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Polyanionic DNA interacts with cationic amphiphiles to form electrostatic complexes exhibiting rich self-assembled
structures. This type of complex has been considered as a nonviral carrier in gene therapy and as a template for
nanostructure construction. Here we report a thermally-induced phase transition of the complexes of DNA with the
mixtures of a cationic surfactant, dodecyltrimethyl bromide (DTAB), and a neutral lipid, dioleoylphosphatidyletha-
nolamine (DOPE), in fully hydrated state. An order-order transition between a multilamellar (LR

c) phase and an
inverted hexagonal (HII

c ) phase was found to occur with the transition temperature adjustable by the DTAB-to-DNA
base pair molar ratio (x) and DOPE-to-DTAB molar ratio (m). The stability of the LR

c phase was enhanced at lower
mandx, as the LR

c-to-HII
c transition temperature increased with the decreases of these two parameters. The suppression

of LR
c-to-HII

c transition at lowerx was attributed to the lower entropic gain from the counterion release due to the
presence of uncomplexed DNA in the bulk solution.

Introduction

Complexes of polyanionic DNA with cationic amphiphiles
(CA) have gained much attention due to their important
applications not only in gene therapy but also in nanostructure
templating.1-10 The structures of the complexes of DNA with
cationic lipid (CL) and surfactant (CS) in a fully hydrated state
have been characterized in detail to establish the relationship
between the supramolecular structure and gene transfection
efficiency.3,8,10,11The most prevalent structures observed thus
far include a condensed multilamellar phase (LR

c) and an inverted
hexagonal columnar phase (HII

c ) in which DNA was contained
within the CA tubes arranged in a hexagonal lattice.4,10,12-16 It

has been demonstrated that the HII
c -forming complex exhibited

a better binding with anionic vesicles than the LR
c-forming

complex;3,10,11 however, a definite structure-transfection ef-
ficiency relationship is yet to be identified.15

In addition to gene therapy application, DNA-CA complexes
have been demonstrated to be useful materials for nanostructure
templating2,5and precursors for preparing stretchable films with
good mechanical, optical, and electrical properties.6,7,9 For this
aspect of application, CS would represent a more attractive
complexing agent for DNA compared with CL due to its lower
cost and wider availability. DNA-CS complexes are also
expected to display more versatile phase behavior with respect
to the perturbations in complex composition, temperature, and
aqueous environment than DNA-CL complexes due to the
weaker hydrophobicity of the CS tail. Among these experimental
variables, changing the temperature is a simple approach for
switching the structure; this type of thermotropic phase transition,
however, has not been studied in detail for DNA-CS complexes.

The thermally-induced phase transitions of some DNA-CL
complex system have been revealed at the isoelectric composi-
tion.17-19 In the previous studies of the isoelectric complexes
composed of DNA and the cationic liposomes formed by
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dimyristoylphosphatidylcholine (DMPC) and a neutral lipid (NL),
dimyristoyltrimethylammonium propane (DMTAP), Zantl et al.
have identified the transition between two distinct multilamellar
phases, where a lamellar phase with gellike tails (Lâ

c

′) trans-
formed to another with liquidlike tails (LR

c) at elevated temper-
ature.17,18Koynova and MacDonald have disclosed the formations
of temperature-dependent non-lamellar mesophases, such as HII

c

phase and a bicontinuous QII
c phases, using the isoelectric

complexes of DNA witho-ethyldipalmitoylphosphatidylcholine
(EDPPC) mixed with dielaidoylphosphoethanolamine (DEPE).19

