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Abstract: DNA-based self-assembly is a unique method for achieving higher-order molecular architectures
made possible by the fact that DNA is a programmable information-coding polymer. In the past decade,
two main types of DNA nanostructures have been developed: branch-shaped DNA tiles with small
dimensions (commonly up to ~20 nm) and DNA origami tiles with larger dimensions (up to ~100 nm).
Here we aimed to determine the important factors involved in the assembly of DNA origami superstructures.
We constructed a new series of rectangular-shaped DNA origami tiles in which parallel DNA helices are
arranged in a zigzag pattern when viewed along the DNA helical axis, a design conceived in order to relax
an intrinsic global twist found in the original planar, rectangular origami tiles. Self-associating zigzag tiles
were found to form linear arrays in both diagonal directions, while planar tiles showed significant growth in
only one direction. Although the series of zigzag tiles were designed to promote two-dimensional array
formation, one-dimensional linear arrays and tubular structures were observed instead. We discovered
that the dimensional aspect ratio of the origami unit tiles and intertile connection design play important
roles in determining the final products, as revealed by atomic force microscopy imaging. This study provides
insight into the formation of higher-order structures from self-assembling DNA origami tiles, revealing their

unique behavior in comparison with conventional DNA tiles having smaller dimensions.

Introduction

DNA self-assembly has shown great promise for the con-
struction of nanoscale architectures. A large variety of one-,
two-, and even three-dimensional (1D, 2D, and 3D) DNA
nanostructures’ 2’ have been successfully assembled using
branched motifs (tiles) as the basic structural units, and these

nanostructures have been used to precisely organize a variety
of functional materials.?®~3° Among the many exciting achieve-
ments, scaffolded DNA origami is especially remarkable for
its capacity to yield complex and fully addressable patterns. In
this method, a long single strand of DNA (e.g., 7.2 kb genome
of phage M13mp18) is folded into 2D or 3D*°~“® structures by
hundreds of short complementary DNA strands (staples). Each
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staple strand occupies a specific position as a result of its unique
sequence complementary to the genomic DNA strand; thus,
DNA origami tiles exhibit fully addressable surfaces that can
be used to organize proteins, nanoparticles, or carbon nanotubes
and carry out single-molecule chemical reactions with spatial
control 344957

One of the central goals in nanotechnology is to assemble
unit building blocks into higher-order periodic or nonperiodic
architectures. With the proper sticky end design, individual DNA
origami tiles can act as basic structural units and self-assemble
into larger 1D, 2D, and 3D structures. However, reports of large
arrays formed from DNA origami tiles have been quite limited.
In one example, Rothemund demonstrated that triangular-shaped
DNA origami tiles can be connected through stable strand
linkages to form fixed-size 2D arrays, although the size and
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yield of the arrays was quite small.*® In another study,
rectangular-shaped DNA origami tiles originally designed by
Rothemund were successfully used to construct 1D arrays,>®
but efforts to make 2D arrays with dimensions larger than 1
um using these rectangular tiles have proven to be difficult (see
the Supporting Information). Collectively, these observations
suggest that DNA origami, with its large dimensions and unique
characteristics, behaves somewhat differently from small DNA
tiles. It is worth pointing out that the systematic study of the
higher-order self-assembly of small DNA tiles has been
performed by various groups, and abundant information has been
gathered>*52%37 that has led to greater control over product
assembly. In contrast, the study of the higher-order assembly
of large DNA origami tiles is lacking. Can the knowledge gained
from small tiles be directly applied to large origami tiles when
creating higher-order superstructures? This work aimed to
address this critical question in a systematic way and to
determine the important factors involved in the assembly of
DNA origami tiles into higher-order superstructures.

