structure (Figure 5) [16].

Figure 6 shows SAXS scans of positively charged
CL–DNA complexes for DOTAP/DNA (wt/wt) = 3 as a
function of increasing ΦDOPE (weight fraction of DOPE)
in the DOPE/DOTAP CL mixtures [16]. The internal
structure of the complex changes completely with increasing

Figure 4

High-resolution AFM image of plasmid DNA adsorbed on a cationic
bilayer (DPTAP) coating a freshly cleaved mica surface. The highly
packed DNA chains are clearly visible. The measured width of the DNA
is 2 nm, which is close to the diameter of B-DNA. Adapted from [32].
See also [33].
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Figure 3

Data showing that the interaxial distance
between DNA chains in the lamellar Lα

C

complexes is controlled by the membrane
charge density. (a) The DNA interaxial
distance, dDNA (closed circles), and the
interlayer distance, d (open squares), in the Lα

C

phase (Figure 2) plotted as a function of the
L/D (wt/wt) ratio at the isoelectric point of the
complex, DOTAP/DNA (L+/D) = 2.2. dDNA is
seen to expand from 24.5 Å to 57.1 Å. The
solid line through the data is the prediction of
a packing calculation where the DNA chains
form a space-filling 1D lattice. (b) Schematic
drawing of DNA–membrane multilayers,
showing the increase in distance between
DNA chains as the membrane charge density
is decreased (i.e. as ΦDOPC increases) at the
isoelectric point. Adapted from [12–14].
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DOPE/DOTAP ratios. SAXS data of complexes with
ΦDOPE = 0.26 and 0.70 clearly show the presence of two
different structures. At ΦDOPE = 0.26, SAXS of the lamellar
Lα

C complex shows sharp peaks at q001 = 0.099 Å–1 and
q002 = 0.198 Å–1, resulting from the lamellar periodic
structure (d = 2π/q001 = 63.47 Å) with DNA intercalated
between cationic lipid, analogous to the structure in
DOPC/DOTAP–DNA complexes (Figure 1).

For 0.7 < ΦDOPE < 0.85, the peaks of the SAXS scans of
the CL–DNA complexes are indexed perfectly on a 2D
hexagonal lattice with a unit cell spacing of a = 4π/[(3)0.5q10 ]
= 67.4 Å for ΦDOPE = 0.7. Figure 6 at ΦDOPE = 0.7 shows
the first four order Bragg peaks of this hexagonal structure
at q10 = 0.107 Å–1, q11 = 0.185 Å–1, q20 = 0.214 Å–1 and q21
= 0.283 Å–1. Thus, the structure is consistent with a 2D
columnar inverted hexagonal structure in which the DNA
molecules are surrounded by a lipid monolayer, with the
DNA–lipid inverted cylindrical micelles arranged on a
hexagonal lattice (Figure 5). The structure resembles that
of the inverted hexagonal HII phase of pure DOPE in
excess water [37], with the water space inside the lipid
micelle filled by DNA. Again assuming an average lipid
monolayer thickness of 20 Å, the diameter of the micellar
void in the HII

C phase is close to 28 Å, again sufficient for a
DNA molecule with approximately two hydration shells.
For ΦDOPE = 0.65, the Lα

C and HII
C structures coexist, as

shown in Figure 6 (arrows point to the [001] and qDNA
peaks of the Lα

C phase), and are nearly epitaxially matched,
with a ≈ d. For ΦDOPE > 0.85, the HII

C phase coexists with

the HII phase of pure DOPE, which has peaks at q10 =
0.0975 Å–1, q11 = 0.169 Å–1, q20 = 0.195 Å–1, with a unit cell
spacing of a = 74.41 Å.

The interplay between lamellar Lα
C and

hexagonal HII
C phases of CL–DNA complexes

In order to understand the stability of the lamellar and
hexagonal phases, we consider the interplay between
the electrostatic and membrane elastic interactions in
the CL–DNA complexes; this interplay is expected to
determine the different structures. Recent theoretical
work suggests that electrostatic interactions alone are
expected to favor the inverted hexagonal HII

C phase over
the lamellar Lα

C phase, which minimizes the charge
separation between the anionic groups on the DNA chain
and the cationic lipids [22,23]. However, the electrostatic
interaction may be resisted by the membrane elastic cost
(per unit area), F/A = 0.5 κ (1/R–1/Ro)2, of forming a

Figure 5

Schematic of the inverted hexagonal HII
C phase (cylinders consisting of

DNA coated with a lipid monolayer arranged on a hexagonal lattice) of
CL–DNA complexes.

