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DNA Condensation into Inverted Hexagonal Phase in
Aqueous Dispersion of Poly(Ethylene)-Functionalized
Dioleoylphosphatidylethanolamine and Metal Cations

M. Pisani’, V. Fino!, P. Bruni’, and O. Francescangeli’
!Dipartimento di Scienze e Tecnologie Chimiche and CNISM, Universita
Politecnica delle Marche, Via Brecce Bianche, Ancona, Italy
2Dipartimento di Fisica e Ingegneria dei Materiali e del Territorio and
CNISM, Universita Politecnica delle Marche, Via Brecce Bianche,
Ancona, Italy

We report the x-ray diffraction study of the structure and phase behavior of mixtures
of dioleoylphosphatidylethanolamine (DOPE) and poly(ethyleneglycol)-functiona-
lized DOPE (DOPE:PEG(350)) in aqueous dispersions of DNA and bivalent metal
cations. Characterization of the phase behaviour of DOPE /DOPE:PEG(350) mixtures
in presence of metal cations without DNA is also performed: over a definite amount of
the PEG-lipid component, a phase transition from the inverted hexagonal phase Hyy to
the bicontinuous inverted cubic phase, with space group Pn3m is induced. Moreover,
it is shown that at low concentration of PEG-lipid component, the inverted hexagonal
phase (HY) is found on adding DNA to the aqueous dispersions of DOPE /DOPE:PEG
and metal cations. This structure consists of cylindrical DNA strands coated by
neutral lipid monolayers and arranged on a two-dimensional hexagonal lattice.
The results here shown represent the first experimental evidence of a self-assembled
formation of an inverted hexagonal complex structure in aqueous dispersions of
DNA, metal cations and liposomes made of mixtures of pure and pegylated lipids.
The surface functionalization with the PEG-lipid and the evidence of the formation
of the complexes are important results in the perspective of the development of appro-
priate vectors for drug delivery and gene transfection.
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INTRODUCTION

Gene therapy is a promising technique for correcting the defective
genes responsible for disease development. The goal is to achieve the
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transfer of extracellular genetic material into somatic cells and
thereby provide therapeutic effects. The development of gene therapy
strictly depends on the availability of safe and efficient gene delivery
vectors. These vectors may be either viral or nonviral and nowadays
great progress is being made in all areas of vector technology, owing
to an improved biophysical characterisation of the whole process and
an increasing insight into the mechanisms of delivery routes. Cationic
liposomes are the most studied among synthetic vectors because of
their low levels of immunogenecity, toxicity and oncogenicity, and
the possibility of a wide range of applications joined with their simple
production. However, three major problems are still dealing with the
use of cationic liposomes: (i) lack of efficacy in in vivo transfection,
(i1) some level of cytotoxicity and (iii) weak stability of their complexes
with plasmid DNA (lipoplexes) in serum. Referring to transfection
efficiency, the search for better vectors is therefore of strategic impor-
tance [1] and most studies are presently concerned with new synthetic
liposomes.

