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Abstract — We study the effect of the soft confinement by fluid lipid bilayers on the spatial

organisation

of DNA molecules in a DNA-zwitterionic lipid hydrated lamellar complex. The

confinement is increased by dehydrating the complex in a controlled way, which leads to a decrease
of the water channel thickness separating the periodically stacked bilayers. Using grazing-incidence
small-angle X-ray scattering on an oriented thin film, we probe in situ as dehydration proceeds
the structure of the DNA-lipid complex. A structural phase transition is evidenced, where an
apparently disordered phase of DNA rods embedded within the one-dimensionally ordered lipid
lamellar phase observed at high hydration is replaced by a 2D hexagonal structure of DNA

molecules intercalated between the lipid bilayers.

Copyright © EPLA, 2010

Introduction. — The design of new materials based
on the manipulation of molecular or atomic ordering has
stimulated the investigation on confinement effects, both
experimentally [1-6] and theoretically [7—10]. At molecular
level, the confinement of a simple fluid induces ordering
and also a reduction in the number of nearest-neighbour
molecules, leading to changes in the phase behaviour of the
fluid. Computer simulations or phenomenological models
have been applied to study simple confined fluids however,
from an experimental point of view, soft materials such
as colloids and mixtures of polymers are more attractive
model systems [11,12] since the strength and the range of
effective interactions can be varied over a wide range.

The lamellar phase, formed by regularly stacked surfac-
tant bilayers separated by solvent layers, has been used
as a template to prepare composite materials, by insert-
ing colloidal particles or polymers into the solvent (usually
water) layers [13-22]. A soft confinement can be imposed
to the particles, either by changing the bilayer rigidity or
the bilayer separation, allowing the control of physi-
cal properties of the composite. Interactions of biomole-
cules and lamellar phases formed by lipids have been
intensively studied in the last years as model systems
to investigate many biological processes [23,24]. In this
context, complexes formed by lipids and DNA, preferably

concentrated ones in view of transfection applications,
have been actively studied, revealing a rich polymorphism
and a variety of structures [17,25-34]. Complexation of
DNA with lipids can be mediated by electrostatic interac-
tions —usually, either by divalent cations [26,28,30,33] or
by adding cationic lipids to the membrane [17,25,31,32,34].
As proposed theoretically [35], complexation could also
be mediated by an entropic mechanism, and complexes
formed without the aid of divalent cations or cationic lipids
have indeed been experimentally reported at moderate
concentrations [27,29].

Double-stranded DNA is a semiflexible polyelectrolyte
that can be intercalated between the lipid bilayers in differ-
ent spatial organisations, depending on composition of the
membrane and temperature, including a 2D analogue of
the nematic phase —with orientational in-plane order—
and a columnar mesophase —with out-of-plane positional
ordering [29,36-38]. The transition from a 2D nematic to
a columnar phase has been observed in different systems,
related to a transition in the lipid organisation from a fluid
L, lamellar phase to a gel Lg phase [28,31,34,37].

We investigate the effect of the soft confinement by
fluid lipid bilayers on the spatial organisation of DNA
molecules in a DNA-zwitterionic lipid complex in water.
The confinement is increased by decreasing the water
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content in a controlled way, which amounts to reducing
the separation between adjacent bilayers. Using grazing-
incidence small-angle X-ray scattering on an oriented
thin supported film, we follow in situ the structure as
dehydration proceeds. A structural phase transition is
evidenced, where the high-dilution, disordered or possibly
2D nematic, phase of DNA rods loosely confined by the
lipid bilayers is replaced by a significantly more concen-
trated 2D hexagonal structure of DNA molecules inter-
calated between lipid bilayers, themselves still forming a
fluid L, lamellar phase.