HII
C
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Figure 6

Synchrotron SAXS patterns of the lamellar Lα
C and columnar inverted

hexagonal HII
C phases of positively charged CL–DNA complexes as a

function of increasing weight fraction of DOPE, ΦDOPE. At ΦDOPE =
0.26, the SAXS scan results from a single phase with the lamellar Lα

C

structure shown in Figure 1. At ΦDOPE = 0.7, the SAXS scan results
from a single phase with the columnar inverted hexagonal HII

C structure
shown in Figure 5. At ΦDOPE = 0.65, the SAXS scan shows
coexistence of the Lα

C (arrows) and HII
C phases. Adapted from [16].
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cylindrical monolayer membrane around DNA. Here, κ is
the lipid monolayer bending rigidity, R is the actual radius
and Ro is the natural radius of curvature of the monolayer.
Many lipids (e.g. phosphatidylcholine, phosphatidylserine,
phosphotidylglycerol, cardiolipin) have a cylindrical shape,
with the head group area approximately equal to the
hydrophobic tail area, and tend to self-assemble into
lamellar structures with a natural curvature Co = 1/Ro = 0.
Other lipids (e.g. phosphatidylethanolamine) have a cone
shape, with a smaller head group area than tail area, and
give rise to a negative natural curvature Co < 0.
Alternatively, lipids with a larger head group area than tail
area have Co > 0.

It is well appreciated [38] that, in many lipid systems,
the ‘shape’ of the molecule that determines the natural
curvature of the membrane, Co = 1/Ro, will also determine
the actual curvature, C = 1/R, which describes the structure
of the lipid self assembly (e.g. C = 0 → lamellar Lα; Co < 0
→ inverted hexagonal HII; Co > 0 → hexagonal HI). This
is particularly true if the bending rigidity of the membrane
is large (κ/kBT >>1), because then a significant deviation
of C from Co would cost too much elastic energy. However,
if the bending cost is low, with κ ≈ kBT, then C may deviate
from Co without costing much elastic energy, especially if
another energy is lowered in the process. Here I present
experimental data pertaining to both situations: first,
situations in which the bending rigidity is large and the
structure of the self assembly is controlled by the ‘shape’
of the molecule (described in the next paragraph); second,
situations in which κ is lowered enough that C deviates
from Co because of the electrostatic energy favoring a
different curvature and structure. 

We can understand the Lα
C to HII

C transition as a function
of increasing ΦDOPE by noting that, in contrast to the
helper-lipid DOPC and the cationic lipid DOTAP,
which have a zero natural curvature (Co

DOTAP,DOPC =
1/Ro

DOTAP,DOPC = 0), DOPE is cone-shaped, with Co
DOPE

= 1/Ro
DOPE < 0. Thus, the natural curvature of the mono-

layer mixture of DOTAP and DOPE is driven negative,
with Co = 1/Ro = ΦDOPE Co

DOPE. Hence, as a function of
increasing ΦDOPE, we expect a transition from the Lα

C to
the HII

C phase, as observed experimentally, that is now
expected to be favored by the elastic free energy. Thus,
the helper-lipid DOPE induces the Lα

C to HII
C transition

by controlling the spontaneous radius of curvature Ro of
the lipid layers.

The Lα
C to HII

C transition was recently observed to occur
along a different path by reducing the bending rigidity κ of
the lipid layer [16]. The reduction of κ along this pathway
reduces the membrane elastic energy, which otherwise
prevents the formation of the HII

C phase, which is favored
by electrostatics. In these experiments, a new class of
helper-lipid molecule was used, consisting of DOPC
mixed with the membrane-soluble cosurfactant molecule
hexanol [16]. Although cosurfactant molecules, which

typically consist of long-chain alcohols (e.g. pentanol, hexanol),
are not able to stabilize an interface separating hydrophobic
and hydrophilic regions, when mixed with longer chain
‘true’ surfactants, they are known to lead to dramatic changes
in interface elasticities. Simple compressional models of
surfactant chains show that the bending rigidity of
membranes (κ) scales with chain length, ln (ln ∝ δ m, where
n is the number of carbons per chain), and the area per
lipid chain, AL, as κ ∝ ln