In an attempt to establish the significant structural properties
of origami tiles, a close examination of Rothemund’s original
design for rectangular-shaped DNA origami tiles was carried
out. One important aspect of the original design relates to the
crossovers between parallel helices: periodic crossovers are
separated by odd numbers of half-turns, with 16 base pairs (bp)
considered as 1.5 turns. This results in a twist density of 10.67
bp per turn (16 bp/1.5 turns), which represents a slight
underwinding of all of the DNA helices relative to the 10.5 bp
per turn in B-form DNA. Since there are over 200 crossovers
in a single tile structure, the local underwinding per helical turn
may lead to a considerable global twist deformation, preventing
the formation of planar 2D lattice superstructures.

Here we present a new design for the rectangular-shaped
DNA origami that is intended to relieve the deformation; it
contains dihedral angles of 120° when viewed along the helical
axes (Figure 1A,B) and is hereafter called “zigzag DNA
origami”. The number of base pairs between consecutive
crossovers of neighboring helices alternates between 14 bp and
28 bp (Figure 1C), corresponding to exactly /5 or 8/ turns,
respectively:*®2%43 14 pp is equal to one full turn plus 120°,
and 28 bp is two full turns plus 240°. Thus, two adjacent
crossovers within the same helix are spaced exactly four turns
apart. The twist density of this design is 10.5 bp per turn,° the
same as in B-form DNA, so the global twisting of the structure
should be minimized.

Figure 1C illustrates the folding path of a zigzag origami, in
which a 7056 nucleotide (nt) strand of M13mp18 (black) was
folded into a rectangular structure using 168 staples (blue), with
individual staples spanning three helices and containing either
7nor 14n (n= 3, 4, or 5) nucleotides. The remaining nucleotides
of the scaffold strand were left as an unpaired loop bridging
the starting and ending points of the folding path. The length
of the DNA origami tile in the direction parallel to the helical
axis (the x direction) was ~100 nm. In the y direction, with an
assumed interhelical distance of 0.5 nm,*° the 24 parallel helices
should have formed a corrugated structure with a length of ~52
nm. However, once the origami tile was deposited on a mica
substrate and scanned using atomic force microscopy (AFM)
in tapping mode, the dimensions of the origami tiles were
measured to be ~100 nm x 60 nm. The stretching in the y
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Behavior of DNA Origami in Higher-Order Self-Assembly

ARTICLES

k — — —— 100 nm — —
s — | — Ly~ — B
"l — 1= T = —T=i,
(= —— s = =
= — — - —= N — —
— — p—_ —
(= = [ | = [ = =1
= = - 1
(& —T— [ — ==
= f—_ — F— —
e =— R = (S~ —— - — - —
= = — == X —
[ =T— = |1 [ — e W —— o =1
= = — — =
[ =T— e g~ —
[= — — — — =4 —
— — — =1 —
(o= o= = — — —_——
= =i T = F—T= =——
= — —

b
Tbp7bpldbp 14bp

Figure 1. Design of the zigzag DNA origami. (A) Schematic drawing of the rectangular-shaped corrugated tile having dimensions of 100 nm x 52 nm. (B)
Side view of the tile illustrating the 120° dihedral angle formed between helices. (C) Folding path of the zigzag origami. A 7056 nt strand of M13mp18
(black) is folded into a rectangular structure using 168 staples (blue). The arrow on each staple strand indicates its 5 to 3’ direction. The zoom-in view on

the right shows structural details of selected staples.

direction may have been due to attractive interactions with the
hydrophilic mica surface, where the DNA tiles were presumably
flattened to maximize contact.

Results and Discussion

Assembly of Stairlike 1D Arrays. First, the planar and zigzag
DNA origami tiles were designed to self-associate through linker
strands bridging diagonal corners and assemble into stairlike
linear arrays. Figure 2A illustrates the assembly strategy. For
both types of origami tiles, the core structures (with the far left
and right columns of staples omitted) were first assembled
following a standard origami annealing protocol (see the
Supporting Information for details). Unpaired regions of M13
in the four corners of the tiles are numbered as 1, 2, 3, and 4,
each spanning 12 helices. Two sets of 12 linker strands were
deliberately designed, one to link corner 1 to corner 3 and the
other to link corner 2 to corner 4. The individual linker strands
consisted of two binding domains: one containing a sequence
complementary to the unpaired region of M13 in one corner
and the second containing a sequence complementary to the
unpaired region of M13 in the opposite diagonal corner. When
the “1—3" set of strands were added to the preannealed origami
cores and incubated at room temperature overnight, the result
was a stairlike array connected in the 1—3 direction. Similarly,
the “2—4" linkers were used to connect the preannealed origami
cores in the other diagonal direction.

