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Abstract. – We report the first observation of an inverted hexagonal phase of phospholipid-
DNA-metal complexes. These ternary complexes are formed in a self-assembled manner when
water solutions of neutral lipid dioleoylphosphatidylethanolamine (DOPE), DNA and divalent
metal cations (Me2+; Me = Fe, Co, Mg, Mn) are mixed, which represents a striking exam-
ple of supramolecular chemistry. The structure, derived from synchrotron X-ray diffraction,
consists of cylindrical DNA strands coated by neutral lipid monolayers and arranged on a
two-dimensional hexagonal lattice (Hc

II). Besides the fundamental aspects, DOPE-DNA-Me2+

complexes may be of great interest as efficient nonviral delivery systems in gene therapy appli-
cations because of the low inherent cytotoxicity and the potential high transfection efficiency.

Recent completion of the working draft of the human genome has convinced researchers
about the reliable possibility of using gene medicines to combat genetic diseases. It is now
well established that the development of gene therapy and genetic engineering is strictly
depending on safe and efficient gene delivery vectors. In recent years, several new strategies
have been proposed to develop nonviral transfection vectors of DNA for gene therapy. In
particular, the condensed complexes between cationic lipids (CLs) and DNA, also known as
lipoplexes, have been tested as vehicles for the delivery of DNA into cells, both in vitro [1]
and in vivo [2–4]. The plain advantages shown by lipoplexes include robust manufacture,
ease in handling and preparation techniques, low toxicity, ability to link large pieces of DNA
and to act as efficient chemical carriers of extracellular DNA across outer cell membranes
and nuclear membranes (transfection). A number of studies have shown the existence of a
strong correlation between self-assembled structure of CL-DNA complexes and transfection
efficiency. Detailed structural measurements, primarily small-angle X-ray scattering (SAXS),
freeze-fracture electron microscopy, and cryo-transmission electron microscopy studies, have
revealed two major lipoplex geometries, namely lamellar Lc

α and hexagonal Hc
II [5–8]. The

preferred equilibrium geometry is dictated by a critical interplay between the surface charge
c© EDP Sciences
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density and the elastic properties of the constituent lipid bilayers [8]. It has been suggested [9],
and some evidence exists [8], that inverted hexagonal lipid phases show a higher transfection
efficiency, since they are more fusogenic and interact more strongly with the cell membranes.

Extensive effort is being addressed worldwide to the understanding of the various possible
self-assembled structures of lipid-DNA complexes. In fact, it is largely accepted that the yet
low enhancement of transfection via lipids requires a full understanding of all the possible
supramolecular structures of lipid-DNA complexes. Within this frame, our group started
recently an extended project focused on the self-assembled association of neutral liposomes
(L), DNA and divalent metal cations (Me2+) in triple L-DNA-Me2+ complexes [10–13]. The
use of neutral lipids should lead to complexes that exhibit lower inherent cytotoxicity than
CLs [13–15]. On the other hand, addition of metal cations leads to the formation of complexes
that are more stable than binary L-DNA complexes and exhibit higher DNA encapsulation ra-
tios [13,16,17]. The structural and morphological studies of mixtures of dioleoylphosphatidyl-
choline (DOPC), DNA and Me2+ (Me = Mn, Mg, Co, Fe) ions in water solutions have shown
the formation of self-assembled DOPC-DNA-Me2+ complexes that exhibit the lamellar sym-
metry of the liquid-crystalline Lα phase [10]. Their structure consists of smectic-like arrays of
stacked lipid bilayers with monolayers of DNA molecules intercalated within the intervening
water gaps. The experimental results evidenced that the complex formation is promoted by
the action of the metal cations that bind the polar heads of DOPC to the negatively charged
phosphate groups of DNA, thus showing that neutral liposomes in the presence of metal
ions behave similarly to CLs. The formation of such complexes highlights one of the unique
properties of lipid membranes, namely, their being self-assembled two-dimensional (2D) fluid
mixtures, flexible with respect to curvature deformations.