Materials and methods. — The host system for DNA
is prepared by adding pure water to a mixture of a zwitter-
ionic lipid (soya lecithin—phosphatidylcholine headgroup
or PC) and a non-ionic co-surfactant (simulsol), with the
PC/simulsol mass ratio kept constant and equal to 7/3.
As evidenced by polarised light microscopy and small-
angle X-ray scattering, a lamellar structure of periodically
stacked bilayers is obtained at room temperature up to the
dilution limit (water volume fraction) ¢, = 0.60. While
varying the water content from ¢,, =0.25 to the dilution
limit, the period of the lamellar stack (D) increases from
4.8nm to 9.2nm, and follows the usual one-dimensional
swelling law D = 6/(1 — ¢,,). This leads to a bilayer thick-
ness 6 of ca. 3.6nm. An estimate for the height of the
water channels is therefore given by d¢,, /(1 — ¢w).

DNA fragments prepared by sonicating calf thymus
DNA are then added to the host lamellar phase. The
ultra-sound treatment (followed by the intercalation of the
fluorescent dye Y3601-Invitrogen, Carlsbad, USA) leads
to DNA pieces of ca. 150 base pairs, or a contour length L
around 50 nm, i.e. the DNA persistence length: the DNA
molecules are thus appropriately described as rods, with
a diameter taken to be 2.4nm. In the present study, the
initial sample composition (volume fraction) is chosen to
be ¢, =0.319, ¢pna =0.074 and ¢yp = 0.607, the latter
value lumping together the lipid and co-surfactant with
PC/simulsol = 7/3. Upon hydrating or dehydrating the
sample (“dilution line”), the lipid-to-DNA volume ratio,
namely p=28.2, keeps a constant value as long as the
sample remains a single phase. After a thorough mixing
of the components, the sample is left to settle at room
temperature for 2 months. Visual inspection suggests a
macroscopically homogeneous sample, which is confirmed
by polarised light (fig. 1la) and fluorescence (fig. 1b)
microscopy observations. As evidenced by the typical
texture displayed in fig. 1a, the sample is a lamellar phase.

In order to vary the hydration state of the DNA-
lipid complex, we are using a home-made humidity and
temperature control device specially designed for grazing-
incidence small-angle X-ray scattering. Our device is
derived from the design described by Pieranski [39], with
a sample stage at temperature Ts = 35°C above a water
reservoir at a variable temperature T,,, both enclosed
in an air-tight chamber. Two windows covered with
Kapton foils allow the incident, reflected and scattered

(b)

Fig. 1: (Colour on-line) Polarised light a), and fluorescence b)
microscopy pictures of the initial state namely, a homogeneous
lamellar phase, of the DNA-lipid complex in water —¢,, =
0.319, ¢1ip = 0.607, ¢ppna = 0.074. Scale bar: 10 pm.

beams to enter or exit the device. When T, is set
equal to Ty, a 100 % relative-humidity state is reached
at equilibrium in the chamber atmosphere. The water
temperature may then be set to a value below T, which
results in sample dehydration at a rate depending on (and
actually increasing with) the difference T — Ty,.

For the X-ray scattering experiment, the sample is
deposited onto a standard glass slide (thickness of about
1mm) as used for optical microscopy and, in order to
form a thin film, manually scraped against it with another
glass slide submitted to a gentle pressure. The procedure
does of course not allow to precisely tune the film thick-
ness: it may typically range from a few micrometres to
a few ten micrometres, with observable variations across
the ca. 1cm? film area. Once prepared, the supported
film is rapidly inserted into the humidity chamber with
temperature controls set for a 100 % relative humidity.
Owing to the above-described experimental constraints,
the hydration state of the DNA-lipid complex immedi-
ately after film preparation is not precisely known, unfor-
tunately. However, when the film arrives at equilibrium in
the humidity chamber, the dilution limit is reached.

The beam line geometry (GMT instrument, BM32
at ESRF, Grenoble, France) is the one appropriate for
grazing-incidence small-angle X-ray scattering. The inci-
dence of the beam with respect to the nearly horizontal
film is controlled by a goniometer with its horizontal axis x
perpendicular to the incident X-rays. The specular reflec-
tion deflects the beam by an angle 20. The projection
of the-nearly vertical-stacking axis in the detector plane
defines axis z. The azimuthal coordinate in the detector
plane is x (see footnote !).

