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ABSTRACT: Current tile-based DNA self-assembly produces
simple repetitive or highly symmetric structures. In the case of 2D
lattices, the unit cell often contains only one basic tile because the
tiles often are symmetric (in terms of either the backbone or the
sequence). In this work, we have applied retrosynthetic analysis to
determine the minimal asymmetric units for complex DNA
nanostructures. Such analysis guides us to break the intrinsic
structural symmetries of the tiles to achieve high structural
complexities. This strategy has led to the construction of several
DNA nanostructures that are not accessible from conventional
symmetric tile designs. Along with previous studies, herein we have
established a set of four fundamental rules regarding tile-based assembly. Such rules could serve as guidelines for the design of
DNA nanostructures.

■ INTRODUCTION

Programmed DNA self-assembly has been demonstrated to
have an unprecedented capability of constructing artificial
nanostructures with prescribed sizes, shapes, and functions.1

These as-assembled nanostructures have been utilized for
numerous applications, such as nanoplasmonics2−4 and drug
delivery.5−11 Though DNA origami12−19 and DNA bricks20−22

could potentially construct 2D or 3D structures with virtually
any desired size and shape, they routinely require hundreds of
DNA strands of unique sequences. An alternative, cost-effective
approach is DNA motif (tile)-based assembly, which consists of
only a few (<10) unique strands. Sticky-end-mediated assembly
of the motif has produced 1D,23−26 2D,27−34 and 3D35−44

structures with well-defined patterns. Such motifs often contain
intrinsic structural symmetries (in terms of DNA backbones).
Imposing such symmetries on the DNA sequences can further
reduce the number of unique component strands. We have
previously utilized symmetric DNA motifs to construct a variety
of DNA nanostructures. For complex DNA nanostructures,
retrosynthetic analysis indicates that the basic DNA motifs have
to be asymmetric in the backbones and sequences. By breaking
the structural symmetries, DNA motifs are expected to
assemble into more complex structures. For instance, a family
of triangular prisms with controlled chirality have been
fabricated by using asymmetric three-point-star motifs.42

More recently, complex 2D lattices were assembled from
multiple asymmetric point-star motifs,34 though multiple,
different motifs were used. Herein, we have greatly expanded
this strategy via rationally designing the motif branch, flexibility,

asymmetry, and DNA concentration to control the self-
assembly of complex 2D and 3D structures from a single-
component, three-point-star motif. More importantly, we have
established a set of four basic rules for tile-based DNA self-
assembly, which are expected to guide the design of DNA
nanostructures.

■ DESIGN OF DNA MOTIFS
Three types of motifs are designed in this study: Motif-O,
Motif-EOE, and Motif-E (Figure 1a). Each motif consists of
seven strands: one central, long strand (C; blue/red), three
medium strands (M; green), and three short strands (S; black).
In the assembled motif, strand C contains three red, single-
stranded loops (L1, L2, and L3). The loop length (0 to 7 bases
long) controls the flexibility and asymmetry of the motif. Upon
tile association (Figure 1b), neighboring Motif-Os alternatively
face up and down because the edge (O-edge) connecting two
Motif-Os is an odd number of helical half-turns (4.5 turns)
long. The edges (E-edge) formed between Motif-Es are an even
number of helical half-turns (4 turns) long. Motif-EOE is a
hybrid design of Motif-O and Motif-E with two branches
forming E-edges and one branch forming an O-edge. To guide
the design of DNA nanostructures via tile-based self-assembly, a
set of rules is derived from previous studies (Figure 1c−f) and
verified in the current study. On the basis of these rules, we
have constructed a series of moderately complex DNA
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nanostructures including a truncated square 2D lattice and
three Archimedean solids: truncated octahedron, truncated
cube, and truncated cuboctahedron, which are otherwise
inaccessible from conventional symmetric designs. Please note
that these rules point out only the general trends when
comparing among different structures. The set of rules guides
us to design a series of trial-and-error experiments from which
the specific values for any particular structures are obtained.

