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ABSTRACT: Programmable DNA nanotechnology has generated some of
the most intricate self-assembled nanostructures and has been employed in a
growing number of applications, including functional nanomaterials,
nanofabrication, biophysics, photonics, molecular machines, and drug
delivery. An important design rule for DNA nanostructures is to minimize
the mechanical stress to reduce the potential energy in these nanostructures
whenever it is possible. This work revisits the DNA gridiron design consisting
of Holliday junctions and compares the self-assembly of the canonical DNA
gridiron with a new design of DNA gridiron, which has a higher degree of
mechanical stress because of the interweaving of DNA helices. While the
interweaving DNA gridiron indeed exhibits lower yield, compared to its
canonical counterpart of a similar size, we discover that the mechanical stress
within the interweaving gridiron can promote the formation of the two-
dimensional crystalline lattice instead of nanotubes. Furthermore, tuning the
design of interweaving gridiron leads to the change of overall crystal size and regularity of geometry. Interweaving DNA double
helices represents a new design strategy in the self-assembly of DNA nanostructures. Furthermore, the discovery of the new role of
mechanical stress in the self-assembly of DNA nanostructures provides useful knowledge to DNA nanotechnology practitioners: a
more balanced view regarding mechanical stress can be considered when designing future DNA nanostructures.

■ INTRODUCTION
Since Seeman first proposed the feasibility of assembling DNA
nanostructures using DNA strands based on the principle of
DNA base pairing in the early 1980s,1 structural DNA
nanotechnology has been rapidly developed and enriched by
scientists all over the world.2−4 After decades of development,
a rich repository of design methods and nanostructures of
controlled sizes and morphologies5−7 is now available for
different applications.8 From the inception of the field, a
cardinal rule in designing DNA nanostructures has been that
the mechanical stress within these nanostructures should be
minimized,9,10 except when the stress is intrinsically associated
with the design (e.g., the creation of double-crossover tile by
rotating and connecting Holliday junctions9) or purposefully
introduced to generate special morphologies (e.g., to create
curvature or twist).11−14 Time and again, many studies have
proved the importance of this fundamental rule, as the yield or
the kinetics of self-assembly would decline with the increasing
amount of mechanical stress in a DNA nanostructure.15

Nonetheless, besides being used to induce curvatures and
other special geometries in DNA nanostructures, it is
reasonable to think that mechanical stress can have other
unexplored effects on DNA nanostructure self-assembly. In this
work, we carried out a detailed study on the design of DNA
gridiron nanoarrays.16 Specifically, in addition to canonical
scaffold-free DNA gridiron, we design a new “half-turn”

gridiron with a high-stress weaving conformation: DNA double
helices are weaved together to form a nanoarray resembling a
piece of interlacing fabrica structural characteristics
distinctively different from the existing DNA nanostructures.
The weaving design noticeably reduced the assembly yield of
finite-sized gridiron nanoarrays, in good agreement with the
principle that mechanical stress lowers the yield of DNA
nanostructures, presumably due to the increased potential
energy. However, we also discovered that the weaving gridiron
design promoted the formation of large two-dimensional (2D)
crystalline lattices. In addition, our study on different weaving
DNA gridiron nanostructures also revealed that the design
could significantly affect the size and geometry of the lattices.