In the case of the DNA-CS complex, we recently reported a
thermally-induced LR

c-HII
c phase transition in an isoelectric

complex of DNA with dodecyltrimethyl bromide (DTAB) mixed
with dioleoylphosphatidylethanolamine (DOPE). The complex
with the DOPE-to-DTAB molar ratio (m) of 3 was found to
exhibit LR

c structure at room temperature; upon heating to 40°C,
the LR

c phase transformed into the HII
c phase and the transition

was thermally reversible in that theLR
c structure was recovered

upon cooling.
In the present study, we extend our previous work to

systematically examine the effects ofm and DTAB-to-DNA
charge ratio on the LR

c-HII
c transition temperature for the DNA-

(DTAB/DOPE) complex. First, we will revisit the self-assembled
structures of the complexes at room temperature characterized
by small-angle X-ray scattering (SAXS) to verify the containment
of DNA in LR

c and HII
c phases with the aid of electron density

profile analysis. Then we will present a series of temperature-
dependent SAXS profiles to reveal the transition between LR

c and
HII

c phase for the complexes with different charge ratios andm.
It will be demonstrated that the LR

c-to-HII
c transition temperature

depends significantly on these two parameters. The effect of
charge ratio will be related to the entropic gain from the counterion
release into the bulk solution containing the uncomplexed DNA.

Experimental Sections

Materials and Complex Preparation. Linear DNA-type XIV
from herring testes sodium salt (Na content 6.2%) was purchased
from Sigma and used without further purification. Its molecular
weight determined by gel electrophoresis was found to have a
polydispersity value between 400 and 1000 base pairs (bp) with a
center of distribution at ca. 700 bp.20 DTAB and DOPE with purity
of ca. 99% were obtained from Aldrich and Sigma, respectively, and
were used without further purification.

The preweighed DTAB and DOPE were dissolved in chloroform
followed by drying at room temperature to form a thin film. The film
was hydrated by adding distilled water and then mixed by a vortex
mixer for several minutes followed by sonicating in a cold water
bath. DNA-(DTAB/DOPE) complexes were prepared by adding
prescribed amount of 15 mg/mL DNA aqueous solution into the
DTAB/DOPE suspension. The complexation resulted in visually
identifiable precipitation. The complex suspensions were equilibrated
at 4°C before structural characterization. The adjustable composition
parameters included the DOPE-to-DTAB molar ratio (denoted by
m) and the charge ratio given by the DTAB-to-DNA base pair molar
ratio (denoted byx) wherex ) 2.0 corresponded to the isoelectric
composition for charge neutralization because each DTAB molecule
has a positive charge and a base pair of DNA carries two negative
charges. For the convenience of presentation, the complex withx
) i and m ) j will be abbreviated asmixj.

Small-Angle X-ray Scattering (SAXS) Measurement.The self-
assembled structures of DNA-(DTAB/DOPE) complexes in the
fully hydrated state were probed by SAXS. The aqueous suspensions
of the complexes were directly introduced into the sample cell

comprised of two Kapton windows. SAXS measurements were
performed using a Bruker NanoSTAR SAXS instrument, which
consisted of a Kristalloflex K760 1.5 kW X-ray generator (operated
at 40 kV and 35 mA), cross-coupled Go¨bel mirrors for Cu KR
radiation (λ ) 1.54 Å) resulting in a parallel beam of about 0.05
mm2 in cross section at the sample position, and a Siemens multiwire
type area detector with 1024× 1024 resolution mode. The area
scattering pattern has been radially averaged to increase the photon
counting efficiency compared with the one-dimensional linear
detector. The intensity profile was output as the plot of the scattering
intensity (I) vs the scattering vector,q) 4π/λ sin(θ/2) (θ ) scattering
angle). All scattering data were corrected by the empty beam
scattering, the sensitivity of each pixel of the area detector, and
thermal diffuse scattering (ITDS). The thermal diffuse scattering was
considered as a positive deviation from the Porod law21,22and may
be associated with thermal motion, local disorder, or frozen-in
fluctuations.ITDS can be regarded as a constant background, and the
total scattered intensity in the high-q region is expressed by the
Porod-Ruland equation21-23

whereKp is the Porod’s constant andσ is a parameter related to the
thickness of interphase for a two-phase structure. The exponential
term in eq 1 becomes insignificant at sufficiently highq such that
a plot of I(q)q4 vs q4 would yield a straight line with a slope given
by ITDS. For the temperature-dependent measurement, the sample
was first thermally equilibrated at the desired temperature for 30
min followed by data acquisition for 60 min.

