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In this study, we report on the lipid tail molecular shape/size effect on the mesophase self-assembly behaviors of
various cationic lipids complexed with double-stranded DNA. The molecular shape of the cationic lipids was tailored
from rodlike (a cyanobiphenyl imidazolium salt) to discotic (a triphenylene imidazolium salt), and finally to cubic
[a polyhedral oligomeric silsesquioxane (POSS) imidazolium salt]. An increase in the cross-sectional area of the
hydrophobic tails with respect to the hydrophilic imidazolium head induced a negative spontaneous curvature of the
cationic lipids. As a result, a morphological change from Iamello-columt@rp(hase for the DNA-cyanobiphenyl
imidazolium salt (DNA-rod) and DNA-triphenylene imidazolium salt (DNAdisk) complexes to an inverted hexagonal
columnar Hﬁ) phase for the DNA-POSS imidazolium salt (DNAcube) complex was observed. The DNAd
complex had a typical smectic A (SmAﬁ morphology, whereas the DNAdisk complex had a double lamello-
columnar liquid crystalline phase. However, when the lipid tail changed to POS&ﬁ arorphology was achieved.

These morphological changes were successfully characterized by X-ray diffraction and transmission electron microscopy.
We expect that these liquid crystalline and crystalline DNA hybrid materials may become potential functional materials
for various applications such as organic microelectronics and gene transfection.

Introduction to helper lipids and cationic lipid to DNA, the distance between
neighboring DNA could be adjustédn the Hﬁ phase, mixed
cationic and helper lipids formed a monolayer around DNA and
further packed into a hexagonal latti€&enerally, when the
lipid spontaneous curvatureo is low (zero) and the bending
modulus k) is high ¢&>kgT wherekg is Boltzmann constant and

Double-stranded DNA condensation with cationic species has
represented an important process in not only biological systems
but also the polymer science field (e.g., eajlobule transitiod).
Especially, DNA-cationic lipid complexes, which are termed
as lipoplexes, have received extensive investigations for nonviral . - . ‘
gene transfection applicatioAS-hermodynamically, the com- 1S temperature), b, phase is preferred. On the contrary, if the
plexation is driven by the release of small molecule counterions 'S Nigh (negative anfito| ~- 1/Rona where Roa i the diameter
and the electrostatic interaction between negatively charged DNAOf DNA around 1.0 nm) and is low (<kgT), anH;; phase is
and positively charged cationic lipids. The efficiency of gene favored?
transfection is dictated by many parameters, including cationic ~ Since mesophase morphology of lipoplexes is one of many
and helper lipid classes, surface charge density (or cationic toimportant factors for efficient gene transfectfort? controlling
helper lipid ratio), mesophase morphology of the lipoplexes, cell lamellar versus inverted hexagonal phases in lipoplexes has
lines, and so on. In addition, in vivo gene transfection, different received much attention. To induce a lamellar to inverted
from in vitro transfection, is complicated by other factors such hexagonal phase transition, many experimental approaches have

as targeted delivery.Understanding the structuréunction been pursued, according to the above-mentioned principles
relationship of cationic lipid-based gene transfection therefore governed by the spontaneous curvature of lipids and bilayer
becomes an important research topic. bending rigidity. The first method employed hexagonal forming

The equilibrium morphology of lipoplexes is determined by lipids such as dioleoyl phosphatidylethanolamine (DOPE), which
afree energy balance among surface charge density, spontaneou¥d a negatively curved lipid monolayer of aradiss 1.16~1.59
curvature of the lipids, and elastic properties of the lipid bilayers. nm* When DOPE was mixed with a cationic lipid, dioleoyl
Two typical equilibrium morphologies have been reported, trimethylamonium propane (DOTAP), &if; phase formed for
namely, lamellar I, also termed as lamello-columnar in the the DOPE weight fraction above 0.8®therwise, thé.S phase
liquid crystal field) and inverted hexagon#l{) phases. Inthe ~ Was obtained. The second method involved incorporation of a
lamellar phase, parallel DNA chains were intercalated between short chain alcohol such as hexanol into the lipid bilayers to
positively charged lipid bilayers composed of a mixture of cationic reduce the bilayer bending rigidity:?With increasing the hexanol
and neutral helper lipids.7 By controlling the ratios of cationic ~ content, a clear first-ordés; — Hy; transition was observed. In

