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This communication reports a strategy for solid surface-mediated
DNA self-assembly. As a demonstration, periodic DNA nanoarrays
have been directly assembled onto mica surfaces. Such in situ
assembly eliminates the sample transfer process between assembly
and characterization and possible applications.

DNA has been explored as a versatile molecule for preparing
nanometer-scale structures,1 such as one-dimensional (1D) nano-
tubes,2 two-dimensional (2D) arrays,3 and discrete three-dimen-
sional (3D) objects.4 Such DNA nanostructures have been used to
organize guest objects with nanometer precisions.5 Currently, DNA
self-assembly is performed by solution annealing (thermally or
chemically6) and then transferred to solid surface for characteriza-
tion (e.g., atomic force microscopy imaging) or applications.7

However, DNA assemblies are soft and fragile. Under the shear
force accompanying liquid handling, fragile DNA assemblies are
prone to deform or break into small pieces. It is desirable to directly
perform DNA self-assembly onto solid surfaces. Further more,
surface-mediated self-assembly might provide a general route to
bridge lithographically prepared micropatterns with self-assembled
DNA nanostructures, which is fundamentally important for building
nanoelectronic/photonic architectures. Here we report our effort in
this direction.

The strategy presented here involves two steps: (1) single DNA
strands assemble into individual tiles in solution during cooling
from 95 to 60 °C and then (2) further assemble into 2D arrays on
mica surfaces by incubating at 50 °C for 16 h (Figure 1). The
temperatures are carefully chosen; 60 °C is low enough to allow
the individual tiles to assemble but high enough to prevent further
assembling into large arrays.8 At 50 °C, intertile interaction in
solution is not stable; no appreciable DNA 2D arrays will form.
However, transient intertile interactions can be stabilized by DNA
tilessolid surface interaction. Such stabilized transient tile as-
semblies could act as nuclei to initiate further DNA tile assemble
on surface. Eventually, large DNA 2D arrays form and cover the
entire surfaces. To test this hypothesis, we have examined the self-
assembly behavior of a 3-point star motif under such conditions.
This motif has been shown, in our previous studies, to assemble
into hexagonal 2D arrays in solution.3h

After assembly on mica surfaces, the DNA samples were
examined directly by AFM (Figure 2). Continuous DNA films cover
the entire mica surfaces. Domains of regular, hexagonal DNA 2D
crystals are clearly visible. The domain size ranges from 100 to
3000 component 3-point star tiles. Different areas exhibit similar
DNA structures. Such patterns are consistent with the molecular
design and are essentially the same as the patterns observed for
DNA samples that assembled in solution from the same molecules
in previous study. In a control experiment, we have incubated the
DNA at the same temperature (50 °C) in bulk solution instead of
on mica surfaces; no DNA 2D crystal has been observed. This result
demonstrates that solid surfaces play an active role to mediate DNA
self-assembly. Note that such an in situ self-assembly requires no
sample transferring after assembly.

The assembly temperature on mica surfaces is critically important
for DNA self-assembly (see Supporting Information, Figure S1).
The temperature should be sufficiently high to prevent too many
nuclei from formation and allow the wrongly incorporated units to
dissociate from the crystal at appreciable rates. If the temperature
is too low, many nuclei will form at once. No large crystals will

Figure 1. Scheme of solid surface-mediated DNA self-assembly. (Top)
An example with DNA 3-point-star motif. It contains two steps: assembly
of (1) individual tiles in bulk solution and (2) large 2D crystals on solid
surfaces. The 3-point-star tile contains seven DNA strands: a long,
3-repetitive DNA strand (L, blue-red), three identical mediate strands (M,
green), and three identical short peripheral strand (S, black). Three branches
of the 3-point-star tile are related to each other by a 3-fold rational axis
running through the center of the tile. Each branch consists of two DNA
duplexes that are connected by strand crossover between the two duplexes.
Three single-stranded loops (red) sit at the center of the tile. They allow
the DNA duplexes to bend and prevent the branches from stacking onto
each other. (Bottom) A detailed view of two interacting tiles. The two tiles
are separated by 4.5 DNA helical turns and are related by a 2-fold rational
axis in the tile plane (indicated by a pair of thick arrows) and facing opposite
sides (indicated by solid cyan and golden hexagons, respectively, in the
top panel) of the tile planes. Such an arrangement cancels possible curvatures
of the tiles and promotes the formation of extended 2D arrays.