Transmission Electron Microscopy (TEM) Experiment.TEM
was used to examine the real-space morphology of DNA-(DTAB/
DOPE) complexes. The specimens were prepared by a negative
staining method which effectively vitrified the structure in the
hydrated state.24 A 5 µL drop of the solution was deposited onto a
copper grid covered with carbon-coated Formvar film for 30 s. The
specimen was then immediately stained for 30 s with 4% acidic
uranyl acetate aqueous solution. The grid was blotted with the tip
of a piece of filter paper and then air-dried for at least 3 h. The
ultrathin specimens were examined on a JEOL 200EXII TEM
operated at 100 kV.

UV/Vis Measurements.UV absorption spectra were recorded
with a Hitachi U-3300 spectrophotometer to measure the concentra-
tion of DNA that remained in the supernatant upon complexation
from the DNA absorption peak centering at 260 nm. Prior to the
measurement, the separation between the supernatant and the
precipitate was facilitated by centrifugation at a speed of 3200 rpm
for 10 min. Quartz cells with an optical path of 1 cm were used for
the spectroscopic measurements.

Results and Discussion

LR
c and HII

c Phases of DNA-(DTAB/DOPE) Complexes at
Room Temperature. First, we present the self-assembled
structures of the DNA-(DTAB/DOPE) complexes at room
temperature (ca. 25°C) probed by SAXS with detailed analysis
of the electron density profiles. Figure 1a shows the room-
temperature SAXS profile of the isoelectricm3x2 complex. This
system exhibited four diffraction peaks with integral position
ratio, which clearly indicated the formation of a multilamellar
phase (LR

c) with the interlamellar distance (d) of 6.40 nm. Such
a LR

c phase with an in-plane ordering of the DNA chains confined
in the hydrophilic layers has been considered as the predominant
structure for DNA-CL complexes.1,4,16,25 It is noted that the

(20) Dias, R.; Mel’nikov, S.; Lindman, B.; Miguel, M. G.Langmuir2000, 16,
9577.
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I(q) )
KP exp(-σ2q2)

q4
+ ITDS (1)
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scattering peak,qDNA, associated with the in-plane correlation
of the DNA chains was not observed in the present system. We
however believe that such a correlation did exist because the
qDNA peak had been identified for other compositions.25 Here,
qDNA may have overlapped with the primary peak associated
with the multilamellar structure due to a relatively large
interhelical distance (dDNA ) 2π/qDNA). It is also worth noting
that the intensity of the third-order lamellar peak was apparently
weaker than that of the fourth-order peak. As the intensity of the
nth-order diffraction from the lamellar array is propotional to
sin2(nπfw) with fw being the volume fraction of the hydrophilic
layer,26 the diminishment of the third-order peak means that the
thickness of the hydrophobic bilayer (dL) was approximately
twice that of the hydrophilic layer (dw). Therefore, the thickness
of the hydrated DNA monolayer was estimated to bedw ) d/3
) 2.14 nm, which corresponded well to the diameter of B-DNA.

The electron density profile constructed from the SAXS data
can also yield the quantitative values ofdw anddL and verify the

intercalation of DNA between the bilayers. The electron density
profile along the lamellar normal (i.e.,z direction) in the LR

c

phase is given by16,27

wheren is the total number of diffraction order,qk is the scattering
vector of thekth diffraction order,Ik is the corresponding scattering
intensity, [Ikqk

2]1/2 is the magnitude of thekth amplitude (i.e.,
Fk), and φk is the phase which is either-1 or +1 for a
centrosymmetrical lamellar structure.28 To obtain the correct
intensityIk of the diffraction peak atqk, fittings of the scattering
curves by a series of Gaussian peaks were conducted [cf. Figure
1a], andIk andqk were identified as the height and position of
the corresponding fitted Gaussian peak, respectively. The values
of these two parameters thus obtained were then substituted into
eq 2 to calculate the electron density profile.