AFM imaging of the final structures revealed that employing
1—3 connections resulted in stairlike 1D arrays with a maximum
length of ~40 tiles for both the zigzag origami (Figure 2C)
and the planar origami (Figure 2F). In contrast, the 1D arrays
formed from zigzag and planar origami connected through
corners 2 and 4 were distinct. The zigzag origami assembled
into long, linear arrays similar to those formed through 1—3
connections (Figure 2D), while the planar origami assembled
into twisted (right-handed) helical superstructures (Figure 2G)

with every other tile forming a half-twist (see the inset of Figure
2G). This observation supports our assumption that planar DNA
origami does not adopt a perfectly flat arrangement but instead
displays a global pucker. This also indicates that the bending
of the tile is severe in the 2—4 diagonal direction but minimal
in the 1—3 diagonal direction. The observation of a right-handed
twist agrees with the results reported by Shih’s group,*® in which
an origami structure with a helical twist density of greater than
10.5 bp per turn was used. It should be pointed out that the
long linear arrays formed by the zigzag origami in the 2—4
direction also displayed some degree of twisting at certain sites
(Figure 2D) but with a much lower frequency. A side-by-side
comparison of these two designs indicated that the zigzag
origami did not experience as much structural strain as the planar
origami, with less twisting and bending out of the plane;
therefore, the zigzag origami tile was presumed to be more
suitable to serve as a basic structural unit for higher-order
assembly purposes and was utilized for all subsequent assembly
experiments.

Formation of DNA Origami Tubes. Experiments were con-
ducted in which both sets of linker strands (for 1—3 connections
and 2—4 connections) were added to preformed zigzag core
structures, and rather than the expected 2D lattices, the formation
of tubes was observed. The tubes were assembled by two
independent methods: by either combining all 24 linkers
simultaneously with the core structures or using a stepwise
assembly approach. For the stepwise method, stairlike arrays
were first formed in one direction using one set of linkers, after
which the second set of linkers was added. The two methods
yielded similar tube structures, as shown in Figure 3A, with
most of the tubes having lengths of 1—3 um. Individual origami
tiles are clearly visible in the zoom-in insets in Figure 3A, with
the observed length in agreement with the expected 100 nm.
The profile of a cross section of a single tube (Figure 3B) shows
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1-3 connectiion
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Figure 2. Stairlike 1D DNA arrays assembled from the rectangular origami tiles. (A) For both designs, the core of each origami tile was assembled with
the staple strands on the left and right edges omitted. The four corners involved in connecting individual origami tiles are numbered 1, 2, 3, and 4, each
spanning 12 helices. Two sets of linker strands were designed, one to join corners 1 and 3 and the other corners 2 and 4. When all 12 linkers of the same
set were added to the preannealed origami core structures, the cores were diagonally connected into stairlike ribbons. (B, E) Side views of the zigzag origami
and planar origami, respectively. (C, F) AFM images of DNA ribbons formed by zigzag DNA origami and planar DNA origami, respectively, with 1—3
connections. Both tiles formed long ribbons, with the longest composed of ~40 tiles. (D, G) AFM images of DNA ribbons formed by zigzag DNA origami
and planar DNA origami, respectively, with 2—4 connections. The zigzag origami formed long ribbons, similar to the case of 1—3 connections; the planar
origami assembled into right-handed spiral ribbons, with every two or three tiles forming a half-turn twist. The insets in (C, D, F, and G) are zoom-in

images.

that the tube was 3 nm in height (double the height of an
individual origami tile) and ~30 nm in width (about half the
width).