Figure 2. Atomic force microscopy (AFM) images with increased
magnifications of mica surface-mediated, self-assembled DNA 2D arrays.
(DNA concentration: 200 nM; central single-stranded loop: 3T; surface
assembly temperature: 50 °C).
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be expected. Furthermore, the tiles will randomly aggregate with
each other and cannot dissociate from each other because the kinetic
barrier is too high. Consequently, only small, random aggregates
will form (for example, at 25 and 37 °C). On the other hand, if the
temperature is too high, the units could not stably associate with
each other and will remain as individual tiles. No large 2D crystals
will be expected (for example, at 60 °C). For the current molecular
design, 50 °C seems to be close to the optimal assembly temperature
(Figure 2). The optimal temperature should be a function of the
lengths, GC contents, and sequence of the sticky ends. These factors
affect the strength of the sticky-end association.

Solid surface-mediated DNA self-assembly not only can repro-
duce the DNA patterns assembled in solution, but also fundamen-
tally change the assembly behavior of DNA molecules. In previous
studies, programmed DNA self-assembly often failed because of
unwanted flexibilities of the DNA nanomotifs. When DNA tiles
are too flexible, they tend to form closed, small aggregates, which
cannot incorporate more tiles to assemble into extended, large
structures. For example, the 3-point-star motif varies its flexibility
depending on the length of the central, single-stranded loops (red
segments in Figure 1).3m When the loops are 2-3 bases long, the
tiles are rigid and can assemble into large, extended 2D arrays.
When the loops are 4 bases long, the DNA tiles primarily form
random, small aggregates are formed. When the loops are 5 bases
long, the tiles exclusively form cubes that consist of eight 3-point-
star tiles. These are the assembly behavior in solution. For surface-
mediated self-assembly, the situation dramatically changes. In the
latter case, the DNA tile-mica surface interactions would confine
the tiles on the solid surface and maintain the tiles as flat structures.
The tiles lose their flexibilities for out-of-plane bending and cannot
cyclize. Thus, the tiles have higher chance to interact with each
other to form large, extended structures. To examine the prediction
of surface-confinement, we have examined the surface-mediated
assembly behavior of 3-point-star tiles with different loop length.
Consistent with our reasoning, 3-point-star tiles with loop length
of 2-6 bases form continuous DNA films that contain domains of
regular hexagonal 2D crystals (Figure 3 and Figure S2).

In summary, we have developed a strategy for in situ DNA self-
assembly on solid surfaces. In this approach, surfaces actively
influence DNA assembly, instead of only being passive supports
for structural characterization (AFM imaging). This study is
significant for the following reasons: (1) it allows direct DNA self-
assembly onto solid surfaces and eliminates postassembly transfer-
ring of DNA 2D array from solution to solid substrates; (2) because
of surface confinement, it allows relatively flexible DNA tiles to
assemble into extended, large structures; (3) the current approach

provides a facile route to prepare large areas of designed DNA
nanopatterns. Currently, we are conducting a systematic study on
how chemical/tomographical features influence surface-mediated
DNA self-assembly. Such studies will provide essential information
for using micropatterned surfaces to guided DNA self-assembly to
prepare multiscaled structures with micropatterns from lithography
and nanopatterns from DNA self-assembly.9
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Figure 3. Flexible tiles (central loop length: 4T) can assemble into 2D
arrays by surface-mediated self-assembly (DNA concentration, 200 nM;
surface assembly temperature, 50 °C).
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