Figure 1b presents the electron density profile obtained from
the diffraction pattern in Figure 1a with the most reasonable
phase combination of (- - -+). The humps with the sameFe(z)
at z) (1.72 and(4.68 nm represented the headgroup regions
and a protrusion atz ) (3.2 nm corresponded to the DNA
confined between the lipid bilayers. Considering the significantly
different polarity between the hydrophilic and hydrophobic layers,
the boundary between these two phases should be sharp, as has
been verified for the complexes of synthetic polyelectrolytes
with lipids.29-31 In this case, the thickness of the hydrophilic
layer was given by the distance between the two humps
(intervened by the DNA peaks) representing the headgroups,
which was 2.96 nm. The thickness of the hydrophobic layer was
hence given bydL ) d - dw ) 3.44 nm. The observeddw closely
agreed with that calculated from one-third of the interlamellar
distance.

In addition to the LR
c phase, the isoelectric DNA-(DTAB/

DOPE) complex has been shown to display the HII
c phase at room

temperature when the content of DOPE in the membrane was
sufficiently high. Figure 2a shows the room-temperature SAXS
profile of them9x2 complex. A series of diffraction peaks with
the relative positions of 1:31/2:41/2:71/2:91/2... were observed,
indicating the formation of a 2-D hexagonal lattice with the
characteristic spacing ofd ) 7.04 nm.

The corrected intensityIhkassociated with the (h k) diffraction
plane of a hexagonal lattice is related to its amplitudeFhkby28,32-35

wherek is a multiplicity factor with the value of 2 for (2 1), (3
1), (3 2), and (4 1) planes and 1 for other planes.28 The electron
density at any position (y, z) in the lattice is given by

whereφhk is a phase which is either-1 or+1 for the hexagonal
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Figure 1. (a) SAXS profiles collected at room temperature for the
isoelectric DNA-(DTAB/DOPE) complex (x ) 2) with m ) 3,
showing the formation of LR

c phase. The solid curves represent the
fitting result of the scattering peaks using Gaussian function. The
broad peak overlapped with the sharp primary lamellar peak is the
DNA-DNA correction peak. The inset displays the third- and fourth-
order lamellar peak. The third-order diffraction is apparently weaker
than the fourth-order peak. (b) The electron density profile of the
LR

c phase calculated from the scattering pattern in panel a using eq
1. The two humps atz ) 1.72 and 4.68 nm are associated with the
headgroup regions, and the protrusion at 3.20 nm represents the
DNA confined between the bilayers.

Fe(z)∼∑
k ) 1

n

Fk cos(qkz)φk∼∑
k ) 1

n

[Ikqk
2]1/2 cos(qkz)φk (2)

Ihk ≈ kFhk
2/qhk (3)

Fe(y, z) ∼ ∑ Fhk cos(qhky) cos(qhkz)φhk (4)
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structure.28 The phase combination of (+- -++++) has been
regarded as the most reasonable choice for the inverted hexagonal
phase, as has been demonstrated for neat phosphatidyl-
ethanolamine (PEs) in a fully hydrated state and the complex of
DNA with DOPE in the presence of iron ions.32-35 Here we also
adopted this phasing choice to calculate the electron density
profile along the normal to the (10) plane (corresponding to the
case ofy ) 0). Figure 2b displays the electron density profile.
The origin at thez axis corresponded to the center of the tube
containing DNA. Two hydrophobic valleys were found to locate
at (3.1 nm, and the two humps beside the valleys represented
the two polar headgroups located at(1.58 nm. Therefore, the
nearest distance between two headgroups along the (1 0) direction,
dHH, is equal to 3.16 nm. We assumed that DOPE dominated the
characteristic geometry of the HII

c structure because of largem;
hence, the average headgroup thickness (dH) was 0.77 nm as

calculated from the headgroup area of 0.47 nm2 assuming
spherical shape.36 The distance,dHH, was equal to the sum ofdH

and the diameter of the water core, 2Rw (cf. Figure 2c). Hence,
2Rw was given bydHH - dH ) 2.39 nm. This value agreed well
with the reported diameter of hydrated B-DNA.37The maximum
and minimum extension of the acyl chains in the Wigner-Seitz
cell can be obtained by

