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Mesoscopic structure of DNA—membrane self-assemblies: Microdiffraction
and manipulation on lithographic substrates
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Using microdiffraction techniques at the Advanced Photon Source, we have found evidence for
local molecular alignment within the mesoscopic fibers of DNA—cationic membrane complexes, a
system originally conceived as gene delivery vectors. Furthermore, these mesoscopic structures can
be manipulated by using lithographically patterned microchannel arrays, so that the optical axes of
individual fibers are aligned parallel to the channels. These observations suggest that DNA—
membrane complexes may have additional technological applications, such as active electrophoretic
media and templates for the fabrication of semiconductor superlattices and nanoporous materials
with tunable pore sizes. €998 American Institute of Physids$S0003-695(98)00640-3

DNA-cationic membrane complexes can mimic certainpolycrystalline. No positional or orientational correlation be-
characteristics of natural viruses in their ability to transporttween the DNA chains exists across adjacent lipid layers.
extracellular DNA across the cell membrane, and have been The lipid layers of the multilamellar DNA—membrane
used as an alternative to viral DNA delivery vectors in genecomplex structure exhibit an apparent isotropic orientational
therapy® It has been recently demonstrated that the additiomlistribution in small angle x-ray scatterif@AXS). How-
of DNA to cationic lipid mixtures can induce a topological ever, optical microscopy has revealed that DNA—membrane
transition from liposomes into condensed multilamellar self-complexes form birefringent globules, which aggregate into
assemblies, where a periodic one dimensi@hB)) lattice of  randomly oriented fibers at mesoscofic1l um) length
parallel DNA chains is confined between stacked two dimenscales’ A conventional SAXS measurement probes a sample
sional (2D) lipid sheetd® (Fig. 1). Moreover, by lowering area volume of-1 mnt, and therefore averages over a large
the membrane’s bending rigidity or by changing its sponta-ensemble of fibers at different orientations. The isotropic ori-
neous curvature, an inverted hexagonal phase with a dramagntational distribution of lipid layers obtained from such a
cally enhanced tendency for membrane fusion can beneasurement can be explained by a random distribution of
formed, one in which DNA chains coated by lipid monolay- complex orientations within the fibers, or by the orientational
ers are packed into a 2D columnar hexagonal atfayring  distribution of the fiber bundles themselves. Such informa-
condensation of these complexes, the cationic lipid heation on the mesoscopic organization of these DNA-
groups neutralize the phosphate groups on the DNA chainsnembrane complexes is crucial for an assessment of the
effectively replacing the originally Manning condensed many proposed applications outside of gene therapy. In gen-
counterions,and consequently driving this higher order self-
assembly.

These DNA-membrane complexes constitute a new
class of tunable nanostructured materials with intriguing ggg%gg%g% 4.0nm
technological possibilities, in addition to its inherent funda- R 2
mental interest for gene therapy and soft condensed matter
physics® The interhelical distance between DNA chains in
the 1D lattice can be tuned between 2.5 and 6.0 nm by %g%%%s%%ggg%

changing the relative proportion of cationic and neutral lip-
ids. Envisaged applications include active electrophoretic
media and nanoporous materials with controllable pore sizes.

It may also be possible to use these DNA—membrane com-

plexes to template the synthesis of inorganic nanostructures

(such as silicates or semiconductor superlatjiegth sym- Eﬁ%ﬁ%ﬁ%%%ﬁ%%ﬁ%
metries and sizes which are currently unavail&dlédow-

ever, many of these proposed applications require control of

the pore orientation. As with most of the nanoporous materig. 1. A schematic representation of the lamellar DNA—cationic lipid

rials produced to datéthe DNA—membrane complexes are complex. The lamellar spacing is equal to 65 A for DOTAP-DOBGY—
50%). The interhelical spacing of the DNA latticecan be tuned from 25 to
60 A by changing the DOTAP/DOPC ratio. No positional or orientational
¥Electronic mail: Gerard@mrl.ucsb.edu correlation between the DNA chains exists across adjacent lipid layers.
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FIG. 2. A schematic representation of the microdiffraction facility at APS beamline 2-ID-D.

