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Abstract: The mixtures of polyanionic DNA and zwitterionic phospholipids (ZL) have recently received much attention
because of their potential for use as vectors in gene therapy or as a template for nanostructure construction. The past
few studies on DNA-ZL system were carried out in their aqueous solutions and it was reported that a small fraction of
DNA was capable of binding to zwitterionic lipids. However, it is still not known whether, as in the aqueous state, the
DNA will be still intercalated between lipid bilayers in the bulk state. In the present study, we examined the DNA-ZL
interactions in the bulk state by investigating a binary system composing of DNA and a zwitterionic lipid, 1,2-di(cis-9-
octadecenoyl)-sn-glycero-3-phosphocholine (DOPC). The nanostructures and thermotropic phase behavior of this
system were investigated using small angle X-ray scattering (SAXS) and differential scanning calorimeter (DSC),
respectively. Our SAXS with one-dimensional correlation function results revealed that, as in the aqueous state, the
DNA/DOPC bulk mixture forms a multilamellar phase, where the DNA was confined between the DOPC lipid bilayers.
The thickness of the hydrophobic layers composed of lipids tails was greater in the DNA-DOPC mixture than in the pure
DOPC. However, interestingly, the thickness of the hydrophilic layer composed of lipid headgroups in the DNA-DOPC
mixture was same as in the pure DOPC even though in the former DNA was intercalated in this layer. Furthermore,
according to the DSC endotherms we also observe that DNA induced a significant depression of gel-to-liquid crystalline
phase transition temperature of DOPC bilayer. A thermodynamic model was presented that described the experimentally
observed morphological and thermotropic phase behavior.
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1. INTRODUCTION

Self-assembly of DNA-cationic liposome complexes
in aqueous media has drawn significant attention
largely because of their applications as nonviral vectors
in gene therapy [1-5]. Recently, interests have also
been directed toward the understandings of this type of
complexes in the bulk state due to their potential
applications as self-assembled functional materials [6-
10]. For instance, a water-insoluble and aligned DNA-
cationic lipid film has been prepared as a molecular
material which may exhibit one-dimensional electron
transfer and conduction along the DNA strands [6, 7].
Unlike the extensively studied bulk complexes of
synthetic polyelectrolytes with oppositely charged
surfactants, understanding on the structures and
physicochemical properties of DNA-cationic liposome
complexes in the bulk state is still limited, especially on
how the structure evolves from the aqueous media to
the bulk state.

Complexes formed by polyanionic DNA with cationic
liposomes have been extensively explored as a
promising gene delivery system in gene therapy [1, 2].
Cationic liposomes typically compose of a cationic lipid
(denoted by CL) and a neutral or zwitterionic lipid
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(denoted by ZL), in which the cationic lipid is mainly
responsible for binding to DNA whereas the zwitterionic
lipid enhances the membrane fusion between the
complexes with cell membranes [1, 3-5, 11-13].
According to the pioneering studies done by Safinya et
al., different zwitterionic lipids would lead to different
morphologies formed by the complexes so that the
extent of transfection efficiencies could differ [4, 5]. The
most well-known examples are that of DNA complexed
with cationic liposomes containing DOTAP and
zwitterionic DOPC which forms a multilamellar phase
having alternating DNA monolayer and a lipid bilayer,
where the DNA further arranges in an in-plane smectic
order (denoted by L© phase) [4]. However, the
complex formed by DNA with cationic liposomes
containing DOTAP and zwitterionic DOPE adopts an
inverted hexagonal phase, in which the DNA coated
with a monolyaer of lipids arranges in a hexagonal
order (denoted by Hi© phase) [5]. The transfection
experiments verified that Hy© phase has higher
transfection efficiency than L© phase [5]. Safinya's
investigations also revealed that the LGC- H”C phase
transition could be mediated by changing the
spontaneous curvatures of lipids and membrane rigidity
[5]. Since the synthetic cationic lipids are toxic to cell,
using liposomes completely composed of zwitterionic
lipids (ZL) has been progressively examined as a
promising alternative to cationic lipids [14-25].
Nevertheless owing to weak interactions, when DNA is
added into ZL aqueous solution, only a small amount of
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DNA is capable of entrapped within the ZL liposomes
[23-25]. Recently, to enhance the DNA-ZL interaction,
divalent metal cations (Mn2+) have been used to bridge
DNA and ZLs [17-22].

