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atson—Crick base pairing, a fun-
Wdamental concept embodied in
DNA nanotechnology,' is a unique

feature that can be used to design and spon-
taneously self-assemble single strands into
tiles and lattice structures in all dimensions.>~°
Ever since the first realization of DNA nano-
structures, there has been a copious amount of
research in this field, all of which have ex-
ploited this particular aspect of complemen-
tarity. Here we present a DNA nanostructure
fabrication scheme that seems to contradict
conventional structure fabrication principles.
DNA lattice structures were produced with
DNA oligonucleotides having not only non-
complementary sticky ends but also sticky
ends that do not conform to helicity or are
not antiparallel, i.e, geometrically incompati-
ble designs. In principle, the noncomple-
mentarity of this design scheme corresponds
to error bindings in DNA algorithmic self-
assembly.'®~"* A number of analysis patterns
to explain this phenomenon have been
devised.

The basic motif used in the fabrication of
these lattices was the double-crossover (DX)
tile, which consists of two duplexes connected
by two Holliday junctions with four 5-nucleo-
tide sticky ends." Noncomplementary and
geometrically incompatible conditions were
applied in contradiction to Watson—Crick base
pairing. Two types of samples were prepared:
single tile lattices (STLs), in which the lattice is
composed of only one tile type, and double
tile lattices (DTLs), in which the lattice is
composed of two different types of tiles.
Figure 1ACEG illustrate the geometrically
compatible cases, while Figure 1B,D,F,H show
geometrically incompatible oligonucleotides
that were designed by changing the direction-
ality and helicity of the sticky ends protruding
from the DX tiles. Analyses of the STLs were
done by obtaining the concentration depen-
dence of the lattice size and the concentration
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ABSTRACT Fabrication of DNA nanostructures primarily follows two fundamental rules. First,
DNA oligonucleotides mutually combine by Watson—Crick base-pairing rules between complemen-
tary base sequences. Second, the geometrical compatibility of the DNA oligonucleotide must match
for lattices to form. Here we present a fabrication scheme of DNA nanostructures with
noncomplementary and/or geometrically incompatible DNA oligonucleotides, which contradicts
conventional DNA structure creation rules. Quantitative analyses of DNA lattice sizes were carried out
to verify the unfavorable binding occurrences, which correspond to errors in algorithmic self-
assembly. Further studies of these types of bindings may shed more light on the exact mechanisms

at work in the self-assembly of DNA nanostructures.
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dependence of the coverage, ie, the fraction
of the mica surface covered by the lattice. For
the DTLs, we enforced error bindings between
the tiles that are equivalent to errors occurring
in the one input and one output DNA tile
based algorithmic self-assembly.’ In order to
check the characteristics of error bindings, DX
tiles with hairpins for different types of DTLs
were introduced.
A total of eight different types of DNA
samples (four types of STLs and four types of
DTLs) were prepared with noncomplementary
and/or geometrically incompatible sets of oli-
gonucleotides, as shown in Figure 1. Four
different types of conditions were applied to
both STL and DTL tile types. For the STLs, tiles
with both complementarity and geometrical
compatibility, denoted as STL(O,0) (Figure 1A),
tiles with complementarity and geometrical
incompatibility, STL(O,X), (Figure 1B), tiles with
noncomplementarity and geometrical com-  *Address correspondence to
patibility, STL(X,0) (Figure 1C), and tiles with ~ sunghapark@skku.edu (S.H.P.) or
noncomplementarity and geometrical incom- yyhkwon@hanyang.ackr (Y.H.K).
patibility, STL(XX) (Figure 1D), were prepared.  Received for review April 9, 2011
The DTLs comprising the DX tiles can be  and accepted May 28, 2011.
divided into two different categories depend- . .
. R . Published online May 28, 2011
ing on the existence of attached hairpin struc-  19.1021/nn2013129
tures, which is analogous to the 0/1 bit
information tile representation in algorithmic ~ ©2011 American Chemical Society
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Figure 1. Schematic diagrams of the types of double-
crossover tiles used in the experiments. The body of the tile
is represented as a square block, and the sticky ends are
represented as colored shapes. The same colored sticky
ends represent bindings with Watson—Crick complemen-
tarity, and complementary shapes represent geometrical
compatibility. (A—D) Single tile lattices (STLs), with com-
plementary and geometrically compatible sticky ends
(STL(O,0), A), with complementarity and geometrical in-
compatibility (STL(O,X), B), with noncomplementarity and
geometrical compatibility (STL(X,0), C), and with noncom-
plementarity and geometrical incompatibility (STL(X,X), D).
Tiles with inverted labels represent STL tiles that are rotated
along the longitudinal direction of the DX tile. (E—H) Double
tile lattices (DTLs) with complementary and geometrically
compatible sticky ends (DTL(O,0), E), with complementarity
and geometrical incompatibility (DTL(O,X), F), with non-
complementarity and geometrical compatibility (DTL(X,0),
G), and with noncomplementarity and geometrical incom-
patibility (DTL(X,X), H). For the DTLs in parts E and F, the
yellow and red triangular sticky ends are bindings that
satisfy complementarity and geometrical compatibility,
also referred to as “common sets” in the text. The circles
inside the bodies in parts F—H indicate hairpin structures.

