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ulation of vibrational states. The only re- 
quire~nents are the lu~owledge of the vibra- 
tional wave function and a vibrational cool- 
ing time that is shoiter than the usable life- 
time of the ions in a storage ring. Most 
heteronuclear molecular ions satisfy this 
criterion. 
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An Inverted Hexagonal Phase of 
Cationic Liposome-DNA 

Complexes Related to DNA 
Release and Delivery 

llya Koltover, Tim Salditt," Joachim 0. Radler,i 
Cyrus R. Safinyal 

A two-dimensional columnar phase in mixtures of DNA complexed with cationic 
liposomes has been found in the lipid composition regime known to be sig- 
nificantly more efficient at transfecting mammalian cells in culture compared 
to the lamellar (L:) structure of cationic liposome-DNA complexes. The struc- 
ture, derived from synchrotron x-ray diffraction, consists of DNA coated by 
cationic lipid monolayers and arranged on a two-dimensional hexagonal lattice 
(H:). Two membrane-altering pathways induce the L: + H: transition: one 
where the spontaneous curvature of the lipid monolayer is driven negative, and 
another where the membrane bending rigidity is lowered with a new class of 
helper-lipids. Optical microscopy revealed that the L: complexes bind stably to 
anionic vesicles (models of cellular membranes), whereas the more transfectant 
H: complexes are unstable and rapidly fuse and release DNA upon adhering to 
anionic vesicles. 

Complexes consisting of DNA mixed with expressing (transfecting) large pieces of 
oppositely charged cationic liposomes DNA into cells Partial sections of first- 
(CLs; closed bilayer membrane shells of generation human artificial cl~roinosomes 
lipid molecules) miinic natural viruses in (H4Cs) on the order of 1 PIbp can be 
their ability to act as synthetic carriers of transferred into cells by means of CLs, 
extracellular DNA across outer cell mem- although extreinelv inefficientlv 14). The - , ~, 

branes and nuclear membranes for gene low transfection efficiencies of nonviral de- 
delivery (1-3). The use of i loil~~iral rather livery methods may be inlproved through 
thail viral methods for gene delivery has insights into transfection-related mecha- 
several advantages, including i~oniinmunic- nis~ns at the ~nolecular and self-assembled 
ity and the potential for transferring and levels. 

The efficiencv of transfection mediated 
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lipid DOPE (dioleoyl phosphatidylethano- 
lamine); and not in mixtures of DOTAP and 
a similar helper-lipid, DOPC (dioleoyl 
phospl~atidylcholine) (6). We recently 
showed that mixing DNA with CLs consist- 
ing of DOPC and DOTAP leads to a topo- 
logical transition into condensed CL-DNA 
complexes with a ~nultilamellar structure 
(L;): with DNA monolayers sandwiched 
b e k e e n  cationic lipid bilayers (7) in a 
manner similar to the schematic in Fig. 1 
(left) 

Using synchrotron small-angle x-ray scat- 
tering (SAXS) and optical microscopy, we 
found a co~npletely different colu~nnar invert- 
ed hexagonal HE liquid-ciystalline state in 
CL-Dh-A conlplexes (Fig 1. right) The com- 
monly used helpel-lipid DOPE induces the 
L: + Hk structural transition by controlling 
the spontaneous cui-vatt~re C, = liR, of the 
lipid monolayer, where Ro is the natural ra- 
dius of curvah~re (Fig. 1 ,  pathway I). \Ire also 
identified a class of helper molecules that 
control the ine~nbrane bending rigidity K and 
give rise to a second pathway to the HZ phase 
(Fig. 1 ; pathway 11). The CL-DNA complex- 
es containing DOPE that are empirically 
known to transfect exhibit the Hi,  phase, 
rather than the L: structure found in com- 
plexes containing DOPC. Optical imaging 
showed that comolex interactions with   nod el 
cell membranes ininlicking the early stages of 
transfectioil are shuctt~re-dependent. 