Despite its promising application in medicinal field,
not many studies have been carried out to explore the
morphologies formed by pure binary DNA-ZL systems
[15, 16, 24, 25]. Malghani and Yang were the first to
show using atomic force microscopy (AFM) that DNA
isotropically adsorbs on the surface of the gel-state
DPPC supported film in the aqueous NaCl solution
through electrostatic attractions [24]. Pott and Roux
studied DNA-DOPC system in which short DNA chains
(~150 bp and ~50 nm) were mixed with shear-induced
small multilamellar DOPC vesicles containing a small
amount of neutral helper surfactant in water, followed
by freeze-drying, and finally the mixture was
dehydrated to a water content around 50% [15, 16].
With the aid of synchrotron small angle X-ray scattering
(SAXS), the resultant mixture was examined as an
ordered LGC-Iike multilamellar structure, in which the
DNA sandwiched between the bilayers were arranged
in an in-plane order [15]. They also constructed a
phase diagram of the ternary DNA-DOPC-water
system, which showed that the ch-phase is the most
prominent morphology in this system within certain
composition ranges [15, 16]. Furthermore, in one of our
previous work, we investigated the binary DNA-DOPC
systems in aqueous solution by SAXS and
transmission electron microscopy (TEM). It was shown
that a small fraction of DNA could bind to DOPC
liposome, which subsequently induces the large-scale
aggregation of the oligolamellar DOPC liposomes [25].

Since these structures were formed in the presence
of excess water, the DNA phosphate groups were
sufficiently hydrated such that the DNA chains in the
complex adopted the common B conformation [4]. In
the bulk state where most water has been removed,
the secondary structure of DNA in the complex may
deviate from the B conformation. Okahata et al. [6]
used circular dichroism (CD) to examine the DNA
conformation in the complexes with N, N, N-trimethyl-
N-(3,6,9,12-tetraoxadocosyl) ammonium bromide in the
dry film and aqueous media. Their results revealed a B-
A conformational transition from wet to dry state [6].
Recently we have studied the structure of the
complexes of DNA with a CL, cholesteryl 33-N-
(dimethylamionethyl) carbamate (DC-Chol), in the
hydrate and bulk state using SAXS [12, 26]. The
complexes in the hydrate state were found to exhibit a
multilamellar structure in which the DNA confined in the

hydrophilic layers adopted B conformation. Both the
interlamellar distance (= 6.28 nm) and the in-plane
interhelical distance of DNA (dpna = 2.5 nm) were
independent of the lipid-to-base pair molar ratio (x)
[12]. When most water was removed, the complexes
with x lying above the isoelectric composition (x > 2)
displayed a multilamellar structure (denoted by Ly
phase) identical to that formed in the hydrate state in
terms of the interlamellar distance and DNA
conformation. By contrast, the complex with x < 2
showed another multilamellar structure (denoted by L,
phase) consisting of A-form DNA intercalated between
the lipid bilayers with tilted tails [26].

In contrast to the rich DNA conformational transition
of DNA-CL complexes from aqueous solution to bulk
state, it is still not known whether the DNA is still
intercalated between ZL bilayers in the bulk state.
Once the aqueous DNA-ZL solution dries, it is quite
possible for the DNA to de-mix from ZLs. However, if
the de-mixing does not occur, we may expect some
distinct and interesting morphologies for the bulk DNA-
ZL system similar to that observed in case of bulk
DNA-CL complexes [10, 26]. To our knowledge, such a
study of DNA-ZL bulk systems had not been reported
in the past. Hence, the present work attempts to further
explore DNA-DOPC system in the bulk state. The self-
assembled structures and thermotropic phase behavior
of this system was investigated using SAXS and
differential scanning calorimeter (DSC), respectively.
Our SAXS results will show that DNA was still confined
between the DOPC lipid bilayers even in the bulk state.
Furthermore, we also demonstrate that DNA induces a
significant depression of gel-to-liquid crystalline phase
transition temperature of DOPC bilayer, as observed by
DSC endotherms.