■ RESULTS AND DISCUSSION

First, we carefully investigated canonical DNA gridiron design
(Figure 1). Figure 1a shows the basic design concept for the
DNA gridiron structure. The lines represent DNA strands, and
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the arrows indicate the directional polarity of DNA strands
from 5′ to 3′. Different from a previous work of nanoarrays
containing Holliday junction units,17 here, the helices are
rotated to connect with adjacent junctions to form a square
gridiron unit, and larger gridiron nanoarray can be constructed
by including more units. A DNA gridiron can be made with a
scaffolded DNA origami method18 or scaffold-free method, as
demonstrated in the original research.16 A crucial design
feature for DNA gridiron is that the length of a DNA helix
from one junction to its closest neighboring junction has to be
n (n = 1, 2, 3...) full turns of DNA double helices. In this way,
all DNA helices would be connected in a relaxed
conformationthe constraints caused by the connections at
junctions induce minimal mechanical stress. This full-turn
gridiron design results in a two-layer conformation, where a set
of parallel DNA helices are located on one plane and the other
set of parallel DNA helices are located on a different plane
(Figure 1b). In this study, we chose to focus only on a scaffold-
free DNA gridiron. The primary reason was that DNA origami
could not be used to design a weaving DNA gridiron, which
contains nicks at the junctions that prevent the inclusion of
continuous scaffold DNA strands. For convenience, a DNA
gridiron was named [number of horizontal helices(H)] ×
[number of vertical helices(H)]-[unit size in basepair(BP)].
For example, an 8H × 8H-21BP gridiron is a nanoarray with
eight horizontal helices and eight vertical helices, and each
square-shaped unit is 21 BP by 21 BP (Figure 1c). We divided
the DNA strands into two groups: the black-colored strands
that run straight horizontally or vertically are called “x strands”,
and the blue-colored strands that make turns at the junctions
are called “y strands”.

Figure 1. Canonical DNA gridiron nanostructures with full-turn units.
(a) Schematic showing the design of a unit of DNA gridiron by
connecting four DNA Holliday junctions. (b) Three-dimensional
model of a 4H × 4H-21BP DNA gridiron. Each unit is 21 bp by 21
bp. The vertical DNA helices are located on top of horizontal DNA
helices. (c) Design diagram, agarose gel electrophoresis, and atomic
force microscopy (AFM) images of the 8H × 8H-21BP gridiron. (d)
AFM images of the16H × 16H-21BP gridiron. (e) Design diagram
and AFM image of the 4H × 4H-21BP-2D (tube) gridiron. It formed
narrow nanotubes instead of flat 2D lattices.

Figure 2. Weaving DNA gridiron nanostructures with half-turn units. (a) Schematic diagrams of the canonical (full-turn) gridiron. The three-
dimensional diagram (middle) and cross-sectional view (right) show the two-layer conformation. (b) Schematic diagrams of the half-turn weaving
gridiron. The three-dimensional diagram (middle) and cross-sectional view (right) show a weaving conformation. For cross-sectional view, the
outlines of DNA helices are displayed as thick blue lines, and the inner zigzag lines represent DNA strands, and red arrows in between indicate the
junction points. (c) Three-dimensional models of the weaving gridiron nanostructure. (d) Model, agarose gel electrophoresis under different
magnesium concentrations and annealing times, and AFM images of the 8H × 8H-26BP weaving DNA gridiron. (e) Model, agarose gel
electrophoresis under different magnesium concentrations and annealing times, and AFM images of the 8H × 8H-16BP weaving DNA gridiron.
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We then tested the assembly yields of canonical gridiron
with 21 BP units. The agarose gel electrophoresis of 8H × 8H-
21BP gridiron indicated a good yield of the assembly under
different concentrations (10−40 mM) of Mg2+. AFM images
on the purified 8H × 8H-21BP gridiron further confirmed
well-assembled nanostructures (Figures 1c and S1), consistent
with previous results.16 To test the limit of the scaffold-free
gridiron, we then designed a large 16H × 16H-21BP nanoarray
with a total size of 10,752 basepairs or four times as massive as
the 8H × 8H-21BP gridiron (Figures 1d and S2). The yield of
this large gridiron decreased significantly in agarose gel
electrophoresis assay, even using the optimized isothermal
assembly protocol (Figure S2). Nonetheless, a distinct product
band (for a sample assembled at 52 °C) was clearly visible and
extracted for sample purification and subsequent AFM
imaging. Despite the modest assembly yield of 16H × 16H-
21BP gridiron, the nanostructure appeared largely well formed
and intact in AFM images (Figure 1d). Close inspection of the
images revealed that the DNA helices within the gridiron were
straight with very minimal distortion. In both the 8H × 8H-
21BP gridiron and 16H × 16H-21BP gridiron, the nanoarrays
displayed parallelogram shapes instead of square shapes, in
agreement with previous results, likely due to the flexibility of
the nanoarray.16