Over the last few years our interest in the field of non viral vectors
for DNA delivery has been focused on neutral (zwitterionic) liposomes,
due in particular to the intrinsic absence of cytotoxicity. Unfortu-
nately, the lack of a positive net charge in such compounds makes
the association with DNA rather weak. More stable complexes are
obtained when neutral liposomes (L) and DNA are mixed in water
solutions of metal cations (M?"), namely Ca®", Mg?", and Mn®": in
such conditions stable ternary complexes L-DNA-M?* are easily
formed [2] in a self assembled manner. X-ray diffraction (XRD) studies
of these systems have shown different structures including lamellar
phase, in which the hydrated DNA helices are sandwiched between
the liposome bilayers [2,3], and inverted hexagonal phase, where
DNA strands are hosted inside the cavity of the hexagonal lattice of
dioleylphosphatidylethanolamine (DOPE) [4]. Recently it has been
found that the incorporation of synthetic lipids conjugated with
poly(ethyleneglycol) (PEG lipids) into liposomes makes these systems
to act as effective in vivo drug delivery agents [5]. The presence of
PEG-lipids in the vector creates a steric barrier that inhibits opsoniza-
tion and prevents the interaction of lipoplexes (lipid-DNA or amphi-
philic-DNA complexes) with serum proteins and macrophages,
therefore prolonging their circulation lifetime in blood [6,7]. Due to
the higher circulation lifetime of PEG- liposomes and the leak of the
microcirculation in solid tumors, these systems behave as efficient
anticancer drug vectors in the therapy of tumors [8-10]. In addition,
the use of DOPE, which promotes fusion and destabilizes target endo-
somal membranes, strongly favors the transfection efficiency [11].
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Based on such considerations, it is of both fundamental and applicative
interest to investigate the structure and phase behavior of lipid/
PEG-lipid mixtures. The structure of the PEG-lipid mixtures and the
formation of a steric barrier in the PEG-liposomes depend on the ability
of the lipids to self-assemble into stable bilayers: the effects of the
PEG molecular weight and of the different PEG-lipid concentrations on
the bilayer structure are still far to be fully understood [12].

In this work we report the XRD study of the structure and phase
behavior of DOPE/DOPE:PEG(350) mixtures with different amount
of the PEG-lipid fraction, in aqueous solution of bivalent metal cations
(M?") with and without DNA. At low concentrations of the PEG-lipid
component we observe the self-assembled condensation of DNA
into the inverted hexagonal structure Hj;in which the DNA strands
fill the water space inside the cylindrical cavities of the DOPE/
DOPE:PEG(350) hexagonal lattice. The release of the counterion
entropy upon the neutralization of the DNA-phosphate groups pro-
moted by the metal cations drives the self assembled formation of
the ternary DOPE/DOPE:PEG(350)-DNA-M?*" complexes and stabi-
lizes their structure by binding the DOPE/DOPE:PEG(350) polar
headgroup to the phosphate groups of DNA. This result represents
the first experimental evidence of a self-assembled formation of an
inverted hexagonal complex structure in aqueous dispersions of
DNA, metal cations and liposomes made of mixtures of pure and pegy-
lated (PEG) lipids. The fact that the hexagonal structures are more
fusogenic than the corresponding lamellar ones and that the coating
of the vector due to PEG makes the resulting object more stable on
serum, leads our synthetic systems to be particularly promising for
gene delivery applications.

EXPERIMAENTAL METHODS
Materials and Sample Preparation

1,2-Dioleoyl-sn-Glycero-3-Phosphatidylethenolamine (DOPE), 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-350] (DOPE:PEG(350)) were purchased from Avanti Polar
Lipids inc (Alabaster, USA), DNA from calf thymus and anhydrous
MnCl, and CaCly, were purchased from Sigma-Aldrich co. (Stenheim,
Germany). Lipid mixtures were suspended in 20 mM aqueous solutions
of (N-[2-hydroxyethyl]lpiperazine-N’-[ethanesulphonic acid]) (HEPES)
obtained from Sigma-Aldrich co. The DNA aqueous solution (13 mg/ml)
ml) was sonicated in order to induce a DNA fragmentation whose
length distribution, detected by gel electrophoresis, varied between
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500 and 2000 bp. All chemicals were used without further purification
and preparation of sample was performed using milliQ water. DOPE
(78 mM) and DOPE:PEG(350) lipid at variable amount (from 3 to
25% wt) were codissolved in chloroform solution and the solvent was
removed under vacuum with the Speedvac" apparatus and the residue
hydrated in HEPES buffer (pH="7.4). The aqueous suspension of
complexes were prepared mixing the DOPE-DOPE: PEG(350) lipids
mixture with the solutions of metal chloride (585 mM) and DNA
(39mM) in HEPES buffer. The samples were finally incubated over
one week at 4°C.