To test whether the fusogenic action of the metal cations is equally active in promoting and
stabilizing triple complexes L-DNA-Me2+ from different neutral lipids, we have carried out a
SAXS structural study of mixtures of dioleoylphosphatidylethanolamine (DOPE), DNA and
divalent metal cations in water solution. In this letter we report the results of this study which
provided the first experimental observation of an inverted hexagonal phase of DOPE-DNA-
Me2+ complexes. It is known that the equilibrium phase of pure DOPE in excess water shows
an inverted hexagonal phase, HII , whose structure elements are infinitely long rigid rods,
all identical and crystallographically equivalent, regularly packed in a 2D hexagonal lattice.
The cylinders are filled by water and are dispersed in the continuous medium constituted
by hydrocarbon chains, whereas the polar groups are located at the water-hydrocarbon chain
interface. Our study demonstrates the self-assembled formation of ternary DOPE-DNA-Me2+

complexes from water mixtures of the three components, revealing a novel inverted-hexagonal
structure in which the DNA strands fill the water space inside the cylinders of pure DOPE
and the metal cations stabilize the structure by binding the DOPE polar headgroups to the
phosphate groups of DNA.

DOPE, DNA from calf thymus (bp = 2675, contour length ≈ 0.9µm) and metal ions
Mn2+, Mg2+, Co2+, Fe2+ as chloride were purchased from Avanti Polar Lipids. Solutions
of DNA, DOPE and metal ions were prepared in 4-(2-hydroxyl)piperazine-1-ethanesulphonic
acid (HEPES) buffer (20mM, pH = 7.2). DOPE was first dissolved in chloroform, the solvent
was removed under a stream of nitrogen and then vacuum desiccated for two hours in order to
remove any trace of solvent. The lipid was hydrated in excess of HEPES solution. The triple
DOPE-DNA-Me2+ complexes were prepared by adding equal volumes of DOPE (1.75mM),
DNA (2.4mM) and the metal ion (7mM) solutions at 3 : 4 : 12 molar ratio. SAXS mea-
surements were carried out at the high-brilliance beamline ID2 at the European Synchrotron
Radiation Facility (Grenoble, France). The wavelength of the incident beam was λ = 0.995 Å
(12.5 keV), the beam size was 100µm and the sample-to-detector distance was 1.2m. The
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Fig. 1 – SAXS pattern of DOPE in excess water at c = 0.14% (symbols are experimental data). The
integers in parentheses are Miller indices (hk). The inset shows a view of the higher-q region on an
expanded vertical scale. The dashed line is the nonlinear background and the full lines show the
fitting functions.

Fig. 2 – The electron density profile of DOPE along the [10] direction of the unit cell. The origin
corresponds to the center of the water core.

diffraction patterns were collected by a 2D CCD detector. We investigated the q range from
0.04 Å−1 to 0.5 Å−1 with a resolution of 8 × 10−3 Å−1 (FWHM). The sample was held in a
1mm size quartz capillary. Measurements were performed at room temperature, after five
hours of incubation time. To avoid radiation damage, a maximum exposure time of 6 s/frame
was used for any given sample, a satisfactory statistics being reached by repeating several
measurements on fresh samples. The collected 2D powder diffraction spectra were angularly
integrated to get 1D intensity vs. q patterns. These data were then corrected for the empty
sample holder and HEPES bulk solution. In order to calculate the electron density map of
DOPE in the HII phase, the integrated intensities of the diffraction peaks were determined
by fitting the data with series of Pearson IV functions using a nonlinear baseline. The Lorentz
correction was performed by multiplying each integrated intensity by sin θ and the intensities
were then calibrated by dividing by the multiplicity of the reflection [18, 19]. The square
root of the corrected peak was finally used to determine the modulus of the form factor F of
each respective reflection. The electron density profile within the unit cell was calculated by
Fourier synthesis, which for the p6 space group of our hexagonal lattice reads [20]

ρ(x, y) = 1/Ac

[
F (00)+2

{ ∞∑
h=1

Fh,0 cos(2πhx)+
∞∑

k=1

F0,k cos(2πky)

}
+

+2

{ ∞∑
h=1

∞∑
k=1

Fh,k cos(2π(hx+ky))+
∞∑

h=1

∞∑
k=1

F−h,k cos(2π(hx−ky))

}]
, (1)

where x and y are the coordinates in the unit cell, Ac is the area of the unit cell and Fh,k

is the form factor of the (hk) reflection (a real number, either positive or negative, for cen-
trosymmetric structures). The best phasing choice (+ − − + + + +) was obtained following
the phasing criteria developed by Harper et al. [18].
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Fig. 3 – SAXS pattern of the DOPE-DNA-Fe2+ complex (3 : 4 : 12). The inset shows the higher-q
region on an expanded vertical scale. The dashed line is the nonlinear background and the full lines
show the fitting functions.