a third method, an increase in the tail length of cationic lipids
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Letters

the hydrophobic tails beinggrather than G in an HEPES-
buffered saline (HBS) solution. Other methods were also used
toinduce ther,: morphology. For example, pH-controlled DNA
condensation in the presence of dodecyldimethylamine oxide
(DDAO) induced ther,: phase at low pH values for DNA-
DDAO complex, but theLg phase was formed for the DNA
DDAO/DOPE complexe$! Occasionally, the number and length
of lipid tails seemed to affect the mesophase morphology of
lipoplexes; some single-tailed cationic surfactants were favorable
for the H phase’516Recently, a thermally reversible; < Hjy
transition was observed in DNA-dodecyltrimethylammonium
bromide (DTAB)/DOPE complexés Furthermore, ahS — HS
transition was achieved by DNA induced lipid mixing of some
binary liposomes?8 Finally, instead of using cationic lipids,
anionic lipids together with divalent cations (e.g., MgCa,
Mn2*, etc.) were used to induce DNA condensation, anEH%n
phase was observé@?°

There have been few detailed studies on the tail molecular

shape/size induced spontaneous curvature of the cationic lipids

to form the Hf,: morphology in DNA complexe® In this
communication, we report on the molecular shape effect on the
mesophase morphology of DNA complexes with cationic lipids
having calamitic (cyanobiphenyl), discotic (triphenylene), and
cubic [polyhedral oligomeric silsesquioxane (POSS)] tails.
Through systematic tailoring of tail molecular shape fromrodlike
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Scheme 1. Double-stranded DNA Complexes with Cationic
Imidazolium Salts Having (1) Cyanobiphenyl, (2)
Triphenylene, and (3) POSS Tails
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The obtained DNA-imidazolium salt complexes were dried in a
vacuum oven at 58C for 24 h. To eliminate possible contaminations
from extraimidazolium salts, the complexes were dissolved in GHCI
and precipitated in hexane twice. Finally, the complexes were dried
in a vacuum oven at 50C for 2 d and stored in a refrigerator.
Two-dimensional (2D) wide-angle X-ray diffraction (WAXD)
was performed using an X-ray tube operating at 1.6 kW with the
Cr Ka radiation (wavelength = 0.229 nm). WAXD data were
recorded at room temperature, using a Bruker AXS area detector
with a general area detector diffraction system (GADDS). Dry powder

and discotic to cubic and thus the spontaneous curvature of cationicsamples sandwiched between two Kapton films were sheared at

lipids, smectic A (SmA) lamello-columnar to double lamello-
columnar, and finally to thél; phase transitions are observed
in the solid state, as revealed by X-ray diffraction (XRD)
experiments. The unique lamellar to inverted hexagonal mor-
phological change is further confirmed by transmission electron
microscopy (TEM). It is expected that these liquid crystalline
and crystalline DNA hybrids may be potential functional
nanomaterials for organic electronics and gene delivery ap-
plications.

Experimental Section

The chemical structures of various cationic imidazolium salts
having rod, discotic, and cubic tails and their complexes with double-

elevated temperatures and then quickly quenched to room temperature
to preserve orientation. In XRD experiments, X-ray beam was directed
parallel to the shear direction for the DNA and DNA—2 complexes.

For the DNA-3 complex, X-ray beam was along the vorticity
direction which was perpendicular to the shear direction. One-
dimensional (1D) XRD profiles were obtained by integration of the
corresponding 2D WAXD patterns. TEM experiments were per-
formed on a Philips EM300 at an accelerating voltage of 80 kV.
Thin sections with a thickness of ca. 70 nm were obtained using a
Leica Ultracut UCT microtome equipped with a diamond knife at
—30 °C. The thin sections were collected onto 400-mesh copper
grids, freeze-dried, and stained by soaking in a 1% uranyl acetate
solution for 4 h?t