To test whether large 2D crystalline lattices can be
assembled from the DNA gridiron, we designed a periodic
gridiron nanostructure by connecting the y strands on the
edges in a 4H × 4H-21BP gridiron (Figure 1e). The modified
design was named 4H × 4H-21BP-2D because the lattice
could keep growing horizontally and vertically indefinitely to
form large 2D crystalline lattices. However, AFM imaging on
assembled samples revealed that this design actually produced
relatively narrow nanotubes with a length distribution from a
few hundred nanometers to a few micrometers (Figures 1e, S3,

and S4). This phenomenon of a 2D DNA lattice forming
nanotubes instead was commonly observed in the field of DNA
nanotechnology.19−21 Various mechanisms can lead to the
formation of this type of DNA nanotubes. The lattices can
contain intrinsic curvature, as demonstrated in an example of
DAE-E tile assembly.19 Another important factor that can
promote the formation of nanotubes is the flexibility of a DNA
lattice, and it is believed that it is easier for a more flexible
lattice to form nanotubes.20 In the case of 4H × 4H-21BP-2D
(tube), the formation of nanotubes was probably the result of
both intrinsic curvature and flexibility, although we suspected
that the latter might be the primary reason since the tubes are
very narrow, with diameters about 20−30 nm, corresponding
to two repeating units of the 4H × 4H-21BP gridiron tiles
along tube circumference. The nanotubes tended to form large
aggregates, especially at relatively high Mg2+ concentrations
(Figure S4).
After a careful inspection of the DNA gridiron design, we

discovered that a different gridiron with a weaving morphology
could be created (Figure 2). To achieve this, two important
changes have to be made. First, the distance between the two
closest neighboring junctions needs to be n − 0.5 (n = 1, 2,
3...) full turns of DNA double helices (note that the shortest
distance is 0.5 turns of DNA duplex, which works mathemati-
cally but is too small in practice). Second, a “nick” needs to be
incorporated at each junction to allow the DNA helices to
bend to form the weaving pattern. A more detailed comparison
between a 4H × 4H-21BP canonical DNA gridiron and a 4H ×
4H-26BP weaving DNA gridiron is shown in Figure 2a,b. It is
worth noting that the models for weaving gridirons are always
displayed in such a way that the vertical helices are straight and
horizontal helices are curved because all nicks at the junctions
are placed on the horizontal x strands. Nonetheless, it is
reasonable to believe that the vertical helices are also curved,

Figure 3. Crystalline lattices assembled from weaving DNA gridiron. (a) Schematic diagrams of the 4H × 4H-26BP-2D weaving gridiron 2D
lattice. A repeating unit of 4H × 4H-26BP is shown on top and also marked with light yellow shade in the lattice on the bottom. (b) TEM images
of 4H × 4H-26BP-2D weaving gridiron 2D lattices. (c) Zoomed-in TEM image of the 4H × 4H-26BP-2D weaving 2D lattice. Blue dotted lines are
added to indicate the traces of DNA double helices. (d) Schematic diagrams of the 4H × 4H-16BP-2D weaving gridiron 2D lattice. A repeating unit
of 4H × 4H-16BP is shown on top and also marked with light yellow shade in the lattice on the bottom. (e) TEM images of 4H × 4H-16BP-2D
weaving gridiron 2D lattices. (f) Scatter plot of the size of individual 2D lattices. Gray squares represent the 4H × 4H-26BP-2D crystal (N = 7) and
red dots represent the 4H × 4H-16BP-2D crystal (N = 24). For the measurement, we define the longer edge of a rectangle lattice as the length and
the perpendicular short edge as the width.
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likely to a smaller degree compared to the horizontal helices.
To better illustrate the design in 3D, we also created these two
gridiron nanostructures with 3D design software Tiamat22