2. EXPERIMENTAL SECTION

Materials and Sample Preparations

DNA type XIV from herring testes with the average
molecular weight of ca. 700 base pairs (bp) and the ZL,
1,2-di(cis-9-octadecenoyl)-sn-glycero-3-
phosphocholine (DOPC), were acquired from Sigma
and directly used without further purification. The
preparation of DOPC liposomes has been described
elsewhere [25]. Briefly, the prescribed amount of
DOPC was first dissolved in chloroform, then directly
dried under vacuum until complete removal of the
solvent. Subsequently DOPC was hydrated by distilled
water for 30 minutes at room temperature and then
was mixed for another 10 minutes by a vortex mixer.
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Finally, the reduction of liposome size was carried out
via sonication in a temperature-controlled ultrasonic
bath at 40 °C. The DNA/DOPC suspension was
prepared by directly mixing DNA (10mg/mL) with the
DOPC suspension at desired compositions. This
mixing resulted in visually observable precipitation. The
overall composition of the mixture was expressed by
the lipid-to-base-pair molar ratio (v). The concentration
of DNA/DOPC in water was controlled at around 5.0
wt% (or water content = 95%). Subsequently, the
mixture solution was slowly evaporated under a stream
of N, gas until dry DNA/DOPC mixture was obtained.
All the test specimens were stored in a desiccator
under vacuum before measurements.

SAXS Measurements

The nanostructures formed by bulk DNA/DOPC
mixtures were probed with a Bruker Nanostar SAXS
instrument, which consisted of a Kristalloflex K760 1.5
kW X-ray generator (operated at 40 kV and 35mA) and
cross-coupled Gobel mirrors for Cu Ka radiation (A=
1.54 A) resulting in a parallel beam of about 0.05 mm?
in cross section at the sample position. This instrument
also contained a sample chamber connected to a
vacuum pump so that the measurements could be
executed under an extremely low vacuum. The

scattering intensity was detected by a Siemens
multiwvire type area detector with 1024 x 1024
resolution mode. The specimens for SAXS

measurement were prepared by directly introducing the
dry powder into the sample cell comprising two Kapton
windows and were measured at 20 °C. All the SAXS
data were corrected for empty beam scattering,
background and the sensitivity of each pixel of the area
detector. The area scattering pattern had been
circularly averaged to increase the photon counting
efficiency compared with the one-dimensional linear
detector. The resulting intensity profile was output as a
plot of the scattering intensity (l) versus the scattering
vector, g = (41/A)sin(6/2) (6= scattering angle).

DSC Scans

The gel-to-liquid crystalline phase transition
temperature originating from the long acyl chain-
melting of the DOPC lipid was measured using a TA
Instrument 2000 differential scanning calorimeter
(DSC) equipped with a RCS cooling system. For each
scan, ca. 5 mg of the specimen was placed in an
aluminium pan which was then sealed immediately and
was subsequently equilibrated for two days at room
temperature before DSC scans. For DSC scans, an

indium standard was first used for the calibration of
heat flow and temperature. All the DSC scans, then,
were carried out from -50 °C to 40 °C at a heating rate
of 2 °C/min in a nitrogen atmosphere.

3. RESULTS AND DISCUSSION

Structure in the Bulk State

The highly-hydrated DOPC typically depicts a fluid-
like L, lamellar phase with a limiting interlamellar
distance of ca. 6-7 nm at room temperature, in which
an aqueous layer is sandwiched between the lipid
bilayers [27, 28]. As the DOPC sample is dried, the
thickness of water layer gradually reduces and on
complete drying a two-phase lamellar phase is
observed [28]. Such a self-assembled nanostructure
could be easily probed using SAXS. Figure 1 shows a
Lorentz-collected SAXS profile (I(q)q2 vs ) of neat
DOPC in the bulk state, which was collected at room
temperature. The profile displays two equally-spaced
diffraction peaks located at q = 1.54 nm™ along with g =
3.04 nm™, clearly indicating the formation of fluid-like Lq
lamellar stacking. The interlamellar distance (d)
calculated from Bragg's law (d = 2m/q, with g, being
the position of primary diffraction peak) was found to be
ca. 4.08 nm. The lamellar structure primarily consisted
of alternating hydrophilic layer (containing bilayer of
polar headgroups and absorbed water molecules) and
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Figure 1: Lorentz-corrected SAXS profile of neat DOPC. The
inset displays the scattering profile in log-log plot to
demonstrate the Porod asymptotic scattering behavior, i.e.