Synchrotron SAXS scans of positively 
charged CL-DNA conlplexes for p = 3 are 
shown in Fig. 2A as a function of increasing 
@,,,, in the DOPE-DOTAP CL mixtures 
along pathway I (8). [Here and below, p de- 
notes the DOTAPiDNA weight ratio, Q,,,, is 
the aeight fraction DOPE!(DOPE + DOTAP), 
and @,,,, is the weight fraction DOPCi 
(DOPC + DOTAP).] The co~nplexes are 
charged positively for p > 2.2 and negatively 
for p < 2.2, which indicates that charge reversal 
occurs when complexes are stoichiometrically 
neutral (with one positive lipid per negatively 
charged nucleotide base). At @,,,, = 0.41, 
SAXS scans of the la~nellar Lz complex (Fig. 

78 3 JULY 1998 VOL 281 SCIENCE www.sciencemag.org 



Fig. 1. Schematic of two distinct pathways from the lamellar L: cationic lipid DOTAP is cylindrically shaped whereas DOPE is conelike, 
phase t o  the columnar inverted hexagonal HE phase of CL-DNA leading t o  the negative curvature. Along pathway 11, the L: + H: 
complexes. Along pathway I, the natural curvature C, = 1/R, of the transition is induced by the addition of helper-lipids consisting of 
cationic lipid monolayer is driven negative by the addition of mixtures of DOPC and the cosurfactant hexanol, which reduces the 
the helper-lipid DOPE. This is shown schematically (center top); the membrane bending rigidity. 

2A) show sharp peaks at q,, = 0.099 A-' and 
q, = 0.198 A-' from the lamellar periodic 
structure (d = 2dq,, = 63.47 A) with DNA 
intercalated between cationic lipid bilayers 
(Fig. 1, left). Because the DOPE-DOTAP bi- 
layer thickness at @,,,, = 0.41 is 6, = 40 A 
(9), the water gap between bilayers 6, = d - 6, 
= 23.47 A is just large enough to accommodate 
a hydrated monolayer of DNA. The middle 
broad peak at qDNA = 0.172 A- ' is due to the 
one-dimensional (ID) array of DNA chains, 
with the spacing between the DNA strands 
dDNA = 2.rr/qD,,. This structure, found in 
CL-DNA complexes with a,,,, < 0.41, is 
analogous to that reported recently (7, 10). 

For 0.7 < a,,,, < 0.85, the peaks of 
the SAXS scans of the CL-DNA complexes 
are indexed perfectly on a 2D hexagonal 
lattice with a unit cell spacing of a = 
4 ~ r / [ ( 3 ) ~ . ~ q , ~ ]  = 67.4 A for a,,,, = 0.75. 
We observed Bragg peaks up to the seventh 
order, which indicates a high degree of 
regularity of the structure. At @,,,, = 
0.75, the first- through fourth-order Bragg 
peaks of this hexagonal structure occur at 

410 = 0.107 A-', q,,  = 0.185 A-', q20 = 
0.214 A-', and q,, = 0.283 A-' (Fig. 2A). 
This is consistent with a 2D columnar in- 
verted hexagonal structure (Fig. 1, right), 
which we refer to as the HE phase of CL- 
DNA complexes. The DNA molecules are 
surrounded by a lipid monolayer, with the 
DNA-lipid inverted cylindrical micelles ar- 
ranged on a hexagonal lattice. The structure 
resembles that of the inverted hexagonal 

H,, phase of pure DOPE in excess water density of DNA with respect to water leads 
(II) ,  with the water space inside the lipid to the relative suppression of the (1 1) and 
micelle filled by DNA. The greater electron (20) Bragg peak intensities compared with 

Fig. 2. Synchrotron SAXS patterns - 
of the lamellar L: and columnar 
inverted hexagonal H: phases of 
positively charged CL-DNA com- 'o' - 
plexes. (A) SAXS scans of CL-DNA 
complexes as a function of in- 1o7- 

creasing @ ,,, along pathway I of 
Fig. 1. At &,,,, = 0.41, the SAXS loe - 
pattern results from a single phase 
with the L: structure shown in Fig. 
1 (left). At a,,,, = 0.75, the 10' - 
SAXS scan results from a single .s 
phase with the H: structure shown 
in Fig. 1 (right). At a,, = 0.65, 

