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Lipid ordered rafts £100 nm in diameter) composed of lipids
and proteins may control a range of biological functidi&udies
with model systems are used to determine the composition of lipids
and proteins that can generate lipid rdfSrdered lipid domains
of micrometer size have been seen in lipid monol&/ensd
bilayers? Observations of ordered submicrometer-sized domains
possibly more relevant to biological functierre much raret,and
sub-200 nm ordered domains have never been observed. Herein,
we report the dependence of periodic ordered lipid domain
formation near 100 nm in size on electrostatic interactions occurring
within supported bilayers. The self-ordering patterns observed
suggest that lipid rafts could be produced in cellular systems through
charge interactions. Additionally, the structures might serve as
useful templates for self-assembly applicatiéns.

Ordered lipid domains have frequently been observed experi-
mentally to form supercrystal phases with hexagonal and stripe
periodicities on the micrometer sc&léTheoretical studies have 2oy
linked these ordered phases in lipid syst&f® similar phases .
first observed in type | superconductors and later seen in magnetic
garnet films, block-copolymers, and ferrofluiti.he theoretical
descriptions of supercrystal lipid phases are typically described in
terms of phenomenological free energy expressed as a Ginzburg
Landau expansio#. Within this theoretical framework, periodic
ordered lipid domains have been attributed to a competition between
short-range attractive forces (van der Waals or line tension) and
long-range repulsive forces (electrostatic, lipid curvature, and/or R
lipid stiffness)!®-12 Short-range attractive forces favor micrometer-

sized domains, while repulsive forces favor sub-micrometer do- Figure 1. (A) 20 mol % DOTAP/80 mol % DSPC, (B) 30 mol % DOTAP/
s34 Utilizing AFM and mixed red bil ¢ zwit.  70.mol % DSPC, (C) 40 mol % DOTAP/60 mol % DSPC, (D) 60 mol %
mains: llizing and mixed supported bilayers ol Zwit- - 5o1Ap/40 mol % DSPC, (E) 40 mol % DOPC/60 mol % DSPC, (F)

terionc distearoylphosphatidylcholine (DSPC) with cationic dioleoyl- 60 mol % DOPC/40 mol % DSPC. See main text for description of images.
trimethylammonium propane (DOTAP) or zwitterionic dioleoylphos- Images captured at 1%C.

p:atldylchoh(r;e (D(?PCI:) Wﬁl show that hfei(agonal suplerclryst?ltllo mol % DOTAP and 90 mol % DSPC did not have these features.
phases are dependent on the presence of long-range electrostati upporting Information)

repulsive forces and that the size scale of the phase depends on th Increasing the DOTAP concentration resulted in increased

zwitterionic/cationic ratio. - _ formation of lines, as seen in Figure 1B obtained with 30 mol %
A series of AFM images depicting the formation of hexagonally poTap. The height between the regions of bilayer marked with
_orde_red domains at d_lfferent ratios of DOTAP to DSPC is ShOYVﬂ the star and diamond was the same as in Figure 1A:+1(R2
in Figure 1A-D obtained at a temperature where DOTAP is in nm |nterestingly, on isolated areas of the bilayer the thin lines form
liquid phase, while DSPC is in gel phase. Bilayers were prepared semiordered structures, as indicated by an arrow in Figure 1B. At
as described previousfy (see Supporting Information). To be 40 mol % DOTAP the thin lines form a network around hexagonally
certain that bilayers and not multilamellar structures formed, the ordered domains as shown in Figure 1C. The hexagonal structure
thickness of DSPC/DOTAP layers were matched to previously shown in Figure 1C was observed to be stableroeh at
reported values for bilayers of similar compositions (Supporting temperatures as high as 25. The center-center distance between
Information). Three distinct regions of bilayer can be observed for hexagonal features in this structure was determined by power
bilayers with 20 mol % DOTAP and 80 mol % DSPC. The tallest spectral density analysis (Figure 2A) to be on average 100 nm.
regions of the bilayer marked with a star in Figure 1A extend 1.4  AFM image analysis showed that bilayers composed of greater
+ 0.2 nm above regions marked with a diamond. Accurate concentrations of DOTAP (Figure 1D) exhibited increased coverage
determination of the depth of thin lines observed within the bilayer by flat homogeneous fluid phase regions that closely matched the
regions marked with a diamond was not possible because of percentages of lipid vesicles (Supporting Information). This data
imprecise tracing of the depth by AFM tips. Bilayers composed of shows that the solid support does not dramatically effect the lipid
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Figure 2. (A) Power spectral density analysis (solid line). A Gaussian fit  Figre 3. Schematic of hexagonal order formation: (A) 20 mol % DOTAP,
of the main PSD peak resulted in a value of 118 nm (--x--). (B) Plot of (B) 40 mol % DOTAP.