I(a) ~ q™.
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hydrophobic layer (comprising bilayer of acyl tails).
Furthermore, as could be observed from the inset in
Figure 1 the slope of log-log plot of I(q) vs g at high-q
region approaches -4, which showed that the system
closely followed Porod’'s law (I(q) ~ q'4 for large q
region) and thus it displayed a two-phase internal
structure with a sharp boundary interface [29].
Recently, Pereira-Lachataignerais et al. also observed
that the internal structure of low-hydrated DOPC (under
relative humidity of 1%) displays a sinusoidal curve of
the electron density profile [28]. Such a sinusoidal
curve typically represents a two-phase system. The
dried DOPC does not possess water gap situated
between the lipid bilayers but exhibits a closer
proximity between the two monolayers of lipid
headgroups, leading to an average scattering density
length in the hydrophilic layer.

Figure 2 shows the room-temperature SAXS
profiles of the bulk DNA/DOPC mixtures as a function
of the prescribed compositions. As shown in Figure 2,
only two diffraction peaks were observed in the
intensity profiles of all mixtures. The peak positions
were found to be independent of composition. Since
the peak positions observable in the scattering profiles
do not exhibit any meaningful relationship in the
relative positions and higher order peaks were absent,
a detailed evaluation of the SAXS data was necessary
for assigning the microphase-seperated structure of the
mixtures. In our previous work [25], we have shown
that irrespective of the composition only a small fraction
of DNA was bound with the oligolamellar DOPC
liposomes and this bound DNA then induces the
aggregation of the DOPC liposomes in the solution.
Hence, the solution of DNA/DOPC mixture was
composed of free DNA and DOPC vesicles apart from
the DNA-bound DOPC vesicular aggregates. Upon
drying, the obtained as-casted film was then expected
to have similar composition as in the aqueous state.
Moreover, in this case, the lamellar morphologies
observed for pure DOPC and DNA-bound DOPC in
solution state was also expected to be retained in the
bulk state. In Figure 2, the sharper peak located at q =
1.52 nm™ corresponded to the primary peak position of
neat DOPC and was thus attributable to the L, lamellar
structure formed by DNA-free DOPC phase (i.e., pure
DOPC). On the other hand, the other peak positioned
at lower g ~ 1.20 nm™ originated from the microphase-
separated structure formed by the DNA-intercalated
DOPC phase (from hereon DNA/DOPC phase). In this
case the incorporation of DNA into the hydrophilic layer
of DOPC swells the interlamellar distance and hence
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Figure 2: Representative Lorentz-corrected SAXS profiles of
bulk DNA/DOPC mixture as a function of prescribed
composition (v). The inset shows the scattering profile in log-
log plot of v = 1.25 to demonstrate the Porod asymptotic
scattering behavior, i.e. 1(q) ~ q'4.

the peak shifts to the lower g region compared to that
due to the pure DOPC. It must be noted here that in the
absence of higher order peak, the peak at q ~ 1.20 nm~
! may also be ascribed due to “correlation-hole” effect
from concentration fluctuations in the DNA/DOPC
mixture. However, such a correlation-hole effect was
ruled out here considering that the peak observed in
Figure 2 was sharper than the typical correlation-hole
peak. Moreover, the SAXS intensity due to contribution
from concentration fluctuations usually follows the well-
known Ornstein-Zernicke equation [30] which
prescribes a q'2 dependence for the scattered intensity
in the high-qg region. In the present case, however, the
slope of the log-log plots of I1(q) vs g at high q is about -
4, which corresponds to the scattering from a two-
phase system with sharp phase boundary given by the
Porod’s law [31, 32]. The absence of a scattering peak
characteristic of the in-plane ordering of the
intercalated DNA chains suggested that these DNA
chains here were loosely and isotropically dispersed on
the surface of the lipid bilayers. It must be noted here
that we could not observe the in-plane DNA-DNA
correlation peak even by using high resolution SAXS
instruments. In a previous study done by Pott et al. [15,
16], on the DNA-DOPC system containing a small
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amount of neutral helper surfactants in water, it was
observed from the SAXS results that when a low DNA
concentration was used to rehydrate dried DOPC (i.e.,
system had high DOPC/(base pair of DNA) molar
ratio), DNA was found to be isotropically dispersed on
the surface of the lipid bilayers. However, when DNA
concentration was increased, a large amount of DNA
intercalated between lipid bilayers. Hence, in this case,
a strong DNA-DNA correlation peak was clearly
observed in the SAXS profiles. Pott et al. further
estimated the correlation length of the DNA molecules
and deduced that these confined DNA molecules
should be in an in-plane nematic-like ordering [16].
Therefore, in our case, the absence of in-plane peak of
the confined DNA ordering in the SAXS profile was
attributed to rather small amount of DNA intercalated
between lipid bilayers.