Taking d ) 7.04 nm,dH ) 0.77 nm, and 2Rw ) 2.39 nm,lmin

andlmax calculated by these two equations are 15.6 and 21.0 Å,
respectively.

The formation of the HII
c phase was also verified by the TEM

micrograph in Figure 3 showing the parallel strips corresponding
to the side-view of the DNA-containing tubes. This morphological
texture was distinguished from the fingerprint-like pattern
observed for the LR

c phase.14,16,25

In addition to the self-assembled structure, the secondary
structure of DNA confined within the hydrophilic gallery was
also identified by the X-ray scattering profile in the high-q region
recorded with a synchrotron radiation source (which enhanced
the S/N ratio at highq) to reveal whether the electrostatic
interaction with CS could perturb the duplex conformation. The
use of anI(q) vsq plot to reveal the secondary structure of DNA
has already been demonstrated two decades ago by Mu¨ller, who
calculated the scattering patterns for DNA with A, B, and C
conformations (cf. inset of Figure 4).38 Therefore, the DNA
conformation in the complexes may be disclosed conveniently
by comparing the experimentally observed intensity profile with
the calculated ones in the appropriateq region. Figure 4 displays
the scattering curves ofm1x2 andm3x1 complexes in theq range
of 4.0-9.0 nm-1. Both compositions were found to exhibit two
broad peaks at ca. 4.9 and 7.4 nm-1, with the former overlapping
with the fifth-order diffraction peak associated with the multi-
lamellar structure. Qualitatively, the observed scattering patterns
agreed with that of B-DNA shown in the inset and differed
significantly from the profiles of A and C conformations. The
B conformation is the most common secondary structure of DNA
in the fully hydrated state. Our X-ray scattering results suggested
that B conformation of DNA still retained under the electrostatic
interaction with the membrane.

The foregoing results have revealed a lyotropic phase transition
for the DNA-(DTAB/DOPE) complex, where the LR

c phase
transformed into the HII

c phase at room temperature with the

(36) Tate, M. W.; Gruner, S. M.Biochemistry1989, 28, 4245.
(37) Podgornik, R.; Rau, D. C.; Parsegian, V. A.Macromolecules1989, 22,

1780.
(38) Müller, J. J.J. Appl. Crystallogr.1983, 16, 74.

Figure 2. (a) SAXS profiles collected at room temperature for the
isoelectric DNA-(DTAB/DOPE) complexes withm) 9, indicating
the formation of HΙΙ

c phase. The inset shows the higher-order peaks.
(b) The electron density profile along the (1 0) direction obtained
from eq 3. The two humps atz ) ( 1.58 correspond to the two
headgroups. (c) Schematic illustration of the cross-section of the HII

c

phase.

Figure 3. TEM micrograph showing the side-view image of the
columnar structure formed bym9x2 complex. The inset shows the
magnified image of the region enclosed by the dashed rectangle.
The scale bar in the inset corresponds to 10 nm.

2lmin ) d - 2dH - 2Rw (5)

lmax ) (d/31/2) - dH - Rw (6)
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increase of the DOPE content in the membrane. In the following,
we will discuss the thermotropic phase behavior of the complexes
with the LR

c-HII
c transition induced by varying temperature. We

will examine howx andm affect the transition temperature.
Thermally-Induced L r

c-HII
c Order-Order Transition.