IThe detector we use is a thermoelectrically cooled CCD camera
(Princeton instrument, 1242 x 1152 pixels), borne by a goniometer
moving in the vertical plane, 1146 mm from the sample. The
wavelength of the monochromatic beam is set to A =0.103 nm. The
beam imprint onto the film is defined by slits (0.5 mm horizontal,
0.025 mm vertical). It varies with the incidence of the X-ray beam.
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Fig. 2: (Colour on-line) Left: merged spectra obtained for
three distinct grazing incidences on a homeotropically oriented
lamellar DNA-lipid complex at high hydration, with Bragg
reflections along axis z. Reciprocal space spanned: 0.5 < ¢, <
54nm ! and —1.2 < ¢, <1.2nm~!. Right: azimuthally aver-
aged scattered intensity as a function of the wave vector modu-
lus q, exhibiting 6 Bragg peaks —the hump on the left of the
first-order Bragg peak comes from the specular reflection. Inset:
variation of the azimuthal intensity, radially averaged along x
in a thin corona centred around the first-order Bragg position.

Figure 2 displays the scattering data taken while the
film is being hydrated in the humidity chamber. This
snapshot indicates that the supported film is fairly well
oriented with the stacking axis of the lamellae normal
to the glass slide (homeotropic orientation) since the
diffracted intensity appears as regularly spaced Bragg
spots localised along the vertical axis z. The azimuthally
averaged scattered intensity is displayed as a function of
the modulus ¢ of the scattering wave vector in the right
part of fig. 2, with up to 6 diffraction orders in the ratio
1:2:3:4:5:6 as expected for a one-dimensional periodic
structure. The inset in the same fig. 2 corresponds to
the radially averaged intensity at the position of the
first-order Bragg peak: the narrow width of the line
(FWHM 5.4 deg) confirms that the orientation of the film
is indeed quite good.

While the film is being hydrated in the humidity
chamber set for a 100 % relative humidity, a few spectra
are recorded to follow quantitatively the swelling of the
structure. The lamellar stacking period D as a function
of time is displayed in fig. 3. The sample continuously
swells in ca. 3 hours to reach D =8.95nm (asymptotic
fitted value). The swelling limit expected for a DNA-free
lamellar phase with the same bilayer composition (for bulk
samples in capillaries) is D =9.2nm, implying that the
sample is very close —but not yet at— full hydration.

Results. — The main results to be discussed here are
obtained as the settings of the humidity control device
are changed in order to start slowly dehydrating the fully
swollen sample?.

2The total duration of the dehydration step being about 30 hours,
much longer than the acquisition time (1-10s) of a given spectrum,
we assume that each spectrum is characteristic of the instantaneous
(quasi) equilibrium structure of the DNA-lipid hydrated complex.
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Fig. 3: Smectic period D of the lamellar phase as a function of
time. The DNA-lipid film continuously swells up to 8.9 nm, i.e.
close to the swelling limit expected for the DNA-free lamellar
phase. The line corresponds to a single-exponential relaxation,
with characteristic time 7= 3.57 x 10%s.
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Fig. 4: Wave vector values of the Bragg peaks as a function
of time while the DNA-lipid film is being continuously dehy-
drated. The two vertical lines mark the boundaries between
three domains, see text for details.

The plot in fig. 4 displays as a function of time the
locations in reciprocal space of all the peaks (or significant
shoulders) observed in azimuthally averaged spectra, i.e.
irrespective of their on-axis (along z) or off-axis position.
Three distinct domains may be identified from the data,
with boundaries reported as two vertical lines in fig. 4.

In domain I, there is no off-axis scattering observable
in the experimentally accessible range of reciprocal space.
The spectra, very similar to the one displayed in fig. 2,
have a clear one-dimensional character and are broadly
consistent with a simple, gradually more confined lamellar
structure. The stacking period decreases from D = 8.95 nm
for the more hydrated sample to 7.67 nm at the boundary
with the next domain.