4 / AL
5 [39]. The mixing of

cosurfactants with lipids is expected to lead to both a thinner
membrane and a larger area per chain, and results in a
strong suppression of κ, making the membrane highly
flexible. Experimental studies have shown that the addition
of cosurfactants such as pentanol to membranes of
lamellar phases with a mole ratio of between two and
four leads to a significant decrease in κ from about 20 kBT
to about 2–5 kBT [40].

DNA condensation on membrane surfaces
Aside from the biomedical gene delivery applications of
CL–DNA complexes, the lamellar Lα

C phase (Figure 1)
affords an ideal in vitro model system to explore the
nature of DNA–DNA interactions and DNA compaction
on a surface. The existence of distinct states of DNA
compaction is, of course, vital to the functions of viruses,
bacteria and eucaryotic cells. The more compact states
enable the efficient packing of genomic DNA within the
small confines of the eukaryotic nucleus, the bacterial
cytoplasm and viral capsids. Equally important are the less
compact states of DNA required during much of the life
cycle to allow proteins access to the DNA template for
a multitude of biological tasks (e.g. gene regulation,
transcription, replication). The biologically relevant
DNA-condensing agents in vivo include cationic proteins
(e.g. histones) and polyamines, such as spermidine and
spermine, with sufficiently high valence (Z ≥ 3) [41]. In
bacteria, polyamine molecules such as spermine (+4)
and spermidine (+3) are known to be critical to DNA
compaction [41]. There have been a number of theoretical
[42] and experimental studies aimed at elucidating the
fundamental physical mechanisms responsible for DNA
condensation. Experimental studies done in vitro have
found that DNA condensation from bulk solution is
critically dependent on the valence of the counterion and
that a valence of three or more is required in order to over-
come the inherently large electrostatic repulsive barrier
between the like-charged polyelectrolytes [18]. Furthermore,
experiments show that counterions with Z = 2 simply
screen the electrostatic repulsions, but do not lead to
DNA collapse.

The spatial dimension available to DNA plays a key role
in the interactions between chains. DNA chains adsorbed
onto a cationic membrane are found to undergo a collapse
transition in the presence of simple divalent cationic
biological salts, such as Ca2+, Mg2+ and Mn2+. Synchrotron
XRD shows that the collapsed phase consists of DNA
chains electrostatically tethered by divalent counterions in
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2D [43]. This is seen in Figure 7, which is a plot of the
variation dDNA(M) for four different divalent cations. In the
uncondensed phase, the DNA spacing, which is fixed at
dDNA = 47 ± 0.5 Å (ΦDOPC = 0.6), remains constant inde-
pendent of the ion type until a critical salt concentration,
M*. Above M*, the 1D lattice of DNA chains condenses to
a state in which the surfaces of DNA chains are separated
by a distance on the order of the divalent cation diameter.

This distance (dDNA = 29 ± 0.4 Å) is independent of the
ionic species, with the exception of Mn2+, which causes
condensation to dDNA = 27.3 Å, which is about 2 Å smaller
than the other divalent ions. The trapped counterions form
a novel 1D liquid between the chains at a density of 0.63
ions/DNA base pair. Thus, with increasing divalent salt
concentration M, the Lα

C complexes undergo a transition
between the two states depicted in Figure 8. At low salt
concentrations, M < M*, the DNA spacing is set by the
membrane charge density and the divalent salt ions diffuse
freely within the complex (Figure 8 left). At a critical salt
concentration, M = M*, the surface-confined DNA under-
goes a sharp transition into a state with DNA helices
separated by the ionic diameter of the divalent ions (Figure
8 right). This state represents the most compact state of
DNA on a surface in vitro and suggests applications in
the high-density storage of genetic information and
organometallic materials processing.