■ RULES FOR THE TILE-BASED ASSEMBLY

Rule 1: The O-Edge Prohibits the Cyclization of Odd
Numbers of Units, But the E-Edge Has No Such
Restriction (Figure 1c). For an O-edge, two neighboring
motifs are related by a 2-fold rotational symmetry (Figure 1b)
and alternatively face up and down. Consequently, an even
number of units is required to form a closed ring, and an odd
number of units will confront face mismatch. For Motif-O, all
three branches form the O-edge. This corrugated assembly
pattern leads to a conflict in tile arrangement when motifs try to
cyclize into a triangle, a pentagon, or any other polygons with
an odd number of units (Figure S1). Motif-Es form E-edges
and could potentially form any possible structure consisting of
three-edge vertexes (Figure S3). As demonstrated previously
(Table 1), several symmetric polyhedral structures containing
an odd number of units within a polygonal face, such as the
tetrahedron, the dodecahedron, and the truncated icosahedron,
can be assembled only from Motif-E.34 Nonetheless, the lack of
limitation may lead to a low yield of the targeting structure
because there are a large number of competing structures along
the assembly pathway toward the target structure. Motif-EOE is
a hybrid design with asymmetric branches. The cyclization
between two branches forming E-edges, allows the formation of
cyclized, oligomeric units with an arbitrary number of motifs.
The protruding O-edges allow further cyclization of only even
numbers of oligomeric units to form large assemblies (Figure
S2). Motif-EOE provides better chances than Motif-E to form
certain complex structures that are inaccessible from Motif-O,
such as 2D lattices composing polygons with odd numbers of
edges.

Rule 2: Long Central Loops Provide a High Degree of
Out-of-Plane Flexibility (Figure 1d). Three single-stranded
loops (red) are placed at the center of the motif and control the
motif flexibility. Short loops introduce stress and thus rigidity
into the motif to keep it planar, therefore facilitating the
formation of flat 2D lattices or large closed structures. Long
loops provide pronounced out-of-plane flexibility to allow the
motif to significantly bend out-of-plane and favor the formation
of small rather than large closed structures or a 2D lattice
(Figure 1d). This rule is well illustrated by our previous study
(Table 1), which demonstrates that Motif-E with 3-base-long
loops forms a dodecahedron (containing 20 motifs) or a
truncated icosahedron (containing 60 motifs), while the same
motif with 5-base-long loops forms a small tetrahedron
(containing 4 motifs).35

Rule 3: A Long Loop Allows a Small Interbranch
Angle (Figure 1e). The single-stranded loop balances the
flexibility and stress in the DNA motif according to our
previous study.45 In general, a long loop allows a small angle
between its two flanking branches, and a short loop favors a
large angle (Figure 1e). The optimal length of the single-
stranded loop required for certain angles can be derived from
our previous studies on symmetric motifs. Two- or 3-base-long
loops and 4-base-long loops are optimal at 120° (as in
hexagonal 2D arrays27) and 90° (as in tetragonal arrays28),
respectively. A 3-base-long loop works well for angles of 108
and 120° as illustrated by the construction of dodecahedron
and truncated icosahedron, respectively.35 A 60° angle requires
5-base loops as in a tetrahedron.35 If the loop length is far from
the optimal length, then the yields of target structures
significantly decrease.45 However, longer loops can be
deliberately used in certain cases. For instance, the targeting

Figure 1. (a) Schematics of three asymmetric three-point-star DNA
motifs. Motif-O: each branch is 2.25 turns long and has self-
complementary sticky ends. Motif-EOE: the two bottom branches are
2 turns long and have complementary sticky ends; the top branch is
2.25 turns long and has self-complementary sticky ends. Motif-E: each
branch is 2 turns long; the two bottom branches have complementary
sticky ends; the top branch has self-complementary sticky ends. The
loop lengths of each motif are indicated in parentheses. The central
strand (C), medium strands (M), and short strands (S) are colored
blue/red, green, and black, respectively. Note that there are three red,
central, single-stranded loops (L1, L2, and L3). The number of half-
turns of the edge formed is labeled beside each branch. (b) Schematic
illustration of the O-edge and E-edge. For the O-edge, neighboring
motifs are related by a 2-fold rotational axis as indicated by a pair of
black arrows. Light blue and purple hexagons indicate motifs facing up
and down, respectively. (c−f) A set of four rules have been established
to guide the design of DNA nanostructures.
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structure is among the smallest closed structures that could be
assembled. It is worth noting that, in the case of the asymmetric
three-point-star motif, the flexibility/stress and thus interbranch
angles of the motif are determined cooperatively by three
single-stranded loops.
Rule 4: High DNA Concentration Favors Large