(Figures S5 and S6) and generated 3D models of the 4H ×
4H-26BP weaving DNA gridiron (Figure 2c). We then tested
the assembly of an 8H × 8H-26BP weaving gridiron by using
native agarose gel electrophoresis and AFM imaging (Figure
2d). The analysis based on gel electrophoresis revealed that the
yield of the 8H × 8H-26BP weaving gridiron was modest
compared to the high yield of the 8H × 8H-21BP DNA
gridiron (Figure 1c). We believe an important factor of the
relatively low yield of 8H × 8H-26BP weaving gridiron was the
higher mechanical stress within the weaving gridiron. This
hypothesis was supported by analysis on AFM images of the
8H × 8H-26BP weaving gridiron (Figures 2d and S7). Unlike
the 8H × 8H-21BP DNA gridiron, which displays a regular
parallelogram geometry, the 8H × 8H-26BP weaving gridiron
nanostructures often were more distorted, parallelogram-like
shapes. In addition, the individual DNA duplex within the
weaving gridiron appeared less straight. Another factor that can
reduce the yield of 8H × 8H-26BP weaving gridiron was that
its x strands were shorter, due to the inclusion of nicks at
junctions, than the x strands in the 8H × 8H-21BP gridiron.
To get a better understanding of how the nicks at junctions
and the length of DNA strands affect the assembly yield, we
designed an 8H × 8H-21BP canonical gridiron with nicks and
studied its assembly (Figure S8). Although this 8H × 8H-21BP
gridiron has shorter x strands and y strands than the 8H × 8H-
26BP weaving gridiron, its yield in agarose gel electrophoresis
is comparable, if not better, to the yield of 8H × 8H-26BP
weaving gridiron. Therefore, the weaving conformation is a
significant factor associated with the lower yield of 8H × 8H-
26BP weaving gridiron. We then designed and tested an 8H ×
8H-16BP weaving gridiron (Figure 2e). Due to its smaller
units, we believed that the nanostructure contained a higher
level of mechanical stress that would result in an even lower
yield. In the agarose gel electrophoresis assay, very small
amounts of product bands were observed, even with a 7 day
annealing. Furthermore, AFM analysis on the purified 7 day
annealed sample extracted from the gel revealed almost no
completely assembled gridiron nanostructures (most DNA
existed in the gel as aggregates and smaller assembly), although
fragments of grid-like nanostructures were observed (Figures
2e and S9). It appeared that the mechanical stress in the 8H ×
8H-16BP weaving gridiron was substantial enough to prevent
the assembly from producing an observable quantity of
complete nanostructures.
Although the finite-sized weaving gridirons showed limited

assembly yields, further design and testing of the assembly of
2D crystalline lattices with repeating units of 4H × 4H-26BP
or 4H × 4H-16BP weaving gridiron generated large 2D
structures (Figure 3). Unlike the finite-sized gridirons (Figures
1 and 2), which were parallelogram-shaped, the horizontal
DNA helices were clearly perpendicular to the vertical helices
in the crystalline lattices. This observation is consistent with
the hypothesis that the parallelogram shape is primarily due to
the flexibility of finite-sized gridirons and their interactions
with the mica surface during AFM imaging. Once a gridiron
grows to a relatively large size, it becomes less likely for the
helices in gridiron to move. The 4H × 4H-26BP-2D (Figure
3a) lattices typically grew to a few micrometers in size (Figures
3b and S10). Close inspection on zoomed-in transmission
electron microscopy (TEM) images clearly showed that the