;lo4 - 
the SAXS shows coexistence of the .e 
L: (dotted line) and H: phases. At 5 lo3 - 
@,,,, = 0.87, SAXS shows coex- 
istence of the H i  phase and the .z lo2 - 
inverted hexagonal HI, phase of 
pure DOPE (arrows). SAXS pat- 9 , 
terns of complexes made from ex- 
tremely dilute DNA (0.01 mg/ml) 
and lipid (0.1 mg/ml) solutions are 10' ' 

plotted as solid lines for a,,,, = 

0.41 and 0.75. fB1 SAXS scans of ,,-- , 
CL-DNA at a coisiant @,,,, with 
no hexanol (a cosurfactant) and at 
a hexanovtotal lipid molar ratio of 
3:l along pathway I1 of Fig. 1. 
With no hexanol (filled squares), 
the structure is lamellar L:, where- 
as the complexes with hexanol 
(open squares) exhibit the hexag- 
onal H: structure. (C) SAXS scans 
of CL-DNA complexes with @,,,, 
added hexanoL 

= 0. The complexes remain in the L: phase with and without 
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that in the lipid HI, phase (9) .  If we assume 
an average lipid monolayer thickness of 
20 A, the diameter of the micellar void in 
the HE phase is near 28 A, again sufficient 
for a DNA molecule with approximately 
two hydration shells. For 0.41 < QDopE < 
0.7, the L: and HE structures coexist as 
shown at QDopE = 0.65 and are nearly 
epitaxially matched with a - d. For QDopE 
> 0.85, the HE phase coexists with the HI, 
phase of pure DOPE, which has peaks at 
q l o = 0 . 0 9 7 5 ~ - 1 , q l l  =0.169A-',andq,, 
= 0.195 A-' (arrows in Fig. 2A at QDopE 
= 0.87) with a unit cell spacing of a = 
74.41 A. 

SAXS scans of CL-DNA complexes at the 
concentration (0.01%) typically used in cell 
transfection studies ( 6 )  are also plotted in 
Fig. 2A (solid lines at QDopE = 0.41 and 
0.75). The complexes have their first-order 
Bragg peaks at exactly the same positions as 
in the corresponding more concentrated (1%) 
samples. Thus, the internal structures of the 
complexes are independent of the overall 
DNA and lipid concentrations. 

The L: 4 HG phase transition can be in- 

duced along a second pathway (Fig. 1, pathway 
11) with a new type of helper-lipid mixture. 
Complexes containing mixtures of DOPC and 
DOTAP exhibited the lamellar L: structure (7), 
as shown by the SAXS scan in Fig. 2B (bottom; 
Q,, = 0.7) with an interlayer spacing of d = 
2.rrIqml = 66.84 A. As a function of increasing 
ratio of hexanol (a membrane-soluble cosurfac- 
tant) to DOPC, we found a structural transition 
to the % phase. The first four SAXS peaks for 
complexes containing DOPC, DOTAP, and 
he~anol(Q,,~ = 0.7; hexanoVtota1 lipid mo- 
lar ratio, 3 : 1) can be indexed on a hexagonal 
lattice with a unit cell size a = 62.54 A. In 
CL-DNA complexes of pure DOTAP (Fig. 
2C), hexanol addition did not induce the tran- 
sition and we always found the Lz structure. In 
this case, the only effect of the addition of 
hexanol is to thin the cationic bilayer membrane 
(consisting of hexano1:DOTAP at a 3 : 1 molar 
ratio) from d = 57.91 A to 54.17 A. The 
interaxial DNA-DNA spacing dDNA was also 
observed to increase from 27.1 to 28.82 A, 
consistent with a decrease in the membrane 
charge density with the addition of hexanol. 

To understand the L: --, HE transition 

Fig. 3. Video microscopy images of positively charged CL-DNA complexes in the (A) H t  and (B) 
L: phases, and interacting with negatively charged C-vesicles (C and D). In all cases, complexes 
were viewed by DIC (left), lipid fluorescence (middle), and DNA fluorescence (right). In (C) the 
L% complexes simply stick to the C-vesicle and remain stable far many hours, retaining their 
bloblike morphology. The blobs are localized in DIC as well as in both fluorescence modes. In 
(D), the H i  complexes break up and spread immediately after attaching to C-vesicles, 
indicating a fusion process between the complex and the vesicle lipid bilayer. The loss of the 
compact structure of the complex is evident in both fluorescence modes. Scale bar for DIC 
images: 3 p m  (A and B). 20  p m  (C and D). Scale bar for fluorescence images: 6 p m  (A and B)], 
20  p m  (C and D). 