Figure 3C illustrates one possible mechanism for the forma-
tion of the observed tube structures. One set of linkers first
recognizes the corresponding complementary regions of the
origami core structures, initially connecting several origami tiles
into a stairlike ribbon; similarly, recognition by the other set of
linkers forms a stairlike ribbon with the opposite connectivity.
Once they are assembled into a stairlike ribbon, it is then
presumably faster and easier for the linkers that are not involved
in intertile connections to bind to M13 in an adjacent tile within
the same ribbon rather than in a different ribbon, which would
require travel over a much greater distance considering the low
concentration (nM). Formation of a tube may also be thermo-
dynamically preferred because tube closure is the most efficient
process to minimize the number of unpaired DNA strands.
Because of the intrinsic flexibility of the origami tiles (resulting
from the numerous nick points within the structure), bending
of the origami tile in both the x and y directions is possible.
Apparently, the preferred bending path for the 24-helix tiles is

13548 J. AM. CHEM. SOC. = VOL. 132, NO. 38, 2010

in the y direction, which might be a result of the shorter distance
the linkers must traverse to form a closed structure. This
interaction rolls the connected ribbon into a tube whose axis is
parallel to the helical axis of the tiles and whose circumference
is equal to the width of a single tile. Additionally, the tubes are
not completely sealed, as there is no linkage between the top
and bottom edges of each origami tile; thus, they are readily
opened by AFM imaging, providing further evidence of tube
morphology.

For comparison, surface-mediated assembly of origami core
structures together with all 24 linkers was also performed.>®
Rather than the formation of tubes as seen in the solution-based
assembly, the formation of small pieces (~10 tiles) of 2D arrays
was observed because the solid support provided many nucle-
ation points (see the Supporting Information for details). The
attractive interactions between the origami tiles and the flat,
hydrophilic solid support must restrict the bending of the tiles
and render them inflexible, causing the intertile interaction to

(59) Sun, X.; Ko, S. H.; Zhang, C.; Ribbe, A. E.; Mao, C. J. Am. Chem.
Soc. 2009, 131, 13248-13249.
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Figure 3. DNA origami tubes. (A) AFM images of the tubular structure formed after the addition of both sets of linkers to the zigzag origami cores.
Segments with lengths of 100 nm can be observed in the zoom-in images. (B) Cross-sectional profile of a tube measured along the thin white line in the
image to the left of the profile: the height was 3 nm and the width ~30 nm. (C) Proposed mechanism for the formation of the origami tubes. Initially, one
set of linkers hinds to the complementary regions of neighboring core structures, creating a stairlike ribbon. Next, one binding domain in the other set of
linkers binds to its complementary region of the core structure while the other binding domain subsequently binds to its complement in the adjacent tile. This
interaction rolls the connected tiles into a tube whose axis is parallel to the origami helical axis and whose circumference equals the width of one tile.

dominate and ultimately lead to the formation of 2D lattices.
However, the size of the 2D lattices obtained using this method
showed no improvement over those in existing reports. The
relatively low efficiency of the surface-mediated self-assembly
of origami tiles relative to that of small DNA tiles or short DNA
strands could be due to the low concentration (nM vs M) and
the large unit size of the origami tiles, which results in reduced
lateral mobility on the mica surface.

Tailoring the Structural Features of Origami Tubes by
Varying the Dimensions and Intertile Connections of the
Zigzag Tile Units. On the basis of the proposed tube formation
mechanism, several structural factors could be varied to
manipulate the assembly process and obtain unique products.
We hypothesized that the number and position of the linker
strands would control the morphology of the final structures.
In addition, we presumed that tiles with varying dimensional
aspect ratios would also generate unique tube structures.