DNA helices were not straight in the lattices, which might be
the result of a combination of factors, including the weaving
design, high mechanical stress associated with the design, and
distortion induced by the negative staining process (Figure
3c). The overall geometries of the 4H × 4H-26BP-2D lattices
were low-aspect-ratio rectangles (close to squares), although
the edges of the lattices were typically not very smooth. The
assembly of 4H × 4H-16BP-2D (Figure 3d) also produced flat
2D lattices, as confirmed by TEM imaging (Figures 3e and
S11). The 4H × 4H-16BP-2D lattices were noticeably smaller
than the 4H × 4H-26BP-2D lattices, and most of them were
hundreds of nanometers in size (Figure 3f). The smaller sizes
of 4H × 4H-16BP-2D lattices were believed to be due to their
shorter DNA strands and higher mechanical stress, both of
which were also the factors that led to the low yield of finite-
sized 8H × 8H-16BP weaving gridiron (Figure 2e). Despite
their smaller sizes, the 4H × 4H-16BP-2D lattices exhibited
some interesting attributes compared to the 4H × 4H-26BP-
2D lattices. The most recognizable differences were the edges
of 4H × 4H-16BP-2D lattices were normally much smoother,
and therefore, their geometries were more square-like. As
discussed earlier, the weaving gridiron design is not symmetric
between its horizontal direction and vertical direction due to
the placement of all junction nicks on the horizontal x strands.
Therefore, it is expected that the horizontal helices in a
weaving gridiron exhibit a higher degree of curving, which
corresponds to a shorter horizontal distance than the vertical
distance in a structural repeating unit (the smallest square),
although this difference is very small and not measurable in the
TEM images. Based on TEM images, it was estimated that the
structural repeating unit is on average 6.76 nm by 6.76 nm for
the 4H × 4H-26BP-2D lattice and 4.71 nm by 4.71 nm for the
4H × 4H-16BP-2D lattice. All of the measured lengths were
smaller than what can be calculated on the basis of the simple
models in Figures 2 and 3. This discrepancy was expected since
the models did not take into consideration that the DNA
helices were substantially bent or twisted in TEM images. The
design diagrams and DNA sequences of gridiron used in this
work are shown in Figures S12−S19 and Tables S1−S8.

■ CONCLUSIONS
In summary, we designed and investigated the assembly of
scaffold-free DNA gridiron infinite-size nanoarrays and 2D
crystalline lattices. Our results showed that the canonical DNA
gridiron design could produce large-sized (up to ∼10k
basepairs) nanoarray but failed to generate 2D lattices, likely
due to the flexibility of the design. In contrast, the new DNA
gridiron design with a weaving pattern exhibited noticeably
lower yields in the assembly of finite-sized nanoarrays but
successfully created flat 2D lattices up to several micrometers
in size. Weaving DNA double helices for the self-assembly of
DNA nanostructures represents a new design strategy. Besides
2D nanoarrays, the canonical DNA gridiron design was also
expanded for building 3D multilayer gridiron.16 A similar
approach can be applied to weaving gridiron to extend these
structures into the third dimension. The low yield of, or
difficulty in, the self-assembly of weaving gridiron is consistent
with the common understanding of the design of DNA
nanostructures: the mechanical stress induced by the weaving
pattern is expected to increase the potential energy of the
products. An important discovery of this work, however, is that
mechanical stress can promote the formation of 2D lattices
instead of nanotubes. Although the exact mechanism of this
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phenomenon is unclear, it is probable that the weaving design
and the mechanical stress increase the rigidity of DNA
gridirons and thus reduce the tendency to form nanotubes.
Other factors, such as the rotational symmetry of the weaving
gridiron, can also facilitate the formation of flat 2D lattices
through mitigating accumulation of intrinsic curvatures in
DNA tiles, as shown in previous works.20,23,24 We also
discovered that the lattice sizes and morphologies (regularity
of shapes and smoothness of edges) can be regulated by
changing the design of weaving gridiron. The design with a
higher degree of mechanical stress produced smaller lattices
with more regular shapes and smoother boundaries, likely due
to the higher energy states of these lattices. We also believe
that this work will shed new light on the role of mechanical
stress in the assembly of DNA nanostructures and inspire new
development of design strategies that can take a more
comprehensive consideration with regard to mechanical stress.
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