Results and Discussion

stranded DNA are depicted in Scheme 1. Detailed syntheses of these

cationic lipids are described in the Supporting Information. Fish
sperm DNA (Na-form) was purchased from USB Corporation
(Cleveland, OH) and was extensively purified by dialysis followed
by filtration through a 0.2Qum PTFE filter. To prepare DNA
complexes, a typical procedure is followed as described elsewhere.
Generally, a small amount of the imidazolium sat2Q mg) in THF
was added slowly into double-distilled,@ followed by 5-min
sonication in a 100 W ultrasonication bath. A uniform solution with
slight turbidity was obtained. A saturated aqueous solution of purified
DNA in the Naform was added dropwise into an aqueous imidazolium
salt solution. The precipitated DNAmidazolium salt complexes
were filtered and repeatedly washed byGHo remove free DNA.
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In the presence of neutral zwitterionic lipids, double-stranded
DNA condenses with cationic lipids to form ordered liquid
crystalline mesophases. THQE and Hﬁ phases are often
observed, depending on the spontaneous curvature of the lipids
and bending rigidity of lipid bilayer&To tailor the spontaneous
curvature of cationic lipids, in this work, we systematically varied
the shape of hydrophobic tails from rodlike, to discotic, and
finally to cubic. Figure 1 shows the 1D SAXS profiles for DNA
complexes with rodlikeX), discotic @), and cubic 8) cationic
lipids, respectively. Differential scanning calorimetry studies
during second heating processes showed that the BNA
complex had a glass transition temperatdig &t 53°C and the
Tgofthe DNA—2 complex was 36C. The POSS crystal melting
peak in the DNA-3 complex was observed at 1682, above
which a hexagonal columnar phase developed. For all of the
samples, the clearing temperatures of the liquid crystalline phases
were above their degradation temperatures around’@0@s
observed by polarized light microscopy. For the DNAcomplex
in Figure 1A, typical lamellar morphology having a reflection
g ratio of 1:2:3 was observed, with an overall layer thickness
being 4.53 nm. Considering the diameter of a DNA double helix
being ~2.0 nm and the length of a cyanobiphenyl molecule
being~1.1nm, itis reasonable to assume that each layer contains
a bilayer of cyanobiphenyl rods and a single layer of DNA (this
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DNA layers). At last, when the tail molecular shape changes to
cubic, hexagonal morphology was observed with a refleajion
ratio being 1i/3:v/4, as seen in the inset of Figure 1C. The (100)
reflection of the hexagonal lattice corresponded thspacing

of 5.56 nm, and thus the inter-DNA distance was 6.42 nm. In
Figure 1C, POSS crystal (10)reflection was seen at 5.70 nin
(d-spacing= 1.10 nm).

Although 1D SAXS results suggest a lamellar to cylindrical
mesophase transition by varying the tail molecular shape from
rodlike and discotic to cubic, detailed liquid crystalline and
crystalline structures of these DNA complexes are yet to be
determined. Figure 2 shows 2D XRD patterns of shear-oriented
DNA lipoplexes at room temperature. In Figure 2A, lamellar
reflections are seen on the meridian while the amorphous halo
is centered on the equator, indicative of a typical SmA phase for
the DNA—1 complex. For the DNA-2 complex, up to six orders
of layer reflections are seen on the meridian with diffuse vertical
striations in the quadrant. Beyond the amorphous halo (around
14.6 nnT?), a pair of relatively sharp reflections withlespacing
of 0.35 nm is observed on the equator, which can be attributed
q (nm'1) to the face-to-face stacking distance in triphenylene columns.

These XRD results suggest a double lamello-columnar_{Col
Figure 1. 1D XRD profiles for double-stranded DNA complexes  |iquid crystalline phase for the DNA2 complex, with both DNA
with (A) cyanobiphenyl imidazolium salt, (B) triphenylene imid-  gnq triphenylene forming columiin this unique Cal phase,
A o e el el e ol - however,bothdouble-Stranded DNA anl tiphenyiene molecules
respectively. form liquid crystalline columns, which is in drastic contrast from