We first examined how varying the number of linkers between
tiles would impact the final structures. A gap between corners
1 and 4 and corners 2 and 3 of the origami tile is formed when
less than 24 linkers are used, and a smaller number of linkers
between tiles produces a wider gap, as illustrated in the schemes
in Figure 4. Upon addition of 20 linkers (10 strands from each
set) to the preformed zigzag core structures, formation of
origami tubes with the expected four-helix gap (~6.5 nm) was
observed (Figure 4A). The zoom-in image shows alternating
single-layer and double-layer regions, confirming the existence
of the gaps, as schematically illustrated in Figure 4A. Similarly,
tubes were also observed when 16 linkers were used (Figure
4B). However, when the number of linker strands was reduced
to 12 or 8, 1D origami chains rather than tubes were observed

(Figure 4C,D, respectively). It may be that when the number
of linker strands is decreased this much, the free energy that is
gained through intertile bond associations is not enough to pay
the energy penalty for bending of the origami tiles into tubes.
In this case, a half-turn twist in the linker region between two
neighboring tiles yields a planar structure, as shown in Figure
4C,D. It is also possible that tubular structures actually form
but that the wide gap makes the tubes susceptible to deformation,
causing them to collapse when they are deposited onto the mica
before imaging can confirm their existence.

To investigate the effect of the tile dimensions on the
superstructure assembly, we first designed a zigzag origami tile
containing 12 parallel helices that had dimensions of 200 nm
x 26 nm (Figure 5A). In comparison with the 24-helix zigzag
origami, the new design was twice as long in the x direction
and half as wide in the y direction. After the assembly of the
core structures, 12 linkers (six strands of each set) were added
to the solution to link diagonal corners of the tiles following
the same design strategy as for the 24-helix tiles. However,
rather than 2D arrays or tubes, only 1D chains were observed
by AFM (Figure 5B). The decreased width of the origami tile
significantly increases the energy required to bend the tile in
the y direction, making it harder to roll the tile into a tube. It is
intriguing to notice that bright spots between adjacent tiles are
clearly visible along the chain, corresponding to an increase in
height from 1.5 nm (single-layer origami tiles) to ~3 nm at
these connection points. On the basis of this observation, we
illustrate the possible formation mechanism in Figure 5C. For
kinetic reasons, the linkers may prefer to bind to complementary
regions within the same chain by attaching to the next tile end-
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Figure 4. The number of linkers impacts the morphology of the resulting structures. (A, B) Use of 20 or 16 linkers results in the formation of tubes with broad
circumferences. Shown in each panel from left to right are a schematic drawing of the number and position of linkers used for the connections between origami tiles,
a zoom-out AFM image, a zoom-in AFM image, and a schematic drawing showing the assembled structure. (C, D) Use of 12 or 8 linkers results in the assembly
of 1D chains.

A } 200 nm |

Figure 5. Formation of 1D chains by 12-helix zigzag origami tiles. (A) Schematic drawing of the 12-helix tile. (B) AFM images of the resulting 1D origami chains
after the addition of 12 linker strands. Higher spots between two neighboring tiles can be clearly observed. (C) Hypothetical mechanism for the formation of 1D
chains. The decreased width reduces the flexibility of the origami tiles significantly, so folding them in the y direction becomes unfavorable. Instead, the linkers
prefer to cross in the center to connect origami tiles end-to-end into a chain. The overlapping linker strands form two-layer regions between neighboring tiles.

to-end rather than binding to a third tile. The linker strands strands in the plane of the tile is required. The overlap of the
appear to cross in the center between two neighboring tiles, linkers at the connection points between neighboring tiles forms
though an energy penalty for bending of the helices of the linker the high spots observed by AFM.
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Figure 6. Formation of zigzag ribbons or double-layered linear ribbons by 40-helix zigzag origami tiles. (A) Schematic drawing of the 40-helix origami tile.
(B, C) AFM images of the resulting zigzag origami ribbons and double-layered linear ribbons, respectively. (D) Hypothetical mechanism for formation of
these two structures. First, one set of linkers recognizes the complementary regions of the origami core, yielding staggered ribbons, after which the other set
of linkers binds to complementary regions within the same tile or an adjacent tile. Binding to the same tile causes bulges within the staggered ribbons, giving
a zigzag appearance, while binding to an adjacent tile results in linear, double-layered ribbons with growth in the y direction.

