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ABSTRACT

We report on the discovery of a new organized lipid-nucleic acid phase upon intercalation of blunt 

duplexes of short DNA (sDNA) within cationic multilayer fluid membranes. End-to-end interactions 

between sDNA leads to columnar stacks. At high membrane charge density, with the inter-sDNA 

column spacing (dsDNA) comparable but larger than the diameter of sDNA, a 2D columnar phase (i.e. a 

2D smectic) is found similar to the phase in cationic liposome-DNA complexes with long lambda-phage 
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DNA. Remarkably, with increasing dsDNA as the membrane charge density is lowered, a transition is 

observed to a 3D columnar phase of stacked sDNA. This occurs even though direct DNA-DNA 

electrostatic interactions across layers are screened by diffusing cationic lipids near the phosphate 

groups of sDNA. Softening of the membrane bending rigidity (), which further promotes membrane 

undulations, significantly enhances the 3D columnar phase. These observations are consistent with a 

model by Schiessel and Aranda-Espinoza where local membrane undulations, due to 

electrostatically-induced membrane wrapping around sDNA columns, phase lock from layer-to-layer, 

thereby precipitating coherent “crystal-like” undulations coupled to sDNA columns with long-range 

position and orientation order. The finding that this new phase is stable at large dsDNA and enhanced with 

decreasing  is further supportive of the model where the elastic cost of membrane deformation per unit 

area around sDNA columns ( h2/dsDNA
4, h2 = sum of square of amplitudes of the inner and outer 

monolayer undulations) is strongly reduced relative to the favorable electrostatic attractions of partially 

wrapped membrane around sDNA columns. The findings have broad implications in the design of 

membrane-mediated assembly of functional nanoparticles in 3D. 

Key words 

Stacked short-DNA, columnar phase, 3D membrane undulations, synchrotron SAXS

INTRODUCTION

Self-assembled complexes of cationic liposomes (CLs) and nucleic acids (NA) have been of 

significant interest to the field of nucleic acid nanomaterials. This,  in part, is because of the ability to 

organize DNA and RNA in three-dimensional (3D) space in a variety of geometries with distinct lattice 

symmetries due to the electrostatic coupling of nucleic acids to charged membranes (1-18). Distinct 

CL-NA structures revealed by synchrotron x-ray diffraction include the lamellar LC with DNA 

sandwiched between cationic membranes (1,10); the inverted hexagonal HII
C with DNA or stacked short 

DNA encapsulated within inverse lipid tubules (3,15); and the HI
C structure, where cationic multivalent 
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lipids with large positive spontaneous curvature lead to hexagonally arranged rod-like micelles 

surrounded with DNA chains forming a continuous substructure with honeycomb symmetry (11). For 

short double-stranded RNA, bicontinuous cubic phases, including the gyroid QII
G, NA, may be realized 

containing the RNA molecules on curved surfaces with negative Gaussian curvature (13,16-18). In 

addition to the scientific interest arising from the different structural arrangements of nucleic acids on 

membrane templates, CL-NA complexes are also of high biomedical interest because of their 

applications in delivery of therapeutic nucleic acids, both DNA (19-32) and short RNA 

(13,16-20,23,26,27,29-31,33-42) into cells. The high level of research interest in CL–NA complexes is 

complemented with more than 110 ongoing gene therapy trials worldwide using CL based carriers 

(vectors) (43,44).

The precise nature of long DNA chains confined between cationic bilayer sheets in the lamellar LC 

phase has been well elucidated through careful line-shape analysis of the structure factor obtained by 

synchrotron x-ray scattering. These analyses show that DNA chains form a finite-sized 1D lattice on the 

scale of the persistence length of DNA (p ≈ 500 Å to 1000Å) with weak cross bilayer correlations 

(45,46). Thus, DNA chains in each two-dimensional (2D) layer are nearly decoupled 2D smectics (or 

equivalently a 2D columnar phase) on length scales up to ≈ p.

For long DNA, modeled as rigid rods confined between flat bilayer membranes, equilibrium theories 

have described a 3D columnar phase where DNA rods have long-range positional and orientational 

correlations across the bilayers (4,5,9). The models also predict a new phase of matter, which remains to 

be observed in experiments, referred to as a “sliding columnar” phase where DNA rods forming a 2D 

columnar phase lose positional correlations between bilayers but maintain 3D long-range (LR) 

orientational order. It is important to emphasize that in these models describing DNA arrangements on 

flat lipid bilayers, membrane undulations play no role in the equilibrium properties of the phases. Thus, 

long-range repulsive electrostatic forces between DNA rods in different layers stabilizes the 3D 

columnar phase.
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In this paper, we combined cationic liposomes (CLs) consisting of mixtures of the cationic lipid 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and neutral lipid 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with blunt short DNA (sDNA) consisting of either 