Fig. 4 – The electron density profile of the DOPE-DNA-Fe2+ complex (3 : 4 : 12) along the [10]
direction of the unit cell. The origin corresponds to the center of the water core.

The study started with the structural characterization of DOPE in HEPES solution and
fig. 1 shows the room temperature (RT) SAXS pattern of DOPE in excess of water (at lipid
weight ratio c = 0.14%). Bragg peaks up to the seventh order are observed which can be
indexed perfectly on a 2D hexagonal lattice with a unit cell spacing of a = 74.4 Å, according
to the equation qhk = 4π(h2 + kh + k2)1/2

/
√
3a. This pattern corresponds to the well-known

2D columnar inverted hexagonal phase, HII , of DOPE [19]. Figure 2 shows the electron
density (ED) profile along the [10] direction, ∆ρ = ρ − 〈ρ〉, where 〈ρ〉 is the average of ρ
over the unit cell. This function gives information on the internal structure of the unit cell.
The two ED maxima correspond to the polar headgroups and the central minimum to the
hydrocarbon chain region. The distance between the centers of the density maxima gives the
phosphate-to-phosphate group distance dPP = 33.2 Å. However, this value underestimates
the steric lipid bilayer thickness, dL, because of the finite width of the headgroups [19, 21].
A more reliable value of dL was obtained by estimating the width of the headgroup, dH,
through the ED Cylindrical Modelling procedure described in ref. [19]. This calculation gave
dH = 11.0 Å, hence dL = dPP + dH = 44.2 Å and the average diameter of the water core
dw = 2Rw = a − dL = 30.2 Å.

Figure 3 shows the RT diffraction pattern of DOPE-DNA-Fe2+ complex at 3 : 4 : 12 molar
ratio (for the corresponding ED, cf. fig. 4). Two distinct sets of peaks are identified, labeled as
HII and Hc

II , which can be indexed on 2D hexagonal lattice with different unit cell spacings,
namely a = 74.5 Å and ac = 68.7 Å, respectively. The first set of peaks corresponds to the
HII phase of pure DOPE, whereas the second set is consistent with the 2D columnar inverted
hexagonal structure shown in fig. 5, which we refer to as the Hc

II phase of phospholipid-
DNA-Me2+ complexes, where the DNA strands are surrounded by a lipid monolayer, with the
DNA-lipid inverted cylindrical micelles arranged on a hexagonal lattice. The hexagonal phase
of the complex was confirmed by the freeze-fracture electron microscopy (FF-EM) analysis.
As an example, fig. 6 shows the FF-micrograph of DOPE-DNA-Fe2+ (3 : 4 : 12) where
the striation pattern (due to elongated cylinders) typical of hexagonal lipid structures is
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Fig. 5 – Cross-section of the Hc
II phase of DOPE-DNA-Me2+ complexes. The unit cell of the hexagonal

lattice is also shown.

Fig. 6 – Freeze-Fracture micrograph of DOPE-DNA-Fe2+ complex, the striation pattern is character-
istic in hexagonal lipid structures.

apparent. The structure of the Hc
II phase resembles that of the HII phase of pure DOPE

in excess water, with the water space inside the lipid micelle filled by DNA. The presence of
Bragg peaks up to the seventh order indicates a high degree of regularity of the structure.
The relative suppression of the (11) and (20) peak intensities compared with that in the
HII phase of the DOPE is the diffraction signature of the greater electron density of DNA
with respect to water. This is confirmed by the electron density profile of the Hc

II phase
along the [10] direction, shown in fig. 4. The two shoulders observed at x/ac