Structure, but Low Concentration Promotes the
Formation of Small Structures (Figure 1f). During DNA
self-assembly, any existing DNA complex can either (1)
incorporate more building motifs to grow into large complexes
or (2) cyclize into closed complexes. At high DNA
concentration, DNA complexes have high collision probabilities
with individual motifs, leading to the formation of large
complexes (Figure 1f). An example validating this rule comes
from the assembly of a dodecahedron (20 motifs) and a
truncated icosahedron (60 motifs) from Motif-E (3,3,3), which
requires DNA concentrations of 50 nM and 500 nM,
respectively.35

■ COMPLEX STRUCTURE CONSTRUCTION FROM
ASYMMETRIC THREE-POINT-STAR MOTIFS

Retrosynthetic analysis is a powerful tool used in designing
synthesis routes for complex organic molecules. A target
molecule is transformed into simpler precursors, which in turn
are transformed into even simpler precursors. The process is
repeated until reaching simple, available precursors. We
propose to apply the same process for nanostructure self-
assembly or noncovalent nanostructure synthesis. We first
demonstrated this approach by constructing a 2D, truncated
square lattice that contained both squares and octagons. Such a
complex lattice can be reduced to a simpler square-shaped unit.
The 4-fold-symmetric unit can be further reduced into an even
simpler asymmetric, three-branched structure, which can be
realized by an asymmetric, three-point-star motif. The three
interbranch angles in the star motif should be 90, 135, and 135°
(Figure 2a). On the basis of the above established rules, the
truncated square 2D lattice would require short loops (rule 2)
and a high DNA concentration (rule 4), and one of the loops
should have a length of roughly five bases to allow the
formation of a 90° angle (rule 3). In addition, Motif-O and
Motif-EOE would have a better chance than Motif-E (rule 1).

On the basis of the above considerations, we used Motif-EOE
(0,5,0) and (1,5,1) at a DNA concentration of 1 μM (Figure 2,
Figure S8), which resulted in the desired 2D DNA arrays of up
to tens of micrometers. AFM imaging revealed the detailed
pattern of the arrays, and a fast Fourier transformation pattern
showed 4-fold symmetry (Figure 2b,c). The observed repeating
distance was 35.8 nm, in good agreement with the theoretical
calculation of 35.2 nm assuming that the rise and diameter of B-
duplex DNA are 0.33 nm/base pair and 2 nm, respectively.
Lattices formed from Motif-EOE (2,5,2) hardly remained flat as
single layers, suggesting that extra out-of-plane flexibility was
induced by the elongated loops (Figure S8). With the same
single-stranded loop lengths and DNA concentration, Motif-O
and Motif-E failed to form a truncated square lattice. For Motif-
O, this could be attributed to the competing effects from other
structures (e.g., a truncated octahedron and a truncated
cuboctahedron). Although such competing effects existed in