11bp, 24bp or 48bp. Both lipids are in their chain-melted conformation forming fluid (i.e. liquid state) 

membranes in the temperature range studied (ambient room temperature to ≈ 80 °C). Synchrotron x-ray 

scattering experiments show that all three lengths of blunt sDNA form lamellar complexes with sDNA 

intercalated between the lipid bilayers. DNA-DNA correlations can be clearly elucidated from the 

scattering data revealing two highly organized arrangements of sDNA. These organization are only 

possible if sDNA rods stack end to end to form long columns (see Fig. 1A). This is consistent with a 

previous study that established blunt duplexes of sDNA in water preferentially stack end-to-end, 

forming sDNA columns to minimize exposure of the hydrophobic ends of the duplex to the aqueous 

environment (47,48). Finally, the analysis of short pieces of DNA with nonpairing overhangs adsorbed 

on 2D membranes has found that tuning of end-to-end stacking interactions, by altering number of the 

nonpairing overhangs, results in finite length stackes of sDNA (14). 
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Figure 1. 2D (L
sDNA,2D) and 3D columnar phases (R

sDNA,3D) of stacked blunt short-DNA (sDNA) intercalated between fluid 

cationic lipid membranes (CL), revealed by synchrotron-based small angle x-ray scattering (SAXS). (A) LEFT: Graphic 

illustration of CL-sDNA complexes in the L
sDNA,2D phases. Formed at low mole fraction neutral lipid (NL) the stacked 

sDNA (depicted as short cylinders) sandwiched between cationic membranes form columns with a well defined DNA 

interaxial spacing in each layer, but without correlations from layer to layer. This phase is qualitativly similar to the 

previously observed 2D smectic like organization of long DNA in cationic liposome-DNA complexes (1,13,14). RIGHT: 

Graphic illustration of CL-sDNA complexes in the R
sDNA,3D phase, which forms after NL is increased above a certain 

threshhold (0.5  NL  0.75 for 11bp and 24bp sDNA, and 0.52  NL  0.75 for 48bp sDNA). In this phase, the sDNA rods 

across the bilayers exhibit strong correlations, forming a centered rectangular lattice with long range order. The stacked 
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sDNA rods retain sliding degree of freedom along the helical axis.  (B) (i) synchrotron x-ray scattering data of 11bp sDNA 

complexed with DOTAP/DOPC CLs for NL = 0.2 at the isoelectric point. The presence of a series of peaks resulting from 

the memebrane stack and a highly asymmetric DNA 1D ordering peak is similar to what has been observed from CL-DNA 

complexes with long DNAs. The strong asymmetric lineshape is a direct indication of lack of the positional correlations of 

the 1D lattices across layers.  This similarity to long CL-DNA data is evidence that the sDNA rods must be stacked 

end-to-end to form long columns. (ii) Diffraction data of 11DNA-10dT complexes at NL = 0.2. The 11DNA-10dT has the 

same DNA core (11 bp, perfectly duplexed) but including 10 unpaired deoxythymidine nucleotides to each 3 ' end of the 

duplex. The introduction of dangling ends prevent end-to-end stacking and led to a very broad (barely visible) DNA 

correlation peak indicating that the DNA ordering is significantly hindered. (iii) Diffraction data from complexes made with 

a 11-base single-stranded homopolymer of deoxythymidine (11dT). There is no correlation peak from the 11dT ssDNA. (iv) 

Typical scattering profile of CL-sDNA complexes in the ordered R
sDNA,3D phase for 11bp sDNA at NL = 0.64. The sharp 

peaks can be indexed to a centered rectangular columnar structure with 2D lattice parameters a (=center-to-center spacing of 

stacked sDNA columns=45.9 Å at NL=0.64) and b (= 2*interlayer spacing d = 138.8 Å at NL = 0.64) as shown in Fig.1 A 

(RIGHT). (v, vi) Comparison diffraction data for CL-DNA  complexes with 11DNA-10dT and 11-base single stranded 

deoxythymidine (11dT), respectively. In both cases, the data show no peaks from ordered rectangular phase. This result 

confirms that end-to-end stacking of short blunt sDNA into long columns is required for forming both 2D (L
sDNA,2D) and 3D 

columnar phases (R
sDNA,3D).   

For CL-sDNA complexes formed at low mole fraction neutral lipid (NL), stacked sDNA 

sandwiched between cationic membranes form columns with a well-defined DNA interaxial spacing in 

each layer with no indication of correlations from layer to layer. This 2D columnar phase of stacked 

sDNA (labeled LsDNA,2D, Fig. 1A, left) is qualitativly similar to the 2D smectic-like organization of 

long DNA in cationic liposome-DNA complexes of previous reports (1,45,46). The main difference is 

that while the persistence length of DNA (p ≈ 500 Å to 1000Å) sets the length scale for the 2D smectic 

domains of long DNA in the LC phase (i.e. with exponentially decaying in-plane orientational 

correlations between domains on scales larger than p), the columns of sDNA are expected to be much 

longer than p in the LsDNA,2D phase. With increasing NL (0.5  NL  0.75 for 11bp and 24bp sDNA, 
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and 0.52  NL  0.75 for 48bp sDNA), we observed strong correlations across bilayers through the 

onset of a series of new diffraction peaks indicative of long-range order in position and orientation of 

sDNA columns. This 3D columnar phase of stacked sDNA, labled RsDNA,3D, indexes onto a 2D 

centered rectangular phase (Fig. 1A, right). We stress that this is the first time a highly organized sDNA 

lattice with long-range position and orientation order has been seen in lipid-NA complexes comprised of 

fluid membranes.

3D columnar phases of long DNA in lipid-DNA complexes have been reported in systems where the 

membrane is in the ordered gel phases with chain-frozen lipids (49-51). In the gel phase the very high 

membrane bending rigidities ( >> kBT) effectively suppress thermal undulations giving rise to flat 

membranes. Furthermore, because of chain ordering, cationic lipids have limited mobility and provide 

little screening of coulombic forces between DNA rods in different layers. Therefore, columnar ordering 

occurs due to mutual DNA-DNA repulsions. Our observation of 3D long-range order of sDNA columns 

confined between fluid membranes, with lipids in their chain-melted conformation, is highly 

unexpected. This is because direct electrostatic DNA-DNA interactions are expected to be short-range 

due to screening by liquid-like cationic lipids in the vicinity of the phosphate groups of DNA. Unlike 

the case for chain ordered membranes with large , the 3D columnar phase of stacked sDNA described 

in this paper is strongly enhanced with decreasing , which promotes membrane undulations. As 

described later, this points to a different origin of ordering where coherent membrane undulations across 

layers (Fig. 1A, right) trigger the onset of long-range 3D positional and orientational columnar ordering.  

