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This paper reports a simple strategy for self-assembly of DNA
two-dimensional (2D) crystals that involves intermediates of
potentially long pseudo-continuous DNA duplexes. In the current
work, high-density DNA 2D crystals have been produced, which
contain rhombic pores. The repeating distance of the 2D crystals
is ∼5.4 nm, the shortest among all reported DNA 2D crystals.

DNA self-assembly is an effective way to generate nanopat-
terns.1,2 One important use of DNA self-assembly is the assembly
of DNA 2D crystals.3 DNA duplexes are one-dimensional structures
and can be easily built up to many micrometers long. In principle,
aligning DNA duplexes in a plane will result in 2D periodic crystals.
It is a simple and straightforward idea. However, such an idea has
never been tested. Instead, rigid and sophisticated DNA nanomotifs
(tiles) have been developed,3 which can effectively self-assemble
into 2D crystals. The tiles consist of finite numbers of DNA strands,
have well-defined structures, and normally do not change their
structures during self-assembly into 2D crystals. One unit cell in
the crystals contains one or several tiles. This strategy has been
proven to be very successful. However, it usually involves many
DNA strands and is sensitive to experimental parameters, including
molecular ratios and purities of DNA strands. For practical
applications, it is highly desirable to develop strategies that can
tolerate experimental variations, which prompts us to re-visit the
idea of aligning DNA duplex.

The aligning strategy requires only one 32-base-long DNA
oligonucleotide (Figure 1), avoiding the DNA stoichiometry
problem. For one strand to assemble into 2D crystals, its sequence
must contain a high degree of symmetry. The DNA strand contains
four palindromic segments, which are 6, 10, 10, and 6 bases long,
respectively. At a high temperature, all DNA secondary structures
are denatured. As temperature slowly decreases, the component
DNA strands recognize and base pair with each other at the central
two 10-base-long segments, resulting in long, pseudo-continuous
duplexes with dangling, single-stranded, 6-base-long overhangs
every 10 base pairs (bp) along the DNA duplexes. All overhangs
along a DNA duplex are on the same plane, but any two adjacent
overhangs are on the opposite sides of the duplex. When temper-
ature further decreases, the single-stranded overhangs recognize and
hybridize with each other, which bring the long DNA duplexes
together to form 2D crystals. There are two new features with this
strategy. (1) The assembly intermediates are pseudo-continuous
duplexes, which could be infinitely long and contain infinite copies
of the component DNA strands. In previously reported 2D DNA
crystals, the intermediates always have finite sizes.3 (2) The
intermediates undergo a significant structural change when self-
assembled into 2D arrays. Before assembly, the intermediates are
duplexes and are very flexible because they are not composed of
two continuous strands. After assembly, the intermediates become
well-defined zigzag structures. The final 2D crystals contain double
crossover (DX)-like motifs (see the boxed area), but two crossing
strands are nicked at the crossover points. Those nicks introduce
flexibilities to the DNA 2D crystals and in many cases promote

2D crystal sheets to curl up into nanotubes, which is similar to a
previously reported system.4

We followed a previously reported method to prepare DNA 2D
crystals.3 Briefly, the oligonucleotide was purified by denaturing
polyacrylamide gel electrophoresis. The pure DNA was then
dissolved in a Mg2+-containing buffer and slowly cooled from 95
to 25°C to allow DNA strands to self-assemble. To study the DNA
2D crystals, we first investigated their thermal denaturing behavior
by monitoring their optical absorption at 260 nm, the maximum
absorption wavelength of DNA. There are two phase transitions
(see Supporting Information, Figure S1). One at 50-60 °C is
cooperative and corresponds to the denaturation of individual,
pseudo-duplexes (containing many 10 bp segments; see Supporting
Information, Figure S2). Another transition is at 30-50 °C and is
attributed to the dissociation of the 2D arrays, which are mediated
by the 6 bp short duplexes. It is non-cooperative and happens
at a broad temperature range, presumably because of the complex
nature of the 2D arrays. In a control experiment, the DNA strand
without the 6-base-long segments has only a sharp transition at
∼60 °C.