self-assembly. These two tile types are designed in a
way that aids the analysis of the binding mechanism
between the two DX tiles. Of the two bindings that
occur among the three DTL tiles shown in Figure TE—H,
we designed the sticky ends of one of the duplexes so
that they always obey complementarity and geome-
trical compatibility (yellow and red triangular sticky
ends in Figure 1E—H). We call such sticky end bindings
“common sets”, as they are present in all tile types. This
ensures that the sticky ends on both ends of one of the
duplexes participate in a binding in which comple-
mentarity and geometrical compatibility are satisfied.
In this regard, unlike the cases of STL(X,0), STL(O,X),
and STL(X,X), where all the intentionally designed
noncomplementary and/or geometrical incompatible
bindings are fully satisfied, for DTL(X,0), DTL(O,X), and
DTL(X,X), only half of the bindings are noncomplemen-
tary and/or geometrically incompatible.'®

RESULTS AND DISCUSSION

STL images were taken with atomic force micro-
scopy (AFM) to confirm our design under various
conditions (Figure 2A—H). For conditions in which
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lattice formations occurred, two different lattice sizes
were found (referred to as sizes | and Il). When
complementarity and geometrical compatibility
were obeyed (i.e., STL(O,0) and DTL(O,0)), formation of
~1 x 10° nm? size (size |) lattices occurred, which
consisted of 2 x 10 DX tiles. With the exception of
STL(X,0), in which no lattice formations occurred, the
lattices grown under conditions of either noncomple-
mentarity or geometrical incompatibility (i.e., STL(O,X),
DTL(O,X), and DTL(X,0)) were found to have sizes of
~2 x 10%* nm? (size Il).

To check the lattice size dependence on the DNA tile
concentration, samples of 100, 200, 400, 600, and
800 nM were used for the STLs. Although predicting
the saturated nucleation concentration (maximum free
tile concentration in a test tube) may be difficult from
Figure 2I, the saturated lattice concentration (mini-
mum tile concentration for maximum lattice size
formation) can be easily determined. For STL(O,0),
the saturated lattice concentration was found to be
slightly above 400 nM (Figure 2A) with lattices of size I.
Small patches of remnant lattices persist throughout
experiments conducted at increasing DNA concentra-
tions of the annealing process (dashed line in Figure 2I).
Although the frequency of lattice formations of size |
increases slightly with increasing DNA concentrations,
the lattice sizes remain almost constant. Figure 2E—H
show lattice formations at the highest DNA concentra-
tion, 800 nM. AFM images showing the details of the
concentration dependence on the lattice size can be
found in the Supporting Information. For STL(O,X), size
Il lattices were observed at DNA concentrations of 100
nM (Figure 8S). The saturated lattice concentration of
STL(O,X) is much lower than that of STL(O,0). Figure 2B,
F clearly show that the lattice sizes for concentrations
of 400 and 800 nM are roughly within 10% of each
other. In the cases of STL(X,0) and STL(X,X), evidence of
lattice structure formation could not be found for any
of the DNA concentrations (Figure 2C,D,G,H).

In order to further probe the characteristics of the
noncomplementary and geometrically incompatible
bindings, the concentration dependence of the mica
coverage was measured. The coverage of STL(O,0)
slightly increases with increasing DNA concentrations
(black line in Figure 2J). On the other hand, the cover-
age of STL(O,X) dramatically increases when the DNA
concentration is increased from 200 nM to 400 nM and
begins to saturate and completely cover the mica past
400 nM (blue line in Figure 2J). One explanation of this
pronounced jump may be the low binding energy of
the STL(O,X). Since STL(O,X) is geometrically incompa-
tible, the bindings between the sticky ends can be
thought to be considerably weaker than that of the
bindings that occur for STL(O,0), where complemen-
tarity and geometrical compatibility are fully satisfied.
This affords more frequent assembly of lattices smaller
than STL(O,0), which would increase the coverage.
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Figure 2. Analysis of single tile lattices (STLs). (A—H) Atomic force microscope (AFM) images of STLs. AFM images of STLs
under various constraints for DNA concentrations of (A—D) 400 nM and (E—H) 800 nM. The scan size of allimages is 1T um x 1

um. (I) The concentration dependence of the average lattice sizes of STL(O,0) and STL(O,X). The dotted line indicates remnant