eral, however, the organization of local domains and anyomplex, which is approximately equal to the thickness of

resultant modulations of the molecular structure within suctthe lipid membrané~40 A) plus the diameter of a hydrated

DNA-membrane fibers are unknown. DNA chain (~25 A). The strong modulation in intensity
In this letter, we present the first evidence for local mo-along the ring of intensity can be seen in the adjoinjng

lecular alignment within the mesoscopic fibers of DNA- scans. If the lamellae were randomly oriented, then an iso-

membrane complexes. Using a microfocused hard x-rayropic ring of scattered intensity would be observed. The

beam at the Advanced Photon Soud@S), we performed a present data clearly indicate partial alignment of the complex

diffraction experiment within a um X 4 um section of a lamellae at this length scale, which is comparable to the

fiber bundle sample, and found it to be partially aligned.widths of the individual fibers. The different intensity distri-

Moreover, we have demonstrated that the mesoscopic strubutions for the two regions of the sample suggest that the

ture of DNA—membrane complex fibers can be manipulatedcattering originate from differently oriented fibers. The full

using lithographically patterned microchannel arrays. Singlevidth at half maximum of this modulation is estimated at

fibers, each with its optical axis aligned parallel to the chan—~60°. This represents a lower limit on the molecular align-

nel, can be made. ment of an actual fiber, since the nominal thickness of the
We examined lamellar complexes formed fraaphage  sample as determined by the kapton spacer igh3 which

DNA (48 502 base pairs, contour length 1@u), and lipo-  is large enough to accommodate the thickness of several fi-

somes made from a 50%—-50% binary mixture of the neutral

and cationic lipids, dioleoyl-phosphatidylcholind®OPQ

and dioleoyl-trimethylammonium propanéDOTAP), re-

spectively. The mass ratio of DOTAP to DNA is 2.5, which ;

is close to the isoelectricharge neutralpoint of the system. < Q) ( .:9

The samples are initially prepared on a glass cover slip, a

where~10 ul of the liposome solutiori25 mg/m) is added

to ~10 ul of an aqueous solution of-DNA (5 mg/m)). The

sample is thoroughly mixed and then sealed between two

a L . | L
170 um cover slips using a 1am kapton spacer ring. (a)
The microdiffraction x-ray experiments were conducted .
at the 2-ID-D undulator beamline at the ARShown in Fig. '%/ ‘%%
2). Monochromatized x rays at 11.2 keV were focused to a E -
beam size of X4 um? using a blazed Au/Si zone plat&80 §§ é‘% %
um diameter, 55 cm focal length, 20% focusing efficierty EEEd

The thin transmissive sample cell was positioned at the focus
of the zone plate, behind an order sorting aperture o0

diameter. Due to the focusing optics, the divergence of the
incident beam is 0.02°, which imposes a fundamental limit
for low angle access in this zone-plate SAXS measurement.
Intensities of scattered x rays were measured using a liquid
nitrogen (LN,) cooled charge-coupled devi¢g€ECD) array .
detector, and the resultant 2D image of the diffraction pattern 1000

2000

1500 " L

covered theQ range from 0.07 to 0.53 AL. A measurement (b)

of the smectic layer spacing of the thermotropic liquid crys- I ]
tal 8CB (4-cyano-4-octylbipheny) served as an absolute 5005 106 o 500 200
calibration for this data. X

Diffraction patterns taken from two different local re- - _ _
f_lG. 3. (a) Diffraction patterns taken from two different local regions of the

gions of the same DNA—membrane complex sample are e S .
o . . . . . same DNA—membrane complex sample. The strong modulation in intensity
hibited in Fig. 3. The strong inner ring of scattering at 0.107410ng the inner ring of intensity~0.1 A1) can be seen in the adjoining

At corresponds to the characteristic lamellar spacing of thecans in(b).
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bers. Indeed, the initial sharp decrease in intensity away from
the peak maximum ity and the asymmetry in the peak shape
suggest that the scattering may be the sum of sharper com-
ponents. These observations strongly suggest that the lipid
lamellae of the DNA—membrane complexes in individual fi-
bers are aligned at molecular length scales.