The structures of the DNA assemblies were investigated by
atomic force microscopy (AFM). In the concentration range of
1-100µM, all DNA 2D crystals tend to curl up to nanotubes and
aggregate together, but there are two morphological changes as the
concentration increases (see Supporting Information, Figure S3).
First is the length of the nanotube. At 1µM, there are only short
tube-like structures. The tube length increases dramatically when
concentration increases from 1 to 25µM. Further increasing the
DNA concentration does not significantly increase the nanotube
length. Second, more individual, nonaggregated nanotubes appear
at higher DNA concentrations. At 100µM of DNA, some mono-
layers of DNA 2D crystals and nanospiral structures exist. The spiral
structures are likely to be the intermediates between the nanotubes
and flat 2D crystals.

Figure 1. Scheme of the assembly strategy. (a) Short single DNA strands
assemble into a pseudo-continuous DNA duplex with two single-stranded
overhangs every 10 base pairs along the duplex. Hybridization between
the overhangs brings the duplexes into two-dimensional (2D) arrays. In
the final 2D arrays, one duplex is colored for structural clarity. The red
box indicates a double-crossover (DX)-like structure. (b) Sequence of the
DNA used. Note that it contains four palindromic segments. Two central
segments are 10 bases long, and the outer ones are 6 bases long.
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To obtain high-resolution images, we further performed AFM
imaging on the 100µM DNA sample in the assembling buffer. At
this DNA concentration, we can find flat DNA 2D crystals, which
allow structural characterization at the low nanometer regime.
Figure 2 shows the AFM images obtained in the buffer. A high-
density, rhombic DNA arrangement is clearly visible, which
matches the designed structure very well. Section analysis shows
that the edge of the rhombus is∼5.4 nm, in good agreement with
the value (5.3 nm) calculated from the model shown in Figure 1.

The DNA structures can also be studied by fluorescence
microscopy by staining the DNA assemblies with YOYO-1, a green
fluorescence intercalator (see Supporting Information, Figure S4).
The fluorescence images agree with the AFM data. Under fluo-
rescence microscope, both large aggregates and individual nanotubes
have been observed. The large aggregates show intense fluores-
cence. The edges are rough and with thorn-like structures stretching
out from them, indicating DNA tubes aggregate together. It is
consistent with the tube-like aggregates observed in AFM images.
In dark areas, free nanotube structures are found, whose average
lengths are∼20 µm.

Unpurified DNA strands can also assemble into similar large
structures (see Supporting Information, Figure S2). This observation
suggests that this system is robust. For current practice of DNA
self-assembly, all DNA strands generally require labor-intensive
purification, which consumes the most work in DNA self-assembly
and prevents large-scale experiments from being performed. The
current system might provide help when a large quantity of materials
is required.

Several one-DNA-strand systems have been reported previously
for self-assembly; however, they all differ from the current work.
For example, a 13-base-long DNA oligonucleotide has been
reported to assemble into highly ordered 3D crystals.5 In another
system, a 20-base-long DNA oligonucleotide can assemble into 1D
chains that are composed of two pseudo-continuous DNA duplexes.6

In those systems, the individual DNA strands directly assemble
into the final assemblies without identifiable intermediates during
assembly process. We have also reported a one-strand system for
nanotube assembly.4 It goes through an intermediate, which has a
well-defined composition (homodimer). In the current work, the
intermediate is a pseudo-continuous duplex and could contain
arbitrarily many DNA strands.

In summary, we have tested a simple strategy for DNA self-
assembly: aligning DNA duplexes into 2D crystals. A direct result
of this approach is the preparation of high-density DNA 2D crystals
that only require one short DNA strand. Once large 2D crystals
form by complementary base pairing, they curl up into DNA
nanotubes. Often the tubes aggregate together, but individual tubes
and monolayer can be found when DNA concentration is high. The
transition state from monolayer to tube suggests the curling
mechanism for DNA nanotube formation. The feature size of the
resulted DNA assemblies is∼5 nm, comparable to the sizes of
most proteins. The DNA nanostructures might be useful for
templating proteins to assemble into high-density structures where
proteins can directly communicate with each other by physical
contacts.
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Figure 2. Atomic force microscopy (AFM) analysis of DNA 2D crystals.
(a) An AFM image and its zoom-in view (b). (c, d) Section analysis of the
structures. In (c), a schematic drawing is superimposed onto the AFM image.
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