Table 1. Summary of Structures Assembled from Three-Point-Star Motifs

structure polygon motif loop (base) DNA conc. (nM) number of motifs year

hexagonal 2D lattice hexagon Motif-O 3,3,3 600 N.A. 200527

tetrahedron triangle Motif-E 5,5,5 75 4 200835

dodecahedron pentagon Motif-E 3,3,3 50 20 200835

truncated icosahedron pentagon Motif-E 3,3,3 500 60 200835

hexagon
cube square Motif-O 5,5,5 50 8 200936

Motif-E 200
triangular prism triangle Motif-E 7,4,4 30−50 6 201242

square
truncated square 2D lattice square Motif-EOE 0,5,0 1000 N.A. this study

octagon 1,5,1
truncated octahedron square Motif-O 3,7,3 200 24

hexagon Motif-E 1,5,1 100
truncated cube triangle Motif-EOE 0,7,0 100 24

octagon
truncated cuboctahedron square Motif-0 1,5,1 1000 48

hexagon
octagon

Figure 2. Truncated square 2D lattice assembled from Motif-EOE
(1,5,1). (a) Retrosynthetic analysis of a truncated square 2D lattice.
The 2D lattice is assembled from a simpler, 4-fold-symmetric unit,
which in turn is assembled from an asymmetric three-point-star motif.
A corresponding DNA motif is shown on the right. E-edge, purple; O-
edge, cyan. (b) Large-area atomic force microscopy (AFM) image. (c)
Small-area AFM image. Inset images illustrating a detailed pattern of
the lattice and a fast Fourier transform pattern showing 4-fold
symmetry.
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Motif-E as well, its high preference for curvature accumulation
was a great challenge for 2D lattice formation. A 2D structure
with a similar pattern had been realized by Zhang et al. with
four different component three-point star motifs.34 In
comparison, only a one-component, three-point star motif
was needed for the current approach.
We then constructed a 3D structure, a truncated octahedron,

that was a relatively small polyhedron composed of 24 motifs
with 6 squares and 8 hexagons. The three interbranch angles at
each vertex were 90, 120, and 120° (Figure 3a). According to
rule 1, formation of the truncated octahedron was prohibited

with Motif-EOE, while not with Motif-O or Motif-E. On the
basis of rules 2 and 4, long single-stranded loops and a low
DNA concentration should be used in order to promote the
formation of small closed structures. And one loop should have
a minimal length of five bases to allow the formation of a 90°
angle (rule 3). Thus, we tested Motif-O (3,7,3) with a DNA
concentration of 200 nM (Figure 3) and Motif-E (1,5,1) with a
DNA concentration of 100 nM (Figures S11 and S12). Both of
them successfully self-assembled into the truncated octahedron.
The relative short loop of Motif-E might be due to its ease of
curvature accumulation. A truncated octahedron constructed
from Motif-O was presented in Figure 3. Gel electrophoresis
confirmed the formation of a dominant DNA complex with a
mobility slower than that of the DNA cube (Figure 3b). The
assembly yield was estimated to be 53% based on the band
intensity. AFM imaging shows that the DNA complex had a
size (measured diameter, 63.6 ± 2.4 nm; theoretical diameter,
64.4 nm) and 2D projections expected for a truncated
octahedron (Figure 3c and Figure S9). Many unclosed
structures are observed on AFM images. The heterogeneity
seems more severe on AFM images than on gel electrophoresis
potentially because (1) flat, nonclosed structures have higher
adsorption onto the mica substrate; (2) 3D structures got
broken while being deposited onto the mica substrate or during
the imaging process because of the mechanical interference by
the AFM tip. To unambiguously reveal the 3D configuration of
the DNA complex, we utilized cryoEM imaging in conjunction
with single-particle 3D reconstruction. A representative raw
cryoEM micrograph was presented in Figure 3d, in which
individual particles with similar size and 2D projections to the
truncated octahedron could be easily found. From selected raw
particles, the 3D model was reconstructed (Figure 3e). We
further compared 2D projections of the reconstructed 3D
model with raw particles (Figure 3f, Figure S10). The pairwise
comparison revealed a clear similarity, indicating that the
reconstructed model indeed represented the true 3D
configuration of the truncated octahedron.
Our next target 3D structure was a truncated cube, which