These observations suggest that simple divalent electrolytes
may play a critical role in controlling the extent of 
compaction of genomic nucleic acid, for example, in 
rod-shaped viruses, in which the genome is adsorbed onto
a curved cationic protein-based surface. Furthermore, the
observed enhanced counterion-mediated attractive forces
leading to DNA condensation for Z = 2 in 2D may act
between any like-charged macromolecules, such as
cytoskeletal fibers or charged polypeptides adsorbed onto
or near surfaces in vivo.

Figure 7

Variation of the DNA–DNA spacing, dDNA, of the Lα
C complex with

increasing concentrations of four different divalent salts. The sharp
transition between uncondensed and condensed phases of DNA is
evident. See text for further details. Adapted from [43].
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Schematic illustration of the Lα
C complex structure variation during the DNA condensation transition in 2D. During the transition, the spacing between

the DNA double helices rapidly decreases to a separation on the order of the diameter of the condensing ions (shown as red spheres). M is the molar
concentration of the condensing ions. M* is the value of the molar concentration at which the DNA condensation transition occurs.
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Future directions
A major goal of research on CL–DNA complexes is to
elucidate the key parameters resulting in the different
CL–DNA complex structures and to establish the correlation
between the different structures and transfection efficiency.
It is known that transfection efficiency, mediated by
mixtures of cationic lipids and neutral ‘helper-lipids’,
varies widely and unpredictably. The choice of helper-lipid
has been empirically established to be important; for
example, many papers report that transfection is believed
to be significantly more efficient in mixtures of the
cationic lipid DOTAP and the neutral helper-lipid
DOPE than in mixtures of DOTAP and the similar
helper-lipid DOPC. From XRD work, we know that
DOTAP/DOPC–λ-DNA complexes form the multilamellar
Lα

C structure (Figure 1). The work described in this review
shows that DOTAP/DOPE–λ-DNA complexes may also
form the distinctly different self-assembled inverted
hexagonal HII

C structure.

The data represent one example of a correlation between
the self-assembled structure of CL–DNA complexes and
the transfection efficiency of this particular concentration
regime in DOTAP/DOPE and DOTAP/DOPC complexes:
the empirically established, more transfectant DOPE-
containing complexes in mammalian cell culture exhibit
the HII

C structure, rather than the Lα
C structure found in

DOPC-containing complexes. What makes the HII
C structure

more transfectant than the Lα
C structure? Recent fluorescent

optical microscopy in cell culture medium for both a high
transfectant complex (DOTAP/DOPE, 72% DOPE) and a
low transfectant complex (DOTAP/DOPC, 72% DOPC)
shows two distinct interactions between these two types of
complexes and mouse fibroblast L-cells [44]. The images
reveal a most likely origin for why the different structures
transfect cells with varying efficiency: in contrast to Lα

C

complexes, which remain stable inside cells, HII
C complexes

show fusion of their lipids with the mouse cell membranes
(e.g. endosomal and plasma membranes), which results
in DNA release. I caution that I believe that highly trans-
fectant Lα

C complexes may be designed in certain
concentration regimes.

Clearly, much work remains before we have a complete
understanding of the various possible self-assembled
structures of CL–DNA complexes and an understanding,
at the molecular and self-assembled levels, of all of the
critical parameters that control the different structures.
Even more work will be required to relate the structures to
biological function, namely, the interactions of CL–DNA
complexes with cellular components inside animal cells
that lead to gene release and expression. For example,
recent work that studied the interactions between CLs and
filamentous actin (an abundant anionic cell protein)
in vitro showed that CL–filamentous actin complexes may
spontaneously assemble into multilamellar tubules [45].
Thus, actin may remove CLs from CL–DNA complexes
and facilitate DNA release from complexes in cells in vivo.

The broad, long-term objective of this research is to develop
a fundamental science base that will lead to the design and
synthesis of optimal nonviral carriers of DNA for gene
therapy and disease control. Simultaneously, a major
long-term objective is to improve the efficiency of delivering
large pieces of DNA containing important human genes
and their regulatory sequences (> 100 kbp), which, at pre-
sent, can only be achieved with synthetic vectors. The
structure/function data obtained from the research should
allow us to begin the formidable task of the rational design
of these self assemblies for enhanced gene delivery
applications from the ground up, beginning with the
chemical structure of the lipids and the correct compositions
of mixtures, including the functional plasmid.
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