∼= 0.26 and
x/ac

∼= 0.73 correspond to the phosphorus and may be used to localize the centers of the
polar headgroups. From the structural data of fig. 5 and following the procedure previously
described for pure DOPE, we could estimate dPP = 32.6 Å, dL = 43.6 Å, hence the water
layer thickness dw = 2Rw = ac − dL = 25.1 Å. This value is large enough to accommodate
a double-stranded DNA molecule surrounded by one hydration layer [22]. The simultaneous
presence of the two sets of peaks in the diffraction pattern indicates coexistence of the HII

and of pure DOPE and DOPE-DNA-Fe2+ complex, respectively. The structure of fig. 5 is
similar to that observed in CL-DNA complexes containing DOPE [8]. There, the cylindrical
concentric geometry allowed neutralization of the DNA charges by the cationic surface charges
through direct electrostatic interactions. Unlike cationic lipoplexes, in our complexes DNA-
DOPE interactions are mediated by the bivalent metal cations. There are two possibilities for
DOPE-DNA-Me2+ binding. The first option is for the metal cation to bridge the phosphate on
the lipid headgroup (mainly oriented with the phosphate closest to the lipid/water interface)
with a phosphate on DNA. The second option consists in a neutralization between the bivalent
cation and two phosphate groups in two different DOPE units followed by a reorientation of the
DOPE headgroups with the positively charged amine pointing toward the DNA. In the latter
case, the metal and the lipid should form a new bridging unit and acquire cationic properties
as postulated for the complex DPPC-DNA-Ca2+ [9]. The situation is different in the case
of DOPE, because different ionic structures can be obtained depending on pH. Considering
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Fig. 7 – SAXS pattern showing the coexistence of the DOPE and DOPE-DNA-Mn2+ structures
(3 : 4 : 12).

Fig. 8 – SAXS pattern of the DOPE-DNA-Co2+ complex (3 : 4 : 12) after long incubation time (48 h).

that ethanolamine shows a pKa = 9.5, one should assume that DOPE at pH = 7.5 is in the
negative form; this means that metal cations must bridge the negative phosphate of DNA
and of DOPE to allow complexation. In consequence, the resulting interaction is of the type
described in the first option. Further investigations, mainly based on measures at different
pH, are needed to eventually support this option. In the lack of more appropriate data, it
seems reasonable that the driving force for DNA-lipid complexation in the presence of metal
cations is (almost mainly) due to the release of counterion entropy upon neutralization of
DNA phosphate groups [23], also in the hypothesis that the mechanism based on negative
DOPE was operating.

Similar results were observed for the complexes with other metal cations (Co2+, Mn2+,
Mg2+). A representative example is reported in fig. 7 for the RT diffraction pattern of DOPE-
DNA-Mn2+ (3 : 4 : 12) while the full set of data will be reported elsewhere. Coexistence of
the two inverse hexagonal structures of the complex and the pure DOPE is apparent, with
lattice parameters ac = 69.3 Å and a = 74.8 Å, respectively. The lower number of higher
diffraction orders indicates a reduced degree of regularity of the structure compared to that
of the Fe2+ complex.

The relative volume concentrations of the two coexisting hexagonal structures depend on
several variables such as incubation time, temperature, water dilution and molar ratios of the
components. As an example, fig. 8 shows the RT diffraction pattern of DOPE-DNA-Co2+

(3 : 4 : 12) after very long incubation time (48 hours). Only the diffraction signature of the
Hc

II phase is observed, with ac = 70.2 Å, which means that in those conditions the process
of DNA condensation into the Hc

II phase involves the overall DOPE. A more general study
of this dependence goes beyond the purposes of the present paper and will be the subject of
future investigations.

In conclusion, we have found that water solutions of DOPE and divalent metal cations
can condense DNA into a novel inverse hexagonal structure, Hc

II , in which DNA strands
are surrounded by a lipid monolayer and the resulting DNA-lipid inverted cylindrical mi-



O. Francescangeli et al.: Evidence of an inverted hexagonal phase etc. 675

celles are regularly arranged on a 2D hexagonal lattice. This process of self-aggregation into
ternary DOPE-DNA-Me2+ complexes is driven by the release of counterion entropy upon
neutralization of the DNA phosphate groups operated by the metal cations, either directly
or indirectly. We believe that, besides the fundamental interest, the presented results may
be of interest from an applicative point of view. In fact, because of the lower inherent cyto-
toxicity of complexes based on neutral lipids and the higher intrinsic transfection efficiency
of the columnar hexagonal structure compared to the lamellar Lα structure of conventional
lipoplexes, DOPE-DNA-Me2+ complexes could find applications as efficient nontoxic DNA
vectors in gene therapy.
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