domain size vs DOTAP concentration in a DSPC bilayer.

leaflets of fluid lipids sitting atop gel phase lipids (arrow). Increasing
the DOTAP concentration above 30 mol % results in the removal
of the tallest symmetric gel domains and increases the surface area
coverage of the shortest symmetrically liquid domains (Figure 3B).
This schematic is supported by the following results: (1) the AFM
heights measured between the bilayer regions, (2) the increase in
line coverage with increasing DOTAP mol %, and (3) the
observation of similar symmetric and asymmetric leaflet behaviors
in bilayers of gel and fluid phase lipid&17.18

We have determined that the nanoscale hexagonal supercrystal

shown in Figure 1EF, it is apparent that DOPC does not induce phase observed in DSPC supported bilayers is dependent on the

the same hexagonal order as DOTAP in bilayers with DSPC, over amount of DO_TAP in the bilayer. AFM images provide evi(_jence_
a wide composition range (Supporting Information). Instead, that the upraised hexagonally patterned domains are enriched in

bilayers composed of purely zwitterionic gel and fluid phase lipids [,)SPC’ yvhi]e DOTAP forms ,an iqtgrconnegted matr[x. These
form phase separated morphologiédn Figure 1E the tallest findings indicate that 100 nm-sized lipid domains formation based
domains observed (highlighted with a square) extend .0 on electrostatic repulsions is possible. Efforts to use the ordered
0.3 nm above the regions of bilayer marked with a triangle, which bilayers as templates, through the addition of negatively charged

are 1.0+ 0.2 nm above the flat homogeneous regions of bilayer polymers or nanoparticles to the solution above bilayers, are
(emphasized with a circle). The three distinct regions of the bilayer ongoing.

result from symmetric leaflets of gel phase DSPC lipids (square),  Acknowledgment. T.A.S. gratefully acknowledges support
asymmetric DSPEDOPC leaflets (triangle), and symmetric leaflets  through a Hach Scientific Foundation Fellowship in chemistry. This
of liquid-phase DOPC lipids (circléf:'’ Bilayers composed of  work was supported by the National Science Foundation.

60 mol % DOPC and 40 mol % DSPC (Figure 1F) show similar
morphologies.

The diameter of the hexagonal features was observed to be
dependent on the concentration of DOTAP within the bilayer, as
seen in Figure 2B. Calculations suggest that 50 nm diameter
domains may be realized in bilayer systems featuring 7 D
differences between charged phakeshis 50 nm size compares

composition of the outer lipid leaflet, in which we see ordered
domainst® The upraised lighter colored domains observed in Figure
1D were measured to extend 15 0.2 nm above the flat
homogeneous bilayer regions and network of lines that encircle
the domains. The AFM images shown in Figure-1B strongly
suggest that the fluid phase cationic DOTAP lipid is responsible
for the ordered morphologies observed.

To evaluate the role of lipid charge in establishing the order seen
in Figure 1B-D, measurements were obtained replacing the cationic
DOTAP with the nearly identical zwitterionic DOPC lipid. As

Supporting Information Available: Experimental details, bilayer
cross section analysis, and the complete series of AFM images for
DOPC/DSPC experiments are available in the Supporting Information.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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