In domain III, the observed Bragg spots (including
a /21 peak, clearly distinct in the long-time limit, see
fig. 5) are easily indexed as corresponding to a 2D hexa-
gonal structure, with a lattice parameter first significantly
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Fig. 5: Top: azimuthally averaged spectrum, characteristic of
the later stage of domain ITI, where a 2D hexagonal structure is
found. Bottom: radially averaged spectra, at the two positions
V3qo and v/7qo, exhibiting the expected off-axis peaks at
x = £30deg and x = +19 deg, respectively.

Fig. 6: X-ray scattering pattern representative of the complex
spectra observed in the later part of domain II. The DNA-lipid
film remains oriented with respect to the beam line axes and
exhibits well defined off-axis diffraction peaks.

decreasing as time proceeds, nearly constant later and
equal to a =6.18 nm.

Figure 5 also indicates that the off-axis signal, when
observable, is nicely consistent with the 2D hexagonal
structural identification. The supported film thus remains
oriented across the transition form the 1D lamellar to the
2D columnar mesophase.

The intermediate domain II is not so easily described,
however, as many distinct peaks and shoulders without
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Fig. 7: (Colour on-line) Schematic representations of a) 2D
isotropic DNA order inside the lamellar phase, or b) 2D
nematic DNA order.

an obvious indexation are observed in the azimuthally-
averaged spectra. No off-axis signal is observable in the
earlier part of domain II but, as displayed in fig. 6, off-
axis Bragg spots clearly appear at later stages. Some of the
peaks may be assigned to a lamellar structure in the earlier
part of domain IT and, similarly for the later part, other
peaks are assigned to a 2D hexagonal structure. We have
not found a wholly consistent description of the observed
spectra in terms of a simple coexistence of the two above-
mentioned structures as the limited quality of the film
orientation prevents us from assigning unambiguously off-
axis peaks in the central part of domain II.

Interpretation. — The observed spectra in domain I
are compatible with two distinct types of order for the
DNA rods embedded in a lamellar host phase, either a 2D
nematic or an isotropic phase, see fig. 7 for a schematic
representation of these structural models.

In both models, the long axes of the DNA rods are
perpendicular to the stacking axis of the bilayers owing to
confinement —the water channel height is much smaller
than the rod length. DNA axes remain isotropically
distributed in planes parallel to the average bilayer plane
for the (2D) isotropic model (fig. 7a), whereas they are on
average parallel to a common axis in the 2D nematic model
(fig. 7b). Note however that the direction of the common
axis is not maintained along the lamellar stacking axis.
These structural differences lead in principle to different
scattering features: in the grazing incidence geometry,
with the lamellae nearly parallel to the incident beam,
the positional correlations between nearby DNA rods
within a given water channel are expected to give rise to
intensity maxima in the horizontal plane, roughly located
at the reciprocal of the mean distance between adjacent
DNA molecules. In the 2D isotropic model, where the
water-DNA solution has to be dilute, the correlations are
weak and the mean distance large. In the 2D nematic
model, and only for such water channels that happen to
have the nematic director parallel to the incident beam,
correlations are much stronger and the mean distance
is smaller. In any case, however, the reciprocal space
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Fig. 8: (Colour on-line) Schematic representations of a) 2D
hexagonal DNA assembly within the lipid lamellar phase, or
b) inverted hexagonal lipid phase, with water cylinders coaxial
to DNA molecules.

region where the scattering signature of the correlations
is expected to be found —mnamely, at or close to the
horizontal axis— is not experimentally accessible because
it is “below the horizon”, in other words shadowed by the
(slightly) tilted glass slide supporting the oriented film.
Therefore, there is no direct way here to discriminate
between the two structural models. That is the reason
why we prepared another sample with p = 8.4 similar to
the initial sample (p=2_8.2), adjusting the water content
to reach a stacking period D of 7.61 nm, i.e. close to the
values observed near the end of domain I (D =7.67 nm).
The powder X-ray scattering pattern recorded with a
standard small-angle camera (data not shown) does not
yield the characteristic features of nematic correlations
within the water channels [29].