For this experiment, the effects of radiation damage on
the DNA—-membrane complex samples require scrupulous
attention. The spectral brilliance of the incident beam is al-

ready >10'° brighter than a rotating anode source. More-
over, the flux density gain from the zone plate focusing is

approximately 18 Radiation damage may explain the ab-
sence of the inter-DNA correlation peak, which is routinely
observed in bulk samples. The sharp characteristic peak for
the DNA—membrane complexes at 0.1 %gradually broad-
ens into diffuse scattering and eventually disappears for long
enough exposures.

Single fibers of DNA—membrane complexes can be ma-
nipulated with the aid of lithographically generated micro-
channel arrays. The microchannel arrays used for this study
have been fabricated on glass plafesl70 um thick) and
Si(100 wafers(~100 um thick), using optical and e-beam
lithography at the National Nanofabrication Users Network (C)
facility at the University of California, Santa Barbara. Reac-
tive ion etching ha_s been used to tranSfe'_‘ the pgtte_rr_l onto thﬁG. 4. (a) Lithographic channel array with an isolated fiber of DNA—
substrates. The widths of the channels in the individual armembrane complexes positioned in one of ther wide channel depres-

rays varied from 20 to Sum, with an average depth of 1.5 sions, imaged under direct illumination using an optical microsc@pe(c)
um Rotation of the same fiber using the same magnification between crossed

. . polarizers. Total extinction can be observed(@x The images have been
In order to demonstrate that single fibers of DNA— itized using National Institute of Health software.

membrane complexes can be aligned, we have confined iso-
lated fibers in individual channels of am microchannel
array. For the development of this procedure, we used is
electric complexes made fromDNA and a 25%—-75% bi-
nary mixture of DOTAP and the neutral lipid dioleoyl-
phosphatidylethanolamine(DOPE), which form well
separated fibers in the hexagonal phh3ée samples are
initially prepared on a glass cover slip, where the liposom
solution (25 mg/m) and the aqueous solution of DN®.5 The authors thank H. Kim and B. Lai for their technical
mg/ml) are mixed. An isolated fiber is then drawn out of the assistance. This work was supported by NSF-DMR-
precipitates and positioned in a glass microchannel arrag625977, NSF-DMR-9624091, PRF-31352-AC7, and ONR
with 5 um channels. The width of the fiber is approximately Grant No. NO0014-93-1-0269. The Material Research Labo-
the same as the width of the channel, as is shown in Fig. 4atory at U.C., Santa Barbara is supported by NSF-DMR-
Images of the fiber made with polarized microscopy indicate9632716. The APS is supported by the DOE, Basic Energy
that the fiber is strongly birefringent. Although the diffrac- Sciences, Office of Energy Research, under Contract No. 11-
tion signal of this 5um fiber is too weak to be detected using 31-109-Eng-38.
a rotating anode x-ray source, the polarized micrographs in
Fig. 4 suggest that the orientation of the complexes within
the fiber is approximately homogeneous along the length ofiror a review, see R. G. Crystal, Scierz0, 404 (1995.
the fiber (>2 mm). Compared to the randomly distributed 2J. O. Raller, I. Koltover, T. Salditt, and C. R. Safinya, Scier2%5, 810
fiber sample above, such oriented fibers are expected to ex!1997- . _

L . . . . _— . T. Salditt, I. Koltover, J. O. Rdler, and C. R. Safinya, Phys. Rev. L&,
hibit much stronger intensity modulations in a similar micro- 2582(1997).
diffraction experiment. Furthermore, these results suggest ai. Koltover, T. Salditt, J. O. Reler, and C. R. Safinya, Scien@81, 78
general method for manipulating and orienting mesoscopic5§31928M ) Ghem. PhSL 524(196
structures of weakly ordered (_:omplex fluids other than, T Krgggggﬁ/l. E. L:?riowif, W. J.(Roth?j. C. Vartuli, and J. S. Beck,
DNA-membrane complexes. This process can be automatedaure (London (London 359, 710 (1992.
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for in vitro fertilization. 51996 o _
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has been demonstrated that the mesoscopic structure of the
9ONA—-membrane complex can be manipulated using litho-
graphic microchannel arrays. Future work includes solution
templating of the aligned fibers, as well as the employment
of microchannels with widths approaching the persistence
eIength of DNA.