X-ray Diffraction
XRD measurements were carried out at the high brilliance beamline
ID02 of the European Synchrotron Radiation Facility (Grenoble,
France). The energy of the incident beam was 12.5keV (1=0.995A),
the beam size was 100 x 100 um?, and the sample-to-detector distance
was 1.2m. The 2D diffraction patterns were collected by a CCD
detector. We investigated the small angle range from g, =0.1nm !
t0 Qgmax=4nm ! with a resolution of 5x 10 >nm~' (FWHM). The
sample was held in a 1 mm-sized glass capillary. To avoid radiation
damage, each sample was exposed to radiation for mostly 3 sec/frame.
In order to calculate the electron density map of DOPE/
DOPE:PEG(350) in the Hj; phase, the integrated intensities of the
diffraction peaks were determined by fitting the data with series of
Lorentz functions using a nonlinear baseline. The Lorentz correction
was performed by multiplying each integrated intensity by sinf and
the intensities were then calibrated by dividing by the multiplicity
of the reflection [13,14]. 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 [15]

plx,y) =

F(00) + 2{ i Fj, ocos(2mhx) + i Fy,cos(2nky) }+
h=1 k=1

1

A—p o0 o0 o0 [o¢]

’ +2{ S > Fppcos2n(hx+ky))+ > > F_pp cos(Zn(hx—ky))}
h=1k=1 h=1k=1

where x and y are the coordinates in the unit cell, A, is the area of the
unit cell and F}; is the form factor of the (hk) reflection (a real
number, either positive or negative, for centrosymmetric structures).
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The best phasing choice (+ — — + + + +) was obtained following the
phasing criteria developed by Harper et al. [13].

RESULTS AND DISCUSSION

We started studying the effect of the concentration (¢) on the
mesomorphic behavior of the phospholipid in water of the DOPE:
PEG component in the DOPE/DOPE:PEG(350) mixture [16]: rep-
resentative small angle XRD patterns are shown in Figure 1. At low
concentrations of DOPE:PEG(350) (¢ <=9%) the system exhibits the
inverted hexagonal phase Hp;, as indicated by the set of Bragg peaks
that can be indexed on a 2D hexagonal lattice according to g, =
4n(h® + hk + kz)l/ %/\/3a, being a the lattice constant, gy, the measured
peak position and A, £ the Miller indices. In this phase the structure
elements are infinitely long rigid rods, all identical and crystallo-
graphically equivalent, regularly packed in a 2D hexagonal lattice.

DOPE-PEG 6%

intensity (arb. units)

DOPE-PEG 9%

DOPE-PEG 15%

. . _DOPE-PEG 25%
05 10 15 20 25 30 35

q(nrl)

FIGURE 1 Synchrotron SAXS patterns of aqueous dispersion of DOPE/
DOPE:PEG(350) mixtures at different concentration of DOPE:PEG(350)
component.
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The cylinders are water filled and are regularly dispersed in the con-
tinuous matrix constituted by hydrocarbon chains, with the polar
groups located at the water-hydrocarbon chain interface. The unit cell
spacing a varies from 72.3 A (¢c=3%) to 75.2A (c=9%), close to the
value a =74.4 A measured in pure DOPE [4]. At about ¢=9% of
DOPE:PEG(350) the intensity of the peaks corresponding to H;; phase
decrease and a new phase starts developing, associated with the grow-
ing of the two weak peaks denoted by L in Figure 1 and consistent with
a lamellar phase L, having repeat distance d =85.0 A. Such evolution
of the XRD pattern indicates the higher energy cost of the elastic bend-
ing of the lipid layers in the hexagonal phase, as the PEG concen-
tration increases. This leads to the decrease of the lipid spontaneous
curvature that eventually favours the flat bilayer structure of the
lamellar phase. Over ¢ > 9% the system moves to the micellar phase,
as shown by the growth of the broad diffuse band n the small-angle
region of the pattern.