The findings of this paper have broader implications in the area of assembly in biological 

nanomaterials. Many of the prevailing approaches in hierarchical assembly of nanoscale building blocks 

involve either specific interactions, such as H-bonding of complementary nucleic acid base pairs 

attached to colloidal nanoparticles (52-55), or nonspecific electrostatic interactions, for example, 

between intrinsically disordered protein biopolymers bound to the surface of other structured proteins 

(56-58). Here we used the mutual electrostatic coupling of short sDNA rods and flexible membranes as 
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the mechanism for 3D ordering of sDNA. The method may be extended to other nanoparticles of 

different shape with a designed-in coupling to membranes; for example, charged peptide rods with built 

in end-end hydrophobic interactions, both for structure studies (e.g. fiber diffraction) and as advanced 

materials in applications requiring a local high concentration such as biosensing.

MATERIALS AND METHODS

DNA Constructs.  All DNA constructs were purchased as single strands from Sigma-Genosys 

(Sigma-Aldrich) and delivered as a lyophilized film. All oligos where fully deprotected, leaving 

hydroxy  ends, and desalted. HPLC was used for oligos  30 nts (nucleotides). The films were 5′ >

centrifuged to collect all dried components and then resuspended in 10mM HEPES buffer (pH = 7.0) to 

 10mg/ml. Concentrations were determined by UV-Vis absorption using a ND-1000 UV-Vis >

spectrophotometer from NanoDrop Technologies (Thermo Fisher Scientific). Equimolar amounts of 

complimentary single strands were mixed and diluted to a final concentration of 10mg/ml. Mixed single 

strands were heated in a water bath and held at 90 C for 15 min. The nucleci acids were then slow 

cooled to room temperature to facilitate complete hybridization. Duplexes were run on a 12% 

polyacrylamide gel to check for ssDNA contaminates. DNA sequences are listed in Table S1 

(Supporting Information). Control sequences of DNA homopolymers, polydeoxyadenylate and 

poldeoxythymidylate, were purchases at lengths of 11nts, 24nts and 48nts (Sigma-Genosys) and 

hybridized or left as single strands.

Lipid Preparation. 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids were purchased from Avanti Polar Lipids 

(Alabaster, Alabama) and delivered as lyophilized powders. Liposome solutions were prepared by 

dissolving DOTAP and DOPC in trichloromethane to stock concentrations of 30mM respectively. Stock 
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concentrations were mixed at molar ratios (DOTAP:DOPC) of 100:00, 80:20, 40:60 and 30:70 into 

glass vials (corresponding to  = 0, 0.2, 0.6 and 0.7 respectively). Trichloromethane mixtures of Φ𝑁𝐿

lipids where then dried under a stream of nitrogen to produce a dried lipid film inside the vial. Dried 

films were then placed under vacuum for 24 hours. Films were then rehydrated in ultra pure water to a 

final concentration of 30mM and incubated at 37 C. Liposome solutions were sonicated with with a 

Vibra-Cell (Sonics & Materials, Inc. Newtown, CT) tip sonicator for 10 min and immediately stored at 

4 C until use.

Complexes for X-ray.  Complexes for x-ray diffraction were prepared as described previously 

(12,14). Briefly, 50  solutions of DNA or RNA were alloquoted into x-ray quartz capillaries 𝜇𝑔

(Hilgenberg, Malsfeld Germany). Lipid mixtures were added at  where 𝑚𝑜𝑙𝑒𝑠𝐶𝐿 =
𝑁𝑁𝐴𝑛𝑡
𝑍𝐶𝐿 × 𝜌𝑐ℎ𝑔 ×

50𝜇𝑔
𝑀𝑊𝑁𝐴

 are the total nucleotides in the DNA or RNA duplex,  is the cationic lipid headgroup charge (= 𝑁𝑁𝐴𝑛𝑡 𝑍𝐶𝐿

+1e for DOTAP) and  is the molar charge ratio between CL:NA for the complex. We set  𝜌𝑐ℎ𝑔 𝜌𝑐ℎ𝑔 = 1

such that all complexes tested were isoelectric (each negative charge on DNA is compensated by one 

positively charged lipid). After adding appropriate lipid mixtures, capillaries were spun at 1,500 x g for 

15 min at 4 C to pellet the condensed aggregate. Capillaries were sealed and stored at 4 C until use. 

X-ray diffraction experiments were preformed at Stanford Synchrotron Radiation Lightsource beam line 

4-2 using a 1.5 meter flight path with x-ray energy set to 9keV. Data was collected on MX-225 

Rayonics (Evanston, IL) CCD detector and radially averaged to produce 1D intensity vs wavevector (q) 

plots. Before diffraction experiments, samples were either incubated at 37 C for 6 hours or left at 4 C. 

Some diffraction experiments were preformed under temperature control using a custom oven with 

Minco (Minneapolis, MN) heaters and accuracy  0.2 C. In these samples the temperature was ±

measured by a thermister, which was in thermal contact with the sample holder.