qualitatively along the two pathways in Fig. 
1, we consider the interplay between the elec- 
trostatic and membrane elastic interactions in 
the complexes. Pure electrostatic interactions 
alone are expected to favor the HE phase, 
which minimizes the charge separation be- 
tween the anionic groups on the DNA chain 
and the cationic lipids (1, 12). The electro- 
static interaction may be resisted by the Hel- 
frich elastic cost (per unit area) of forming a 
cylindrical monolayer membrane around 
DNA 

FIA = 0.5~(1/R - l/R,)* (1) 

where K is the lipid monolayer rigidity, R is the 
radius of curvature, and Ro is the natural radius 
of curvature. Along pathway I (Fig. l), cationic 

avors the flat DOTAP with lIRoDoTAP = 0 f 
lamellar Lu phase, but DOPE has a negative 
natural curvature lIR,DOPE < 0; that is, DOPE 
has a larger area per-two chains than area per 
head group (Fig. 1, center top) and forms the 
inverted hexagonal HI, phase (11). Thus, along 
pathway I, as a function of increasing Q,,, 
(with l/Ro = Q&,,,IRV, where @&,,, is 
the volume fraction of DOPE), we expect a 
transition to the % phase because the mem- 
brane elastic energy favors a curved interface 
(Fig. 2A). 

Along pathway 11, the membrane bend- 
ing rigidity K is reduced significantly be- 
cause of the addition of the membrane- 
soluble cosurfactant molecule hexanol. Co- 
surfactant molecules cannot stabilize an 
interface separating hydrophobic and hy- 
drophilic regions, but when mixed with 
longer chain "true" surfactants they can 
lead to large changes in interface elastici- 
ties. The addition of hexanol to membranes 
of lamellar phases with a molar ratio of 2 to 
4 will lead to a decrease of K from -20 kBT 
(where kBT is the thermal energy) to be- 
tween 2 and 5 kBT (13). Simple compres- 
sional models of surfactant chains show 
that K scales with chain length I,, (m ti,, 
membrane thickness; n = number of car- 
bons per chain) and the area per lipid chain 
A, as K a I:lA: (14), and hexanol both 
decreases I,, and increases A, (13, 14) (Fig. 
1, center bottom). The addition of cosurfac- 
tant results in a reduction in K, and hence a 
reduction in the elastic energy barrier to the 
formation of the HZ phase favored by the 
electrostatic interactions. The transition to 
the HE phase along pathway I1 occurs only 
in CL-DNA complexes with low enough 
charge density, where DOTAPIDOPC < 
0.5 (9). In this regime where the L: struc- 
ture is retained in complexes with pure 
DOTAP with and without added hexanol 
(Fig. 2C), the SAXS data are consistent 
with theory, which predicts a renormalized 
increase in K with increasing surface charge 
density (15). 
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In the absence of DNA. mixtures of centei and left) This beha~ior is ex~ected aftei ly In a quartz x-ray capillary (diameter 1 5 mm) wl th 

DOPC and DOTAP studied in this work with fusion. which ;esults in the mixingof cationic = 3' which yielded positive complexes. CLs 
consisting of binary DOPE-DOTAP mixtures have an or without hexanol foi~ned stable lainellar L, lipid (from the H i  complex) with anionic lipid average size of 0,06 pm, During CL-DNA complex 

phases (with 1!R, = 0) with no tendency to (fioin the G-vesicle), effectkely "turning off" formation, cationic lipids replace DNA counterions, 

form the inverted HI, phase (9). Ho\ve\-er, the electrostatic interactioils (which gave rise to releasing the Na- and cI- ions into solution wi th a 
large entropic free energy gain (on the order of k,T DOPE-DOTAP-water n~ixtures formed coex- the conlpact CL-DNA complexes) and releas- per released counterion), The result is a close asso. 

isting H,, and L, phases. inp DNA molecules inside the suace between ciation between DNA and b i d  in a c o m ~ a c t  c o m ~ l e x  -. - 
1; boih condensed phases, the complex- the lamellae and the G-vesicle bil'ayer. Because with an average size of 0 . 2 ' ~ m  (7). 