In the next step we focused the study on the effects of metal
cations (Mn?", Ca®") on the polymorphic behaviour of DOPE/DOPE:
PEG(350) in aqueous solution. In these experiments the molar ratio
of the binary (DOPE/DOPE:PEG(350))/M?" system was fixed at 1:3.
Figure 2 shows the relevant XRD spectra collected at different concen-
trations of the PEG-lipid component, in aqueous solution of Mn?".
Between ¢ =3% and ¢ =6% we observe the hexagonal phase H;; with
unit cell parameter similar to that found in the absence of metal
cations. However, at higher concentration (9% <c¢ <15%) a remark-
able change of the pattern occurs, consistent with a transition from
inverted hexagonal to bicontinuous inverted cubic phase [16]. In fact,
the new set of Bragg peaks denoted by Q in the XRD pattern can be
indexed according to cubic structure of the Pn3m space group (spacing
ratio \/2:1/3:1/4:1/6:1/8:1/9:1/10) with lattice parameter a =139.2 A.
A similar behaviour was observed in aqueous dispersions of Ca®", with
only a slight difference in the value of the lattice parameter
a=136.2A. In this range of lipid-PEG concentration the cubic phase
Pn3m coexists with the hexagonal phase whereas at ¢=25% only
the Pn3m cubic phase is eventually observed.

These experimental findings clearly show that high concentrations
of the PEG-lipid component destabilize the inverted hexagonal phase
towards either a lamellar phase, in the absence of metal cations, either
an inverted cubic phase, in the presence of metal cations. Therefore,
to preserve the hexagonal structure (that should show better trans-
fection activities in gene therapy applications) it is necessary to
work with low concentration of the DOPE:PEG component. Following
this guideline we have finally characterized the structure of
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FIGURE 2 Synchrotron SAXS patterns of aqueous dispersion of DOPE/
DOPE:PEG(350) mixtures and Mn2* as a function of different concentration
of DOPE:PEG(350) component.

ternary DOPE/DOPE:PEG(350)-DNA-M?*" mixtures (M?"=Ca®",
Mn?", Mg?") in aqueous solution, fixing the DOPE:PEG(350) concen-
tration at 3%. Figure 3 shows the diffraction pattern obtained in the
presence of Mn?" at a 2:1:6 molar ratio L-DNA-Mn?". Two distinct sets
of peak are clearly identified, labelled as H;; and Hjj;, which can be
indexed on 2D hexagonal lattice with different unit cell, a =74.2A
and a.=68.2A, respectively. The first set of peaks corresponds to
the Hj; phase of DOPE/DOPE:PEG(350), whereas the second set is
consistent with the 2D columnar inverted hexagonal structure, which
we consider as the Hf; phase of DOPE/DOPE-PEG(35O)-DNA—Mn2+
complex, where the DNA strands fill the water gap inside the cylin-
ders of the structure of the phospholipid mixture. This hexagonal
phase is similar to the ones observed for pure DOPE and DOPE/
DOPE:PEG(350) mixture, with the difference that in the sample
under consideration the water space inside the cylinders is filled by
DNA. As previously found in the inverted hexagonal phase of the
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FIGURE 3 Synchrotron SAXS patterns of the ternary DOPE/DOPE:
PEG(350)-DNA-Mn?* mixtures in aqueous solution. The DOPE:PEG(350)
concentration is 3%.

DOPE-DNA-Fe?" complex [4], also in this case the driving force for
the lipid-DNA complexation is the release of counterion entropy upon
neutralization of the DNA phosphate-groups operated by the metal
cations in their role of bridge between the polar heads of the lipid
and the negatively charged phosphate groups of DNA.