RESULTS AND DISCUSSION 
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The 2D Columnar Phase of Stacked sDNA (labled LsDNA,2D) in Cationic Liposome-sDNA 

Complexes. Figure 1B(i) shows synchrotron x-ray scattering data of 11bp sDNA complexed with 

DOTAP/DOPC CLs for NL = 0.2 at the isoelectric point of the complex (i.e. where the number of 

negative phosphate groups from sDNA equals the number of cationic charges from DOTAP). The series 

of peaks at (00L) (L = 1,2,3…) results from the multilamellar structure of the complexes with 

inter-membrane spacing d = 2/q001 = 2/(0.104 Å-1) = 60.4 Å (Fig. 1A, left). The inter-membrane 

distance (d) was obtained by fits of the profiles to Lorentzian line-shapes. The inter-membrane distances 

are very similar to what is obtained when sDNA is replaced with long (48,502 bp) lambda-phage where 

d (= m + w) is the thickness of the lipid bilayer membrane (m = 35 +/- 0.5 Å) plus the water layer (w 

≈ 25 Å) containing a layer of sDNA (sDNA in the hydrated B-conformation has a physical diameter ≈ 

20 Å) (1,45,46).

The broader highly asymmetric peak observed between the (002) and (003) peaks (labeled qsDNA at 

0.239 Å-1) is strikingly similar, both in shape and peak position at the same NL, to the diffraction peak 

from the 1D lattice of DNA chains (i.e. a 2D smectic) observed previously for lamellar phase CL-DNA 

complexes formed with long lambda-phage DNA (45,46). The strong asymmetry, where the lineshape 

has a sawtooth shape rising rapidly and falling off slowly after the peak position, is a well-known 

signature of powder averaged anisotropic x-ray structure factor of a 1D lattice of rods in 

two-dimensions (45). Taken together, the comparison to scattering from long DNA in lamellar 

complexes indicates that sDNA molecules, confined between lipid bilayers, are stacked end-to-end 

forming long columns with well-defined inter-column spacing (for the data in Fig. 1B(i) dsDNA = 

2/qsDNA = 26.3 Å at NL = 0.2). The strong asymmetric lineshape is also a direct indication that the 

positional correlations of the 1D lattices across layers is short-range (46). Thus, at NL = 0.2 cationic 

liposome-sDNA complexes form a 2D columnar phase of stacked sDNA (LsDNA,2D). Interestingly, long 

DNA and sDNA complexes differ only in the line widths of the DNA peak, which are inversely 
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proportional to the coherent domain sizes of the respective 1D lattices and are obtained from the rapidly 

rising part of the DNA-DNA lineshape, which is not affected by the powder averaging process in the 

lineshape analysis (45,46). Using Lorentzian lineshapes for the structure factor one finds that at NL = 

0.2 the 1D lattice of sDNA columns has a larger coherent domain size ≈ 460 Å (≈ 18 times the unit cell 

dimension) by about a factor of four compared to the that for long DNA (1,45,46). This finding is 

consistent with the length of the sDNA columns being significantly larger than the persistence length of 

DNA, which sets the scale for the domain size of 1D lattices of DNA chains. 

We should point out that the stacking of blunt sDNA adsorbed on lipid bilayers is not unexpected 

because such stacking has been previously observed when sDNA is in aqueous solution (47,48). Blunt 

DNAs have an exposed hydrophobic core at each end, an unfavorable situation in the aqueous 

environment between bilayer membranes. In B-form DNA, the base pairs are nearly perpendicular to the 

longitudinal axis of the DNA strands. Therefore, stacking of blunt DNA ends will put adjacent DNA 

molecules in near perfect contact, allowing for greater stability by protecting the hydrophobic core of 

bases and creating further - bonding of the end base's aromatic groups. These non-covalent 

interactions would ``glue'' the blunt DNA together creating stacks. A similar case has been reported for 

the stacking of aromatic dye molecules into columns (59). 

To further prove the stacking nature of the blunt sDNA, we created complexes with an identical 

DNA core (11 bp, perfectly duplexed) but including 10 unpaired deoxythymidine nucleotides to each 3’ 

end of the duplex (labeled 11DNA-10dT). Diffraction data of 11DNA-10dT complexes at NL = 0.2 are 

shown in Fig. 1B(ii). Interestingly, a very broad peak at qDNA = 0.218 Å-1 can be seen for this sample 

(NL = 0.2) indicative of a disordered (isotropic) phase of unstacked duplexes. The addition of 10dT 

dangling incompatible single stranded ends prevent end stacking. For comparison, complexes made with 

a single-stranded homopolymer of deoxythymidine are included in Figure 1B(iii). These complexes 

with single-starnded 11dT DNA show no indication of any correlation peak. The value of q001 for the 

ssDNA poly(dT) shifts to larger q values compared with the dsDNA analog (compare Fig. 1B(iii) to (i)) 
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indicative of a smaller unit cell normal to the layers. Since lipid composition remains constant between 

these samples, m must remain fixed and therefore, w which contains the 11dT is smaller with the 

introduction of ssDNA.

The 3D Columnar Phase of Stacked sDNA (labled RsDNA,3D) in Cationic Liposome-sDNA 

Complexes. At higher neutral lipid compositions (NL > 0.50 for 11bp and 24bp sDNA and NL > 0.52 

for 48bp sDNA) x-ray scattering data from CL-sDNA complexes shows a phase transition to a new 

phase with the onset of new diffraction peaks. Figure 1B(iv) depicts a typical scattering profile in this 

new phase for 11bp sDNA at NL = 0.64 where the sharp peaks, from the diffraction of the sDNA 

columns within the lipid bilayers, index to a center rectangular columnar structure with peak positions at 

reciprocal lattice vector Ghk = 2[(h/a)2 + (k/b)2]1/2 with the 2D lattice parameters a (= sDNA 

intercolumn spacing = 45.9 Å at NL = 0.64) and b (= 2*interlayer spacing d = 138.8 Å at NL = 0.64) 

as indicated in Figure 1A (right). The observable (h,k) peaks [(02), (11), (04), (13), (15), (06), (08)] all 

satisfy the condition that h plus k equal an even number as required for a body centered rectangular 

lattice. Furthermore, the observation of the 2D center rectangular lattice implies that the sDNA columns 

have long-range position and orientation order within the 3D multilayer system; that is, a 3D columnar 

phase of stacked sDNA, which we have labeled RsDNA,3D (Fig. 1A, right). To our knowledge, this is the 

first time this configuration has been seen in lamellar CL-NA systems with fluid membranes (the 

subscript “alpha” in the label denotes the liquid state of the membrane due to chain-melted lipids). 