To further test the effect of varying the dimensional aspect
ratio, we designed a third version of the zigzag origami tile
containing 40 helices (Figure 6A) with dimensions of ~57 nm
x 86 nm, which is shorter in the x direction and wider in the y
direction than the 24-helix tile. The dominant structures that
were formed when all 40 linker strands were added to the core
structure were ribbons with periodic one- and two-layer height
changes (Figure 6B). In addition, a small fraction of linear,
double-layered ribbons having a width equal to the x dimension
of the unit tile were observed (Figure 6C).

The proposed mechanisms of formation of these two ribbon
products are shown in Figure 6D. The initial assembly is very
similar to that of the 24-helix origami in which one set of linkers
recognizes the complementary regions in the origami core
structures, yielding a staggered ribbon. However, rather than
bending the tiles in the y direction in the same manner as the
24-helix tile, the subsequent binding of the second set of linkers
results in two other types of connections. In the first case, the
origami tiles bend, with sticky ends within the same tile binding
at diagonal corners, resulting in the double-layer regions
observed in the ribbon. In this way, all of the sticky ends travel
the shortest distance to bind to complementary regions of the
core, but this requires overcoming the energy barrier for bending
and twisting of the origami tile. In the second case, linear
double-layer ribbons (or tubes) with a circumference equal to

twice the width of the tile that grow in the y direction are
observed. We observed far fewer double-layer linear ribbons
than twisted ribbons, which is likely a result of the greater
bending energy required for the parallel helices to bend out of
the plane of the tile.

Summary and Discussion

We have designed and characterized a new family of
rectangular-shaped DNA origami tiles in which the global twist
found in typical “planar” origami has been relaxed, yielding a
structural unit with the potential to self-assemble into larger
and more complex nanostructures. When a linker-strand con-
nection strategy was used, the formation of either tubular
structures or 1D arrays was observed (Figure 7), depending on
the dimensional aspect ratio of the origami DNA tiles and the
number of linker strands utilized. Our observations indicate that
the higher-order assembly process for origami tiles (~7000 bp
per tile) is markedly different from that for small DNA tiles
(80—400 bp per tile), although it follows the same thermody-
namic guidelines to minimize the free energy of the system.
We postulate that the kinetics of assembly is the major
determining factor in the distribution of final products when
multiple reaction paths are thermodynamically possible. It may
be the case that the products that dominate assembly are obtained
via the fastest route with the shortest distance for linkers to
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Figure 7. Summary of the impact of varying the dimensional aspect ratio
and intertile connection scheme of zigzag origami tile units on the resulting
structures. The arrows labeled 1, 2, and 3 specify three different linking
pathways.

traverse and the smallest energy barrier to overcome. It is also
likely that the larger size of the origami tiles results in slower
diffusion in solution, both laterally and rotationally, which
affects the kinetics of the reaction. We stress that it is difficult
to access the real-time dynamics of higher-order DNA self-
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assembly in solution because of the sophisticated nature of the
tile—tile interactions, especially with the simultaneous associa-
tion of multiple sticky ends. Nevertheless, analysis of the final
products using AFM imaging still provides useful information
about the assembly mechanism. As DNA origami tiles are
gaining attention as potential building blocks for the bottom-
up self-assembly of large superstructures, studies that reveal
the influence of structural parameters such as dimensions,
geometry, interunit connection strategies, and reaction conditions
on assembly are imperative. Furthermore, by enhancing the
rigidity of an origami tile to significantly increase the cost of
bending or twisting the tile, we may be able to control the
superstructure formation more reliably and avoid undesired
reaction pathways. Our report highlights the need for the careful
design of origami structures and assembly routes to achieve
predictable products.
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