consisted of eight triangles and six octagons. The three
interbranch angles at each vertex were 60, 135, and 135°
(Figure 4a). Motif-O was excluded because the triangle
contained an odd number of edges (rule 1). The truncated
cube had similar curvature and size (24 motifs) of those of the
truncated octahedron but with a smaller interbranch angle of
60°, which suggested a slightly enhanced loop asymmetry while
keeping similar out-of-plane flexibility and DNA concentration
(rules 2−4). At the end, a truncated cube was assembled from
Motif-EOE (0,7,0) with a DNA concentration of 100 nM
(Figure 4), whereas Motif-E failed to produce the truncated
cube (Figure S3). For Motif-EOE, its intrinsic geometrical
limitation helped to prevent the formation of competing
structures such as a truncated octahedron, but Motif-E had no
such advantage of eliminating competing structures. Center
loops of (0,7,0) provided a large amount of stress in order to
form the triangle unit needed for truncated cube construction,
which resulted in limited out-of-plane motif flexibility and thus
a high tendency to form large assemblies at high DNA
concentration as shown in the gel (Figure S5), which explained
why a low DNA concentration (100 nM) was needed for the
construction of the truncated cube. The successful formation of
the truncated cube was confirmed by gel electrophoresis (yield
66%), AFM imaging, and cryoEM imaging (Figure 4, Figures
S13−S15).

Figure 3. Truncated octahedron assembled from Motif-O (3,7,3). (a)
Retrosynthetic analysis of a truncated octahedron. (b) Native agarose
gel analysis of Motif-O (3,7,3) assembly. A DNA cube assembled from
Motif-O (5,5,5) is used as the reference in lane 2. (c) AFM imaging of
the truncated octahedron. Particles that have similar projections onto
the structural model of the truncated octahedron are highlighted in
white boxes and presented in the right panel. (d) Representative
cryoEM image of the truncated octahedron. White boxes indicate the
DNA particles. (e) Four views of the reconstructed structural model of
the truncated octahedron. (f) Pairwise comparison between raw
cryoEM images of individual particles (left) and the corresponding
projections (right) of the reconstructed structural model. The raw
particles were selected from different image frames to represent views
at different orientations.
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Finally, we constructed a more complex 3D structure, a
truncated cuboctahedron. It consisted of 48 motifs and 3
different polygonal faces: 12 squares, 8 hexagons, and 6
octagons (Figure 5a). Similar to the truncated octahedron,
Motif-EOE lacked the capability to form the truncated
cuboctahedron (rule 1). The three interbranch angles at each
vertex were 90, 120, and 135°, which added up to 345°,
indicating the minimal requirement for out-of-plane flexibility
and thus short loops (rule 2). The longest loop should have a
minimal length of five bases to fulfill the requirement of
forming an interbranch angle of 90° (rule 3). The truncated
cuboctahedron contains 48 motifs, which doubled the sizes of a

truncated octahedron (containing 24 motifs) and a truncated
cube (containing 24 motifs), suggesting that a high DNA
concentration might be necessary (rule 4). As anticipated, a
truncated cuboctahedron was successfully constructed from
Motif-O, with center loop lengths of (1,5,1) and a DNA
concentration of 1 μM (Figure 5). Native agarose gel
electrophoresis showed a dominant band (yield 51%) with
retarded mobility compared to that of a DNA cube [assembled
from Motif-O (5,5,5), Figure 5b]. AFM imaging confirmed the
formation of nanocages with minimal flat structures observed,

Figure 4. Truncated cube assembled from Motif-EOE (0,7,0). (a)
Retrosynthetic analysis of a truncated cube. (b) Native agarose gel
analysis of Motif-EOE (0,7,0) assembly. A DNA cube assembled from
Motif-EOE (5,5,5) is used as reference in lane 2. For the schematics,
E-edge, purple; O-edge, cyan. (c) AFM imaging of the truncated cube.
Particles that have projections similar to the structural model of the
truncated octahedron are highlighted in white boxes and presented in
the right panel. (d) A representative cryoEM image of the truncated
cube. White boxes indicate the DNA particles. (e) Four views of the
reconstructed structural model of the truncated octahedron. (f)
Pairwise comparison between raw cryoEM images of individual
particles (left) and the corresponding projections (right) of the
reconstructed structural model.