In figure 1B (v, vi) comparison diffraction data for CL-DNA complexes with 11DNA-10dT and 

11-base single stranded deoxythymidine (11dT) are shown, respectively. In both cases, the data show no 

peaks from ordered rectangular phase. This result confirms that end-to-end stacking of short blunt 

sDNA into long columns is required for forming both 2D (LsDNA,2D) and 3D columnar phases 

(RsDNA,3D).
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Phase Behavior of Stacked sDNA Columns in Cationic Liposome-sDNA Complexes as a Function 

of Neutral Lipid Composition. Figure 2A depicts the complete series of synchrotron x-ray scattering 

profiles of CL-sDNA complexes for 11bp sDNA as a function of increasing NL covering the range 

from NL = 0.2 to NL = 0.8 (at the isoelectric point of the complex). A plot of a subset of the x-ray 

profiles over a smaller q-range for NL between 0.54 and 0.70 is shown in figure 2B. This latter figure 

more clearly shows the extra diffraction peaks of the RsDNA,3D phase absent in the LsDNA,2D phase; that 

is, the (13) peak (solid arrow) for NL = 0.54 to 0.64, and the (15) peak (dashed arrow) for NL = 0.64, 

0.65, and 0.70. The transition from a 2D columnar phase (LsDNA,2D) to a 3D columnar phase of stacked 

sDNA (RsDNA,3D) occurs between NL = 0.50 and NL = 0.52 (where the (13) peak is weak but visible).

Figure 2. Phase behavior of stacked sDNA columns in cationic liposome-sDNA complexes as a function of neutral lipid 
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composition. (A) Complete series of synchrotron x-ray scattering profiles of CL-sDNA complexes for 11bp sDNA as a 

function of increasing NL covering the range from NL = 0.2 to NL = 0.8 (at the isoelectric point of the complex). (B) A 

plot of a subset of the x-ray profiles over a smaller q-range for NL between 0.54 and 0.70, where the onset of rectangular 

lattice peaks can be easily seen. (C) Phase diagram, compiled through analysis of x-ray diffraction data, for the L
sDNA,2D 

(indicated by black square) and R
sDNA,3D (indicated by red circle) phases as a function of NL for CL-sDNA complexes with 

11DNA, 24DNA and 48DNA. All three lengths sDNA behavor similarly. The 4th line shows CL-DNA complexes formed 

with long –DNA, which remains in the L
C phase and do not exhibit a transition to the 3D columnar phase over the entire 

range of NL between 0 and 0.75. 

The stability regime for the LsDNA,2D and RsDNA,3D phases as a function of NL for CL-sDNA 

complexes with 11DNA, 24DNA and 48DNA is shown in the phase diagram plot in figure 2C. All three 

lengths of blunt DNA generally behave the same. For NL  0.50 for 11DNA and 24DNA and NL  

0.52 for 48DNA, CL-sDNA complexes are in the 2D columnar phase (LsDNA,2D). Here, the diffraction 

patterns (Fig. 2A) are strikingly similar to the case of CL-DNA complexes formed with long linear 

-DNA (i.e. the LC phase with DNA sandwiched between cationic membranes (1) where one observes 

a highly asymmetric DNA peak significantly broader than the (00L) layering peaks. CL-DNA 

complexes with -DNA remain in the LC phase. They do not exhibit a transition to the 3D columnar 

phase over the entire range of NL between 0 and 0.75 beyond which, the LC phase separates with a 

lamellar phase with no DNA (45,46) (Fig. 2C, blue triangles). In contrast the 3D columnar phase of 

stacked sDNA (black squares) occupies a signficant fraction of the phase diagram for larger NL (0.5  

NL  0.75 for 11bp and 24bp sDNA, and 0.52  NL  0.75 for 48bp sDNA). For even larger NL all 

diffraction peaks broaden and are indicative of the 3D columnar phase but with smaller domain sizes ( 

0.80 and 0.85 profiles in Fig. 2A).
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We found that annealing the CL-sDNA complexes formed at room temperature by incubation at 

37°C for six hours followed by slow cooling to room temperature tended to sharpen the observed 

diffraction peaks in the RsDNA,3D phase due to annealing of defects resulting in larger coherent 

domains. This makes the additional higher order peaks associated with the rectangular phase more 

clearly visible (see supplementary Fig. S1). The incubation period at elevated temperature promotes the 

dynamics of the short DNAs in order to increase the number of end to end collisions required for 

stacking. All room temperature samples leading to the phase diagram in figure 2C were subject to 

temperature annealing. For long lambda-DNA, CL-DNA complexes do not show any significant 

narrowing of diffraction peaks upon incubation and no evidence of the RsDNA,3D phase is found as a 

function of varying NL. 