It is worthwhile to note here that DNA intercalation
resulted in the swelling of the interlamellar distance by
ca. 0.8 nm, which implied that DNA partly merges into
the headgroup regions since B-form DNA has a
diameter of ca. 2.0 nm. Figure 2 also shows that the
positions of the two peaks coexist in all SAXS profiles
irrespective of the compositions. This demonstrated
that increasing the DNA fraction does not promote the
formation of pure DNA/DOPC phase. Although the real
compositions of DNA/DOPC phase within the mixtures
did not follow the prescribed compositions of the
mixtures, for clarity, further discussion of these
DNA/DOPC phases was done in terms of the
prescribed compositions.

For visualizing a complete picture of the lamellar
morphology formed by pure DOPC as well as
DNA/DOPC phases, the thickness of the constituting
layer i.e. the thickness of hydrophilic layer (dy) and the
thickness of nonpolar layer (d.) were evaluated from
the SAXS data. These morphological parameters may
be determined conveniently from the one-dimensional
correlation function, y1(z), defined as [33]

[, 1@)q’ cos(gz) dg
1(@)= " (D)
[, 1@’ dq

Since the experimentally accessible g range is
finite, extrapolation to both low and high q is necessary
for the integration in Eqg. (1). In the present work,
extrapolation to zero g was accomplished by applying
the Debye-Bueche model [34, 35], whereas Porod-
Ruland model [36] was used for extension to large qg.
The SAXS data, before proceeding with the correlation

function analysis, was corrected for the thermal diffuse
scattering (TDS). The thermal diffuse scattering was
considered as a positive deviation from the Porod law
[31, 32] and may be associated with thermal motion,
local disorder, or frozen-in fluctuations. lips can be
regarded as a constant background and the total
scattered intensity in the high-q region is expressed by
the Porod-Ruland equation [36]

K, exp(-02g*)
I(‘]):M—4q+lrl)s (2)

where K; is the Porod's constant and ¢ is a parameter
related to the thickness of interphase for a two-phase
structure. The exponential term in Eq. (2) becomes
insignificant at sufficiently high q such that a plot of
I(q)q4 VS q4 would yield a straight line with a slope given
by lrps.

For pure DOPC, the y,(z) was directly calculated
from SAXS intensity data in Figure 1 based on Eq. (1);
however for the DNA/DOPC mixtures, since the
experimentally measured scattering intensity had
contribution from the DNA/DOPC phases as well as
from the DNA-free DOPC phase, the scattering
intensity contributions of the DNA/DOPC phase (lpna-
porc) Was obtained by subtracting the scattering
intensity of DNA-free DOPC phase (lpnafree) from
experimentally measured SAXS intensity (l,), i.e., Ipna-
popc ~ Im - Ibnafree- IDNAree IN this case was equal to the
scattering intensity of neat DOPC multiplied by an
arbitrary constant (i.e., Ipnaree ~ Ipopc X C). Such a data
treatment was displayed in Figure 3 for representatively
illustrating the Ipnapopc Obtained for v = 1.25. Figure
4a, b shows the typical one dimensional correlation
function plot of pure DOPC and DNA/DOPC phase with
v = 1.25, respectively. The first maximum yields the
most probable value of the interlamellar distance [33,
37]. Intersection of the baseline with the straight line
extended from the self-correlation triangle yields the
average thickness of the thinner layer in the lamellar
stacks, which was dy, in this case. From the y;(z) plot of
pure DOPC shown in Figure 4a, d, was found to be
1.75 nm and d,, (= d - dy) was 2.33 nm. However, for
the DNA/DOPC phase with v = 1.25 though the d, was
around 1.69 nm, the d,, was found to be 3.57 nm which
was significantly greater than that in case of pure
DOPC. Similar values of d, and d,, were obtained for
DNA/DOPC phases with other compositions also (cf.
Table 1).