' 

9. 1. Koltover, T. Salditt, C. R. Safinya, unpublished data. es appear as highly dynamic birefringent the geometry is the inverse of that of CL-DNA T, Salditt, I, Koltover, O, Radler, C, R, Safinya, Phyz, 
aggregates \vhen viewed with \-ideo-en- complexes inside anionic endosoma1 vesicles, Rev. Lett. 79, 2582 (1997). 

hanced optical nlicroscopy in differential 
interference contrast (DIC) and fluores- 
cence configurations~ as shown in Fig. 3A 
for HE (@,,,, = 0.73) and Fig. 3B for L: 
(@,,,, =, 0.3) coinplexes along pathway I 
(16) .  The'positive complexes (with p = 3) 
forilled aggregates of connected blobs; with 
increasing conlplex charge, the aggregates 
became smaller and eveiltually dissociated 
into individual blobs. The L: phase formed 
linear structures. whereas the H,C, phase 
formed predoininantly branched aggre- 
gates; which indicated that the shape of H$ 
complexes is inherently anisotropic (9). 
The observed overlap of lipid and DNA 
distributions in the two fluorescence modes 
(Fig. 3. A and B) shows that the complexes 
are highly compact objects with a close 
association of lipid and DNA. 

To understand the effect of stmcture 
on the early stages of transfection, we shldied 
the interaction of CL-DNA complexes with 
giant anionic vesicles (G-vesicles). which are 
models of cellular meinbranes (for example, 
plasma membrane; anionic endosoma1 \-esi- 
cles). The inain entry route to mammalian 
cells is believed to be endocytosis? where a 
local in~vard defoi~nation of the cell plasma 
membrane leads to budding off of an internal 
vesicle forming the early-stage endosome 
(17). Thus? at the early stages of cell trans- 
fection? an intact CL-DNA complex may be 
capnlred inside an anionic endosoilla1 vesicle. 

The positively charged HE and L: com- 
plexes interacted very differently with model 
anionic lipid membranes, even when both types 
of strucnlres contained DOPE. Typical micro- 
graphs of positively charged (p = 4) conlplexes 
immediately after mixing with G-vesicles are 
sho\vn in Fig. 3, C and D. L: complexes at- 
tached to the fluid membranes of the G-\-esicles 
and remained stable (Fig. 3C); no fusion oc- 
cuu~ed between the coinplex and the G-vesicle. 
L: conlplexes containing DOPC (7) showed 
the sanle behavior. Hg complexes attached to 
the G-vesicle and rapidly fused with it? spread- 
ing and losing their conlpact shuckre (Fig. 3D, 
left). Because the amount of lipid in the com- 
plex a-as conlparable ~vith that in the G-vesicle 
and the fusion occurred rapidly. this produced 
multiple free lipid lamellae. The loss of the 
conlpact complex structure and the subsequent 
desorption of DNA molecules &om membrane 
and their Brownian motion between the lamel- 
lae were seen in fluorescence images (Fig. 3D. 

we expect that upon fusion DNA should be 
released and expelled outside the endosoine 
within the cytoplasm (18). On longer time 
scales (a few ho~rs).  we observed lipid transfer 
between the L: conlplexes and G-vesicles (9). 
Thus. the obselvation that DOPE-DOTAP L: 
and DOPC-DOTAP L: complexes do not fuse 
with G-\esicles reveals a kinetic rather than 
equilibrium effect. In principle, it may be pos- 
sible to design L: complexes with a lower 
kinetic barner to 5lsion. Moreover. the reported 
behavior of conlplexes containing univalent 
cationic lipids may be different &om that of 
multivalent cationic lipids. 

Our filldings correlate the self-assem- 
bled structure of CL-DNA coinplexes and 
transfection efficiency: The empirically es- 
tablished transfectant complexes contain- 
ing DOPE in nlammalian cell cultures ex- 
hibit the HE structure rather than the L: 
structure found in conlplexes containing 
DOPC (7). We have also found the HE 
phase in two other negatively charged poly- 
electrolytes: polyglutamic acid (PGA), a 
model polypeptide, and polythyn~ine (poly- 
T), a model of single-stranded oligonucle- 
otides used in antisense delivery applica- 
tions (19, 20). Optical microscopy reveals a 
likely reason for why the different struc- 
tures transfect cells with varying efficien- 
cy: In contrast to L: conlplexes, HE com- 
~ l e x e s  fused and released DNA when in 
contact a it11 anionic \ esicles. which are 
cell-free models of cellular membranes. in 
particular. anionic endosoinal vesicles. 
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