Figure 3. Structural parameters derived from synchrotron x-ray scattering data from CL-sDNA complexes for 11bp, 24bp, 

and 48bp sDNA as a function of NL in the L
sDNA,2D and R

sDNA,3D phases. The vertical dotted lines mark the NL point 

above which R
sDNA,3D phase forms.  Above the transition, the DDNA spacing and lipid bilayer spacing d001 in the L

sDNA,2D 

phase become the lattice constants a and b/2 in the centered rectangular R
sDNA,3D phase.  (A) Parameters for 11bp sDNA 

complexes. (B) Parameters for 24bp sDNA complexes. (C) Parameters for 48bp sDNA complexes. 

Figure 3 summarizes the structural parameters derived from the synchrotron x-ray scattering data 

from CL-sDNA complexes for 11bp (A), 24bp (B), and 48bp (C) sDNA as a function of NL in the 

LsDNA,2D and RsDNA,3D phases. This includes the average spacing between sDNA molecules (dsDNA 
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and lattice parameter a) and the interlayer spacing (d and b = 2*interlayer spacing) in the LsDNA,2D and 

RsDNA,3D phases, respectively (see Fig. 1A). We see that dsDNA and a increase with increasing NL 

increases. Thus, the increase in NL from 0 to 0.7 leading to a decrease in the average membrane charge 

density forces sDNA columns to be further apart. This trend is also observed with CL-DNA containing 

long -DNA (1). This behavior is due to the fact that within the CL-sDNA complex the average anionic 

charge density due to the sDNA has to match the average membrane charge density because of the 

requirement of local charge neutrality assuming all counter-ions of the phosphate groups and the 

cationic lipid headgroup have been released from the complex into the surrounding solution (1,60). 

Figure 3 also shows that the interlayer spacing (d and b/2) equal to M plus w increases with increasing 

NL. This behavior is due to increases both in the membrane bilayer thickness M (each DOPC molecule 

is ≈ 4 Å to 6 Å longer than a DOTAP molecule) and the water layer as NL increases because DOPC 

has a larger hydration shell compared to DOTAP) (1,20).

Decrease in the Membrane Bending Rigidity  Enhances the 3D Columnar Phase in Cationic 

Liposome-sDNA Complexes (RsDNA,3D). To better understand the effect of membrane bending rigidity 

() on the stability of the RsDNA,3D phase, we added the membrane soluble co-surfactant hexanol to the 

lipid mixture prior to complexation with the short DNA for a CL-sDNA complex at NL = 0.7 well in 

the RsDNA,3D phase. While co-surfactant molecules, which typically consist of long-chain alcohols (e.g. 

pentanol, hexanol, heptanol), are not able to stabilize an interface separating hydrophobic and 

hydrophilic regions, when mixed in with longer chain surfactants they are known to lead to dramatic 

changes in interface elasticities. Compressional models of surfactant chains (61) show that the bending 

rigidity () scales with the membrane thickness   m
P with P between 2 and 3. The mixing of 

co-surfactants with lipids is expected to lead to a thinner membrane and a strong suppression of  
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making the membrane highly flexible. Indeed, previous x-ray scattering experiments have shown that 

the addition of co-surfactants like pentanol, hexanol, and heptanol to lipid membranes of lamellar 

phases with a mole ratio of between ≈ 3 to ≈ 6 (i.e. where long chain lipids are effectively surrounded 

by much shorter chain co-surfactants) leads to a significant decrease of  from ≈ 10 to kBT to ≈ 2-3 kBT 

(62).

In our studies we added hexanol at a 5:1 molar ratio to total lipid. Figure 4 compares the x-ray 

scattering profile of CL-sDNA complexes in the R
sDNA,3D phase with no added hexanol (bottom) to one 

with added hexanol (top). One can see immediately that the profiles for complexes with softer 

membranes display a significant sharpening of the peaks. The narrowing of the diffraction peaks implies 

larger coherent domains sizes and the presence of longer columns of stacked sDNA) due to softening of 

the membranes. The larger domain sizes readily leads to observation of additional peaks, in particular, 

Figure 4. Effect of membrane bending 

rigidity on the stability of the R
sDNA,3D 

phase. Bottom curve shows the x-ray 

scattering profile from 24bp complex in the 

R
sDNA,3D phase without any co-surfactant, 

whereas in the top curve, hexanol was added 

to the sample. The bending rigidity of the 

membrane is reduced by hexanol, which 

resulted in significantly sharper and more 

observable diffraction peaks from the 

rectangular lattice.   

Page 17 of 32

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



the (20) and (22) of the centered rectangular lattice of sDNA columns, which were buried under the tail 

scattering of the wider peaks of the x-ray profiles of complexes with no added hexanol. We also note 

that the (13) peak which appears as a shoulder before the (04) peak is clearly visible in complexes 

containing hexanol. What is even more remarkable is that whereas the samples with no added hexanol 

benefited from incubation at 37 °C for six hours (as discussued in the previous section), no incubation at 

elevated temperature was required for the samples with softer membranes and very sharp diffraction 

peaks of the RsDNA,3D phase were immediately apparent with no temperature annealing (Fig. 4 top). As 

we discuss below this result is consistent with the fact lowering the rigidity of fluid membranes by 

decreasing  should favor the formation of the RsDNA,3D phase consisting of coherent membrane 

undulations from layer-to-layer. 