It was surprising that even though the DNA was
situated in the hydrophilic layer, it was the nonpolar
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Figure 3: Representative scattering profile of DNA/DOPC mixture with v = 1.25 for illustrating how to deduce the pure scattering

Figure 4: Representative y1(z)s calculated from (a) DOPC and (b) DNA/DOPC phase with v = 1.25.
Table 1:

The Structural Characteristics of DOPC and the DNA/DOPC Phases Deduced from the SAXS Intensities
d (nm)? dn (nm) ® dm (NnM)° I © SIS,
DOPC 4.08 1.75 2.33 1.81 1.1
v=2.0 5.23 1.67 3.56 2.25 1.01
v =1.25 5.26 1.69 3.57 2.23 1.03
v =0.75 5.43 1.72 3.71 2.33 1.01
determined from Bragg’s law.
°determined from the one-dimensional correlation function.
‘determined from the three-dimensional correlation function.
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Figure 5: Schematic illustration of the microphase-separated structure formed by DNA/DOPC phase. This structure consisted of
DNA-perturbed DOPC phase and pure DOPC phase with extended acyl chains.

layer thickness (dy) which increased significantly. This
indicated that in the DNA/DOPC phase the acyl chain
tails of DOPC were stretched. The increase in the non-
polar layer thickness of the DNA/DOPC phase could be
understood from the schematic illustration shown in
Figure 5. The figure shows the DNA-bound DOPC
lipids and DNA-unbound DOPC domains arranged in a
lamellar ~ structure. DNA chains are neither
homogeneously incorporated into each hydrophilic
layer nor homogeneously distributed in one hydrophilic
layer. As can be observed from the figure, when DNA
was incorporated into the hydrophilic layer of DOPC, a
vacuum gap may form between the headgroups in the
hydrophilic layer. In aqueous solution, this gap was
occupied by water molecules. However, once the
sample is dried, these gaps must somehow be
occupied by headgroups only. Since the headgroups
are small and are of finite-size, the acyl chains of lipid
tails will have to stretch for efficient space-filling in the
hydrophilic layer as shown in Figure 5. Hence, the non-
polar layer thickness increases accordingly which
further increases the interlamellar distance.

In addition to the lamellar thickness, the average
planarity of the interface between the hydrophilic polar
and hydrophobic non-polar layers is an important
characteristic of the morphology. For a planar interface
the total interfacial area per unit volume is given by
So/V = 2/d. If the interface is not planar, the total S/V
would be larger than 2/d [38-40]. A measure of the
planarity of the interface is hence given by the ratio

S 2dd

“hTm
S0 dl, ®)
Here |, is the porod length which is defined as a
three dimensional averaged length between the phase
boundary of a two-phase system. The porod length can
be calculated using the three-dimensional correlation
function defined as

[, 1@4’ singr)/ gr dg

[, 1@q" dg

Vi) = (4)

The Porod’s law at large g prescribes v;(r) to adopt
the following form at small radial distance

1
v =1-+ (5)

P

According to Eq. (5) |, can be determined from the
slope of ys(r) plot at small r, as demonstrated in Figure
6a, b for pure DOPC and the DNA/DOPC phase with v
=1.25, respectively. Normally, S/Sy is equal to 1 for a
planar interface, but an unplanar or undulated interface
usually adopts a value > 1. The values of S/S, obtained
for DOPC and DNA/DOPC phases are shown in Table
1. The proximity of the calculated radius to 1.0
irrespective of the composition attests that the lamellar
interfaces in the pure DOPC as well as in the
DNA/DOPC phases are planar.
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Figure 6: Representative y3(z)s calculated from (a) DOPC and (b) DNA/DOPC phase with v = 1.25.