Figure 5 presents the temperature-dependent SAXS profiles of
m1x2 andm1x3 complexes. These two systems exhibited the
stable LR

c phase as this structure persisted upon heating to as high
as 70°C. The interlamellar distance was found to decrease slightly
with increasing temperature, and this trend was accompanied by
a slight swelling ofdDNA. The reduction ofd may be attributed
to the more coiled conformation of the alkyl tails at higher
temperature due to the higher population of the bonds in the
gauche conformational state. This decrease ofd caused an
enlargement of the surface area of the lamellae, which then led
to a swelling ofdDNA. A similar temperature effect ondanddDNA

has also been observed in the previous studies of the DNA-
(DMTAP/DMPC) complex.17,18 The DNA-DNA correlation
peak became sharper when the complex was cooled back to 30
°C from 70°C, indicating that the thermal annealing at elevated
temperature could enhance the in-plane ordering of DNA within
the hydrophilic gallery.

Figure 6a displays the temperature-dependent SAXS profiles
of the m2x2 complex collected in a heating cycle. The system
exhibited only the LR

c phase before 58°C. When the temperature
was raised to 61°C, a new set of scattering peaks with the relative
positions of 1:31/2:41/2 emerged, indicating of development of
the HII

c phase. Upon further heating, the intensity of the HII
c

diffraction peaks grew at the expense of the LR
c peaks. The

intensity of the primary HII
c peak [Im(HII

c )] was found to increase
linearly with increasing temperature, as shown in Figure 6b which
plots the correctedIm(HII

c ) against the absolute temperature. The
temperature at whichIm(HII

c ) became zero obtained through
linear extrapolation was 54.7°C. This temperature was considered
as the onset temperature,To, of the LR

c-HII
c transition on heating.

Table 1 lists the values ofTo of other complex compositions
obtained through such a linear extrapolation.

It can be seen from Table 1 that the onset of the LR
c-HII

c

transition depended on both the membrane composition (m) and

the DTAB-to-DNA base pair charge ratio (x), whereTo decreased
with the increases of these two parameters. It has been
demonstrated that the LR

c phase may transform into the HII
c phase

lyotropically by adjusting the membrane composition to increase
the membrane spontaneous curvature or by mediating the
hydration environment to reduce the membrane rigidity.10 The
former is a common approach which may be accomplished by
the addition of phoshpatidylethanolamine (PE) lipid, which by
itself tends to form cylindrical micelles in aqueous media. The
presence of PE lipid in the membrane mixture would invariably
promote the propensity of the complex to form a columnar
structure; consequently, the thermally-induced LR

c-HII
c transi-

tion not observable in the complexes with rather dilute DOPE
concentration (e.g.,m) 1) became accessible atmg 2, and the
transition temperature decreased with further increase ofm.

The LR
c-HII

c transition temperature was also influenced byx
under a given membrane composition, as the complex with larger
x was found to exhibit a lowerTo. This effect may be understood
by considering the entropic gain from the release of counterions
upon the phase transition, as schematically illustrated in Figure
7. Previous studies have shown that neutralization of the charges
on DNA is less efficient in the LR

c phase compared to the HII
c

phase due to the mismatch in surface curvature between the
planar cationic membrane and the DNA cylinder.39,40 In this

(39) May, S.; Harries, D.; Ben-Shaul, A.Biophys. J.2000, 78, 1681.
(40) Krishnaswamy, R.; Raghunathan, V. A.; Sood, A. K.Phys. ReV. E 2004,

69, 031905.

Figure 4. X-ray scattering profiles in the high-q region ofm1x2
andm3x1 complexes. Two broad peaks situating at 4.9 and 7.4 nm-1

(marked by the arrows) are observed with the former overlapping
with the fifth-order diffraction from the LR

c phase. The inset displays
the scattering curves of the three conformational forms (A, B, and
C) of DNA calculated by Mu¨ller.32 The observed scattering patterns
agreed with that of B-DNA in the region enclosed by the dashed
lines.