The formation of the complex structure Hjris also confirmed by the
analysis of the electron density (ED) profiles along the [10] direction of
the unit cell (see Ref. 4, Fig. 5), calculated from the XRD data as dis-
cussed in the experimental section and shown in Figures 4A and 4B
for the uncomplexed (Hyr) and complexed (H7) structures, respectively.
The ED profile also gives information on the internal structure of the
unit cell. The two maxima of the ED profile correspond to the polar
headgroups and the central minimum corresponds to the hydrocarbon
chain region. Accordingly, the distance between the centers of the
density maxima in Figure 4 A gives the phosphate-to-phosphate group
distance d,, =39 A. However, this value underestimates the effective
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FIGURE 4 (A) Electron density profile of DOPE/DOPE:PEG(350) hexagonal
phase (Hy) and (B) DOPE/DOPE:PEG(350)-DNA-Mn?* hexagonal phase (H).
Each minimum corresponds to the center of the water core of cylinders.

steric lipid bilayer thickness, d;, because of the finite width of the
headgroups [14,15]. A more reliable value of d, is obtained by estimat-
ing the width of the headgroup, dy, through the ED Cylindrical
Modelling procedure described in Ref. [14]. For pure DOPE this
model gives dg=11A, then the estimated lipid bilayer thickness is
d;, =dpp +dyg = 50A. Accordingly, the value of the diameter of water
cylinders is here d, = 2R, = a —d;, = 24.2 A, which is smaller than
the diameter of water cylinders of pure DOPE (d, =30.2A) [4].
Concerning the Hj; phase, the ED profile of Figure 4B shows a
strong increase of the electron density in the regions corresponding
to the water cores, which is in agreement with the complex formation
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Intensity (arb. units)

MG g (ary

FIGURE 5 Synchrotron SAXS patterns of the ternary DOPE/DOPE:
PEG(350)-DNA-M2" mixtures. (A) M2" =Ca?*; (B) M?* =Mg?*. The arrows
indicate the complexed hexagonal phase (Hj).

that leads the DNA strands to fill the cylindrical water gaps with
consequent increment of the number of electrons per unit volume.
The two shoulders observed at x/a.=0.26 and x/a.=0.73 correspond
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to phosphorus and can be used to localize the centres of the polar head-
groups. From the structural data, following the same procedure pre-
viously described for the Hj; phase, we have calculated d,, = 35. 54,
dy, =46. 5A and the water diameter of the cylinders d,, =21.7 A which
appears to be convenient to accommodate a double-stranded DNA
molecule. The smaller value of d,, in the Hj; phase of this DOPE/
DOPE:PEG(350)-DNA-Mn?" complex compared to the that found in
the DOPE-DNA-Fe?" complex [4], i.e., d,, =25 A is due to the presence
in the phospholipid mixture of PEG- 11p1d and depends on the packing
constraints imposed by the hydrophilic moieties of the PEG-lipid
conjugates.

We have observed a similar behaviour in the case of DOPE/
DOPE:PEG(350)-DNA-M?* mixtures with different metal cations,
namely M?"=Mg?", Ca®" (Figs. 5(A) and (B)). In these cases, how-
ever, due to the slight differences in the lattice spacing of the two
hexagonal structures, the two sets of peaks corresponding to H;; and
Hj; are not as much resolved as in the case of DOPE/DOPE:
PEG(350)-DNA-Mn2* mixtures. This is evident in Figures 5 (A) and
(B) where the arrows indicate the positions of the unresolved peaks
corresponding to the Hj;phase.

In conclusion, this work demonstrates the formation of the triple
complex of DOPE/DOPE:PEG(350)-DNA-M?" into an inverse hexag-
onal phase Hj; when aqueous dispersions of DOPE/DOPE:PEG(350)
and metal cations condense with DNA in a self-assembly process. From
the point of view of gene therapy applications this finding could be of
help to design new structures characterized by good transfection
properties. A question still left open by this work, which represents a
strong stimulus for further developments of the research in these mate-
rials, is the evolution of structure and phase behaviour of the triple
complex as the concentration of the pegylated component in the lipid
is increased. In fact, based on the results here found for the
DOPE/DOPE:PEG(350) aqueous mixtures, the condensation of DNA
into structurally more complex structures such as the inverted cubic
phase might take place, which should represent an exciting result from
both the fundamental and the applicative point of view, in particular in
the field of pharmaceutical drug delivery and controlled drug release.
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