Effect of Temperature on Stacked sDNA Columns in Cationic Liposome-sDNA Complexes. The 

requirement of an incubation step at elevated temperature prompted us to study the CL-sDNA 

complexes as a function of temperature. The experiments were performed in-situ by using a temperature 

controlled sample chamber (oven). The oven containing the sample typically reached equilibrium in 

about 5 minutes, however, each sample was held at the indicated temperature for 15 minutes prior to 

x-ray exposure to ensure that the sample had reached equilibrium, which was further confirmed where 

subsequent x-ray exposure at a later time did not change the x-ray scattering profile. Scattering profiles 

were found to be fully thermally reversible upon slow cooling with peak line widths returning to their 

original room temperature values.
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Figure 5. Effect of temperature on stacked sDNA columns in cationic liposome-sDNA complexes. (A) X-ray scattering data 

plotted as a function of increasing temperature for CL-sDNA complexes with 11bp DNA in the R
sDNA,3D phase at NL = 0.6.  

(B) An expanded view of the x-ray profiles over a smaller q- and temperature range. The (13) peak (see arrows) of the 3D 

columnar phase (melted in the 2D columnar phase) is used to track structural changes as function of temperature. Between 

28 °C to 44.6 °C, where the (13) peaks are sharp (marked by slanted long arrows), the R
sDNA,3D phase dominates. At 

intermediate temperature range T = 48.9 °C and 51.4 °C, the (13) peak is broad and indicate that there is only short range 

order. At higher temperatures (56.1 °C to ≈ 69.3 °C), the (13) peak is completely melted away and the diffraction pattern is 

indicative of the L
sDNA,2D phase. The complete vanishing of the sDNA correalation peak at T= 85.2 °C and 89.9 °C indicates 

that sDNA are no longer stacked end-to-end and are isotropically distributed between the memebrane layers.  
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Figure 5 (A) depicts x-ray scattering data plotted as a function of increasing temperature for 

CL-sDNA complexes with 11bp DNA in the RsDNA,3D phase at NL = 0.6. The right panel (Fig. 5B) 

shows an expanded view of the x-ray profiles over a smaller q-range where the (13) peak (see arrows) of 

the 3D columnar phase (melted in the 2D columnar phase) is more clearly visible. It is clear from the 

data that the RsDNA,3D phase is the dominant phase in the lower temperature range (T = 28°C to 44.6 

°C), where the (13) difftraction peak indicative of 3D columnar organization remains relatively narrow. 

This is compared to a lamellar phase (56.1 °C to ≈ 69.3 °C), where the (13) peak characteristic of the 3D 

columnar phase is melted and where the sharper (11) peak of the RsDNA,3D phase is replaced by a 

broader qsDNA indicative of the LsDNA,2D phase. On closer inspection one can see that the qsDNA peak 

appears as a shoulder to the (11) peak beginning from T = 39.5 °C (dashed arrow) and is the main 

broader peak by T = 56.1 °C (Fig. 5B). CL-sDNA complexes consisting of 24 bp and 48 bp DNA at 

NL = 0.6 show similar temperature dependent behavior with the (13) peak replaced by a broad diffuse 

peak by T = 48.9 °C. Upon further increases in temperature (75.2 °C to 77.9 °C) the qsDNA peak 

broadens and vanishes beyond 85.2 °C.

Figure 6 plots the lamellar lattice spacing (membrane bilayer plus a water layer containing the 

sDNA columns) as a function of increasing temperature. We see that the spacing decreases smoothly up 

to about 75 °C for both 11 bp sDNA and 48 bp sDNA complexes. This decrease is due to thermal 

contraction of the lipid chains. Beyond 75 °C, we see that both duplexes begin to show a more rapid 

decrease in lattice spacing with increasing temperature, with the decrease being much larger for 

complexes with the 11 sDNA duplexes. This additional decrease is due to the onset of duplex sDNA 

denaturation, which would lead to the observed more rapid rate of decrease in the lamellar lattice 

spacing with increasing temperature where the monolayer of duplex sDNA is replaced by a mixture of 

denatured single-strand short DNA and double stranded sDNA. Denaturation would also lead to breakup 

of the end-to-end interaction and disruption of sDNA columns. This is consistent with the SAXS data of 
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Fig. 5 where the qsDNA peak is very weak at 77.9 °C and entirely absent at 85.2 °C and 89.9 °C.

Figure 6. Effects of temperature on lamellar lattice spacing (lipid bilayer plus the water layer containing sDNA) of 

CL-sDNA complexes at NL = 0.6. The figure shows the spacing as a function of temperature for 11bp and 48bp sDNA.  At 

T < 70 oC the two curves largely overlap, with d-spacing decreasing linearly with increasing T due to thermal contraction of 

lipid chains. At T >75 oC the d-spacing of complexes with 11bp sDNA decreases much faster with temperature indicative of 

the onset of denaturation of sDNA (i.e. where the water layer consists of a mixture of single starnd and double strand short 

DNA). The denaturation effect is much weaker for complexes with 48 bp sDNA.

Returning to the profiles at T = 48.9 °C and 51.4 °C, we note that the narrow (13) peak is replaced 

by a broader diffuse scattering peak (more so for the sample at 48.9 °C than 51.4 °C). This is indicative 

of short range positional order between columns from layer to layer absent in the higher temperature 

profiles in the 2D columnar phase (56.1 °C to 69.3 °C) with no hint of diffuse scattering near the (13) 

peak position. The phase in this intermediate temperature range (≈ 48.9 °C to ≈ °51.4 °C) between the 

RsDNA,3D phase and the LsDNA,2D phase may indeed be a good candidate for the theoretically predicted 
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sliding columnar phase where the 2D columns in each layer (with finite in-plane compressibility 

modulus) readily slide pass each other in neighboring layers, indicative of short range positional order 

across layers, but where the columns have 3D long range orientational order (4,5,9).