Figure 5. Temperature-dependent SAXS profiles of (a)m1x2 and
(b) m1x3 complexes. Only the LR

c phase was observed over the
temperature range studied.
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case, a portion of Na+ counterions should remain condensed on
the phosphate groups (located at the side along the in-plane
direction of the bilayer) not bound with the CS. When the structure
transforms into the HII

c phase, the DNA chains are wrapped
around by the cationic membrane for effective charge matching;
therefore, most of these counterions are released into the bulk
solution, leading to an entropic gain. This entropic gain is however
reduced if the bulk solution contains uncomplexed DNA, since
the space available for the counterions to explore becomes
smaller.41As a result, a higher uncomplexed DNA concentration

in the bulk solution will shift the LR
c-to-HII

c transition to a higher
temperature due to a lower entropic gain from the phase transition.

The concentration of uncomplexed DNA in the bulk solution
was evaluated by measuring the concentration of DNA remaining
in the supernatant after complexation using UV-vis spectroscopy.
Figure 8 displays such a DNA concentration as a function ofx
for the complex withm) 3. It can be seen that the concentration
of DNA remaining in the bulk solution did decrease with
increasing x. This is consistent with the higher LR

c-to-HII
c

transition temperature observed at smallerxdue to lower entropic
gain from counterion release.

Conclusions

We have investigated the thermally-induced LR
c-HII

c transi-
tion of the complexes of polyanionic DNA with the cationic
membranes consisting of a cationic surfactant, DTAB, and a
neutral lipid, DOPE. The complexes formed LR

c or HII
c structures

depending on the membrane composition, charge ratio, and
temperature. The SAXS profiles of the isoelectric complexes at
room temperature indicated the formations of LR

c and HII
c phases

in the complex withm ) 3 and 9, respectively. The electron
density profiles associated with these two structures were
constructed from the SAXS data to provide deeper insight into
the structures formed. The effects of membrane composition and
charge ratio on the thermotropic LR

c-HII
c transition have been

revealed. LR
c-HII

c phase transition was not observable when the
membrane consisted of relatively dilute amount of DOPE (e.g.,

(41) Wang, T. Y.; Lee, Y. R.; Sheng, Y. J.; Tsao, H. K.J. Phys. Chem. B2005,
109, 22560.

Figure6. (a)Temperature-dependentSAXSprofileofm2x2complex
revealing an order-order phase transition from LR

c to HII
c phase on

heating. (b) Plot ofIm(HII
c ) vs T to determine the onset temperature

of LR
c-to-HII

c transition by a linear extrapolation toIm(HII
c ) ) 0.

Table 1. Onset Transition Temperature (To) of LR
c-to-HII

c

Transition for the Complexes with Different Compositions

composition To composition To

m1x2 n/a m2x4.5 51.0°C
m1x3 n/a m3x0.8 52.0°C
m2x1 n/a m3x1 40.5°C
m2x2 55.0°C m3x2 33.6°C
m2x4 52.0°C

Figure 7. Schematic illustration showing the release of counterions
upon the transition from the LR

c phase to the HΙΙ
c phase because the

negative charges on DNA are neutralized more effectively in the HII
c

phase.

Figure 8. Concentration of DNA remained in the supernatant after
the complexsation reaction for the complex withm ) 3. The DNA
concentration was determined from the absorbance at 260 nm in the
UV-vis spectra. The DNA concentration is seen to decrease with
increasingx.
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m ) 1). The order-order transition became accessible atm g2
with the transition temperature decreasing with increasing DOPE
content, since the DOPE, which by itself tended to organize into
HII structure, promoted the formation of the columnar phase. We
proposed that the transition from the LR

c to HΙΙ
c phase was

accompanied with the release of the counterions condensed on
the phosphate groups not bound to DTAB in the LR

c phase. The
higher uncomplexed DNA concentration in the bulk solution at
lower x caused a lower entropic gain from such a counterion
release and consequently raised the LR

c-to-HII
c transition tem-

perature. Finally, from the X-ray scattering profiles in the high-q

region, DNA confined between the bilayers in the complexes
was found to retain B conformation despite the electrostatic
interaction with CS.
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