Figure 5. Truncated cuboctahedron assembled from Motif-O (1,5,1).
(a) Retrosynthetic analysis of a truncated cuboctahedron. (b) Native
agarose gel analysis of Motif-O (1,5,1) assembly. A DNA cube
assembled from Motif-O (5,5,5) is used as reference in lane 2. (c)
AFM imaging of the truncated cuboctahedron. Particles that have
projections similar to the structural model of the truncated
cuboctahedron are highlighted in white boxes and presented in the
right panel. Two other populations of nanocages with different sizes
are highlighted in green and red boxes. (d) Representative cryoEM
image of the truncated cuboctahedron. White boxes indicate the DNA
particles. (e) Four views of the reconstructed structural model of the
truncated cuboctahedron. (f) Pairwise comparison between raw
cryoEM images of individual particles (left) and the corresponding
projections (right) of the reconstructed structural model. The raw
particles were selected from different image frames to represent views
with different orientations.
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potentially due to the fact that they are more stable than a
truncated octahedron and a truncated cube because they are
larger and do not need to bend out of plane significantly; they
are also subject to a weaker shearing force while depositing
onto the mica surface. The dominant population of nanocages
had a relatively uniform size (93.2 ± 5.6 nm), close to the
predicted diameter (87.0 nm) of the truncated cuboctahedron
(Figure 5c). AFM images of particles with similar 2D
projections of a truncated cuboctahedron were highlighted in
white boxes and are presented in the right panel of Figure 5b.
In addition to the truncated cuboctahedron, other two
populations of nanocages could be observed in AFM images
(Figure 5c, Figure S16). The large nanocage (highlighted in
green boxes) had a diameter of 123.1 ± 9.5 nm (presumably a
truncated icosidodecahedron), and the small one (highlighted
in red boxes) had a diameter of 63.4 ± 3.9 nm (presumably a
truncated octahedron). Unambiguous confirmation of the
formation of the truncated cuboctahedron came from cryoEM
imaging and 3D reconstruction (Figure 5d−f, Figure S17).
Reconstruction of the suspected truncated icosidodecahedron
and truncated octahedron was not accomplished because of a
limited number of particles of these two populations from
cryoEM imaging.

■ CONCLUSIONS
We have developed a retrosynthetic analysis for designing
routes to assemble complex DNA nanostructures and have
established a set of four basic rules for DNA tile-based self-
assembly. They could serve as general guidelines for designing
DNA nanostructures. Along with previous studies, these rules
have been validated in the current study via introducing
asymmetry into three-point-star motifs to generate a series of
2D and 3D structures with moderate complexity. We should
note that the presented strategy here has its advantages and
limitations in terms of the scope of nanostructures that it can
construct. (1) Symmetry. The strategy relies on structural
symmetries. The intrinsic overall symmetries allow us to dissect
a complex structure into multiple copies of identical and small
DNA nanomotifs. Thus, this strategy can produce only
structures with high overall symmetries and cannot produce
structures with no symmetry. (2) Size. We do not see any
intrinsic size limitation with this method. However, the size
heterogeneity will become a more and more serious issue when
the size of the target structures goes up, particularly when the
overall size is over 100 nm. (3) Shape. Because of the symmetry
requirement, this strategy can produce only simple or
moderately complex structures, such as 2D period arrays, 1D
nanotubes, and polyhedra. Clearly, complex structures and
patterns, such as the America map produced by the DNA
origami approach,12 is beyond the capability of this strategy. (4)
Tile. This strategy is demonstrated with, but should not be
limited to, the three-point-star motif. It would be quite
straightforward to apply to other point-star motifs. It is also
conceivable to apply it to other large DNA tiles, such as origami
tiles. (5) Other approaches. Similar structures could be
constructed by other methods, such as origami. However,
origami structures and single-strand tile (SST) structures22 are
intrinsically asymmetric, whereas our structures are intrinsically
symmetric. In general, origami structures are expected to be
more geometrically stable than SST structures and our
structures because long, scaffold, single DNA strands go
through entire structures. But all of the DNA strands in our
structures and SST structures are held together by only base

pairing. Beyond the intellectual development in structural DNA
nanotechnology of this strategy, the reported structures might
also find some technological applications, such as encapsulating
agents, organizing scaffolds, and hubs for preparing multivalent
ligands.
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