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Controlled transfer of DNA nanowheels from a hydrophilic to a
hydrophobic surface was achieved by complexation of the
nanowheels with a cationic lipid (2C;,N*). 2D surface-assisted
extraction, ‘2D-extraction’, enabled structure-persistent transfer
of DNA wheels, which could not be achieved by simple drop-
casting.

DNA nanostructures can be designed by programming of the
DNA sequences that consist of Watson-Crick base pairs.1 One,
two, and three-dimensional (1, 2, and 3D) structures can be
fabricated to produce DNA origami, tiles, and their
assemblies.”® The techniques for design and fabrication of
DNA origami and tiles are collectively known as DNA
nanotechnology,"’5 which permits the fabrication of nano-
wires®’ sensors,s’9 semiconductors'® from DNA components.
The observation and analyses of DNA origami are usually
performed by using AFM and, since DNA is hydrophilic, DNA
origami is semi-statically immobilized on a hydrophilic
substrate due to strong ionic interactions with divalent
cations.™ Dynamic motion of lipid conjugated DNA origami on
hydrophobic surfaces has recently been reportedlz'16 and
suggests the application of DNA origami for dynamic
positioning of molecular devices and machines.”” In addition to
chemical bonding, complexation with lipids is an alternative
method for lipophilization of DNA.*8%° However, simple mixing
of self-assembled DNA tiles with a cationic lipid results in
complex aggregation not suitable for the purpose of designing
DNA nanostructures.”® We speculated that this problem
partially originates from the self-assembly properties of
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cationic lipids and the destabilization of assembled DNA
structures on 2D surfaces.

In this work, a wheel-structured DNA tile assembly20 was
lipophilized with its wheel structure persisting and obtained in
isolated form by addition of cationic lipid on a hydrophilic 2D
surface (Fig. 1). During complexation with cationic lipid, the
DNA wheel underwent transfer from hydrophilic to
hydrophobic regions of a patterned 2D substrate. This transfer
between hydrophilic and hydrophobic environments could not
be achieved where lipids are covalently bondedu’m, and can
be considered as a model of a DNA actuator that responds to
hydrophobic chemical stimuli. Furthermore, this in situ
extraction method is suitable for structure-persistent
lipophilization of DNA nanostructures. Since lipophilization of
biomaterials is known to improve processability for easier
handling and reduced costs,”” this could be a useful method
for fabrication of materials using DNA nanostructures.
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Fig. 1. Schematic view of complexation of DNA wheel and
cationic lipid. (a) Formation of DNA wheel from the tile and
complexation with lipid. (b) Transfer of the DNA wheel to a
hydrophobic surface induced by lipid-complexation.
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The wheel-structured DNA tile seh‘—assembly20 was used
here since it is available in larger quantities than DNA origami
composed of longer nucleic acid sequences, and is suitable for
use in analyses of their assembly properties. DNA wheel was
prepared by the reported method (Supporting Information
(SI), Fig. S1, ESIT).20 The DNA wheel-cationic lipid complex was
dissolved in an organic solvent (CHCl;) and dimensions and
optical properties were analyzed using dynamic light scattering
(DLS) (Fig. 2a), UV absorption, and circular dichroism (CD)
spectroscopy (Fig. S2, ESIf). Diameters of the DNA wheels
were increased from 31 £ 9 nm to 45 + 9 nm following
complexation with the cationic lipid,
dioctadecyldimethylammonium bromide (2C;gN*), as indicated
by DLS data (Fig. 2a). These data were obtained from the DNA
wheel-cationic lipid complex in solution illustrate that the
complex can exist in a monodisperse form in solution (10 uM
of DNA wheel). Since simple drop casting or spin-coating onto
mica of the DNA-cationic lipid mixture resulted in AFM images
in which the wheel structure cannot be recognized due to
aggregation of the complex (Fig. S3, ESIT),21 we adopted an
approach of in situ complexation of immobilized DNA wheels
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on mica to avoid such aggregation.