patches of lattices. (J) The concentration dependence of the mica coverage of STL(O,0) and STL(O,X).
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Figure 3. Analysis of double tile lattices (DTLs). (A—D) Atomic force microscope (AFM) images of DTLs. (A) AFM image of
DTL(O,0) at 1 um x 1 um, (B) DTL(O,X) at 400 nm x 400 nm, (C) DTL(X,0) at 400 nm x 400 nm, and (D) DTL(X,X) at 2 um x 2 um. All
images were taken at a DNA concentration of 200 nM. (E—G) Cartoon of the possible lattice patterns for DTLs with one type of
constraint, i.e, DTL(O,X) and DTL(X,0). Yellow rectangles with an inner circle represent tiles with hairpin structures, while blue
rectangles represent ones without hairpin structures. Green bindings depict common sets, and red bindings depict bindings with
either noncomplementarity or geometrical incompatibility. (H) Average lattice sizes of DTL(O,0), DTL(O,X), and DTL(X,0).

To investigate whether more conventional methods
of fabricating DNA from multiple DX tiles could be
achieved, we applied the same scheme to double tile
systems. These systems are similar to the one input and
one output logic of DNA tile based algorithmic self-
assembled lattices but completely differ in their pur-
pose. Whereas one of the main objectives in lattice
growth by algorithmic rules is in the reduction of
errors,'”” 7' here, we propose the construction of
lattices with 100% errors. In all the double tile systems
where there is one type of constraint (i.e., DTL(O,X) and
DTL(X,0)), the sizes of the lattices were found to be
of size Il. From the AFM data, most of the lattices had
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~20individual layers in the direction of the duplex axis,
meaning errors had occurred 20 consecutive times
during the growth of the lattice.

In the case of DTL(O,0), one would expect the same
formation size as STL(O,0) (Figure 3A) at half the
concentration, since under equivalent conditions, DTLs
have double the number of DNA strands compared to
STLs. Analysis of AFM images revealed this to be true,
as the lattice sizes for DTL(O,0) and STL(O,0) were the
same at concentrations of 200 and 400 nM, respec-
tively. As previously mentioned, DTL(O,X), DTL(X,0),
and DTL(X,X) consist of two tile types, one with and
one without hairpin structures. This double tile design
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gives rise to three different types of lattice patterns
(Figure 3E—G). Yellow rectangles with/without an inner
circle represent tiles with/without hairpin structures (1 bit/
0 bit). Blue rectangles represent tiles without hairpin
structures (0 bit). The green bindings between the two
tiles symbolize conditions where complementarity and
geometrical compatibility are satisfied, and the red bind-
ings symbolize either one or both unsatisfied conditions.
Patterns A and B (Figure 3E,F) depict two possible cases in
which a lattice is formed from alternating red and green
types of bindings. On the other hand, pattern C (Figure 3G)
is a random mixture of patterns A and B. Interestingly, only
pattern B lattices were found for DTL(O,X), whereas all
three lattice patterns were found for DTL(X,0) with an
occurrence rate of 10%, 70%, and 20% for patterns A, B,
and C, respectively (Figure 33S). In all the cases of double
tile systems where there is one type of constraint (i.e,
DTL(OX) and DTL(X,0)), the sizes of the lattices were
found to be of size Il. A particularly interesting result is
the structure formation of DTL(XX). In the process of
annealing, undesired tiles may bind to already formed
DNA structures due to a phenomenon known as stacking.
Due to the severe constraints enforced by the design of
DTL(X,X), stacking seems to be completely suppressed,

MATERIALS AND METHODS

Synthetic oligonucleotides were purchased from Integrated
DNA Technologies (IDT, Coralville, IA) and purified by high-perfor-
mance liquid chromatography (HPLC). The details can be found at
www.idtdna.com. Complexes were formed by mixing a stoichio-
metric quantity of each strand in a physiological buffer, 1 x TAE/
Mg2+ [Tris-Acetate-EDTA (40 mM Tris, 1 mM EDTA (pH 8.0)) with
12.5 mM magnesium acetate]. The final concentrations of DNA
were 100, 200, 400, 600, and 800 nM for single tile lattice samples
and 200 nM for double tile lattice samples. For high-temperature
annealing, equimolar mixtures of strands were cooled slowly from
95 to 25 °C by placing the AXYGEN tubes in 3.5 L of boiled water in a
styrofoam box for at least 48 h to facilitate hybridization. To obtain
the AFM images, 5 uL of samples was placed on freshly cleaved
mica for 30 s, after which 45 uL of 1 x TAE/Mg*" buffer was
pipetted onto the mica surface and another 5 uL of 1 x TAE/Mg*"
buffer was dropped onto the AFM tip (Veeco Inc.). AFM images
were taken by nanoscope (Veeco Inc.) by liquid tapping.

Supporting Information Available: DNA base sequences of all
DX tiles used in this experiment. Additional AFM images of STLs
and DTLs. This material is available free of charge via the
Internet at http://pubs.acs.org.
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