those reported for DNA complexes with aliphatic cationic

is consistent with the TEM micrograph in Figure 3A that the lipids.5>~7 The diffuse vertical striations in the quadrant (see the
white cyanobiphenyl rod layers have a similar thickness as the arrow near the center of Figure 2B, corresponding to the broad
DNA layers). In the inset of Figure 1A, a broad and weak peak peak in Figure 1B) suggest that the DNA and triphenylene
indicated by the red arrow is seen at 3.7 infd-spacing 1.7 columns arrange into a pseudooblique packing in each layer
nm), which can be attributed to a tight lateral packing of parallel with a relatively long lateral correlation length, whereas the
DNA chains sandwiched by bilayers of cyanobiphenyl liquid correlation length perpendicular to the layers is fairly short. For
crystals. For the DNA2 complex, lamellar morphologyisagain  the DNA—3 complex, cylindrical mesophase reflections with
observed in Figure 2A, showing a reflectigmatio of 1:2:3:4, theg-ratio being 13/3 can be seen on the meridian in Figure 2C,
despite the change of the cationic lipid tail from a rod to a disk. suggesting a horizontal alignment of hexagonally packed DNA
The even-order reflections are weak, which could be a result of columns. The POSS (1Q}reflection arcs are seen on both the
the scattering from a three-phase system comprised of DNA, equator and the meridian directions with a slightly stronger
aliphatic spacers/arms, and aromatic triphenylene cores. Neaiintensity on the equator. The POSS (012nd mixed (113)/
the third-order reflection in the inset of Figure 2B, a broad peak (3030) are also observed in the 2D XRD pattern; however, the
isindicated by the red arrow, and it can be attributed to the lateral orientation of these reflections smears. These major reflections
packing of DNA and/or triphenylene columns and will be for POSS crystals appear at the same positions as those in the
discussed later. The overall layer thickness is 5.98 nm. Since thepure POSS crystals, indicating the preservation of the trigonal
P5T triphenylene disks have a diameter of 1.7 nm, the lamellar (R3m) structuré? in the POSS crystals complexed with DNA.
morphology should consist of a single layer of DNA and a bilayer Meanwhile, the asymmetric shape of POSS imidazolium salts
of P5T molecules (this is consistent with the TEM micrograph complexed with DNA prevented a long-range three-dimensional
in Figure 3B that the white P5T layers are thicker than the dark (3D) packing of the cubic molecules, but they have to crystallize
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Figure 2. 2D XRD patterns for double-stranded DNA complexes with (A) cyanobiphenyl imidazolium salt, (B) triphenylene imidazolium
salt, and (C) POSS imidazolium salt in the solid state. POSS crystal reflections are indexed ushigi)tlsgribols for a rhombohedral
unit cell. Film samples are aligned horizontally for panets@



Letters Langmuir, Vol. 22, No. 14, 20065985

Figure 3. Bright-field TEM micrographs for double-stranded DNA complexes with (A) cyanobiphenyl imidazolium salt, (B) triphenylene
imidazolium salt, and (C) POSS imidazolium salt in the solid state. Since uranyl acetate preferentially stains DNA, DNA microdomains appear
dark in the micrographs.

into a four-layer lamellar crystal with an ABCA stacking sequence, indeed the DNA-1 complex has a SmA lamellar morphology.
which is similar to the crystal structure for a disk-cube dyad However, triphenylene molecules usually exhibit a hexagonal
molecule?® Note that the imidazolium heads have to stick out columnar phase, whereas they self-organize into a double lamello-
of the crystals from both basal planes in order to form ionic columnar phase in the DNA2 complex. Furthermore, POSS
complexes with the DNA phosphate groups. Detailed POSS molecules tend to crystallize into 3D trigonal crystfleihereas
crystal structure and orientation among hexagonally packed DNA the DNA—3 complex forms an inverted hexagonal phase with
columns are current under investigation and will be published lamellar POSS crystals between the DNA cylinders.
later. Tentatively, a model with four-layer POSS lamellar crystals  |n summary, by systematically varying the molecular shape
along threel10Qinterstitials is assumed. in cationic lipid tails, we have successfully achieved morpho-
The unique mesophase transition by varying the molecular |ogical transitions in DNA-cationic lipid complexes from a
shape in the cationic lipid tails was further confirmed by TEM typical SmA lamello-columnar phase for the DNAod complex
experiments, and results are shown in Figure 3. The DNA to a double lamello-columnar phase for the DNétisk complex,
microdomains were preferentially stained by uranyl acetate in gnd finally to an HS phase for the DNAcube complex.
a 1 wt % aqueous solution. From Figure 3A,B, lamellar opyiously, increasing the tail cross-sectional area with respect
morphology was clearly seen for the DNA and DNA-2 to the hydrophilic imidazolium head induced the negative
complexes. For the DNA3 complex in Figure 3C, a side-view  gpontaneous curvature, and thus a mesophase transition. Further

of parallel DNA cylinders is seen. A head-on view of dark DNA  jnvestigations of POSS crystal growth and orientation are currently
cylinders can be seen in the inset of Figure 3C. The diameter of ynderway.

the dark cylindersis ca. 2 nm, which is consistent with the literature
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