The spectra in domain III, characteristic of a 2D hexa-
gonal symmetry, may correspond to different organisations
of DNA and lipid components at the molecular level,
with either a 2D hexagonal assembly of the DNA rods
embedded within the lamellar structure of the lipid bilayer
(fig. 8a), or an inverted hexagonal phase of lipids with
the DNA rods fitting into the water cylindrical channels
(fig. 8b).

As far as the Bragg peak locations are concerned, the
scattering features of the two models are identical. Only
minute differences are expected in diffuse scattering, origi-
nating in the form factor differences between a water
cylinder and a water platelet. In order to nevertheless
discriminate between the two models, we take advantage
of their large texture differences —oily streak wvs. fan-
shape textures [40]— usually observed in polarising opti-
cal microscopy. We prepared with the same initial sample
another supported thin film left dehydrating in the humid-
ity control device. The picture displayed in fig. 9, with an
oily streak texture typical for a lamellar phase, definitely
supports our interpretation that the structure consists in
a 2D hexagonal DNA assembly embedded inside the water
channels of a lamellar phase of lipid bilayers.

As the stacking period of the lamellar phase D, deduced
from the equation D =a+/3/2, is D =5.35nm, the corre-
sponding water channel thickness evaluates to D —¢§ =
1.75nm, i.e. a value less than the DNA diameter. In this

Fig. 9: Lamellar texture of the dried supported film as observed
with polarised light microscopy. Scale bar: 10 pm.

strongly confined DNA-lipid complex, the lipid bilayers
are thus distorted, an effect already observed in a similar
context [28].

Discussion and conclusion. — We describe a new
structural organisation in a highly dehydrated DNA-
lipid complex, where DNA rods form a 2D hexagonal
structure that intercalates in between the lipid bilayers
of a lamellar structure. Though other two-dimensionally
ordered DNA-lipid hydrated complexes have previously
been found, where either the lamellar lipid structure was
associated to a centred-rectangular DNA assembly, or
both lipids and DNA displayed hexagonal order, such a
2D hexagonal (DNA)-lamellar (lipids) structure is here
observed for the first time. In contrast with other studies
where the DNA-lipid complexes are prepared in excess
water, we control the amount of water present in the
system, and dehydrate the complex significantly below its
swelling limit. This amounts to varying the confinement
of the DNA molecules by the lipid bilayers, acting as soft
“walls”. The replacement of the dilute DNA-lipid, possibly
2D nematic, complex by one with the 2D hexagonal
symmetry, though still displaying the lamellar structure
for the lipid component may thus be seen as a confinement-
induced structural transition.

It is important to note that the confining lipid “walls”
are truly soft: we have checked, using wide-angle X-ray
scattering on powder samples with similar compositions,
that the lipids are self-assembled in liquid (L,,) bilayers, as
indicated by the presence of the broad line at ca. 15nm~!
(data not shown), characteristic of the disordered state of
the lipid hydrophobic tails [41].

Our system appears to be original and well suited to
the study of confinement effects in DNA-lipid, and possi-
bly other, hydrated complexes. This opens new perspec-
tives in the quest for the theoretically described “sliding
phase”, with a kind of order intermediate between the 2D
nematic within lamellar and 2D crystalline within lamel-
lar orders [38]. The detailed mechanism of the DNA-lipid
complex formation remains somehow elusive, however,
as electrostatic complexation is not the obvious candi-
date, and more theory, extending to concentrated phases
the Flory approach discussed in ref. [35] for instance,
would be desirable. Still, the experimental constraints of
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grazing incidence small-angle scattering turn into advan-
tages as far as sample orientation and hydration are
concerned. Similar humidity control devices may be used
for complementing the present structural approach by
studying the phase transitions with optical microscopy, as
well as the dynamic properties of the DNA rods in oriented
samples with various levels of confinement using fluores-
cence recovery after photo-bleaching. The latter investiga-
tions are currently under progress.
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