Thermal Properties

Figure 7 shows the DSC endotherms of pure DOPC
and DNA/DOPC mixtures in the bulk state. The pure
DOPC exhibited a single endothermic peak positioned
at -2.,5 °C, which represented the gel-to-liquid
crystalline phase transition temperature (T, resulting
from the melting of acyl chain of the lipid tails. For
DOPC lipid bilayer, the T, here actually signified the
transition from sub-gel state (i.e., Lc phase) to liquid-
crystalline or fluid state (termed as L, phase). The gel
state here was defined as the highly ordered L. phase
[41, 42]. According to Ulrich et al. [42], the vacuum-
dried DOPC also contained at least one water molecule
per lipid, which was tightly bound to the phosphate
group on the lipid headgroup and hence was difficult to
be removed completely. Ulrich et al. performed a series
of DOPC hydration experiments via DSC and
demonstrated that an increase in hydration gradually
led to the decrease of the acyl chain-melting transition
and finally reached its limiting temperature and
hydration at 16.5 °C with 9 water molecules per lipid (~
17 wt%) [42]. Therefore, on the basis of the position
and shape of endothermic peaks measured at various
hydration studied by Ulrich et al., we could conveniently
estimate the content of water in our dried DOPC
sample. The results indicated that the dried DOPC
sample has about 2.5 water molecules per lipid or
about 5 wt% of the total DOPC mass was composed of
water molecule.

It is noted from Figure 7 that the endotherms of all
the mixtures except that for v = 2.0 display a single
endothermic peak close to -14 °C much lower than the
one of pure DOPC irrespective of the prescribed

compositions. Only one endothermic peak in the DSC
heating scans of almost all mixtures observed here
indicated that the DNA/DOPC phases might be
homogeneously mixed with DNA-free DOPC phases.
The significantly lower T, observed for the DOPC-DNA
mixture could be reasonably attributed to structural
defects which resulted in the reduction of overall
crystallinity. As discussed above and shown in Figure 5
the DNA/DOPC phase basically was composed of
chain-extended DOPC domains and DNA-perturbed

DOPC
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DOPC molecules. The DNA-perturbed DOPC
molecules bridged the two nearest neighbouring chain-
extended DOPC domains. Thus when the temperature
was lowered to the gel state, the pure DOPC lipids and
chain-extended DOPC lipids self-organized into
ordered L phase, however, the DNA-perturbed DOPC
molecules embedded between these ordered DOPC
domains played a role of impurity, resulting in structural
defects coexisted with the crystallized DOPC domains.
This led to a decrease in the overall crystallinity and
intuitively lowered the T, also. There is also a
possibility that the depression in Ty, in the DOPC-DNA
mixture may in part be also due to the fact that
hydrophilic DNA usually carries a large amount of
water molecules for the sake of maintaining B-form
conformation. A small fraction of these water molecules
might also be absorbed by the lipid headgroups leading
to the depression in T,.

As noted above, the DSC thermogram of
DNA/DOPC mixture with v = 2.0 showed multiple
endotherms. The multiple endotherms observed in this
case may be due to the presence of excess of DOPC.
The excess DOPC would result in macrophase
separation so that the mixture was expected to contain
pure DOPC and DNA/DOPC phases with different
fraction of DNA.

4. CONCLUSIONS

The nanostructures and thermal properties of pure
DOPC and the mixture of DNA and zwitterionic DOPC
in the bulk state were investigated using SAXS and
DSC. SAXS profiles revealed that the bulk DOPC
exhibited a fluid L, phase having multilamellar stacking
with a sharp and planar interface between hydrophilic
layer and hydrophobic layer. The DNA/DOPC mixtures
were consisted of free DNA, DNA-free DOPC phase,
and the DNA/DOPC phase. The DNA/DOPC phase
was also found to form a multilamellar phase with DNA
loosely and heterogeneously intercalated between the
lipid bilayers. Furthermore, on the basis of 1-D and 3-D
correlation function analysis, the DNA/DOPC phase
was found to be comprised the chain-extended DOPC
domains having stretched acyl chains along with DNA-
perturbed DOPC domains in which the acyl chains are
in the relaxed state. The DSC results demonstrated
that the gel-to-liquid crystalline phase transition
temperature in DOPC-DNA mixtures were significantly
lower as compared to that in the pure DOPC. This
depression in the phase transition temperature was
qualitatively explained in terms of structural disorder
and defect in the DNA/DOPC phase where the DNA-

perturbed DOPC lipid embedded between the
crystallized DOPC domains acted as impurities.
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