Fig. 2. Structures of bare non-lipophilized DNA wheel and the
lipid-DNA wheel complex. (a) Size histograms measured by DLS
for non-lipid-DNA wheel in TAE/Mg2+ buffer (blue) and lipid-
DNA wheel complex in CHCI; (green). (b) AFM image of lipid-
DNA wheel complex on mica surface. (c) Magnification of the
position enclosed by a white box in b. A single DNA wheel is
indicated by the dotted line. Scale bars in b and c: 50 nm. (d)
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Distributions of height in b. (e) Height profile at the white line
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Formation of the wheel structures, which include a fine
spoke-like framework at their interiors, was confirmed by high
speed AFM both prior to (Fig. S4, ESIT) and following addition
of the cationic lipid (didodecyldimethylammonium bromide;
2C;,N) (Fig. 2b, 2¢). In this work, a cationic lipid containing
shorter alkyl substituents was used in place of 2C;3N* to
simplify the procedure for dissolution of the lipid. (See ESIf.).
After addition of the cationic lipid, the height perpendicular to
the surface of the lipid-modified DNA wheel was 3.0 nm
indicating an increase by complexation with lipid of 1.5 nm
(Fig. 2d, 2e) obtained by subtracting the corresponding height
of the non-complexed DNA (1.5 nm, Fig. S4, ESIt{). The height
gained is in agreement with the extended length of a 2C;,N*
molecule.”? The fact that the increased height of the DNA
wheel-cationic lipid complex is the same as that of the cationic
lipid is consistent with the formation of an interdigitated
bilayer.23 Although the fine structure of DNA wheel could be
observed, the form of the DNA wheel was distorted after
complexation with lipid and the tile assemblies often appeared
with a defect (open) structure, which may be caused by
aggregation of the cationic lipid and destabilization of the
assembly of the DNA wheel (Fig. S5, ESIT).

To demonstrate our hypothesis that transfer of DNA
wheels to a hydrophobic area immediately after the lipid
complexation confers persistence on the DNA wheel structure
avoiding the aggregation, we investigated localization of non-
lipid-complexed DNA-wheels and their complexes with cationic
lipid on a patterned 2D substrate possessing both hydrophilic
and hydrophobic regions.24 The patterned 2D substrate was
prepared, where hydrophobic regions were prepared by
treatment with an alkyl (Cy5) silane while untreated regions
remained hydrophilic (SiOH) (Fig. S6, ESIT). When DNA wheel
alone was dispersed on the patterned 2D substrate, wheels
preferred to adsorb on hydrophilic regions (Fig. 3a, Fig. S7,
ESIT). When cationic lipid was applied to the patterned 2D
substrate, complexation of DNA wheels occurred and the
resulting DNA wheel-cationic lipid complex was transferred to

hydrophobic regions (Fig. 3b). This lipid-assisted transfer
process is similar to solvent-solvent extraction using
immiscible mixtures of hydrophobic/hydrophilic (organic)

solvents. Based on the transfer by lipid, here we propose ‘2D-
extraction” of DNA wheels using surfaces as an analogy of 3D-
extraction using organic solvent. Despite DNA wheels being
tightly immobilized on the hydrophilic surface through
interactions with divalent magnesium ions,11 lipid assisted 2D
extraction resulted in transfer of up to 30% of the DNA wheel
population from hydrophilic to hydrophobic regions.

Numbers of pristine assembled ‘closed’” wheel structures
(close) and broken ‘opened’ structures (open) were observed
in the hydrophilic and the hydrophobic regions of the
patterned substrate (Fig. S8-S10, ESIT). In the hydrophilic
region, the percentage of the closed wheels was reduced from
65% to 34% after lipid-modification (Figure 3c), perhaps due to
strain caused by complexation by the cationic lipid. On the
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other hand, the percentage of closed wheel in the
hydrophobic region was similar (68%) to that of the initially
immobilized naked DNA wheel. These results indicate that the
lipid modified DNA wheel had been extracted to the
hydrophobic region due to complexation with the cationic
lipid. During this process wheel structures remain intact, are
not aggregated, and are immobilized through interactions
between alkyl chains on the substrate.