Origin of Long-Range 3D Positional and Orientational Correlations of the Columns of Stacked 

sDNA in Cationic Liposome-sDNA Complexes. A central question related to our findings is the origin 

of 3D long-range positional and orientational correlations of the columns of sDNA, given that direct 

DNA-DNA electrostatic interactions from layer-to-layer are expected to be short-ranged due to 

screening by the cationic lipids diffusing in the liquid phase of the membrane in the vicinity of sDNA 

phosphate groups. Our experimental findings are consistent with the theoretical model of Schiessel and 

Aranda-Espinoza on layered lipid-DNA complexes. Under equilibrium conditions, coupling of 

membrane undulations along the stacking direction promotes coupling of DNA rods in different layers 

(63,64). In their model undulations are initiated by the electrostatic wrapping of cationic lipid 

membranes around long DNA rods. Furthermore, coherent membrane undulations with wavelength  = 

dsDNA (inter-sDNA column spacing, see Fig. 1A, right) are more favorable at large DNA interaxial 

spacing because of a significantly lower elastic cost. This is consistent with our experimental finding of 

long-range 3D positional and orientational order of sDNA columns at high NL (i.e. large dsDNA).

This may be seen in a calculation of the elastic cost of a sinusoidal membrane undulation along the 

x-axis partially wrapped around sDNA columns pointing along the y-axis (Fig. 1A, right). In this model 

one may separately consider sinusoidal undulations of the outer and inner monolayers with amplitudes 

hi and ho, respectively, where hi = fa (a = radius of sDNA, f = constant < 1 is a measure of the degree of 

membrane wrapping around sDNA columns) and ho = hi + m (see supplemental section). For each layer 

one may write ho,i(x) = ho,i sin(qx), with wavevector q = 2/ = 2/dsDNA (see Fig. 1A, right). Using the 

Helfrich model of curvature elasticity of a fluid membrane (65) we find that the elastic cost per unit area 

of a membrane bilayer undulation is  h2q4  h2/4 = h2/dsDNA
4, where h2 = hi

2 + ho
2 (65). Thus, the 
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rapid decay of elastic cost with increasing inter-sDNA column spacing implies that for large enough 

dsDNA, the elastic cost of membrane deformation may be expected to be smaller than the gain in 

attractive electrostatic energy due to partial membrane wrapping. This would lead to a stable 3D 

columnar phase of stacked sDNA (i.e. the RsDNA,3D phase).

Our finding that decreases in the membrane bending rigidity, through addition of the co-surfactant 

hexanol to the fluid membranes, strongly enhances the domain size of the R
sDNA,3D phase, is further 

confirmation of the model where coherent undulation modes giving rise to 3D columnar ordering, is 

favored by low  (63). Thus, long-range position and orientation order of undulations within the 

multilayer system; that is, “crystallized undulations” provides a natural mechanism driving the onset of 

the 3D columnar phase (Fig. 1A, right). 

Taken together, our results strongly suggest that the absence of the 3D columnar phase in CL-DNA 

complexes with long lambda-phage DNA (1,10,45,46) results from the fact that the DNA chain cannot 

be viewed as a model of long rigid rods but rather, on length scales larger than the DNA persistance 

length between 50 nm to 100nm, as a meandering flexible rod. Thus, the 3D columnar phase is not 

expected to be energetically favorable because the “random” local orientation of long DNA chains is 

expected to be uncorrelated between layers. In contrast, CL-sDNA complexes exhibit the 3D columnar 

phase precisely because upon stacking they are good models of very long rigid rods and thus the 

undulations of one layer may be coherent with other layers over very large membrane areas. Thus, 

somewhat counterintuitively, short blunt sDNA, which stacks to produce long rigid rods, provides a 

better experimental model of current theoretical models of rigid rods sandwiched between membranes 

(63,64,4,5,9) compared to long lambda-phage DNA.

Our hypothesis on why the 3D columnar phase is absent in CL-DNA complexes with long 

lambda-phage DNA implies that as one increases the length of the blunt sDNA molecule there will be a 

length beyond which the new 3D columnar phase reported here will not exist. In fact we expect this to 
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correspond to sDNA molecules that no longer behave as rigid rods but rather exhibit one or two bends 

with distances between bends being of order the persistence length of DNA.

CONCLUSIONS

3D columnar phases of long DNA confined between membranes in lipid-DNA complexes have been 

reported in systems where the flat membranes are in the chain-frozen ordered phase with very high 

bending rigidities ( >> kBT). This is in contrast to our observation of a 3D columnar phase of stacked 

short blunt DNA duplexes in flexible fluid multilayer membranes, which, in turn, is further enhanced as 

the bending rigidity is lowered by addition of co-surfactant. Chain frozen cationic lipids with no 

demixing provide little screening of coulombic forces between DNA rods in different layers and 

columnar ordering may occur due to mutual DNA-DNA repulsions. In contrast, our observations are 

consistent with coherent macroscopic membrane undulations, electrostatically coupled to sDNA 

columns, as the mechanism of inducing long-range position and orientation order of the columns. This 

new phase of soft matter may be thought of as a 3D crystal of membrane undulations with repeating unit 

cell, consisting of a curved membrane ribbon coupled to a column of sDNA with width equal to the 

DNA-DNA interaxial distance and length set by the membrane size. In this sense it is analogous to the 

bicontinuous cubic phase with long-range position and orientation order of curved membranes, and the 

novel but poorly understood P’ “rippled” phase of multilayer membranes. In the P’ phase, sandwiched 

between the commonly observed lamellar L (chain melted) and L’ (chain ordered) phases of certain 

lecithin-water systems, the membrane modulation unit cell has the symmetry of a 2D monoclinic lattice 

(66-68).
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