The population of wheels per unit area (density of DNA
wheels) was analyzed as a function of their distances from the
hydrophilic/hydrophobic boundary. If the DNA wheel-cationic
lipid complexes were transferred across the surface by simple
2D diffusion, their density should decrease according to the
distance from the border.” However, there is no apparent

distance dependency (Fig. 3d, Fig. S11, ESI{) and, additionally,
the time-dependency of the density suddenly increased at 9
min after the addition of the cationic lipid (Fig. 3e, Fig. S12,
These features
through

ESIT).
transferred

indicate that the complexes are
solution between hydrophilic and

Closed

hydrophobic regions (i.e. by a 3D rather than 2D process),

COMMUNICATION

involving first filling of the hydrophobic region with the
aqueous solution, which is then re-extracted to the
hydrophobic region. Furthermore, the DNA-lipid complex is
suggested to be inverted (flip-flop) during transfer between
the hydrophilic and hydrophobic surfaces. This is supported by
the height of DNA wheels on the hydrophobic (C;g) surface. It
was observed to be 1.5 nm following complexation with the
lipid, the same as the thickness of the bare DNA wheel
suggesting the interdigitation of the surface Cyg alkyl chains®®
with those of the cationic lipids of the DNA wheel-lipid
complex (Fig. S9, S10, ESIf). The small diffusion coefficient
constant (D) for wheels found in the hydrophobic region,
which is 6 orders lower (D = 0.7 £0.9 [nmz/sec]) (Fig. S13,
Table S1, ESIf) than for those of lipid conjugated DNA
origami,lz' ¥ can be understood by the large quantity of
hydrophobic anchors expected to exist in our case. In addition,
solid (rigid) features of the C,g alkyl chains at the hydrophobic
surface can also contribute to the small diffusion constants.
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Fig. 3. Migration of DNA wheels from hydrophilic (SiOH) to hydrophobic (C;g) surface induced by lipid complexation. (a) AFM
images of DNA wheels on the patterned hydrophilic/hydrophobic surface before and (b) after complexation with lipid. The
figures at the right side of a and b are magnifications of the wheels on hydrophilic or hydrophobic surfaces, respectively. Scale
bars: 100 nm and 50 nm for the original and the magnified image, respectively. Image in b was taken 22 min after the addition of
lipid. (c) Density of closed and opened wheels on the hydrophilic/hydrophobic surfaces before and after complexation with the
lipid. Numbers indicate the ratio of closed wheel. N.D. = Not detected. (d) An AFM image of DNA wheel migration to the
hydrophobic region at 3 min after addition of the cationic lipid (2C;,N*). Lines indicate the distance from the
hydrophilic/hydrophobic boundary. Sum of opened and closed wheels were counted and are indicated. Only opened wheels with
over 50% of the structure remaining were counted. Scale bars: 100 nm. a, b, and d: Rate = 50 sec/frame (e) Time-dependent
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density of wheels as a function of the distance from the hydrophilic/hydrophobic boundary from d. (f) Schematic view of lipid-

assisted 2D-3D-2D transfer of DNA wheel-lipid complex.

Conclusions

In summary, we have successfully achieved in situ
lipophilization of DNA wheels with preservation of the self-
assembled wheel structure by addition of cationic lipid
(2C1,N*) and  2D-extraction using hydrophilic/hydrophobic
patterned 2D surfaces. This 2D-extraction enables non-
distance-limited and pinpoint transfer of DNA nanostructures.
Detailed analysis of AFM images obtained during transfer gave
physical insight into lipid-lipid and lipid-DNA interactions,
which are important for the flip-flop transfer. By using this
technique, DNA machines and DNA devices can be fabricated
in hydrophilic regions with subsequent transfer to hydrophobic
regions, where functions involving the bare non-lipophilized
DNA nanostructures exposed at the surface can be anticipated.
Furthermore, alignment of DNA tiles can be designed and
constructed with architectural precision using a patterned
substrate, i.e. DNA nanoarchitectonics®’: by combination with
nanolithography techniques, DNA tiles can be formed in
nanometric patterns to form complex nanostructures.

Experimental Section

General methods, materials, experimental details, additional
data are shown in the Supporting Information.
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